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Hynek Roubı́k, Jana Mazancová, Phung Le Dinh, Dung Dinh Van and Jan Banout

Biogas Quality across Small-Scale Biogas Plants: A Case of Central Vietnam
Reprinted from: Energies 2018, 11, 1794, doi:10.3390/en11071794 . . . . . . . . . . . . . . . . . . . 127

v



Alvaro Fernandes, Joerg Brabandt, Oliver Posdziech, Ali Saadabadi, Mayra Recalde, 
Liyuan Fan, Eva O.J. Promes, Ming Liu, Theo Woudstra,and P.V. Aravind

Design, Construction, and Testing of a Gasifier-Specific Solid Oxide Fuel Cell System
Reprinted from: Energies 2018, 11, 1985, doi:10.3390/en11081985 . . . . . . . . . . . . . . . . . . . 139

Bohwa Kim, Ramasamy Praveenkumar, Eunji Choi, Kyubock Lee, Sang Goo Jeon and

You-Kwan Oh

Prospecting for Oleaginous and Robust Chlorella spp. for Coal-Fired Flue-Gas-Mediated
Biodiesel Production
Reprinted from: Energies 2018, 11, 2026, doi:10.3390/en11082026 . . . . . . . . . . . . . . . . . . . 156

Aditi David, Tanvi Govil, Abhilash Kumar Tripathi, Julie McGeary, Kylie Farrar and 
Rajesh Kumar Sani

Thermophilic Anaerobic Digestion: Enhanced and Sustainable Methane Production from 
Co-Digestion of Food and Lignocellulosic Wastes
Reprinted from: Energies, 11, 2058, doi:10.3390/en11082058  . . . . . . . . . . . . . . . . . . . . . . 169

David Valero, Carlos Rico, Blondy Canto-Canché, Jorge Arturo Domı́nguez-Maldonado,
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1. Introduction

Biomass is considered as a renewable resource because of its short life cycle, and biomass-derived
biofuels are potential substitutes to fossil fuels. When biomass grows, all carbon in biomass comes
from the atmosphere and is liberated into the environment when it is burned. Therefore, biomass is
thought of as a carbon-neutral fuel. For these reasons, the development of bioenergy is an effective
countermeasure to elongate fossil fuel reserves, lessen greenhouse gas (GHG) emissions, and mitigate
global warming and climate change. Biomass can be converted into biofuels through a variety of routes
such as physical, thermochemical, chemical, and biological methods. The common and important
biofuels for bioenergy include charcoal, biochar, biodiesel, bioethanol, biobutanol, pyrolysis and
liquefaction bio-oils, synthesis gas (syngas), biogas, and biohydrogen, etc. On account of the merit
of bioenergy for environmental sustainability, biofuel and bioenergy technology plays a crucial role
for renewable energy development. This Special Issue aims to publish high-quality review and
research papers, addressing recent advances in biofuel and bioenergy. State-of-the-art studies of
advanced techniques of biorefinery for biofuel production are also included. Research involving
experimental studies, recent developments, and novel and emerging technologies in this field are
covered. The particular topics of interest in the original call for papers included, but were not limited to:

• Novel and unexploited biomass resources for biofuel and bioenergy production
• New emerging technologies for biofuel and bioenergy production
• Development of thermochemical conversion routes for biofuel and bioenergy produciton
• Advanced biorefinery processes for biofuel and biochemicals production
• Bioreactors or microbial fuel cell for bioenergy and power production
• State-of-the-art review in the progress of biofuel and bioenergy technology

This Special Issue of Energies on the subject of “Biofuel and Bioenergy Technology” contains
the successful invited submissions [1–27]. A total of twenty-seven technical papers which cover
diversified biofuel and bioenergy technology related researches have shown critical results and
contributed significant findings in biomass processing [1,2], bio-oil and biodiesel [3–11], syngas [12–14],
biogas/methane [15–19], bioethanol and alcohol-based fuels [20–22], solid fuel [23–25] and also
microbial fuel cell [13,26,27] developments.

2. Statistics of the Special Issue

The response to our call had the following statistics:

• Submissions (46);
• Publications (27);
• Rejections (19);

Energies 2019, 12, 290; doi:10.3390/en12020290 www.mdpi.com/journal/energies1
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• Article types: research articles (25); review articles (2).

The authors’ geographical distribution (published papers) is:

• Taiwan (8);
• Korea (4);
• Czech Republic (3)
• Australia (3);
• USA (2);
• China (1);
• Malaysia (1);
• Mexico (1);
• Pakistan (1);
• Poland (1);
• Spain (1);
• The Netherlands (1).

Published submissions are related to the most important techniques and analysis applied to the
biofuel and bioenergy technology. In summary, the edition and selections of papers for this special
issue are very inspiring and rewarding. We thank the editorial staff and reviewers for their efforts and
help during the process.

3. Brief Overview of the Contributions to This Special Issue

Table 1 provides some of the key information, including the research type, field of study,
final product as well as the key findings. As observed, a majority of the publications (twenty-three
papers) focus on experimental work to improve or explore novel technologies for energy-products
synthesis, while three papers focus on modelling studies and two papers focus on literature review
studies. The following discussion highlights and groups the research findings in accordance to the
corresponding research field or work.

As the initial step in most synthesis routes, biomass processing can enhance the substrate’s quality
for other synthesis processes. Thus, commonly, these are treated as pretreatment to enhance the
characteristics of the biomass. In two research works [1,2], the combination of physical treatment
(ball milling) and chemical treatment (ethanol organosolv) showed improved glucan digestibility.
Three different biomasses such as giant miscanthus, corn stover and wheat straw were pretreated
with ball milling and ethanol organosolv and the overall biomass size was reduced as a result of the
prolonged pre-treatment [1]. Due to the improved physicochemical characteristics resulting from the
pre-treatment, a maximum of 91% glucan digestibility could be achieved. A parametric study on
combined ball milling and organosolv was performed as well to optimize the glucan digestibility [2].
It was determined that at 170 ◦C, with reaction time of 90 min and ethanol concentration of 40%
and liquid/solid ratio of 10, the pretreatment process achieved the best results. Thus, the biomass
processing method could be beneficial in generating desired products.
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Bio-oils can be synthesized from sewage sludge by using pyrolysis techniques [3].
Taguchi optimization suggested the best pyrolysis was performed at 450 ◦C, 60 min and 10 ◦C/min,
which also showed consistency with other research work. Nonetheless, under most conditions,
pyrolytic oil/bio-oil requires further processing or upgrading for use as biodiesel. To maintain
the stability of bio-oil, blending with emulsifier resulted in high solubility (58.83–70.96 wt %) [4].
These findings suggest that simple blending could improve the properties of biodiesel or bio-oil
tremendously, which is worthy of further investigation. Aside from using bio-oil as a precursor for
biodiesel [3], biodiesel could be directly synthesized using other oil materials such as Australian native
stone fruit oil [6], rapeseed oil [7], Rhodotorula glutinis [8] and soursop seed oil [9] via transesterification
techniques. Transesterification of Australian native stone biodiesel showed a high yield of 95.8%
with the response surface methodology optimization and its quality fulfilled the ASTM D6751 and
EN14214 requirements [6]. Kuan et al. [8] investigate both direct acid and base-transesterification on
Rhodotorula glutinis biomass which gave 111% yield of FAME and 102% yield of FAME, respectively,
which were regarded as of good biodiesel quality. Another research work by Su et al. [9] used
soursop seed to produce bio-oil which was eventually upgraded to biodiesel using a two-step
acid catalyzed transesterification. The biodiesel produced met both EN14214 and D6751 standards.
Encinar et al. [7] performed rapeseed transesterification with KOH catalyst as well as with the aid
of ultrasound whereby the kinetic behavior obeyed a pseudo-first order trend. Liquid lipase-based
esterification was attempted and optimized using RSM to enhance the usage of water removal agent
in the system [11]. In Anwar et al’s, [5] work, it was found that by blending papaya oil biodiesel with
varying contents (5–20%) with diesel could improve the engine testing properties. Microalgal biodiesel
was generated using photobioreactor with coal-fired flue gas from three strains (M082, M134 and
KR-1) [10]. Among the strains, M082 generated high lipid value of 397 mg/g which was regarded to
be a suitable feedstock for biodiesel production.

In recent years, gasification also garners high interest due to its rapid processing step and high
yield of syngas which could be directly used for combustion. One of the main constitutes of syngas
is hydrogen which usually provides high calorific value. Based on Chein and Hsu’s [12] work,
the tri-reforming process could produce good quality syngas. In addition, it was also found that at
higher reaction temperatures, more hydrogen and carbon monoxide were produced. In pilot plant
study, the gasifier which was embedded with specific solid oxide fuel cell system in an industrial scale
was investigated in details [13]. To further understanding the gasification process, a thermodynamic
equilibrium constants derivation and modelling was performed for two cases, with and without tar.
The simulated data were validated with experimental data [14]. These findings could serve as good
guides for future development of gasification process.

Bio-digester or bioreactor could also be used for biogas production. Černý et al. [15] discovered
that microorganisms such as Clostridium novyi were detected at higher ratio (65.63%) in the population
of the bioreactor for the biogas production. Such detection could serve as an important reminder to
seek ways to inhibit these harmful microorganisms in the system. In an investigation and survey of 107
biogas plants, it was also found that the younger plant (<5 years) produced higher CH4 (65.44%) and
CO2 (29.31%) [16]. Addition of granular activated carbon (GAC) in the digestion system could also
directly improve the methane production by more than 34% [17]. Thermophilic anaerobic digestion is
another interesting field of research. David et al. [18] found that by co-digestion under such conditions,
high yield of methane (up to 305.45 kg/L) could be achieved. Musa’s work critically reviewed some of
the more critical findings on anaerobic membrane reactors for biogas recovery especially on membrane
fouling and parameters of operation [19].

The studies on alcohol-based biofuels are increasing due to its high energy-content and
suitability as fuel products. Dziekońska-Kubczak et al. [20] report that nitric acid as a form of
chemical pretreatment could enhance the bioethanol production up to 30%. A Polymer Electrolyte
Membrane Fuel Cell was used to produce isopropanol from acetone for use as a biofuel [21].
The hydrogenation process consumes less energy and less chemical wastes compared to other
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techniques [21]. Bio-hydrocarbons (alcohol and alkenes) produced from bacteria and their synthesis
mechanisms are reviewed by Rahman et al. [22], as well as future challenges and complexity.

High pressure densification and torrefaction are currently attracting attention among the research
community as these methods can produce potential solid-based fuels which require no further upgrade
and can be use directly. Both methods are usually applied in mild synthesis conditions which
differ from common thermochemical conversion techniques like slow pyrolysis and fast pyrolysis.
For example, biomass with low ash content (1.16–8.62%) and good mechanical durability (97%) such as
bamboo fibre and sugarcane skin could be directly densified as bio-briquette fuel without any energy
processing [24]. As for torrefaction, a form of mild pyrolysis, wood wastes could be converted into
torrefied biomass as low as 300 ◦C [23]. As observed, both methods consume relatively lower energy
requirement and are simpler in term of synthesis process. In a modelling study, Lycopodium particles
were also simulated and modelled as biofuel and burned in air environment [25]. It was discovered
that the particles of Lycopodium were greatly influenced by thermophoretic force. Microbial fuel cell
studies were also being investigated thoroughly. The effect of the hydrodynamic layer thickness
was found to be significant on the voltage and charged transfer resistance [26]. In another study,
the calcination temperature on the cathodic chambers was studied and it was found that the electrode
synthesized at 500 ◦C could degrade oily wastewater up to 99.3% [27]. Thus, the microbial fuel cell
shows tremendous potential to be developed for other applications.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kim, S.; Um, B.; Im, D.; Lee, J.; Oh, K. Combined Ball Milling and Ethanol Organosolv Pretreatment
to Improve the Enzymatic Digestibility of Three Types of Herbaceous Biomass. Energies 2018, 11, 2457.
[CrossRef]

2. Kim, T.; Im, D.; Oh, K.; Kim, T. Effects of Organosolv Pretreatment Using Temperature-Controlled Bench-Scale
Ball Milling on Enzymatic Saccharification of Miscanthus × giganteus. Energies 2018, 11, 2657. [CrossRef]

3. Chen, G.-B.; Li, J.-W.; Lin, H.-T.; Wu, F.-H.; Chao, Y.-C. A Study of the Production and Combustion
Characteristics of Pyrolytic Oil from Sewage Sludge Using the Taguchi Method. Energies 2018, 11, 2260.
[CrossRef]

4. Längauer, D.; Lin, Y.-Y.; Chen, W.-H.; Wang, C.-W.; Šafář, M.; Čablík, V. Simultaneous Extraction and
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Abstract: In the present work, the air-steam biomass gasification model with tar has been developed
based on the equilibrium constants. The simulation results based on two different models (with and
without tar) have been validated by the experimental data. The model with tar can well predict the tar
content in gasification; meanwhile, the predicted gas yield (GY), based on the model with tar, is much
closer to the experimental data. The energy exchange between the gasifier and the surrounding has
been studied based on the dimensionless heat transfer ratio (DHTR), and the relationship between
DHTR and the process parameters is given by a formula. The influence of process parameters on
the syngas composition, tar content, GY, lower heating value (LHV), and exergy efficiency have
been researched.

Keywords: air-steam gasification; equilibrium model; tar; energy exchange; exergy efficiency

1. Introduction

Biomass gasification is a thermochemical conversion method [1,2], which converts biomass into
combustible gases through partial oxidation. Decomposition, partial oxidation, and various other
chemical reactions occur during gasification, involving heat and mass transfer processes. Biomass
gasification has gained attention worldwide due to its capacity to handle a wide range of biomass
feedstocks and its high efficiency of energy conversion [3–5].

Due to its inherent complexity, simulating the gasification process and predicting the process
performance is still at a preliminary stage [6]. In the simulation of gasification, thermodynamic
equilibrium modeling does not consider the mechanism of transformation; meanwhile, it is
independent of gasifier geometry and not limited to a specified range of operating conditions.
Equilibrium model represents the gasification process as a single reaction, so it is useful to predict
the exit gas composition and estimate the trend of the gasifier output with variations in process
parameters [7].

Equilibrium models can be categorized into stoichiometric models based on equilibrium constants
of the most important reactions [8] and non-stoichiometric models based on minimization of the
Gibbs free energy [9–13]. Some researchers [14–16] simulated the gasification process based on
non-stoichiometric models, whereas other researchers [17–19] paid more attention to stoichiometric
models. However, both the approaches are essentially equivalent [20]. Air, steam, and air-steam
are the generally used gasifying agents in gasification. Air is comprehensively used [21,22], since it
is cheap. Steam gasification was found to produce gas with a high heating value [23,24] compared
to air gasification due to the high content of H2 in the syngas. The pure steam gasification process
requires an indirect or external heat supply for endothermic gasification reaction, which increases the

Energies 2017, 10, 2163; doi:10.3390/en10122163 www.mdpi.com/journal/energies13
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cost of gasification. Alternatively, air-steam gasification [25,26] decreases the cost, since the partial
combustion reaction provides the heat. Meanwhile, the heating value of the syngas is still acceptable,
so this process has received a lot of attention.

In the air-steam gasification process, when the energy balance equation is introduced to the
equilibrium model, the value of energy exchange between the gasifier and the surrounding should
be given. If this value is inaccurate, the simulation results are very likely to be misleading. However,
this value is usually determined through experiments, which causes the data to be insufficient. If the
relationship between the energy exchange and the process parameters can be determined by a formula,
the value will be obtained accurately and conveniently. Tar is generally neglected in the simulation
study based on the stoichiometric models [18,27]. In fact, tar is invariably present in the gasification
process, especially at low gasification temperatures [28,29]. The components of tar are very complex,
and the primary tars are generally obtained at temperatures below 973 K. As temperature increases,
primary tars continue to decompose with the formation of secondary tars, comprising phenolics and
olefins [30]. In some simulations of gasification, phenol was used as the model compound for tars [31].

Hence, in this study, the air-steam biomass gasification model with tar has been developed based
on the equilibrium constants, and phenol is used as the model compound for tars. The effects of
process parameters on the syngas composition, tar content, gas yield, the lower heating value of the
syngas, and the exergy efficiency of gasification have been studied. Moreover, the relationship between
the energy exchange and the process parameters has also been researched.

2. Thermodynamic Equilibrium Model

For the present air-steam thermodynamic equilibrium model, some assumptions have been made
for the biomass gasification process: (1) temperature of the products is equal to the gasification
temperature; (2) oxygen is consumed completely; (3) the gas mixture is in equilibrium and is
homogeneous; (4) the residence time is long enough, and all the chemical reactions can reach an
equilibrium state; (5) nitrogen does not take part in the reactions; (6) the biomass is composed of C, H,
and O; (7) the solid products include only the char, which is composed of entirely of carbon; (8) ash is
not considered in the simulation; (9) phenol is regarded as tar; (10) atmospheric pressure is assumed in
the gasifier.

The overall gasification reaction with air and steam can be written as follows:

CHxOy + m(O2 + 3.76N2) + nH2O = x1CO + x2CO2+

x3H2 + x4CH4 + x5H2O + 3.76mN2 + x6C + x7C6H6O
(1)

where x and y are the number of atoms of hydrogen and oxygen for each atom of carbon in the biomass,
respectively. m and n are the molar amounts of air and steam, respectively, fed per mole of biomass.
x1, x2, x3, x4, x5, x6, and x7 are the number of moles of the corresponding products, respectively.

The element balances of carbon, hydrogen, and oxygen elements are given below:

1 = x1 + x2 + x4 + x6 + 6x7 (2)

x + 2n = 2x3 + 4x4 + 2x5 + 6x7 (3)

y + 2m + n = x1 + 2x2 + x5 + x7 (4)

2.1. Equilibrium Constants and Non-Equilibrium Factor

When biomass is added to the gasifier, the pyrolysis reactions occur instantaneously. This is
followed by a number of competing intermediate reactions, including both heterogeneous reactions
and homogeneous gas phase reactions. Char, tar, and other gases (CO, CO2, H2O, H2, and CH4)
are produced during the gasification process. The three independent equilibrium reactions used for
equilibrium calculation are considered to be:

14



Energies 2017, 10, 2163

C + H2O ↔ CO + H2 − 131 kJ/mol (5)

C + 2H2 ↔ CH4 + 75 kJ/mol (6)

CO + H2O ↔ CO2 + H2 + 41 kJ/mol (7)

The above three reactions are water gas reaction, methane generation reaction, and water gas shift
reaction, respectively. The equilibrium constants for these three reactions can be shown as follows:

K1 =
(PCO/Ptotal)(PH2 /Ptotal)

(PH2O/Ptotal)
=

x1x3

x5
· 1
xtotal

(8)

K2 =
(PCH4 /Ptotal)

(PH2 /Ptotal)
2 =

x4

(x3)
2 ·xtotal (9)

K3 =
(PCO2 /Ptotal)(PH2 /Ptotal)

(PCO/Ptotal)(PH2O/Ptotal)
=

x2·x3

x1·x5
(10)

where K and P are equilibrium constant and pressure, respectively. xtotal is the total number of moles
of syngas.

The equilibrium constant can be calculated based on the Gibbs free energy; meanwhile, the
standard Gibbs function of the reaction is dependent on the standard enthalpy change. Through
mathematical conversion, the equilibrium constant is associated with the standard enthalpy change
and a constant of integration, which can be found from the related reference [32]. From the data of
standard enthalpy of formation and standard Gibbs function of formation, also shown in that paper,
this constant of integration can be calculated. Thus, the correlations between the equilibrium constants
and the temperatures for the Reactions (5)–(7) are obtained shown below:

ln K1 =
−15702.01

T
+ 1.384 ln T − 0.000621T +

39900
T2 + 7.642 (11)

ln K2 =
7082.848

T
− 6.567 ln T + 0.003733T − 3.60667 × 10−7T2 +

35050
T2 + 32.541 (12)

ln K3 =
5872.461

T
+ 1.86 ln T − 0.000269T − 58200

T2 − 18.014 (13)

In the actual gasification system, it is a fact that methane generation reaction is not at equilibrium
state. Some researchers [17,27] found that the methane yield was underestimated in the simulation
based on the conventional thermodynamic equilibrium model. Hence, it is necessary to consider the
non-equilibrium behavior. According to the linear regression analysis of many experimental data sets,
the dependency of CH4 with respect to the process parameters was obtained [17]. It was observed
that the methane yield had a significant relationship with ER, and that was consistent with the results
in the literature [33,34]. Meanwhile, the tar is formed in pyrolysis stage accompanied with H2, CO,
CO2, H2O, and CH4, and it can also convert to these gases according to the decomposition reactions.
So, it is reasonable to believe that the equilibrium relationship between these gases will not change,
and the effect of the tar on these gases is just revealed from Equation (9). Hence, the non-equilibrium
modification is needed to apply to K2, which is shown below:

K∗
2 = (38.75 − 30.7·ER)·K2 (14)

where ER is equivalence ratio, and it is defined as the ratio of the actual amount of air fed to the gasifier
to the stoichiometric amount of air necessary for the combustion of biomass.

Meanwhile, the Equations (8) and (9) can be combined to give the Equation (15) as shown below:

K1·K2 =
x1·x4

x3·x5
(15)
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In the gasification process, the carbon in biomass gets partially converted into gas and the rest is
converted into char. Hence, the carbon conversion ratio is defined as the ratio of total number of moles
of carbon in syngas to the number of moles of carbon in the biomass feed. Many studies [34–36] have
found that carbon conversion ratio cannot be calculated directly, and the empirical formula obtained
based on experimental data sets will be suitable. Generally, the carbon conversion ratio can be fitted
as a function of process parameters, such as ER [34], or both ER and temperature [17,37]. It has been
found that the temperature has a small effect on carbon conversion ratio. An empirical formula was
proposed by Lim et al. [17] based on many experimental data points under different experimental
conditions, and the temperature influence had been considered. So, this formula can be considered as
a representative one, and it is shown as follows:

f = x1 + x2 + x4 + 6x7 = 0.901 + 0.439(1 − e(−ER+0.0003T)) (16)

2.2. Energy Balance in the Gasification Process

Based on the first law of thermodynamics, the equation for energy conservation of the reactants
and products of gasification can be written as follows:

Q = ∑ (wout·H0
out) +

T2∫
298.15

(∑ (wout·Cp,out(T)))dT

−∑ (win·H0
in)−

T1∫
298.15

(∑ (win·Cp,in(T)))dT
(17)

where Cp is the specific heat at constant pressure, and T1 and T2 are the inlet temperature of reactants
and the outlet temperature of products, respectively. H0 is the standard enthalpy of formation, and the
value for the gas can be found in the literature [8,32]. Q is the energy exchange between the gasifier
and the environment, which is positive for the endothermic reaction and negative for the exothermic
reaction. w is the molar amount of the corresponding material. The subscript “in” corresponds to the
reactants and the subscript “out” corresponds to the products.

The equation for the complete combustion reaction of biomass is shown below:

CHxOy + (1 +
x
4
− y

2
)O2 → CO2 +

x
2

H2O + LHVbiomass (18)

The standard enthalpy of formation for biomass can be calculated as follows:

H0
f,CHxOy

= H0
f,CO2

+
x
2

H0
f,H2O + LHVbiomass (19)

where LHVbiomass is the lower heating value of the biomass in MJ/kg.

2.3. Exergy Efficiency of Gasification

Exergy is the maximum amount of theoretically available energy, which is used for evaluating the
quality of energy. The conversion of exergy before and after gasification is controlled by the second
law of thermodynamics, which considers the loss due to increase in entropy. The quality of energy
could not be considered in the first law of thermodynamics during the gasification process. Hence, it is
highly necessary to analyze the exergy efficiency.

Exergy includes two components [8]: chemical exergy and physical exergy.
The chemical exergy of the compound is calculated as follows [38]:

Echem,CHO = wCEchem,C + 0.5wH2 Echem,H2 + 0.5wO2 Echem,O2 (20)

The chemical exergies for pure components are given in the literature [39,40].
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The physical exergy of a component is calculated as follows [41]:

Ephy =

T∫
T0

CpdT − T0

T∫
T0

Cp

T
dT = (h − h0)− T0(s − s0) (21)

where h and s are the enthalpy and entropy, respectively.
The exergy of biomass is calculated from its lower heating value as follows:

Ebiomass = β·LHVbiomass (22)

where β is a multiplication factor [8], which is expressed in terms of oxygen-carbon and
hydrogen-carbon ratios.

The exergy balance of the reaction process is as follows:

∑ Ereactants + W =∑ Eproducts+Eloss (23)

where the exergy of reactants, Ereactants, comprises biomass exergy and the exergy of the inlet gas
mixture. The exergy of products, Eproducts, comprises syngas exergy and unconverted carbon exergy.
Eloss is the exergy loss during the gasification process. W is the exergy accompanying the energy
exchange, which is positive for the endothermic reaction and negative for the exothermic reaction.

Exergy efficiency (η) corresponding to the endothermic reaction is defined as follows:

η =
∑ Eproducts

∑ Ereactants + W
(24)

Exergy efficiency corresponding to the exothermic reaction is defined as follows:

η =
∑ Eproducts − W

∑ Ereactants
(25)

2.4. Other Parameters

Steam to biomass ratio (SBR) is defined as the ratio of the steam mass flow rate to the biomass
mass flow rate on dry basis.

Gas yield (GY) is calculated by dividing the rate of production of dry syngas, excluding nitrogen,
by the biomass feeding rate, and its unit is Nm3/kg.

When the combustible components of the syngas are CO, H2, and CH4, the lower heating value
(LHV) of the syngas is calculated as follows [42]:

LHV = 12.64φCO + 10.8φH2 + 35.8φCH4 (26)

where LHV is expressed in MJ/Nm3. φ is the corresponding molar fraction of combustible gas species
in the dry syngas, which includes nitrogen.

3. Model Validation

In order to validate the equilibrium model, the experimental results reported by some researchers
have been used as comparison, and the operating conditions of the samples chosen to validate the
model are presented in Table 1. The validation results are shown through Figures 1–6.
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Table 1. Operating conditions for the experimental runs of gasification.

Expt. Sample No. Author(s) Gasification Agent T (◦C) SBR ER

1 Campoy et al. [43] Steam + Air 752 0.18 0.23
2 Campoy et al. Steam + Air 727 0.28 0.19
3 Campoy et al. Steam + Air 786 0.23 0.27
4 Campoy et al. Steam + Air 755 0.43 0.27
5 Campoy et al. Steam + Air 804 0.22 0.33
6 Campoy et al. Steam + Air 789 0.45 0.33
7 Jarungthammachote et al. [44] Steam + Air 909 0.17 0.34
8 Jarungthammachote et al. Steam + Air 903 0.21 0.34
9 Jarungthammachote et al. Steam + Air 887 0.28 0.34
10 Jarungthammachote et al. Steam + Air 937 0.12 0.37
11 Jarungthammachote et al. Steam + Air 911 0.26 0.37
12 Jarungthammachote et al. Steam + Air 878 0.33 0.37
13 Salami et al. [45] Steam + Air 770 0.23 0.29
14 Salami et al. Steam + Air 770 0.4 0.29
15 Salami et al. Steam + Air 770 0.51 0.29
16 Salami et al. Steam + Air 770 0.6 0.29
17 Salami et al. Steam + Air 770 0.67 0.29
18 Salami et al. Steam + Air 770 0.7 0.29
19 Salami et al. Steam + Air 770 0.75 0.29
20 Salami et al. Steam + Air 861 0.23 0.29
21 Salami et al. Steam + Air 861 0.4 0.29
22 Salami et al. Steam + Air 861 0.51 0.29
23 Salami et al. Steam + Air 861 0.6 0.29
24 Salami et al. Steam + Air 861 0.67 0.29
25 Salami et al. Steam + Air 861 0.7 0.29
26 Salami et al. Steam + Air 861 0.75 0.29
27 Cheng et al. [46] Steam 714 0.15 0
28 Cheng et al. Steam 788 0.15 0
29 Cheng et al. Steam 863 0.15 0
30 Cerone et al. [47] Steam + Air 702 0.233 0.19
31 Cerone et al. Steam + Oxygen 742 0.3 0.18
32 Ruoppolo et al. [48] Steam + Oxygen + Nitrogen 1 732 0.23 0.22

1 The proportion of nitrogen is not presented in the experiment, so nitrogen is not considered for simulation.

The comparisons between the experimental results and numerical results for syngas composition,
LHV, and GY are shown in Figures 1 and 2. The molar fraction of individual component of syngas is
defined as the number of moles of individual component divided by the total number of moles of dry
syngas, which includes nitrogen.

The error between experimental results and predicted results is estimated using the statistical
parameter of root mean square (RMS) error, and it is defined as follows:

RMS =

√√√√√ N
∑
i
(Expi − Modi)

2

N
(27)

where Exp and Mod are the experimental molar fractions and the predicted molar fractions of syngas
species, respectively. N is the number of data.

The RMS errors are calculated for each set of data point, and the maximum value of RMS error is
0.041 for sample No. 19, as shown in Figure 3.
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Figure 1. Comparison between experimental data and predicted data for syngas composition.

Figure 2. Comparisons between experimental data and predicted data for lower heating value (LHV)
and gas yield (GY).

For the first 6 data points, the simulation values for syngas composition well fit the experimental
data. Only the molar fraction of H2 is slightly above the experimental data, so the predicted LHV
and GY are just above the experimental data, as shown in Figure 2. For the next 6 data points,
the predicted syngas composition also very well fits the experimental data. From sample No. 13 to 19,
it shows that there is a difference in composition between the model results and the experimental data,
as shown in Figures 1 and 3. However, at high gasification temperature, from sample No. 20 to 26,
the RMS error increases less obviously with increasing SBR, as shown in Figure 3. Meanwhile, it is also
observed that the predicted LHV is closer to the experimental data at high gasification temperature,
as shown in Figure 2. The effect of SBR on the accuracy of calculation depends on the gasification
temperature. When the same value of SBR is choosen, the difference between the simualtion result
and experimental result at low gasification temperature is greater than the value at high gasification
temperature. Through the present results, it is evident that the predicted molar fraction of CH4 well
fits with the experimental data at all the data set points.
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Figure 3. RMS errors from comparisons between experimental data and predicted results.

Figure 4. Comparison between experimental data and predicted date for tar content.

The comparisons between the experimental results and the numerical results for tar content and
GY are shown in Figures 4 and 5. Effects of the models, with or without tar, on the simulation results
are also researched. The tar content in g/Nm3 is the weight of the tar divided by the volume of dry
syngas, which includes nitrogen. From Figure 4, the tar content can be predicted very well. Moreover,
the predicted GY based on the model with tar are much closer to the experimental data. For the model
without tar, all the tar gets converted into syngas; hence, the predicted GY is larger than the value
calculated from the model with tar.

 
Figure 5. Comparison between experimental data and predicted data based on different models for GY.
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Figure 6. Comparison between experimental data and predicted data based on different models for
syngas composition (E-experimental data, M1-model with tar, M2-model without tar).

From Figure 6, the predicted total molar fraction of the combustible gases based on the model
without tar is larger than the predicted value based on the model with tar. From Figures 4–6,
the predicted values based on the model with tar are closer to the experimental data. This shows that
the gasification model with tar is reasonable and effective. At low gasification temperature with small
ER and SBR, the tar content is very high, as shown in Table 1 and Figure 4. In this case the simulation
result will be inaccurate if the tar is not considered in the gasification model.

Considering the effects of the process parameters on syngas composition, tar content, LHV,
and GY, the proposed equilibrium model with tar is suitable for the simulation of gasification at
relatively low gasification temperature with small ER and SBR.

4. Results and Discussion

In this study, gasification of woody biomass is studied with ER varying from 0.1 to 0.5, SBR from
0.15 to 0.6, and the gasification temperature from 900 K to 1100 K. The molecular formula for woody
biomass is CH1.4O0.64 on the basis of an earlier reference [43]. The temperature of the inlet biomass is
298.15 K, and the temperatures of inlet air and steam are 673.15 K. The LHV of woody biomass from
the same reference work is 17.1 MJ/kg, and the biomass is completely dry in the simulation study.

4.1. The Effect of Gasification Temperature

The effects of gasification temperature on syngas composition and tar content are shown in
Figure 7. The tar content in g/kg is the weight of the tar divided by the weight of biomass. The result
from Figure 7 reveals the expected strong effect of temperature on the gasification products. The molar
fractions of CO and H2 increase significantly as gasification temperature increases, whereas the molar
fractions of CO2 and CH4 show an opposite trend, as mentioned in the literature [35,42]. Meanwhile,
with increase in temperature, the tar content decreases with the value changing from 137 g/kg at 900 K
to 0 g/kg at 1050 K. The value of 0 shows that the tar cannot be predicted based on the proposed
model in some calculation conditions, which does not agree with the fact. Hence, from this perspective,
the model has a certain application scope, which is consistent with the conclusion of previous section of
this article. As the tar content decreases and the syngas volume increases with increase in temperature,
GY increases with increase in temperature, as shown in Figure 8. Meanwhile, LHV also increases with
increase in temperature due to the formation of large molar fractions of CO and H2.
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Figure 7. Effects of gasification temperature on syngas composition and tar content at ER = 0.2 and
SBR = 0.3.

Figure 8. Effects of gasification temperature on LHV and GY at ER = 0.2 and SBR = 0.3.

At high ER, the influence of the gasification temperature on the syngas composition is shown
in Figure 9. The varying trend of syngas composition shown in Figure 9 is similar to the trend
shown in Figure 7, with increase in gasification temperature. However, the total molar fraction of the
combustible gases decreases, and this results in the small value of LHV when comparing 4.04 shown in
Figure 10 with 6.86 shown in Figure 8 at the same temperature of 1100 K. Meanwhile, tar is not formed
throughout the range of temperature, so it is advisable to decrease the tar content by increasing ER.

Figure 9. Effect of gasification temperature on syngas composition at ER = 0.4 and SBR = 0.5.
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Figure 10. Effects of gasification temperature on LHV and GY at ER = 0.4 and SBR = 0.5.

4.2. The Effect of ER

At the gasification temperature of 950 K, the effects of ER on syngas composition and tar content
are shown in Figure 11. The molar fractions of the combustible gases decrease with increase in ER due
to increase in N2 content, so LHV decreases, as shown in Figure 12. With the conversion of tar and
participation of oxygen in the gasifier, GY increases with increase in ER.

Figure 11. Effects of ER on syngas composition and tar content at T = 950 K and SBR = 0.3.

Figure 12. Effects of ER on LHV and GY at T = 950 K and SBR = 0.3.

At the gasification temperature of 1100 K, the influence of ER on syngas composition is shown
in Figure 13. The percentage of CO2 is defined as the ratio of the molar quantity of CO2 to the total
molar quantity of CO, CO2, H2, and CH4 products. The varying trend of the syngas composition
shown in Figure 13 is similar to the trend shown in Figure 11. The percentage of the CO2 increases
sharply with increase in ER due to combustion of more carbon into CO2, and this is consistent with
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previous reports [17,34]. The molar fraction of CO2 does not differ much with increasing ER, as seen in
Figure 13, and in some studies this value increases slightly [9]. At high temperatures tar is not formed
in the entire range of ER. This shows that temperature has an important effect on tar conversion in the
gasification process. The effects of ER on LHV and GY shown in Figure 14 are similar to that shown in
Figure 12. The GY increases as ER increases, whereas LHV decreases with increase in ER.

Figure 13. Effect of ER on syngas composition at T = 1100 K and SBR = 0.5.

Figure 14. Effects of ER on LHV and GY at T = 1100 K and SBR = 0.5.

4.3. The Effect of SBR

Due to the significant influence of Reaction (7), the molar fractions of H2 and CO2 increase as SBR
increases, whereas the value of CO decreases at the same time, as shown in Figure 15. The tar content
decreases as SBR increases, which shows the same trend as that reported earlier [45]. Since the trend
for the decrease in molar fraction of CO is not evident when SBR is below 0.4, the LHV increases as
SBR increases over a maximum range of SBR, followed by a slight decrease, as shown in Figure 16.
The GY increases as SBR increases, since Reaction (7) is favored as also mentioned earlier [17].

Figure 15. Effects of SBR on syngas composition and tar content at T = 950 K and ER = 0.3.
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Figure 16. Effects of SBR on LHV and GY at T = 950 K and ER = 0.3.

From Figure 17, the molar fraction of CH4 varies very less with increasing SBR, and the increase
in the molar fraction of H2 is not significant. However, at high gasification temperature the molar
fraction of CO decreases apparently as SBR increases, which is very different to the trend shown in
Figure 15. The result is consistent with earlier studies [9,43]. Meanwhile, in the formula for calculating
LHV (Equation (26)), the coefficient corresponding to the molar fraction of CO is larger than that of H2.
Therefore, the LHV decreases as SBR increases, as shown in Figure 18 for wide range of SBR. This is
different from the trend at low temperature, as shown in Figure 16. It can also be seen that increase in
H2 is always accompanied with a decrease in CO and an increase of CO2. Hence, the value of SBR
should not be too big, especially at high gasification temperature.

Figure 17. Effect of SBR on syngas composition at T = 1100 K and ER = 0.2.

Figure 18. Effects of SBR on LHV and GY at T = 1100 K and ER = 0.2.
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4.4. The Effect of Process Parameters on Energy Exchange

In the air-steam gasification process, the dimensionless heat transfer ratio (DHTR), which can be
affected by the process parameters, is adopted to represent the value and direction of energy exchange
between the gasifier and the environment, and it is defined as follows:

DHTR =
Q∣∣∣∣∣∑ (win·ΔH0

f,in) +
T1∫

298.15
(∑ (win·Cp,in(T)))dT

∣∣∣∣∣
(28)

A DHTR value of zero corresponds to an auto-thermal reaction, which means there is no energy
exchange between the gasifier and the environment. The value of more than zero corresponds to an
endothermic reaction, whereas the value below zero corresponds to an exothermic reaction.

The distributions of DHTR are shown in Figures 19–22, and the air-steam biomass gasification
is not an auto-thermal reaction process for most of the process parameters that are shown in the
figures. At the same temperature and ER, the effect of SBR on DHTR is not evident, except when
the temperature is low and ER is high, as shown in Figure 19. The influence of ER on DHTR is
obvious, and the system changes from the endothermic state to the exothermic state as ER increases.
This is attributed to an increase in the released heat due to a more complete combustion reaction.
With increase in gasification temperature, the auto-thermal reaction zone moves from low ER area to
high ER area. ER corresponding to the auto-thermal reaction zone changes from about 0.15 at 900 K
temperature to about 0.3 at 1100 K gasification temperature.

Figure 19. Dimensionless heat transfer ratio (DHTR) distribution at T = 900 K.

Figure 20. DHTR distribution at T = 950 K.
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Figure 21. DHTR distribution at T = 1050 K.

Figure 22. DHTR distribution at T = 1100 K.

Based on 450 numerical data of DHTR, the relationship between DHTR and the process
parameters, which is evaluated in terms of the correlation coefficient, is determined as follows:

DHTR = −0.904090 − 1.426036 × ER + 0.179806 × SBR + 0.001144 × T (29)

The correlation coefficient is 0.983, which is a very high value, so it clearly shows that the
formula is accurate. According to this formula, the value of energy exchange can be determined
conveniently. In some cases, the energy balance equation is introduced to the equilibrium model.
Based on Equation (29), the energy exchange can change with the changes of the process parameters,
so the predicted results obtained by solving the simultaneous equations will be more reasonable.

4.5. The Effect of Process Parameters on Exergy Efficiency

The distributions of exergy efficiency are shown in Figures 23–25. The exergy efficiency decreases
slightly as SBR increases when both gasification temperature and ER are small. From the figures,
the exergy efficiency is between 0.8 and 0.9 under all simulation conditions. The effect of ER on exergy
efficiency is obvious, and the exergy efficiency decreases as ER increases.

In exothermic state, based on Equation (25), the exergy efficiency (η) can also be expressed
as follows:

η =
∑ Eproducts − W

∑ Ereactants
=

∑ Eproducts

∑ Ereactants
+

−W
∑ Ereactants

= ηp + ηe (30)
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where ηp is the exergy efficiency of products, which is termed as the overall exergy efficiency in some
studies [9], and ηe is the exergy efficiency of energy exchange.

Figure 23. Exergy efficiency distribution at T = 900 K.

Figure 24. Exergy efficiency distribution at T = 1000 K.

Figure 25. Exergy efficiency distribution at T = 1100 K.
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For the exothermic reaction, the DHTR value decreases with increase in ER, as shown in
Figures 19–22. By comparing the formulas of these two parameters, DHTR and ηe, the trends are just
inverse as ER increases. So, the exergy efficiency of energy exchange increases with increase in ER.
However, the total exergy efficiency decreases, as shown in Figures 23–25. So the exergy efficiency of
products decreases rapidly, and this is the reason for the obvious decrease of exergy efficiency as ER
increases in some studies [9].

5. Conclusions

In the present work, the air-steam biomass gasification model with tar has been developed based
on the equilibrium constants, and phenol is used as the model compound for the tar. The simulation
results based on two different models (with and without tar) have been validated by the experimental
data reported in the references, and the model with tar can well predict the tar content in the gasification.
Meanwhile, the predicted GY and total molar fraction of the combustible gases, based on the model
with tar, agree better with the experimental data. So, the simulation results are much less accurate if
the tar is not considered in the gasification model. Considering the effects of the process parameters
on syngas composition, tar content, LHV, and GY, the proposed equilibrium model with tar is suitable
for the simulation of the gasification process at a relatively low gasification temperature with a small
ER and SBR.

The energy exchange between the gasifier and its surroundings has been studied based on DHTR.
The influence of SBR on DHTR is not obvious, whereas the effects of ER and temperature on DHTR are
evident. Moreover, the relationship between DHTR and the process parameters is given by a formula.

The influence of process parameters on syngas composition, tar content, GY, LHV, and exergy
efficiency has also been parametrically researched. With increasing gasification temperature, the total
molar fraction of combustible gases, GY, and LHV all increase, whereas the tar content and exergy
efficiency all decrease. GY increases as ER increases, whereas tar content, total molar fraction of
combustible gases, LHV, and exergy efficiency all decrease. With increasing SBR, the total molar
fraction of combustible gases and GY increase, whereas tar content and exergy efficiency all decrease.
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Abstract: Due to the fact that Iron oxide (Fe2O3) is known to have a good effect on the photochemical
reaction of catalysts, an investigation in this study into the enhancement of the degradation
performance of bio-electro-Fenton microbial fuel cells (Bio-E-Fenton MFCs) was carried out using
three photocatalytic cathodes. These cathodes were produced at different calcination temperatures
of Fe2O3 ranging from 500 ◦C to 900 ◦C for realizing their performance as photo catalysts within
the cathodic chamber of an MFC, and they were compared for their ability to degrade oily wastewater.
Results show that a suitable temperature for the calcination of iron oxide would have a significantly
positive effect on the performance of Bio-E-Fenton MFCs. An optimal calcination temperature of
500 ◦C for Fe2O3 in the electrode material of the cathode was observed to produce a maximum
power density of 52.5 mW/m2 and a chemical oxygen demand (COD) degradation rate of oily
wastewater (catholyte) of 99.3% within one hour of operation. These novel findings will be useful
for the improvement of the performance and applications of Bio-E-Fenton MFCs and their future
applications in the field of wastewater treatment.

Keywords: bio-electro-Fenton microbial fuel cells (Bio-E-Fenton MFCs); wastewater; photo catalyst;
degradation; calcination; chemical oxygen demand (COD)

1. Introduction

The Bio-Electro-Fenton Microbial Fuel Cells (Bio-E-Fenton MFCs) is a new framework and has been
operated extensively because of its simultaneous wastewater treatment and power generation capability.
Significantly, the electro-Fenton reaction consists of iron ions (Fe2+) and hydrogen peroxide, and has
become a useful technology for treating organic pollutants in wastewater [1–10] as hydroxyl radicals (•OH)
are generated in abundance within the electro-Fenton reaction [11]. Considering the working principle of
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Bio-E-Fenton MFCs, electrons and protons are produced at the anode as a result of the microbial oxidation
of substrates. Then, electrons move towards the cathode through an external circuit pathway, whereas
the protons directly penetrate through a membrane and arrive at the cathode simultaneously. Finally,
a complete reaction of redox is attained with the aid of oxygen in the cathodic reduction reaction of
Bio-E-Fenton MFCs [12]. Although the electro-Fenton reaction is very feasible and effective in treating
organic pollutants in wastewater, the COD removal is incomplete [13,14]. A new electro-Fenton system
with an Fe@Fe2O3/CNT oxygen-fed gas diffusion cathode was able to degrade rhodamine B (RhB) reaching
91.5% within 120 min at neutral pH [11]. The anode was a Pt sheet with a surface area of 2.0 cm2 and it also
served as a pseudo reference electrode. Cyclic voltammetry experiments were performed and a couple
of well-defined peaks were observed at ∼0.62 V, which were ascribed to the overall redox potentials
of the Fe3+/Fe2+ couple. However, 74.1% and 60.1% of RhB was degraded on the Fe@Fe2O3/ACF
and Fe@Fe2O3/graphite cathodes, respectively. Polyaniline (PANI)-Fe2O3 nanocomposite was used to
successfully enhance the dye adsorption efficiency of acid violet 19 dye, as the dye concentration was
increased from 20–80 mg/lt, and the percentage removal of dye decreased from 98.5–90% for the adsorbent
at 10 gm/lt [15]. For another kind of photo catalytic material like MoS2, Liu et al. [16] have indicated that
a system with MoS2-RGO composites has a better photo catalytic performance than using pure MoS2.
Here, the MoS2-RGO composite with 0.5 wt % RGO achieved the highest methylene blue (MB) degradation
rate of 99% within 60 min [16]. Nan Xu et al. [17] reported that the anode was carbon felt assisted with
granular graphite to enhance the anodic power density. Anaerobic sludge collected from the Mangrove
Wetland in Shenzhen was used as a biocatalyst in the anodic chamber. The system with E2 (17β-estrodial)
in the catholyte enhanced the voltage output to 0.29 V and the E2 removal efficiency leveled off
within 6 h, reaching 85.5%, 96.4%, 88.6%, and 75.6% with an external load of 50, 150, 500, and 1000 Ω,
respectively, while the corresponding power density values were 3.47, 4.35, 3.01, and 2.41 W/m3 [17].

Nevertheless, facing the issue of the weak performance of MFCs, many kinds of electrode
materials such as carbon nanotube/polyaniline carbon paper, CNT/PANI carbon paper, have been
developed [18]. Results showed that a lower ohm loss and a better power performance with
a maximum power density of 1574 mW/m2 were executed by using the CNT/PANI electrode.
A voltage of 1.18 V and current of 12.8 mA in MFCs were achieved by using CNT/PANI carbon
paper [18]. But some research works regarding the development of non-precious metal catalysts
can be implemented for an effective oxygen reduction reaction (ORR) and the enhancement of
MFC performance. Vitamin B12 (py-B12/C) pyrolyzed and supported by carbon black can be
utilized as the cathode catalyst in the solid phase MFCs [19]. Therefore, an innovative endeavor
of employing calcination iron oxide (Fe2O3) as a photo catalyst combined with the Bio-E-Fenton
system, while simultaneously generating power, has not been previously reported for the treatment
of organic wastewater. Fenton’s reagent could function well under acidic conditions and during
the anodic oxidation and cathode aeration resulted in a pH increase, inhibiting the generation of •OH
and decreasing the COD removal rate [20–22]. In the experiment, 10% diluted sulfuric acid was added
to the cathode solution to obtain a pH value of 3.0 [23]. The experimental mechanism of Fe2O3/carbon
felt (CF) photo catalyst bio-electro-Fenton degradation of oily wastewater is illustrated in Figure 1.
The first step 1© in the cathode reaction: 2H+ + 2e− + O2 → H2O2 (1–1), resulted in H2O2 accumulation
in the cathode chamber via the two-electron reduction of dissolved O2 in the Bio-E-Fenton MFCs and
then FeSO4 powder was also added as a source of Fe2+: 2H+ + Fe → Fe2+ + H2 (1–2); the second step
2© Fe2O3 photo catalyst was added in the cathode chamber and a 300 W halogen lamp was used for

the photo excitation of Fe2O3 in order to produce more hydroxyl radicals; the third step 3© finally
showed the bio-electro-Fenton reaction at the cathode, where the hydroxyl radicals played a vital role
in the degradation of products according to the reaction: Fe2+ + H2O2 → Fe3+ + •OH + OH− (1–3).
This was followed by the reduction of Fe3+ to Fe2+. This was a chain reaction where Fe3+ got reduced
to Fe2+ and then Fe2+ was oxidized into Fe3+. This was a completely physical reaction which took
place at the cathode and microbes had no role to play. In the conclusion, the Bio-E-Fenton MFCs was
reported to be an effective system to treat organic wastewater, as well as bio-refractory pollutants [13].
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Figure 1. Proposed mechanism of Fe2O3/CF catalytic Bio-E-Fenton degradation of oily wastewater.

This research study has been carried out for gaining an in-depth understanding of the effects
of calcination temperatures (500 ◦C to 900 ◦C) on the performance of Bio-E-Fenton MFCs. Based on
the calcination temperature of Fe2O3, the photo catalyst structure will change and can be applied in
this study for investigating the performance of MFCs. The results showed that the intensity of Fe2O3

will not vary greatly due to high calcination temperatures, but the crystalline particle size and surface
morphology will be changed immensely [24]. This feature of Fe2O3 will enhance the COD removal
efficiency of the MFC significantly [25–28]. Fe2O3/carbon felt (CF) has been selected to act as part of
the cathode in Bio-E-Fenton MFCs because the photo catalysis of Fe2O3 can also produce hydroxyl
radicals [11]. It can further combine with FeSO4 to act as an iron source with H2O2 for producing more
hydroxyl radicals (•OH), resulting in a higher degradation rate within a short time. In addition, a pH
of 3 was maintained at the cathode chamber to treat refractory organic wastewater and this condition
will not affect the pH of the anode chamber.

2. Experimental Design

2.1. Reactor Construction and Operation

An acrylic dual chambered tank with dimensions of 85 mm × 70 mm × 55 mm was selected
for the construction of the Bio-E-Fenton MFC, as shown in Figure 2. Each chamber had a total
volume of 200 mL with a proton exchange membrane Nafion-117 (80 mm × 70 mm) and carbon felt
(CF, 60 mm × 60 mm × 5 mm) as the anode and cathode electrodes, respectively. The preparation method
for the carbon felt is as follows: It was initially washed in hot H2O2 (10%, 90 ◦C) solution for 3 h to
develop local Quinone sites on the carbon surface for improvement of the anode biocompatibility and
increased quantity of anthraquinone [29]. In order to prevent the thermal heat transfer from the cathode
to the anode, a Bakelite plate with dimensions of 100 mm × 50 mm × 20 mm (Figure 2) was employed
in this study. Therefore, the power density would be influenced by the effect of the calcination temperature
of Fe2O3 in the cathode chamber, but not by the temperature of the anode. In addition, a control reactor
without Fe2O3 was not constructed and it was considered from the similar work of [30].
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Figure 2. The experimental set-up of the proposed reactor.

2.2. Anolyte/Catholyte and Fe2O3 Catalyst Preparation

Kim et al. [31] proved that lactic acid wastewater can be employed to sustain the production
of electrical energy in MFCs. Therefore, dairy wastewater was used in this study as the anolyte.
During the early stage of fermentation of the dairy wastewater in the chamber, precipitate particulates
were formed. Three layers were naturally formed when the wastewater was kept stagnant and were
classified as top-level supernatant (clear fluid), a mid-level interface, and a bottom-level precipitate.
Prior to the study, a conductivity experiment confirmed that the top-level supernatant in the chamber
had the best conductivity of all, with an open-circuit voltage of 0.70 V, limiting current of 0.547 mA/m2,
and an achievable maximum power density of 101.4 mW/m2. In addition, considering the fact that
viscosity would influence microbial activity and also affect the power generation of MFCs [32], samples
from the top-level supernatant were selected for further studies.

The water bodies [33] have long been contaminated by oil pollution [34–36], so artificially prepared
oily wastewater was used as the catholyte in this study. A total of 1 mL of diesel was added to 1 L
of water and heated in a magnetic heater and blended with a blender for 1 day at 50 ◦C. As diesel
was immiscible in water, 10 g of emulsifying (Tween 80) agent was added to aid the dissolution of
the diesel in water. Molognoni et al. [37] assessed the bio-electrochemical treatability of industrial
(dairy) wastewater by MFCs, and an MFC was built and continuously operated for 72 days, during
which time the anodic chamber was fed with dairy wastewater and the cathodic chamber with
an aerated mineral solution. The study demonstrated that industrial effluents from agrifood facilities
can be treated by bio-electrochemical systems (BESs) with >85% (average) organic matter removal.
The study by Marashi and Kariminia [38] proved that the wastewater concentration had an influence on
the MFC performance and using the raw wastewater with the concentration of 8000 mg COD L−1 resulted
in the highest power density (65.6 mW m−2) production. Kim et al. [39] reported that the MFC–Anaerobic
fluidized membrane bioreactors (AFMBRs) achieved 89 ± 3% removal of the COD with an effluent of
36 ± 6 mg-COD/L over 112 days of operation.

A total of 270 mg of FeCl3 (98%, Acros, Taipei, Taiwan) was dissolved in 30 mL of deionized water,
and then 1 M of NaOH (98%, Fisher, Hampton, VA, USA) 1 mL and 0.5 M oxalic acid (98%, Acros) 750 μL
were added to the Teflon tank, and the microwave was set up at 160 ◦C for 30 min. After that, the Fe2O3

sample solution was filtered through a membrane filter with a pore size of 0.2 μm (Advantec, Toyo, Japan)
and mixed with the 80 ◦C deionized water and Fe2O3 powder (by freeze-drying at −50 ◦C) under
a vacuum for 5 h. Calcination of Fe2O3 was achieved by loading it into a fused aluminum oxide boat and
the temperatures were set to 500 ◦C, 700 ◦C, and 900 ◦C for 30 min per/sample in a high temperature
furnace. Following the calcination, the furnace was cooled to room temperature by natural convection.
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2.3. Experimental Analysis

Electrochemical analysis was performed by the workstation (Jiehan ECW-5600, Taipei, Taiwan) to
measure the polarization performance of the Bio-E-Fenton MFCs. For COD analysis, an instrument
(SUNTEX-V2000 photometer, Taipei, Taiwan) was utilized with solutions diluted till 100× with deionized
water. The temperature for the calcination of Fe2O3 (500 ◦C–900 ◦C) was applied using high temperature
furnaces (Riki JH-2, Taipei, Taiwan). The pH was measured in the anode/cathode chambers by using
a pH meter (SUNTEX SP-2300, Taipei, Taiwan) and dissolved oxygen (DO) by using the DO analyzer
(CLEAN DO-200, Taipei, Taiwan). For material analysis, instruments like an X-ray diffractometer
(Bruker D2 Phaser), field emission scanning electron microscope (FE-SEM) (JSM-6500F), and Field
Emission Gun Transmission Electron Microscopy, FEG-TEM (FEI Tecnai™ G2 F-20 S-TWIN), were used.

3. Results and Discussions

3.1. Performance of the Fe2O3-C500 ◦C/CF in Bio-E-Fenton MFCs Power Generation

Polarization curves for the Bio-E-Fenton MFCs using Fe2O3 calcination from 500 ◦C–900 ◦C
are portrayed in Figure 3. The conditions adopted for the polarization test were listed as follows;
two-electrode measurement, anode electrode connected (by copper wire) to the working electrode
(WE); reference electrode 2 (RE2) was in the dairy wastewater solution; the cathode electrode was
connected (by copper wire) to the counter electrode (CE) and reference electrode 1 (RE1) in oily
wastewater solution. Here, the carbon felt (60 mm × 60 mm × 5 mm) was selected as the electrode
and can be used to calculate the power density (power/working area of electrode) and current density
(current/working area of electrode). It was clear that Fe2O3-500 ◦C /CF produced an open circuit
voltage of 0.55 V, a maximum current density of 349 mA/m2, and a maximum power density of
52.5 mW/m2, which was 2.6 fold higher compared to Fe2O3-900 ◦C. A comparison between previous
studies of Bio-E-Fenton MFCs and this study has been made and the results are shown in Table 1.
In addition, an original report related to TiO2 has been addressed for showing its optoelectronic ability
to generate hydrogen in water [40]. Table 2 shows the list of related cases of photo catalysts.

Figure 3. Polarization and power density curves of BEF-MFC at different calcination temperatures of Fe2O3.
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Table 1. Research studies using Bio-E-Fenton systems.

Power Density (mW/m2) COD Removal (%/h) Ref.

430 78/1080 [13]
625 88/48 [14]
52.5 99.3/1 This study

Table 2. Different kinds of photo catalyst systems employed.

Material Wavelength (nm) COD Removal (%/min) pH Ref.

Fe@Fe2O3/CNT 555 91.5/120 8 [11]
PANI-Fe2O3 545 98.5/90 8 [15]
MoS2-RGO 450 99.0/60 7 [16]

Fe2O3-C500 ◦C/CF 410 99.3/60 3 This study

In consideration of the COD degradation rate, the Fe2O3-500 ◦C/CF performed better with 99.3%
removal in 1 h and with an effluent concentration of 152 ± 5 mg-COD/mL/1 day. Generally speaking,
a higher COD degradation rate was observed in this study compared to the other studies involving general
bio-electro-Fenton systems [41] for the treatment of oily wastewater, with an efficiency that was 1.4 times
higher (Table 3). The pH and DO at 700 ◦C were lower than those at 500 ◦C and 900 ◦C because under
the constant resistance (1 KΩ) discharge at 700 ◦C, the DO and pH values affected the voltage output
recorded from the long-term measurement. Nevertheless, the results of Table 3 indicated that a better power
performance of the system and COD removal rate in the cathode chamber were observed at a calcination
temperature of Fe2O3-500 ◦C, as it had a suitable pH and DO for befitting the biocompatibility [42–44] and
electrical conductivity [45,46] in the system. The results showed that the maximum power density was
52.5 mW/m2 and it was influenced by the calcination temperature of Fe2O3, which obviously showed that
the power density decreased with increasing calcination temperature. In addition, the average temperature
of the anode chamber was controlled at about 35~45 ◦C (by Bakelite plate) and the cathode temperature was
higher than 70 ◦C (Shown in Table 3), which would be the effect of evaporation. Therefore, the measurement
time was one hour and the time interval was based on the experimental reliability and neglecting the effect
of evaporation in the cathode chamber.

Table 3. Performance of system @ calcination conditions of Fe2O3.

Parameter 500 ◦C 700 ◦C 900 ◦C BF [30]

COD removal (%) @cathode 99.3 83.2 75.2 74.0
DO (ppm) @cathode 4.13 2.82 3.59 2.44

pHaverage 2.1 1.8 2.4 3.0
PDmax (mW/m2) 52.5 28.1 20.1 26.0

Temp. average/◦C anode 34.6 43.7 42.7 22.6
Temp. average/◦C cathode 71.6 74.9 72.7 24.1

BF: Bio-electro-Fenton system [30].

To further understand the impact of Fe2O3-C500-/CF on the degradation rate, the following three
reasons were formulated: (1) the in situ reaction between Fe2+ leached from Fe2O3/FeSO4 and H2O2

generated from the CF was kinetically more favorable than the reaction between H2O2 from the CF
and Fe2+ in the bulk solution; (2) the calcination of Fe2O3 resulted in the formation of different crystal
structures that affected the COD removal efficiency [47]; and (3) the photo catalyst accelerated chemical
reactions [48] so that the strong oxidation of the hydroxyl radicals could quickly break the covalent
bonds of diesel and enhance the degradation of wastewater [49].
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3.2. Characterizations of the Calcinated Fe2O3

Figure 4 displays XRD patterns of the calcinated Fe2O3. The characteristic peaks of 500 ◦C Fe2O3

were at 24.2◦, 33.3◦, 35.6◦, 40.9◦, 49.6◦, 54.2◦, 62.6◦, and 64.2◦, corresponding to facet indexes of (012),
(104), (110), (113), (024), (116), (214), and (300), respectively. The diffraction peaks at a 2θ value of 35.6◦

were ascribed to the (110) reflection of Fe2O3 [11]. Fe2O3 crystallographic structures can be controlled
by varying their calcination temperatures. At a high calcination temperature, the intensity did not vary
greatly, but the crystalline particle size and surface morphology changed immensely [24].
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Figure 4. XRD patterns of Fe2O3 at different temperatures.

3.3. The Morphologies of the Fe2O3 at Different Calcination Temperatures

For analyzing the surface morphology of Fe2O3 at different temperatures, field emission scanning
electron microscopy was used (Figure 5a–c). The Fe2O3 had an average particle size of 581 nm at 500 ◦C,
984 nm at 700 ◦C, and 1255 nm at 900 ◦C. Fe2O3 at 500 ◦C showed a layered stacked morphology and
the particles were uniformly distributed with a large surface area. This showed that Fe2O3-C at 500 ◦C
was better in terms of surface modification [50–52], which resulted in a maximum power density of
52.5 mW/m2. In addition, the surface modification of Fe2O3 was indeed the main reason behind its
best performance compared to the other systems.

Figure 5. Cont.
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Figure 5. FE-SEM images of Fe2O3 at different calcination temperatures (a) 500 ◦C (b) 700 ◦C (c) 900 ◦C.

The TEM images depicted that highly-agglomerated Fe2O3 with a uniform size of ~28 nm in
diameter affected the material structure of Fe2O3 after the calcination processes, as shown in Figure 6a, b.
It should be noted that the structures after calcination at 500 ◦C to 700 ◦C led to a greater particle size
and the lattice plane spacing of 0.21 to 0.26 nm. As shown in Figure 6c, calcination at 900 ◦C resulted in
sheet-like structures and lattice plane spacing of 0.27 nm. The selected area diffraction pattern (SADP)
showed excellent crystalline structure formations at 500 ◦C, which improved the COD degradation
efficiency [25–28]. In addition, Fe2O3-C500 ◦C/CF had a better degradation rate of 99.3% in 1 h. This was
a novel attempt where the Fe2O3-C500 ◦C/CF was combined with the bio-electro-Fenton reagent in MFCs.

 

Figure 6. TEM images of Fe2O3 at different calcination temperatures (a) 500 ◦C (b) 700 ◦C (c) 900 ◦C.

4. Conclusions

In this study, the photo catalytic ability of iron oxide (Fe2O3) was investigated at different
calcination temperatures ranging from 500 ◦C to 900 ◦C in a Bio-E-Fenton MFC for evaluating its
effect on the degradation of dairy and oily wastewaters and power generation. A series of studies
were executed and useful findings were addressed as follows: For the study of Fe2O3 in Bio-E-Fenton
MFCs, firstly, the calcination at 500 ◦C brought about a better output voltage than in the case of
the calcination at 900 ◦C, and its power density was also 2.6 times higher than at 900 ◦C. In addition,
the COD degradation efficiency showed that Fe2O3-C at 500 ◦C/CF had a better performance of
99.3% removal in 1 h and with an effluent of (152 ± 5 mg-COD/mL/1 day) operation, which was
1.3 times higher than the Fe2O3-C at 900 ◦C/CF. Further, these evidences proved that calcination
temperatures of 500 ◦C with 52.5 mW/m2 would be optimal for Fe2O3 in Bio-E-Fenton MFCs because
of its morphology with a uniform particle size and a larger surface area. In contrast, the degradation
performance of 80.1% in 1 h was obtained by combining Fe2O3-C500 ◦C/CF with a bio-electro-Fenton
reagent under non-illuminated conditions. Last but not the least, this innovative process was very
promising for the treatment of organic wastewater treatment and the improved performance of related
bio-electrochemical systems in the future.
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Abstract: Hydrodynamic boundary layer is a significant phenomenon occurring in a flow through
a bluff body, and this includes the flow motion and mass transfer. Thus, it could affect the biofilm
formation and the mass transfer of substrates in microbial fuel cells (MFCs). Therefore, understanding
the role of hydrodynamic boundary layer thicknesses in MFCs is truly important. In this study, three
hydrodynamic boundary layers of thickness 1.6, 4.1, and 5 cm were applied to the recirculation mode
membrane-less MFC to investigate the electricity production performance. The results showed that
the thin hydrodynamic boundary could enhance the voltage output of MFC due to the strong shear
rate effect. Thus, a maximum voltage of 21 mV was obtained in the MFC with a hydrodynamic
boundary layer thickness of 1.6 cm, and this voltage output obtained was 15 times higher than that of
MFC with 5 cm hydrodynamic boundary layer thickness. Moreover, the charge transfer resistance
of anode decreased with decreasing hydrodynamic boundary layer thickness. The charge transfer
resistance of MFC with hydrodynamic boundary layer of thickness 1.6 cm was 39 Ω, which was
0.79 times lesser than that of MFC with 5 cm thickness. These observations would be useful for
enhancing the performance of recirculation mode MFCs.

Keywords: MFC; hydrodynamic boundary layer; recirculation mode; shear rate; voltage; charge
transfer resistance

1. Introduction

In recent years, the development of renewable energy (solar energy, wind power, bio-energy, and
fuel cell) and electric transportation/storage technologies (supercapacitors) has begun to flourish due
to the consumption and pollution that is caused by fossil fuels [1–3]. Microbial fuel cells (MFCs) are
renewable energy technology transducers [4], which has the potential for application in wastewater
treatment plants [5,6], electrical devices [7,8], and biosensor [9,10], because it can use bacteria for
generating electricity from waste water. However, the power densities of MFCs are still low due to
their high internal resistances [11–13]. Thus, at present, there are many research works that are focused
on MFCs. In MFCs, microorganisms function as a biocatalyst, which can convert organic matter into
electricity by using three extracellular electron transfer (EET) pathways: (1) direct electron transfer
(c-type cytochromes); (2) electron mediators; and, (3) solid conductive matrix (electrical conductive pili
or nanowires) [14]. Nevertheless, the microbes using electron mediators are not suitable for commercial
application as they are planktonic and could be easily washed out along with the effluent [15], and
also has higher energy losses than other EET pathways [14]. Hence, it obvious that anode biofilm plays
a key role in the electricity production of MFCs [16,17], as the bacteria that use direct electron transfer
and solid conductive matrix pathway will be attached on the anode electrode.
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Recently, there are different methods to enhance the anode biofilm formation. Li et al. demonstrated
that the gravity effect being applied to the MFC not only facilitated easy attachment of microbes on
the electrode, but also increased the biofilm thickness. Thus, the startup time was shorter than the
control by 12%, and the maximum current density reached 8.41 ± 0.13 A/m2, which was 29% higher
than without the gravitational effect [18]. He et al. indicated that if the fiber diameter of anode fiber
was lesser than the bacteria size, the thickness of biofilm will be less, which may result in less current
density due to the fact that the fibers will form small pores and hinder the bacterial penetration [19].
Ren et al. found that the CNT-based electrode materials: Spin-Spray Layer-by-Layer (SSLbL) CNT
can guarantee a thicker biofilm than other CNT materials. Therefore, it can result in a high current
density of 2.59 A/m2 [20]. Although, these studies stated that enhanced biofilm thickness lead to the
enhanced electricity production of MFC, but most of the biofilm formation is dependent on natural
adsorption [21]. In addition, very thick biofilms will not only block the electron transfer of MFCs [21],
but also will become a diffusion barrier on the physical and chemical exchanges between the bacteria
and substrate during the mass transfer processes [22].

In MFCs, the hydrodynamic effect is very significant because the major composition of anolyte
is water and the physical effect of fluid motion can influence the MFC performance and behavior
of biofilm microbial communities [23]. Nowadays, flow rate and recirculation rate are vital flow
parameters in continuous and recirculation mode MFCs due to two reasons, first, the flow rate and
recirculation rate can be easily set by peristaltic pump; second, the effect of these parameters is equally
important as that of the effects of shear stress [23–26]. Increasing the flow/recirculation rate could
enhance the shear rate [27,28]. Thus, resulting in a denser and thicker biofilm. Moreover, high shear
rates can facilitate faster bacterial attachment on the electrode and shorten the startup time of MFC.
Pham et al. indicated that the current and power output of MFC under the shear rate of about
120/s which was higher than that of low shear rate (∼=0.3/s) by 2 to 3 times [27]. On the other hand,
increasing the shear stress also can enhance the mass transfer rate between the substrate and the anode
biofilm [28,29], and this will efficiently limit the mass transfer losses of MFCs [30,31]. Wang et al.
reported that a high recirculation rate of 40 mL/min increased the mass transfer rate of MFC due to high
shear stress. Therefore, warburg diffusion resistance of MFC was only 265.4 Ω, which is 73% less than
the recirculation rate of 4 mL/min, than, the maximum current density of 50.19 mA/m2 [31]. Therefore,
the shear stress effect is worthy for investigation. Furthermore, the employment of honeycomb and
avoiding the membrane in MFC was also important in this study. Because many researches indicated
that the use of membranes would not only limit the MFC application [32], but also decrease system
performance [33] and enhance the cost [32,34]. Adding a honeycomb pattern could maintain the liquid
flow inside a reactor in a homogeneous, symmetrical, and uniform manner, which can enhance the
mass transfer of substrates [31].

However, when anolyte with a value of flow/recirculation rate flows through the MFC anode
chamber, viscous shearing forces occur at the chamber wall and the hydrodynamic boundary layer is
formed on the chamber wall. The thickness of the hydrodynamic boundary layer will increase with
an increase in distance from the leading edges of the chamber wall. The flow velocity gradient will
result in a strong shear stress within the hydrodynamic boundary layer [35]. Therefore, the effect of the
hydrodynamic boundary layer would not only affect the biofilm structure, but it would also influence
the mass transfer [36,37]. So, an in-depth understanding of the effects of hydrodynamic boundary layer
thickness is necessary. But, the effects of hydrodynamic boundary layer on MFC electricity production
has not been well discussed yet. Thus, in this study, three different hydrodynamic boundary layer
thicknesses (1.6, 4.1, and 5 cm) were applied to recirculation mode membrane-less MFCs with a
honeycomb pattern for investigating the hydrodynamic boundary layer effect on internal resistance.
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2. Results and Discussion

2.1. Voltage Output of MFCs

In order to investigate the effect of hydrodynamic boundary layer on MFCs, three different
hydrodynamic boundary thickness (1.6, 4.1, and 5 cm) were applied to MFCs, and the voltage output
was shown in Figure 1. All three MFCs obtained the similar output voltage at the beginning of the
operation. However, it could be observed that the decrease in thickness of the hydrodynamic boundary
layer shortened the startup time of MFCs. The voltage of MFC-1 started to rise up by the day 3.5,
but MFC-2 and MFC-3 started voltage production 1.5 days later when compared to MFC-1. At day 5,
the voltage of MFC-1 increased rapidly, and reached 11 mV at day 6. Although, the voltage of MFC-2
had the similar trend with MFC-1 at day 5, but it did not increase more than MFC-1. The voltage of
MFC-2 at day 6 reached ∼=4 mV, which was just 0.36 times that of MFC-1. Nevertheless, the voltage of
MFC-2 was still higher than MFC-3 and the voltage of MFC-3 was still very similar to the voltage at
the beginning of the operation. The reason why less hydrodynamic boundary thickness had faster
and higher voltage production was due to the shear rate effect [27]. In a pipe flow, the shear rate is
high at the inlet, but it will decrease gradually to the fully developed value [38], which means that
a thin hydrodynamic boundary layer could result in a higher shear rate than that of thick boundary
layer. The high shear rate could enhance the bacteria attachment to the electrode [27]. In this study, the
MFC-1 had the highest shear rate of 0.047/s and MFC-3 has the lowest shear rate of 0.016/s (Table 1).
Therefore, the MFC-1 had the shortest startup time, than MFC-2 and MFC-3. In addition, the shear rate
of three MFCs were less than 120/s. Therefore, the bacteria were not detached from the electrode [27].
After day 6, the voltage of three MFCs started to decrease. Hence, the anolyte of three MFCs were
replaced by fresh medium. However, from day 6 to 10, the voltage of three MFCs failed to rise up
to the same level as day 6, and the voltage of MFC-1 even started decreasing. This might be due to
the fact that a high concentration of glucose may have a toxic effect on bacteria [39]. Nonetheless,
the voltage of MFC-1, MFC-2, and MFC-3 started to increase after day 11.7 and the MFC-1 reached a
maximum voltage of 21 mV by day 16, which was 15 times that of MFC-3.

Figure 1. The voltage output versus time of microbial fuel cells (MFCs) with different hydrodynamic
boundary layer thicknesses.

Table 1. Internal resistance of MFCs with respect to hydrodynamic boundary layer thickness.

Kinds δ (cm) G (1/S) R1 (Ω) Ra,g (Ω) Ca,g (C) Ra,t (Ω) Ca,t (C) Rc (Ω) Cc (C) Wc (C)

MFC-1 1.6 0.047 47.4 39 0.0015 12.6 1.5 × 10−6 15.8 1.6 × 10−6 0.00086
MFC-2 4.1 0.02 45 45 0.0013 12 0.0025 3.85 × 10−6 0.00098 0.00016
MFC-3 5 0.016 40.5 49.1 0.0018 11 1.7 × 10−6 13.5 0.0008 0.00085
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2.2. Internal Resistance of MFCs

In order to investigate the hydrodynamic boundary layer thickness effect on the internal resistance
of the reactor, the equivalent circuit and internal resistance of MFCs were analyzed, as shown in Figure 2
and Table 1. According to Figure 2, it could be observed that the internal resistance of the MFCs
was composed of ohmic losses, charge transfer losses of anode/cathode, and concentration losses.
R1 represented the ohmic losses in the MFCs [40] and the value of ohmic losses can be related to the
conductivity of anolyte or the conductivity of electrode material. Ra, which represented the charge
transfer losses of anode, which can indicate the activity of the biofilm [41]. Thus, two kind of charge
transfer resistances (Ra,g: graphite felt sheet, Ra,t: titanium wire) occurred at anode. Capacitance Ca,g

and Ca,t indicated the electrical double layer phenomenon [42] of graphite felt sheet and titanium wire,
and this phenomenon occurred at the interface between the electrode and anolyte. Rc and Cc denoted
the charge transfer losses and the electrical double layer of cathode. In addition, the Wc represented
the concentration losses of MFCs [11], and the concentration losses could describe the diffusion of
substrate, oxygen, or other reactants in MFCs.

Figure 2. The equivalent circuit of MFC.

In Table 1, the ohmic losses were 47.4, 45, and 40.5 Ω for hydrodynamic boundary layers with
thicknesses of 1.6, 4, and 5 cm, respectively. These results showed that the ohmic losses were similar
due to the same conductivity of the Phosphate buffered saline (PBS) [31]. On the other hand, it can
be clearly seen that the value of Ra,g decreased when the hydrodynamic boundary layer thickness
decreased. The charge transfer loss was 39 Ω with a hydrodynamic boundary layer thickness of 1.6 cm
and increased to 49.1 Ω when the thickness was 5 cm, and these results were in accordance with the
voltage output of MFCs (Figure 1). Due to the strong shear rate effect within the thin hydrodynamic
boundary layer thickness [35,38], the physical properties of biofilms, such as density and strength,
were influenced by fluid shear. Also, the easy attachment of bacteria on the electrode can result in a
thicker and denser biofilm structure [27,28,43]. This biofilm can produce higher biomass than that of
biofilm in lower shear rate environment [23]. Hence, the electron transfer rate could be enhanced and
a lower charge transfer resistance could be obtained. Whereas, the effect of boundary layer thickness
did not significantly influence the charge transfer losses of titanium wire and the values of Ra,t was
very similar. This may be due to the smooth surface of titanium wire, which cannot facilitate easy
bacterial attachment [40]. The capacitance of MFC was related to the electron or ion accumulation
phenomena in the biofilm or the substrate [36]. In this study, the capacitances (Ca,g) were 0.0015,
0.0013, 0.0018 C for the hydrodynamic boundary layers of thickness 1.6, 4.1, and 5 cm, respectively.
These values were very similar to each other and it can be observed that the thickness of hydrodynamic
boundary layer had no effect on the values of Ca,g and these results were similar with the research
of Ter Heijne et al. [36]. Moreover, the capacitances of Ca,t also reported the similar values (around
1.5 × 10−6), except for the hydrodynamic boundary layer thickness of 4.1 cm. However, this study
suggests that electrochemical impedance spectroscopy (EIS) should be analyzed using three-electrode
mode for the half-potential for data accuracy. Regarding the internal resistance of the cathode, the
cathode of all three MFCs was installed at the top of the reactor, and, the oxygen was directed to the
cathode and it did not pass through the hydrodynamic boundary layer. Thus, the thickness of the
hydrodynamic boundary layer did not influence the diffusion of oxygen. Hence, the concentration
losses (Wc) of three MFCs were similar.
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2.3. The Mechanism of Hydrodynamic Boundary Layer Effects in Recirculation Mode MFCs

In recirculation mode MFCs, the hydrodynamics is significantly important as to the microbe,
electrode biofilm, and the diffusion of reactant being affected by the flow field [44,45]. Thus, the
effect of the flow field in the MFC chamber is necessary to be described. According to the results
of this study and other references, the working mechanism model of the hydrodynamic boundary
layer effect was illustrated in Figure 3. At first, when the anolyte flowed through the surge tank and
passed through the honeycomb into the MFC chamber, the fluid particles of the anolyte in the layer,
which were in contact with the chamber wall of MFC had completely stopped due to the no-slip
condition. Particles of anolyte also slowed down gradually because of the friction in adjacent layers.
Then, in order to compensate the decrease of mass flow rate near the MFC chamber wall, the velocity
of the fluid at the midsection of the MFC chamber needed to be increased. Due to the velocity gradient
(shear rate) that was developed in the MFC chamber, the velocity (hydrodynamic) boundary layer was
formed on the MFC chamber wall [38]. The velocity boundary layer thickness increased along with
the flow direction due to the viscosity of liquid [35,46]. Thus, the MFC-1 had the much thinner velocity
boundary layer, and the MFC-3 had the thickest velocity boundary layer (see Figure 3).

Figure 3. The mechanism of hydrodynamic boundary layer.

However, due to the shear rate effect, the efficiency of bacteria that were attached to the electrode
was enhanced [27]. The anaerobic biofilm was formed at the anode electrode because the environment
was more anaerobic than cathode, and the aerobic microbes moved to the cathode due to the presence
of oxygen. Thin velocity boundary layer could result in a much thicker and denser biofilm than that of
the thick velocity boundary layer due to the strong shear rate effect. This could enhance the current
and power output of MFC [27]. The biofilm thickness reached maximum within the transition zone
between laminar and turbulent because of two reasons, first, the diffusion of substrate was limited in
laminar zone, second, the bacteria was detached from the biofilm in turbulent flow [47]. In this study,
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the inlet Reynolds number was Re = 89.6, which meant that the inertial forces were dominant in MFC,
and that the velocity of boundary layer was laminar. Thus, the mass transfer of MFCs needed to be
enhanced by increasing the Reynolds number or the flow convective [45]. Although the thickness
of the biofilm would become a diffusion barrier [22] the thickness of the biofilm (about 40 μm) was
smaller than the hydrodynamic boundary layer [37]. Therefore, the mass transfer of recirculation
mode MFC was mainly determined by the thickness of hydrodynamic boundary layer [35,36]. Inside
the velocity boundary layer, the concentration boundary layer occurred due to the concentration
gradient between the bulk liquid and the chamber wall. The thickness of the concentration boundary
layer increased with the flow direction until it reached the velocity boundary layer [48]. Therefore,
the thickest concentration boundary layer occurred in MFC-3. In the concentration boundary layer,
the mass transfer of reactant relied on diffusion, which meant that a higher mass transfer could be
obtained in a thin concentration boundary layer due to a high concentration gradient. In recirculation
mode MFCs, due to the moving fluid, the mass transfer not only depended on diffusion, but also on
bulk fluid motion. The fluid motion enhanced the mass transfer as the reactant in the fluid can move
from high a concentration area to a low concentration area [48]. Hence, the strong shear rate effect in
thin velocity boundary layer not only reduced the charge transfer losses, but also the concentration
losses of MFCs [31,35,36]. It is worth mentioning that the boundary layer had no effect on the oxygen
diffusion as the oxygen was in direct contact with the cathode in this study. Moreover, research works
had indicated that the viscous sublayer was also important [49–51] due to the fact that it could affect
the biofilm accumulation and this could be suggested as an investigation for prominent future research.

2.4. Applications

Microbial fuel cells can be used in wastewater treatment plants or microfluidic devices in the future.
However, the wastewater treatment plants and microfluidic devices are the continuous/recirculation
flow mode systems. Thus, the effect of hydrodynamic boundary layer can not be ignored, and it
must be considered. The thin hydrodynamic boundary layer could significantly enhance the biofilm
formation and substrate mass transfer, and the maintainence of a thin hydrodynamic boundary layer
is a challenge in MFC performance and commercialization. There are several methods to maintain
the anode/cathode electrode in a thin hydrodynamic boundary layer. Firstly, the electrode placement
should be place near the flow entrance, this suggestion could be indirect proof by other research.
Ye et al. showed that the biofilm were thick at the beginning of the microchannel, and thin at the end
of the microchannel [52]; Second, if the anolyte flows past the porous electrode (graphite/carbon
felt) a thin porous electrode of 0.1 mm porosity should be chosen as the substrate transfer and the
diffusion of protons from the biofilm will be limited if the flow passes through the thick felt [53,54];
Third, using the flow control method to inhibit the hydrodynamic boundary layer developing, such
as increasing the number of anolyte inlet along the MFC flow channel. This method could let the
new hydrodynamic boundary layer replace the original hydrodynamic boundary layer, and keep the
hydrodynamic boundary layer thickness thin [35]. The results of this research significantly have great
contribution on the design of any continuous/recirculation flow mode MFC systems in the future.

3. Materials and Methods

3.1. Reactor Construction

In order to investigate the effects of hydrodynamic boundary layer on the electricity production of
MFC, three single chambered reactors were fabricated with Polymethylmethacrylate (PMMA) sheets
(Figure 4A) [30]. The reactors were of symmetrical structure, and consisted of one MFC chamber,
two honeycombs, and two surge tanks. No membranes were used, as it was a membrane-less reactor.
The inner space dimension of MFC chamber was 10 cm × 10 cm × 10 cm. Honeycomb structure
was made of plastic straws, and each one had an inner space dimension of 10 cm × 10 cm × 10 cm.
The surge tanks had an inner space dimension of 10 cm × 17 cm × 17.5 cm. Two graphite felt sheets
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(each with L × W × D: 0.5 cm × 2.8 cm × 0.5 cm) were used as the anode and cathode electrode,
and they were embedded at the bottom and top of the MFC chambers. The anode electrode was
connected using a titanium wire to an external resistance (1000 Ω), which was further connected to the
cathode electrode. In order to generate three different hydrodynamic boundary layer thicknesses in
the MFC chamber, the anode and cathode electrodes were placed at the distances of 1 cm (MFC-1),
6 cm (MFC-2), and 9 cm (MFC-3), which were measured from the leading edges of the chamber wall.

3.2. Inoculation and Operational Conditions

The MFCs (MFC-1, MFC-2, MFC-3) were inoculated with 1:1 ratio of wastewater from the
Department of Biotechnology and Animal Science, National Ilan University, Yilan, Taiwan [11] and
50 mM PBS [31]. 50 mM PBS contained Na2HPO4, 4.58 g/L; NaH2PHO4·H2O, 2.45 g/L; NH4Cl,
0.31 g/L; KCl, 0.13 g/L; and, 0.2 g/L glucose was used as the substrate. All of the MFCs were
operated at the same flow rate of 480 mL/min from the beginning till the end of the experiment and
the experimental setup was shown in Figure 4B.

Figure 4. The (A) clear side view and (B) experimental setup of recirculation mode MFCs.

3.3. Electrochemical Analysis

Three MFCs (MFC-1, MFC-2, and MFC-3) were connected with an external resistance of 1000 Ω.
The voltage of MFCs was measured by an automatic data acquisition system (Jiehan 5020, Jiehan
Technology Corporation, Taiwan, Republic of China) with a sample rate of 1 point/min [55]. The EIS
analysis of MFCs was measured by an impedance analyzer (HIOKY 3522-50 LCR HiTESTER, Hioki
E.E. Corporation, Nagano, Japan), and the scan frequency was set as 100 KHz to 0.1 Hz with an AC
amplitude of 10 mV [56]. The value of equivalent circuit of MFCs was analyzed by Zware.

3.4. Reynolds Number (Re)

Reynolds number is a dimensionless quantity that can be used to investigate the different fluid
flow situations in fluid mechanics. Reynolds number (Re) is a ratio of inertia force to viscous forces,
and is defined as shown in Equation (1) [57]:

Re = ρVDT
/

μ (1)

where ρ represents the density of water (997 kg/m3); V indicate the inlet flow velocity (80 × 10−5 m/s,
corresponding to the flow rate of 480 mL/min); DT represents the hydraulic diameter (10 cm); and,
μ is viscosity of water (8.9 × 10−4 kg/ms).
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3.5. Flat Plate Boundary Layer Thickness (δ) and Shear Rate

The hydrodynamic boundary layer was formed by liquid flow through a flat plate due to the
viscosity of liquid particle, and the thickness of flat plate boundary layer thickness, which can be
defined as Equation (2) [46]:

δ = 5
√

μx
/

ρV (2)

where x is the electrode position of 1 cm (MFC-1), 6 cm (MFC-2), and 9 cm (MFC-3). (Corresponding to
the hydrodynamic boundary layer thickness of 1.6, 4.1, and 5 cm [58]), and the schematic diagram of
hydrodynamic boundary layer that was applied to MFCs were showed in Figure 5.

The hydrodynamic boundary layer thicknesses were chosen based on different flow field.
hydrodynamic boundary of thickness 5 cm occurred at the hydrodynamically fully developed region.
In this region, the velocity profile was fully developed and remained unchanged. The hydrodynamic
boundary of thickness 1.6 cm occurred near the entrance of the MFC chamber. The velocity profile on
this region was similar to the inlet flow.

Shear rate can influence the mass transfer and biofilm formation, and the shear rate is defined as
shown in Equation (3) [27]:

G = V/d (3)

where V is the flow velocity at hydrodynamic boundary layer (0.99 times less than inlet flow velocity)
(m/s), and d represents the thickness of the hydrodynamic boundary layer (m).

Figure 5. The schematic diagram of hydrodynamic boundary layer in the MFCs.

4. Conclusions

Hydrodynamic boundary layers of thickness 1.6, 4.1, and 5 cm were applied to the recirculation
mode MFCs to investigate the electricity production in this study. It was observed that the voltage of
MFCs increased with decreasing hydrodynamic boundary layer thicknesses. Due to the high shear
rate of 0.047/s that occurred in the hydrodynamic boundary layer of 1.6 cm, the maximum voltage
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of 21 mV was observed in MFC-1, which was 15 times higher than that of MFC-3. These results
were further confirmed by EIS analysis. The charge transfer losses of anode decreased with the
decreasing hydrodynamic boundary layer thicknesses. The charge transfer resistance (Ra,g) of MFC-1
was only 39 Ω, which was only 0.79 times lesser than that of MFC-3. These findings were useful for
the improvement in the performance of the continuous/recirculation flow mode MFCs.

Acknowledgments: The authors would like to acknowledge the generous funding support from MOST Taiwan
under contract No. MOST 103-2221-E-197-022-MY3, 106-2923-E-197-001-MY3, 106-2622-E-197-007-CC3 and
106-2221-E-197-019, and thank Sangeetha Thangavel (Department of Energy and Refrigerating Air-Conditioning
Engineering, National Taipei University of Technology, Taipei, Taiwan) for correcting the English grammar mistakes.

Author Contributions: Yan-Ming Chen: Operation of experiments, analysis and writing of article; Yung-Chin Yang:
Guidance of material experiments; Chin-Tsan Wang: Guidance of experiments and modification of manuscript and
reply of comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Repp, S.; Harputlu, E.; Gurgen, S.; Castellano, M.; Kremer, N.; Pompe, N.; Wörner, J.; Hoffmann, A.;
Thomann, R.; Emen, F.M. Synergetic effects of Fe3+ doped spinel Li4Ti5O12 nanoparticles on reduced graphene
oxide for high surface electrode hybrid supercapacitors. Nanoscale 2018, 10, 1877–1884. [CrossRef] [PubMed]

2. Genc, R.; Alas, M.O.; Harputlu, E.; Repp, S.; Kremer, N.; Castellano, M.; Colak, S.G.; Ocakoglu, K.; Erdem, E.
High-capacitance hybrid supercapacitor based on multi-colored fluorescent carbon-dots. Sci. Rep. 2017, 7,
11222. [CrossRef] [PubMed]

3. Wang, C.-T.; Chen, W.-J.; Huang, R.-Y. Influence of growth curve phase on electricity performance of
microbial fuel cell by escherichia coli. Int. J. Hydrogen Energy 2010, 35, 7217–7223. [CrossRef]

4. Khan, M.D.; Khan, N.; Sultana, S.; Joshi, R.; Ahmed, S.; Yu, E.; Scott, K.; Ahmad, A.; Khan, M.Z.
Bioelectrochemical conversion of waste to energy using microbial fuel cell technology. Process Biochem.
2017, 57, 141–158. [CrossRef]

5. Singh, H.M.; Pathak, A.K.; Chopra, K.; Tyagi, V.; Anand, S.; Kothari, R. Microbial fuel cells: A sustainable
solution for bioelectricity generation and wastewater treatment. Biofuels 2018, 1–21. [CrossRef]

6. Wu, Y.-C.; Wang, Z.-J.; Zheng, Y.; Xiao, Y.; Yang, Z.-H.; Zhao, F. Light intensity affects the performance of
photo microbial fuel cells with Desmodesmus sp. A8 as cathodic microorganism. Appl. Energy 2014, 116,
86–90. [CrossRef]

7. Wang, C.-T.; Chen, Y.-M.; Qi, Z.-Q.; Wang, Y.-T.; Yang, Y.-C. Types of simplified flow channels without flow
obstacles in microbial fuel cells. Int. J. Hydrogen Energy 2014, 39, 14306–14311. [CrossRef]

8. Yong, X.-Y.; Yan, Z.-Y.; Shen, H.-B.; Zhou, J.; Wu, X.-Y.; Zhang, L.-J.; Zheng, T.; Jiang, M.; Wei, P.; Jia, H.-H.
An integrated aerobic-anaerobic strategy for performance enhancement of pseudomonas aeruginosa-inoculated
microbial fuel cell. Bioresour. Technol. 2017, 241, 1191–1196. [CrossRef] [PubMed]

9. Chouler, J.; Cruz-Izquierdo, Á.; Rengaraj, S.; Scott, J.L.; Di Lorenzo, M. A screen-printed paper microbial fuel cell
biosensor for detection of toxic compounds in water. Biosens. Bioelectron. 2018, 102, 49–56. [CrossRef] [PubMed]

10. Sun, J.-Z.; Kingori, G.P.; Si, R.-W.; Zhai, D.-D.; Liao, Z.-H.; Sun, D.-Z.; Zheng, T.; Yong, Y.-C. Microbial fuel
cell-based biosensors for environmental monitoring: A review. Water Sci. Technol. 2015, 71, 801–809. [CrossRef]
[PubMed]

11. Wang, C.-T.; Lee, Y.-C.; Ou, Y.-T.; Yang, Y.-C.; Chong, W.-T.; Sangeetha, T.; Yan, W.-M. Exposing effect of
comb-type cathode electrode on the performance of sediment microbial fuel cells. Appl. Energy 2017, 204,
620–625. [CrossRef]

12. Liu, X.-W.; Huang, Y.-X.; Sun, X.-F.; Sheng, G.-P.; Zhao, F.; Wang, S.-G.; Yu, H.-Q. Conductive carbon
nanotube hydrogel as a bioanode for enhanced microbial electrocatalysis. ACS Appl. Mater. Interfaces 2014, 6,
8158–8164. [CrossRef] [PubMed]

13. Wang, Q.-Q.; Wu, X.-Y.; Yu, Y.-Y.; Sun, D.-Z.; Jia, H.-H.; Yong, Y.-C. Facile in-situ fabrication of
graphene/riboflavin electrode for microbial fuel cells. Electrochim. Acta 2017, 232, 439–444. [CrossRef]

14. Torres, C.I.; Marcus, A.K.; Lee, H.-S.; Parameswaran, P.; Krajmalnik-Brown, R.; Rittmann, B.E. A kinetic
perspective on extracellular electron transfer by anode-respiring bacteria. FEMS Microbiol. Rev. 2009, 34,
3–17. [CrossRef] [PubMed]

51



Energies 2018, 11, 1003

15. Du, Z.; Li, Q.; Tong, M.; Li, S.; Li, H. Electricity generation using membrane-less microbial fuel cell during
wastewater treatment. Chin. J. Chem. Eng. 2008, 16, 772–777. [CrossRef]

16. Feng, C.; Liu, Y.; Li, Q.; Che, Y.; Li, N.; Wang, X. Quaternary ammonium compound in anolyte
without functionalization accelerates the startup of bioelectrochemical systems using real wastewater.
Electrochim. Acta 2016, 188, 801–808. [CrossRef]

17. Wang, Z.; Mahadevan, G.D.; Wu, Y.; Zhao, F. Progress of air-breathing cathode in microbial fuel cells. J. Power
Sources 2017, 356, 245–255. [CrossRef]

18. Li, T.; Zhou, L.; Qian, Y.; Wan, L.; Du, Q.; Li, N.; Wang, X. Gravity settling of planktonic bacteria to anodes
enhances current production of microbial fuel cells. Appl. Energy 2017, 198, 261–266. [CrossRef]

19. He, G.; Gu, Y.; He, S.; Schröder, U.; Chen, S.; Hou, H. Effect of fiber diameter on the behavior of biofilm
and anodic performance of fiber electrodes in microbial fuel cells. Bioresour. Technol. 2011, 102, 10763–10766.
[CrossRef] [PubMed]

20. Ren, H.; Pyo, S.; Lee, J.-I.; Park, T.-J.; Gittleson, F.S.; Leung, F.C.; Kim, J.; Taylor, A.D.; Lee, H.-S.; Chae, J.
A high power density miniaturized microbial fuel cell having carbon nanotube anodes. J. Power Sources 2015,
273, 823–830. [CrossRef]

21. Wang, X.; Lin, H.; Wang, J.; Xie, B.; Huang, W. Influence of the biofilm formation process on the properties of
biofilm electrode material. Mater. Lett. 2012, 78, 174–176. [CrossRef]

22. Cabije, A.H.; Agapay, R.C.; Tampus, M.V. Carbon-nitrogen-phosphorus removal and biofilm growth
characteristics in an integrated wastewater treatment system involving a rotating biological contactor.
Asia-Pac. J. Chem. Eng. 2009, 4, 735–743. [CrossRef]

23. Oliveira, V.; Simões, M.; Melo, L.; Pinto, A. Overview on the developments of microbial fuel cells.
Biochem. Eng. J. 2013, 73, 53–64. [CrossRef]

24. Ieropoulos, I.; Winfield, J.; Greenman, J. Effects of flow-rate, inoculum and time on the internal resistance of
microbial fuel cells. Bioresour. Technol. 2010, 101, 3520–3525. [CrossRef] [PubMed]

25. Zhang, F.; Jacobson, K.S.; Torres, P.; He, Z. Effects of anolyte recirculation rates and catholytes on electricity
generation in a litre-scale upflow microbial fuel cell. Energy Environ. Sci. 2010, 3, 1347–1352. [CrossRef]

26. Zhang, L.; Zhu, X.; Li, J.; Kashima, H.; Liao, Q.; Regan, J.M. Step-feed strategy enhances performance of
unbuffered air-cathode microbial fuel cells. RSC Adv. 2017, 7, 33961–33966. [CrossRef]

27. Pham, H.T.; Boon, N.; Aelterman, P.; Clauwaert, P.; De Schamphelaire, L.; Van Oostveldt, P.; Verbeken, K.;
Rabaey, K.; Verstraete, W. High shear enrichment improves the performance of the anodophilic microbial
consortium in a microbial fuel cell. Microb. Biotechnol. 2008, 1, 487–496. [CrossRef] [PubMed]

28. Shen, Y.; Wang, M.; Chang, I.S.; Ng, H.Y. Effect of shear rate on the response of microbial fuel cell toxicity
sensor to Cu (II). Bioresour. Technol. 2013, 136, 707–710. [CrossRef] [PubMed]

29. Celmer, D.; Oleszkiewicz, J.; Cicek, N. Impact of shear force on the biofilm structure and performance of a
membrane biofilm reactor for tertiary hydrogen-driven denitrification of municipal wastewater. Water Res.
2008, 42, 3057–3065. [CrossRef] [PubMed]

30. Wang, C.-T.; Huang, Y.-S.; Sangeetha, T.; Chen, Y.-M.; Chong, W.-T.; Ong, H.-C.; Zhao, F.; Yan, W.-M.
Novel bufferless photosynthetic microbial fuel cell (PMFCs) for enhanced electrochemical performance.
Bioresour. Technol. 2018, 255, 83–87. [CrossRef] [PubMed]

31. Wang, C.-T.; Huang, Y.-S.; Sangeetha, T.; Yan, W.-M. Assessment of recirculation batch mode operation in
bufferless bio-cathode microbial fuel cells (MFCs). Appl. Energy 2018, 209, 120–126. [CrossRef]

32. Jang, J.K.; Chang, I.S.; Kang, K.H.; Moon, H.; Cho, K.S.; Kim, B.H. Construction and operation of a novel
mediator-and membrane-less microbial fuel cell. Process Biochem. 2004, 39, 1007–1012. [CrossRef]

33. Logan, B.E. Microbial Fuel Cells; John Wiley & Sons: Hoboken, NJ, USA, 2008.
34. Ghangrekar, M.; Shinde, V. Performance of membrane-less microbial fuel cell treating wastewater and effect

of electrode distance and area on electricity production. Bioresour. Technol. 2007, 98, 2879–2885. [CrossRef]
[PubMed]

35. Yang, Y.; Ye, D.; Liao, Q.; Zhang, P.; Zhu, X.; Li, J.; Fu, Q. Enhanced biofilm distribution and cell performance of
microfluidic microbial fuel cells with multiple anolyte inlets. Biosens. Bioelectron. 2016, 79, 406–410. [CrossRef]
[PubMed]

36. Ter Heijne, A.; Schaetzle, O.; Gimenez, S.; Fabregat-Santiago, F.; Bisquert, J.; Strik, D.P.; Barriere, F.;
Buisman, C.J.; Hamelers, H.V. Identifying charge and mass transfer resistances of an oxygen reducing
biocathode. Energy Environ. Sci. 2011, 4, 5035–5043. [CrossRef]

52



Energies 2018, 11, 1003

37. Ter Heijne, A.; Hamelers, H.V.; Saakes, M.; Buisman, C.J. Performance of non-porous graphite and
titanium-based anodes in microbial fuel cells. Electrochim. Acta 2008, 53, 5697–5703. [CrossRef]

38. Yunus, A.C.; Cimbala, J.M. Fluid Mechanics Fundamentals and Applications, International ed.; McGraw Hill
Publication: New York, NY, USA, 2006; pp. 325–326.

39. D’souza Rohan, V.D.; Rohan, G.; Satish, B. Bioelectricity production from microbial fuel using escherichia
coli (glucose and brewery waste). Int. Res. J. Biol. Sci. 2013, 2, 50–54.

40. Chen, Y.-M.; Wang, C.-T.; Yang, Y.-C.; Chen, W.-J. Application of aluminum-alloy mesh composite carbon
cloth for the design of anode/cathode electrodes in escherichia coli microbial fuel cell. Int. J. Hydrogen Energy
2013, 38, 11131–11137. [CrossRef]

41. Liu, P.; Liang, P.; Jiang, Y.; Hao, W.; Miao, B.; Wang, D.; Huang, X. Stimulated electron transfer inside
electroactive biofilm by magnetite for increased performance microbial fuel cell. Appl. Energy 2018, 216,
382–388. [CrossRef]

42. Zhang, F.; Merrill, M.D.; Tokash, J.C.; Saito, T.; Cheng, S.; Hickner, M.A.; Logan, B.E. Mesh optimization for
microbial fuel cell cathodes constructed around stainless steel mesh current collectors. J. Power Sources 2011,
196, 1097–1102. [CrossRef]

43. Stoodley, P.; Sauer, K.; Davies, D.G.; Costerton, J.W. Biofilms as complex differentiated communities.
Annu. Rev. Microbiol. 2002, 56, 187–209. [CrossRef] [PubMed]

44. Wang, C.-T. Flow control in microbial fuel cells. In Technology and Application of Microbial Fuel Cells; InTech:
Rijeka, Croatia, 2014.

45. Costerton, J.W.; Lewandowski, Z.; Caldwell, D.E.; Korber, D.R.; Lappin-Scott, H.M. Microbial biofilms.
Annu. Rev.‘Microbiol. 1995, 49, 711–745. [CrossRef] [PubMed]

46. Schlichting, H.; Gersten, K. Boundary-Layer Theory, 7th ed.; McGraw-Hill Book Company: Columbus, OH,
USA, 1989; p. 140.

47. Lewandowski, Z.; Walser, G. Influence of Hydrodynamics on Biofilm Accumulation; Environmental Engineering;
ASCE: Reston, VA, USA, 1991; pp. 619–624.

48. Cengel, A. Heat and Mass Transfer A Practical Approach, 3rd ed.; McGraw-Hill Book Company: Columbus,
OH, USA, 2006; p. 810.

49. Bryers, J.D.; Characklis, W.G. Processes governing primary biofilm formation. Biotechnol. Bioeng. 1982, 24,
2451–2476. [CrossRef] [PubMed]

50. Kim, T.W.; Micheli, F. Decreased solar radiation and increased temperature combine to facilitate fouling by
marine non-indigenous species. Biofouling 2013, 29, 501–512. [CrossRef] [PubMed]

51. De Beer, D.; Stoodley, P.; Lewandowski, Z. Liquid flow in heterogeneous biofilms. Biotechnol. Bioeng. 1994,
44, 636–641. [CrossRef] [PubMed]

52. Ye, D.; Yang, Y.; Li, J.; Zhu, X.; Liao, Q.; Deng, B.; Chen, R. Performance of a microfluidic microbial fuel cell
based on graphite electrodes. Int. J. Hydrogen Energy 2013, 38, 15710–15715. [CrossRef]

53. Sleutels, T.H.; Lodder, R.; Hamelers, H.V.; Buisman, C.J. Improved performance of porous bio-anodes
in microbial electrolysis cells by enhancing mass and charge transport. Int. J. Hydrogen Energy 2009, 34,
9655–9661. [CrossRef]

54. Sleutels, T.H.; Hamelers, H.V.; Buisman, C.J. Effect of mass and charge transport speed and direction in porous
anodes on microbial electrolysis cell performance. Bioresour. Technol. 2011, 102, 399–403. [CrossRef] [PubMed]

55. Wang, C.-T.; Chen, Y.-M.; Hu, Z.-Y.; Chong, W.-T. Dynamic power response of microbial fuel cells under
external electrical exciting. Int. J. Hydrogen Energy 2017, 42, 22208–22213. [CrossRef]

56. Hutchinson, A.J.; Tokash, J.C.; Logan, B.E. Analysis of carbon fiber brush loading in anodes on startup and
performance of microbial fuel cells. J. Power Sources 2011, 196, 9213–9219. [CrossRef]

57. Van Dyke, M.; Van Dyke, M. An Album of Fluid Motion; Parabolic Press: Stanford, CA, USA, 1982.
58. Chen, Y.-M.; Wang, C.-T.; Yang, Y.-C.; Wang, Y.-T. Effect of Boudary Layer Thickness on the Performance of

Microbial Fuel Cell. In Proceedings of the EMChIE 2015, Tarragona, Spain, 10–12 June 2015.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

53



energies

Article

Microbial Biodiesel Production by Direct
Transesterification of Rhodotorula glutinis Biomass

I-Ching Kuan, Wei-Chen Kao, Chun-Ling Chen and Chi-Yang Yu *

Department of Bioengineering, Tatung University, Taipei 10452, Taiwan; iching@ttu.edu.tw (I.-C.K.);
weijen0219@gmail.com (W.-C.K.); jojogigi38@gmail.com (C.-L.C.)
* Correspondence: chrisyu@ttu.edu.tw; Tel.: +886-2-2182-2928 (ext. 6330)

Received: 8 March 2018; Accepted: 19 April 2018; Published: 24 April 2018

Abstract: (1) Background: Lipids derived from oleaginous microbes have become promising
alternative feedstocks for biodiesel. This is mainly because the lipid production rate from microbes
is one to two orders of magnitude higher than those of energy crops. However, the conventional
process for converting these lipids to biodiesel still requires a large amount of energy and organic
solvents; (2) Methods: In this study, an oleaginous yeast, Rhodotorula glutinis, was used for direct
transesterification without lipid pre-extraction to produce biodiesel, using sulfuric acid or sodium
hydroxide as a catalyst. Such processes decreased the amount of energy and organic solvents
required simultaneously; (3) Results: When 1 g of dry R. glutinis biomass was subject to direct
transesterification in 20 mL of methanol catalyzed by 0.6 M H2SO4 at 70 ◦C for 20 h, the fatty acid
methyl ester (FAME) yield reached 111%. Using the same amount of biomass and methanol loading
but catalyzed by 1 g/L NaOH at 70 ◦C for 10 h, the FAME yield reached 102%. The acid-catalyzed
process showed a superior moisture tolerance; when the biomass contained 70% moisture, the FAME
yield was 43% as opposed to 34% of the base-catalyzed counterpart; (4) Conclusions: Compared to
conventional transesterification, which requires lipid pre-extraction, direct transesterification not
only simplifies the process and shortens the reaction time, but also improves the FAME yield.

Keywords: biodiesel; direct transesterification; Rhodotorula glutinis; single cell oil

1. Introduction

Biodiesel is one of the most promising renewable fuels in transportation. It can be used as
a drop-in replacement fuel for existing diesel vehicles and boiler engines without major modifications.
It is also compatible with current fuel infrastructure [1]. Biodiesel is defined as the fatty acid, alkyl
monoesters, derived from renewable feedstocks such as vegetable oils, animal fats, and waste cooking
oil. Compared to conventional petrodiesel, biodiesel is highly degradable, non-toxic, and cleaner in
exhaust emissions, with the exception of NOx [2]. The combustion properties of biodiesel are similar
to those of petroleum diesel.

Currently, commercial biodiesel is produced by the transesterification of plant oils with short-chain
alcohols, using alkaline catalysts such as NaOH and KOH; most of these plant oils are edible, including
rapeseed, sunflower, palm, and soybean oil [3]. The biodiesel derived from these oils (first generation
biodiesel) has two major drawbacks: (1) the high cost of feedstocks renders biodiesel unable to
compete commercially with petrodiesel [4]; (2) the utilization of these edible plants for fuel production
may endanger the world’s food supply [5]. These problems led to the development of the second
generation which mainly utilizes non-edible plant oils such as jatropha, jojoba, and waste cooking
oil [6]. However, the supply of these non-edible oils is not likely to meet the global demand for
biodiesel. Recently, the use of oil-accumulating microbes as feedstocks for biodiesel production has
drawn a lot of attention [7]; the biodiesel derived from these oleaginous microalgae, bacteria, yeasts,
and fungi is commonly referred to as the third-generation.
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These microbial lipids, also known as single cell oils (SCO), have certain advantages over oils
derived from plants. Firstly, these oleaginous microbes can be cultivated all year round with suitable
substrates on non-arable lands; secondly, the oil production rate is one to two orders of magnitude
higher than those of conventional energy crops [8]. In addition, the lipid compositions of many
oleaginous microbes are not too different from those of vegetable oils [9]. This suggests that the
fuel properties of biodiesel derived from microbial origins should be similar to those derived from
vegetables oils. Among the oleaginous microbes, microalgae have been extensively studied for their
potential as alternative feedstocks for biodiesel. Microalgae are mostly phototrophic and capable of
accumulating a large amount of biomass and lipids rapidly [10]. Although microalgae are very effective
in producing SCO, if grown photo synthetically, they require a large area of land to be cultivated,
and are subject to daily and seasonal variations [9,10]. Compared to microalgae, oleaginous yeasts
could be a better alternative for the production of SCO. The growth rates of these yeasts are faster
than those of microalgae; the duplication time could be less than 1 h in certain cases [11]. Unlike
phototrophic microalgae, the growth of oleaginous yeasts is not affected by the variation in weather
and sunlight and is less prone to contamination by other microorganisms. Several yeasts are known
for their ability to accumulate SCO, such as Cryptococcus curvatus, Lipomyces starkeyi, Rhodosporidium
toruloides, and Rhodotorula glutinis [12]. R. glutinis caught our attention as an ideal SCO-producing
strain because it could be cultivated with a variety of low cost carbon sources such as crude glycerol [13]
and lignocellulosic biomass hydrolysate [14]. R. glutinis is also very effective in accumulating SCO
with oil content of up to 72% [9]. R. glutinis is also capable of synthesizing carotenoids including
β-carotene, torulene, and torularhodin [15]; the composition of these carotenoids depends on the
cultivation conditions.

The conventional process for converting yeast SCO to biodiesel includes the following steps in
this order: cell disruption, oil extraction, separation and transesterification. In order to decrease the
energy expenditure and the amount of solvents used in these steps, many researchers combine
the aforementioned steps into one, which is usually described as direct transesterification [16].
The simplified process reduces the overall high cost of biodiesel derived from microbial origins.
A fatty acid methyl esters (FAME) yield of up to 98% was reached by direct transesterification of dry R.
toruloides biomass catalyzed by either H2SO4 or HCl [17]. Using the same dry biomass, a similar yield
was also obtained by direct transesterification using NaOH [18].

In this work, dry R. glutinis biomass was converted to FAME by direct transesterification with
either acidic or basic catalysts. The effects of catalyst amount, reaction temperature, incubation time,
and methanol loading on FAME yield were studied. In order to evaluate the feasibility of using wet
biomass directly, the influences of moisture content on the FAME yield were also examined. Finally,
under optimized reaction conditions, the yields and FAME compositions from direct transesterification
were compared with those from the conventional processes.

2. Results and Discussion

2.1. Effect of Catalyst Concentration on Transesterification

The average biomass concentration of R. glutinis from fermentation was 16 ± 5 g/L, with a lipid
content of 39± 6%. Simple calculation revealed that 1 g of FAME is expected for 1 g of microbial lipid
under complete transesterification. Thus the highest theoretical yield is 100%.When 0.1 and 0.2 g/L
NaOH were used as catalysts, no FAME product was detected (Figure 1a). The added NaOH could be
consumed by the saponification side reaction because there was an excess of yeast lipids. The FAME
yield increased to 18% when the catalyst concentration was 0.5 g/L; the highest FAME yield of 94%
was observed with 1 g/L NaOH. However, the FAME yield started to decrease rapidly as the catalyst
concentration increased further. No FAME was observed with 4 g/L NaOH; a high alkaline catalyst
concentration may facilitate saponification, thus leading to this low FAME yield [19]. Our results
indicated that only a narrow range of NaOH concentration was suitable for FAME production. Similar
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results were observed by others using dry R. toruloides biomass as a feedstock [18]. The NaOH
concentration of 1 g/L was selected for later experiments.

When 0.05 M H2SO4 was used as a catalyst, the FAME yield was only 46% (Figure 1b). The FAME
yield increased with the concentration of H2SO4, and the highest FAME yield of 103% was observed
with 0.6 M H2SO4. However, a further increase in the H2SO4 concentration to 0.8 M led to a decrease in
FAME yield; a similar observation was made by others using a dry R. toruloides biomass as a feedstock,
and the decrease in FAME yield was explained as a result of side reactions such as polymerization
under harsh conditions [17]. The transesterification reaction mixture appeared orange when H2SO4

concentration was below 0.1 M, but the color changed to light yellow as the catalyst concentration
increased further; the color change may be due to the oxidation of the caroteinoids present in the
biomass [20]. The H2SO4 concentration of 0.6 M was selected for later experiments.

 
(a) (b) 

Figure 1. The effect of catalyst concentration on fatty acid methyl ester (FAME) yield. (a) NaOH;
(b) H2SO4. For both catalysts, direct transesterification on 1 g of dry R. glutinis biomass was carried out
with a methanol loading of 1:20 (biomass: methanol, w/v) at 70 ◦C for 15 h. Data were obtained by
averaging three individual measurements and the standard deviations were indicated with error bars.

2.2. Effect of Reaction Time and Temperature on Transesterification

The FAME yield obtained by NaOH catalysis was only 49% after 2 h of incubation, while increasing
dramatically up to a yield of 102% after 10 h of incubation (Figure 2). Further extension of the reaction
time did not improve the yield, indicating that the reaction reached completion after 10 h. When H2SO4

was used as a catalyst, the FAME yield increased with the reaction time of up to 20 h with a yield
of 111%. More FAME was formed than the available lipid which could be explained by the following
reasons: (1) The lipid content within the biomass was underestimated; (2) some phopholipids were
also converted to FAME [21,22]. Further increase in the reaction time beyond 20 h did not improve the
FAME yield. For later experiments, the reaction times of 10 and 20 h were used for NaOH and H2SO4

catalysts, respectively.
With a 10 h reaction time and NaOH as a catalyst; the FAME yields at 50 and 60 ◦C were only

61% and 94%, respectively; even increasing the reaction duration up to 20 h did not enhance the FAME
yield. Thus, 70 ◦C was optimal for FAME production catalyzed by NaOH. A similar observation was
also obtained with catalysis by H2SO4. A previous study reported an optimal temperature of 50 ◦C
for converting the dry biomass of oleaginous R. toruloides directly to biodiesel within a lidded test
tube [18]. The difference in the optimal reaction temperature might be attributed to a different reaction
setup. In later experiments, for both NaOH and H2SO4, a reaction temperature of 70 ◦C was used.
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Figure 2. The effect of reaction time on FAME yield. Direct transesterification on 1 g of dry R. glutinis
biomass was carried out with a methanol loading of 1:20 (biomass: methanol, w/v) at 70◦C using 1 g/L
NaOH or 0.6 M H2SO4 as a catalyst. Data were obtained by averaging three individual measurements
and the standard deviations were indicated with error bars.

2.3. Effect of Methanol Loading on Transesterification

Methanol serves as one of the reactants and also acts as a solvent to weaken and disrupt the cell
walls [23]. The effect of methanol loading on transesterification is shown in Figure 3. When NaOH
was used as a catalyst, almost no FAME was formed with a biomass to methanol ratio (w/v) of 1:10;
this could be because themethanol loading is insufficient to disrupt the cell walls effectively. When the
biomass to methanol ratio was increased to 1:20, the highest yield of 102% was obtained. Nevertheless,
the yield started to decrease as the ratio was further increased; similar results were also observed by
others [24]. One possible explanation for the decreased yield at high methanol loading is that excess
methanol dilutes the biomass and catalyst concentrations, thus giving rise to a lower conversion [18,24].
On the other hand, when H2SO4 was employed as a catalyst, the methanol loading had little influence
on the FAME yield within the range we studied. For both catalysts, a biomass to methanol ratio (w/v)
of 1:20 was used for later experiments.

Figure 3. The effect of methanol loading on transesterification. Direct transesterification on 1 g of
dry R. glutinis biomass was carried out at 70 ◦C with 1 g/L NaOH and 0.6 M H2SO4 for 10 and
20 h, respectively. Data were obtained by averaging three individual measurements and the standard
deviations were indicated with error bars.

57



Energies 2018, 11, 1036

2.4. Effect of Moisture on Transesterification

In an esterification reaction, the moisture content should be minimized because the presence of
water favors the generation of free fatty acids from the hydrolysis of triglycerides, thus enhancing the
degree of saponification and lowering the FAME yield. Previous studies on the transesterification of
vegetable oils have shown that the presence of water even at very low concentrations has a detrimental
effect on the FAME yield [25]. To determine the effect of moisture content on the FAME yield, various
amounts of water were added back to 1 g of dry biomass; the moisture content was defined by the
following equation:

moisture content (%) = amount of added water (g)/(amount of added water (g) +
1 g of biomass)

(1)

Using NaOH as a catalyst, the FAME yield was decreased with an increase in the moisture content
(Figure 4); the FAME yield was 34% when the biomass contained 70% moisture. Our results were
quite different from those reported for R. toruloides (also using NaOH as a catalyst), which showed
that there was almost no formation of FAME with moisture content above 10% [18]. In the case of
H2SO4, the process tolerated moisture fairly well up to 50%. However, the FAME yield decreased
rapidly to 85% and 43% when the biomass contained 60% and 70% moisture, respectively. Similar
results were obtained by others using dry microalgae biomass, Chaetoceros gracilis, as a feed stock
with a higher methanol loading of 1:40 [21]. We have also examined the feasibility of using a wet R.
glutinis biomass collected from centrifugation without drying (the moisture content was 72%) for direct
transesterification. However, this included a heating step at 80◦C for 10 min before centrifugation.
Consequently, the FAME yield could reach 73%. Yellapu et al. reported that the yield could be further
improved by pre-treating the wet biomass with surfactants such as N-lauroyl sarcosine, and the
reaction time may also be shortened by carrying out the reaction under sonication [26].

Figure 4. The effect of moisture on FAME yield. Direct transesterification on 1 g of dry R. glutinis
biomass was carried out at 70 ◦C with 1 g/L NaOH and 0.6 M H2SO4 for 10 and 20 h, respectively.
A methanol loading of 1:20 (biomass: methanol, w/v) was used for both catalysts. Data were obtained by
averaging three individual measurements and the standard deviations were indicated with error bars.

2.5. Comparison of Yields and Compositions of FAME Derived from Different Transesterification Methods

The yields and compositions of FAME produced by different transesterification methods are
listed in Table 1. The conventional methods resulted in lower FAME yields of 78% and 85% using
NaOH and H2SO4 as catalysts, respectively; the acidic method had a yield similar to that of the
previous report (81%), using the same biomass [27]. Direct transesterification, regardless of the
catalyst used, resulted in significantly higher yields in a shorter time (approximately 4 h less) than
conventional methods, which involved cell disruption, lipid extraction, and transesterification in that
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order. For direct transesterification, the compositions of FAME obtained with either catalyst were
almost the same; the oleic acid methyl ester was the dominant FAME, followed by linoleic, and then
palmitic acid methyl ester. However, a previous report showed that the FAME composition was
catalyst dependent, especially for oleic and linolenic acid methyl esters [18]. The content of linoleic
acid methyl ester from direct transesterification was about 20% higher than the linoleic acid content
of R. glutinis cultured with glycerol as a carbon source [13,14]. The higher amount of linoleic acid
methyl ester was explained by the fact that some FAME was derived from the phospholipids in the
cell membrane [22,23]. When conventional methods were used, the linoleic acid methyl ester was the
dominant FAME, followed by oleic acid methyl ester instead.

Table 1. Yields and compositions of FAME derived from R. glutinis using different transesterification methods.

Method
FAME Yield

(%) a
FAME Composition (%)

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3

Direct acid-catalyzed 111.0 ± 0.1 16.8 0.7 4.1 42.2 33.8 2.5
Direct base-catalyzed 102.0 ± 0.8 18.8 0.7 4 41.1 32.9 2.6
Conventional acid-catalyzed b 85.2 ± 0.9 18.1 1.6 3 33.3 41.1 4.1
Conventional base-catalyzed c 77.9 ± 0.7 21 1 2.5 30.5 41.2 3.7

a Data were obtained by averaging three individual measurements. b The lipid was first extracted as described
in Methods (Total lipid analysis) except that 1 g of dry biomass was used and reagents required were scaled-up
accordingly. Transesterification of extracted lipid was carried out with 0.6 M H2SO4 for 20 h at 70 ◦C, using
a methanol loading of 1:20 (biomass: methanol, w/v). c The lipid was first extracted as described in Methods
(Total lipid analysis) except that 1 g of dry biomass was used and the reagents required were scaled-up accordingly.
The transesterification of extracted lipid was carried out with 1 g/L NaOH for 10 h at 70 ◦C, using a methanol
loading of 1:20 (biomass: methanol, w/v).

3. Materials and Methods

3.1. Microorganism and Medium

The seed medium for culturing R. glutinis BCRC (Bioresource Collection and Research Center,
Hsinchu, Taiwan) 22,360 contained 3 g of yeast extract, 3 g of malt extract, 5 g of peptone, and 10 g of
dextrose per liter. The fermentation medium contained 80 g of crude glycerol (Yu-Hwa Biodiesel
Company, Changhua, Taiwan), 2 g of yeast extract, 2 g of (NH4)2SO4, 1 g of KH2PO4, 0.5 g of
MgSO4·7H2O, 0.1 g of CaCl2, and 0.1 g of NaCl per liter. The crude glycerol, dark brown in color and
slightly viscous, was used directly without any pretreatment or purification.

3.2. Production of Biomass

Under aerobic conditions, 300 mL of seed culture was prepared in a seed medium after a
24-h incubation at 24 ◦C with orbital shaking at 150 rpm. The seed culture was inoculated into
a 5-L stirred-tank fermentor (BIOSTAT® A plus, Sartorius, Gottingen, Germany) containing 2.7 L of
fermentation medium (3 L working volume). The pH was maintained at 5.5 by automatically feeding
1.0 N NaOH or 1.0 N HCl solution into the medium. The fermentor was operated at 24 ◦C with
dissolved oxygen controlled at 30, ±2% of the saturation level. The agitation during the process was
limited to a range from 200 to 400 rpm to avoid potential damage resulting from high shear force.
The biomass was harvested after 72 h of incubation by centrifugation at 12,021× g, and then the pellets
were washed with deionized water to remove any residual fermentation medium. The biomass was
stored at −80 ◦C for 24 h before lyophilized in a Freezemobile 12 XL freeze dryer (Virtis). The dried
biomass was stored in a refrigerator for later use.

3.3. Total Lipid Analysis

The extraction of lipids from a biomass was modified from the procedure reported by Bligh and
Dyer [28]. Fifty milliliters of chloroform/methanol mixture (2:1, v/v) was mixed with 0.5 g of finely
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ground powder of dry biomass. The suspension was then subject to ultrasonication with a Misonix
XL2020 sonicator for 6 min on an ice bath; the ultrasonic horn was directly immersed in the suspension
and the on/off cycle was set to 60/60 s in order to minimize the heat generated. The suspension was
incubated at room temperature for 1 h on a rocking mixer at 100 rpm. The solvent phase was collected
by centrifugation at 12,100× g for 10 min; the biomass was extracted with an additional 30 mL of
chloroform/methanol mixture for 1 h. The combined solvent phase was evaporated at 65 ◦C under
vacuum (337 mbar), and then the remaining lipid was weighted. The lipid content was defined as below:

lipid content (%) = weight of lipid (g)/weight of biomass (g) × 100 (2)

3.4. Direct Transesterification

One gram of dry biomass and various amounts of methanol (biomass to methanol ratio in the
range of 1:10 to 1:60, w/v) were added to a 100 mL round-bottom flask fitted with a condenser. NaOH
(from 0.1 to 4 g/L) or H2SO4 (from 0.05 to 0.8 M) dissolved in methanol was used as a catalyst.
The suspension was heated at 40 to 70 ◦C in a water bath under atmospheric pressure with vigorous
mixing for 2 to 30 h, followed by a centrifugation at 12,100× g for 10 min and a collection of the
supernatant. The residual biomass was then washed with 10 mL of n-hexane and the washing fraction
was collected after centrifugation as described above. The supernatant and the washing fraction were
combined and extracted with equal volume of n-hexane. The n-hexane layer was collected and the
solvent was evaporated at 65 ◦C under vacuum (337 mbar). The biodiesel product was collected and
weighted. The experiments were performed in triplicate; the average from triplicate was plotted in the
figures and the standard deviation was indicated with an error bar.

3.5. Analysis of Fatty Acid Methyl Esters

The content of FAME in the transesterification product was measured according to the standard
of Taiwan, CNS-15051. The biodiesel product was first treated with sodium sulfate followed by
centrifugation at 2040× g for 5 min. Fifty microliters of the treated sample was mixed with 1 mL
of 10 mg/mL methyl heptadecanoate in hexane as an internal standard. One microliter of the
sample was injected into a gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) equipped with
a flame-ionization detector (FID). A BPX70 capillary column (30 m × 0.25 mm i.d.; SGE Analytical
Science, Ringwood, Australia) with nitrogen as carrier gas was used. The injector and FID temperatures
were both set at 250 ◦C. The oven temperature was initially held at 150 ◦C for 30 s and then increased
to 180 ◦C at 10 ◦C/min, finally to 198 ◦C at 1.5 ◦C/min. The content of FAME was calculated using the
following equation:

FAME content (%) =
∑ A − AEI

AEI
× CEI × VEI

m
× 100 (3)

where ΣA is the summation of peak area of all the FAME peaks (from C14:0 to C24:1); AEI is the peak
area of internal standard, methyl heptadecanoate; CEI is the concentration of methyl heptadecanoate,
VEI is the volume of methyl heptadecanoate, and m is the mass of the biodiesel sample. The FAME
yield was calculated using the following equation:

FAME yield (%) =
FAME content (%)× weight of biodiesel (g)

lipid content (%)× weight of biomass (g)
× 100 (4)

4. Conclusions

In this study, the oleaginousyeast, R. glutinis, was used for the direct transesterification without
lipid pre-extraction to produce FAME. The use of chloroform, a highly toxic organic solvent often
applied in lipid extraction, was avoided. The highest FAME yield of 111% was obtained with 0.6 M
H2SO4 as a catalyst and a methanol loading of 1:20 (biomass to methanol, w/v), the reaction was
carried out at 70 ◦C for 20 h. Using the same methanol loading and temperature, a slightly lower yield
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of 102% was obtained with 1 g/L NaOH after 10 h of incubation. Although basic catalysts are often
avoided because of the potential saponification caused by the free fatty acids present in SCO, the NaOH
catalyst was still able to achieve similar FAME yield in half the reaction time required by the H2SO4

catalyst. However, the acid-catalyzed direct transesterification tolerates moisture content much better
than the base-catalyzed process; thus, the H2SO4 catalyst is more suitable for wet biomass feedstocks.
Compared to conventional transesterification, the direct process is not only simpler, but also improves
the FAME yield by 24–29% with a shorter reaction time and a lower energy consumption. The reaction
processes reported in this work simplify for the production of SCO-derived biodiesel and reduce its
cost. Our preliminary work also indicates that wet biomass can be used directly as a feedstock with
some minor adjustments in reaction conditions, suggesting that further process simplification and cost
reduction are possible.
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Abstract: The tri-reforming process was employed for syngas production from biogas at elevated
pressures in this study. In the tri-reforming process, air and water were added simultaneously as
reactants in addition to the main biogas components. The effects of various operating parameters
such as pressure, temperature and reactant composition on the reaction performance were studied
numerically. From the simulated results, it was found that methane and carbon dioxide conversions
can be enhanced and a higher hydrogen/carbon monoxide ratio can be obtained by increasing the
amount of air. However, a decreased hydrogen yield could result due to the reverse water–gas shift
reaction. A higher level of methane conversion and hydrogen/carbon monoxide ratio can be obtained
with increased water addition. However, negative carbon dioxide conversion could result due to
the water–gas shift and reverse carbon dioxide methanation reactions. The dry reforming reaction
resulting in positive carbon dioxide conversion can only be found at a high reaction temperature.
For all cases studied, low or negative carbon dioxide conversion was found because of carbon
dioxide production from methane oxidation, water–gas shift, and reverse carbon dioxide methanation
reactions. It was found that carbon dioxide conversion can be enhanced in the tri-reforming process
by a small amount of added water. It was also found that first-law efficiency increased with increased
reaction temperature because of higher hydrogen and carbon monoxide yields. Second-law efficiency
was found to decrease with increased temperature because of higher exergy destruction due to a
more complete chemical reaction at high temperatures.

Keywords: biogas; tri-reforming process; syngas; methane and carbon dioxide conversion;
hydrogen/carbon monoxide ratio; first-law/second-law efficiency

1. Introduction

The efficient production of syngas (a mixture of hydrogen and carbon monoxide) is gaining
significant attention worldwide as it is a versatile feedstock that can be used to produce a variety of
fuels and chemicals, such as methanol, Fischer–Tropsch fuels, H2, and dimethyl ether (DME) [1]. Using
CH4 as the primary material, syngas can be produced from steam reforming (SR), partial oxidation
(POX), autothermal reforming (ATR), and dry reforming (DR). The tri-reforming (TR) process for
syngas production from CH4 has received growing attention because of its technical simplicity and
flexible operation [2–5]. In the TR process, the syngas is produced by combining SR, DR, and POX
in a single step. The TR process was proposed originally for syngas production from power plant
flue gas [6,7]. There are several advantages for syngas production from the TR process. As CO2 is
one of the reactants, there is no need for CO2 separation from the flue gas [6,7]. The H2/CO ratio in
syngas can be altered by adjusting the relative amounts of the reactants. In addition, the presence of
H2O and O2 in the feedstock helps to mitigate carbon deposition, and catalyst deactivation can be
prevented [8,9].
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As fossil energy resources reduce sharply and environmental pollution becomes more serious,
searching for new materials for syngas production plays an important role in future energy
development [10–12]. Biogas is receiving much attention because of its considerable economic and
environmental benefits [13]. The biogas composition is related to the starting substrate, but is basically
composed of CH4 and CO2 with the volume ratio of 2 [14–16]. Both CH4 and CO2 are regarded as
major greenhouse gases (GHGs), which pose a serious threat to the global climate and environment.
Using biogas for syngas production, both CH4 and CO2 emissions into the atmosphere can be reduced.
Because of its potential for reducing global warming, further understanding of syngas production
from biogas is essential. Moreover, syngas can also be used for H2 production. In this case, H2 can
be enriched via the water–gas shift reaction using syngas and H2O as feedstock. Among the various
alternative energy forms, hydrogen is considered an important energy carrier in the future [17]. It is
also an important raw material in the chemical industry and can be used as a fuel in fuel cells to
produce electrical energy. For reasons of sustainability, the use of renewable fuel sources such as biogas
or biomass for hydrogen production has received considerable attention [18–20].

Several studies have reported on syngas production from biogas via the TR process experimentally.
In the study of Vita et al. [21], tri-reforming simulated biogas over a Ni/ceria based catalysts was
carried out and the H2O/CH4 and O2/CH4 molar ratios, reaction temperature, and nickel content
effects on the catalyst’s performance were studied. They found that the H2/CO ratio could be flexibly
adjusted using added amounts of oxygen and steam in order to meet the requirements of downstream
processes. In the study of Lau et al. [22], biogas was used as the fuel source in dry reforming and
combined dry/oxidative reforming reactions. The gas stream temperature and reactor space velocity
effects were examined experimentally. Their results indicated that an increase in the O2/CH4 ratio at
low temperature promotes hydrogen production. In dry/oxidative reforming, they found that biogas
dry reforming is dominant and the overall reaction is net endothermic when the reaction temperature
is higher than 600 ◦C. In the study of Zhu et al. [23], biogas reforming with added O2 through a
spark-shade plasma was conducted under an O2/ CH4 ratio of 0.60 and CO2/CH4 ratios ranging from
0.17 to 1.00. Their results indicated that O2 and CH4 conversions decreased when the CO2/CH4 ratio
was increased. They also reported that the partial oxidation of methane contributed mostly to CH4

conversion and the reverse water–gas shift (WGS) reaction dominated in CO2 conversion.
In addition to experimental work, several numerical TR process models using biogas as the

feedstock have also been reported in the literature. In the study of Corigliano and Fragiacomo [24],
biogas dry reforming analysis under various operating conditions was carried out using a numerical
model. The CO2/CH4 ratio, pressure and temperature effects on reaction performance were reported.
In the study of Hernández and Martín [25], a process based on mass and energy balances, chemical
and phase equilibria, and rules of thumb was developed to optimize the production of methanol
using biogas as the raw material. Based on the production cost and carbon footprint, the optimized
CH4/CO2 ratio contained in the biogas was found. In the study of Hajjaji et al. [26], a H2 production
system via biogas reforming was investigated using life-cycle assessment (LCA). They found that
the total GHG emissions from the system were about half of the life-cycle GHG of conventional H2

production systems via steam methane reforming. In the study of Zhang et al. [27], the effects of
various factors including reaction temperature, reactor pressure and CH4 flow rate on the syngas
compositions obtained from the TR process were investigated numerically. An optimum operating
condition for syngas production with a target ratio and maximized CO2 conversion were obtained.

In this work, the TR process is employed for syngas production using biogas as the feedstock. The
effects of various operating conditions such as pressure, temperature, biogas composition, air addition,
and H2O additions are investigated. The novelty of this paper is the focus on CO2 conversion in the
TR process, which is seldom reported in the literature. Air is used as the added reactant in this study
instead of pure oxygen in the conventional TR process.
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2. Modeling

2.1. Chemical Reaction

The following reactions are coupled and carried out in a single reactor in the TR porcess:

Steam reforming (SR):

CH4 + H2O ↔ CO + 3H2, ΔH0
298K = +206 kJ/mole (1)

Dry reforming (DR):

CH4 + CO2 ↔ 2CO + 2H2, ΔH0
298K = +247 kJ/mole (2)

Partial oxidation (POX):

CH4 + 0.5O2 ↔ CO + 2H2, ΔH0
298K = −36 kJ/mole (3)

As shown in Equations (1)–(3), the TR process combines the endothermic SR and DR reactions
and the exothermic POX reaction. The heat released from POX is used as the heat supply for SR
and DR and makes the TR process energy efficient [28]. As noted by Cho et al. [29], the chemical
reactions involved in the TR process can be alternatively described using Equation (1) along with the
following reactions:

Reverse CO2 methanation (RCM):

CH4 + 2H2O ↔ CO2 + 4H2, ΔH0
298K = +165 kJ/mole (4)

Water-gas shift (WGS):

CO + H2O ↔ CO2 + H2, ΔH0
298K = −41 kJ/mole (5)

Complete oxidation of methane (COM):

CH4 + 2O2 ↔ CO2 + 2H2O, ΔH0
298K = −803 kJ/mole (6)

Note that with the chemical reactions described in Equations (1) and (4)–(6), the TR process
becomes the well-known catalytic partial oxidation of methane (CPOM). In the literature, there are
many studies devoted to the analysis of kinetic mechanisms for CPOM [30,31]. Similar to other
reforming process of CH4, many reactions are likely to occur in the TR process. In addition to the study
of Cho et al. [29], studies of De Groote and Froment [32], Scognamiglio et al. [33], Chan and Wang [34],
and Izquierdo et al. [35] also reported that the reaction mechanism of CPOM is indirect in which the
process can be described by combining reactions of methane oxidation, methane–steam reforming,
and water–gas shift. According to these studies, reactions such as CO oxidation, H2 oxidation, and the
Boudouard reaction were not included.

Equations (1), (4) and (5) are the reactions involved in the conventional SR reaction. In this study,
syngas under high pressure is of interest for further fuel synthesis. The kinetic model for the SR
reaction over a nickel catalyst given by Xu and Froment [36] is adopted,

SR:

r1 =
k1

p2.5
H2

[
pCH4

pH2O − p3
H2

pCO

Keq,1

]
/DEN2 (7)

WGS:

r2 =
k2

pH2

[
pCOpH2O − pH2

pCO2

Keq,2

]
/DEN2 (8)
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RCM:

r3 =
k3

p3.5
H2

[
pCH4

p2
H2O − p4

H2
pCO2

Keq,3

]
/DEN2 (9)

DEN = 1 + KCH4 pCH4
+ KCOpCO + KH2 pH2

+
KH2OpH2O

pH2

(10)

For COM, the kinetic model of Trimm and Lam [37] is adopted in this study,

COM:

r4 =
k4apCH4

pO2

(1 + KC
CH4

pCH4
+ KC

O2
pO2

)
2 +

k4bpCH4
pO2

(1 + KC
CH4

pCH4
+ KC

O2
pO2

)
(11)

Equation (11) was derived over Pt-based catalyst support, while the model adsorption parameters
are adjusted for a Ni-based catalyst [38]. In Equations (7)–(11), ri is the reaction rate for SR (i = 1),
WGS (i = 2), RCM (i = 3), and COM (i = 4); Keq,i and ki are the chemical equilibrium constant and
rate constant for reaction i (i = 1,2,3,4); pj (j = CH4, CO2, H2O, H2, and CO) is the partial pressure

of species j; and Kj and KC
j are the adsorption constants of species j. All of these kinetic parameters

are given in the Arrhenius function type and are functions of temperature, and can be found in the
literature [36,37]. It is noted that catalyst deactivation due to the thermal effect and carbon deposition
is neglected in this study [39]. For a reforming reaction involving CH4, carbon formation is inevitable.
The carbon deposition on the catalyst surface is one of the reasons that causes catalyst deactivation.
In the tri-reforming process, the appearances of O2 and H2O may suppress carbon formation [40,41].
Therefore, catalyst deactivation due to carbon deposition on the catalyst surface is neglected in
this study.

2.2. Process Simulation

In this study, Aspen Plus (v.10) is employed to carry out the TR process using biogas as the
feedstock. The flow process is depicted in Figure 1. The simulation is performed for a steady state.
The biogas stream is assumed to be purely composed of CH4 and CO2 with the designated molar
ratio. The air stream is composed of 21% O2, 78% N2, and 1% H2. The purpose of H2 addition is to
avoid the singularity in chemical reaction rate computation. A 1% H2 addition is determined through
sensitivity analysis [42,43]. In order to produce high-pressure syngas for future use in fuel synthesis,
two compressors (COM-1 and COM-2) are used to increase the biogas and air pressures. In the H2O
stream, a pump is used to increase the water pressure and it is then superheated in a boiler with heat
supplied from the high-temperature product stream. After mixing in a mixer, the reactant mixture
(TRI) is heated to a certain temperature before entering the insulated Rplug reactor (TR). The gas
mixture from the reactor (TRO) is sent to the boiler where the heat is recovered for superheating the
water. The TR process performance is characterized using the following dimensionless groups,

CH4 and CO2 conversions:

Xi =
ni,in − ni,out

ni,in
× 100%, i = CH4, CO2 (12)

H2 yield:

YH2 =
nH2,out − nH2,in

nCH4,in
(13)

CO yield:

YCO =
nCO,out − nCO,in

nCH4, in
(14)

H2/CO ratio:

H2/CO =
YH2

YCO
(15)
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where ni,in is the molar flow rate of the i-th species supplied to the process; and ni,out is the molar
flow rate of the i-th species at reactor outlet. Based on these definitions, CH4 conversion is the ratio of
the CH4 consumption rate to the fed CH4 flow rate at the reactor inlet. Similarly, CO2 conversion is
the ratio of the CO2 consumption rate to the fed CO2 flow rate at the reactor inlet. The H2 and CO
yields are defined as the net increased amounts of H2 and CO from the reaction per fed CH4 flow
rate. The H2/CO ratio is defined as the ratio of H2 yield to CO yield. Note that all these variables
are dimensionless.

COM-1

COM-2

PUMP
BOILER

MIXER

TR

HEATER

BIOGAS

AIR

H2O

S1

S2

S3

S4

PRODUCT

S5 TRI

TRO

Figure 1. Tri-reform process for syngas production using biogas as feedstock.

In addition to the reactant conversion and product yield, energy and exergy analyses based on the
resulting product stream flowing out of the TR reactor are also carried out. For the chemical reaction,
there are several ways to define the first- and second-law efficiencies [44,45]. Since the objective of the
TR process is to convert biogas into syngas, and noting that CO2 has zero low heating value (LHV),
the first-law efficiency is then defined as,

ηI =
nCO,outLHVCO + nH2,outLHVH2

nCH4,inLHVCH4 + Wcomp + Wpump + Qheat
× 100% (16)

where Wi (i = comp, pump) and Qheat are the input work and heat input, respectively. The main heat
input occurs at the heater at which the mixed reactant is heated to a certain inlet temperature. The
exergetic analysis is carried out by considering three exergy transfers:

Exergy due to work:
ExW = Wcomp + Wpump (17)

Exergy due to heat transfer:

ExQ = Qheat(1 − T0

T
) (18)

Exergy due to mass flow:

Exf,i = Ni{[(h − h0)− T0(s − s0)] + ∑ xkeCH
k + RT0 ∑ xklnxk} (19)

In these equations, the subscript 0 denotes the reference state (25 ◦C and 1 atm). The exergy due
to mass flow is contributed by physical exergy, chemical exergy and mixing exergy as shown on the
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right-hand side of Equation (19). For second-law efficiency, this is generally defined as the ratio of
exergy recovered to the exergy supplied,

ηII =
Exout

Exin
× 100% (20)

where Exin and Exout are the exergies supplied to and recovered from the system, respectively. Based
on Figure 1, Exin and Exout are expressed as,

Exin = Exbiogas + Exair + ExH2O + ExQ + ExW, Exout = Exproduct (21)

3. Results and Discussion

The TR process using biogas as the feedstock is similar to the tri-reforming of methane (TRM).
The only difference is the CH4 and CO2 composition. We developed this work from our previous
study [46] and focused on using biogas as the feedstock. To verify the correctness of the model built
in Aspen Plus, the TRM using the reactor geometry and reactant composition reported in the studies
of Chein et al. [46] and Arab Aboosadi et al. [47] was carried out using the built model in Aspen
Plus. Figure 2 shows the comparison between the temperature and gas species distributions predicted
from a two-dimensional model [46] and from a model built in Aspen Plus. As shown in Figure 2, the
agreements for both temperature distribution shown in Figure 2a and species mole fractions shown in
Figure 2b are quite good at the reactor downstream. The discrepancies in the region near the reactor
inlet zone is believed due to the difference between one- and two-dimensional modeling. Since the
TR process performance is evaluated using results at the reactor outlet, good agreement between one-
and two-dimensional results is expected. In addition to the comparisons between numerical models,
experimental verification of the numerical model was given in our previous study [46]. Also note
that O2 is consumed rapidly as it enters the reactor shown in Figure 2b. That is, there will be no O2

available for oxidation of CO or H2 in the downstream of the reactor.
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Figure 2. Comparison of results predicted from Aspen Plus and two-dimensional model [46] using the
optimized reactant composition reported by Arab Aboosadi et al. [47]. Tin = 1100 K, p = 20 atm, and
reactant composition CH4/CO2/H2O/O2 = 1/1.3/2.46/0.47. (a) Temperature and (b) species mole
fraction variations along the reactor center line.

Based on the comparisons discussed above, the model built in Aspen Plus can be correctly
extended to the TR process using biogas as the feedstock. The base operating conditions are listed
in Table 1. The parameters listed in Table 1 are adopted from our previous study except for the
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feedstock composition and total volumetric flow rate [46]. The molar ratio of the reactants are chosen
as CH4:CO2:Air:H2O = 1:0.5:2:1 and the volume flow rate is fixed as 0.0723 L/min. As compared with
the previous study [46], a higher volume flow is used in this study because of the presence of N2 in the
air. For economy, air is added instead of pure oxygen. The advantage of this is to avoid the cost of
oxygen separation from air, but this obviously results in increased reactor volume. In the following,
the TR process performance is examined using reactant inlet temperature Tin as the primary parameter.
The effects of various pressures, catalyst weight/volume flow rate (W/F) ratios, CO2/CH4 ratio in
biogas, amounts of air and H2O on TR process performance are discussed.

Table 1. Reactor geometry and base operation conditions [46,47].

Parameter Value

Reactor length, L 2 m
Reactor diameter, d(=2Rb) 10 mm
Inlet pressure, pin 20 atm
Inlet temperature, Tin 300~1000 ◦C
Reactant flow rate, F 0.0723 L min−1

Molar ratio of biogas CH4:CO2:Air:H2O 1:0.5:2:1
Catalyst Ni/Al2O3
Catalyst size, dp 0.42 mm
Catalyst weight, W 0.25 g
W/F ratio 0.0576 ghL−1

Heat-transfer condition Adiabatic

Figure 3 shows the TR process performance using the base operations listed in Table 1. In Figure 3a
the temperature variation along the reactor length for Tin = 900 ◦C is shown. Due to the methane
oxidation reaction, the maximum temperature occurs in the near entrance region. The energy produced
from methane oxidation is used for steam reforming and dry reforming in the reactor downstream.
This causes the temperature to decrease along the reactor length. The CH4 and CO2 conversions are
shown in Figure 3b. The abrupt increase in CH4 conversion occurs at Tin = 550 ◦C. This indicates that
Tin should be higher than 550 ◦C in order to activate the catalyst. With temperature higher than 550 ◦C,
CH4 conversion increases gradually with increased Tin. In Figure 3b, negative CO2 conversion results
for the low Tin regime. From the TR process chemical reactions, CO2 is produced by the methane
oxidation and WGS reactions and consumed by the dry reforming reaction. For low Tin, the WGS
reaction is dominated and CO2 consumption by DR is low. This results in negative CO2 conversion.
However, positive CO2 conversion can result when Tin becomes higher than 700 ◦C, indicating that
DR is active. DR contributes to increase the H2 and CO yield in the high Tin regime. Figure 3b also
indicates that a complex interaction between CO2 consumption and production reactions occurs for Tin

in the 500~600 ◦C range. The conversions of CH4 and CO2 from an equilibrium TR process obtained
from an Aspen Plus simulation are also shown in Figure 3b using the parameters listed in Table 1.
Since the results from the equilibrium process can be regarded as the theoretical limit of the reaction, it
can be seen that CH4 conversion from the catalytic reaction is lower than that from the equilibrium
reaction. Due to more CO2 production, lower CO2 conversion results from the equilibrium reaction.
For Tin higher than 800 ◦C, CO2 conversion from the equilibrium reaction is higher than that from
the catalytic reaction. From Figure 3c, the H2 yield, CO yield and H2/CO ratio are shown. It can be
seen that when Tin is lower than 500 ◦C, the H2 and CO yields are very low due to inactive catalytic
reactions at low temperatures. In this low Tin regime, CO yield is much lower than H2 yield and
results in a high H2/CO ratio. As Tin is higher than 550 ◦C, the H2/CO ratio decreases with Tin slowly
with a value close to 2. The decrease in H2/CO with Tin is due to increased CO production from
the DR reaction while H2 decreases due to the reverse WGS reaction. In Figure 3d, the H2 yield, CO
yield, and H2/CO ratio from the equilibrium TR process are also shown. As with conversions of CH4

and CO2 shown in Figure 3b, both yields of H2 and CO from the catalytic reaction are lower than
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the equilibrium reaction. At high temperature, the H2/CO ratio from both equilibrium and catalytic
reactions is about the same. In Figure 3d, the first- and second-law efficiencies are shown. Based on
Equation (16), the first-law efficiency depends on the H2 and CO yields. Because of higher H2 and CO
yields at higher Tin, ηI increases with increased Tin. However, the variation in ηII is opposite that of ηI.

Increased Tin implies that the chemical reaction is more complete towards the product side. Since the
chemical reaction is a highly irreversible process, high exergy destruction due to the chemical reaction
is expected. This results in decreased ηII as Tin increases. For the low Tin regime, exergy destruction
due to the chemical reaction is low because of low catalytic activity. Moreover, the contributions of
exergy destruction from compressors, pump, heaters and mixers are small. This leads to high ηII in the
low Tin regime.
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Figure 3. Performance of tri-reforming (TR) process obtained using the base operation conditions listed
in Table 1. (a) Temperature variation along reactor with Tin = 900 ◦C; (b) CH4 and CO2 conversions;
(c) H2 yield, CO yield, and H2/CO ratio; and (d) First- and second-law efficiencies.

In Figure 4, the variation of species mole fraction of the TR process using the base operation
conditions listed in Table 1 is shown. It can be seen that significant mole fraction variation can be
found when Tin is higher than 500 ◦C. The mole fractions of reactants (CH4, CO2, H2O, O2, and N2)
decrease while the mole fractions of products (CO and H2) increase as Tin increases. Due to a highly
active methane oxidation reaction, O2 is consumed completely when Tin is greater than 550 ◦C. Also
note that the variation trend of mole fractions of CO and H2 are similar to the yields of CO and H2

presented in Figure 3c. The yields of H2 and CO are used to characterize the TR process performance
in this study.
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Figure 4. Variations of species mole fraction of the TR process using the base operation conditions
listed in Table 1.

In the following, parametric studies based on the base operation conditions listed in Table 1 are
carried out. As listed in Table 1, the inlet temperature of the reactant is the primary parameter and
the amount of CH4 fed is used as the reference for the species contained in the reactant and product.
The catalyst weight (W) is varied from 0.025 g to 2.5 g; the operation pressure (P) is varied from 10
to 30 atm; the air/CH4 ratio is varied from 1 to 3; H2O/CH4 is varied from 1 to 3; and CO2/CH4 is
varied from 0.25 to 0.75.

In Figure 5 the effect of W/F ratios on the TR process is examined. The results shown in Figure 4
were obtained by varying the catalyst weight, while other parameters listed in Table 1 were kept fixed.
That is, higher W/F ratio results when the catalyst weight is increased. As shown in Figure 5a, a higher
temperature along the reactor length is obtained for the W/F = 0.00576 ghL−1 case. This indicates
that a smaller amount of energy released from methane oxidation reaction is used for endothermic SR
and DR reactions. For W/F = 0.0576 and 0.576 ghL−1 cases, temperature variations are identical at
the reactor downstream. That is, there is a limiting W/F ratio for the reaction. Increasing the W/F
ratio (either increasing catalyst weight or decreasing reactant volumetric flow rate) may not lead to
further improved reaction performance. In Figure 5b, CH4 and CO2 conversions are shown. Due
to low catalyst activity, CH4 conversion is low when Tin is low. It can be seen that the Tin at which
CH4 conversion abruptly increases can be decreased by increasing the W/F ratio. That is, the catalyst
activation temperature can be lowered with increased W/F ratio. As shown in Figure 5b, the Tin at
which CH4 conversion increases abruptly are 700 ◦C, 500 ◦C and 400 ◦C for W/F = 0.00576, 0.0576,
and 0.576 gLh−1, respectively. CH4 conversions for the W/F = 0.0576 and 0.576 gLh−1 cases become
identical when Tin is higher than 550 ◦C. As discussed above, limited performance results when the
W/F ratio is increased. From Figure 5b, CO2 conversion has a negative value except in the high Tin

regime. This is due to CO2 formation in the methane oxidation and WGS reactions while DR is less
active. At high temperatures, CO2 is consumed via the dry reforming reaction, leading to positive
CO2 conversion. In Figure 5c, the H2/CO ratios for various W/F ratios are shown. It can be seen that
H2/CO ratio is about the same for the three W/F ratios studied when Tin is high. The H2/CO ratio
close to a value of 2 can be obtained for the W/F range studied. In Figure 5d, variations in ηI and ηII

are shown. It can be seen that ηI can be enhanced by increasing the W/F ratio. However, ηII decreases
when the W/F ratio is increased because of a more complete chemical reaction.
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Figure 5. Effect of catalyst weight/volume flow rate (W/F) ratios on the TR process. Catalyst weight
is varied from 0.025 to 2.5 g while the other parameters were kept unchanged, as listed in Table 1.
(a) Temperature variation along reactor with Tin = 900 ◦C; (b) CH4 and CO2 conversions; (c) H2/CO
ratio; and (d) first- and second-law efficiencies.

In Figure 6, the reactor operating pressure effect on TR process performance is examined. From
Figure 6a the highest temperature increases with increased operating pressure. As the high temperature
in the near-entrance region of the reactor is due to the methane oxidation reaction, this implies that
methane oxidation can be enhanced by increasing the operating pressure. Due to the enhanced
methane oxidation reaction, the Tin at which an abrupt increase in CH4 conversion occurs can be
decreased by increasing the pressure, as shown in Figure 6b. Figure 6b also shows that CH4 conversion
can be increased in the low Tin regime when the pressure is increased. That is, increased operating
pressure can enhance catalyst activity at lower temperatures. In the high Tin regime, CH4 conversion
is slightly decreased as the pressure is increased. Although higher CH4 conversion can be obtained
from lower pressure operations, the resulting syngas may not be suitable for further use because
most applications involve high-pressure synthetic processes. A H2/CO ratio with a value close to 2 is
obtained for all the pressures studied when Tin is high, as shown in Figure 6c. Because of the reduced
CH4 conversion at a high Tin regime, it can be seen that ηI decreases with increased Tin and pressure,
as shown in Figure 6d. However, Figure 6d shows that ηII increases with decreasing pressure because
of less exergy destruction by the chemical reaction.
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Figure 6. Effect of pressure on the TR process. Pressure is varied from 10 to 30 atm while the other
parameters were kept unchanged, as listed in Table 1. (a) Temperature variation along reactor with
Tin = 900 ◦C; (b) CH4 and CO2 conversions; (c) H2/CO ratio; and (d) first- and second-law efficiencies.

The variation in reactant composition effect on TR process performance is examined in the
following. Figure 7 shows the air amount effect. Figure 7a shows that temperature can be increased
using more air as the reactant. That is, a more complete methane oxidation reaction is achieved when
the air supply is increased. With the increase in air amount, both CH4 and CO2 conversions can be
enhanced, as shown in Figure 7b. For the Air/CH4 = 3 case, 100% CH4 conversion can be reached
for Tin higher than 550 ◦C. Due to the increased energy supply, dry reforming can occur in the lower
Tin regime resulting in increased CO2 conversion. However, negative CO2 conversion is still found
when Tin is low. Although more N2 is also introduced, increasing the volumetric flow rate of the entire
reactant, it does not affect CH4 and CO2 conversions. As shown in Figure 7c, a H2/CO ratio with a
value higher than 2 can be obtained for the Air/CH4 = 3 case because DR is more active when the
temperature is high. For the Air/CH4 = 1 case, the H2/CO value is lower than 2. This is due to the
reverse WGS reaction at high temperatures, reducing the H2 amount. Because of decreased H2 yield,
lower ηI in the higher Tin regime is obtained, as shown in Figure 7d. The reverse WGS reaction also
causes ηII to increase with Tin in the high Tin regime.
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Figure 7. Air/CH4 ratio effect on the TR process. The Air/CH4 ratio is varied from 1 to 3 while the other
parameters are kept unchanged, as listed in Table 1. (a) Temperature variation along the reactor with
Tin = 900 ◦C; (b) CH4 and CO2 conversions; (c) H2/CO ratio; and (d) first- and second-law efficiencies.

Figure 8 shows the H2O amount effect on TR process performance. With increased H2O in the
reaction, lower temperature results at the reactor entrance region, as shown in Figure 8a, because of an
increased reactant volumetric flow rate and endothermic SR reaction. The increased H2O amount does
not affect CH4 conversion, as shown in Figure 8b. However, more negative CO2 conversion results. In
addition to CO2 produced from methane oxidation, CO2 may also be produced from WGS and RCM
reactions, as indicated in Equations (4) and (5) when H2O is increased. As shown in Figure 8c, a higher
H2/CO ratio is obtained when H2O is increased because of increased H2 yield. Figure 8d shows lower
ηI results when the H2O amount is increased. This is because higher heating to the reactant is required
when the H2O amount is increased. ηII increases with increased H2O amount, indicating that less
exergy destruction results as H2O is increased.

Figure 9 shows the amount of CO2 contained in the biogas effect on the TR process. As shown in
Figure 9a, the amount of CO2 does not affect the reaction temperature to a large extent. The temperature
increases slightly as the CO2 amount is decreased. As shown in Figure 9b, CH4 conversion is affected
insignificantly by the CO2 amount. However, CO2 conversion is always negative for the CO2/CH4 =
0.25 case. That is, more CO2 is produced as a result of SR and WGS reactions than that consumed by
DR and reverse WGS reactions. In Figure 9c, higher H2/CO results when CO2 is decreased. This may
be due to less CO formed from CO2 conversion. As with CH4 conversion, the CO2 amount effect on
first- and second-law efficiencies is not significant, as shown in Figure 9d.
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Figure 8. Effect of H2O/CH4 ratios on the TR process. H2O/CH4 is varied from 1 to 3 while the other
parameters were kept unchanged, as listed in Table 1. (a) Temperature variation along reactor with
Tin = 900 ◦C; (b) CH4 and CO2 conversions; (c) H2/CO ratio; and (d) first- and second-law efficiencies.
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Figure 9. Effect of CO2/CH4 ratios on the TR process. CO2/CH4 is varied from 0.25 to 0.75 while the
other parameters were kept unchanged, as listed in Table 1. (a) Temperature variation along reactor with
Tin = 900 ◦C; (b) CH4 and CO2 conversions; (c) H2/CO ratio; and (d) first- and second-law efficiencies.
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Typical H2 and CO yield results are shown in Figure 10 for various air and H2O amounts.
In Figure 10a, the H2 and CO yields increase with the increased air added in the reactant. As a high
temperature results in the Air/CH4 = 3 case, the H2 yield decreases with increased Tin due to the
reverse WGS reaction. Figure 10b shows that H2 yield can be enhanced by increased H2O addition.
CO yield also decreases with H2O addition because of inactive DR and reverse WGS reactions. As a
result, a higher H2/CO ratio is obtained, as shown in Figure 8b.
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Figure 10. H2 and CO yields for various (a) air and (b) H2O amounts added.

From the results shown above, the CO2 conversion is low or negative (CO2 production). Positive
CO2 conversion only occurs in the high Tin regime. It is, then, desirable to determine the way to
enhance CO2 conversion in the TR process. After several sets of numerical experiments, it was found
that high CO2 conversion can be obtained when H2O is low. In this case, the TR process approaches the
dry reforming of methane (DRM). Figure 11 shows TR process performance with H2O/CH4 = 0.001.
As shown in Figure 11a, the temperature drop occurs in the region very near the entrance because
DRM is a highly endothermic reaction. Large amounts of required heat leads to this temperature
drop. When the methane oxidation becomes active, energy release causes a temperature increase in
the reactor downstream. In Figure 11b, CH4 and CO2 conversions are shown for the H2O/CH4 =
0.001 case. CO2 conversion is always positive and increases with increased Tin. The CO2 conversion is
lower than that of CH4 because of a low CO2/CH4 ratio in the biogas. Because of small amounts of
H2O, the H2/CO ratio is close to unity, which is the stoichiometric H2/CO ratio of DRM, as shown
in Figure 11c. Figure 11d shows that ηI increases with increased Tin because of higher H2 and CO
yield. The second-law efficiency states that ηII decreases with increased Tin because of higher exergy
destruction when the chemical reaction is more complete.
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Figure 11. TR process with H2O/CH4 = 0.001 while the other parameters were kept unchanged,
as listed in Table 1. (a) Temperature variation along reactor with Tin = 900 ◦C; (b) CH4 and CO2

conversions; (c) H2/CO ratio; and (d) first- and second-law efficiencies.

4. Conclusions

The tri-reforming process was used in this study for syngas production from biogas. The effects
of various operating parameters such as pressure, temperature and reactant composition were studied
based on a model built in Aspen Plus. Based on the results obtained, the following conclusions can
be drawn:

(1) There appears to be a limiting space velocity for the reaction. Beyond this limiting value, the
reaction approaches the same performance. Lowering the reaction pressure could lead to higher
CH4 conversion, but the syngas produced may not be suitable for further applications.

(2) CH4 and CO2 conversions can be enhanced by increasing the amount of air in the reactant. Higher
amounts of air could result in decreased H2 yield due to the reverse water–gas shift reaction,
which is favorable at high reaction temperatures.

(3) A higher H2/CO ratio can be obtained by increasing H2O addition. However, the dry reforming
reaction is suppressed, leading to low CO2 or negative conversion.

(4) Dry reforming of CO2 can only be found when the reaction temperature is high. This results in
positive CO2 conversion and contributes to increased H2 and CO yields.

(5) Higher CO2 conversion can be obtained for the low H2O addition case. However, low H2/CO
with a value close to unity results.

(6) The first-law efficiency increases with the increased reaction temperature because of higher H2

and CO yields. The second-law efficiency decreases with the increased temperature because of
higher exergy destruction due to a more complete chemical reaction at high temperatures.
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Abbreviation

Nomenclature

dp catalyst particle diameter, m
Ex exergy, kJ
eCH chemical exergy, kJ mol−1

F reactant volumetric flow rate, m3 s−1

Kj surface adsorption equilibrium constant of species j, Pa−1

KC
j surface adsorption equilibrium constant of species j in combustion reaction, Pa−1

Keq,i equilibrium constant of reaction i
ki rate constant of reaction i, mol Pa0.5kgcat s−1, or mol Pa kgcat s−1

L length of reactor, m
LHV lower heating value, kJ mol−1

Ni total molar flow rate of a stream i, mole s−1

nj molar flow rate of species j, mole s−1

p pressure, Pa
Q heat transfer, W
R universal gas constant, 8.314 J mol−1 K−1

Rb reactor radius, m
ri kinetic rate of reaction i, mol kgcat s−1

s entropy, kJ mol−1 K−1

T temperature, K
W catalyst weight, g
Wcomp compressor work, W
Wpump pump work, W
X species conversion
x mole fraction
Y species yield
Subscript

in inlet
out outlet
0 reference state
Greek symbols

ΔH heat of reaction, kJ/mol
η efficiency
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Abstract: Liquid lipase-catalyzed esterification of fatty acids with methanol is a promising process
for biodiesel production. However, water by-product from this process favors the reverse reaction,
thus reducing the reaction yield. To address this, superabsorbent polymer (SAP) was used as a
water-removal agent in the esterification in this study. SAP significantly enhanced the conversion
yield compared with the reaction without SAP. The lipase-catalyzed esterification in the presence
of SAP was then optimized by response surface methodology to maximize the reaction conversion.
A maximum conversion of 96.73% was obtained at a temperature of 35.25 ◦C, methanol to oleic
acid molar ratio of 3.44:1, SAP loading of 10.55%, and enzyme loading of 11.98%. Under these
conditions, the Eversa Transform lipase could only be reused once. This study suggests that the
liquid lipase-catalyzed esterification of fatty acids using SAP as a water-removal agent is an efficient
process for producing biodiesel.

Keywords: biodiesel; esterification; liquid lipase; superabsorbent polymer; response surface methodology

1. Introduction

Extensive energy consumption and environmental pollution have stimulated the development
of renewable energy sources. Biodiesel, a renewable fuel derived from vegetable oil, is increasingly
considered a promising alternative to petrodiesel because of its superior combustion properties,
compatibility with diesel engines, and environmental benefits [1–4]. Therefore, biodiesel is being
produced globally to reduce the consumption of petrodiesel.

Biodiesel is commonly produced from edible feedstocks such as soybean, sunflower, and rapeseed
oils [5–8]; however, the use of these feedstocks for biodiesel production is restricted because of their
high cost (which accounts for 75% of the production cost) and competition with demand for the
food supply [9–11]. Therefore, inedible and waste oils have been developed as potential feedstocks
for biodiesel production [12–15]. These inedible and waste oils usually contain a high level of free
fatty acids, which must be esterified into biodiesel before the transesterification [16,17]. In recent
years, the esterification of fatty acids for biodiesel production has been widely investigated [18–20].
The common method is acid-catalyzed esterification [16,17,21]. Although biodiesel is successfully
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produced from fatty acids through acid catalysis, this process retains several drawbacks such as
equipment corrosion and negative environmental effects [10,22,23]. Esterification using lipase as a
biocatalyst is considered a promising alternative for biodiesel production, because this method is
ecofriendly and proceeds at mild reaction conditions, thus reducing the energy consumption and
adverse environmental effects [10,24,25]. To improve the stability and reusability of lipase, immobilized
lipases have been developed and used for the reaction [10,14,24]. However, the rate of the reaction
catalyzed by immobilized lipase is relatively low because of the mass transfer limitation between the
enzyme and substrate [26,27]. Moreover, the high cost of immobilized lipase is the main drawback
that limits its industrial application [28].

Liquid lipase formulations have increasingly attracted attention as a promising alternative to
immobilized lipase for industrial applications because of their low cost (30- to 50-fold lower than
that of immobilized lipase) and high catalytic activity [29–31]. Recent studies have shown that liquid
lipases can be used for biodiesel production with high yield [26,29,32,33]. However, high water content
(from the feedstock and produced from the esterification of fatty acid and methanol) favors the reverse
reaction, thus lowering the reaction rate and production yield [32,34]. Efforts have been made to
remove the water from the reaction mixture, including the use of a molecular sieve, alumina, or silica
gel as adsorbents [35–37]. Although these adsorbents efficiently remove water from the reaction
solution, they cannot prevent the inactivation of lipase caused by water [37]. Superabsorbent polymer
(SAP) has been widely used for soil water conservation, sewage treatment, mineral dewatering, and
drug drying [37,38]. SAP demonstrates rapid water absorption and high water retention capacity [37]
and has been employed to remove water formed during the transesterification of corn oil and dimethyl
carbonate [37]. However, no report has mentioned the use of SAP as a water-removal agent for the
esterification process; this is an attractive research direction.

This study examined the potential use of SAP as a water-removal agent in the esterification of
fatty acid with methanol when using liquid lipase for biodiesel production. Oleic acid was used as a
model substrate, because it is one of the most common fatty acids in plant oils and animal fats [34].
Response surface methodology (RSM) was employed to analyze the effects of reaction conditions
(temperature, reaction time, SAP loading, and enzyme loading) on the reaction conversion. Liquid
lipase was also studied for its reusability.

2. Materials and Methods

2.1. Materials

Eversa Transform lipase (liquid lipase produced by Thermomyces lanuginosus) with activity of
100,000 PLU/g was obtained from Novozymes A/S (Bagsvaerd, Denmark). The SAP was provided
by Formosa Plastic Corp. (Kaohsiung, Taiwan). The SAP used in this study is mainly produced from
sodium polyacrylate and its properties are absorption capacity (0.9% NaCl) of 60 g/g, centrifuge
retention capacity (0.9% NaCl) of 38 g/g, and particle size distribution of 470 μm. Oleic acid (99%)
was provided by Showa Chemical Industry Co., Ltd. (Tokyo, Japan). Methanol, ethanol, and other
reagents were analytical grade and obtained from Echo Chemical Co. Ltd. (Miaoli, Taiwan).

2.2. Effect of SAP on the Esterification

A comparative study conducted lipase-catalyzed esterification of oleic acid with methanol with
and without the presence of SAP (5%, w/w) to investigate the effects of SAP on reaction conversion.
The reaction was initiated by adding 10% Eversa Transform lipase into reaction mixtures containing
methanol and oleic acid at a molar ratio of 3:1 and various amounts of water (0–30%, w/w). The reaction
was subsequently kept at 35 ◦C with stirring for 150 min. The sample was regularly withdrawn for
determination of the reaction conversion.

The amount of oleic acid during the esterification was determined using a previously reported
procedure [39]. A sample was withdrawn from the reaction mixture, weighed, and dissolved in a
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20-mL ethanol–diethyl ether solution (1:1, v/v). The sample was subsequently titrated against 0.1 M
KOH using phenolphthalein as the indicator to determine the acid value (AV). The reaction conversion
was then calculated as follows [40]:

Reaction conversion (%) =
AV1 − AV2

AV1
× 100 (1)

where AV1 is the initial acid value, and AV2 is the acid value after esterification.

2.3. Optimization of Esterification Using RSM

A four-level and four-factorial central composite design was used to study the effects of reaction
factors on the reaction conversion. Esterifications with different reaction temperatures (30–50 ◦C),
methanol:oleic acid molar ratios (1:1–9:1), SAP loadings (5–15%), and enzyme loadings (5–15%) were
performed in 100-mL screw-cap glass bottles with stirring for 150 min. After the reaction, a sample was
withdrawn from the reaction mixture to determine the reaction conversion. A quadratic equation was
then used to establish the relationship between the determined reaction conversion and reaction factors:

Y = β0 + β1X1+ β2X2 + β3X3 + β4X4 + β11X2
1 + β22X2

2 + β33X2
3 + β44X2

4 + β12X1X2

+ β13X1X3 + β14X1X4 + β23X2X3 + β24X2X4

+ β34X3X4

(2)

where Y is the reaction conversion; X1 is the reaction temperature; X2 is the molar ratio of methanol
to oleic acid; X3 is the SAP loading; X4 is the enzyme loading; β0 is the regression coefficient for the
intercept term; β1–β4 are linear parameters; β12, β13, β14, β23, β24, and β34 are interaction parameters;
and β11, β22, β33, and β44 are quadratic parameters. These parameters were determined using
the least-squares method [41], and an empirical model was subsequently employed to determine
the optimal reaction conditions for maximizing reaction conversion [41]. Minitab 16 (Minitab Inc.,
State College, PA, USA) was employed to develop the empirical model, perform analysis of variance
(ANOVA), and determine the optimal reaction conditions.

2.4. Enzyme Reuse

Eversa Transform lipase was reused in the esterification in the presence of SAP. The reaction was
conducted under the optimal conditions determined through RSM. After the reaction was completed,
the reaction mixture was centrifuged for phase separation. The oil phase was collected for the reaction
conversion determination, and the water phase containing liquid lipase was subsequently remixed
with fresh reactants and SAP to start a new reaction.

3. Results and Discussion

3.1. Effect of SAP on the Reaction Conversion

This study compared liquid lipase-catalyzed esterification of oleic acid with methanol in various
water contents with and without the presence of SAP. As shown in Figure 1, the conversion of the
reaction without SAP increased when the amount of water increased. This indicated that a certain
amount of water is required for the activity of liquid lipase. Nevertheless, a further increase in water
content caused a significant decrease in the conversion of the reaction without SAP. This is attributed
to high water content driving the reaction equilibrium to the reverse reaction [35,36,42] and decreasing
the activity of liquid lipase [32,35,37]. This result agrees with those of other studies [29,32,37]. Studies
have reported that a minimal amount of water is required for optimal enzyme activity, but excess
water adversely affects enzyme activity and stability, thus reducing the reaction conversion [32,35,37].
To overcome this obstacle, SAP was used as a water-removal agent for the reaction. The results showed
that the conversion of the reaction with SAP increased and reached the highest conversion when
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increasing the water content from 0% to 5%. Remarkably, higher water contents resulted in no loss
in reaction conversion, indicating that excess water had no negative effect on the conversion of the
reaction with SAP. This is attributed to the efficient water absorption of the SAP that reduced the
negative effects caused by water [37]. In biodiesel production, the feedstock always contains various
amount of water; the presence of water in feedstock is the main concern, because it can reduce the
conversion yield [32,43,44]. The feedstock is thus treated to remove water before being used for the
reaction [44–46]. However, based on the results of this study, the water-removal can be eliminated by
adding SAP directly into the reaction solution. Therefore, the liquid lipase-catalyzed esterification
using SAP as a water-removal agent is a promising process for biodiesel synthesis from feedstock
containing high water content.
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Figure 1. Effects of SAP on the esterification with varied water content. The reaction was conducted
under the following conditions: molar ratio of methanol to oleic acid of 3:1, a temperature of 35 ◦C,
enzyme loading of 10%, in the presence of 5% SAP (•), or without SAP (�).

3.2. The RSM Model Development

A central composite RSM model was employed to establish the relationships between reaction
conversion (measured response) and reaction factors (input variables)—temperature, molar ratio
of methanol to oleic acid, SAP loading, and enzyme loading. Table 1 shows the input variables
with their coded and un-coded values. Table 2 illustrates the experimental design for obtaining the
optimal reaction conditions. Based on the results shown in Table 2, the measured responses and
input variables in term of code values were input into an empirical model as the following quadratic
polynomial equation:

Y = 89.5 − 6.6X1− 6.39X2 + 1.26X3 + 5.9X4 − 3.77X2
1 − 4.53X2

2 − 3.45X2
3 − 3.75X2

4

+ 0.86X1X2 + 1.21X1X3 − 0.26X1X4 − 1.99X2X3 + 0.15X2X4

− 0.21X3X4

(3)

where X3, X4, X1X2, X1X3, and X2X4, have positive effects on the response, and the other parameters
have adverse effects.
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Table 1. Coded values of the input variables for the central composite RSM design.

Variables Symbols
Variable Levels

−2 −1 0 1 2

Temperature (◦C) X1 30 35 40 45 50
Methanol:oleic acid molar ratio X2 1 3 5 7 9

SAP loading (%) X3 5 7.5 10 12.5 15
Enzyme loading (%) X4 5 7.5 10 12.5 15

Table 2. Experimental design for the influences of the four independent variables on the reaction
conversion in coded values and experimental results.

Run
Variable

Response, Y
X1 X2 X3 X4

1 1 1 1 1 66.87
2 1 −1 1 1 88.13
3 −2 0 0 0 85.83
4 1 1 −1 1 68.91
5 0 0 2 0 77.68
6 0 2 0 0 60.76
7 −1 −1 1 1 96.20
8 1 −1 −1 1 74.42
9 −1 −1 −1 1 95.88
10 0 0 0 2 81.21
11 1 1 1 −1 55.43
12 1 −1 1 −1 70.65
13 −1 1 −1 −1 65.83
14 −1 −1 −1 −1 80.98
15 −1 −1 1 −1 85.09
16 1 1 −1 −1 55.23
17 1 −1 −1 −1 64.56
18 0 −2 0 0 79.16
19 2 0 0 0 60.15
20 −1 1 1 1 78.20
21 0 0 0 −2 64.98
22 0 0 −2 0 70.88
23 −1 1 −1 1 83.59
24 −1 1 1 −1 65.38
25 0 0 0 0 90.92
26 0 0 0 0 89.90
27 0 0 0 0 88.79
28 0 0 0 0 90.92
29 0 0 0 0 87.92
30 0 0 0 0 88.36
31 0 0 0 0 89.72

Repeated experiments based on the central runs (25–31) showed a low coefficient of variance
(1.33%), indicating the high reproducibility and precision of the experiments. The model was evaluated
for statistical significance using the F test for ANOVA (Table 3). Results showed a very low p value
(<0.0001) of the model in the F test, confirming that the regression was statistically significant at the
95% confidence level. The coefficient of determination (R2) was determined to evaluate the quality
of the developed model. Result showed that a high R2 value (0.97) was achieved, signifying high
reliability of the model for predicting reaction conversion. As shown in Figure 2, the model predictions
were in good agreement with experimental values, indicating that the established model provided
satisfactory and accurate results. Table 4 presents the overall effects of the input variables on the
reaction conversion, which were examined using t tests. Low p values (<0.05) of the intercept term,
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three linear terms (X1, X2, and X4), all quadratic terms, and an interaction term (X2X3) indicated their
significant effects on the reaction. The developed model can therefore be used to forecast the optimal
reaction conditions for obtaining maximal responses.

Table 3. Analysis of variance for the empirical model.

Source DF b SS b MS b F Value Probability (P) > F

Model a 14 4319.58 308.54 32.91 <0.0001
Residual (error) 16 150.01 9.38 - -

Total 30 4469.59 - - -
a Coefficient of determination (R2) = 0.97; adjusted R2 = 0.94. b DF, degree of freedom; SS, sum of squares; MS,
mean square.
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Figure 2. Correlation between experimental and fitted conversions of the reaction.

Table 4. Significance of the coefficients in the empirical model.

Model Term Parameter Estimate Standard Error t Value a p Value

β0 89.50 1.16 77.34 0.000 b

β1 −6.60 0.63 −10.55 0.000 b

β2 −6.39 0.63 −10.22 0.000 b

β3 1.26 0.63 2.01 0.062
β4 5.90 0.63 9.43 0.000 b

β11 −3.77 0.57 −6.59 0.000 b

β22 −4.53 0.57 −7.91 0.000 b

β33 −3.45 0.57 −6.03 0.000 b

β44 −3.75 0.57 −6.54 0.000 b

β12 0.86 0.77 1.13 0.275
β13 1.21 0.77 1.58 0.133
β14 −0.26 0.77 −0.34 0.740
β23 −1.99 0.77 −2.61 0.019 b

β24 0.15 0.77 0.19 0.850
β34 −0.21 0.77 −0.27 0.788

a tα/2,n-p = t0.025,19 = 2.093. b p < 0.05 indicates that the model terms are significant.
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3.3. Effect of Reaction Factors on Reaction Conversion

Figure 3 shows the effects of the methanol:oleic acid molar ratio and SAP loading on the reaction
conversion while maintaining temperature and enzyme loading at their central levels. Results showed
a significant interaction between the methanol:oleic acid molar ratio and SAP loading. At high
methanol:oleic acid molar ratios, SAP loading slightly affected the reaction conversion. However, at a
low methanol:oleic acid molar ratio, increasing the SAP loading significantly enhanced the reaction
conversion. This is attributed to the SAP absorbing water from the reaction mixture and enhancing the
enzyme activity to create a suitable microenvironment for an efficient reaction [37]. However, a higher
SAP loading resulted in a significant decrease in reaction conversion. Because liquid lipase requires
a minimal amount of water for optimal activity, high SAP loading caused less water content to be
present the reaction solution [35,37]. Consequently, the enzyme activity was reduced, leading to a
reduction in reaction conversion.
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Figure 3. Response surface plot of combined effects of the reactant molar ratio and SAP loading on the
conversion of the reaction at a constant temperature (40 ◦C) and enzyme loading (10%).

Figure 4 presents a response surface curve obtained by plotting the reaction conversion against
temperature and molar ratio of methanol to oleic acid while maintaining the other factors at their
central levels. At any temperature, the reaction conversion significantly increased when increasing
the methanol:oleic acid molar ratio. This was because a high amount of methanol is required for
esterification [20,47,48]. However, the reaction conversion decreased with a further increase in the
methanol:oleic acid molar ratio. This result is similar to that of other studies [10,14]. Studies have
reported that high methanol content in the reaction mixture can inhibit the activity of lipase [10,14].
In this study, the maximal reaction conversion was obtained at a methanol:oleic acid molar ratio of 3.34:1.

Figure 5 presents the effects of temperature and enzyme loading on the reaction conversion while
maintaining methanol:oleic acid molar ratio and SAP loading at their central levels. At any enzyme
loading level, the reaction conversion increased when increasing the temperature. Nevertheless, a high
temperature resulted in a decrease in the reaction conversion because the enzyme becomes inactive
at high temperatures [14,32,49]. This result agrees with that of other studies [32,33]. Studies have
demonstrated that lipases are sensitive to temperature, and therefore low or elevated temperatures
caused a dramatic decrease in their activity [14,33,49]. Similar to temperature, the enzyme loading
also significantly affected the reaction conversion. At a given temperature, increasing enzyme loading
led to a significant increase in reaction conversion. Studies have reported that an increase in the
amount of the enzyme increased contact between the enzyme active surface area and the reactants,
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thus enhancing the reaction [14,50]. However, a further increase in enzyme loading resulted in a slight
decrease in reaction conversion. Excess enzyme possibly caused enzyme aggregation, which limited
the enzyme flexibility to react with the oleic acid–methanol interface, thus lowering the conversion of
the reaction [14,50].
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Figure 4. Response surface plot of the combined effects of temperature and reactant molar ratio on the
conversion of the reaction at a constant SAP loading (10%) and enzyme loading (10%).
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Figure 5. Response surface plot of the combined effects of temperature and enzyme loading on the
conversion of the reaction at a constant reactant molar ratio (5:1) and SAP loading (10%).

3.4. Obtaining Optimal Reaction Conditions

Based on the empirical model [Equation (3)], the canonical method was used to forecast the
optimal reaction conditions for maximizing reaction conversion. The highest conversion was predicted
to be 97.83% at 35.25 ◦C, methanol:oleic acid molar ratio of 3.34:1, SAP loading of 10.55%, and enzyme
loading of 11.98%. An experiment was then carried out under optimal conditions to verify the
prediction. A conversion of 96.73% ± 0.15% was obtained, indicating consistent with the empirical
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model prediction. The developed RSM model can be therefore used to describe the relationships
between the response and the variables in the liquid lipase-catalyzed esterification of oleic acid with
methanol. Furthermore, the reaction conversion was comparable with other process but exhibited a
shorter reaction time [25,29]. In this study, high reaction conversion (96.73%) was obtained under the
reaction time of 2.5 h whereas 24 h was required to yield conversion of 90.8% in the esterification of
oleic acid with methanol using lipase without SAP reported by Rosset et al. [25]. This suggests that the
liquid lipase-catalyzed esterification of fatty acids with methanol using SAP as a water-removal agent
is a promising process for producing biodiesel.

3.5. Reusability of Liquid Lipase

Although immobilized lipase is being used for its stability and reusability, its high cost restricts
its industrial application. To solve this concern, liquid lipase was developed as an alternative for
the reaction. Liquid lipase can be reused several times without significant loss in activity [29]. This
study investigated the reusability of Eversa Transform lipase through the esterification of oleic acid
and methanol under the optimal reaction conditions. As indicated in Figure 6, the Eversa Transform
lipase could only be reused once to drive the reaction to high conversion. After one cycle, the reaction
conversion decreased sharply. This was attributed to the inactivation effect of methanol on the
enzyme [10,14] and the low stability of liquid enzyme [51]. Further investigation is required to address
this limitation. Although liquid lipase demonstrated low reusability in this study, the enzyme remains
a promising alternative to immobilized lipase for industrial application because of its low cost [33,52].
Studies have demonstrated that the cost of liquid lipase is 30- to 50-fold lower than that of immobilized
lipase [30]. Additionally, the preparation of the liquid lipase is much simpler. Because of these merits,
liquid lipase is suggested as a potential alternative for the reaction to improve economic viability.
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Figure 6. Reusability of liquid lipase for esterification of oleic acid and methanol.

4. Conclusions

This paper reports the liquid lipase-catalyzed esterification of oleic acid with methanol using SAP
as a water-removal agent for biodiesel production. The use of SAP significantly enhanced the reaction
conversion by suppressing the reverse reaction. The reaction conditions were then optimized to obtain
maximal conversion yield using RSM. A maximal conversion of 96.73% was achieved and verified
the optimization calculations. Although Eversa Transform lipase was ineffectively reused due to the
deactivation of enzyme caused by methanol, liquid lipase-catalyzed esterification in the presence of
SAP is promising for biodiesel production from feedstocks containing high water content.
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Abstract: The aim of this study was to investigate the optimal temperature range for waste wood
and the effect torrefaction residence time had on torrefied biomass feedstock. Temperature range
of 200–400 ◦C and residence time of 0–50 min were considered. In order to investigate the effect of
temperature and residence time, torrefaction parameters, such as mass yield, energy yield, volatile
matter, ash content and calorific value were calculated. The Van Krevelen diagram was also used for
clarification, along with the CHO index based on molecular C, H, and O data. Torrefaction parameters,
such as net/gross calorific value and CHO increased with an increase in torrefaction temperature,
while a reduction in energy yield, mass yield, and volatile content were observed. Likewise, elevated
ash content was observed with higher torrefaction temperature. From the Van Krevelen diagram,
it was observed that at 300 ◦C the torrefied feedstock came in the range of lignite. With better gross
calorific value and CHO index, less ash content and nominal mass loss, 300 ◦C was found to be the
optimal torrefaction temperature for waste wood.

Keywords: waste wood; torrefaction; energy yield; mass yield; CHO index; gross calorific value;
Van Krevelen diagram

1. Introduction

In recent years, biomass has obtained remarkable attention because of the potential it holds to
replace the energy derived from fossil fuel. Biomass is considered to be an important renewable fuel
and the most widespread technology, and can be grouped into thermochemical (torrefaction, pyrolysis,
combustion, etc.), chemical (alkaline hydrolysis, etc.) and biochemical (fermentation, anaerobic
digestion, etc.) categories [1]. Biomass can be considered as a flexible source of energy as it can be
transformed into numerous energy products, for instance, bio-oil, syngas, and so forth. However,
biomass has numerous challenges, such as but not limited to, high moisture content, poor grindability,
hydroscopicity, low heating value, fibrous in nature, and so forth. [2,3]. These challenges confine the
combustion performance and escalate the handling and transportation cost of biomass. Therefore,
in order to overcome these challenges, several pretreatment approaches have been suggested. Thermal
degradation of woody biomass is a complex topic in itself and comprises of numerous fractions with
various thermal behaviors [4].
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One of the promising approaches is to pretreat the biomass in the temperature range from
200–300 ◦C in an inert environment, described as torrefaction. Torrefaction improves the dimensional
stability and durability of the wood [5]. This advancement can be curbed by the wood’s moisture;
therefore, the reduction of the wood’s moisture content is a must. In addition, the grindability of
the wood increases with torrefaction and reduces the energy required [6]. This reduction in wood
commination serves as major advantages for numerous energy derived applications, such as co-firing,
cement kilns, steel industry, coke, and so forth. [7]. Moreover, torrefied biomasses are more suitable
for further energy conversion processes, such as fast pyrolysis [8], gasification [9], and in the steel
industry, as a substitute for coke [10]. However, Koppenjan et al. [11] highlights the need to address
numerous issues, such as energy integration, volatile gases handling and the applicability of feedstock
for the advancement of torrefaction technologies. In addition, in spite of these advantages, some
of the detrimental effects are related to torrefaction degradation of strength and toughness [12,13].
The reduction in the cohesive nature of wood is associated with the disintegration of the hemicellulose
matrix and depolymerization of cellulose during torrefaction [14]. Although not spread in a large
commercial scale, there has been an enormous amount of studies for torrefaction of biomass in the
last decade. For instance, a comprehensive study by Rodriques et al. [15] evaluates the potential
torrefaction enhancement for production of bioenergy in Portugal. Similarly, Li et al. [16] highlights
the advantages of carbon dioxide torrefaction, such as elevated thermal stability and combustion
reactivity. In addition, Benavente and Fullana [17] utilized two-phase olive mill waste (TPOMW) to
determine the optimum torrefaction temperature range, and concluded that torrefaction of TPOMW
around 200 ◦C min−1 is best for energy utilization. The assessment of the overall product yield, right
from the production of the raw materials to the utilization of the final energy, can be carried out by
conducting Life Cycle Assessment scenarios [18].

Decisive parameters like temperature, residence time, or properties of torrefaction products, have
crucial impact on torrefaction behavior, properties of the torrefied product, and comprehensive mass
and energy conversion efficacy [19]. However, the characteristic feature of the biomass material used
for torrefaction cannot be overlooked. The main objective of the present work is to study the effect
torrefaction has on the thermochemical properties of wood. The torrefied wood properties are based
on the Gross Calorific Value (GCV) (MJ/kg), elemental composition, proximate and gas analysis,
and energy yield (Yenergy (%)) and mass yield (Ymass (%)). The result of this work is to define the
optimal torrefaction temperature range for waste wood suitable for other energy conversion processes
or energy production use.

2. Materials and Methods

The following sections elaborate the reactor, equations and experimental setup of the process for
this study.

2.1. Materials

In this study, waste wood was investigated. The mixed waste wood collected from a waste wood
collection center in Cheonan, South Korea was first screened, and all the non-woody and coarse parts
were removed. The waste wood was homogeneously mixed and dried at 105 ◦C for 24 h for the
torrefaction experiment. In Table 1, the properties of waste wood indicates about 13.5% moisture
content, 1.5% ash content and 20.6 MJ/kg GCV. The inorganic components of the raw waste wood are
referred as “other” in the table.
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Table 1. Properties of waste wood (raw).

Elemental Analysis (wt %) a

C 46.96
H 5.90
N 3.07
O 42.30
S 0.07
Cl 0.57

Other 1.13

Heavy Metal Analysis (mg/kg)

Cd 20.02
Pb 16.02
Cr 4.61
Hg ND
As ND

Moisture (%) b 13.5
Volatile fraction (%) b 85.0

Ash (%) b 1.5
GCV (MJ/kg) a 20.6
LHV (MJ/kg) b 17.81

a Dry Basis; b Wet Basis; LHV (Lower Heating Value).

2.2. Torrefaction Experiment Setup and Procedure

The schematic diagram of the horizontal tubular reactor used for this study is illustrated in
Figure 1. The internal diameter and length of the reactor were 150 mm and 60 mm, respectively.
For each experimental run, 20 g of sample were weighed and flushed with nitrogen (21 min−1) until
the level of oxygen was below 1%. Torrefaction was then carried out for the temperature range
of 200–400 ◦C for a residence time of 0–50 min. After completion of each experiment, the sample
was removed from the reactor and was weighed. The initial and final weights of the samples were
measured to determine mass yield (Ymass (%)), which was calculated with Equation (1):

Mass Yield (Ymass(%)) =
mass after torrefaction

mass of raw sample
× 100% (1)

Figure 1. Schematic diagram of the horizontal tubular reactor used in this study.
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In addition, the GCV of the raw and torrefied biomass was measured using bomb calorimeter
(Parr Instrument Co., Model 1672, Moline, IL, USA) and the energy yield (Yenergy (%)) was calculated
using Equation (2):

Energy Yield
(
Yenergy(%)

)
= Ymass × HHV (torrefied sample)

HHV(raw sample)
× 100% (2)

Thermogravimetric analysis (TGA) was carried out using a thermogravimetric analyzer
(TA Instruments, Q50, New Castle, DE, USA), 5 mg of sample was placed in a crucible and the
experiment was conducted in an inert environment with a nitrogen flow rate of 60 mL·min−1.
The temperature range was allowed to rise up to 600 ◦C during various heating rates, ranging from
10–30 ◦C·min−1. The changes in the atomic composition of waste wood were investigated by using the
Van Krevelen diagram. It is constructed using the molar ratio of hydrogen:carbon (hydrogen index) as
the ordinate to the molar ratio of oxygen:carbon (oxygen index) in the abscissa. The raw and torrefied
waste wood were plotted, and the specific location of these plots helped to identify the alterations in
the atomic composition of torrefied waste wood.

3. Results and Discussions

In this study, parameters such as thermogravimetric analysis, effect of torrefaction temperature
and residence time on torrefied product, and heavy metal analysis were used for the determination of
optimal temperature range for torrefaction of waste wood.

3.1. Thermogravimetric Analysis

The weight loss characteristics of waste wood as a function of torrefaction temperature are
illustrated in Figure 2. It can be seen from the figure, that until 250 ◦C, there was no significant
weight loss for all three heating rates. However, the bulk weight loss of the waste wood is in the
temperature range of 250–370 ◦C. There was an insignificant difference in the weight loss with respect
to heating rate, i.e., although the weight loss for the heating rate of 30 ◦C·min−1 was highest followed
by 20 ◦C·min−1 and the lowest was for 10 ◦C and the differences were minimal. After the main
decomposition, i.e., after 370 ◦C, weight loss was relatively slow.

Figure 2. TGA analysis of waste wood with respect to torrefaction temperature.
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3.2. Effect of Temperature on Torrefaction Parameters

The effect of temperature on torrefaction parameters, such as Ymass %, Yenergy (%), volatile matter
(VMc (%)), GCV (MJ/kg), and ash content (Ac (%)), are illustrated in Figure 3. It can be seen from
the graph that overall, there is a decrease in Yenergy (%), Ymass (%), and VMc (%), with an increase in
torrefaction temperature. Conversely, there is an increase in GCV (MJ/kg), and Ac (%), with increase
in torrefaction temperature.

As from the Figure 3, it can be observed that until 300 ◦C, the mass loss was not significant after
which there was a loss of 42.77% at 350 ◦C. This drastic alteration of mass loss can be attributed to the
drying process and thermal degradation of stable wood constituents [7,20,21]. Similar changes can be
observed for Yenergy (%), where a significant reduction of 27.80% was observed at 350 ◦C. In contrast,
an increment in the GCV (MJ/kg) is observed with increase in torrefaction temperature. At elevated
torrefaction temperature, VMc (%) decreases while the Ac (%) increases, the results obtained in this
study is well supported by the results obtained by Pelaez-Samaniego et al. [22] for ponderosa pine
wood species.

Figure 3. Effect of torrefaction temperature on Energy Yield (Yenergy (%)), Mass Yield (Ymass (%)),
Volatile Matter (VMc (%)), Ash Content (Ac (%)) and Gross Calorific Value (GCV (MJ/kg)).

The GCV (MJ/kg) is one of the most important characteristics of a solid fuel. Although with
increasing torrefaction temperature, the GCV (MJ/kg) of the biomass feedstock keeps increasing;
it must be noted that Ymass (%) decreases with elevated torrefaction temperature. The loss of mass can
reach a point where the torrefaction process is regarded as incomplete. Therefore, this study aims to
provide the optimal range of temperatures that totally benefit torrefaction. Therefore, the temperature
range of 250–350 ◦C was taken into account to further investigating the effect of torrefaction residence
time on torrefied waste wood for this study.

Coal contains higher percentage of carbon than biomass due to which the GCV (MJ/kg) of coal is
much higher than that of biomass. The importance of the hydrogen and oxygen index on the GCV
(MJ/kg) of waste wood is illustrated in Figure 4, presenting the Van Krevelen diagram, a graphical
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illustration which portrays the decomposition of waste wood during torrefaction. During the
pretreatment, waste wood undergoes physiochemical changes that involve the loss or gain of integral
amounts of elemental composition, such as C, H, N, and O, leading to specific changes in the
Van Krevelen diagram. From the Van Krevelen diagram, it can be seen that as the torrefaction
temperature increases the molar ratio, i.e., H/C and O/C ratio decreases, bringing the waste wood
closer towards lignite and coal. Figure 4 also clearly indicates, that as the temperature increases
to 300 ◦C, the waste wood appears closer to lignite. Torrefaction temperatures above 250 ◦C,
the Van Krevelen plot demonstrates that the elemental composition of waste wood is shifted towards
that of coal and lignite. During torrefaction, carbon dioxide and water is released making the
torrefied product more valuable for thermal treatment processes, such as gasification and combustion.
Similar observations have been made by Granados et al. [23], and have reasoned it due to the large
decomposition of cellulose and hemicellulose leaving a lignin-rich material. In addition, not many
changes are observed around 200–250 ◦C, and the product is still in the range of biomass. Thus, from
Figures 3 and 4, the optimal torrefaction temperature for waste wood is 300 ◦C, with elevated GCV
(MJ/kg), nominal mass loss, and less Ac (%).

Figure 4. Van Krevelen diagram of waste wood with respect to torrefaction temperature.

To describe the oxidation state of organic compound present in organic materials, Mann et al. [24]
suggested the use of the CHO index, defined as:

CHO =
2[O]− [H]

[C]
(3)

where, [O], [C] and [H] are mole fraction of oxygen, carbon, and hydrogen, respectively. Figure 5a
shows the CHO index values of waste wood (current study) and for different lignocellulosic biomass
obtained from [25], and Figure 5b denotes the CHO index obtained in this study with respect to
torrefaction temperature. The higher the CHO index, the greater the number of oxygenated compounds.
Whereas, a lower CHO index refers to the lowered amount of oxygenated compounds, denoting a
relatively lower amount of oxygen and higher amount of relative hydrogen content. The increase
in torrefaction temperature leads to a decrease the amount of oxygen and hydrogen, which in turn
increases the relative amount of carbon content, which provides a good CHO index. This value can be
correlated to the Van Krevelen diagram and an increase in GCV (MJ/kg) as well.
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Figure 5. CHO index values of (a) biomass feedstocks (data adapted from Reference [21]) (b) waste
wood with respect to torrefaction temperature.

3.3. Effect of Residence Time on Torrefaction Parameters

The effect of torrefaction residence time on Yenergy (%), Ymass (%), VMc (%), Ac (%) and GCV
(MJ/kg) is shown in Table 2. Holding time or residence time can be described as the total amount of
time the biomass feedstock is inside the torrefaction reactor [26]. The residence time had a significant
effect on all of the parameters except for VMc (%), where the overall decrease at 300 ◦C was 1.6% at
50 min residence time. Additionally, at 50 min residence time, the Ymass (%) decreased by 59% at 350 ◦C
for 50 min and Ac (%) increased by 82% at 300 ◦C for 50 min residence time. In addition, the GCV
(MJ/kg) showed an increment of 24.75% at 250 ◦C for 50 min residence time.

Table 2. Effect of torrefaction residence time on Energy Yield (Yenergy (%)), Mass Yield (Ymass (%)),
Volatile Matter (VMc (%)), Ash Content (Ac (%)) and Gross Calorific Value (GCV (MJ/kg)).

0 min Residence Time

250 ◦C 300 ◦C 350 ◦C

Yenergy (%) 99.58 98.10 71.85
Ymass (%) 99.88 91.70 57.16
VMc (%) 98.34 98.03 96.52
Ac (%) 1.65 1.97 3.47

GCV (MJ/kg) 21.08 22.77 26.76

10 min Residence Time

250 ◦C 300 ◦C 350 ◦C

Yenergy (%) 87.10 59.15 49.87
Ymass (%) 79.84 53.06 39.68
VMc (%) 97.89 97.38 96.21
Ac (%) 2.11 2.61 3.79

GCV (MJ/kg) 23.09 23.73 26.75

20 min Residence Time

250 ◦C 300 ◦C 350 ◦C

Yenergy (%) 70.27 56.44 43.41
Ymass (%) 62.55 47.96 33.11
VMc (%) 97.55 96.33 95.72
Ac (%) 2.45 3.67 4.27

GCV (MJ/kg) 23.77 25.06 27.92
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Table 2. Cont.

30 min Residence Time

250 ◦C 300 ◦C 350 ◦C

Yenergy (%) 74.23 53.45 52.66
Ymass (%) 65.45 43.87 38.33
VMc (%) 96.39 95.87 95.61
Ac (%) 3.60 4.13 4.39

GCV (MJ/kg) 24.00 25.94 29.25

40 min Residence Time

250 ◦C 300 ◦C 350 ◦C

Yenergy (%) 82.81 57.31 54.74
Ymass (%) 74.26 45.12 39.61
VMc (%) 96.65 96.25 95.31
Ac (%) 3.35 3.75 4.68

GCV (MJ/kg) 23.59 27.04 29.42

50 min Residence Time

250 ◦C 300 ◦C 350 ◦C

Yenergy (%) 89.24 59.00 53.00
Ymass (%) 71.79 44.42 39.57
VMc (%) 97.41 96.39 95.74
Ac (%) 2.58 3.60 4.26

GCV (MJ/kg) 26.31 28.28 28.52

The Yenergy (%) and Ymass (%) demonstrates significant alterations at elevated residence time.
However, this conversion rate may vary depending on the type of biomass used, for instance,
agricultural residue demonstrates higher conversion rate compared to woody biomass because of the
higher hemicellulose content [27]. In addition, a study by Chen et al. [20] reflects on how the polymeric
structure of feedstock influences the reactivity of the torrefaction reaction.

Various works have shown that the effect of torrefaction temperature has a more pronounced
effect than residence time, for instance, Chin et al. [28] concluded that although the GCV (MJ/kg)
increased with both residence time and temperature, the value was more influenced by torrefaction
temperature. In contrast, the present study has found that the overall increase in the GCV (MJ/kg) is
comparable for both temperature and residence time.

3.4. Heavy Metal Analysis of Waste Wood

The heavy metal analysis of the waste wood and the torrefied products for temperature ranging
from 250 ◦C to 400 ◦C (Table 3). The presence of heavy metals has a potentially damaging effect
on human physiology and other biological systems, when the tolerance levels are exceeded. It is
important to state that the cadmium problem in biomass utilization is caused by the technology
itself. It is imported via deposition onto the forest. The source of this deposition is the dissipation
of cadmium by anthropogenic processes, most notably fossil energy use [29]. The Cd, Pb and Cr
content of the raw WW were 20.02, 16.02 and 4.61 mg/kg, respectively (Table 2). Hg and As were
not detected. From Table 2, it was found that the concentrations of heavy metals increased following
torrefaction. This is due to the fact that the heavy metals were relatively concentrated by reducing of
volatile components in the biomass.
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Table 3. Heavy metal concentration of WW as a function of the torrefaction temperature.

Heavy Metal (mg/kg)

Raw 250 ◦C 300 ◦C 350 ◦C

Cd 20.02 24.51 94.25 103.66
Pb 16.02 22.17 62.14 88.52
Cr 4.61 7.34 25.65 29.44
Hg ND ND ND ND
As ND ND ND ND

ND = Not Detected.

4. Conclusions

In the present work, waste wood under the influence of torrefaction residence time and
temperature was investigated. The results showed that there was an increase in the GCV (MJ/kg) of
waste wood with the increase in torrefaction temperature and residence time. However, after 350 ◦C,
there was a negligible increase in the GCV (MJ/kg), but the mass loss was maximum; therefore,
for 0–50 min residence time, the temperature range of 250–350 ◦C was taken into consideration.
Comparing the present data with the Van Krevelen diagram, we found that with an increase in
torrefaction severity the torrefied biomass behaved more like lignite and coal. Also, the CHO index
showed a positive influence with an increase in torrefaction temperature, i.e., the amount of oxygenated
compound decreased. Unlike other works, the effect of both residence time and temperature were
significant on Yenergy (%), Ymass (%), VMc (%), Ac (%) and GCV (MJ/kg) of the waste wood. However,
a decisive conclusion cannot be made and more investigation considering other torrefaction parameters,
such as grindability and heat-induced variations must be studied in detail. Calculating all of the
parameters, 300 ◦C was considered as an optimal torrefaction temperature for waste wood, i.e.,
higher GCV (MJ/kg), lesser mass loss, comparatively low Ac (%) and the properties resembling more
towards lignite.
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Abstract: Anaerobic digestion is one of the most essential treatment technologies applied to industrial
and municipal wastewater treatment. Membrane-coupled anaerobic bioreactors have been used
as one alternative to the conventional anaerobic digestion process. They are presumed to offer
the advantage of completely reducing or minimizing the volume of sludge and increasing biogas
production. However, researchers have consistently reported different kinds of fouling that resulted
in the reduction of membrane life span. Depending on the strength of the effluent, factors such as
high suspended and dissolved solids, fats, oil and grease, transmembrane pressure (TMP) and flux
were reported as major contributors to the membrane fouling. Moreover, extracellular polymeric
substances (EPSs) are an important biological substance that defines the properties of sludge flocs,
including adhesion, hydrophobicity and settling and have been found to accelerate membrane fouling
as well. Extensive studies of AnMBR have been done at laboratory while little is reported at the
pilot scale. The significance of factors such as organic loading rates (OLRs), hydraulic retention
time (HRT), pH and temperature on the operations of AnMBRs have been discussed. Microbial
environmental conditions also played the most important role in the production of biogas and the
chemical oxygen demand (COD) removal, but adverse effects of volatile fatty acids formation were
reported as the main inhibitory effect. Generally, evaluating the potential parameters and most
cost effective technology involved in the production of biogas and its inhibitory effects as well
as the effluent quality after treatment is technically challenging, thus future research perspectives
relating to food to microorganism F/M ratio interaction, sufficient biofilm within the reactor for
microbial attachment was recommended. For the purpose of energy savings and meeting water
quality discharge limit, the use of micro filtration was also proposed.

Keywords: anaerobic digestion; biogas production; wastewater treatment; membrane bioreactors

1. Introduction

Over the past century, there has been quite a number of studies on the most economic, efficient
and environmental friendly wastewater treatment technologies. Conventional aerobic methods have
existed for over a century now, but they have major drawbacks that include sludge production,
high energy use for aeration, large operating space and a higher maintenance cost. Moreover,
the systems are characterized by uncontrolled release of potential atmospheric greenhouse gases
such as methane (CH4), carbon dioxide (CO2), and nitrogen oxide (N2O) that contribute immensely to
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deterioration of the environment [1], although in the aerobic process quality effluents are produced
which comply with standards limits set by the different regulatory bodies, especially in developed
countries. However, one obvious disadvantage is the lack of material and energy recovery [2,3]. Hence,
interest continues to grow in finding the best alternative.

The advent of anaerobic digestion in the field of wastewater treatment marks the beginning of
economic and efficient technology [4]. This is seen in the quality of the effluents discharged, material
recovered and energy generated as well as the mode of sludge production, handling and processing [5].
One of the early constraints detected from the onset of this technology was the long hydraulic retention
time coupled with the slow growing methanogenic bacteria [6]. However, towards attaining higher
efficiency, research focus was moved towards coupling anaerobic bioreactors with membrane filtration
units. These systems were seen to offer a more unique and prudent technique over conventional
anaerobic method [7]. It simply combines the anaerobic process and membrane technology operating
simultaneously. Table 1 presents a comparison of conventional anaerobic treatment and anaerobic
membrane bioreactor (AnMBR).

Table 1. Comparison of conventional anaerobic treatment and anaerobic membrane bioreactor
(AnMBR) [8].

Feature Conventional Anaerobic Treatment AnMBR

Discharge quality Moderate-Poor High
Sludge volume low low
substrate loading concentration High High
Removal efficiency (Effluent) High High
Biomass retention Low Complete
Footprint High-Moderate Low
Alkalinity Requirement Depends on microbial activity Depends on microbial activity
Nutrient requirement Low Low
Startup period 2–4 Months Less than 2 Weeks
Temperature requirement Low-Moderate Low-Moderate
Energy input Low Low
Pre-treatment requirement Not necessary Mostly for high solid substrates
Biogas recovery Yes Yes

The combination of anaerobic bioreactors with membranes is presumed to reduce the overall
energy demand and to facilitate the retention of microorganisms so as to operate with high biomass
concentration [9]. Depending on the intended use of the treated effluent, membranes such as
microfiltration, ultrafiltration, nano-filtration and reverse osmosis are usually coupled to anaerobic
reactors in both industrial and municipal wastewater treatment systems [10]. Buntner et al. [11]
studied the combination of an upflow anaerobic sludge blanket (UASB) reactor with ultrafiltration
membranes for dairy wastewater treatment at ambient temperature. The intent of this combination
was to decrease the COD of the dairy wastewater whilst producing biogas rich in methane and
diminish the overall sludge production as well as obtaining high quality effluent. About 150 L/kg
COD of biogas was achieved out of which 73% was methane gas. The organic loading rate was up to
4.85 kg COD/m3·day and 95% COD removal was realized, reaching 99% during its stable operation
period. However, this is lower compared to the work of Deowan et al. [12]. Both studies were
reported at pilot scales, but one configured the membrane externally while the other was submerged
within the bioreactor. The aim of this review paper is to gain insight knowledge on the strategies
and achievements recorded in the recent past on the use of AnMBR technology, since the idea was
presented as a possible solution or substitute that might overcome the disadvantages of conventional
wastewater treatment in terms of space utilization, superior effluent quality, energy generation and the
overall operation and maintenance cost.
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2. Fundamentals of AnMBR

An anaerobic reactor coupled with a membrane was first commercialized by Dorr-Oliver in the
early 1980s [13]. It was constructed to treat high strength wastewater (whey) and was named anaerobic
membrane bioreactor system. Since then, research on the feasibility and treatment efficiencies of
AnMBRs continue, most especially on the type of material and configurations for treating low, medium,
and high strength wastewater [14–17]. The two forms of membrane configuration includes internal
and external, as shown in Figure 1, but the external configuration is the most widely reported.

 
(a) (b) 

Figure 1. A schematic of AnMBR configurations—(a) Side or external membrane (b) submerged membrane.

Membrane Configuration Performance

A pilot scale study of municipal wastewater treatment with an external membrane configuration
was reported by Huang et al. [14]. The system achieved COD removal efficiency close to 90%, but a
slow and linear increase in the filtration resistance was observed under critical flux conditions and
subsequently resulted in fouling due to solid accumulation on the surface of the membrane. However,
it was observed that gas sparging and additional shear were needed to control membrane fouling.
According to Chu et al. [10], high shear stress may interfere with the biological activities during
anaerobic digestion of biomass. Furthermore, studies of Zhao et al. [15] showed that the external
membrane configuration system is easier to maintain and monitor. However, these require more energy
with high hydraulic shear force which might also disrupt anaerobic bio-solids favoring substrates
with smaller particle sizes and this in turn causes membrane fouling. In another development,
thorough investigations of submersible membrane module coupled to anaerobic bioreactors were
reported in [16–19] and it is believed to overcome the numerous drawbacks of conventional methods
of wastewater treatment. However, it also appears that the technology is more suitable for low strength
organic loads, especially municipal wastewater as examined in the previous research of [20–22].

Martinez-Sosa et al. [3] also examined a submerged anaerobic membrane bioreactor and found
97% COD removal. The final effluent COD was less than 20 mg/L at volumetric organic loading
rate of 0.5 to 12.5 kg/m3·day. The system could be termed efficient even though, the temperature
fluctuates between 12 ◦C and 26 ◦C. Likewise the membrane permeability was not outstanding due to
intermittent suction mode and membrane flux that lead to frequent membrane cleaning. Furthermore,
investigation of Deowan et al. [12] on a submerged anaerobic membrane bioreactor (SAMBR) treating
textile wastewater revealed COD removal efficiency around 90% with negligible fluctuations in some
phases. However, 60% color removal was reported in the first phase and subsequently dropped to
between 20–50% after the system stabilized. This phenomenon was attributed to color adsorption
on the surface of the membrane. In a similar configuration manner, the defects in COD removal
were ascribed to the presence of high total nitrogen (TN) and total phosphorus (TP) [23]. In view
of that, application of anoxic conditions or an aerobic process or a combination of the two could
enhance removal of both TN and TP. Katayon et al. [24], experimented on the effect of vertical and
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horizontal membrane configurations, in which two procedures consisting of low and high mixed liquor
suspended solids (MLSS) concentrations were considered. The results showed that horizontally placed
membrane was able to removed 99.2% total solids and 99.73% turbidity at lower MLSS concentration
at a mean flux value of 5.03 L/m2h. This is quite higher than those found in vertical modules with high
MLSS concentrations and mean flux value of 2.27 L/m2h. Hence, for higher efficiency, maintaining
high biomass concentration and sufficient microbial activity with minimal energy utilization would
enhance the process of anaerobic membrane bioreactor operation processes.

3. Membrane Performance of Various Wastewater Treatments

3.1. Industrial Wastewater

Industrial regulatory issues towards meeting the stringent water quality discharge permissible
limits motivate researchers to study more on finding lasting solutions to the problems associated
with the effluent released to the environment. Most industrial wastewaters are regarded as high
strength wastewater, because they contain large amounts of settleable, dissolved and suspended
solids or other elements such as heavy metals in greater proportion [25,26]. However, the strength of
the wastewater could differ from one industry to another owing to the different types of operations.
Generally, industrial wastewater comes from streams such as production lines, cooling towers or boiler
and cleaning processes that contain diverse substances. These may include organic and inorganic
compounds, viruses, bacteria and toxic compounds. Therefore, applying less energy and achieving
high COD removal with minimum sludge production is of utmost priority to the water and wastewater
treatment industry. For instance, a pilot scale study of SAMBR treating high strength wastewater
(raw tannery wastewater) achieved higher COD removal efficiency up to 90% at organic loading
rate OLR of 6 g/L·day and biogas yield (0.160 L/g COD removed) [27]. The system performed
efficiently, but was strongly characterized by a high hydraulic retention time (HRT) (40 h) and as
such, high energy was expended, although the permeate flux remained at (6.8 LMH) which was
well below the critical flux (17.5 LMH) as determine in the earlier work of Hu et al. [28]. Similarly,
Fush et al. [29] reported treatment of three different high strength wastewater effluents (artificial
wastewater, animal slaughterhouse, and sauerkraut brine) using continuous stirrer tank reactor CSTR
coupled with membrane filtration units. The COD removal in all the reactors were >90% at OLR of 20 g
COD/L·day, 8 g COD/L·day and 6–8 g COD/L·day respectively. The methane yields were in the range
of 0.17–0.30, 0.20–0.34, and 0.12–0.32 Ln/g·COD fed. On the other hand, Saddoud et al. [30] showed
that an anaerobic cross-flow ultrafiltration membrane bioreactor exhibited high efficiency removal
of suspended solid (SS), biochemical oxygen demand BOD5, COD and microorganisms. It reached
>100%, 90%, 88%, and 100% respectively. Biogas production got to 30 liters per day with average of
0.27 L CH4/g·COD yield. Interestingly, this high yield of biogas was achieved at low organic loading
rate (OLR) of 2 g COD/L·day.

Most recently, the filtration performance of an AnMBR treating high strength lipid-rich wastewater
and corn-to-ethanol thin stillage was conducted by Dereli et al. [31]. The reactors delivered a high
COD removal efficiency of up to 99% under stable operating conditions with an average OLR of 8.3,
7.8, and 6.1 kg COD/m3·day. However, the permeate quality turned out to be inferior in quality with
increased in solid retention time (SRT). Table 2 present some examples of the biological and membrane
performance of different AnMBR applications for treatment of industrial wastewater. Unfortunately,
information regarding the membrane performance with respect to biogas production is quite limited
in most of the studies.

3.2. Municipal Wastewater

Effluents characterized by low organic strength and high particulate organic matter are mostly
reported as municipal wastewater [32]. The ability of AnMBRs in retaining biomass within the reactor
has made it a subject of research for municipal wastewater treatment as a possible alternative to the
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conventional anaerobic treatment process. According to Ho et al. [33], Kocadagistan and Nazmi [34],
bioreactors coupled with membranes used for the treatment of municipal wastewater (MWW) have
shown excellent effluent quality that meets the stringent discharge standards in terms of COD,
suspended solids and pathogen counts removals when compared to conventional anaerobic methods.
Moreover, the use membrane bioreactor (MBR), for anaerobic treatment of municipal wastewater in
high temperate climate is still a challenge. This is because, domestic wastewater is usually complex
in nature and characterized by high fraction of particulate organic matter. It could be in the form of
proteins, suspended solids of different origin, and fatty acids with large to moderate biodegradability
portions [35]. Based on these characteristics, operation of MWW treatment reactor under psychrophilic
temperature (<20 ◦C) might be some how difficult. Smith et al. [36] compared simulated and actual
domestic wastewater (DWW) at the bench-scale using submerged flat-sheet microfiltration membranes.
A psychrophilic temperature of 15 ◦C was set. An average removal efficiency of 92 ± 5% COD
was achieved, which corresponds to an average permeate COD of 36 ± 21 mg/L in simulated
DWW, while 69 ± 10% was realized during actual DWW treatment. However, it is obvious the
membrane in this study utilizes a lot of energy with relatively high concentration of dissolved methane.
Although previous references [37–41] have reported the performance of simulated and actual DWW
treatments, only a few of them were performed at psychrophilic temperature (15 ◦C and below).
Table 3 summarizes some studies on the use of AnMBRs for domestic wastewater treatment.

Another investigation of Smith et al. [52] showed a simulated domestic wastewater using
AnMBR at psychrophilic temperatures of 15, 12, 9, 6, and 3 ◦C. Remarkably, a total reduction of
COD > 95% was realized at a temperature of 6 ◦C. The success was attributed to viable microbial
activity in the membrane biofilm but subsequently give rise to high dissolved methane oversaturation
in permeate and consequently fell to 86% at 3 ◦C. However, decreasing temperature resulted in
increased soluble COD in the bioreactor. Thus, this signifies a reduction in suspended biomass
activity. Dolejs et al. [53] conducted a research on the effect of psychrophilic temperature shocks on a
gas-lift anaerobic membrane bioreactor (Gl-AnMBR) used for treating synthetic domestic wastewater.
The stability of the system was measured by transiting between mesophilic and psychrophilic stages
having several psychrophilic shocks (12–48 h). The result showed an average COD removal of 94 ± 2%
at mesophilic with an average methane yield of 0.19 L CH4/g COD removed (including psychrophilic
shocks). More than 80% of the influent COD accumulated in the reactor under psychrophilic in
comparison to 39% under mesophilic conditions.

A pilot scale study of anaerobic urban wastewater treatment in a submerged hollow fiber
membrane bioreactor was reported by Gimenez et al. [20]. They assessed the effect of a number
of operational variables on both biological and physical separation process performance. Mesophilic
temperature of 33 ◦C, at 70 days SRT, and HRT ranging from 20 h down to 6 h. COD removal stood
almost at 90%, with no trace of irrevocable fouling observed but yet the methane yield was very
low and this was mainly attributed to influent COD/SO4–S ratio. The work of Gouveia et al. [54]
on a pilot scale AnMBR coupled to an external ultrafiltration treating MWW also attained COD
removal efficiency of 87 ± 1% with specific methane yield of 0.18 and 0.23 Nm3 CH4/kg COD
removed at a lower temperature of 18 ± 2 ◦C. More recently, a toxicity reduction in wastewater
(synthetic wastewater) aiming at reuse possibilities was performed at relatively psychrophilic
temperature (25 ◦C) using submerged anaerobic membrane bioreactor with forward osmosis membrane
(FO-AnMBR) [55]. The FO-AnMBR process exhibited >96% removal of organic carbon, nearly 100% of
total phosphorus and 62% of ammonia-nitrogen respectively. This suggests better removal efficiency
than the conventional AnMBR. The average COD removal was 96.7% corresponding to the influent
COD concentration of 460 mg/L and a methane production of 0.21 L CH4/g COD. Thus, the system
demonstrates high feasibility of energy recovery.
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3.3. Synthetic Wastewater

Compounds such as starch, glucose, molasses, peptone, yeast, and cellulose are usually used as
synthetic substrates to test new concept of AnMBR. The results of a number of studies are summarized
in Table 4. The COD removal efficiencies of those investigations were generally >90%, with OLR less
than 10 kg COD/m3·day. Effect of HRT and SRT on treatment performance of submerged AnMBR for
synthetic low-strength wastewater reveals a total COD removal efficiencies higher than 97% at all the
operating conditions with a maximum biogas production in terms of mixed liquor volatile suspended
solid (MLVSS) removals (0.056 L CH4/g MLVSS) at infinite SRT [66]. Though increasing in OLR with
short hydraulic time HRT and long SRT boosted the methanogenic environment, but membrane fouling
was worsened due to a decrease in HRT which heightened the growth of biomass and accumulation
of soluble microbial products (SMP). The experiment performed by Jeison et al. [67] on synthetic
wastewater using submerged anaerobic membrane bioreactor showed a reversible cake layer formation
on short term basis. Additionally, cake consolidation was detected during a long-term operation at a
flux close to the critical point. Remarkably, increasing OLR from 50–60 g COD/L·day towards the end
of the operation presented high COD removal efficiency greater than 90%.

Fallah et al. [68] reported a significant COD removal of (<99%). In their studies, they considered
two hydraulic retention times (24 h and 18 h) using a MBR to remove styrene from a synthetic
wastewater having a chemical oxygen demand and styrene concentration of 1500 mg/L and 50 mg/L.
nonetheless, reduction in HRT to 18 h caused a release of extracellular polymeric substance (EPS) from
the bacterial cells that led to the rise in soluble microbial product (SMP) and sludge deflocculation.
Moreover, the dramatic rise in transmembrane pressure TMP which was operating fairly low and
constant for a number of days give rise to severe membrane fouling. This trend was attributed to
the rise in SMP concentrations and the decrease in mean floc size. Similar research was reported in
Ho et al. [69]. The HRT were varied during treatment of synthetic municipal wastewater. The permeate
quality was outstanding, irrespective of HRT differences with over 90% COD removal at HRT of
6 h. Methane produce was 0.21 to 0.22 CH4/g COD removed. Conversely, the fraction of methane
recovered from the synthetic municipal wastewater declined from 48 to 35% with the reduction of
HRT from 12 to 6 h. Subsequently, the result of the increased mixed-liquor soluble COD which was
precluded and accumulated in the AnMBR drastically affects the performance.
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4. Effect of Microbial Activity on Anaerobic Membrane Performance

During microbial activity, the concentration of volatile fatty acids (VFA) usually reflects the state of
anaerobic digestion performance, specifically in the acetogenic and methanogenic phase. According to
Wijekoon et al. [70], 85–96% of high strength molasses-based synthetic wastewater was removed as total
chemical oxygen demand (COD) at optimum organic loading rate of 8 ± 0.3 kg COD/m3·day. Though
it was at higher temperature, but biogas production of 15, 20 and 35 L/day at OLR 5.1 ± 0.1, 8.1 ± 0.3
and 12.0 ± 0.2 kg COD/m3·day respectively was achieved. It was seen from the results of the treatment,
increasing loading rate amounts to increase in hydrolytic and methanogenic activities. However, it was
also observed that the process performance reached its maximum level with continuing increase in
loading rate which subsequently reduce the biological activities of the system.

In anaerobic digestion, rapid methane formation is mostly attributed to the presence of acetic acid
and butyric acid. However, acetic acid contributes 70% of the total acidic portion. This might be due
to the fact that, all the volatile acids are converted into acetate during metabolism. The presence of
propionic acid tends to upset anaerobic digestion processes due to its toxicity among the VFAs, but this
effect could be counteracted under thermophilic conditions. The experiments of Speece et al. [71]
showed that propionic acid degradation rate to other intermediate was very poor, largely because of
lower partial pressure (H2) demand, but it also supports process start up and stabilization under strict
anaerobic conditions.

Moreover, methanogenic activity might be inhibited with propionic acid concentrations greater
than 1–2 g/L. It could also withstand acetic and butyric acid concentrations up to 10 g/L.
Ahmed et al. [72] have found that, microbial respiratory quinones are essential parts of the bacterial
respiratory chain that perform a vital role in electron transfer during the period of microbial respiration.
However, an investigation of Hiraishi et al. [73] demonstrated that alterations in microbial community
structure in a mixed culture of microbes could effectively be quantified using quinone profiles.

Recent research on the effects of temperature and temperature shock on the performance and
microbial community structure of a submerged anaerobic membrane bioreactor (SAnMBR) was
demonstrated by Gao et al. [21]. The result obtained indicates that not only the diversity, but also
the species richness of microbial populations are affected by temperature variation. It further proves
that submerged AnMBR performance under temperature shock conditions have no effect on the
COD removal ability of the reactor. The biogas production rates were 0.21 ± 0.03, 0.20 ± 0.03
and 0.21 ± 0.02 L/g COD removed. Moreover, no major change is observed in the production and
composition of biogas. Nevertheless, temporary production of biogas occurred at temperature shock
which affected the abundance and diversity of microbial populations.

According to Iranpour et al. [83], the similarities that exist among the microbial community
working under variable temperatures may be connected to the development of thermomesophiles
rather than thermophiles. During microbial activity in anaerobic digestion, the release of soluble
organic compounds called SMP in normal biomass metabolism is of great interest, not only in
terms of achieving discharge standard limits, but also in setting the lower limit for treatments [84].
The significance of SMP in all kinds of wastewater treatment is at the moment objectively well
recognized, but complications still come about in trying to measure SMP and draw conclusions when
they are present in effluents from plants treating highly complex feeds. However, researchers like
Sciener et al. [85] and Chidoba et al. [86] have studied this and conclude that large portions of the
soluble organic matter in the effluent from the biological treatment processes are actually SMP.

The work of Judd [87] and Li et al. [88] reveals that microbial activity decreases under prolonged
SRT in AnMBR. This is because microbes take a long time to degrade the inorganic matter and require
a high concentration of biomass to ensure all the organics are totally degraded. Still, the application of
high SRT is advantageous, since it favors biomass growth which is responsible for biodegradability
of organic pollutants. It also provides room for higher MLSS in AnMBR that establish starvation
conditions to achieve good quality effluent and create a low F/M ratio [89,90].
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5. Operational and Performance Parameters

5.1. Temperature

In anaerobic digestion (AD) processes, temperature is a major factor that plays an important role in
the stabilization and performance of the whole system [91,92]. Under strict anaerobic conditions, some
bacteria thrive well under psychrophilic (<25 ◦C), mesophilic (25–40 ◦C) and thermophilic (>45 ◦C)
conditions [93]. According to El-Mashad et al. [92] and Duran et al. [94], thermophilic conditions offer
more advantage in terms of specific growth and metabolic rates with comparatively less ammonia
inhibition than mesophiles. However, it could also cause higher microbial death rates, poor supernatant
quality and reduced process stability due to chronically high propionate concentrations than mesophilic
bacteria. Studies on biogas production and wastewater treatment at varying temperature such as
psychrophilic (0–20 ◦C), mesophilic (20–42 ◦C), and Thermophilic (42–75 ◦C) were well investigated
in [10,12,14,94].

The diversity and activities of microbial communities coupled with thermodynamic equilibrium
of the biochemical reactions are adversely affected by temperature [95]. It usually shifts the abundance
and activities of specific microbial populations and determines the roles of specific taxa in the AD
food chain. It all begins with substrate hydrolysis, followed by acidogenesis, then acetogenesis,
and ends with methanogenesis [96]. Study on temperature adaptation was examined by Chidoba,
1985 [86]. It was initially set at mesophilic condition (37 ◦C) and gradually switched to thermophilic
(55 ◦C). A drastic reduction in biogas production by 15% from the original state of mesophilic was
observed. This was attributed to the change in temperature along with increase in VFA to 3000 mg/L.
More detailed studies were reported by Song et al. [97] on thermophilic and mesophilic temperature
co-phase anaerobic digestions. Their examination exclusively focused on the sewage sludge using
the exchange process of digesting sludge between spatially separated mesophilic and thermophilic
digesters and compared with single-stage mesophilic and thermophilic anaerobic digestions. It was
confirmed that the system stability, effluent quality, specific methane production during single-stage
operation was greater in mesophilic than thermophilic., but volatile solids (VS) reduction and total
coliform destruction were much higher in single-stage thermophilic than mesophilic digestion.

In the past, study on the effect of temperature range between 40–64 ◦C using cow manure as the
main substrate was well studied by Angelidaki, 1994 [98]. Two different ammonia concentrations
(2.5 and 6.0 g N/L) were continuously fed to the lab-scale reactor. It was observed at some stage,
precisely (HRT 15 days); the high temperature and ammonia loading resulted in poor process
performance. Consequently, a significant change in the amount of biogas production and process
stability was seen when the ammonia load was high and temperature reduces to below 55 ◦C.

5.2. pH

Volatile fatty acid (VFA) concentration usually determines the pH of the effluent, which is
one of the influential factor in anaerobic digestion (AD) processes [99]. Different range of pH is
required for bacterial growth in AD, comprehensively between 4.0 to 8.5 [100]. However, a pH
level of 6.8 to 7.2 suitably favors methanogenic bacteria [101,102]. On the other hand, hydrolysis
and acidogenesis thrive well in the pH range between 5.5 and 6.5 [103,104]. It was also shown that,
excessively alkaline pH may result in microbial granules disintegration and subsequent failure [105].
The pH adjustment studies in [101] favorably increased methane yield. The maximum cumulative
biogas production reached 16,607 mL at pH 7.0 (0.4535 L methane/g VS). However, the yield
decreased to 6916 and 9739 mL at pH 6.0 and 8.0, equivalent to 0.1889 L methane/g VS and
0.2659 L methane/g VS, respectively.

Recent research on novel biogas-pH automation control strategy using a combined gas-liquor
phase monitoring was developed by Yu et al. [106] using an AnMBR treating high starch wastewater
COD (27.53 g/L). The biogas pH progressed with threshold between biogas production rate
>98 NmL·h−1 preventing overload and pH > 7.4 preventing under load. The OLR and the effluent COD

114



Energies 2018, 11, 1675

was doubled to 11.81 kg COD/m3·day and halved as 253.4 mg/L, respectively. In another development,
a ternary contour was performed by Mao et al. [107] to picture the pH dissimilarities in ternary buffer
system. The variation was controlled by a system composing of VFAs, ammonia and carbonate.
However, the accurate simulation of pH variation in AnMBR during methanogenesis is extremely
challenging due to enormous magnitude of electrolytes, and as such the ternary macro-quantity
buffer salts were chosen for the visualization which denotes the critical pH buffer capacity to during
methanogenic stage.

Kim et al. [104] demonstrated that one major problem faced with COD removal especially for
starch wastewater is the provision of sufficient carbonate alkalinity. The effect of high pH shocks
(pH 8.0, 9.1 and 10.0) on the performance of submerged AnMBR was well reported in [105]. It was
found that; pH 8.0 had slight influence, while pH 9.1 and 10.0 shocks have put forth vigorous impact
on biogas production, COD removal, and membrane filtration performance. In addition, colloids
and solutes accumulation in the sludge suspension further accelerates deterioration of membrane
performance. Interestingly, when neutral pH (7) was taken up again, it cost the reactor approximately
1, 6, and 30 days to recover from the previous shocks.

An experiment on the effect of mixed liquor (pH 5 and 9) in the removal of trace organics in both
acidic and basic environment was also reported in [106]. A reduction in total organic carbon TOC
and total nitrogen TN removal efficiencies was detected with ionisable trace organic contaminants.
Hence, the removal efficiencies were extremely pH dependent. Conversely, the biological performance
was favorable at near optimum pH (i.e., approximately pH 6–7) with respect to TOC and TN removal
efficiencies. As result of the differences in attainment of optimum pH by acidogenic bacteria (5.5–6.5)
and methanogens (6.5–8.2), several studies have been conducted on phase separation of acidogenesis
and methanogenesis using AnMBRs. For example, Mao et al. [107] demonstrated a two-stage reactor
configuration and optimizes each one phase as an entity. VFA accumulation was drastically reduced
and the system stability improves to the extent of forbearing greater loading rate and toxicity. Therefore,
maintenance and adherence to these features would positively escalate the chance of achieving a high
methane yield.

5.3. Effect of OLR

The amount of volatile solids VS fed to a bioreactor at an interval of time under continuous
operation is termed as the OLR. Under normal operating conditions, it is expected that an increase in
organic loading rate would also increase the quantity of biogas. AnMBR processes have the advantage
of tolerating changes in organic loading similar to tolerance to fluctuations in temperature. Organic
loadings ranging from 0.5 to 12.5 kg/m3·day was applied to AnMBR for the treatment of domestic
wastewater. The system achieved 97% (COD) removal with less than 20 mg/L effluent COD [108]. In a
similar experiment by Vincent et al. [109], less than 50 mg/L soluble COD in the effluent was obtained
at organic loading rate 0.25 kg/m3·day and 0.7 kg/m3·day using AnMBR. This is not the case in the
work of Qiao et al. [110]. The system exhibited very poor effluent quality after a long HRT. Study of the
performance of AnMBR by Yingyu et al. [111] showed that biogas yield rose linearly with increasing
organic loading. A similar trend was observed by Wijekoon et al. [70] using a two-stage thermophilic
AnMBR with continuous increasing loading rate from 5 to 12 kg COD/m3·day. Bornare et al. [112]
achieved biogas production increased from 159 to 289 L/day, but they observed a decreased in yield
from 0.48 to 0.42 L biogas/g CODremoved when OLR was increased from 0.62 to 1.32 kg COD/m3·day.
However, Dereli et al. [113] indicated that OLR could not be an independent parameter and therefore
should be assessed along with SRT.

High performance integrated anaerobic–aerobic fixed-film pilot-scale reactor with an arranged
media for treating slaughter house wastewater showed a removal efficiency of 93% at OLR of 0.77 kg
COD with methane yield of 0.38 m3 CH4/kg COD [114]. High mixing as a result of system integration
causes low extension of the anaerobic process and consequently affects the methanogenic activities.
A fact known to most researchers in the field of anaerobic digestion is that an increase in OLR
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could result in excessive VFA formation which may inhibit microbial activities and deteriorate the
system. For example, the research of Saddoud et al. [115] confirms that accumulation of VFA was the
main reason for methanogenic inhibition, thus, resulting in a decrease in methane yield at OLR of
16.3 kg COD/m3 in one-phase AnMBR. To counteract this effect, they proposed the use of a two-stage
AnMBR coupled with an anaerobic filter as acidogenic reactor while a jet flow AnMBR was used as
methanogenic reactor at high OLR and realized a substantial improvement in biogas production in
the subsequent stage. Jeison et al. [116] presented removal efficiency below 50% using continuous
stirrer tank reactor CSTR fed with acidified and partially acidified substrate. Even though the organic
loading rates reached 10–17 kg COD/m3·day, the low removal efficiency might be connected to
soluble microbial product level within the AnMBR and these could cause irreversible pore fouling in
the membranes.

5.4. Effect of HRT and SRT

Operational parameters such as hydraulic retention time (HRT) and solid retention time (SRT) are
two factors that play a vital role in the treatment performance of AnMBRs. A study by Mei et al. [61]
demonstrated using submerged anaerobic membrane bioreactors (SAnMBRs). SRTs of 30, 60 and
infinite and HRT of 12, 10 and 8 h were used. A total COD removal efficiency >97% was observed
at all operating conditions. Biogas production rate reached 0.056 L CH4/g MLVSS day at an infinite
SRT. However membrane fouling occurred as a result of shorter HRT and infinite SRT. It was also seen
that, longer SRT was the main cause of higher SMP production. The presence of SMP subsequently
introduces more nutrients onto the membrane surface that caused the blockage of the pores and
enhanced biocake formation. Dong et al. [117] reported the influence of SRT and HRT on bioprocess
performance of pilot and bench scale AnMBRs using municipal wastewater as substrate. The SRT
and HRT applied were 40–10 day and 2.5 to 8.5 h. A good permeate quality with COD concentration
(40 mg/L) and BOD5 (10 mg/L) was observed in all conditions. The range of values tested for SRT and
HRT have not considerably interfered with COD and BOD5 removal efficiencies. Moreover prolonged
SRTs caused a reduced sludge production and increase methane yield.

Similarly, in the research of Ozgun et al. [65], reduction in permeate COD concentrations
from 16.5 to 5 mg/L resulted in an increased methane yield from 0.12 to 0.25 L CH4/g COD.
The improvement in the quality of effluent and the methane was attributed to prolonged SRT from
30 days to infinite. Salazar et al. [39] and Hu et al. [28] revealed a permeate COD concentration increase
from 10 to 50 mg/L with decreasing HRT. However, Liao et al. [35] strongly suggested that, lower HRTs
give room for shorter contact time between microorganisms and substrate and therefore might pave
way for a part of influent COD leaving the reactor without proper treatment. One very important
aspect of AnMBRs is the enabling environment that allows SRT to be completely independent from
HRT irrespective of the sludge properties. Conversely, experience and frequent practice shows that
longer SRTs operation yield more quantities of biogas. This is because any reduction in the SRT may
decrease the extent of reactions required for stable digestion. For instance Huang et al. [66] clearly
reported a methane yield of (0.670 ± 0.203 L CH4/day), (0.906 ± 0.357 L CH4/day), (1.290 ± 0.267 L
CH4/day) at longer SRT of 30, 60, and infinite days respectively. Therefore, it is apparent that,
longer SRT in AnMBRs operations give room for minimal sludge production, and hence cuts disposal
cost significantly. Based on the studies on the effects of HRT and SRT conducted so far, it could be seen
that prolonging HRT may result in inadequate utilization of AnMBRs’ volume and its reduction may
lead to rapid VFA accumulation which may hinder methanogenic activities. Prolonged SRT might also
result to membrane fouling. It could also encourage the release of soluble microbial products (SMP) as
well as rapid cake formation and excessive decline in flux.

6. Inhibitors

Inhibitory substances are the primary cause of disparity in anaerobic reactors. This might also lead
to entire failure of the digestion processes when the concentration is beyond tolerable limits. Anaerobic
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digestion usually presents different variations in the level of inhibition and toxicity. Mechanisms
such as synergism, acclimation, and complexity substrate could considerably upset the phenomenon
of inhibition. Nevertheless, bioreactor failures are regularly reported as the result of high ammonia
inhibition which directly affects the microbial activity [118].

Kayhanian et al. [119], reported ammonia as one of the inhibitory substances found in anaerobic
digestion. It is mainly as a result of biological degradation of nitrogenous matter in the form of
proteins and urea. Inorganic ammonia nitrogen like ammonium ion NH4

+ and free ammonia (FA) are
usually found in aqueous form. FA is considered as the primary cause of inhibition since it is freely
membrane-permeable [120,121]. Calli et al. [122] reveal an apparent COD removal of 78–96% in a
study of the effect of high free ammonia concentrations in synthetic wastewater using UASB reactor.
The reactor was fed at OLR of 1.2 kg COD m3/day with total ammonia nitrogen concentration total
ammonia nitrogen (TAN) increasing from 1000 to 6000 mg/L. However, Tchobanoglous et al. [123]
showed that, the accumulation of propionic acid along with reduction in eubacterial suggest a
sensitivity of propionate degrading acetogenic bacteria to free ammonia than methanogenic archaea.
A theoretical stoichiometric relationship of estimating the quantity of ammonia that could be generated
from organic substrate in anaerobic biodegradation is shown in Equation (1):

CaHbOcNd + ((4a − b − 2c + 3d)/4)H2O → ((4a + b − 2c − 3d)/8)CH4 + ((4a − b + 2c + 3d)/8)CO2 + dNH3 (1)

According to Kayhanian [124], methanogens are the most sensitive to ammonia inhibition among
the four bacteria types that exist in anaerobic digestion processes. The effect might even cause the
bacteria to cease to grow. Study on the effects of ammonia on propionate degradation and microbial
community in bioreactors showed that, using propionate as a sole carbon source result to reactor failure
after four hydraulic retention times [125]. A total ammonia nitrogen (TAN) concentration of 2.5 g NL−1

at OLR of 0.8 g propionic acid (HPr)/L·day were observed and 95% of the degraded HPr was converted
to methane. On the average, the degradation rate of HPr is below 53%, likewise an average of 74%
and 99% HPr degradation and methane recovery rates was also recorded during the last HRT. Thus,
these behaviors demonstrate an alteration of the microbial community. Frequent maintenance, change
in intracellular pH of methanogens and inhibition of a specific enzyme reactions are some of the
numerous suggested pathways for overcoming ammonia inhibition. Thorough understanding of
the ammonia toxicity occurrence which ammonia may affect methanogenic bacteria is not readily
available but, is the few available studies with unadulterated cultures this was revealed to influence
the treatment in two ways: (i) direct inhibition of methane- producing enzymes by ammonium ion
and/or (ii) the hydrophobic nature of ammonia molecules which may diffuse passively into bacterial
cells causing proton imbalance [126].

Another important anaerobic digestion inhibiting parameter is sulfate. Sulfate is a common
constituent of many industrial wastewaters that is converted in to sulfide by the sulfate-reducing
bacteria (SRB) [127]. Major SRB includes complete and incomplete oxidizers. Complete oxidizers
convert acetate to CO2 and HCO3

− completely. Compounds such as lactate are reduced to acetate
and CO2 by incomplete oxidizers. Furthermore, primary and secondary inhibitions are the two stages
that exist during sulfate reduction [128]. Methane production is suppressed by primary inhibitors as a
result of competition for common organic and inorganic substrate by the SBR, but secondary inhibition
is caused by various bacterial groups due to the toxicity of sulfide [129,130].

7. Membrane Fouling

Membrane fouling is the result of gradual accumulation of suspended solids (SS) and dissolved
solids (DS) mostly in the form of fats, oil and grease onto the surface of the membrane [131].
Mechanisms that propel fouling occur via: (1) deposition of sludge flocs onto the surface, (2) adsorption
of solutes within the membrane, (3) surface cake layer formation, and (4) the shear force that exists
between membrane surface, soluble microbial products (SMPs) and extracellular polymeric substances
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(EPS) [132]. The surface blockage or clogging phenomenon is always attributed to the type of
membrane itself, biomass and operating conditions. Fouling due to the membrane itself could
be attributed to the nature of the material, configuration, hydrophobicity, porosity and pore size
of the membrane [8]. Moreover, biomass characteristic such as MLSS, EPS or SMP, flock structure
and dissolved matter contribute immensely to causing fouling [4]. Conditions at which membrane
bioreactor operates might also increase fouling if not properly monitored. Other factors like cross
flow velocity, HRT or SRT, aeration and transmembrane pressure could also contribute significantly to
fouling [133].

Zhang et al. [134] further revealed that, the use of adsorbent/flocculants in (AnMBR) could
rarely overcome the effect of fouling completely. However, their research revealed that, among the
combination of eight additives (three powdered activated carbon PACs, two granular activated carbons,
one cationic polymer, and two metal salts), 400 mg/L of PAC was able to reduce transmembrane
pressure rise from 0.94 to 0.06 kPa/h. This outcome signified an outstanding fouling reduction
technique. Still, the effect of increasing in OLR and reduction of HRT (24–18 h) is clearly confirmed
as the main factor responsible for severe membrane fouling, but research by Jeison et al. [67] showed
that, extracellular polymeric compounds (EPS) from microbial cells was responsible for the release
of SMP and a drastic increase in TMP during the long term operation that led to the occurrence of
fouling. Filtration performance of membrane bioreactors is largely dependent on the mixed liquor
suspended solids. In the experiments performed by Meng et al. [135], filtration resistance including
membrane resistance (12%), cake resistance (80%), blocking and irremovable fouling resistance (8%),
depicts that the formation of cake layer is the main cause of membrane fouling. Lee et al. [136] pointed
out that cake layers are not uniformly distributed on the entire surface of all of the membrane fibers.
It could be wholly covered by a static sludge cake that could not be removed by the sheer force due
to aeration, and partially by a thin sludge film that might frequently washed away due to aeration
turbulence. A study of Jeison [67] concluded that cake layer formation could be removed despite
longer operation period (>200 days). However, during these periods, cake consolidation was seen
close to the critical flux. A normal backwashing cycle was unable to remove the consolidated cake and
as such physical external treatment was applied. Similarly, Cho et al. [131] and Di-Bella et al. [137]
showed that cake layer formations on AnMBRs coupled with external aeration zone could easily be
removed. This study suggest that AnMBRs operating with aerobic zones external to the membrane
module could achieve higher cake layer removal as compared to cake layer formed on membrane
embedded within an anaerobic bioreactor.

8. Conclusions

They has been a quite significant development of technologies towards meeting the stringent
environmental regulatory discharge requirements and biogas production. These can be seen in
the manner, in which MBRs are configured, variations of operational parameters, and the different
techniques adopted towards provision of the basic living conditions for microorganisms to strive.
However, membrane lifespan is still the main concern of stakeholders in the water and wastewater
treatment industries. The efficiency of physical, chemical and biological methods of reversing fouling
on membrane surface is being exploited. Though physical and chemical methods have been sufficient,
the disadvantages are huge. A lot of energy is consumed during aeration and considerable amount
of chemicals are utilized which does not favor the players in this field with regards to cost and
environmentally-wise. Research is still ongoing on the most economical biological methods of
producing quality effluent and biogas production using AnMBRs, and future studies should take in to
account the following factors:

1. Food to microorganism F/M ratio interaction and HRT of bioreactors operating at thermophilic,
mesophilic or psychrophilic temperature. These will offer more information on biogas production
and effluent quality.
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2. Provision of lining or rough surfaces within the bioreactor (biofilm) would facilitate the retention
of large microbial populations preventing them from exiting the reactor along with the effluent if
shorter HRT is to be used.

3. If the purpose of the treatment is to meet discharge standard limits, and subsequently discharge
the effluent to water bodies, then the use of microfiltration should be encouraged rather than
ultrafiltration. This is because; smaller size membrane surface area would require more energy
for water to pass through and as such applying ultrafiltration for such treatment would be costly.
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Abstract: Production of bioenergy by the fermentation reaction is gaining attraction due to its easy
operation and the wide feedstock selection. Anaerobic fermentation of organic waste materials
is generally considered a cost-effective and proven technology, allowing simultaneous waste
management and energy production. Small-scale biogas plants are widely and increasingly used
to transform waste into gas through anaerobic fermentation of organic materials in the developing
world. In this research, the quality of biogas produced in small-scale biogas plants was evaluated,
as it has a direct effect on its use (as fuel for biogas cookers), as well as being able to influence a
decision making process over purchasing such technology. Biogas composition was measured with
a multifunctional portable gas analyser at 107 small-scale biogas plants. Complementary data at
household level were collected via the questionnaire survey with the owners of biogas plants (n = 107).
The average daily biogas production equals 0.499 m3, not covering the demand of rural households
which are using other sources of energy as well. Related to the biogas composition, the mean content
of methane (CH4) was 65.44% and carbon dioxide (CO2) was 29.31% in the case of biogas plants
younger than five years; and CH4 was 64.57% and CO2 was 29.93% for biogas plants older than five
years. Focusing on the age of small-scale biogas plants there are no, or only minor, differences among
tested values. In conclusion, the small-scale biogas plants are sustaining a stable level of biogas
quality during their life-span.

Keywords: anaerobic digestion; methane; carbon dioxide; small-scale biogas plants; developing countries

1. Introduction

In developing countries, environmental pollution and access to energy sources still represent
challenges, especially in relation to human and environmental health and economic development [1].
Energy influences the status and pace of development; hence, a current challenge for the developing
world lies in the available supply of affordable and sustainable eco-friendly renewable energy
(SDG 7) [2]. Energy poverty is exhibited by a lack of access to electricity and clean cooking facilities,
which are two elements that are essential to meeting basic human needs [3]. Therefore, bioenergy
production by fermentation reaction is gaining attraction due to its easy operation and a wide selection
of organic wastes feedstock [4]. Anaerobic fermentation of organic materials is generally considered as
a major cost-effective and matured technology [5] with its dual benefits as a waste management tool
and simultaneous energy production [6]. Small-scale biogas plants are widely and increasingly used
to transform waste into valuable gas in the developing world [7,8] and may represent an economically
feasible technology [9,10], which is producing biogas as a main product and simultaneously producing
digestate (which may be used as fertilizer) as a by-product through waste degradation [9,11].
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There are many factors affecting household energy consumption (as well as CO2 emissions),
such as socio-economic factors, household characteristics and geographic factors [12].

The small-scale biogas plants also create a number of indirect environmental, economic, and
societal benefits, such as a reduction in deforestation, fewer hours devoted to fuelwood collection
or savings on fuelwood/fossil fuels purchasing, decreasing the need to purchase propane for
cooking, the creation of jobs, the decrease of organic matter in effluent waters, the decrease of odour,
the production of less indoor smoke than other fuels, the production of digestate as a fertilizer
and a reduction in greenhouse gas emissions into the atmosphere, if used appropriately [6,7,13–15].
According to Zhang et al. [12] biogas households indicate having over 50% lower greenhouse
gas emissions than non-biogas households. Due to above-mentioned benefits, small-scale biogas
technology has been widely promoted and financially supported by governments and development
aid donors in Asia, including Vietnam [13] Long-term, stable running and maintenance are key points
to maximize the benefits of small-scale biogas plant [13,16]. However, if these key points are not met,
the benefits of this technology may be compromised [5,13,17].

In comparison to other forms of renewable energy (solar energy, biodiesel, bioethanol,
wind energy, etc.) biogas production through small-scale biogas plants is relatively simple,
decentralised, and can operate under various conditions in tropical regions, such as Southeast
Asia, particularly Vietnam. The most common feedstock material is animal dung or human faeces,
as it is usually the most problematic waste material in terms of waste management for rural
households [18]. An important advantage of small-scale biogas technology and one of the main
reasons for the government support is that the technology is a cost-effective method of reducing
greenhouse gas emissions and odours from animal manure, if used properly [13,19]. The biogas
produced is mainly used for cooking, heating and lighting, therefore replacing energy sources such
as fuelwood, dried dung, coal, or liquid petroleum gas (LPG), commonly used for these purposes
in rural households [5,9,13]. It is always difficult to adopt new and unknown digester technology
within households. Therefore, recommendations for various models implemented within the country
are needed. The design of the biogas plants varies based on geographical locations, availability of
feedstock and climatic conditions. The most common types of feedstock for chosen Asian countries can
be seen in Table 1. In Asia, the fixed dome model is the most commonly used [5,16]. However, there are
two exceptions—Indonesia, where various models were applied according to the regions and islands,
and India with a prevailing number of the floating drum model followed by the fixed dome [20].

Table 1. Most common feedstock for small-scale biogas plants in selected Asian countries.

Country Most Common Feedstock Reference

Vietnam Pig manure [7,21]
Cambodia Combination of pig manure and cow manure [22]

Bangladesh Cow and buffaloes manure [5,23]
Laos Cow manure [24]

Nepal Cow manure [25]
India Livestock manure [26]

Indonesia Cow manure [27,28]

In Vietnam, anaerobic digestion of animal manure has already been practiced since the 1960s [7,10].
Since then its popularity has grown, mainly due to the promotion of this technology by the government
and international organizations, e.g., SNV (Netherland Development Organization). The Ministry of
Agriculture and Rural Development of Vietnam (MARD), together with SNV (using 10% government
subsidy for support of capital costs of small-scale biogas technology), installed between 2003 and
2013 over 200,000 small-scale biogas plants [5,29]. The follow-up biogas programme by SNV and
MARD aimed to build 140,000 biogas digesters between 2006 and 2011. The current number of
small-scale biogas plants in Vietnam is more than 500,000 [30]. The target was reached, and digesters
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serve over 600,000 people with cooking fuel with CO2 savings of around 260,000 tons per year [31].
However, in Vietnam, the biogas technology is still far below its potential for utilizing available
livestock and agricultural wastes [30].

As the small-scale biogas technology is one of the fastest growing and highly promising renewable
energy sources, mainly for rural households, the main objective of this paper is to evaluate the quality
of biogas produced in the small-scale biogas plants installed in central Vietnam in terms of chemical
and physical parameters in relation to the age of installed biogas plants. The quality of biogas has
a direct effect on its use (as fuel for biogas cookers), which may, in return, influence an individual
decision of purchasing such a technology. Furthermore, biogas quality evaluation is needed to provide
sufficient information for authorities to have their future policy decisions well supported.

2. Materials and Methods

The research was carried out in two districts, Huong Tra and Phong Dien, Thua Thien Hue
Province, in Central Vietnam (Figure 1). Huong Tra is a rural district in the northern part of the
central coast of Vietnam with a population of over 115,000 inhabitants covering an area of 521 km2.
The district is located on the northern outskirts of Hue (provincial city of Thua Thien Hue province)
and can, therefore, be considered as a peri-urban area. Phong Dien has a population over 105,000
inhabitants and covers an area of 954 km2. The district has a varied topography with mountains,
plains, and coastline.

 
Figure 1. Thua Thien Hue province and the target area.

2.1. Description of Biogas Technology in Target Area

The study was done on two types of small-scale biogas plants, specifically KT1 (Figure 2a) and
KT2 (Figure 2b). Both types are predominant in the target area. Both types are varieties of the Chinese
fixed dome, where KT1 is an appropriate type for a good structure of soil to be easily excavated.
KT2 is used in places where soil excavation is difficult or where high levels of groundwater or floods
are reported. Both types are unheated and usually built underground, in order to minimize the
temperature fluctuations and for space saving reasons. The digester is filled in through the inlet tank
and the inlet pipe. The produced biogas is accumulated at the upper part of the digester and the
difference between the slurry inside the digester and the digestate in the compensation tank creates
a gas pressure. The slurry flows back into the digester from the compensation tank after the gas is
released through the gas pipe. Both types and their potential problems are described in detail in the
study by [21]. The Vietnamese small-scale biogas plants operate at the temperature of the surrounding
soil as they are built underground. The time of the year significantly influences temperatures in the
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air, the slurry mixing tank, the soil, and the digesters. The average summer temperatures in Central
Vietnam are around 34 ◦C (mesophilic conditions), creating a suitable environment for the bacterial
fermentation; however, during winter time the temperature is in the range of 15–25 ◦C, which might
cause lower biogas production [9,32].

 
(a) 

 
(b) 

Figure 2. (a) Small-scale biogas plant—fixed dome model (KT1). Reprinted from [21]. (b) Small-scale
biogas plant—fixed dome model (KT2). Reprinted from [21].

2.2. Data Collection—Questionnaire Survey

The questionnaire survey was carried out with the owners of small-scale biogas plants from June
to July 2013. Biogas plants were randomly selected from recipients of government subsidies (n = 107;
corresponding to 20% share of total subsidy recipients in the area) listed by the local unit of the Ministry
of Agriculture and Rural Development. The recipients were, at the same time, beneficiaries of one
of two running projects on building small-scale biogas plants—one supported by the SNV, the other
one by the Czech Development Agency (CzDA). The questionnaire included nine questions (Table 2).
Furthermore, the data results were cross-checked with the local facilitators during field trips in July
and August 2016 in order to increase their validity and reliability.

Table 2. Overview of variables in the questionnaire.

Variable Type of the Question Value Unit

Capacity of the digester Close-ended question No. m3

Investor of the construction Close-ended question SNV/CzDA -
Digester type Close-ended question KT1/KT2 -

Digester connection to the toilet Open-ended question - -
Animal stable Open-ended question - -

Feedstock materials for the BGP Open-ended question - -
No. of animals Open-ended question No. Heads

No. of other applications powered by biogas Open-ended question No. -
Digestate practices Open-ended question - -

130



Energies 2018, 11, 1794

2.3. Data Collection—Biogas Composition

There are many analytical methods for biogas quality evaluation based on its final use [33] From
the technical point of view, the most important parameter is the content of the potentially corrosive
components (oxygen, hydrogen, water, carbon dioxide, hydrogen sulphide, and chlorine and fluorine
compounds) [34,35]. Biogas composition was measured using a GA5000 multifunctional portable gas
analyser (Geotech, Leamington Spa, UK), which is adapted to measurements of CH4, CO2, O2, H2, and
H2S with the following measurement accuracy of: CH4 (0–70 vol % ± 0.5%), CH4 (70–100 vol % ± 1.5%),
CO2 (0–60 vol % ± 0.5%), CO2 (60–100 vol % ± 1.5%), O2 (0–25 vol % ± 1.0%), H2S (0–5000
ppm ± 2.0%), and H2S (0–10,000 ppm ± 5.0%). For measurements of media (CH4/CO2) a
dual-wavelength infrared sensor was used, for O2/H2S an internal electrochemical sensor was used.
The measurements were taken upstream of the H2S filter to eliminate measurement inaccuracies.
Obtained values are the mean of three measurements in the interval of one hour at each biogas plant.
Calorific values were set as the quantity of heat produced by complete combustion of a unit of a
combustible compound. In total, the measurements were taken in 81 KT1 small-scale biogas plants and
26 KT2 small-scale biogas plants at districts Huong Tra (n = 49) and Phong Dien (n = 58), Thua Thien
Hue Province.

2.4. Data Analysis

The collected data were categorized, coded, and analysed with descriptive and inferential statistics
using the SPSS version 18. Effects of variables such as type of biogas plant, age of the biogas plant,
and size of the biogas plant on biogas composition were analysed by the analysis of covariance
model. Dummy variables included the type of biogas plant (KT1 and KT2), the age of the biogas plant
(>5 years old and <5 years old), and a continuous variable of the size of the biogas plants (m3).

Yi = α + βx1 + γ1Di1 + γ2Di2 + εi (1)

Yi = Biogas composition;
α = Intercept;
x1 = Biogas plant size (m3);
Di1 = Biogas plant types (Di1 = 1 = KT2; Di1 = 0 = KT1);
Di2 = Biogas plant age (Di2 = 1 5 years; Di1 = 0 ≥ 5 years);
β = Regression coefficient of biogas plant size on biogas composition;
γ1 = The difference of biogas composition between KT2 and KT1;
γ2 = The difference of biogas composition between <5 year and ≥5 year old biogas plants; and
εi = Error term.

3. Results and Discussion

3.1. Feedstock Used for Biogas Production

The majority of respondents (90%) are farmers producing mainly rice. However, many of them
are also involved in additional off-farm activities, such as trade, rice noodle production, and rice wine
production. All questioned households use pig slurry as their main feedstock for biogas plants and,
in all cases, pigs were housed in concrete pigpens (with a concrete floor). Feedstock manure from
other animals (65%) is also used as an additive within the surveyed households. This included chicken
manure (29%) and human excreta (36%) (Figure 3). These additives are added if they are available in
sufficient quantities. In every household, the pigpen is connected directly to the biogas plant, and in
37% of cases toilet outflows are connected to the biogas plant as well. Only in one case was a chicken
shed was connected to the biogas plant; in the rest of cases the chicken manure is put in the digester
inlet manually. Generally, the feedstock input was unified as biogas owners were recipients of one of
two running projects on building small-scale biogas plants and there were criteria on the necessary

131



Energies 2018, 11, 1794

number of pigs. In addition, further details regarding manure management practices of small-scale
farmers in Vietnam can be seen in our previous study [6].
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Figure 3. Feedstock used for biogas production (Multiple choices were possible) (n = 107).

3.2. Use of Products of Small-Scale Biogas Technology within the Rural Households in Central Vietnam

Small-scale biogas plants have been applied as an optimal livestock waste treatment in Vietnam
since the 1960s and, although the history of this technology is rather old, the number of the constructed
biogas plants is still limited. With the current number of units around 500,000 [5,23] it is still far
below the real demand on livestock waste treatment [10,36] that has increased significantly in the last
decade [7]. The primary use of biogas is for cooking [21]. However, it could also be used for lighting in
remote areas where electrification is limited [29]. Furthermore, biogas plants produce residue from
the process in the form of digestate, which can be applied as organic fertilizer to enhance agriculture
production [10,17]. On a daily basis, a minimum of 20 kg of organic waste is required to operate the
smallest biogas plants (4 m3) in the area. Therefore, there is a required number (five growing pigs)
of pigs (manure, respectively) to meet the feedstock needs of these plants. This quota is usually met,
as the average number of animals in the area is 13–14 piglets and 2–3 sows [6,21].

3.2.1. Biogas for Cooking and Water Boiling

In developing countries, biogas produced from the household biogas plants is used mainly for
cooking [29]. This is also applied to the present study, where 100% of households use biogas primarily
for cooking, with an average time of 2.8 h/day. Biogas is usually used primarily for household
cooking and boiling water and, afterwards, for cooking of feed for pigs. An average daily production
of biogas is 0.499 m3 (±0.086). Such an amount used for cooking purposes may represent about
8–10 m3 and 96–120 m3 of biogas per month and year, respectively. However, according to the study
by [37], the biogas volume needed for a typical farming household of six people is 0.8 to 1 m3 per day.
This difference between average daily biogas productions could be explained by [38], as he states that
the fixed dome biogas digesters can annually leak around 55% of CH4 and the production of biogas is
also dependent on the temperature of the feedstock. Therefore, the majority of respondents (60%) are
still using additional energy sources in form of LPG and/or electricity (for cooking rice in rice cookers)
and fuelwood (usually only for cooking of feed for animals).

3.2.2. Biogas for Lightning and Power Generation

The other major possible application of biogas may be for lighting and power generation.
Biogas lamps are more efficient than kerosene-powered lamps, but their efficiency is quite low
compared to electric-powered lamps [18]. In addition, electricity is now widely available in Vietnam;
therefore, use of biogas lamps is very occasional. In the case of our respondents, less than 10% were
using biogas lamps. Farmers usually prefer biogas for cooking instead of lighting; also, from the reason
that 1 m3 of biogas is equal to lighting of 60–100 watt bulbs for around 6 h, or cooking 2–3 meals a day
for 5–6 persons. As observed during interviews with the farmers, power generation is favoured when
farmers have an abundance of biogas. In that case, they purchase a combustion engine, which converts
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biogas into the mechanical energy in a heat engine and, consequently, the mechanical energy activates
a generator to produce electrical power.

3.2.3. Digestate

The residue remaining after treatment (anaerobic digestion) in the biogas plant is called digestate.
The use of digestate as a fertilizer is considered beneficial since it provides nutrients (N, P, K) which are
easily accessible to plants. Digestate can be applied directly through the overflow outlet or manually.
Another option is through pre-treatment (e.g., drying) before application. However, this possibility
is used only sporadically. The most common practice is the usage of the digestate directly to the
surrounding household home gardens and use of mainly solid parts of digestate as a crop fertilizer
for rice. Another way of usage (especially of liquid manure and slurry) is partly limited by a long
distance between the biogas plant location and the rice field. In 25% of cases, farmers use digestate
as a fertilizer for vegetable and home-garden, which is a very popular way because of its simplicity
and convenience for the farmers. Study also showed that usage of digestate for fish feeding is still
not adopted in this area, as none of the respondents used digestate for such purpose even though its
benefits were proven in the study by [39] focused on pig-biogas-fish systems.

3.3. Biogas Composition in Various Types of Small-Scale Biogas Plant (KT1 and KT2)

The performance of two models of biogas plants (KT1 and KT2) was observed in order to show the
differences between these two types. It was revealed that the KT2 digester has demonstrated a slightly
higher production of CH4 (66.23%) and, at the same time, lower production of carbon dioxide (28.27%)
(Table 3). Furthermore, slight differences might be seen among other variables, such as content of O2,
NH3, or H2S (Figure 4). Nitrogen, hydrogen, and water vapour were collectively marked as NHW,
where slight differences were also recognized. However, factors, such as organic input, or maintenance
might be the cause of these discrepancies. Furthermore, Table 4 shows a comprehensive review of
biogas composition from small-scale biogas plants reported by other studies from developing countries.
As is shown, CH4 varies from 50% to 75%, and CO2 from 25% to 50%. Other elements (N2, CO, O2,
and H2S) are below 2% in general and, respectively, 1% in case of H2.

Table 3. Biogas composition according to the type of biogas plant, KT1 (n = 83) and KT2 (n = 24).

Variable Type of Biogas Plant Mean
95% Confidence Interval

Lower Bound Upper Bound

CH4 (vol %)
KT1 63.79 62.94 64.63
KT2 66.23 64.70 67.76

CO2 (vol %)
KT1 30.97 30.04 31.89
KT2 28.27 26.59 29.94

NH3 (vol %)
KT1 0.05 0.04 0.05
KT2 0.04 0.03 0.05

H2S (vol %)
KT1 0.10 0.07 0.14
KT2 0.16 0.09 0.22

CH:CO2 index
KT1 2.14 2.02 2.25
KT2 2.24 2.03 2.44

Calorific value (MJ/m3)
KT1 21.60 21.31 21.89
KT2 22.36 21.84 22.88
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Figure 4. Performance of two models of biogas plants.

There is also the need to take into consideration the substances that can cause operation difficulties
(dust, oils, and siloxanes) [33]. For the purposes of this study, another biogas quality indicator
represented by methane and carbon dioxide index (CH4:CO2) was set up. This parameter characterises
the relation between the content of CH4 and CO2 as two major substances influencing the final quality
of biogas. From this point of view, a higher index means a higher quality of biogas.

Table 4. Biogas composition from small-scale biogas plants recognized in previous studies.

Feedstock
CH4

(vol %)
CO2

(vol %)
N2

(vol %)
CO

(vol %)
O2

(vol %)
H2

(vol %)
H2S

(vol %)
Type of BGP Country Reference

Animal
wastewater 61–72 - - - - - 0.0043–0.0084 Tubular PVC Costa Rica [40]

Livestock
manure 64 34 1.05 0.3 - 0.6 0.05 Floating dome Pakistan [8]

Livestock
manure 56.2 39.51 - 1.91 - - 1.84 Laboratory

conditions Nigeria [41]

Livestock
manure 50–75 25–45 <2 - <2 <1 <1 Not specified Developing

countries [42]

Livestock
manure 60 35–40 - - - - - Not specified Malaysia [28]

Organic
waste 50–75 25–50 - - - - - Not specified Developing

countries [43]

Organic
waste 60 - - - - - - Fixed dome Sub-Saharan

Africa [44]

Generalized
values 50–75 25–50 <2 <2 <2 <1 <2 - - -

All surveyed small-scale biogas plants (n = 107) showed in the average content of methane (CH4)
in biogas of 64.57% (±2.85) and the carbon dioxide (CO2) of 30.20% (±3.10). The average presence
of NH3 was 0.05% (±0.02) and the presence of H2S of 0.25% (±0.12). The average value of CH4:CO2

index was 2.20 (±0.35). The average calorific value of biogas produced by plants was 21.83 MJ/m3

(±0.96), which corresponds with the typical value of 21–24 MJ/m3 [42].

3.4. Biogas Composition According to Various Ages of Small-Scale Biogas Plants

The results presented in Table 5 is uncovering differences between small-scale biogas plants
younger than five years and older than five years and its effect on various aspects of biogas quality.
However, as shown in Table 5, there are no, or only minor, differences among tested values. This
fact leads us to the conclusion that small-scale biogas plants using pig slurry as a main feedstock are
sustaining a stable level of biogas quality during their life-span. Especially for the main indicators,
which are volume of CH4 in biogas, CH4:CO2 index and calorific value of biogas.
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Table 5. Biogas composition from small-scale biogas plants younger than five years (n = 82) and older
than five years (n = 25).

Variable

Small-Scale Biogas Plants Younger than Five Years Small-Scale Biogas Plants Older than Five Years

Mean
95% Confidence Interval

Mean
95% Confidence Interval

Lower Bound Upper Bound Lower Bound Upper Bound

CH4 (vol %) 65.44 64.58 66.30 64.57 63.05 66.09
CO2 (vol %) 29.31 28.37 32.25 29.93 28.27 31.58
NH3 (vol %) 0.04 0.04 0.05 0.04 0.03 0.05
H2S (vol %) 0.12 0.08 0.16 0.14 0.07 0.20

CH4:CO2 index 2.26 2.14 2.38 2.12 1.91 2.32
Calorific value (MJ/m3) 22.08 21.79 22.39 21.87 21.36 22.39

3.5. Biogas Composition as Affected by Type, Age, and Capacity of the Biogas Plant

There was an effort to identify the factors that fundamentally influence the biogas quality (Table 6),
therefore, the effects of variables of the type of biogas plant, the age of the biogas plants, and the size of
the biogas plants on biogas composition were analysed. Firstly, the age of the biogas plant was tested
as a relevant factor potentially influencing various aspects of the biogas quality. As demonstrated in
Table 6, all biogas composition factors (including amounts of CH4, CO2, NH3, H2S, CH4:CO2 index, and
calorific value) were not significantly affected by the age of biogas plant (p > 0.05). Secondly, the type of
the biogas plant was tested as a relevant factor, using KT1 and KT2 models for comparison. As shown
in Table 6, CH4, CO2, and calorific value were recognized as significantly influenced by the type
of biogas plant (p < 0.01). The results show that KT2 model demonstrated a higher percentage of
CH4 and, consequently, a higher calorific value and a lower percentage of CO2 of produced biogas.
Another factor under the examination was the digester capacity (size). The results show different CH4

contents, CH4:CO2 index values, and calorific values according to the digester capacity (size).

Table 6. Biogas composition as affected by type, age, and capacity of the biogas plant.

Dependent Variable Parameter Coefficient Std. Error t-Value p

CH4 (vol %)

Intercept 62.02 1.92 32.32 0.00
Type of digester a −2.44 0.82 −2.99 0.00

Age b 0.87 0.81 1.08 0.28
Digester capacity (m3) 0.52 0.22 2.36 0.02

CO2 (vol %)

Intercept 30.00 2.10 14.32 0.00
Type of digester a 2.70 0.89 3.03 0.00

Age b −0.62 0.88 −0.70 0.49
Digester capacity (m3) −0.20 0.24 −0.81 0.42

NH3 (vol %)

Intercept 0.04 0.02 2.64 0.01
Type of digester a 0.01 0.01 0.81 0.42

Age b 0.00 0.01 0.67 0.51
Digester capacity (m3) 0.00 0.00 −0.25 0.80

H2S (vol %)

Intercept 0.23 0.08 2.73 0.01
Type of digester a −0.05 0.04 −1.54 0.13

Age b −0.02 0.04 −0.51 0.62
Digester capacity (m3) −0.01 0.01 −0.87 0.39

CH4:CO2 index

Intercept 1.56 0.26 5.96 0.00
Type of digester a −0.10 0.11 −0.87 0.39

Age b 0.14 0.11 1.29 0.20
Digester capacity (m3) 0.08 0.03 2.78 0.01

Calorific value
(MJ/m3)

Intercept 20.96 0.65 32.14 0.00
Type of digester a −0.76 0.28 −2.73 0.01

Age b 0.21 0.27 0.77 0.45
Digester capacity (m3) 0.18 0.07 2.38 0.02

a The base type is KT1; b the base age is >5 years.
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4. Conclusions

Small-scale biogas plants can be a very useful tool for manure management and may help reduce
global warming impacts if used appropriately. This technology offers a unique set of benefits, as it is a
sustainable source of energy, it is benefiting the environment, and it provides a way to treat and reuse
manure. However, if used inappropriately, its benefits may be compromised. In this study, the most
common feedstock for a small-scale biogas plant was pig slurry, followed by a combination of pig
slurry and human excreta. The majority of biogas plants were connected with the pig stable, or by
latrine and stable. An average daily production of biogas equals to 0.499 m3, which does not cover
the demand of rural household with six members. Hence, 60% of surveyed households are still using
other sources of energy as well. Biogas composition was measured with a multifunctional portable gas
analyser. The mean content of methane (CH4) was 65.44%, and for carbon dioxide (CO2) was 29.31%
in the case of biogas plants younger than five years and, respectively, CH4 was 64.57% and CO2 29.93%
for biogas plants older than five years. The only dependent factor influencing the biogas quality was
between biogas plant size and biogas composition, which was proven at CH4, CH4:CO2 index, and the
calorific value. Furthermore, type of the biogas plant affected CH4, CO2, and the calorific values of
the biogas. Focusing on the influence of age of small-scale biogas plants there are no, or only minor,
differences among tested qualitative biogas parameters. Concluding, that small-scale biogas plants
sustaining a stable level of biogas quality during their life-span.
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Abstract: This paper describes the steps involved in the design, construction, and testing of a
gasifier-specific solid oxide fuel cell (SOFC) system. The design choices are based on reported
thermodynamic simulation results for the entire gasifier- gas cleanup-SOFC system. The constructed
SOFC system is tested and the measured parameters are compared with those given by a system
simulation. Furthermore, a detailed exergy analysis is performed to determine the components
responsible for poor efficiency. It is concluded that the SOFC system demonstrates reasonable
agreement with the simulated results. Furthermore, based on the exergy results, the components
causing major irreversible performance losses are identified.

Keywords: SOFC; validation; simulation; exergy; syngas

1. Introduction

The production of electricity, biofuels, and chemicals is increasingly using biomass sources.
Indeed, by 2015, Europe had installed a net maximum capacity of 35.4 GW from energy sources
including municipal waste, biogas, wood and wood residues, and other solid residues. [1].

Biomass is a storable feedstock that is being employed for power generation in biomass-fired
plants. These plants are typically steam cycle or organic Rankine cycle (ORC) power systems capable
of achieving electrical efficiencies from 15% (small plants) to 40% (large plants) [2,3].

Alternatively, biomass can be processed into gaseous fuels such as syngas and biogas for further
use in power-producing steam engines, which have a modest efficiency of approximately 20%; or gas
engines, gas turbines, and fuel cells, especially SOFC, which can achieve efficiencies up to 50% [4–7].

Nevertheless, there are major problems in the use of biomass for power generation, namely
the logistics of collection and seasonal availability, which create inefficient biomass power chains.
To overcome these issues, the installation of small-scale decentralized biomass power plants is
an economically viable and efficient solution [5,8]. At this scale, gas engines and gas turbines
suffer from lower efficiency (i.e., a reduction in power production capacity), compared with SOFCs.
Moreover, SOFCs also have the advantage of operating at very high efficiencies in part-load windows.
Furthermore, they are less susceptible to variations in fuel composition [9,10].

To accommodate the fluctuating electricity demands of both grid and off-grid installations,
SOFC systems should be capable of operating within a wide part-load window. Consequently, it is
fundamental that SOFC systems have an adequate system configuration and components. The selection
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of components must be based on, among other factors, the material limitations, variations in gas
composition, thermal management, and carbon suppression.

System modelling is a rapid and cost-effective method for predicting system performance and
off-design operation conditions. Many studies on the simulation of SOFC systems [11] focus on the
performance under specific design conditions or the transient performance of SOFCs under a varying
electric load [12], whereas others consider the transient performance of the entire SOFC system. These
system models are usually validated by mathematical models, although some have been validated
using experimental data for a number of the components.

Rokni [13] investigated the re-powering of a steam power plant with gas turbines and SOFCs.
In his work, three system configurations were simulated: base case (steam plant), steam plant with
gas turbines, and steam plant with SOFCs. Only the latter system was calibrated with experimental
data for a planar SOFC, while for other components a similar modeling approach to other available
studies was followed. It was reported that the plant with an SOFC system could achieve an optimized
efficiency above 66% for an operating temperature of 1013 K, current density of 200 A/cm2, and a fuel
utilization of 80%.

Similarly, Ugartemendia et al. [14] validated his dynamic model of an SOFC-steam cycle with
SOFC experimental data from the literature. Other components such as heat exchangers were assumed
to have constant thermal effectiveness. The authors concluded that the operating temperature of 1173
K and a fuel utilization of 65% were the optimal conditions for achieving the higher power output.

Chung et al. [15] studied the influence of operating parameters on the plant efficiencies of a
methane gas-fed SOFC power generation system. The results obtained from a mathematical model
simulated under the design conditions revealed that the air-to-fuel ratio (A/F) was the most important
parameter in terms of system efficiency. The pre-reforming rate of fuel was found to be relatively
insignificant in terms of efficiency, but could be used as an auxiliary tuner for the operating temperature
of the SOFCs, in addition to A/F.

Chitsaz et al. [16] conducted a thermodynamical evaluation of an integrated tri-generation system
driven by an SOFC. Through steady-state system simulations based on mathematical correlations,
and partially validated by experimental data obtained from an SOFC setup, a maximum system exergy
efficiency of 46% was achieved. The main sources of irreversibility were observed to be the air heat
exchanger, SOFC, and afterburner.

A similar analysis was performed by Stamatis et al. [17] for an SOFC and a hybrid SOFC-gas
turbine system fuelled by ethanol. The models were partially validated by available experimental data
from the literature for the SOFC component. A system efficiency of up to 60% was achieved under
certain operating conditions. It was also disclosed that the SOFC and burner-reformer components
were the major sources of irreversibilities within the systems.

Xu et al. [18] investigated the influence of various design parameters on the SOFC thermal
behaviour and system performance of a natural-gas-fuelled 1 kW conceptual design for a residential
combined heat and power system. This system was also modelled based on mathematical correlations
and partially validated by experimental data obtained from an SOFC experimental setup. The results
indicated that the cell output voltage, system inlet fuel flow rate, and SOFC stack inlet air temperature
had a dramatic effect on the electrical efficiency and cogeneration efficiency.

Somekawa et al. [19] investigated the influence of various design parameters on a manufactured
multi-stack SOFC system coupling an anode regenerator between stacks. The regenerator consisted of
a CO2 absorber and water vapour condenser to selectively remove these compounds from the anode
off-gas mixture. The system models were validated by experimental data collected from an SOFC
setup and a hot module designed especially for the study. A remarkable total fuel utilization of 92.0%
and an electrical efficiency of 77.8% were achieved with this design.

A diesel-fed SOFC power system is being designed and developed for maritime applications
under the SchIBZ-project [20]. In a first stage, a system model was prepared and validated for the
reformer and SOFC components with experimental data available in the literature. The authors will
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further validate the whole system with experimental lab work. The system model will then be used
for system performance analysis and the determination of optimal operation conditions through an
exergetic analysis.

The aforementioned studies all use hydrogen, methane, or natural gas as the fuel. In a recent study,
D’Andrea et al. [21] performed a dynamic simulation for the proof-of-concept of a biogas-fed SOFC
polygeneration system. The SOFC model was primarily validated by reproducing similar test
conditions as used by the manufacturer and comparing with data provided by the manufacturer.
A second validation was performed by including the SOFC model in the system model for comparison
with data collected from the proof-of-concept. This model was developed to investigate both the stack
and balance-of-plant (BoP) thermal behaviour under abnormal operation conditions, namely fast load
current ramps, fault cathode air, and different rates of internal reforming of the fuel in the SOFC.
They concluded that in the event of the two first abnormal conditions, the SOFC may overheat and be
damaged. To prevent this, the system control should shift the system to the open circuit condition.
It was also concluded that the percentage of fuel that is internally reformed in the SOFC can be adjusted
to control the temperature.

To the best of the authors’ knowledge, this paper is the first to describe all of the steps involved
in the design, construction, and testing of a gasifier-specific SOFC system. For the first time, system
testing was conducted to compare the recorded performance with the predicted thermodynamic
performance obtained by system simulation, aiming at validating the exergy flow model of the system.
In addition to the design point analysis, we investigated part-load and off-design conditions to develop
a deeper understanding of the variation in system performance.

2. Selection of the Design of SOFC System

The SOFC system was developed to be integrated with a plasma gasifier and a gas cleanup
unit (Figure 1) at TU Delft. Prior to determining the system configuration, TU Delft performed a
thermodynamic analysis of the power plant in which two suitable configurations for the SOFC system
were evaluated [22]. The main difference in the configurations was the mechanism for suppressing
carbon formation.

Both system configurations considered the SOFC materials, approaches for suppressing carbon
formation, SOFC temperature control strategy, and thermal management.

2.1. SOFC Materials

Nickel–Gadolinium-doped Ceria (Ni/GDC) anode cells were selected for their anticipated
advantages with hydrocarbon fuels [23,24]. It has been reported that Ni/GDC is more resistant
to carbon deposition and poisoning by typical syngas contaminants than Nickel/Yttria-stabilized
Zirconia (Ni/YSZ) anodes [25–27].

2.2. Carbon Suppression Technique

The major difference between the system configurations in the study of Liu et al. [22] is the
technique employed for suppressing carbon formation. One system uses steam produced in a heat
recovery steam generator unit that is mixed with the anode flow before it enters the SOFC module,
whereas the other uses a catalytic partial oxidation unit (CPOx) to suppress carbon formation and
pre-reform some of the hydrocarbons before it enters the SOFC module. In our system, the last
technique is employed.

2.3. SOFC Temperature Control Strategy

In our system, the SOFC temperature is controlled by varying the cathode flow rate. An additional
degree of control is offered by changing the fuel utilization.
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2.4. Thermal Management

The syngas exits the gas cleanup unit at a relatively low temperature (approximately 673 K) and
the cathode air enters the system at environment temperature. Therefore, both flows must be heated
before they enter the SOFC module. This is accomplished by using heat exchangers and a CPOx unit
to suppress carbon formation. Flue gas produced in an afterburner is used as heat source to heat the
cathode air, and is also used to pre-heat/heat the syngas. For the system configuration using steam as
the carbon suppression, the flue gas is also used as heat source to generate steam in a heat recovery
steam generator. The flue gas subsequently moves to the dryer and is used to pre-dry the feedstock
that is fed to the gasifier.

Figure 1. Flow of the integrated plasma gasifier-gas cleanup-solid oxide fuel cell (SOFC) system.
Reproduced with permission from [22], Copyright Elsevier, 2018.

Previous results suggest that the system configuration with a CPOx unit could achieve higher
electrical efficiency [22]. As this unit also increases the flexibility in terms of thermal integration, it was
selected for construction.

3. Description of the SOFC System

In this section, the components in the SOFC system and the construction process are briefly
described. The equipment used to record data for the test runs and the safety control strategies are
also listed.

3.1. System Construction Design

The SOFC system (Figure 2) consists of two hot boxes: a BoP hot box and an SOFC hot box [28];
as well as a make-up gases panel. The hot boxes are connected by four insulated pipes (i.e., anode and
cathode inflows/outflows). The BoP hot box is also connected to the supply gases, syngas, and intake
air, and has an exhaust flue gas pipe. Each hot box is thermally insulated with low-thermal-conductivity
panels to reduce heat losses to the surroundings. Moreover, the BoP hot box is filled with a granulated
microporous insulation material that offers good resistance to heat transfer between BoP components.

The BoP hot box contains the air heater, fuel pre-heater, CPOx unit, and afterburner. Both the
fuel pre-heater and air heater are counter-flow plate heat exchangers made of high-temperature alloy.
Under the design conditions, the air heater increases the cathode air temperature to 923 K. The fuel
pre-heater increases the fuel temperature to approximately 523–623 K, after which the fuel is supplied
to the CPOx unit. This component increases the oxygen-to-carbon (O/C) ratio to prevent carbon
formation, pre-reforms hydrocarbons, and increases the fuel temperature to 973–1073 K. Both the
CPOx and afterburner are catalytic burners impregnated with adequate catalysts.

The SOFC hot box contains the SOFC module, consisting of two towers of SOFC stacks that
are electrically connected in parallel. Each tower is composed of three 30-cell stacks that are
electrically connected in series. This module was tested and achieved a nominal power of 4 kW
in reference conditions (40% H2/60% N2, fuel utilization (Uf) = 0.75, cell voltage (Vcell) > 0.65 V,
Tcathode outlet < 1133 K). A reduction in the electrical output of approximately 10–15% is expected
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for syngas. The make-up gases panel contains the hydrogen and nitrogen rotameters, which provide
the forming gas during system start-up, and the hydrogen, nitrogen, and air (CPOx air) mass flow
controllers, which provide the gases for the test runs. Other gases such as carbon monoxide and carbon
dioxide are measured by mass flow controllers located in the gas cleanup unit and supplied by the
syngas inlet pipe.

The intake air is fed to the system using two blowers (i.e., a cathode blower and a CPOx blower).
The cathode blower can provide 900 nL of air per minute under reference conditions. A filter and a
flow measurement device are located on the discharge side. The CPOx blower provides 15 nL of air
per minute under reference conditions and is coupled with a filter on the admission side. The mass
flow controller is located on the discharge side of the CPOx blower.

Figure 2. The SOFC 3.5 KWe system at TU Delft with description of the various parts. The air blowers
are located behind the make-up bottle gases panel.

3.2. Safe Operation Parameters

The safe operating parameters are primarily intended to protect expensive components and users
from risks associated with the operation of the SOFC system. This is accomplished by implementing
safety functions in a programmable logic controller (PLC) that are capable of shifting the system to a
safe operation mode when required. The safety functions process information acquired from installed
measurement devices in the system and signals from external safeguards such as the gas detection and
ventilation systems.

The parameters that can limit the extent of the system part-load operation are illustrated in
Figure 3. The safe upper limit operating temperature, maximum flows of cathode air and CPOx air,
and minimum cell operating voltage are the main parameters that influence the part-load operation
window. Safe upper limit operating temperatures are primarily determined by material limitations,
whereas the air flows limit the cooling capacity and the capability for suppressing carbon formation.
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Figure 3. Limiting operation and preliminary design parameters of the SOFC system. Red parameters:
maximum volume flows and temperatures; blue parameters: preliminary design parameters. BoP:
balance-of-plant; CPOx: catalytic partial oxidation unit.

4. System Modelling

The system was simulated using Cycle-Tempo R© software (version 5.0, Delft University of
Technology, Delft, The Netherlands), a Fortran-based software package designed for analysing the first
and second laws of thermodynamics of power plants [29].

Figure 4 illustrates the SOFC system model. Three inlet flows are defined: syngas (source 100),
cathode air (source 200), and CPOx air (source 400). There is one outlet flow: flue gas (sink 300).
The operating parameters of the SOFC are inserted to accurately determine the amount of chemical
energy converted into electricity. Specifically, these parameters are the fuel utilization (Uf), equivalent
resistance (Req), and electric power (ẆSOFC). Other parameters such as the CPOx O/C ratio and SOFC
outflows temperature must also be specified.

The CPOx air mole flow (Φ41) is calculated as

Φ41 =
Φ11 ·

[
y11.CO · (O/C − 1) + y11.CO2 · (O/C − 2)

]
2 · y41.O2

, (1)

where ypipe.species is the mole fraction of the species (CO, CO2, or O2) in the mixture (pipe) and Φ11 is
the inlet flow (mol/s) of the syngas in the system (pipe 11). Assuming a gas composition constant in
the cross-section and that the process occurs at constant temperature and pressure, Φ11 is calculated in
the SOFC component by

Φ11 =
I

z · F · Uf · (y13.H2 + y13.CO)
− Φ41 · y41.N2 , (2)

Uf =
Φ13 · (y13.H2 + y13.CO)− Φ14 · (y14.H2 + y14.CO)

Φ13 · (y13.H2 + y13.CO)
, (3)

I =
ẆSOFC

Vcell
, (4)

Vcell = VNernst,x − Ix

Areax
· Req, (5)
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VNernst,x = −	go

z · F
+

R̄ · Tcell
z · F

· ln

(
yH2,x · y0.5

O2x

yH2O,x
· p0.5

cell

)
, (6)

where I and Vcell are the current produced by all cells and the cell voltage in amperes and volts,
respectively, z is the number of electrons involved in a single reaction, F is Faraday’s constant (96485
C/mol), VNernst,x is the local Nernst potential (V), and the ratio of Ix and Areax is the local current
density (A/cm2). More detailed information can be found in [29,30].

The cathode air mole flow (Φ21) is calculated by an energy balance in the SOFC as

Φ21 =
Φ24 · h̄24 + Φ14.h̄14 − Φ13 · h̄13 + ẆSOFC

h̄23
, (7)

where h̄ is the enthalpy in kJ/mol.
The modelling of the heat exchangers is based on the first law of thermodynamics for the energy

balance in the heat exchanger,

Q̇Trans = Φm,h · cp,h · (Th,in − Th,out) = Φm,c · cp,c · (Tc,out − Tc,in) , (8)

where cp is the specific heat (kJ/(kg· K)) of the medium, Φm is the flow of the fluids (kg/s), h is the hot
medium, and c is the cold medium. The transmitted heat flow in kW (Q̇Trans) can be calculated as

Q̇Trans = U · A · LMTD, (9)

where U is the overall heat transfer coefficient (W/m2·K) and A is the heat transfer surface area (m2).
The logarithm mean temperature difference (LMTD) for a counter-flow heat exchanger is

LMTD =
(Th,in − Tc,out)− (Th,out − Tc,in)

ln( Th,in−Tc,out
Th,out−Tc,in

)
. (10)

The off-design calculations of Cycle-Tempo R© use the approach developed by Miedema [31],
in which the variation in the overall heat transfer coefficient multiplied by the heat transfer surface
area is proportional to the variation of the mass flow:

(U.A)i = (U.A)D ·
(

Φm,i

Φm,D

)ηcf

, (11)

where i refers to an off-design operating point, D refers to the design operating point of the heat
exchanger, and ηcf is an exponential correction factor. Knowing the inlet temperatures of both media
in the heat exchanger, Cycle-Tempo R© iteratively calculates the outlet temperature of both flows.
The input parameters are listed in Table 1.
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Table 1. Input parameters used in the system modelling.

Item Id Parameters

Syngas (100) 15.6% H2, 18.3% CO, 6.1% CO2, 60% N2 (vol. basis)

T11 = 298 K

SOFC (103) Req = 1.1 Ω·cm2 Area = 2300 cm2

T14,24 = 1073 K, Uf = 0.75

Intake air (200; 400) 79% N2, 21% O2 (vol. basis)

p21,41 =101.3 kPa and T21,41 = 298 K

Air heater (202) Φm,D = 13.41 kg/s; (U.A)D = 55.87 W/K; η = 1.45
Fuel pre-heater (101) Φm,D = 1.4 kg/s; (U.A)D = 3.44 W/K; η = 0.8
Blowers (201; 401) ηis = 0.6; ηmec,el = 0.6

All components - Δp = 5% · pstream

5. Test Runs with the SOFC System

The SOFC system was designed and developed to integrate a gasifier-gas cleaning unit-SOFC plant
fed by faeces from human waste. The faeces, after being separated from urine in the sanitation system,
were sent to a pre-drying unit to reduce the moisture content from approximately 80% to acceptable
levels for the plasma gasification process (20–40%) [22]. The syngas composition used for the design
of the SOFC system was based up on the model developed and presented in [22]. The model was
based on equilibrium assumptions for the gasifier considering that very-high-temperature gasification
processes approach equilibrium conditions.

The SOFC system was tested over the range allowed by the limited testing conditions in the
laboratory. The syngas composition was modified from the initial design composition by increasing the
nitrogen concentration by 20% to enhance the accuracy of the nitrogen flow measurements. The syngas
composition and flow rate were controlled by mixing bottled gases that were individually measured
in mass flow controllers before entering the system. As a consequence, the syngas was fed in at the
environmental temperature on a dry basis, which also diverged from the design conditions. Thus,
some parameters like the flow rate of the CPOx blower or cathode air flow rate did limit the window
of operation points in the performed experiments.

Operating points were taken at constant intervals of 10 mA/cm2 current density. Operating points
were only considered for analysis if the system achieved the steady state without crossing any of the
safe operating parameters.

During the test runs, the following operating parameters that are calculated or displayed in the
interface of the software were maintained:

• Constant SOFC fuel utilization of 0.75 ± 0.01,
• Constant O/C ratio of 1.6 ± 0.002 in the CPOx unit,
• Constant outlet temperature of 1073 ± 10 K at the SOFC cathode.

Table 2 lists the measurement devices installed in the system and their accuracy.
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Table 2. List of measurement devices and their accuracy.

Measurement Type Measurement Device Accuracy

Temperature Thermocouples type N ±1.1 K or 0.4% of Rd ±0.3% terminal (PLC)
Cell voltage In-situ wiring ±0.3% signal analog input (PLC)
CPOx air flow Mass flow controller ±0.5% of Rd ±0.1 of Fs (16 nL/min)
H2 flow Mass flow controller ±0.5% of Rd ±0.1 of Fs (20 nL/min)
N2 flow Mass flow controller ±0.5% of Rd ±0.1 of Fs (20 nL/min)
CO flow Mass flow controller ±0.8% of Rd ±0.2 of Fs (5 nL/min)
CO2 flow Mass flow controller ±1% of Rd ±1% of Fs (1 nL/min)
Cathode air Flow meter ±2% of Rd ±0.3 signal analog input (PLC)
Current Electronic load ±0.2% of Fs (160 A)

Rd: reading value; Fs: full scale/nominal; PLC: programmable logic controller.

6. Results and Discussion

The results of this study are presented in four main parts. Firstly, the system model results
for different syngas supply conditions and SOFC temperatures are compared with those under the
design conditions. Secondly, data recorded in the test runs are compared with results obtained by the
system model. Thirdly, the system efficiency is analysed to determine the major sources of inefficiency.
Finally, based on the results, some considerations for improved design strategies are given.

6.1. Thermodynamic Comparison for Different Syngas Supply Conditions and SOFC Temperatures

A thermodynamic model was prepared considering both the design conditions and the
experimental conditions. The results are depicted in Figure 4 and Table 3.

Figure 4. SOFC system model. Blue text refers to system simulation with design conditions, green text
refers to experimental conditions for 3.5 kW production by the SOFC module.
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Table 3. Comparison of the results of the main streams as well as system model efficiencies.

Simulation Considering Design Conditions

Pipe number

11 13 14 23 24 31 41

mol % H2 26.95 21.70 5.57

mol % CO 22.00 18.55 4.54

mol % CO2 7.01 8.01 22.05 3.90

mol % N2 37.85 43.09 43.04 79.0 81.04 76.06 79.0

mol % O2 21.0 18.96 15.57 21.0

mol % H2O 6.19 8.60 24.81 4.46

Mole flow (mol/s) 0.082 0.089 0.089 0.537 0.523 0.608 0.009

Vol. flow (nL/min) 110.0 119.9 119.9 721.8 703.3 817.2 12.7

Exergy (kW) 10,382 10,118 3984 4773 6958 10,287 ~0

Auxiliaries consumption = 0.092 kW System electric efficiency = 32.8%

Simulation Considering Experimental Conditions

Pipe number

11 13 14 23 24 31 41

mol % H2 15.60 8.71 2.23

mol % CO 18.36 13.21 3.25

mol % CO2 6.10 7.84 17.80 4.38

mol % N2 60.0 65.51 65.50 79.0 80.70 77.99 79.0

mol % O2 21.0 19.30 14.82 21.0

mol % H2O 4.74 11.22 2.80

Mole flow (mol/s) 0.146 0.169 0.169 0.661 0.647 0.811 0.029

Vol. flow (nL/min) 195.8 227.0 227.0 888.0 869.2 1090 39.5

Exergy (kW) 12,545 11,946 5166 5381 8129 12,606 ~0

Auxiliaries consumption = 0.116 kW System electric efficiency = 27.0%

The supply of a syngas composition with no water vapor and higher nitrogen content
(experimental conditions) resulted in an increase of all other flows. Higher syngas flow was fed
to compensate the loss of chemical energy in the CPOx unit by oxidation with air to achieve the specific
O/C ratio. For the effect, a higher amount of CPOx air was also supplied (Figure 4). As a major
consequence, a higher amount of heat was produced that resulted in higher outlet temperature of
pipe 13 of the CPOx unit, which was also higher than the SOFC temperature. Therefore, the cooling
requirements of the SOFCs were enhanced and, subsequently, a higher cathode air flow was needed.

The higher cathode flow resulted in a lower operating temperature in the afterburner (53 K) and
lower temperature of the cathode inflow (pipe 23) of approximately 35 K.

The syngas fed at 298 K was heated in the fuel pre-heater to 100 K less than with the preliminary
design conditions, even though higher heat flow was transmitted by the flue gas. As a consequence,
the temperature of the flue gas leaving the system (pipe 33) was slightly reduced.

Finally, the system performance was substantially lower for the experimental conditions of 5%.
A substantial amount of chemical energy converted in the CPOx and, consequently, higher syngas
flow was required to produce equal electric power. Nonetheless, no significant deviations were found
in terms of SOFC performance and temperatures and, therefore, the model showed to be reliable for
comparison and analysis of the experimental work.
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6.2. Comparison of System Simulation with Test Runs

In the test runs, only three steady-state operating points were achieved, at 70, 80 and 90 mA/cm2,
resulting in a part-load operating window of 37–47%. For lower current densities than 70 mA/cm2,
a steady state could not be reached because of the safety protection for the fuel pre-heater (T33 should
not exceed 573 K), whereas for higher current densities than 90 mA/cm2, no sufficient CPOx air could
be provided to achieve the specified O/C ratio.

Table 4 compares the data measured in the test run at a current density of 90 mA/cm2 with the
values calculated in the system simulations. Good agreement between the results can be observed.

Figure 5 compares the SOFC performance (average cell voltage) and cathode air flow required to
maintain an outlet cathode temperature of 1073 K for experimental and simulation results. A good
match in the average cell voltage was seen, and thus equal power was produced. The cell voltage
was also in accordance with values reported in many studies in syngas-fed-SOFCs [32,33]. Moreover,
as equal fuel flow rate and composition were supplied, it can be concluded that the heat production in
the subsystem was similar between test runs and the simulation model. The temperatures of the main
streams in the BoP box are shown in Figures 6–8. There was reasonable agreement between the values
measured in the real system during the test runs and those provided by the system simulations. In
general, the maximum deviations were on the order of 10 K. The exception was the temperature of the
syngas after the CPOx (T13), where the deviation was approximately 20 K for a current density of 90
mA/cm2.

These deviations were caused by various factors, such as simplifications and constraints imposed
in the system simulation (non-heat-losses approach, equilibrium calculations for the CPOx component,
and inaccuracies in the heat exchanger design), and the accuracy of measurement devices in the system,
among others.

Table 4. Comparison of results for the 90 mA/cm2 operating point.

Apparatus/Pipe Parameter Units Simulation Test Runs

11 Syngas flow nL/min 75.6 75.7 ± 0.54

21 Cathode air flow nL/min 631.8 633.2 ± 18

41 CPOx air flow nL/min 15.3 15.3 ± 0.09

103 Cell voltage, Vcell V 0.789 0.791 ± 0.0023

103 SOFC power, ẆSOFC kW 1.632 1.631 ± 0.013

13 Temperature after CPOx, T13 K 1049.9 1065.4 ± 5.5

23 Cathode inlet temp., T23 K 996.7 996.5 ± 5.0

24 Temperature cathode outlet, T24 K 1073 1073 ± 5.6

31 Temp. after afterburner, T31 K 1126.1 1127.8 ± 6.0

33 Temp. exhaust flue gas, T33 K 516.9 518.9 ± 1.8

6.3. System Efficiency

The system performance (electric efficiency) was evaluated at the three operating points obtained
in the test runs. The thermodynamic calculations are similar to those described in [34]. Figure 9 shows
the distribution (percentage) of the total input exergy (syngas flow) across the various types of exergy
output by the system, namely electricity, exergy destruction, and exergy loss.
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(a)

(b)

Figure 5. Comparison of parameters acquired in the test runs with simulated ones. (a) Cathode volume
flow; (b) Average cell voltage (Vcell).

Figure 6. Comparison of simulated results with those acquired in the test runs. Syngas from the CPOx
(T13) Flue gas from afterburner (T31) .
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Figure 7. Comparison of simulated results with those acquired in the test runs. Cathode air from air
heater (T23) .

Figure 8. Comparison of simulated results with acquired ones in the test runs. Temperature of flue gas
leaving the system (T33) .

Figure 9. Exergy distribution into the various types of exergy produced in the system.
* Net electric power; ** Exergy destruction per component; *** Exergy loss carried by the flue gas.
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The air heater contributed to a 25–30% reduction in the efficiency of the system, making it the
major source of irreversibility. The impact of this type of component on the system performance has
been highlighted in many studies (e.g., [35,36]), and is caused by heat transfer at limited temperature
as well as great temperature difference between hot and cold media. Flue gas losses appeared as the
second contributor, carrying approximately 20% of the exergy. The high physical exergy carried by
the stream due to high exhaust temperature and mass flow rate were the aspects contribution for
such value. The afterburner and CPOx also caused a significant reduction in system performance of
approximately 14% as a consequence of the irreversible nature of the oxidation process. The latter
component also contributed to the great exergy contained in flue gas. Although it is not clearly
demonstrated in Figure 9, a significant amount of the chemical exergy of the syngas was converted
into heat exergy in the CPOx. The main consequence was that, for equal electric power production, a
larger amount of syngas needed to be fed into the system, which subsequently reduced the system
efficiency. Finally, the SOFC and fuel pre-heater were minor sources of irreversibility. Nevertheless,
they collectively corresponded to approximately 6% in exergy destruction. This resulted in a modest
system electrical efficiency of 33.7–34.5%.

Table 5. System performance of various stationary SOFC systems. Modified after [37].

System Manufacturer Output Power (kW) η (%) Fuel Processing Ref.

Bloom energy 250 AC >53 - [38]
Wärtsilä 24 DC 47 SR/AOGR [39]

FZJ 20 DC 41 External SR [37]
VTT(2010) 7 AC 43 SR/AOGR [40]
VTT(2011) 8 AC 49 SR/AOGR [41]

CFCL 1.5 AC 60 SR/WR [42]
ENE-farm 0.7 AC 41–47 SR/WR [43,44]

Hexis 1 AC 35 CPOx [45]
SOFCpower 1 AC 32 CPOx [46]

IKTS 1.26 AC 39 CPOx [47]

SR: steam reforming; AOGR: anode off-gas recycling; WR: water recycling.

The system performance was comparable with other systems employing a CPOx unit, as can be
seen in Table 5. It can also be observed that all SOFC systems employing steam reforming as the fuel
processing had higher system efficiency. This aspect is associated with the steam reforming process,
which increases the chemical energy of the fuel by using available heat exergy in the system.

Nevertheless, it is should also be highlighted that the system performance is affected by various
aspects such as the fuel composition, selected load operation as well as the system design choices. In
the next section, some considerations for improving the design are given.

7. Future Considerations for Improving the Design

As mentioned previously, high-temperature flue gas is exhausted as a consequence of the use of
a CPOx unit for suppressing carbon formation. The replacement of this unit with a steam reformer
would potentially enhance the electrical efficiency of the system. The produced steam would be mixed
with the supply syngas. To enable this, a heat recovery steam generator should be installed and the heat
exchangers should be rearranged. In this new arrangement, the flue gas from the afterburner would
first be used as a heat source in the fuel pre-heater in order to increase the anode flow temperature to
the specified value at inlet of the SOFC anode, then to the air heater, and finally to the heat recovery
steam generator.
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8. Summary

In this study, we investigated the design, construction, and testing of a gasifier-specific SOFC
system. This paper makes the following contributions to the study of advanced SOFC technologies:

1. System development: this is the first study to describe the design, development, and testing
of an SOFC system to be integrated with a gasifier. The gasifier considered in this study is a
plasma reactor with the capacity to process 8.84 kW of human waste (before pre-drying) [22,48].
The SOFC system was designed based on discussions between TU Delft and Sunfire GmbH.

2. Calculated results exhibited good agreement with experimentally recorded values under different
operating conditions. This clearly demonstrates the advantage of a rigorous thermodynamic
model of new fuel cell power systems when they are being designed and built.

3. The validated model clearly indicates where the thermodynamic losses are occurring and provides
indications on how to minimize these losses in such a system, resulting in improved designs in
the future.

4. System efficiencies of 33.7–34.5% were estimated. The CPOx unit and heat exchangers, especially
the air heater, were identified as the major contributors to reductions in efficiency.
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Abstract: Prospecting for robust and high-productivity strains is a strategically important step
in the microalgal biodiesel process. In this study, 30 local strains of Chlorella were evaluated in
photobioreactors for biodiesel production using coal-fired flue-gas. Three strains (M082, M134,
and KR-1) were sequentially selected based on cell growth, lipid content, and fatty acid composition
under autotrophic and mixotrophic conditions. Under autotrophic conditions, M082 and M134
showed comparable lipid contents (ca. 230 mg FAME [fatty acid methyl esters derived from microalgal
lipids]/g cell) and productivities (ca. 40 mg FAME/L·d) versus a reference strain (KR-1) outdoors
with actual flue-gas (CO2, 13%). Interestingly, under mixotrophic conditions, M082 demonstrated,
along with maximal lipid content (397 mg FAME/g cell), good tolerance to high temperature (40 ◦C).
Furthermore, the fatty acid methyl esters met important international standards under all of the
tested culture conditions. Thus, it was concluded that M082 can be a feedstock of choice for coal-fired,
flue-gas-mediated biodiesel production.

Keywords: Chlorella; coal-fired flue-gas; screening; biodiesel property; mixotrophic cultivation

1. Introduction

Microalgae have attracted much global attention for their potential as biodiesel feedstock [1,2].
This interest reflects not only microalgae’s higher photosynthetic efficiency and lipid yield compared
with conventional oil crops but also their ability to mitigate atmospheric CO2 and to grow in non-arable
land and a variety of wastewaters [3–7]. Moreover, microalgae are easily isolated: they are ubiquitously
present in nature and represent a vast diversity of (>50,000) species existing over a wide range of
environment conditions [1,8].

Despite its several advantages, microalgae-based biodiesel production, when considered on a
commercial scale, remains challenging. First, for competitive and sustainable biodiesel production,
the cost of the culture system needs to be significantly reduced, and lipid productivity needs to
be substantially improved [1]. Industrial exhaust flue-gases are an inexpensive and rich source of
CO2 (~14% v/v), the utilization of which for microalgal biomass production would be a fiscally and
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environmentally better option than compressed CO2 [9,10]. However, high concentrations of CO2

and the presence of inhibitory compounds such as NOx, Sox, and CO in flue-gases can significantly
suppress the metabolic activities of microalgae [6,10]. Hence, for the successful application of flue-gases
to microalgal biomass production, the selection of a flue-gas-tolerant and high-lipid-yield strain
is warranted.

On the other hand, several microalgae, if not all, can grow mixotrophically by utilizing organic
carbons along with light, thereby yielding high lipid productivity. Liang et al. reported that a
mixotrophic cultivation of Chlorella vulgaris with 1–2% glucose yielded a 10-to-20-fold increase
in the biomass (254 mg/L·d) and lipid (54 mg/L·d) productivities relative to an autotrophic
cultivation [11]. Exploiting such a mixotrophic cultivation system with a suitable microalga would
open up opportunities to utilize waste organics such as carbon sources and, at the same time, help to
bring down cultivation costs.

Amongst the several oleaginous microalgae, Chlorella is one of the most widely studied genus
for its potential to grow in outdoors at high cell densities and accumulate high levels of intracellular
triacylglycerol (TAG), a desirable biodiesel feedstock [11–15]. However, the literature indicates that the
growth rates and lipid contents of Chlorella are both species-specific and possibly significantly variant
according to culture conditions. Recently, Sun et al. reported the differences in biomass productivity
(0.41–0.58 g/L·d) and lipid content (36–49 wt. %) among 9 Chlorella spp. cultured with artificial CO2

gas under autotrophic conditions [15].
What also must be noted is the fact that many highly productive microalgae selected under

laboratory conditions fail to withstand the actual, fluctuating environmental conditions and
contamination outdoors [7,16,17]. While accounting for such differential behavior among the
Chlorella spp., it is imperative to select a native isolate that is appropriate not only in having a
high lipid content but also in its capacity to adapt to environmental fluctuations under a suitable
cultivation system.

The aim of the present work was to screen various native Chlorella spp. to identify a robust,
fast-growing, and high-lipid-accumulating strain for high-quality biodiesel production under
autotrophic/mixotrophic systems mediated by coal-fired flue-gas (CO2, 13%). The employed screening
strategies included comparisons of growth rate, lipid content, high-temperature tolerance, and fatty
acids quality with respect to key biodiesel properties. The robustness of each of the selected
high-productivity stains was finally evaluated under outdoor culture conditions mediated by
coal-fired flue-gas.

2. Results and Discussion

2.1. Preliminary Screening Based on Growth Rate

In a preliminary screening, 30 local strains of Chlorella were evaluated for their growth rates in
bubble-column photobioreactors (b-PBRs) with 10% CO2 (v/v) under autotrophic and mixotrophic
conditions. The mixotrophic cultures were supplemented with 5 g glucose/L. After 50 h incubation,
and the growths (OD660) of the strains were compared (Figure 1). Most of the strains showed relatively
higher growths under the mixotrophic than under the autotrophic conditions. This phenomenon
is consistent with other studies that have reported organic carbon’s induction of growth promotion
in Chlorella [11,18,19]. The 30 stains, as based on their growth characteristics, were divided into the
following three groups.
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Figure 1. Growth of Chlorella spp. (30 strains) under autotrophic and mixotrophic conditions.
The optical density was measured at 660 nm at the end of 50 h cultivation in b-PBRs. The mixotrophic
cultures were supplemented with 5 g glucose/L.

Group 1: Twelve strains of the tested Chlorella showed a very low growth rate under
both autotrophic and mixotrophic conditions. This delayed growth was expected, based on their
demonstrated intolerance to the high concentrations of CO2 (10% v/v in air) applied in this study.
Many microalgae reportedly tolerate CO2 concentrations up to 5% (v/v in air), whereas concentrations
above this can be harmful, not to mention inhibitive of microalgal growth [9]. Hence, these strains
might not be suitable for flue-gas-mediated cultivation, in which CO2 concentrations often exceed 10%.

Group 2: Interestingly, this group of 3 strains (N043, N052, and M138) exhibited decreased growth
under mixotrophic, compared with autotrophic, conditions. Lower growth rate under mixotrophy
could possibly be due to the inhibitory effects of glucose on the microalgal cells. Such effects are
species-dependent; high concentrations of glucose have been reported to substantially inhibit Chlorella
and Nannochloropsis growths [11,18]. The three group 2 strains, seemingly sensitive to organic carbon
supplementation, were not further studied, considering their poor future prospects for utilization in
lipid-productivity-improvement using waste organics.

Group 3: For these 15 strains of Chlorella, the mixotrophic cultures resulted in higher growth
rates than the autotrophic condition. That is to say, these 15 strains utilized glucose efficiently to
achieve impressive growth. Among them, six (M082, M134, M189, M194, M751, and KR-1) exhibited
the highest growth under mixotrophic conditions and also appeared to tolerate a high concentration
of CO2 (10% v/v in air). Hence, these six strains, thus identified as fast-growing, were held over for
further investigation.

2.2. Secondary Screening Based on Lipid Content and Composition

Growth rate and lipid content are the most important factors in assessing prospective microalga for
biodiesel production [1,20]. Additionally, the composition of the fatty acids produced by the microalga
determines the quality of the biodiesel produced [21,22]. Hence, the six selected fast-growing strains
(M082, M134, M189, M194, M751, and KR-1) were allowed to grow for a longer period of time (until
96 h), and then they were further evaluated for their lipid contents (in this study, expressed as FAME,
i.e., amount of fatty acid methyl esters derived from microalgal lipids) and their compositions under
autotrophic and mixotrophic conditions (Figure 2). After 96 h of cultivation, the microalgal cells would
have already experienced nitrogen depletion [6]. Indeed, despite their fast-growing nature, strains
M082 and M134 accumulated high levels of intracellular lipids: 283 and 298 mg FAME/g DCW (dry
cell weight), respectively, under autotrophic conditions. Moreover, under mixotrophic conditions,
these strains accumulated 397 and 310 mg FAME/g DCW, respectively, which is slightly less than the
corresponding content for control strain KR-1 (411.3 mg FAME/g DCW). Notwithstanding, owing to
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their higher biomass productions, the small differences in the lipid contents of M082 and M134 could
be very well compensated by their higher biomass productivities (Figure S1). As for Chlorella sp. KR-1,
it has been well studied in the past for its fast-growth and high-lipid-accumulation potential under
mixotrophic conditions [6,23]. Thus, M082 and M134 strains, based on their indoor performances,
could be suggested to be potentially comparable with KR-1.

Figure 2. Lipid contents of six fast-growing Chlorella strains under autotrophic and mixotrophic
conditions. The lipid contents of the cultures were estimated by FAME analysis after 96 h cultivation.
The mixotrophic cultures were supplemented with 5 g glucose/L.

Further, the FAME compositions of the biodiesel produced from lipids by the six fast-growing
strains also were examined (Table 1). The data were similar under both autotrophic and mixotrophic
conditions: the C16 and C18 species, the common fatty acids in vegetable oils, were the main
constituents [15,22,24]. Also, at different distribution (%) levels, major fatty acid methyl esters such as
palmitate (C16:0), stearate (C18:0), oleate (C18:1n9C), linoleate (C18:2n6C), and linolenate (C18:3n3)
were observed (Figure S2). Among these, palmitate, oleate, and linoleate accounted for more than 70%
of the total fatty acids identified. The balance between these fatty acids determines the key qualities of
biodiesel, such as oxidative stability, cold flow point, lubricity, viscosity, cetane number, iodine number,
heat of combustion, and NOx emission [15,22,24]. The details are discussed in a later section below
(see Section 2.4.—estimation of biodiesel properties from fatty acids profiles). In consideration of the
high lipid contents and FAME compositions of the 3 Chlorella strains M082, M134, and KR-1, these
were chosen for further investigation in an outdoor culture mediated by coal-fired flue-gas.

2.3. Outdoor Flue-Gas Cultivation and High-Temperature Tolerance Experimentation

The 3 high-productivity strains (M082, M134, and KR-1) were cultivated outdoors in 1 L b-PBRs
for 160 h with a supply of actual flue-gas collected from a 2 MW demonstration-scale coal-burning
power plant [6]. The changes in the light intensity and temperature were continuously monitored;
the maximum sunlight was 1000 μmol/m2·s with an average daylight of 500 μmol/m2·s; meanwhile,
the day temperature ranged between 30 and 38 ◦C and came down to 19 ◦C during the night (Figure 3a).
M082 and M134 were tolerant to flue-gas and grew well in the outdoor conditions: M134, like the
reference strain KR-1, readily adapted to the conditions, starting to grow in quick time. Irrespective of
the sharp lag phase, M082, very similarly to the other two strains, grew rapidly to reach the final OD660

(Figure 3b). At the end of 160 h of cultivation, the lipid contents of M082 and M134 were estimated
to be 228 and 235 mg FAME/g cell, for FAME productivities of 39 and 42 mg/L·d, respectively
(Figure 3c). These values were comparable with the lipid productivity of the reference strain KR-1
(41 mg FAME/L·d). Under the optimized culture conditions, the FAME productivity of KR-1 was
shown to have increased as high as 155 mg/L·d [6], which highlights the likelihood of improving the
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productivities of the selected strains M082 and M134. Thus, despite growing outdoors, with a supply
of actual flue-gas and under fluctuating environmental conditions, the productivities of these two
strains did not deteriorate; moreover, the FAME compositions remained less altered when compared
with the indoor cultivations (Figure S3).

(a) 

(b) 

(c) 

Figure 3. (a) Time-course changes in light intensity and temperature during cultivation; (b) growth;
and (c) lipid content of three high-productivity Chlorella strains in outdoor b-PBR culture supplied with
coal-fired flue-gas.
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The three strains were further tested for their tolerances to high temperatures (35–40 ◦C) under
indoor culture condition. Selection of a high-temperature-tolerant strain carries an added advantage for
practical application of microalgal culture to higher-temperature flue-gas from emission sites, especially
in summer [23]. Although Chlorella sp. KR-1 has been extensively studied due to its high biomass/lipid
productivity and flue-gas tolerance [2,5,6,23], its lowered metabolic activities, especially at 40 ◦C,
should be noticed. Interestingly, Chlorella sp. M082 demonstrated better tolerance to temperatures up
to 40 ◦C than those of M134 and the reference strain KR-1 (Figure S4). The results indicated, thereby,
that Chlorella sp. M082, because it is endowed with not only a high temperature/flue-gas tolerance but
also high lipid productivity, might be a highly robust strain.

2.4. Theoretical Estimation of Biodiesel Properties from Fatty Acid Profiles

Based on fatty acid profiles (Table 1) and literature-based correlations [21,24], the biodiesel
properties (especially viscosity, specific gravity, cloud point, cetane number, iodine number,
and HHV-high heating value) of the six Chlorella strains (M082, M134, M189, M194, M751, and KR-1)
grown under indoor and three strains under outdoor cultures were estimated (Table 2). The values
of these key properties were then compared with the Europe (EN14214) and USA (ASTM D6751)
standards and a variety of vegetable oil values.

Kinematic viscosity (mm/s2) is one of the important properties of a biodiesel: the value must be
high enough to provide sufficient lubrication for the engine parts, but also low enough not to affect the
flow properties at the operational temperature. The viscosities of the Chlorella strains under the indoor
and outdoor culture conditions were determined to be approximately 4.6 and 4.5 mm/s2, respectively,
which meet the specifications established by the international standards. These values, it should also be
emphasized, are very similar to the viscosities of the vegetable oils. Sun et al. (2015), similarly, reported
that the kinematic viscosities of 9 Chlorella strains all measured around 4.4 mm/s2 [15]. Indeed, in the
present study, no significant viscosity value changes were observed between the indoor and outdoor
culture conditions, which suggests that these conditions have a negligible effect on such changes,
especially in saturated fatty acids. The specific gravity of a biodiesel is the ratio of the density of the
FAME to that of water at 15 ◦C. A denser biodiesel has a higher energy content and thus will deliver
better engine performance. Irrespective of the culture conditions, the biodiesels from all of the tested
strains tested in the present investigation measured a specific gravity of 0.88, which is similar to the
values of the vegetable oils and petroleum diesel, and which, in any cases, falls within the limits of
international standards.

The cloud point (◦C) is defined as the temperature at which crystals appear in biodiesel as it
becomes cooler. The cloud point increases with increased saturated fatty acids. The lower the cloud
point, the better the fuel quality. Insignificant cloud point differences were observed among the strains
under the different culture conditions; however, there were no common trends. In general, the cloud
point values were within the 6.7–8.4 ◦C range indoors and the 5.4–6.5 ◦C range outdoors, whose
values are slightly higher than those of the Jatropa oil that is commonly used as a biodiesel in many
countries. Cloud point values ranging from 3.6 to 5.5 ◦C have been reported for different Chlorella
strains tested under autotrophic conditions [15]. Nevertheless, the addition of anti-gel additives is
widely recommended in order to lower the cloud point of biodiesel sufficiently to prevent filters from
clogging under lower temperatures [24]. The cetane number (CN) represents the combustion quality
of a biodiesel during compressor ignition. In a particular diesel engine, higher-CN fuels will have
shorter ignition delay periods compared with lower-CN ones. The CN values of the tested strains were
within a 56.26–57.10 range indoors and a 55.58–56.16 range in the flue-gas-mediated outdoor cultures,
whose values were well above the standard specifications. Moreover, the microalgal biodiesels had
higher CN values compared with Jatropa and most of the other vegetable oils.

The iodine value (IV) indicates the total unsaturation degree regardless of the relative proportions
of mono to polyunsaturated compounds. A high IV value for a fuel represents a decreased oxidation
stability, which causes the formation of various degradation products that can negatively affect

162



Energies 2018, 11, 2026

engine operability. The IV values of the tested Chlorella strains ranged from 77.05 to 94.50 under the
different culture conditions and were under the maximum limit of 120 established in the European
biodiesel standard (no limits have been specified for IV in the U.S. standard). The higher heating
value (HHV, MJ/kg) shows the energy content, otherwise known as the calorific value, of biodiesel.
Hence, a higher HHV generally is recommended for diesel automobiles. The HHV of a given biodiesel
increases with increasing fatty acid chain length and decreases with unsaturation [25]. The HHVs
of the present tested strains were unaffected by the culture conditions and were around 40 MJ/kg
(Table 2). Similar values of HHV (40.5 MJ/kg) had been reported among 9 Chlorella strains under
indoor cultivation conditions [15]. Moreover, these values were almost the same as those of other
vegetable oils. There are no specifications in the international standards. It should be noted that overall,
irrespective of the culture conditions, the biodiesel properties of all of the tested Chlorella strains were
within the ranges specified in the international standards.
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3. Materials and Methods

3.1. Microalgal Strains and Culture Medium

Twenty-nine strains of Chlorella were evaluated for biodiesel production in comparison with a
reference strain Chlorella sp. KR-1 (Table 3). These strains were obtained from the Korean Collection
for Type Cultures (KCTC; Daejeon, Korea). Meanwhile, Chlorella sp. KR-1, which has been extensively
studied for its high lipid productivity and flue-gas tolerance, was maintained at the Korea Institute of
Energy Research (KIER; Daejeon, Korea) [2,5,6,23,26,27]. The modified N8 medium used in this study
was prepared and filter-sterilized through a 0.2 μm membrane, and its pH was adjusted to 6.5 [16].

Table 3. List of tested Chlorella strains and their origins.

No. Strain Species Origin

1 N002 Chlorella vulgaris Paddy field/Ssukgol, Gyeonggi
2 N006 C. vulgaris Paddy field/Suwon, Gyeonggi
3 N032 C. vulgaris Reservoir/Andongho, Gyeongbuk
4 N034 C. vulgaris Reservoir/Andongho, Gyeongbuk
5 N043 C. vulgaris Reservoir/Imhaho, Gyeongbuk
6 N052 C. vulgaris Reservoir/Youngsanho, Chungnam
7 N053 Chlorella sp. Reservoir/ Andong, Gyeongbuk
8 N113 Chlorella sp. Youngpyung, Gangwon
9 N309 Chlorella sp. Local fresh water body

10 M077 Chlorella sp. Local fresh water body
11 M082 Chlorella sp. Local fresh water body
12 M134 Chlorella sp. Local fresh water body
13 M136 Chlorella sp. Local fresh water body
14 M138 Chlorella sp. Local fresh water body
15 M150 Chlorella sp. Local fresh water body
16 M152 Chlorella sp. Local fresh water body
17 M158 Chlorella sp. Local fresh water body
18 M177 Chlorella sp. Local fresh water body
19 M181 Chlorella sp. Local fresh water body
20 M182 Chlorella sp. Local fresh water body
21 M189 Chlorella sp. Local fresh water body
22 M190 Chlorella sp. Local fresh water body
23 M194 Chlorella sp. Local fresh water body
24 M372 Chlorella sp. Local fresh water body
25 M696 C. vulgaris Reservoir/Yongsoho Jeju
26 M740 C. sorokiniana Reservoir/Daedongho, Hampyung
27 M742 C. vulgaris Reservoir/Daedongho, Hampyung
28 M746 C. vulgaris Reservoir/Daedongho, Hampyung
29 M751 C. vulgaris Local fresh water body
30 KR-1 Chlorella sp. Yeongwol, Gangwon

3.2. Seed Flask Culture

All of the strains were initially cultured in 250 mL Erlenmeyer flasks (working vol., 100 mL).
The flasks were incubated under continuous illumination (white fluorescent lamps, ca. 40 μmol
photons/m2·s) in a shaking incubator (IS-971RF, Lab Companion, Korea) at 150 rpm and 25 ◦C.

3.3. Indoor Culture Using Photobioreactor with 10% (v/v) CO2

Pyrex glass bubble-column photobioreactor (b-PBRs; working vol., 500 mL) [23] was utilized
to culture Chlorella strains. The biomass from the flask cultures was used as the b-PBRs inoculum,
a concentration of which was fixed to an initial optical density (OD) of 0.1 at 660 nm. The strains
were grown under either autotrophic or mixotrophic conditions for 96 h. For the latter, the modified
N8 medium was supplemented with filter-sterilized glucose (5 g/L, Sigma, USA; 0.2 μm Minisart
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High-Flow filter, 16532-K, Sartorius Stedium Biotech., Germany). The b-PBR was continuously
supplied with 10% CO2 in air (v/v) from the bottom of the reactor. The supplied gas was conveyed
by a 0.2 μm PTFE syringe filter (Minisart SRP15, Satorius Stedium Biotech., Germany) and controlled
by mass-flow controllers (MKP, Korea) and flow meters (RM Rate-Master, Dwyer instruments Inc.,
Michigan, IN, USA). The reactor was maintained under continuous illumination (white fluorescent
lamps, ca. 170 μmol/m2·s) in a temperature-controlled room (28–31 ◦C). Preliminary screening of
30 Chlorella spp. was done using single PBR, whereas the rest of the experiments were carried out with
duplicate PBRs.

A high-temperature-tolerance experiment was carried out for the fast-growing three strains under
autotrophic conditions including continuous illumination (white fluorescent lamps, ca. 69 μmol/m2 s)
in a temperature-controlled growth chamber (GC-300, Jeio Tech, Korea). The b-PBR was incubated at
35 ◦C for 45 h, and then the temperature was increased to 40 ◦C, where it was maintained for a further
25 h.

3.4. Outdoor Culture Using Photobioreactor with Actual Flue-gas

The three strains selected under indoor experimentation were grown outdoors in b-PBRs under
autotrophic conditions for 160 h. The biomass from the flask cultures was used as an inoculum with
a fixed initial OD of 0.3 at 660 nm. The cultures were mediated by a supply of coal-fired flue-gas
(obtained from a 2 MW demonstration-scale coal-burning power plant located at KIER, Daejeon, Korea)
at a flow rate of 0.6 vvm [23]. The typical composition of the flue-gas supplied was CO2, 13.3%; O2,
7.6%; CO, 39.1ppm; NOx, 6.9 ppm [6]. Details on the storage, pre-processing, and transfer of flue-gas
are available elsewhere [6]. Throughout the experiment, the cultures were maintained at ambient
temperature, and the average day time light intensity in this period was 500 μmol/m2·s.

3.5. Analytical Methods

Growth of the microalgal strains was evaluated based on their OD values measured at 660 nm
using a UV-Vis spectrophotometer (Optizen 2120UV, Mecasys Co., Daejeon, Korea). The dry-cell
weight (DCW) was measured by GF/C filtration, washing with distilled water, and 105 ◦C drying.
The pH and light intensity were determined using a pH meter (DKK-TOA Co., Japan) and a
quantum meter (LI-250A, LI-COR Inc., Lincoln, NE, USA), respectively. For outdoor cultures, data
on parameters such as temperature and light intensity were continuously recorded. The temperature
probe (CIMON-SCADA V 2.10, KDT Systems, Seongnam, Korea) was immersed inside the b-PBR in
the culture medium. Changes in the light intensity were monitored through a light sensor (LI-250A,
LI-COR Inc., USA) that was fixed on the top of the b-PBR-setting panel, and the data was collected by
a data logger (LI-1400, LI-COR Inc., USA). The compositions (CO, NO, NO2, SO2, CO2, and O2) of the
flue gas supplied for the cultures were analyzed using a portable flue-gas analyzer (Vario Plus, MRU,
Neckarsulm, Germany). The FAME (fatty acids methyl ester) contents of the dried cells were prepared
by following a modified in-situ transesterification method [18] and analyzed by gas chromatography
(GC; Agilent 6890, Agilent Technologies, Wilmington, DE, USA). The relevant detailed methodologies
have previously been reported [3,23]. All the analyses were done in triplicates, and the results were
represented as mean ± standard deviation.

3.6. Estimation of Biodiesel Properties

Important biodiesel properties including viscosity, specific gravity, cloud point, cetane number,
iodine number, and higher heating value (HHV) were estimated from the fatty acid compositions
based on the empirical formulae proposed by Tanimura et al. (2014) [21].

4. Conclusions

In this study, 30 local strains of Chlorella were evaluated for application to flue-gas-mediated
biodiesel production. Among the 30 strains, 3 strains (M082, M134, and KR-1) could be selected on the
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basis of their growth rates, lipid contents, and fatty acid profiles under autotrophic (10% CO2) and
mixotrophic (10% CO2 plus 5 g glucose/L) nutrition modes. These strains were further tested under
outdoor conditions using the actual coal-fired flue-gas from demonstration-scale plant. M082 showed
good lipid production performances (228 mg FAME/g cell and 39 mg FAME/L·d), as well as a high,
up-to-40 ◦C temperature tolerance. Thus, Chlorella sp. M082 can be considered a potential strain for
simultaneous utilization of CO2 from flue-gas and of waste organics for biodiesel production.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/8/2026/s1,
Figure S1: Growth curve of 6 fast-growing Chlorella strains under autotrophic and mixotrophic conditions for
96 h of cultivations, Figure S2: FAME distributions of 6 fast-growing Chlorella strains under autotrophic and
mixotrophic indoor conditions for 96 h of cultivation, Figure S3: FAME distribution of 3 high-productivity Chlorella
strains in outdoor culture mediated by coal-fired flue-gas, and Figure S4: Growth patterns of 3 high-productivity
Chlorella strains under high-temperature conditions.
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Abstract: This article aims to study the codigestion of food waste (FW) and three different
lignocellulosic wastes (LW) (Corn stover (CS), Prairie cordgrass (PCG), and Unbleached paper
(UBP)) for thermophilic anaerobic digestion to overcome the limitations of digesting food waste alone
(volatile fatty acids accumulation and low C:N ratio). Using an enriched thermophilic methanogenic
consortium, all the food and lignocellulosic waste mixtures showed positive synergistic effects
of codigestion. After 30 days of incubation at 60 ◦C (100 rpm), the highest methane yield of
305.45 L·kg−1 volatile solids (VS) was achieved with a combination of FW-PCG-CS followed by
279.31 L·kg−1 VS with a mixture of FW-PCG. The corresponding volatile solids reduction for these
two co-digestion mixtures was 68% and 58%, respectively. This study demonstrated a reduced
hydraulic retention time for methane production using FW and LW.

Keywords: thermophilic anaerobic digestion; corn stover; prairie cord grass; unbleached paper;
digester performance; process stability; synergistic effects; microbial community; Methanothermobacter

1. Introduction

Anaerobic digestion for the production of biogas is an environmentally friendly multi-step process
employing complex consortia of microorganisms. These consortia comprise various facultative or
obligate anaerobic microbial groups which work synergistically and convert complex organic substrates
into biogas. Biogas with 60–70% of its component being methane is a combustible renewable energy
that can be used as an alternative energy source to replace fossil fuels, either by direct combustion to
generate heat and electricity, or through upgradation to be used as vehicle fuel and injection into the
gas grid [1–4]. After the on-site demand of the produced biogas is met, the remaining biogas is usually
stored as compressed natural gas (CNG) or liquefied biomethane (LBM) for future use. While the
biogas industry in Europe is well established, with more than 10,000 biogas producing Anaerobic
digestion (AD) plants in operation, in the United States, the biogas industry is still growing. According
to the American Biogas Council, 1241 wastewater treatment plants and 236 farms have functional
Biogas plants [5]. Currently, the feedstocks used for biogas production in these anaerobic digesters are
limited, and therefore it is important to explore new substrates to meet the growing energy needs.

Food waste (FW) is an attractive substrate for AD because of its low total solids (TS) and
high content of soluble organics which make it readily biodegradable. Additionally, FW offers
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low-cost alternatives for methane production and is abundantly available. The Food and Agriculture
Organization of the United Nations reports a wastage of 1.3 billion tons of food per year. Therefore,
using FW to produce methane appears to be an ideal way to strengthen the world’s energy security
while addressing waste management and nutrient recycling [6]. The AD of FWs, however, depends on
the delicate balance between the acidification process and methanogenesis [7]. Many studies have
attributed the low stability and efficiency of individual FW fermentation to the low C/N ratio, ammonia
accumulation, and the readily biodegradable organic fraction that causes acidification [8]. If the
acidification process is rapid, the accumulation of volatile fatty acids (VFAs) occurs, causing an abrupt
fall in pH, which stresses and inhibits the methanogenic archaea [9,10]. The reactor acidification
through reactor overload is one of the most common reasons for process deterioration in anaerobic
digesters [11]. Therefore, the codigestion of FW with other organic wastes, such as municipal
wastewater treatment plant sludge, animal manure, and agricultural biomass, has become popular, as it
provides the ability to alter the carbon and nitrogen ratios which prevent accumulation of intermediate
inhibitory products (NH4

+ and VFAs) [12–14] and increase the methane yield, as well as improve the
utilization efficiency [8]. The use of co-substrates for AD has shown to produce higher biogas yields
due to positive synergisms established in the digestion medium and the supply of missing nutrients
by the co-substrates [15,16]. Mixing organic substrates often results in the formation of a codigestion
mixture with a C/N ratio included in the optimal range of 20–30% as reported in the literature [16–18].
The additional benefits of the codigestion process are (1) the dilution of the potential toxic compounds
present in any of the co-substrates involved; (2) the adjustment of the moisture content and pH;
(3) supply of the necessary buffer capacity to the mixture; (4) the increase of the biodegradable material
content; and (5) the widening the range of bacterial strains taking part in the process [17].

Like food waste, lignocellulosic wastes (LW), which include agricultural residues (corn stover,
rice straw), herbaceous crops (switchgrass, prairie cordgrass) and waste paper, are extensively
available low-cost substrates. Lignocellulosic wastes are in fact the most abundant renewable organics,
reaching, annually, over 150 billion tons in the form of plant biomass [19]. Due to their chemical
composition based on sugars and other compounds of interest, they could be utilized to produce
several value-added products, such as ethanol, biogas, food additives, organic acids, enzymes,
and others [20–23]. Therefore, besides the environmental problems caused by their accumulation,
the non-utilization of these materials constitutes a loss of potentially valuable sources [24]. Previous
studies report that the methane generation potential is expected to be much higher if lignocellulosic
biomass resources are used. It is estimated that 4.2 trillion cubic feet per year (about 4,318 trillion
British thermal units [25]) LW are available, the biogasification of which can displace about 46% of
current natural gas consumption in the electric power sector and the entire natural gas consumption in
the transportation sector [26]. Moreover, being a second-generation feedstock for biofuel, the use of
lignocellulosic residues does not compete for arable land [27,28]. Thus, utilizing LW in the AD process
is a promising option. Still, the AD of LW alone has several limitations, such as the high C:N ratio
creating nitrogen deficiency, the risk of producing inhibitors (e.g., furfural and hydroxymethylfurfural),
a less digestible biomass, a high heat demand [29,30], and long digestion time due to their low cellulose,
hemicellulose, and lignin conversion rates [8].

Performing anaerobic codigestion of FW with LW can overcome the limitations of their respective
mono-digestions. Previous studies have also demonstrated the role of codigestion of FW and LW
in the adjustment of C:N ratio [31], in the reduction of the start-up time and volatile fatty acid
(VFA) accumulation [32], and in the enhancement of methane yield. Yong et al., 2015 examined the
potential of co-digestion of food waste and straw at 35 ◦C. The study showed increased methane
yield reaching 0.392 m3·kg−1 VS at an optimal mixing ratio of 5:1 (FW: straw), which marked a 39.5%
and 149.7% increase in methane yield compared with individual digestion results of food waste
and straw, respectively [8]. In another study, Jabeen et al., 2015, codigested FW with rice husk in
a pilot-scale mesophilic (37 ◦C) anaerobic reactor. They obtained a daily biogas production of 196 L·d−1,
at an organic loading rate of 6 kg VS·m−3·d−1, which decreased to 136 L·d−1 at a loading rate of

170



Energies 2018, 11, 2058

9 kg VS/m3/d. They attributed the decrease in biogas production, reactor stability, and volatile solids
removal efficiency to the increase in organic loading rate [33]. These effects of high organic loading
rate are more profound in mesophilic anaerobic reactors as compared to thermophilic reactors.

In all the studies mentioned above, the anaerobic co-digestion of FW and LW improved process
performance and increased biogas production. However, a major disadvantage of using LW is
the recalcitrant nature of their cell wall. The intricate composition of lignocellulosic materials,
where cellulose fiber is tightly linked to hemicellulose and lignin, hinders their biodegradability and
thus limits their use as co-substrates for AD. The recalcitrant nature of the LW necessitates the inclusion
of the pretreatment step (physical, chemical or biological) for their efficient conversion into biofuels [34].
The use of thermophilic digesters can eliminate the use of costly and sometimes hazardous pretreatment
steps. Thermophilic anaerobic digestion (TAD) allows for the better degradation of LW by increasing
the microbial hydrolysis rate which is considered the slowest as well as rate limiting step [35].
Besides aiding methanogenesis through increased hydrolysis rate, TAD also decreases the level of
pathogens. This reduces the potential health hazards for the biogas plant operators as well as ensures
safe disposal of the digestate after process completion [36].

Most of the studies to date on the codigestion of FW and LW have been conducted under
mesophilic conditions [31,33,37–39] which require higher hydraulic retention times (HRTs) and
lower organic loading rates. Here, however, we attempt to assess the methane production from
codigestion of FW and LW under thermophilic conditions. The objectives of this study were to
(1) evaluate the methane potential and biodegradability of FW, corn stover (CS), prairie cordgrass
(PCG), and unbleached paper (UBP) at 60 ◦C and (2) describe the trends of methane yield, process
stability, and digester performance, when these are codigested using a pre-acclimatized thermophilic
methanogenic consortium. In South Dakota, PCG is abundant and can offer local alternatives to corn
for the production of biofuels. This study is the first attempt at investigating the co-digestion of FW
with PCG under thermophilic conditions (60 ◦C). The results of this study could provide baseline data
for the adoption of Thermophilic Anaerobic Digestor (TAD) using readily available PCG as feedstocks
for biogas generation.

2. Materials and Methods

2.1. Feedstock and Inoculum

The FW and three different types of LW-CS, PCG, and UBP—were used as feedstocks for TAD.
CS and PCG were kindly provided by Dr. K. Muthukumarappan from South Dakota State University,
Brookings, SD. The FW and UBP were collected from the cafeteria at the South Dakota School of
Mines and Technology and stored at 4 ◦C. LW were reduced in size using a cutting mill and sieved
through sieve between 15 and 10 mm pores (SM 200, Rectch GmbH, Haan, Germany). The particle
size of the FW was also reduced by crushing it in an electrical kitchen blender, and the resultant FW
slurry was sieved to remove coarse particles larger than 15 mm. The effect of shredding paper had
been tested previously and did not influence the AD performance [40], so the UBP was hand cut.
Inoculum used in this study was effluent procured from an anaerobic digester at the Waste Water
Reclamation Plant, Rapid City, SD which was enriched in our lab. The enrichment details are included
in our previous report [41]. This enriched thermophilic methanogenic consortia (called TMC) was used
as the inoculum for this study and stored in an air-tight container at −20 ◦C. The characteristics of
substrates and inocula are presented in Table 1. Each data point presented was the average of triplicate
measurements of the same feedstock.

2.2. Experimental setup for Batch Tests

Batch tests were conducted in 500 mL serum bottles with a working volume of 200 mL containing
180 mL of anaerobic culture medium and 20 mL (10%, v/v) TMC. The composition of the anaerobic
culture medium is given in Table 1. To analyze the feasibility of the individual FW and LW for
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anaerobic digestion, different organic loadings (1%, 2%, 5%, and 10% w/v VS) of these samples were
first tested, which constituted 16 mono-digestion tests (Table 2). Based on this, seven FW samples
(1 g VS each) were separately mixed with CS, PCG, or UBP for the anaerobic co-digestion study in
mixing ratios as given in Table 3. The substrate-free serum bottles containing inoculum, and the media
served as controls. The experiments were repeated three times under the same conditions using the
same co-digestion mixing ratios. The average pH of digestion mixtures T1, T2, T3, T4, T5, T6, and T7
after mixing with inoculum were 7.1, 7.1, 7.2, 7.1, 7.2, 7.3, and 7.3, respectively.

The substrates (according to Tables 1 and 2), media and 10% (v/v) inoculum were added in the
serum bottles to make a total working volume of 200 mL. These digester bottles were capped with
butyl rubber stoppers, crimped with aluminum caps, and nitrogen gas was purged into them for
20 min to simulate anaerobic conditions. The bottles were then incubated at 60 ◦C (100 rpm) for up to
30 days. Methane production was monitored at different time intervals, and the methane yield was
reported as mL CH4 per gram of Volatile solids (mL CH4/g VS).

Table 1. The composition of the anaerobic culture medium.

Components Composition (g/L)

K2HPO4 0.30
KH2PO4 0.30

NaCl 0.10
CaCl2 0.05
NH4Cl 1.00

MgCl2·6H2O 0.50
KCl 0.30

Cysteine.HCl 0.50
Yeast extract 0.05
Na2S·9H2O 0.003

NaHCO3 20 mM
Nitsch trace element 2.5 mL

Table 2. The feedstock composition in the batch tests with individual wastes.

Individual Substrate
Type

Food Waste
(FW)

Corn Stover
(CS)

Prairie Cordgrass
(PCG)

Unbleached Paper
(UBP)

Organic Loading (%) s 1% 2.5% 5% 10% 1% 2.5% 5% 10% 1% 2.5% 5% 10% 1% 2.5% 5% 10%
Composition

(g VS) 2 5 10 20 2 5 10 20 2 5 10 20 2 5 10 20

Table 3. The feedstock composition in batch tests (60 ◦C) with codigestion mixtures.

Test Bottles T1 T2 T3 T4 T5 T6 T7

Composition FW FW + CS FW + PCG FW + UBP FW + PCG + CS FW + PCG + UBP FW + UBP + CS

FW (g VS) 2.5 2.5 2.5 2.5 2.5 2.5 2.5
CS (g VS) - 1.5 - - 0.75 - 0.75

PCG (g VS) - - 1.5 - 0.75 0.75 -
UBP (g VS) - - - 1.5 - 0.75 0.75

Mixing Ratio - 5:3 5:3 5:3 5:1.5:1.5 5:1.5:1.5 5:1.5:1.5
C:N 19:1 23.9 25.6 28.2 24.4 26.8 25.6

(Note: FW = Food wastes; CS = Corn stover; PCG = Prairie cordgrass; UBP = Unbleached paper).

2.3. Analytical Methods

Total Solids (TS) and Volatile solids (VS) of the inoculum and feedstock were analyzed according
to APHA Standard Methods [42]. The cellulose, hemicellulose, and lignin content were determined
according to standard NREL analytical procedures [43]. The product gas was sampled using a 100 μL
gas-tight glass syringe (Hamilton Company, Reno, NV, USA), and measured using gas chromatography
(Agilent Technologies 7890A) equipped with a thermal conductivity detector at 200 ◦C and a Supelco
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Porapak Q stainless steel packed column (6 ft × 1/8 in). Nitrogen was the carrier gas at a rate of
10 mL/min. The conditions for CH4 analysis were as follows: injector temperature: 70 ◦C; detector
temperature: 100 ◦C; and oven temperature: 1 min at 35 ◦C, followed by a 5 ◦C/min ramp to 50 ◦C
with a hold time of 2 min (total run time 4.5 min). The VFAs (acetic acid, propionic, and butyric acid)
were measured using an Aminex HPX-87 H column with 0.005 N sulfuric acid as the mobile phase.
Liquid samples were sent to Atlantic Microlab, Norcross, GA for elemental analysis.

Methane yield (mL/g VS) was calculated as the volume of methane as produced per g of VS
feedstock loaded into the digester bottles initially and corrected by subtracting the methane yield
obtained from the control bottle [44]. VS represents the organic portion of the material solids that
can be digested, while the remainder of the solids is considered as fixed. The ‘fixed’ solids are
non-biodegradable [45]. The pH value of each mixture before and after the digestion process was
measured with an Oakton pH 700 meter. Process stability was assessed in terms of final pH and
VFA accumulation, and performance was measured in terms of methane production and VS removal
efficiencies. The carbon to nitrogen ratio was calculated using the following equation [37]:

C : N =
(VS ∗ TOC)FW + (VS ∗ TOC)LW
(VS ∗ TN)FW + (VS ∗ TN)LW

where TOC = the total organic carbon (%VS) and TN = total nitrogen (%VS).

2.4. Statistical Analysis

The batch tests were conducted in triplicates, and each data point was the average of triplicate
readings for all the chemical analysis and measurements. The statistical significance of the results was
analyzed by Analysis of Variance (Two-way ANOVA) with a 95% level of confidence (p = 0.05) [46].
Statistical analysis was done using GraphPad Prism version 7.04 (GraphPad Software, San Diego, CA,
USA). The results of the analysis are given in the supplementary files.

3. Results and Discussion

3.1. Feedstock and Inoculum Characteristics

The results of the feedstock characterization are shown in Table 4. FW had a moisture content
of 84.8% and a VS/TS ratio of 90.8%. These results comply with previous reports in the literature where
the moisture content and VS/TS ratio of FW was 69–93% and 85–95%, respectively [47]. FW containing
a high amount of digestible organic matter is suitable for anaerobic microbial growth and attaining
high methane yield. However, elemental analysis showed that FW had a C:N ratio of 13:1, which was
too low to maintain nutrient balance in the anaerobic digester. TS and VS contents of the three LW (CS,
PCG, UBP) were higher than that of FW, and their VS/TS ratios were between 85% to 95% making
them suitable feedstocks for TAD (Table 1). The C:N ratio was found to be the highest for UBP
(124:1), followed by CS (55:1) and PCG (41:1), which was higher than the optimum range required
(20–30:1) [48]. The cellulose content was the highest in UBP (84.5%) and lowest in PCG (30.3%). CS had
the highest hemicellulose content among the tested feedstocks and PCG had the highest lignin content.
UBP had the lowest hemicellulose and lignin content.

The inoculum (TMC) used in this study was enriched through sub-culturing techniques [41].
Briefly, 10% (v/v) effluent from the wastewater reclamation plant was inoculated in 200 mL of anaerobic
medium (Table 1) in 500 mL serum bottles. One-gram VS of mixed wastes (containing equal amounts of
FW, CS, PCG, and UBP) was used as the substrate and the bottles were incubated at 60 ◦C and 100 rpm.
When methane production reached a stable level, 10% (v/v) of the actively growing anaerobic culture
was transferred into fresh media (200 mL) containing another 1 g of mixed waste. After 10 serial
transfers, a methanogenic consortium growing at 60 ◦C was obtained that produced methane using
FW, CS, PCG, and UBP as a carbon and energy source. The enriched TMC had a VS content, TS content,
and C:N ratio of 6.1%, 8.3%, and 2.7, respectively. During optimization, a pH of 7.5, 2–3% (w/v)
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substrate loading, and 10% (v/v) inoculum density had a profound effect on consortium growth and
subsequent methane production. The microbial community analysis of the inoculum highlighted
the role of the bacterial orders—Clostridiales, Bacillales, Bacteroidales, and Thermoanaerobacteriales—in
the anaerobic degradation of the complex organic polymers present in FW and LW. As expected,
the hydrogenotrophic pathway was found to be the dominant pathway of methanogenesis where
Methanothermobacter were the predominant archaea in TAD (Supplementary Figure S2A–D).

Table 4. The characteristics of inoculum and feedstock a.

Parameters Inoculum FW CS PCG UBP

TS (% w/w) 8.3 15.2 94.3 87.6 96.2

VS (% w/w) b 6.1 13.8 92.6 76.9 84.7

Ash (% w/w) b 93.9 86.2 7.4 23.1 15.3

VS/TS (%) 37.2 90.8 98.2 87.8 88.0

C:N c 2.7 13:1 55:1 41:1 124:1

VFA/alkalinity 1.3 ND ND ND ND

Lignin (%) b ND ND 13.5 22.9 2.1

Cellulose (%) b ND ND 38.2 30.3 84.5

Hemicellulose (%) b ND ND 32.4 25.7 11.2

ND = Not determined; a Data shown are average values based on duplicate runs; b Based on the TS of the sample;
c Based on the total weight of the sample.

3.2. Thermophilic Anaerobic Digestion of Individual Waste Substrates

Cumulative methane production for organic loadings of 1, 2.5, 5, and 10% (w/v VS) of FW is
shown in Figure 1. The highest methane yield of 321.5 L·kg−1 VS was obtained with an organic
loading of 1% FW. The further increase of organic loading resulted in a significant decrease in methane
production (p < 0.05), indicating inhibition of methanogenesis. This is due to the rapid rise in the
concentration of VFAs with increasing organic load, causing an abrupt fall in pH (<5.3) and the
consequent acidification of the anaerobic system (Figure 2). Previous studies have also reported
a similar trend, in which the accumulation of superfluous VFAs was found to be inhibitory towards
methanogens, thus causing a drop in their activity [49,50]. The instability of the FW digesting system
can also be attributed to the low C:N ratio of FW. A low C:N ratio causes ammonia accumulation,
reduced substrate degradation, and even an inhibition of methanogenesis [8].

The codigestion of FW with lignocellulosic biomass has shown to solve the problem by bringing
in an opportunity to balance the nutrients content [15,51]. However, the complex structures of lignin
and other cell wall polysaccharides make lignocellulosic waste materials hard to biodegrade and to
be used by anaerobic microorganisms, leading to a lower biogas production. Therefore, to assess the
biodegradability of LW by the anaerobic consortia used in this study, CS, PCG, and UBP were digested
individually at different organic loading rates (1, 2.5, 5, and 10%; w/v VS). Figure 1 presents the results
of the mono-digestion study. The methane yield and solid content for all the substrates tested showed
an inverse relationship where 1% w/v substrate gave the highest methane yield. Cumulative methane
yields obtained with 1% LW were 236.14 L·kg−1 VS for UBP followed by CS (111.05 L·kg−1 VS) and
PCG (94.87 L·kg−1 VS). The methane yields obtained in this study were comparable with values (80 to
530 L·kg−1 VS) reported by others for the same or similar agricultural and energy crops [39,52–54].
Substrate concentrations of more than 1% w/v showed a significant decrease in methane production
(p < 0.05). Nevertheless, these results indicated that the TMC can efficiently degrade LW anaerobically.
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Figure 1. The methane yield from different organic loadings of food waste (FW), corn stover (CS),
prairie cord grass (PCG), and unbleached paper (UBP). The data represented are the average values of
the triplicate bottles. The error bars represent the standard deviation.

Figure 2. The Total Volatile Fatty Acid (TVFA) concentration and pH at the end of batch tests
(the data represented are the average values of the triplicate bottles. The error bars represent the
standard deviation).

3.3. Effect of Codigestion on Methane Yield and Digester Performance

High organic loading rates are desirable to reduce the digester volume and minimize capital
losses, however, increased organic loading rates often result in VFA accumulation, nutrient imbalance,
and sometimes the direct inhibition of methanogenesis, leading to complete digester failure [55–57].
Codigestion experiments were carried out with an organic loading of 2.5% FW to analyze the efficacy
of codigestion in overcoming the limitations of high organic loadings observed in mono-digestion
experiments. In the first set of tests, FWs (2.5% VS) were codigested with LW individually in three
separate serum bottle digesters (T2, T3, and T4) where the concentration of CS, PCG, and UBP was
1.5% w/v (VS basis). As shown in Figure 3a, methane volume produced in these co-digestion studies
with two waste mixtures was considerably higher than that obtained from the mono-digestion of
FW (p < 0.05). This demonstrates positive synergistic effects among codigested wastes. The highest
methane yield of 279.31 L·kg−1 was observed in T3 (FW + PCG), followed by 251.90 L·kg−1 in T2
(FW + CS) and 177.48 L·kg−1 in T4 (FW + UBP). Because a higher reduction in VS is indicative of
better digester performance, a direct correlation between methane production and VS reduction was
observed in this study (p < 0.05). Digester bottles with higher VS reduction yielded higher methane.
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The highest VS reduction of 45.7% was achieved in T3 (FW + PCG) followed by 38.7% in T2 (FW + CS),
and 38.3% in T4 (FW + UBP). The lowest biodegradability of the FW + UBP mixture is reflected in the
mixture’s lower VS removal and consequently in its lowest methane yield.

The second set of experiments where the co-digestion mixtures comprised of 2.5% w/v FW and
two LW (0.75 % w/v each on VS basis) showed a similar pattern of results (Figure 3b). The highest
methane yield of 305.45 L·kg−1 VS and a VS reduction of 68.5% were obtained with FW:CS:PCG (T5)
mixture, while the lowest yield of 219.9 L·kg−1 VS and a VS reduction of 49.8% was observed with FW
+ UBP + CS (T7) mixture. The higher methane production for some codigestion mixtures over others
can be attributed to the C/N ratio for these mixtures which were in the recommended range of 20:1
and 30:1 [18,58].

At a constant organic loading of 4 g VS, the highest methane yield among all the codigested
mixtures was obtained with FW + PCG + CS (305.4 L·kg−1 VS), followed by FW + PCG (279.3 L·kg−1

VS). This marked a 94% and 74% increase in methane production compared to the mono-digestion of
FW. Previous studies have also shown similar results but were performed at mesophilic temperatures
and had higher hydraulic retention times (>30 days) in comparison to our study (18 days). Xu and Li,
2012 reported the highest methane yield of 304.4 L/kg VS feed with a codigestion mixture containing
an equal amount of corn stover and dog food, 109% compared to methane yield from mono-digestion
dog food, respectively [32]. In another study conducted by Brown and Li, 2013, the increased methane
yields and volumetric productivities were observed with the co-digestion of food waste with yard
waste. Food waste to yard waste mixture of 1:9 gave the highest volumetric productivity of 8.6 L
methane L−1, with a 43% VS reduction [31]. They attributed nutrient balance as one of the reasons for
enhanced synergism during co-digestion.

(a) 

(b)

Figure 3. (a,b): methane production from the co-digestion of food and lignocellulosic waste (the data
represented are the average values of triplicate bottles. The error bars represent the standard deviation).
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3.4. Effect of Codigestion on Process Stability

Reactor acidification due to the buildup of VFAs is one of the most common reasons for the process
deterioration and instability in anaerobic digesters [48]. VFAs are naturally produced by acidogenic and
acetogenic bacteria and accumulate during conditions of substrate overload in the reactor. Additionally,
a high VFA concentration is usually associated with a drop in pH and a breakdown of the buffering
capacity of the reactor [31,59]. Hence, the final pH values in batch tests are another measure of
system stability. Maintenance of the system pH in the proper range (6.5 and 7.6) is required for
efficient anaerobic digestion [60]. Analysis of VFA concentrations and pH were done at the end of
the batch experiments, and the results are shown in Figure 4. While acetic acid represented major
portion of the total VFAs produced, propionic acid and butyric acid were produced in lower amounts
(Supplementary Figure S1). The total VFA concentration was highest for T1 (FW) followed by T4 (FW
+ UBP) and T7 (FW + UBP + CS) which dropped the pH below 6 in all the three digesters creating
instability. This instability directly affected the methane production which is evident from the lowest
methane yield observed in T1, T4, and T7 (Table 5). The results indicated that these anaerobic reactors
were operating under higher loading rates. Statistical analysis also showed that VFA concentration
has a significant effect on methane yield with a p value of <0.05. The serum bottles having VFA
concentrations of 1600–3300 mg/L did not show a drastic decrease in the pH of the system.

Figure 4. The Total Volatile Fatty acids (TVFA) and pH at the end of the codigestion tests (the data
represented are the average values of triplicate bottles. The error bars represent the standard deviation).

Table 5. The effect of codigestion on digester performance.

Test Bottles T1 T2 T3 T4 T5 T6 T7

Methane yield (L·kg−1 VS) 159.8 ± 2.4 251.9 ± 26.6 279.3 ± 7.2 177.5 ± 16.1 305.4 ± 23.8 243.6 ± 20.9 219.9 ± 10.9
VS reduction (%) 44 ± 1.4 57.4 ± 2.7 58.0 ± 0.9 47.4 ± 1.8 68.5 ± 2.2 51.1 ± 2.6 49.8 ± 1.5

Initial pH 7.1 ± 0.0 7.1 ± 0.2 7.2 ± 0.1 7.1 ± 0.1 7.2 ± 0.0 7.3 ± 0.3 7.3 ± 0.2
Final pH 5.3 ± 0.0 6.8 ± 0.1 7.4 ± 0.2 5.8 ± 0.1 7.3 ± 0.2 6.8 ± 0.1 5.9 ± 0.0

4. Conclusions

Biogas production using the abundant wastes as the substrate is a promising technology both in
renewable energy and solid waste management sectors. FW and LW are attractive co-substrates for
TAD as their complementary characteristics can overcome the limitations faced by their mono-digestion.
The results suggested that codigesting FW with LW not only improved the system stability but also
enhanced methane production, thus improving overall digester performance. At a constant organic
loading of 4 g VS, the highest methane yield of 305.4 L·kg−1 VS was obtained with FW + PCG +
CS followed by 279.3 L·kg–1 VS with FW + PCG. This marked a 94% and 74% increase in methane
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production compared to the mono-digestion of FW. Since the digester bottles with these codigestion
mixtures showed increased system stability as well, they will be employed for scale-up studies.

The pretreatment of the LW increases the amount of available sugars for AD, but also increases
the bioprocessing cost. As this study was conducted without employing any pretreatment, consortium
development became a crucial step when the codigestion of LW was performed. The use of
thermophilic temperature may increase the costs of the overall process but gives the added advantage
of digesting higher organic loading of wastes at reduced hydraulic retention times. In addition,
the surplus biogas produced can be used for heating purposes to maintain the reactor temperature in
the thermophilic range. Nevertheless, the consortium developed in this study is significant for the
co-digestion and can be used for scale-up studies. Codigestion mixtures showing the best performance
and stability in this study will be used for scale-up studies to conduct the cost analysis. The present
batch study can also direct further studies for setting up semi-continuous or continuous commercial
scale plants for the codigestion of regionally abundant PCG with food waste and help in tackling the
conditions limiting methane production from higher organic loadings.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/8/2058/s1.
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Nomenclature

FW Food wastes
LW Lignocellulosic wastes
CS Corn Stover
PCG Prairie cordgrass
UBP Unbleached paper
AD Anaerobic digestion
VFA Volatile Fatty acids
C/N Carbon to nitrogen
TAD Thermophilic anaerobic digestion
VS Volatile solids
TS Total solids
TMC Thermophilic methanogenic consortia
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Abstract: Nejayote (corn step liquor) production in Mexico is approximately 1.4 × 1010 m3 per
year and anaerobic digestion is an effective process to transform this waste into green energy.
The biochemical methane potential (BMP) test is one of the most important tests for evaluating
the biodegradability and methane production capacity of any organic waste. Previous research
confirms that the addition of conductive materials significantly enhances the methane production
yield. This study concludes that the addition of granular activated carbon (GAC) increases methane
yield by 34% in the first instance. Furthermore, results show that methane production is increased
by 54% when a GAC biofilm is developed 10 days before undertaking the BMP test. In addition,
the electroactive population was 30% higher when attached to the GAC than in control reactors.
Moreover, results show that electroactive communities attached to the GAC increased by 38% when
a GAC biofilm is developed 10 days before undertaking the BMP test, additionally only in these
reactors Geobacter was identified. GAC has two main effects in anaerobic digestion; it promotes direct
interspecies electron transfer (DIET) by developing an electro-active biofilm and simultaneously it
reduces redox potential from −223 mV to −470 mV. These results suggest that the addition of GAC
to biodigesters, improves the anaerobic digestion performance in industrial processed food waste.

Keywords: biochemical methane potential; redox potential reduction; direct interspecies electron
transfer; electroactive biofilm; Nejayote; granular activated carbon

1. Introduction

The Mexican corn tortilla industry produces between 2.2–3.5 m3·t−1 of wastewater from processed
corn [1,2]. The wastewater (Nejayote) presents an environmental problem for Mexican society due
to its malodorous nature and its composition. It is imperative to have an explicit waste management
strategy to deal with the unpleasant by-products, and it is also essential to ascertain the potential
uses of the wastewater in order to harness and capitalise on the large quantities that are produced
through nixtamalization. Nixtamalization is the ancient Aztec process of cooking corn with lime to
produce corn masa [3]. Water, corn, and lime are cooked at 80 ◦C during three hours and is then
steeped for 15 hours [4]. Nowadays, the process was carried out on an industrial scale but based on
the process carried out by the Aztecs known as nixtamalization. This complex waste has a pH in the
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9–14 range, a chemical oxygen demand (COD) between 3.5 and 40 g·L−1 and a phenol concentration
of 4.2 g·L−1 [3–6]. This wide range is a result of the proportions of water corn and lime that vary
in different nixtamal plants [4,5,7]. Its organic matter content makes nejayote a suitable waste for
anaerobic digestion process rather than any aerobic process due to the huge amount of energy that is
required to degrade its high organic load [8–10]. A biochemical methane potential (BMP) test is the
most efficient means of identifying the methane production capacity, in anaerobic digestion, for any
organic waste [11–13]. Additionally, it can be useful to identify future inhibition and adaptation
problems before scaling the process [14]. Given the lack of previous studies in relation to BMP testing
of nejayote, this article is the first step in determining the biochemical methane potential via direct
interspecies electro transfer (DIET) of nejayote in anaerobic digestion and it provides an opportunity
to develop a perspective on its possible performance on a larger scale.

Anaerobic digestion process is based in four main steps: hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. In methanogenesis, step electrons are transported from acetoclastic bacteria
to hydrogenotrophic archaea to reduce carbon dioxide to methane. This transport can be done by
shuttle moleculas as hydrogen or formate. Traditionally, interspecies hydrogen transfer (IHT) and
interspecies formate transfer (IFT) have been intrinsically linked with interspecies electron transfer
(IET). However, these can present problems in relation to H2 partial pressure and formate concentration,
respectively [15]. More recently, there has been a greater production of studies referring to DIET, which
has become more widely accepted. DIET is another form of IET that can be produced through pili or
employing conductive materials [16–19]. Exoelectrogenic bacteria and electrotrophic methanogens
are the partners that participate in DIET [20–22]. Short chain volatile fatty acids (VFA) and alcohols
are the biodegradable compounds in the syntrophic association between exoelectrogenic bacteria
and electrotrophic methanogens [23,24]. For the first time in 2014, the DIET between exoelectrogenic
bacteria and electrotrophic methanogens was evidenced through pili in a Geobacter-Methanosaeta
co-culture [18]. Not all exoelectrogenic bacteria are able to generate pili; however, the addition of
conductive materials increases the genera of bacteria that are able to supply pili the genera of bacteria
that are able to participate in DIET. In cases where the bacteria are not able to generate pili, conductive
materials fulfil the role of pili in terms of facilitating electron exchange [23,25,26]. Granular activated
carbon has shown high performance in promoting DIET in different studies [26,27]. Moreover, its low
cost [28,29] and its high conductivity (3000 μS·cm−1) [21] when compared to other conductive materials
such as biochar (4 μS·cm−1) [30], magnetite (160 μS·cm−1) [31], or stainless steel (667 μS·cm−1) [32],
make it a preferential material to promote DIET in order to improve methane production yields [17,33].
Additionally, metallic materials, such as stainless steel, have corrosion problems [34].

Within the past three years, through the microorganism identification of biofilms
developed in conductive materials, new exoelectrogenic bacteria have been discovered, such
as Thauera, Sporanaerobacter, Enterococcus, Pseudomonas, Anaerolinaceae, Bacteroides, Streptococcus,
Syntrophomonas, Sulfurospirillum, Caloramator, Tepidoanaerobacter, Coprothermobacter, Clostridium senso
stricto, Peptococcaceae, and Bacillaceae, also new electrotrophic methanogen genera have been found
able to participate in DIET, such as Methanosarcina, Methanobacterium, Methanolinea, Methanothrix,
Methanoregula, and Methanospirillum [17,27,35–44]. However, the number of bacteria that are capable
of participating in DIET through conductive materials is still unknown [45].

Industrial processed food is one of the most important industries that employ anaerobic digestion
to degrade water pollution due to its high COD [10]. Most previous studies have used simple substrates
such as ethanol or short chain VFA, or commercial waste, such as dog food [17,23,27]. At present, there
are no studies that use a substrate of industrial food waste using conductive materials to promote DIET.

This study is the first step towards developing an understanding of the behaviour and growth of
electroactive communities in a real wastewater, and thus providing an indication of the improvements
in methane production and VFA and COD degradation, which can be made by implementing DIET
through conductive materials on a large scale.
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2. Materials and Methods

2.1. Nejayote and Inoculum

Nejayote was collected from an industrial corn flour plant in Yucatan State (Mexico). Nejayote
was preserved in a cold box at 4 ◦C from the corn flour plant to the laboratory, which is in accordance
with the Standard Test Method 1060 for the collection and preservation of samples [46]. Prior to
undertaking the BMP test, the nejayote was characterized according to the following parameters:
pH, total suspended solids (TSS), total solids (TS) and volatile solids (VS), COD, total nitrogen (TN),
phosphates (PO4

−3), ammonia nitrogen (NH3N), sulfate (SO4
−2), and total alkalinity (TA).

The inoculum composition employed was made according to Poggi Varaldo et al. [47], while using
30 g·L−1 of deep soil, 300 g·L−1 of cattle manure, 150 g·L−1 of pig manure, 1.5 g·L−1 of commercial
Na2CO3, and 1 L of tap water. The inoculum was characterized for TA, TS, and VS.

2.2. BMP Test

The trial was carried out in triplicate in 110 mL serum bottles that were capped with rubber
septum sleeve stoppers. Three experimental conditions were assayed. In controls, the reactors (N)
were filled with 60 g of inoculum and nejayote at a ratio of 2 based on VS [12]. In three reactors (N0) 3 g
of GAC was added [33] at the beginning of the BMP test. In the other three reactors (N10), inoculum
and 3 g of GAC were added to serum bottles ten days before undertaking the BMP test. After this
time, nejayote was introduced in anoxic conditions. All of the tests were carried out for 30 days at
38 ◦C with an automatic agitation of 100 rpm [48]. All reactors were flushed with nitrogen in an anoxic
chamber to avoid the presence of oxygen. Three blanks with 60 g of inoculum were tested to measure
the inoculum methane potential. The methane production measurements are expressed at 0 ◦C and
standard pressure of 760 mmHg (NCTP) in dry conditions.

Gas production measurement and numerical calculation was according to Valero et al. [49].
Headspace pressure was measured employing a digital pressure transducer (ifm Germany type PN78
up to 2 bars) with a syringe that was connected to pierce the septum. Statistical analysis was performed
with the Analysis ToolPak in Microsoft Excel (Excel 2016 (v16.0)).

Once the BMP test was finished, COD, VFA, and redox potential were measured for all of
the assays.

2.3. GAC Conductivity

GAC was introduced in PVC tubes, of specific lengths and known surface areas, to calculate its
conductivity. A source meter (Keithley 2400, Cleveland, OH, USA) was used to measure the resistance
of GAC. Once the resistance was determined, conductivity was calculated employing the following
equations:

R = ρ
A
L

(1)

K =
1
ρ

(2)

where R is the resistance measured with Keithley 2400, A is the area of PVC tube, L is the tube length,
ρ is the GAC resistivity, and K is the GAC conductivity. The process was undertaken in triplicate and
the result was 3690 μS·cm−1 [50].

2.4. Analytical Methods

Biogas characterization was determined on a Molesieve column (30 m long, 0.53 mm internal
diameter, and 0.25 μm film thickness) in a gas chromatograph (Clarus 500-Perkin Elmer, Waltham, MA,
USA) with the thermal conductivity detector (TCD). Nitrogen was used as gas carrier and temperatures
of 75, 30 and 200 ◦C were used for the injector, oven and detector, respectively. VFA were determined
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by gas chromatography using (Clarus 500-Perkin Elmer, Waltham, MA, USA). The column employed
was Agilent J&W (30 m long, 0.53 mm internal diameter) with a flame ionization detector (FID). Before
determinating VFA by chromatography, samples were filtered, acidified with phosphoric acid, and
then centrifuged. Conductivity, temperature, pH, TSS, TS, and VS were analyzed, following standard
methods [46]. Colorimetric methods (Hach Company DR-890, Loveland, CO, USA) were used to
determine COD, TN, PO4

−3, NH3-N, and SO4
−2. Redox potential was determined employing a redox

potential sensor (Extech RE300, Nashua, NH, USA).

2.5. Microbial Community Analysis

After the BMP test, sludge from N, N0, and N10 and GAC from N0 and N10 was kept at
−80 ◦C [27]. DNA was extracted from the five samples N sludge (S), N0 sludge (S0), N10 sludge (S10),
GAC biofilm from N0 (C0), and GAC biofilm from N10 (C10). Three DNA extraction of each sample
were undertook, and then the DNA from each of samples were mixed before perform the sequencing.
DNA from each sample was isolated with a DNA extraction kit ZymoBIOMICSTM DNA miniprep Kit,
(Zymo Research, Irvine, CA, USA), in accordance with manufacturer´s protocol. The DNA pellet was
resuspended in 50 μL of TE buffer (10mM Tris-HCl (pH 8) and 1mM EDTA (pH 8)). DNA purity and
DNA concentration were checked by employing a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Seattle, WA, USA). The A260/280 ratios were over 1.6 and DNA concentration in the
range of 50–100 ng·μL−1. The primers employed for amplifying 16S rRNA genes (bacteria and archaea)
were 341F and 805R. DNA was sent to Macrogen Inc. (Seoul, Korea) who performed sequencing on an
Illumina MiSeq platform. MG-RAST software was used to analyze bacteria and archaeal communities
through GREENGENES and RDP II databases [51].

2.6. Scanning Electron Microscopy (SEM)

GAC was analyzed by SEM (SEM, model JSM-6360LV, JEOL, Tokyo, Japan). In order to establish
the existence of microbial communities attached to GAC, three samples of N10 were mounted on
a metallic stub using double-sided adhesive tape, each being coated with a 15 nm gold layer and
observed at 20 kV.

3. Results

3.1. Nejayote and Inoculum

Nejayote collected from industrial corn flour plant showed basic pH values of 10.2. The inoculum,
developed in the laboratory, had a basic pH but with values that were lower than nejayote, in this case,
the pH reached 8.1. The VS percentage obtained for nejayote was 0.85 ± 0.01%, whereas inoculum
values reached 2.69 ± 0.01%. TS results were 1.22 ± 0.01% and 4.62 ± 0.01% for nejayote and inoculum,
respectively. Nejayote and inoculum VS/TS ratios that were obtained were 0.69 and 0.55, respectively.
TA concentration results were similar for nejayote and inoculum, reaching values of 1799 ± 116 and
1652 ± 147 mg CaCO3 L−1, respectively. COD concentration determined for nejayote was 15,433 ±
827 mg·L−1. TSS levels for nejayote of 2676 ± 512 mg·L−1 were recorded. Other parameters that were
characterized for nejayote were NH3-N 4.6 ± 0.1 mg·L−1, TN 95 ±4 mg·L−1, SO4

−2 22 ± 2 mg·L−1,
and PO4

−3 59 ± 1.2 mg·L−1.

3.2. BMP Test

Methane production did not peak for the three assays N, N0, and N10 until the third day of BMP
testing. The rate at which methane was produced spiked during the third day and it resulted in 39,
46, and 45 L CH4 kg−1VS day−1 for N, N0, and N10, respectively. As shown in Figure 1A, the first
significant difference between N10 reactors and N and N0 reactors, was on the fifth day (t-student
p < 0.05). N10 reactors resulted in higher methane production levels of 26 L CH4 kg−1VS day−1, whilst
N and N0 reactors produced 17 and 10 L CH4 kg−1VS day−1, respectively.
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Figure 1. Biochemical Methane Potential (BMP) curves for control reactor (N), reactors with granular
activated carbon (GAC) (N0) and reactors with biofilm GAC developed before undertaking the BMP
test (N10). (A) Daily methane production (B) Cumulative methane production (C) methane biogas
percentage. Mean values ± SD from triplicate assays.

DIET or IHT occurs in the last step of the anaerobic digestion process, however adding GAC
promotes DIET instead of IHT in N0 and N10 reactors [45]. The only compounds that can be oxidized
by exoelectrogenic bacteria are alcohols and VFA [24,52]. When these compounds are available to
stimulate the production of methane through DIET, a significant difference can be seen between DIET
reactors through GAC and those reactors without conductive materials (t-student analyses p < 0.05).
As shown in Figure 1A, from the tenth day until the fifteenth day of experimentation, N0 and N10
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consistently produced methane over 10 L CH4 kg−1VS day−1, while N methane production was
under 10 L CH4 kg−1VS day−1. Moreover, on one occasion during the same period, N0 and N10
actually reached more than 22 L CH4 kg−1VS day−1, while N did not produce values above 10 L CH4

kg−1VS day−1.
As highlighted in Figure 1B, the cumulative methane production results draws focus to the

significant differences between N, N0, and N10 (t-student analysis p < 0.05). The final methane
generation for N, N0 and N10 reached values of 222 ± 23 L CH4 kg−1VS, 297 ± 10 L CH4 kg−1VS and
342 ± 29 L CH4 kg−1VS, respectively. N0 methane production was 34% higher than N, however the
difference between N10 and N soared staggeringly to register an increase of 54%. Additionally, results
show that the N10 methane volume generated was 15% higher than N0.

Methane production was predicted relative to biochemical oxygen demand (BOD) concentration.
Nejayote BOD is around 5870 ± 1900 mg L−1 [3,5,53,54]. Theoretically, 1 kg of BOD produces 350 L
methane [55]. Thus, the methane production from nejayote expected through anaerobic digestion
process without DIET promotion was 73.96 mL CH4 (C6H12O6 (DBO) → 3 CO2 + 3 CH4) [55]. In this
study, real methane production in N reactors was 69.12 ± 8.96 mL CH4. Likewise, through the DIET
process an increase between 20–33% in the production of methane has been reported due to a greater
recovery of electrons in the reduction of CO2 to CH4 through VFA (acetate, propionate, and butyrate)
and alcohol (ethanol) degradation [18,25,38,56–58]. According to these increments, the methane
production promoting DIET expected was in the range of 88.75–98.36 mL CH4. In this study, real
methane production for N0 and N10 was 92.71 ± 5.38 and 106.69 ± 8.15 mL CH4, respectively. These
values are in the expected range.

The first difference in the biogas composition came after the sixth day, when N10 methane
percentage was recorded as 5% higher than N and N0, as illustrated in Figure 1C. This difference
remained constant between N10 and N0 throughout the BMP test.

Between days eleven and eighteen, N0 methane composition was 5% higher than N. Thus, N10
was 10% higher than N. The maximum methane concentration was reached on the fifteenth day with
values of 64%, 71%, and 77% for N, N0, and N10, respectively. After the eighteenth day, there was
no further biogas production in all of the reactors, and therefore the biogas composition plateaued to
show similar levels of methane concentration in all reactors.

Once the BMP test was completed, the contents of the different reactors were analyzed to
determine pH, redox potential, VFA, and COD, as shown in Table 1. There were no significant
differences in pH values between the three assays. A huge reduction of redox potential was produced
in reactors with GAC, with the measured value for N being recorded as −222 ± 7 mV, when compared
with −466 ± 1 mV and −471 ± 2 mV for N0 and N10, respectively. VFA composition was formed by
acetic acid 203 mg·L−1 and butyric acid 90 mg·L−1 in N reactors, while in N0 and N10 assays the VFA
composition was made up solely of acetic acid because butyric acid was only present in N reactors.
COD concentration was higher in N reactors than in N0 and N10, with values of 532 ± 10 mg·L−1,
307 ± 21 mg·L−1, and 218 ± 14 mg·L−1, respectively.

Table 1. Reactors analysis after BMP test.

Parameter N N0 N10

pH 7.3 ± 0.11 7.2 ± 0.03 7.3 ± 0.02
Redox potential (mV) −223 ± 5 −467 ± 1 −471 ± 2
Acetic acid (mg·L−1) 203 ± 12 139 ± 9 109 ± 8
Butyric acid (mg·L−1) 91 ± 5

COD (mg·L−1) 532 ± 10 307 ± 21 218 ± 14

Control reactor (N), Reactor with granular activated carbon (N0), reactor with GAC added 10 days before
undertaking biochemical methane potential test.
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3.3. Microbial Community Analysis

As shown in Figure 2, the four main bacteria phylum in all of the samples were Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria. Firmicutes was the dominant phylum in S, comprising
almost 50% of the total bacteria. In sludges S0 and S10, there was a lower percentage of Firmicutes,
forming 26% and 25% of the total bacteria, respectively. Furthermore, the percentage of Firmicutes was
even lower in C0 and C10, measuring 15% and 16%, respectively. In contrast, Bacteroidetes follows the
opposite trend to Firmicutes. Bacteroidetes had its highest percentage in C0 and C10, attached to the
carbon, reaching 48% in C0 and 43% in C10, while in S it accounted for 18% of the microbial community.
The Proteobacteria phylum presented a difference between the samples: it was detected at 17% in the
C10 biofilm; whilst, for the other samples, it never reached 10%.

Figure 2. Bacteria phylum relative abundance. Phylum level with relative abundance lower than 1%
were included in unclassified group. Sludge from control reactor (S), sludge from reactor with granular
activated carbon (GAC) (S0), sludge from reactor with GAC biofilm developed before undertaking the
BMP test (S10), GAC biofilm from reactor with GAC (C0), and GAC biofilm from reactor with GAC
biofilm developed before undertaking the BMP test (C10).

Figure 3A illustrates the classification of bacteria by genus proportion. Clostridium anaerobic
fermentative bacteria was highly developed in S, comprising 46% of the bacterial community, whereas
it was less than 21% in S0 and S10, and interestingly, it accounted for 7% of the bacterial community
attached to GAC in C0 and C10. Parabacteroides were developed in GAC biofilm and the sludge
of GAC reactors with a relative abundance of 8%, 13%, 12%, and 14% for S0, S10, C0, and C10,
respectively; however, there was no presence detected in S. Parabacteroides that is is able to produce
VFA as an end product of fermentation. This, in turn, can be oxidized by exoelectrogenic bacteria.
Additionally, an enrichment of this genus in microbial fuel cells [31] and microbial electrolysis cells [32]
has been observed.

Geobacter, an exoelectrogenic bacteria widely accepted as an exoelectrogen DIET partner [7,8],
was only detected in the C10 sample, where the biofilm was developed 10 days before undertaking
the BMP test. The amount of Geobacter in C10, whilst not dominant, remains a substantive 14% of the
overall bacteria community and 82% of Proteobacteria phylum. The most dominant genus on the surface
of both GAC samples C0 and C10 was Prolixibacter, with 31% and 21%, respectively. Prolixibacter had a
relative abundance of 16%, 18%, and 11% in S, S0, and S10, respectively. It must be mentioned that
Prolixibacter has been reported as a possible exoelectrogenic bacteria in microbial electrolysis cells [33]
and in marine-sediment fuel cells [34].
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Figure 3. Bacteria (A) and Archaea community structure (B) at genus level. Genus level with relative
abundance lower than 1% were included in unclassified groups. Sludge from control reactor (S),
sludge from reactor with granular activated carbon (GAC) (S0), sludge from reactor with GAC biofilm
developed before undertaking the BMP test (S10), GAC biofilm from reactor with GAC (C0) and GAC
biofilm from reactor with GAC biofilm developed before undertaking the BMP test (C10).

A low enrichment for Syntrophomonas and Bacteroides was detected in the microbial community
analysis. Both showed a relative abundance of 3% in C0 and C10, but contrastingly they were not
detected in S. Both genera have only been reported as exoelectrogen DIET partners in studies with
complex waste [19], as similar to nejayote.

In this study, the total amount of electroactive bacteria (Geobacter, Proxilibacter, Bacteroides, and
Syntrophomonas) was 41%, 37%, 17%, 22%, and 16% for C10, C0, S10, S0, and S, respectively. This
indicates an exoelectrogenic bacteria enrichment of 24% in C10 when compared with the control
reactor, and an 18% higher electroactive bacteria community in C0 than S.

The archaeal community was dominated by Methanosaeta in all of the reactors, attached to the
carbons and suspended in all sludges. It was most prevalent in C10, reaching 89% of the archaeal
community, while in S, its percentage was 78%. Methanosaeta has been established as one of the
main methanogens able to accept electrons in DIET [7]. Methanolinea, another methanogen associated
with electrotrophic capacity in DIET [35], only appeared on the carbon surface of C10 with a relative
abundance of less than 5% of the archaeal community.

The similiarities of the microbial community structures in the five samples were analyzed at the
genus level by hierarchically clustered heat analysis (Figure 4). The heatmap includes 17 genera. C10
is the sample with the highest concentration of different genera. The communities attached to GAC,
C10, and C0 clustered together finally. These samples share a high similitude when compared with
sludge samples (S, S0, S10).
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Figure 4. Heatmap of bacteria at genus level. Genus level with relative abundance lower than 1% were
included in unclassified groups. Sludge from control reactor (S), sludge from reactor with granular
activated carbon (GAC) (S0), sludge from reactor with GAC biofilm developed before undertaking
the BMP test (S10), GAC biofilm from reactor with GAC (C0), and GAC biofilm from reactor with
GAC biofilm developed before undertaking the BMP test (C10). Heatmap showing the 17 genera with
significant difference of relative abundances among five samples. Heatmap is color-coded based scale
(from red (−1) less abundance to green (+1) more abundance).

3.4. Scanning Electron Microscopy (SEM)

Through SEM, it was possible to examine the carbon surface and its porosity free of microbial
communities before adding GAC to the reactors (Figure 5A). Additionally, microbial communities
attached to GAC are clearly visible in Figure 5B. The exoelectrogen partner Geobacter was identified in
the microbiological analysis attached to the GAC in sample C10 with a relative abundance of 14% in
the bacterial community. Geobacter has been described as rod-shaped bacteria with a length between
2–4 μm [59]. In Figure 5C, bacteria can be visualized with the same morphological characteristics
described above. This, coupled with the high percentage of Geobacter attached to GAC, makes
it plausible to identify them in the Figure 5C. Methanosaeta is a rod-shaped archaea with average
dimensions between 2 and 6 μm in length by single cell. Cells are enclosed inside an annular, striated
sheathed structure, and they are separated by partitions forming a filamentous structure. Methanosaeta
filaments can reach 100 μm of length [60]. In Figure 5D, it is possible to see Methanosaeta communities.
Besides Methanosaeta was the dominant archaea in the microbial communities analysis, making its
identification easy by SEM.
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Figure 5. Scanning electron micrographs of the granular activated carbon surface (A), biofilm attached
granular activated carbon (B), Geobacter communities attached to granular activated carbon (C), and
Methanosaeta communities attached to granular activated carbon (D) after biochemical methane
potential test (30 days).

4. Discussion

4.1. Nejayote and Inoculum

Table 2 shows the results of the physicochemical characterization of nejayote, as compared with
the results that were obtained in other studies. As it is a wastewater that may come from an industrial
process or from a more traditional process, which is not always done in the same way, the nejayote
presents a high level of heterogeneity in the results of its composition, as seen in the wide range
that is given for the majority of parameters. According to Ibarra-Mendívil et al. [61], different lime
concentrations of 0%, 0.5%, and 1% were used for nixtamalization and pH values of 4.75, 7.72, and
11.01 were obtained, respectively. Small modifications in proportions of lime, cooking, and rest times,
and different varieties of corn can give rise to notable variations in the composition of nejayote.
The presence of lime in the process leads to the nejayote having a basic pH. This study is in the range
expected with a value recorded of 10.2.
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Table 2. Nejayote characterization compared with other studies.

Parameter Results Other Studies

pH 10.2 6.3–11.6 [1,3–5,62,63]
COD (mg·L−1) 15,433 ± 826 3430–40,058 [1,4,5,63]

NH3-N (mg·L−1) 4.65 ± 0.05 2 [1]
TN (mg·L−1) 95.33 ± 3.7 209–428 [1,5]

SO4
−2 (mg·L−1) 22.5 ± 2.5 13 [1]

PO4
−3 (mg·L−1) 58.75 ± 1.2 7.6–1321 [1,5]

TA (mgCaCO3·L−1) 1799 ± 116 5768 [4]
TSS (mg·L−1) 2676 ± 512 1810–8340 [3,4]

TS% 1.22 ± 0.01 0.34–2.5 [1,4,63]
VS% 0.84 ± 0.01 0.24–1.55 [1,63]

VS/TS 0.69 ± 0.01 0.70 [63]

The COD concentration of nejayote is within the range observed in the different studies (Table 2),
with a value of 15,433 ± 826 mg·L−1, coming mainly from the pericarp tissue of corn. The content
in TN was 95.33 ± 3.7 mg·L−1, lower than the composition analyzed in other studies, although this
concentration is not sufficient to cause inhibition in anaerobic digestion. Concentrations between 1.7
and 14 g·L−1 cause a 50% reduction in methane production [64]. Both nitrogen and phosphorus are
necessary for the good performance of an anaerobic reactor, since they are indispensable nutrients
for bacteria. Concentrations lower than 0.3 mg·L−1 of phosphorus prevent the formation of the
microbial community [65]. The nejayote that is characterized in this study has a concentration of 58.75
± 1.25 mg·L−1, which will aid a good performance in the BMP test. The concentration of SO4 is 22.5 ±
2.5 mg·L−1, which is a little higher than the previously reported 13 mg·L−1 (Table 2). The COD/SO4

ratio is 686, so the presence of sulfur-reducing products and possible inhibition effects in the anaerobic
digestion process due to the byproducts generated by them will be non-existent [66]. The percentages
in both VS and TS are within the range referenced in Table 2. The values are 0.85 ± 0.01% VS and
1.22 ± 0.01% TS.

The inoculum has an alkalinity of 1652.5 ± 147 mg CaCO3·L−1. This contribution of alkalinity to
the medium will absorb possible acidification processes that occur during anaerobic digestion due to
the formation of VFAs [67]. The VS percentage of the inoculum is 2.67% ± 0.1. This percentage aids
the good performance in the anaerobic digestion process [68].

4.2. BMP Test

The results of this study clearly demonstrate that generating a previous GAC biofilm before
starting the wastewater anaerobic digestion enhances methane biogas production and results
in an overall improved anaerobic digestion performance. The syntrophic relationship between
exoelectrogenic bacteria and electrotrophic archaea is essential to enable DIET. Recently, it has been
widely recognised that exolectrogenic bacteria can only oxidize alcohols and VFA to send electrons to
reduce carbon dioxide to methane within DIET [24,52]. The advantages of promoting DIET instead of
IHT in methane production yield do not become obviously apparent until there are increased alcohols
and VFA concentrations and they are available to be oxidized by exoelectrogenic bacteria. While
examining the results of the study, it is important to state that the first difference between control
reactors and GAC reactors in methane production did not appear until the seventh day in N0 and
N10 (Figure 1A), due to the insufficient concentration of VFA and alcohols, which are available in the
medium to be oxidized. In previous studies undertaken in batch assays with conductive materials,
the difference in methane production emerges earlier due to the substrate employed. In these studies,
the carbon sources used were synthetic wastewater, which has alcohols and VFA readily available
from the beginning of experimentation [36,38]. Nejayote, on the other hand, is a complex waste that
requires hydrolysis and acidogenesis steps before VFA and alcohols are available, which explains the
delay in DIET.
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After the BMP test was concluded, the COD concentration was higher in N reactors than N0 and
N10 reactors. This fact explains part of the difference in accumulated methane production. Butyrate
was detected in N medium, whilst there was no presence of butyrate in N0 and N10 reactors. The total
VFA concentration of N was more than double that of N0 and N10, which can, in part, go some way
towards explaining the difference between the methane potentials in the tests; however, it can not be
held accountable for all of the differences. These differences in methane yield could also be due to
some remnant organic matter that has not been yet converted in VFA in N reactors [49].

In Table 3, the results are compared with studies that were developed with conductive materials.
It is noted in Table 3 that the percentage in the increase of methane production is within plausible
values. An increase of 54% when the biofilm is previously generated in GAC and 34% without the
previous formation of GAC biofilm are reasonable results.

Table 3. Methane production increase with conductive materials.

Reactor
Volume (mL)

Substrate
Conductive

Material
Methane Production

Increase (%)
Time

(Days)
Reference

120 Nejayote GAC 54 30 This study
120 Nejayote GAC 34 30 This study
250 Ethanol Graphene 25 12 [38]
500 Synthetic wastewater GAC 86 43 [17]
120 Synthetic wastewater Magnetite 32 20 [56]
250 Glucose Graphene 51 15 [36]
250 Sludge treatment plant GAC 17 20 [33]

4.3. GAC Conductivity

DIET was stimulated by the addition of GAC in the reactors. GAC works as a support
for microorganism communities and as electron conductor between exoelectrogenic bacteria and
electrotrophic archaea. DIET using stainless steel as conductive support had a kinetic advantage
that is 108 times greater than IHT to compete for the electron donor [69]. Stainless steel conductivity
is 667 μS·cm−1, while the GAC conductivity employed in this study was 3600 μS·cm−1. Similar
conductive materials employed before, such as magnetite [56] and biochar [30], possessed
conductivities of 160 μS·cm−1 and 5 μS·cm−1, respectively. GAC has substantially higher values
in terms of conductivity; making it an ideal material to use given its surface area, its high conductivity,
and it is economically low cost [28,29].

4.4. Redox Potential

One of the most important effects, which GAC causes in the improvement of the methanogenic
performance, is the change that it produces in redox potential. Redox potential must be under −200 mV
for methanogenic activity to be possible. When redox potential is higher than −200 mV, this activity
is virtually negligible [70]. All of the reactors in this study were under this barrier. As shown in the
results, redox potential changed from −222 ± 7 mV to −471 ± 2 mV from control reactors N to N0
and N10 reactors. GAC had a direct effect on reducing redox potential by generating a reductive
atmosphere, which is supported by evidence in other studies [71] where carbon nanotubes caused a
reduction in redox potential in an abiotic environment. The potential energy difference (ΔEo) between
the electron donor and electron acceptor is directly proportional to the energy (ATP) that a microbe
could employ from the metabolic process [72]. Consequently, a high reducing micro-environment,
produced by the GAC presence in the anaerobic reactor, expedites electron donation to provide a
thermodynamic driving force for accomplishing the electrophilic attack in terms of reduction process,
increasing carbon dioxide reduction to methane, which could be one of the key points for improving
the reactor performance [71].
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4.5. Relationship Between Redox Potential, Methane Production and Archaea Communities

There was evidence that low redox potential stimulated the syntrophic relationship between
exoelectrogenic bacteria and electrotrophic methanogens, resulting in elevated levels in methane
concentration, which can be observed in Figure 1C. A previous study observed that a pure
methanogenic archaeal culture with carbon materials had higher methane yield than a control reactor
without carbon material, due to lower redox potential [71]. That means that, without an exoelectrogenic
partner to send electrons through DIET to electrotrophic methanogens, methane yield is improved
due to redox potential reduction. In a pure culture of hydrogenotrophic methanogens, the redox
potential was under −450 mV, causing an increase in its population [70]. This change may be a result
of the fact that it requires less thermodynamic energy to undertake an electrophilic attack by these
methanogens to reduce carbon dioxide to methane. The low redox potential that was obtained in
this study (−471 mV), by adding GAC, caused an increase of 10% in the acetoclastic methanogen
(Methanosaeta) population.

4.6. Microbial Analysis

Only Methanosaeta and Methanosarcina are able to generate methane from acetate [73]. Additionally,
Methanosaeta is recognised as an electron acceptor partner in DIET, reducing carbon dioxide to methane,
hence in the control reactor, Methanosaeta played a vital role as acetate consumer to produce methane.
However, in N0 and N10 reactors, due to its attachment to the GAC surface, Methanosaeta worked as an
electron acceptor to reduce carbon dioxide to methane. Methanobacterium is a hydrogenotrophic archaea
that tended to be in suspended solution instead of being attached to the carbon surface [74], although
Methanobacterium has been detected in conductive support as an electron acceptor in DIET [44].
Methanobacterium had a relative abundance over 10% in the N reactor, whereas when detected in
the sludges of N0 and N10, it was consistently under 5%. In this study, Methanobacterium was
responsible for reducing hydrogen partial pressure through IHT in control reactor N. This is because
Methanobacterium needs to be attached to conductive material to accept electrons. Methanolinea,
which is a hidrogenotrophic archaea, was only detected in C10 samples with a proportion of 3%.
Methanolinea and Methanobacterium can accept electrons when they are attached to a conductive
support; therefore, they are able to work as electrotrophic archaea in DIET [17]. In this study, the two
different hidrogenotrophic archaea played distinct roles: one (Methanobacterium) was suspended in the
bulk and participated in IHT by controlling hydrogen partial pressure, and other (Methanolinea) was
attached to the GAC surface and accepted electrons to reduce carbon dioxide to methane.

A variety of electroactive bacteria were enriched in the GAC surface; Geobacter, Bacteroides, and
Syntrophomonas. All of these bacteria genera have been acknowledged as participants in DIET as
electron donors [40,58]. Syntrophomonas and Bacteroides were detected with a relative abundance of 2%
and 3% for C0 and C10, respectively. However, there was no presence of Syntrophomonas and Bacteroides
in N reactors. Previous studies have shown that Bacteroides have the potential to grow significantly on
the anode of a bioelectrochemical system and on the surface of carbon cloth in anaerobic reactors. This
genus is able to extracellularly transfer electrons to ferric iron and donate electrons to electrotrophic
methanogens via DIET [40,75]. There is no evidence that Syntrophomonas are able to transport electrons
extracellularly, but notable growth has been reported when acting as a DIET partner in anaerobic
systems [16].

Geobacter were only detected in C10 with a relative abundance of 13%. It must be concluded that
this was because the biofilm was developed before introducing nejayote into the reactor and Geobacter
could then grow under favorable conditions. The absence of Geobacter in C0 can be explained by the
fact that Geobacter cannot efficiently degrade complex organic waste [76]. An additional supposition
is that Geobacter is not viable in complex waste under hard conditions, as relative high salinity
environment [27,40]. Geobacter enrichment was produced during the ten days before undertaking the
BMP test in N10 reactors. This enrichment was not possible in N0 reactors due to the fact that GAC
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was added to the reactors at the same time as nejayote, and other exoelectrogenic bacteria coming from
nejayote or inoculum, overtaking Geobacter and adapting better to the new environmental conditions.

Other enrichment produced in the BMP test involved Prolixibacter. This genus has not been
reported before in any study that is related with DIET in anaerobic digestion as exoelectrogenic
bacteria. The capacity of Prolixibacter to transport electrons extracellularly has not yet been concluded,
but it has been reported as a fermentative bacterium in sediment fuel cells that could be able to
transfer electrons extracellularly [77]. In addition, its enrichment in microbial electrolysis cells has
been reported [78].

The GAC biofilm developed previously in N10 reactors had two positive effects in the
exoelectrogenic bacteria community. C10 exoelectrogenic community was 4% higher than the C0
exoelectrogenic community and the Geobacter genus only appeared in C10 samples.

Microbial analysis has shown a relative abundance of 12% and 14% of Parabacteroides attached
to N0 GAC and N10 GAC, respectively, while it was not detected in the N reactor. This genus
is known for its capacity to degrade polysaccharides to acetate [79]. The main function of these
fermentative bacteria was to convert organic matter to compounds that were available to be oxidized by
exoelectrogenic bacteria. Parabacteroides played an important role in DIET, producing the essential VFA
required by the exoelectrogenic bacteria to degrade and donate electrons to electrotrophic methanogens.
Parabacteroidetes growth has been reported in microbial fuel cells [80], assuming the same role as
in this study, however it has not been reported in studies that are related with the promotion of
DIET in anaerobic reactors. This is a result of the fact that most of these studies employ synthetic
wastewater that is easily converted to methane. One of the difficulties previously detected in DIET
was the hydrolysis and acidogenesis limit of VFA and alcohol concentration that was required to take
advantage of DIET instead of IHT [52]. Parabacteroidetes growth in the conductive material greatly
assists in resolving this issue, by generating the crucial carbon source for exoelectrogenic bacteria to
oxidize. The electroactive community in C10 was 8% higher than in C0 and 38% higher than S.

5. Conclusions

GAC addition had a positive impact on the BMP test. GAC had four main resulting effects
on the anaerobic digestion process; increased methane production, redox potential reduction, DIET
promotion, and electroactive biofilm development. A low redox potential made an electrotrophic attack
to reduce carbon dioxide to methane easier. Additionally, DIET was promoted instead of IHT resulting
in higher methane concentration and greater methane production. Furthermore, the electroactive
community population intensified when the biofilm was developed 10 days before the assay, and the
reactors with previous biofilm obtained a better yield than those without. This study was the first step
to a better understanding of the relationship between DIET promotion and a complex wastewater,
such as nejayote. Undertaking a study using bigger reactors is necessary to further support these
promising results, in order to fully realise the potential of testing these conclusions on a large scale.
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Abstract: This paper evaluated the effectiveness of nitric acid pretreatment on the hydrolysis and
subsequent fermentation of Jerusalem artichoke stalks (JAS). Jerusalem artichoke is considered a
potential candidate for producing bioethanol due to its low soil and climate requirements, and
high biomass yield. However, its stalks have a complexed lignocellulosic structure, so appropriate
pretreatment is necessary prior to enzymatic hydrolysis, to enhance the amount of sugar that can
be obtained. Nitric acid is a promising catalyst for the pretreatment of lignocellulosic biomass due
to the high efficiency with which it removes hemicelluloses. Nitric acid was found to be the most
effective catalyst of JAS biomass. A higher concentration of glucose and ethanol was achieved after
hydrolysis and fermentation of 5% (w/v) HNO3-pretreated JAS, leading to 38.5 g/L of glucose after
saccharification, which corresponds to 89% of theoretical enzymatic hydrolysis yield, and 9.5 g/L of
ethanol. However, after fermentation there was still a significant amount of glucose in the medium.
In comparison to more commonly used acids (H2SO4 and HCl) and alkalis (NaOH and KOH), glucose
yield (% of theoretical yield) was approximately 47–74% higher with HNO3. The fermentation of 5%
nitric-acid pretreated hydrolysates with the absence of solid residues, led to an increase in ethanol
yield by almost 30%, reaching 77–82% of theoretical yield.

Keywords: Jerusalem artichoke; lignocellulose; acid pretreatment; nitric acid; alkali pretreatment;
enzymatic hydrolysis; ethanol fermentation

1. Introduction

According to forecasts by the International Energy Agency (IEA), as the population increases
(1.3-fold) between 2009 and 2050, energy consumption will grow even more quickly (2-fold), reaching
15–18 billion tons of oil equivalent (TOE) in 2035 [1,2]. Thus far, world energy demand has been met
mainly by burning fossil fuels. However, due to the depletion of coal, oil, and natural gas reserves,
as well as increasing public awareness of the environmental impact of emissions, more attention
is being focused on developing renewable energy sources, such as biofuels [3]. First-generation
biofuels are mostly produced from starch- and sugar-based biomass, derived from food crops grown
on agricultural land using standard processes. This can affect food supply and prices. Interest has
therefore been growing in second generation biofuels, produced using different feedstocks.

Second generation bioethanol production requires energy crops with high biomass yields per unit
land area, resistance to changing climatic conditions, diseases and pests, and the ability to grow in poor
soil conditions. Jerusalem artichoke (JA) corresponds to all these requirements [4,5]. An herbaceous
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perennial plant belonging to the Asteraceae (also called Compositae) family, JA consists mainly of small
underground tubers with 1-3 m tall stalks. Originally used in food and feed, JA tubers contain 75–79%
water, 15–16% carbohydrates (in the form of inulin), and 2–3% protein [6,7]. In the past few decades,
JA has been cultivated extensively for fructose, oligofructose, and inulin extraction (as functional food
ingredients, and more recently to produce bioethanol from the tuber inulin [8–11]. It is also possible
to obtain other valuable biochemicals from lignocellulosic biomass, including biobutanol [12] and
dimethylfuran [13]. Jerusalem artichoke tubers are considered an attractive feedstock, for producing
these chemicals [14,15].

Much less attention has been given to the opportunities for producing bioethanol from JA stalks
(JAS). Like all lignocellulosic material, JAS consist mainly of cellulose, hemicellulose, and lignin, bound
together in a complex matrix which makes the raw material resistant to enzymatic hydrolysis [16,17].
Appropriate pretreatment must therefore be applied, to break down this recalcitrant structure and
make the cellulose more accessible to hydrolyzing enzymes [16]. Many pretreatment methods exist,
including physical, chemical, physicochemical, biological, and combined methods. However, the best
method for pretreating JAS has not yet been found. Only a few papers describe bioethanol production
from JAS. Kim et al. [18] and Kim and Kim [19] suggest using whole JA plants for bioethanol production.
Using SSF and CBP processes, respectively, these authors treated the tubers as a source of nitrogen for
Kluyveromyces marxianus yeasts. Khatun et al. [20] used inulinase producing Saccharomyces cerevisiae
yeasts, for the fermentation of JAS pretreated with NaOH. Song et al. [21] investigated the effect of
hydrogen peroxide-acetic acid (HPAC) pretreatment. All these studies have had a significant impact
on research into bioethanol production from JAS. However, many issues regarding the pretreatment of
JAS remain unresolved.

Dilute acid pretreatment is the most commonly used method for preparing lignocellulosic
biomass and has great potential for industrial applications. This method is recommended by the
National Renewable Energy Laboratory (NREL), as it enables the removal and recovery of most of
the hemicelluloses, in the form of dissolved sugars, so higher yields of glucose can be achieved [22].
The removal of hemicelluloses facilitates access to the cellulose. However, this method does not result
in significant delignification [23,24]. Dilute sulfuric acid, has been widely used to pretreat various
types of lignocellulosic biomass [25–27]. Much less attention has been given to hydrochloric, and
especially nitric acid. In comparison to sulfuric acid, nitric acid causes less equipment corrosion,
and has been found to be much faster and effective for hydrolysis of lignocellulosic biomass [28–30].
Unlike acid pretreatment, alkaline pretreatment removes lignin, as well as acetyl and uronic acid
groups present in hemicelluloses. It thus leads to the solubilization of lignocellulosic complexes.
The main advantage of alkaline methods is that the reaction is performed under normal pressure and
temperature, so less energy input is required [31]. Alkaline treatment has been applied with success
to various lignocellulosic feedstocks, including switchgrass [32] and sweet sorghum bagasse [33],
enabling a high rate of cellulose digestibility.

Given the advantages of JA as a feedstock for biofuel production, and the limited research
regarding the use of JAS in second-generation processes, this paper assessed the impact of various
pretreatments on this type of biomass. Each kind of lignocellulosic biomass requires the selection of
the most appropriate pretreatment method. This study investigated the effect of different alkaline
(sodium and potassium hydroxide) and acidic (sulfuric, hydrochloric and nitric acid) pretreatments, on
the yields of subsequent enzymatic hydrolysis and fermentation. Based on our previous research [34],
as well as on literature review [35,36], the effect of the acids and alkalis was evaluated under uniform
conditions, i.e., 121 ◦C for 60 min; as these conditions were found to be sufficient to release the structure
of the lignocellulosic complex, and thus enhance enzymatic hydrolysis. It was assumed that the use
a of a less severe method of pretreatment would also result in the production of fewer inhibitors.
To the best knowledge of the authors, this was the first study to evaluate the effect on JAS biomass,
of pretreatment with hydrochloric and nitric acids or potassium hydroxide.
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2. Results and Discussions

2.1. Chemical Composition of Raw and Pretreated Jerusalem Artichoke Stalks

The composition of whole plant JA biomass is highly variable and depends on climatic and
cultivation conditions [18]. To evaluate the potential of JAS as a feedstock for second generation
bioethanol production, the biomass was analyzed for total solids [37], cellulose [38], hemicellulose [39],
and lignin content [40]. The raw JAS were composed of 89.05 ± 0.55% dry matter, 34.95 ± 2.59%
d.m. cellulose, 12.69 ± 3.23% d.m. hemicellulose, and 20.24 ± 2.13% d.m. lignin. The content of
cellulose, the most important component, was comparable to that of other feedstock commonly used
for bioethanol production, e.g., 36.3% for corn stover [41], 36.9% for sweet sorghum bagasse [33], 35.8%
for rice straw [42], and 38.7% for wheat straw [43].

To increase the susceptibility of lignocellulosic biomass to enzymatic hydrolysis, appropriate
pretreatment methods must be applied. In our study, the effect of different concentrations of acids
(2% and 5% w/v HCl, H2SO4, HNO3) and alkalis (2% and 5% w/v NaOH, KOH) on JAS was evaluated
by analyzing the solid and liquid fractions obtained after each pretreatment. The solid residues were
analyzed after washing for cellulose, hemicellulose, and lignin content. The dry weight loss was also
measured, to calculate the percentage of recovered solids. In the liquid fraction, the concentrations of
inhibitory compounds (formic acid, acetic acid, 5-hydroxymethylfurfural—HMF, furfural, and total
phenolics) and of sugars released during pretreatment (cellobiose, glucose, xylose, and arabinose) were
measured using the HPLC method. The rate of hemicellulose and cellulose hydrolysis was calculated,
based on the concentrations of xylose and glucose in the hydrolysates and the initial hemicellulose
and cellulose contents in the raw JAS. The results are presented in Tables 1–3.

Table 1. Solids recovery and chemical composition of pretreated Jerusalem artichoke stalks (JAS).

Pretreatment
Method

Solid Recovery
(%)

Cellulose Hemicellulose Lignin

(% d.m.)

2% HCl 74.75 ± 2.13e 1 56.03 ± 1.37bcd 5.41 ± 0.41bcd 23.66 ± 1.66bcd
5% HCl 59.51 ± 2.01ab 54.53 ± 1.99bc 2.31 ± 0.22abc 25.74 ± 1.20d

2% H2SO4 73.52 ± 1.82d 53.09 ± 2.46b 4.93 ± 1.02bcd 24.98 ± 2.35cd
5% H2SO4 60.27 ± 1.98ab 42.16 ± 1.80a 1.91 ± 0.23ab 27.41 ± 1.47d
2% HNO3 56.62 ± 1.18a 60.31 ± 1.67cde 5.78 ± 0.27cd 22.96 ± 1.09bcd
5% HNO3 66.27 ± 1.42c 77.27 ± 1.32f 1.31 ± 0.16a 20.70 ± 2.02bc
2% NaOH 74.83 ± 2.65d 59.30 ± 1.97cde 9.64 ± 0.66e 6.47 ± 1.22a
5% NaOH 66.29 ± 2.03c 62.75 ± 2.34e 8.17 ± 0.70de 4.77 ± 0.36a
2% KOH 72.48 ± 1.66d 56.28 ± 1.98bcd 10.43 ± 1.50e 6.90 ± 0.93a
5% KOH 64.86 ± 2.02bc 59.98 ± 2.35de 8.70 ± 0.61de 5.23 ± 0.64a

1 Different lower-case letters in the columns indicate a significant difference (p < 0.05), as analyzed by the Tukey’s
post-hoc test.
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Analysis of the solid fractions revealed that when acid pretreatment was applied, the hemicellulose
content in the biomass decreased significantly, from 12.69% d.m. to 1.31% d.m. (nitric acid
pretreatment), while the cellulose and lignin content increased. This could be explained by the
fact that the main reaction which occurred during pretreatment in acidic environments was the
decomposition of hemicelluloses, especially the xylan fraction. As a result, higher recovery of
hemicellulosic sugars is possible, and the cellulose present in the solid fraction is more susceptible to
enzymatic hydrolysis [44,45]. The highest cellulose content in the biomass (77.27% d.m.) was achieved
when 5% nitric acid was applied (Table 1). Under the same conditions, 96% of the hemicelluloses
were hydrolyzed (Table 2). However, biomass recovery was significantly lower (p < 0.05) (66% for
2% w/v HNO3 and 57% for 5% w/v HNO3) than when other pretreatment methods were used.
Rodríguez-Chong et al. [28] reported that nitric acid exhibits much higher efficiency for hemicellulose
removal, and the whole process is faster than when hydrochloric or sulfuric acids are used. Under
optimal conditions (i.e., 6% HNO3, 122 ◦C, 9.3 min), after pretreatment these authors obtained a
liquor containing 18.6 g xylose/L, 2.87 g glucose/L, 2.04 g arabinose/L, 0.9 g acetic acid/L, and 1.32 g
furfural/L. Zhang et al. [29] evaluated the effect of low concentrations of nitric acid on the hydrolysis
of hemicelluloses. The optimum conditions were reported as 0.6% HNO3, 150 ◦C for 1 min, releasing
22.01 g xylose/L, 1.91 g glucose/L, 2.90 g arabinose/L, 2.42 g acetic acid/L, and 0.21 g furfural/L.
However, these authors did not perform enzymatic hydrolysis of the solids obtained, so the effects on
cellulose saccharification are still unclear.

The recovery of solids after pretreatment with HCl or H2SO4, NaOH or KOH at 2% concentration,
was approximately 72–74%. Increasing the acid or alkali concentration to 5% resulted in solids recovery
in the range of 59–66%. In the liquid fraction obtained after acid pretreatment, glucose was present at a
similar level (2.2–2.8 g/L), regardless of the type of acid used, except for 5% w/v nitric acid, with which
5.70 g/L of glucose was obtained (corresponding to 14.66% of cellulose hydrolysis) (Table 2). After acid
pretreatment, large amounts of furan derivatives were found in the liquid fraction, reaching 0.74 g/L
for HMF and 0.52 g/L for furfural (Table 3). Herrera et al. [46] obtained 2.5 g/L and 1.0 g/L of acetic
acid and furfural, respectively, in hydrolysate from 2% w/v HCl-pretreated sorghum straw at 100 ◦C.
When alkaline treatment is applied, the main reactions are saponification and solvation, causing lignin
to be removed from the lignocellulosic matrix. Unlike acid treatment, the deployment of alkaline
reagents leads to lower hemicellulose hydrolysis and lower production of inhibitory compounds [45].
In our study, the application of NaOH or KOH resulted in the removal of 66–76% of the lignin,
whilst the cellulose and hemicellulose contents were approximately 56–63% d.m. and 8–10% d.m.,
respectively (Table 1).

The concentration of glucose in the liquid fraction was at a similar level to that with acid
pretreatment (p > 0.05). However, the concentrations of xylose and furan derivatives were significantly
lower, by up to 0.31 g/L and 0.98–16.43 mg/L, respectively (Tables 2 and 3). Nevertheless,
the concentration of aliphatic carboxylic acids was higher than in the acid-treated samples (p < 0.05),
due to the removal of acetic and other uronic acids, which were substituted for hemicelluloses because
of alkaline treatment [47]. The concentration of phenolic compounds was also significantly higher
(p < 0.05) in alkaline-treated samples than in acid-treated ones, and ranged from 1.12 to 1.39 g/L.
The application of acidic pretreatment led to the release of 0.46 to 1.08 g/L of TPC. Moreover, there
were significant differences (p < 0.05) in obtained level of TPC depending on acid used, with the
lowest concentration of phenols obtained for nitric acid pretreatment, and the highest for sulfuric acid
pretreatment. However, as reported by Kim et al [48], phenolic compounds are released from biomass
during enzymatic hydrolysis, regardless of whether the pretreatment step was applied or not. Phenolic
compounds are strong inhibitors, which are proven to inhibit enzymes used in the saccharification step,
as well as being responsible for their deactivation. Ximenes et al. [49,50], have shown that phenolic
compounds are important inhibitors and deactivators of cellulolytic enzymes, especially β-glucosidase,
with the strongest negative effect exhibited by a polymeric compound—tannin acid. Authors imply
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that the removal of inhibitors, in particular, phenolic compounds, prior to the saccharification process,
ought to be performed to ensure high enzyme activity and to achieve better hydrolysis yield.

Taking into consideration the results obtained in our study, the pretreatment using nitric acid,
resulted in significantly lower (p < 0.05) concentrations of inhibitors in liquid fractions. Therefore,
acid treatment using nitric acid is a promising pretreatment method for JAS biomass, enabling a large
cellulose fraction to be obtained from the solid material.

2.2. Effect of Pretreatment on Enzymatic Hydrolysis

To evaluate the susceptibility of acid and alkali pretreated JAS to enzymatic hydrolysis,
the biomass obtained after each pretreatment was subjected to saccharification at 50 ◦C for 72 h.
During that time, samples were collected every 24 h and the concentrations of glucose and other
saccharides (cellobiose, xylose, and arabinose) were assessed. The results are presented in Figure 1
and Table 4. The hydrolysis of untreated JAS resulted in the formation of a small amount of glucose
(approximately 2.5 g/L). This concentration was achieved after 24 h of hydrolysis and remained at an
almost constant level until the end of the process. The best results from among the acid pretreatment
methods, were obtained when nitric acid was used. Not only did it provide the highest glucose
yield after hydrolysis (89% of the theoretical yield) (Table 4), but more than 92% of this glucose was
formed within the first 48 h of hydrolysis (Figure 1). A similar situation was observed in the case
of 5% (w/v) HCl. However, the total amount of glucose and the glucose yield were significantly
lower (p < 0.05) (17 g/L and 55.5%, respectively). The application of 2% (w/v) HCl, or H2SO4 (at both
concentrations—2% and 5% (w/v)), required more than 48 h of hydrolysis (Figure 1). The application
of sulfuric acid resulted in the formation of 12.5 and 13.5 g/L of glucose, respectively, when 2% and
5% (w/v) of reagent was used. Increasing the acid concentration did not lead to a significant increase
in released glucose (p > 0.05). However, taking into consideration the cellulose content in pretreated
biomass, the yield of cellulose hydrolysis was significantly (p < 0.05) higher when 5% (w/v) H2SO4

was applied (58% of the theoretical yield), as compared with 2% (w/v) H2SO4 (42% of the theoretical
yield) (Table 4).

An inverse relation was observed with regard to xylose formation. When 2% (w/v) sulfuric acid
was used, the concentration of released xylose was 1.90 g/L, in comparison to 1.28 g/L for 5% (w/v)
acid, which was probably caused by greater hemicellulose decomposition during pretreatment with
higher acid concentrations (Table 4). The application of hydrochloric acid showed a similar pattern
to H2SO4 for glucose formation, i.e., increasing the concentration of HCl did not cause a significant
increase. When 2% (w/v) nitric acid was used, the concentration of glucose was significantly higher
than for other acidic reagents (p < 0.05) and reached 17.87 g/L (54% yield), after 72 h of enzymatic
hydrolysis. However, the use of a higher concentration of HNO3 (i.e., 5% w/v) resulted in a more than
two-fold increase in the amount of released glucose, up to 38.47 g/L with 89% cellulose hydrolysis
efficiency. Acid treatment converted most hemicelluloses into monomeric sugars, leading to a higher
rate of cellulose bioconversion. Martin et al. [51] achieved almost 60% cellulose conversion after
enzymatic hydrolysis of Jatropha curcas shells, pretreated with 1.5% sulfuric acid at 110 ◦C for 60 min.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 1. Formation of glucose during enzymatic hydrolysis of JAS pretreated with (a) hydrochloric
acid, (b) sodium hydroxide, (c) sulfuric acid, (d) potassium hydroxide and (e) nitric acid at concentration
of 2% (blue square) or 5% (purple triangle), in relation to untreated JAS (orange diamond). The dotted
lines indicate the theoretical maximum glucose concentration that can be achieved for 2% (blue) and
5% (purple) acid/alkali concentrations.

Alkali treatment leads to the degradation of side ester and glycoside chains, as well as to cellulose
swelling and decrystalization [52,53]. This enables better access by cellulolytic enzymes. In the present
study, two alkaline reagents, sodium and potassium hydroxide, were used. The results showed that the
application of NaOH resulted in higher glucose concentrations (18.85 g/L and 23.63 g/L, respectively,
for 2% and 5% (w/v) NaOH), when compared with KOH (16.33 g/L and 20.67 g/L) (Table 4). However,
after pretreatment using potassium hydroxide, the maximum level of glucose was obtained in a shorter
time. The amount of cellulose converted to glucose was also significantly higher (p < 0.05) after NaOH
treatment, than after pretreatment with KOH. Moreover, a significant amount of xylose, ranging from
4.99 g/L to 8.47 g/L, was released via enzymatic saccharification of JAS after alkali pretreatment.
NaOH was found to be an effective method, for the pretreatment of Coastal Bermuda grass, at 121 ◦C

207



Energies 2018, 11, 2153

with 0.75% NaOH for 15 min [54]. Under these conditions, conversion efficiencies for glucan and xylan,
were 90.43% and 65.11%, respectively.

Table 4. Concentration of monomeric sugars and glucose yield after hydrolysis of acid- or
alkali-pretreated JAS.

Pretreatment Method
Cellobiose Glucose Xylose Arabinose

Glucose Yield (%)
(g/L)

Untreated 0.01 ± 0.001a 1 2.62 ± 0.36a 1.42 ± 0.28ab 0.05 ± 0.01c 13.27 ± 1.21a
2% HCl 0.05 ± 0.01ab 15.70 ± 1.84b 1.53 ± 0.45ab 0.02 ± 0.00ab 50.81 ± 1.71c
5% HCl 0.05 ± 0.02ab 16.99 ± 2.50bc 1.54 ± 0.16ab 0.01 ± 0.01a 55.57 ± 1.81cde

2% H2SO4 0.02 ± 0.01a 12.47 ± 0.88b 1.90 ± 0.29ab n.d. 2 41.64 ± 1.48b
5% H2SO4 0.04 ± 0.01ab 13.55 ± 1.99b 1.28 ± 0.14a 0.01 ± 0.00a 57.64 ± 1.55de
2% HNO3 0.06 ± 0.10ab 17.87 ± 1.09bc 2.56 ± 0.46bc 0.01 ± 0.00a 53.90 ± 1.33cd
5% HNO3 0.21 ± 0.05b 38.47 ± 2.97d 2.68 ± 0.09c n.d. 89.32 ± 2.24g
2% NaOH 0.10 ± 0.04ab 18.85 ± 2.88bc 6.83 ± 0.44e 0.04 ± 0.01c 57.53 ± 1.67de
5% NaOH 0.10 ± 0.03ab 23.63 ± 4.07c 4.99 ± 0.60d n.d. 67.60 ± 1.51f
2% KOH 0.01 ± 0.00a 16.33 ± 1.64b 6.69 ± 0.68e 0.02 ± 0.00ab 52.14 ± 1.94c
5% KOH 0.01 ± 0.00ab 20.67 ± 2.52bc 8.47 ± 1.03e 0.02 ± 0.00ab 62.27 ± 1.68ef

1 Different lower-case letters in the columns indicate a significant difference (p < 0.05), as analyzed by the Tukey’s
post-hoc test. 2 n.d.—not detected.

2.3. Concentration of Inhibitors and Fermentation of Hydrolysates

The next step in the process of obtaining bioethanol, after enzymatic hydrolysis of cellulose, is
microbial fermentation of the released glucose to ethanol, conducted mainly by Saccharomyces cerevisiae
(S. cerevisiae) yeasts. Unfortunately, these microbes are very sensitive to the presence in the hydrolysates,
of products from the degradation of lignocellulose. These products include a wide range of substances
formed either from the decomposition of sugars, i.e., furan derivatives and aliphatic carboxylic acids,
or from lignin, i.e., phenolic compounds [45]. The furan derivatives (furfural and HMF), are formed by
the dehydration of pentose and hexose sugars, respectively, and are responsible for reducing yeast
growth, as well as ethanol yield and productivity. Acetic acid is formed because of the hydrolysis
of the acetyl groups in hemicellulose, whilst formic acid is a product of the degradation of furan
aldehydes [45,55]. A variety of phenolic compounds are formed from lignin, when pretreatment is
applied. They can affect the growth of microorganisms, as well as fermentation efficiency, and their
toxicity is most probably related with specific functional groups [55].

After pretreatment, the biomass was washed thoroughly with water to remove inhibiting
compounds. However, there was a risk that small amounts of inhibiting compounds could remain
bound to solid fractions and affect downstream processes. To determine the concentration of inhibitors
in the hydrolysates, HPLC analysis was performed. The results are summarized in Table 5. In the
raw JAS hydrolysates, only acetic acid was present, at a concentration of 1.11 mg/L. No formic acid,
furan derivatives, or phenolic compounds were detected. The concentration of aliphatic carboxylic
acids in hydrolysates obtained from pretreated biomass was in the range of 2.57–22.23 mg/L and
8.31–37.44 mg/L, respectively, for formic and acetic acids. The only exceptions were the hydrolysates
obtained from HNO3-pretreated biomass, in which the concentration of acetic acid was significantly
higher (p < 0.05) than in hydrolysates of JAS treated with other chemicals, reaching 128.58 mg/L
(2 mM). However, this concentration is still not considered to be toxic to S. cerevisiae. In fact, according
to Larsson et al. [56], below 100 mM acetic acid can have a stimulatory effect on ethanol fermentation.
Furan compounds, are the other large group of inhibitory compounds present in lignocellulosic
hydrolysates. It has been reported that, as with carboxylic aliphatic acids, moderate amounts of furan
aldehydes in fermented media can enhance the fermentation efficiency of recombinant xylose-utilizing
S. cerevisiae [55]. In our study, the concentrations of HMF and furfural in hydrolysates, were in the
ranges of 1.68–12.29 mg/L and 2.83–7.78 mg/L, respectively.
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Table 5. Fermentation inhibitors in acid and alkali pretreated JAS hydrolysates.

Pretreatment
Method

Formic Acid Acetic Acid HMF 1 Furfural TPC 2

(mg/L)

Untreated n.d. 3 1.11 ± 0.09a n.d. n.d. n.d.
2% HCl 6.41 ± 0.65bc 4 29.99 ± 3.05f 2.87 ± 0.22ab 7.78 ± 0.48e 162.11 ± 19.15cde
5% HCl 8.26 ± 0.66cd 35.04 ± 2.25g 3.40 ± 0.38b 6.68 ± 0.44de 178.09 ± 13.34ef

2% H2SO4 12.29 ± 0.66e 12.36 ± 0.82bc 12.29 ± 1.41d 5.40 ± 0.42bcd 173.83 ± 12.56de
5% H2SO4 8.11 ± 0.55cd 37.44 ± 1.34g 5.26 ± 0.66c 6.18 ± 0.72cde 155.96 ± 15.42cd
2% HNO3 14.60 ± 0.76f 128.58 ± 2.98i 2.54 ± 0.25ab 4.53 ± 0.12b 196.91 ± 8.27f
5% HNO3 9.48 ± 1.04d 68.76 ± 2.97h n.d. 4.93 ± 0.90bc 80.63 ± 8.11a
2% NaOH 19.62 ± 1.11g 14.09 ± 1.27cd n.d. 6.39 ± 0.41cde 128.04 ± 18.20b
5% NaOH 22.23 ± 0.72h 8.31 ± 0.65b n.d. 2.83 ± 0.31a 161.34 ± 14.13cde
2% KOH 2.57 ± 0.25a 18.56 ± 1.08de 2.75 ± 0.35ab 7.15 ± 0.73e 151.21 ± 19.11c
5% KOH 5.37 ± 0.99b 20.32 ± 1.68e 1.86 ± 0.24a 6.86 ± 0.75de 170.12 ± 17.15cde

1 HMF—hydroxymethylfurfural. 2 TPC—total phenolics concentration. 3 n.d.—not detected. 4 Different lower-case
letters in the columns indicate a significant difference (p < 0.05), as analyzed by the Tukey’s post-hoc test.

The concentration of phenolic compounds ranged from 80.63 to 196.91 g/L, respectively, when 5%
w/v and 2% w/v HNO3 were applied. In hydrolysates obtained with the use of other reagents, the TPC
value was between 128 and 178 mg/L. Despite the significant differences between the samples prepared
using different pretreatment methods, no direct correlation was observed between the concentrations
of furan or phenolic compounds, and the initial pretreatment methods used. This implied that washing
the solids before enzymatic hydrolysis, had successfully removed all analyzed inhibitors which had
formed during the pretreatment step.

To evaluate the susceptibility of the hydrolysates to be converted into bioethanol, fermentations
were performed using commercial distiller’s yeast at a dose of 0.5 g/L of hydrolysate, supplemented
with ammonium phosphate (0.3 g/L) as a nutrient. The results are presented in Figures 2 and 3.
The application of dilute sulfuric acid, resulted in the formation at most of 5 g/L of ethanol (Figure 2).
It was also observed that when a higher concentration of acid was used, the yield of ethanol decreased,
from 80% to 51% respectively, for 2% and 5% (w/v) H2SO4 (Figure 3). This was despite the fact that
the initial level of sugars in the hydrolysates was at a similar level. Moreover, not all the available
glucose was converted by the yeast, following pretreatment with 5% (w/v) H2SO4. Pretreatment
with HCl or KOH (at concentrations of both 2% and 5%), as well as 2% NaOH, resulted in similar
ethanol concentrations (p > 0.05), ranging from 6.2 g/L to 7.2 g/L, with corresponding ethanol yields
in the rage of 68–78% of the theoretical yield. The utilization of glucose during fermentation in these
samples was almost complete. Pretreatment with nitric acid had a significantly different impact on the
fermentation process, compared with the other tested chemicals. The application of 5% (w/v) HNO3,
led to the formation of 38.5 g/L of glucose during saccharification. However, only 9.5 g/L of ethanol
was obtained after fermentation, which was only 46% of the theoretical yield. Moreover, the amount of
glucose that remained in the medium after fermentation was significant (11.5 g/L), which may imply
that there were still some unidentified inhibitors present in hydrolysate.

As shown in Table 5, the concentrations of acetic and formic acids, as well as of furfural and
HMF, were not at levels considered toxic to yeasts. The concentration of phenolic compounds was also
relatively low. However, the low yield of ethanol may have been caused by the presence of inhibitory
compounds, which were released from the pretreated biomass when the ethanol was produced, or due
to synergic interactions between inhibitors. In addition, the exact composition of phenolic compounds
in tested hydrolysates is unknown. Despite the low TPC level, the concentration of individual phenols
can be close to inhibitory to the yeast fermentation process. Nitric acid is a strong oxidizing agent,
and for that reason, some compounds that are products of the oxidative reactions of commonly
found inhibitors may have been present in the medium [57]. Luo et al. [58] found 2-furancarboxylic
acid, 2-furanacetic acid, and 5-hydroxymethylfurancarboxylic acid, of which furfural and HMF are
precursors, in nitric-acid hydrolysate of aspen chips. Several phenolic compounds are also formed
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during the degradation of lignin, and some of these could have remained bound to the biomass.
Phenolic compounds are much stronger inhibitors of S. cerevisiae than aliphatic acids or furans, so even
at low concentrations, they can decrease the ethanol yield significantly. Modelska et al. [59] found the
minimal inhibitory concentration (MIC) of vanillin to be 0.25% (2.5 g/L). Adeboye et al. [60] reported
that the most toxic inhibitor of S. cerevisiae Ethanol Red, was 4-hydroxy-3-methoxycinnaldehydyde
(coniferyl aldehyde), for which the toxicity limit was as low as 1.8 mM (0.32 g/L). The results presented
in this paper, are in line with those of other authors working with dilute nitric acid pretreatment.
Following the fermentation of wheat straw pretreated with 1% nitric acid at 130 ◦C, Tutt et al. [61]
obtained an ethanol yield of 95 g/kg of biomass, which corresponded to 59.2% fermentation efficiency.

 

Figure 2. Concentration of ethanol in hydrolysates pretreated using different reagents after 72 h of
fermentation and concentration of residual glucose after fermentation. Different lower-case letters,
indicate significant differences (p < 0.05) between the mean values of the ethanol concentration (Tukey’s
post-hoc test). Different capital letters, indicate significant differences (p < 0.05) between the mean
values of the residual glucose concentration (Tukey’s post-hoc test).

 

Figure 3. Yield of ethanol (% of theoretical) from hydrolysates pretreated using different reagents, after
72 h of fermentation. Different lower-case letters, indicate significant differences (p < 0.05) between the
mean values of the ethanol yield (Tukey’s post-hoc test).
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Fermentation of Nitric Acid Pretreated Hydrolysates—The Effect of Yeast Strain, Inoculum Size and
Presence of Solids Residues

To increase the ethanol yield in nitric acid pretreated JAS hydrolysates, additional fermentation
trials were performed. The impact of a yeast strain (Thermosacc Dry, Ethanol Red), and applied
yeast inoculum (0.5 and 1.5 g/L) were assessed. In addition, since all previous experiments were
performed with the presence of solid residues during the fermentation process, the effect of separation
of unhydrolyzed biomass before fermentation was also evaluated. The results are presented in Figure 4.

 

Figure 4. Yield of ethanol (% of theoretical) from nitric acid pretreated hydrolysates fermented with the
use of different yeast strains and inoculum. Different lower-case letters, indicate significant differences
(p < 0.05) between the mean values of the ethanol yield (Tukey’s post-hoc test).

The obtained results showed that the ethanol yield was not affected by the yeast strain or
the inoculum used. The fermentation trials of hydrolysates in the presence of solids, with use of
Thermosacc Dry and Ethanol Red, both at a dose of 0.5 and 1.5 g/L, resulted in similar (p > 0.05)
ethanol yield ranging from 49.22% to 53.85% of the theoretical yield. According to Azhar et al. [62],
the concentration of inoculum has an impact on sugars consumption rate and ethanol productivity,
but not on the final ethanol yield. The separation of unhydrolyzed solids before fermentation, resulted
in a significant (p < 0.05) increase in fermentation efficiency, reaching 77.61–81.51% of the theoretical
yield. However, the obtained yield was not influenced by yeast strain or inoculum size under applied
conditions. Usually, the fermentation of lignocellulosic hydrolysates is carried out in the presence of
solids, which contain mostly lignin [63]. Nonetheless, as reported by Monot et al. [64], it is a good
practice to remove the solid parts before fermentation, unless hydrolysis and fermentation processes
occur simultaneously. As shown in this paper, it is very important when fermentation of nitric acid
pretreated biomass is carried out. The separation of solids before the fermentation allowed us to
obtain almost 30% higher ethanol yield. This may have been the result of the presence of some toxic
compounds, in the unhydrolyzed solid. These compounds may have been released from biomass
when ethanol, even at low concentration, appeared in the medium.
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3. Materials and Methods

3.1. Materials

3.1.1. Plant Biomass

Jerusalem artichoke (Helianthus tuberosus L.) stalks were harvested from organic ‘Żeń-szeń’
breeding plants (Kalinówka, Poland), towards the end of October 2017, and delivered fresh. The stalks
were air dried and chopped into 0.2–0.5 cm lengths before chemical pretreatment.

3.1.2. Enzymes and Chemicals

Enzymatic hydrolysis was carried out with use of Cellic CTec2 (Novozymes A/S, Basgsværd,
Denmark), a blend of cellulases, β-glucosidases, and hemicellulases with reported activities of
120 FPU/mL cellulase, 2371 U/g β-glucosidase, and 161 mg/g protein [65].

Hydrochloric acid (38% w/w), nitric acid (65% w/w), sulfuric acid (95% w/w), sodium hydroxide
(pellets), and potassium hydroxide (pellets), all from Chempur (Piekary Slaskie, Poland) were used to
prepare the pretreatment solutions. Glucose, xylose, arabinose, cellobiose, acetic acid, formic acid, HMF,
and furfural from Sigma Aldrich (St. Louis, MO, USA) were used as standards for high-performance
liquid chromatography (HPLC) analysis. All the reagents were at least analytical grade, and all the
aqueous solutions were prepared using high-purity deionized water (18.2 MΩ·cm, Simplicity Millipore
Waters, Milford, MA, USA). Penicillin and streptomycin (Sigma Aldrich, St. Louis, MO, USA) were
used to prevent microbial growth during saccharification.

3.1.3. Yeasts

Fermentation was conducted using the commercial dry distiller’s yeasts Saccharomyces cerevisiae
strains: Thermosacc Dry (Lallemand Ethanol Technology, Montreal, QC, Canada) and Ethanol Red
(Fermentis Ltd., Marcq-en-Baroeul, France). Both selected yeast strains, were declared by the producers
to have the average number of live cells of 2 × 1010 per gram and approx. 95% of dry matter. Depending
on experiments (see below), yeast dose was 0.5 or 1.5 g/L of hydrolysate. Before the inoculation of
hydrolysates, dry yeast was hydrated in 10 times the volume of water, at approximate 35 ◦C for 15 min,
to ensure higher activity and homogenization [66].

3.2. Pretreatment

The biomass pretreatments were carried out with 10% w/v dry solid loadings. For acid
pretreatment, JAS was soaked in 150 mL of a 2% or 5% (w/v) solution of sulfuric acid, hydrochloric
acid or nitric acid, whilst for alkali pretreatment, 150 mL of a 2% or 5% (w/v) solution of sodium
hydroxide or potassium hydroxide was used. The samples were autoclaved at 121 ◦C for 60 min.
After pretreatment, the samples were filtered, and the liquid fraction was analyzed after neutralization
using the HPLC method to determine the individual sugars, as well as the products of lignocellulose
degradation. The solid biomass was washed thoroughly with water until a neutral pH (7.0 ± 0.2) value
was achieved. The content of cellulose, hemicellulose, and lignin was then measured, before the solid
biomass was subjected to enzymatic hydrolysis.

3.3. Enzymatic Hydrolysis and Fermentation

The pretreated material was subjected to enzymatic hydrolysis with 5% w/v solid loading, based
on dry matter, in 100 mL of 0.05 M citric buffer solution (pH 4.8). Cellic CTec2 preparation was
used with a dose of 10 FPU/g cellulose (15.43 mg protein/g cellulose). A mixture of penicillin and
streptomycin (50 U/mL and 50 μg/mL, respectively) was added. Hydrolysis experiments were
performed at 50 ◦C for 72 h. Samples were taken every 24 h, and the supernatant was analyzed
for monomeric sugar concentrations and lignocellulose degradation products using HPLC. After
hydrolysis, the whole hydrolysate was used in the fermentation stage. The dry distiller’s yeast
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S. cerevisiae Thermosacc Dry was added to each sample at a dose of 0.5 g/L, along with ammonium
phosphate as a source of nutrients (0.3 g/L). Fermentation trials were conducted for 72 h at 32 ◦C,
in 250 mL flat-bottomed flasks equipped with fermentation tubes. At the same time, untreated JAS
was enzymatically hydrolyzed and fermented as a reference.

The additional fermentation trials of nitric acid pretreated hydrolysates were conducted with the
use of S. cerevisiae Thermosacc Dry and Ethanol Red strains, at a standard dose of 0.5 as well as 1.5 g/L.
Fermentations were carried out directly in whole hydrolysate (including solids), or after separation
of solid residues (fermentation of liquids only). The other parameters of the fermentation process
(nitrogen nutrient, temperature, and time) remained unchanged.

3.4. Analysis and Calculations

The raw and pretreated JAS, were analyzed to determine their content of total solids according
to National Renewable Energy Laboratory (NREL) protocol [37]; cellulose according to the
Kurschner-Hoffer method [38]; hemicellulose according to the Ermakov method [39]; and lignin
according to the NREL protocol [40]. The concentrations of sugars, organic acids, ethanol, and furan
aldehydes (HMF, furfural) were analyzed using an HPLC system (Agilent 1260 Infinity, Agilent
Technologies, Santa Clara, CA, USA). The compounds were separated using a Hi-Plex H column
(7.7 × 300 mm, 8 μm) (Agilent Technologies, Santa Clara, CA, USA), equipped with a refractive index
detector (RID). The column and detector temperatures were maintained at 60 ◦C and 55 ◦C, respectively.
As a mobile phase, 0.05 M H2SO4 was used at a flow rate of 0.7 mL/min, with a sample volume of
20 μL. The samples were filtered through 0.22 μm syringe filters to remove any particulate matter.
The total concentration of phenolic compounds was determined using a modified Folin-Ciocalteu
method, as described by Antolak et al. [67]. Gallic acid (at concentrations of 0–250 mg/L) was used to
prepare a standard curve. Samples of enzymatic hydrolysates were analyzed directly, whilst samples
of a liquid fraction after pretreatment were diluted ten times before analysis.

The recovery of solid after pretreatment was calculated based on the following equation:

Solid recovery =
dry weight of biomass after pretreatment

dry weight of untreated biomass
× 100% (1)

The hemicellulose solubilization rate was calculated based on the following equation:

Hemicellulose solubilization =
Xylose concentration in liquid fraction

[ g
L
]× 0.88

Hemicellulose in untreated biomass
[ g

L
] × 100% (2)

The cellulose solubilization rate was calculated based on the following equation:

Cellulose solubilization =
Glucose concentration in liquid fraction

[ g
L
]× 0.90

Cellulose in untreated biomass
[ g

L
] × 100% (3)

The glucose yield (cellulose hydrolysis efficiency) after enzymatic hydrolysis, was calculated
based on the following equation:

Glucose yield =
Glucose concentration in hydrolysate

[ g
L
]× 0.90

Cellulose in pretreated biomass
[ g

L
] × 100% (4)

The ethanol yield, after fermentation, was calculated based on the following equation:

Ethanol yield =
Ethanol concentration

[ g
L
]

Glucose in hydrolysate
[ g

L
]× 0.511

× 100% (5)
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All tests were performed in triplicate. Statistical analysis was performed using Statistica
10 software (Tibco Software, Palo Alto, CA, USA), with the results expressed as a mean ± standard
deviation. The data were analyzed using a one-way or two-way ANOVA, followed by the Tukey’s
post-hoc test, with a significance level of 0.05.

4. Conclusions

Pretreatment of JAS, using acid and alkaline reagents, successfully enhances the efficiency of
enzymatic hydrolysis. The highest concentration of glucose (38.5 g/L, 89% of theoretical yield), after
72 h of enzymatic hydrolysis was obtained from material pretreated with 5% (w/v) HNO3. However,
due to the fact that pretreatments were performed under the same conditions (121 ◦C for 1 h), there
is a possibility that other acid (besides HNO3) and alkali reagents can reveal higher efficiency, when
optimal conditions for them are used.

The highest ethanol concentration (9.5 g/L) was produced when 5% (w/v) HNO3 was applied.
However, almost 30% of the available glucose remained after fermentation, and the yield of ethanol
was low (46% of the theoretical yield). Separation of unhydrolyzed solids before fermentation, allows
obtaining of significantly higher ethanol yield (77–82% of the theoretical). Regardless of using for
fermentation S. cerevisiae yeast strain (Ethanol-Red or Thermosacc Dry), an increase in inoculum size
(from 0.5 to 1.5 g/L) did not influence the obtained ethanol yield.
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Kręgiel, D. Simultaneous saccharification and fermentation of sugar beet pulp for efficient bioethanol
production. BioMed Res. Int. 2016, 2016, 3154929. [CrossRef]

35. Gonzales, R.R.; Sivagurunathan, P.; Kim, S.H. Effect of severity on dilute acid pretreatment of lignocellulosic
biomass and the following hydrogen fermentation. Int. J. Hydrogen Energy 2016, 41, 21678–21684. [CrossRef]

36. McIntosh, S.; Vancov, T. Enhanced enzyme saccharification of Sorghum bicolor straw using dilute alkali
pretreatment. Bioresour. Technol. 2010, 101, 6718–6727. [CrossRef] [PubMed]

37. Sluiter, A.; Hames, B.; Hyman, D.; Payne, C.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D. Determination
of Total Solids in Biomass and Total Dissolved Solids in Liquid Process Samples; Technical Report No.
NREL/TP-510-42621; NREL: Golden, CO, USA, 2008.

38. Kurschner, K.; Hoffer, A. Cellulose and cellulose derivatives. Fresenius J. Anal. Chem. 1993, 92, 145–154.
[CrossRef]

39. Arasimovich, V.V.; Ermakov, A.I. Measurement of the total content of hemielluloses. In Methods for Biochemical
Studies of Plants; Ermakov, A.I., Ed.; Agropromizdat: Saint Petersburg, Russia, 1987; pp. 164–165.

40. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural
Carbohydrates and Lignin in Biomass; Technical Report No. NREL/TP-510-42618; NREL: Golden, CO,
USA, 2012.

41. Ma, S.; Wang, H.; Wang, Y.; Bu, H.; Bai, J. Bio-hydrogen production from cornstalk wastes by orthogonal
design method. Renew. Energy 2011, 36, 709–713. [CrossRef]

42. Imman, S.; Arnthong, J.; Burapatana, V.; Champreda, V.; Laosiripojana, N. Fractionation of rice straw
by a single-step solvothermal process: Effects of solvents, acid promoters, and microwave treatment.
Renew. Energy 2015, 83, 663–673. [CrossRef]

43. Valdez-Vazquez, I.; Pérez-Rangel, M.; Tapia, A.; Buitrón, G.; Molina, C.; Hernández, G.; Amaya-Delgado, L.
Hydrogen and butanol production from native wheat straw by synthetic microbial consortia integrated by
species of Enterococcus and Clostridium. Fuel 2015, 159, 214–222. [CrossRef]

44. Hendriks, A.T.W.M.; Zeeman, G. Pretreatments to enhance the digestibility of lignocellulosic biomass.
Bioresour. Technol. 2009, 100, 10–18. [CrossRef] [PubMed]

45. Jönsson, L.J.; Martín, C. Pretreatment of lignocellulose: formation of inhibitory by-products and strategies
for minimizing their effects. Bioresour. Technol. 2016, 199, 103–112. [CrossRef] [PubMed]

46. Herrera, A.; Tellez-Luis, S.J.; Gonzalez-Cabriales, J.J.; Ramírez, J.A.; Vazquez, M. Effect of the hydrochloric
acid concentration on the hydrolysis of sorghum straw at atmospheric pressure. J. Food Eng. 2004, 63,
103–109. [CrossRef]

47. Chang, V.S.; Holtzapple, M.T. Fundamental factors affecting biomass enzymatic reactivity. Appl. Biochem.
Biotechnol. 2000, 84–86, 5–37. [CrossRef]

48. Kim, D.; Orrego, D.; Ximenes, E.A.; Ladisch, M.R. Cellulose conversion of corn pericarp without pretreatment.
Bioresour. Technol. 2017, 245, 511–517. [CrossRef] [PubMed]

49. Ximenes, E.; Kim, Y.; Mosier, N.; Dien, B.; Ladisch, M. Inhibition of cellulases by phenols. Enzym. Microb.
Technol. 2010, 46, 170–176. [CrossRef]

50. Ximenes, E.; Kim, Y.; Mosier, N.; Dien, B.; Ladisch, M. Deactivation of cellulases by phenols. Enzym. Microb.
Technol. 2011, 48, 54–60. [CrossRef] [PubMed]

51. Martín, C.; García, A.; Schreiber, A.; Puls, J.; Saake, B. Combination of water extraction with dilute-sulphuric
acid pretreatment for enhancing the enzymatic hydrolysis of Jatropha curcas shells. Ind. Crop. Prod. 2015, 64,
233–241. [CrossRef]

52. Cheng, Y.S.; Zheng, Y.; Yu, C.W.; Dooley, T.M.; Jenkins, B.M.; Gheynst, J.S.V. Evaluation of high solids alkaline
pretreatment of rice straw. Appl. Biochem. Biotechnol. 2010, 162, 1768–1784. [CrossRef] [PubMed]

53. Ibrahim, M.M.; El-Zawawy, W.K.; Abdel-Fattah, Y.R.; Soliman, N.A.; Agblevor, F.A. Comparison of alkaline
pulping with steam explosion for glucose production from rice straw. Carbohydr. Polym. 2011, 83, 720–726.
[CrossRef]

54. Wang, Z.; Keshwani, D.R.; Redding, A.P.; Cheng, J.J. Sodium hydroxide pretreatment and enzymatic
hydrolysis of coastal Bermuda grass. Bioresour. Technol. 2010, 101, 3583–3585. [CrossRef] [PubMed]

55. Jönsson, L.J.; Björn, A.; Nilvebrant, N.O. Bioconversion of Lignocellulose: Inhibitors and Detoxification.
Biotechnol. Biofuels 2013, 6, 16. [CrossRef] [PubMed]

216



Energies 2018, 11, 2153

56. Larsson, S.; Palmqvist, E.; Hahn-Hägerdal, B.; Tengborg, C.; Stenberg, K.; Zacchi, G.; Nilvebrant, N.O. The
generation of fermentation inhibitors during dilute acid hydrolysis of softwood. Enzym. Microb. Technol.
1999, 24, 151–159. [CrossRef]

57. Farías-Sánchez, J.C.; Velázquez-Valadez, U.; Pineda-Pimentel, M.G.; López-Miranda, J.; Castro-Montoya, A.J.;
Carrillo-Parra, A.; Vargas-Santillán, A.; Rutiaga-Quiñones, J.G. Simultaneous Saccharification and
Fermentation of Pine Sawdust (Pinus pseudostrobus L.) Pretreated with Nitric Acid and Sodium Hydroxide
for Bioethanol Production. Bioresources 2016, 12, 1052–1063. [CrossRef]

58. Luo, C.; Brink, D.L.; Blanch, H.W. Identification of potential fermentation inhibitors in conversion of hybrid
poplar hydrolysate to ethanol. Biomass Bioenergy 2002, 22, 125–138. [CrossRef]

59. Modelska, M.; Berlowska, J.; Kregiel, D.; Cieciura, W.; Antolak, H.; Tomaszewska, J.; Binczarski, M.;
Szubiakiewicz, E.; Witonska, I.A. Concept for Recycling Waste Biomass from the Sugar Industry for Chemical
and Biotechnological Purposes. Molecules 2017, 22, 1544. [CrossRef] [PubMed]

60. Adeboye, P.T.; Bettiga, M.; Olsson, L. The chemical nature of phenolic compounds determines their toxicity
and induces distinct physiological responses in Saccharomyces cerevisiae in lignocellulose hydrolysates.
AMB Express 2014, 4, 46. [CrossRef] [PubMed]

61. Tutt, M.; Kikas, T.; Olt, J. Influence of different pretreatment methods on bioethanol production from wheat
straw. Agron. Res. 2012, S1, 269–276.

62. Azhar, S.H.M.; Abdulla, R.; Jambo, S.A.; Marbawi, H.; Gansau, J.A.; Faik, A.A.M.; Rodrigues, K.F. Yeasts in
sustainable bioethanol production: A review. Biochem. Biophys. Rep. 2017, 10, 52–61. [CrossRef]

63. Häggström, C.; Rova, U.; Brandberg, T.; Hodge, D. Integration of Ethanol Fermentation with Second
Generation Biofuels Technologies. In Biorefineries: Integrated Biochemical Processes for Liquid Biofuels;
Qureshi, N., Hodge, D., Vertès, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; Chapter 8; pp. 161–187.
ISBN 978-0-444-59498-3.

64. Monot, F.; Duplan, J.L.; Alazard-Toux, N.; His, S. Biofuels. In Renewable Energies; Sabonnadière, J.C., Ed.;
ISTE Ltd.: London, UK; John Wiley & Sons, Inc.: Hoboken, NY, USA, 2009; Chapter 10; pp. 329–395.
ISBN 9781848211353.

65. Cannella, D.; Jørgensen, H. Do new cellulolytic enzyme preparations affect the industrial strategies for high
solids lignocellulosic ethanol production? Biotechnol. Bioeng. 2014, 111, 59–68. [CrossRef] [PubMed]
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Abstract: The present study deals with the issue of bio-briquette fuel produced from specific
agriculture residues, namely bamboo fiber (BF) and sugarcane skin (SCS). Both materials originated
from Thừa Thiên Huế province in central Vietnam and were subjected to analysis of their
suitability for such a purpose. A densification process using a high-pressure briquetting press
proved its practicability for producing bio-briquette fuel. Analysis of fuel parameters exhibited a
satisfactory level of all measured quality indicators: ash content Ac (BF—1.16%, SCS—8.62%) and
net calorific value NCV (BF—16.92 MJ·kg−1, SCS—17.23 MJ·kg−1). Equally, mechanical quality
indicators also proved satisfactory; bio-briquette samples’ mechanical durability DU occurred at an
extremely high level (BF—97.80%, SCS—97.70%), as did their bulk density ρ (BF—986.37 kg·m−3,
SCS—1067.08 kg·m−3). Overall evaluation of all observed results and factors influencing the
investigated issue proved that both waste biomass materials, bamboo fiber and sugarcane skin,
represent suitable feedstock materials for bio-briquette fuel production, and produced bio-briquette
samples can be used as high-quality fuels.

Keywords: waste biomass; Vietnam; solid biofuel; calorific value; mechanical durability

1. Introduction

With the increasing prices and various environmental impacts created by the use of fossil fuels,
the importance of biofuel production has subsequently increased. Such production has reached
unprecedented volumes over the last 20 years [1]. In addition, the world’s population is expected
to continue growing, with the total population calculated to be almost ten billion by mid-2050 [2].
This population growth will lead to a deepening requirement for energy, and therefore, global energy
demand will subsequently increase. Energy is considered a key source for the future and plays an
important role in socioeconomic development because affordable energy is an essential ingredient for
such development [3,4].

With deforestation comprising a major problem in many parts of the developing world, there is
increasing demand for fuelwood for household cooking. This phenomenon particularly affects remote
rural communities that have no access to fuels such as liquid petroleum gas (LPG) and that depend
substantially on burning locally-collected biomass [5]. Such a demand for fuel could be covered by
bio-briquettes, which may provide necessary energy from waste materials because biomass is globally
recognized as a renewable and sustainable energy source [6]. In addition, agricultural residues have
recently been posited as a major fuel source for many potential bio-energy projects in developing
countries [1].

Biomass is now considered a primary global energy resource, providing 14% of the world’s energy
needs. It comprises at least one third of energy consumption in some developing countries. In addition,
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biomass combustion can be considered CO2 neutral because during production, it removes CO2

from the atmosphere by photosynthesis and is later released during combustion [7]; this aspect was
however contradicted in Cherubini et al. [8], who analyzed CO2 emissions from biomass combustion
for bioenergy.

1.1. Bamboo and Sugarcane as a Source of Herbaceous Biomass

Bamboo (Bambusoideae spp.) and sugarcane plants (Saccharum officinarum) are members of the grass
family Poaceae (also known as Gramineae). Both grasses are widely spread in tropical and subtropical
climate regions. As a strongly growing species, their cultivation provides several advantages.
Bamboo plants are the fastest growing plant species on Earth (approximately 91–122 cm per day);
thus, significant potential for herbaceous biomass production is indicated. Moreover, the subfamily
Bambusoideae contains 1100–1500 different bamboo species, with their classification and identification
being complicated; approximately 69 naturally-occurring species were monitored in Vietnam
alone [9,10].

Historically, bamboo is a traditional and widely-used plant in Asia; its utilization has lasted for
centuries in different industries, for building various parts of houses, furniture production, as well as
medicinal, food [10], clothing and home craft purposes, among others [11]. Concurrently, sugarcane plants
cultivated for agricultural purposes provide 70% of sugar worldwide (having the most calories per unit
area of cultivation of any plant), with a large amount of the herbaceous waste biomass being left behind
after plant processing, for example sugarcane skin [12]. Such material is one of the by-products of the
sugarcane processing industry [13]. Today, biological residues from sugarcane plants are a particular point
of interest of different scientific fields [14,15]; thus, its potential seems significant. However, sugarcane
skin reuse in Southeast Asia, namely in Vietnam, is not ensured; the open field burning or ejection into
municipal waste is a common practice in rural areas when individuals or small processing plants are
treating sugarcane crop. In an attempt to meet increasing energy demands and maintain an appropriate
waste management strategy, waste biomass originated from processing of both mentioned grasses could be
reused and utilized; for example, as a feedstock material for various biotechnological processes [13,16,17].
Bamboo plants commonly provide waste cuttings of bamboo logs or bamboo fiber (BF), while sugarcane
processing results in the production of sugarcane bagasse. Utilization of such residues is not secured,
and they are often left behind as useless waste or burned without a purpose. Occasionally, bamboo fiber is
used as a fire starter and sugarcane skin for combustion purposes.

1.2. Biomass Availability in Vietnam

In Vietnam, biomass is considered an important source of energy, comprising approximately 90% of
domestic energy consumption in rural areas [18], as well as being an important source of energy for small
industries and farms, often located in rural areas [19]. Further, it has significant potential as a renewable
energy source, even though the agricultural sector currently accounts only for approximately 20% of the
country’s GDP [19]. Agricultural residues, as described in Schirmer [19], and animal waste, as described in
Roubík et al. [20], are offering significant potential for the generation of electricity, sources that have so far
been insufficiently tapped. Currently, biomass is mainly used by households, and waste biomass is usually
not used at all, or very ineffectively and with potential harmful consequences.

Agricultural residues (including bamboo fiber and sugarcane skin) are important sources of
biomass in Vietnam and can be taken from residues left directly on fields or from the processing
of agricultural products. The wider use of such residues may be relatively difficult because this
agricultural waste usually occurs locally (for example, rice husk residues are produced in large
quantities only in the local rice mills). As mentioned by Schirmer [19], there is a need for a reliable
supply of biomass, its efficient collection, transportation and storage, meaning well-established supply
chains, which currently do not exist.
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Agricultural Waste Utilization through Briquetting

One technology for the utilization of agricultural wastes is biomass briquetting [21,22], which
involves the densification of the biomass through the use of pressure [23,24]. The advantages of
briquetting include the following: increased bulk density of the material, making it easier to transport
and store, higher energy content per unit volume and the production of homogenous product fuel
from various raw materials [22,25]. Therefore, as concluded by Chen et al. [23], densified solid biofuel
(meaning bio-briquettes) could be an important route for efficient utilization of agro-residues.

2. Methodology

The present section details research activities performed for the collection of selected waste biomass
(both materials represented by herbaceous biomass) in raw form and its initial processing in the target area
of Huế city and surrounding villages in Thừa Thiên Huế province, central Vietnam. There is a detailed
description of the investigated waste biomass laboratory preparation (drying, grinding) and laboratory
testing of its fuel properties. Further, the utilization of selected waste biomass as a feedstock material
for bio-briquette fuel production using a high-pressure briquetting press is described, together with the
determination of their suitability for such a purpose. Finally, the complete evaluation of stated mechanical
and chemical quality indicators of produced bio-briquette samples is performed.

In general, the production of bio-briquette fuel for commercial purposes is conducted to
mandatory technical standards (stated by the country of bio-briquette fuel production) ensuring
the quality and safety of such products. Thus, all procedures of experimental testing were performed
in accordance to related European technical mandatory standards stated by the European Committee
for Standardization, namely: EN 14918 (2010) [26], ISO 1928 (2010) [27], EN 15234-1 (2011) [28], EN
ISO 16559 (2014) [29], EN ISO 17225-1 (2015) [30], EN ISO 17831-2 (2015) [31], EN ISO 18122 (2015) [32],
EN ISO 18134-2 (2015) [33], EN ISO 16948 (2016) [34] and EN ISO 18123 (2016) [35].

2.1. Materials and Samples

Both investigated waste materials, bamboo fiber (Bambusoideae spp.) and sugarcane skin
(Saccharum officinarum), were identified as herbaceous biomass due to their membership in the grass
family Poaceae. Collection activities were performed at small processing plants in central Vietnam
in June of 2017. Bamboo fiber samples originated from rural areas in Thừa Thiên Huế province;
the collections were performed during several field trips; thus, samples originated from different
villages, whereas sugarcane skin samples originated from one specific processing plant in Huế city.
Nevertheless, unprocessed raw sugarcane stalks were harvested in surrounding rural areas of Huế city.
The target area of the materials’ collection is illustrated in Figure 1.

 

Huế city 

Vietnam 

Figure 1. Area of sample collection: Huế district, Thừa Thiên Huế province.
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Both investigated materials were chosen because they represented commodities frequently
processed in large quantities in the target area, and their processing results in the production of
a significant amount of waste biomass.

Bamboo stalks were already sundried prior to the fiber being manually separated in processing
plants; thus, final waste biomass occurred in ideal conditions for combustion purposes (low level of
moisture content); as shown in Figure 2.

 

(a) (b) 

Figure 2. Bamboo processing in Thừa Thiên Huế province, central Vietnam: (a) manual removing of
fiber; (b) produced waste biomass: bamboo fibers.

In contrast, sugarcane stalks occurred in the raw state before their skin was manually removed
in the processing plant; thus, produced waste biomass occurred in its initial high moisture content,
as shown in Figure 3.

 

(a) (b) 

Figure 3. Sugarcane processing in Huế city, central Vietnam: (a) manual removing of skin; (b) produced
waste biomass: sugarcane skin.

The drying process of sugarcane skin was thus necessary prior to its subsequent utilization,
and therefore, the material was sundried in open fields in local conditions. Thereby, the drying process
was ensured without the need for any other energy source investment. Moreover, local insects were
not interested in such materials, which represents a significant advantage if considering that such
materials contained residual sugars. Unfortunately, precise initial moisture content of both materials
was not determined due to the fact that primary research activities were performed in conditions of
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rural areas of Vietnam without proper measuring equipment. Further, both materials were properly
stabilized and stored in special hermetically-sealed bags for transportation.

After the materials’ transportation to the laboratories at the target destination of Prague, Czech
Republic, both materials were appropriately prepared for subsequent experimental measurements;
their particle size and moisture content were modified to the required form. Primarily, both materials
were dried in a laboratory dryer LAC, Type S100/03 (Rajhrad, Czech Republic), for 24 hours at a
temperature of 105 ◦C until their moisture content was constant. Disintegration of feedstock materials
was also performed using a grinding hammer mill Taurus, Type VM 7,5 (Chrudim, Czech Republic),
with a vertical shaft with eight hammers as a working unit (see Figure 4).

 
(a) (b) 

Engine ne

Feed 

hopper 

Free 

swinging 

hammers hammer
Output 

hole 

Figure 4. The disintegration device used, the hammer grinding mill: (a) scheme; (b) in practice.

A sieve with holes of 8 mm in diameter was used to unify the faction of both disintegrated
feedstock materials. The final form of properly prepared samples is expressed in Figure 5.

  

(a) (b) 

Figure 5. The form of samples prepared for chemical and mechanical analysis: (a) bamboo fiber; (b)
sugarcane skin.

Nevertheless, the bamboo material occurred in the fibrous form, and hence, the fibers that
fell through sieve holes were prevalently slightly longer than 8 mm. In contrast, sugarcane skin
(SCS) material also contained tiny particles in the form of dust; thus, the prevalent particle size was
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smaller than 8 mm. Due to such differences between the investigated materials, brief microscopic
measurements were performed to describe the particle size and shapes of investigated materials
(measurement scale 5 mm). A stereoscopic microscope Arsenal, Type 347 SZP 11-T Zoom (Prague,
Czech Republic) was used for image analysis; the resulting images are shown in Figure 6.

  

(a) (b) 

Figure 6. Microscopic analysis of investigated samples: (a) bamboo fiber; (b) sugarcane skin.

Despite the fact that both investigated materials were represented by the top layer of plant stem
(the epidermis), the variability in materials’ behavior during disintegration and particle size were
detected during microscopic analyses (Figure 6); such variability was related to the taxonomy of
processed plants.

2.2. Fuel Analysis of Feedstock Materials

Samples were subjected to analysis of their fuel properties, which defined their basic chemical
parameters, energy potential and elementary composition. Such measurements were performed
to determine the materials’ suitability for the process of direct combustion. At least two or three
repetitions of all of the following tests were performed for all investigated samples to ensure the
correctness of measurement processes and observed data; data were recorded and evaluated using
supporting software. Final data exhibited in the Results and Discussion Section are expressed as
average values of all observed data with standard deviations.

2.2.1. Basic Parameters and Energy Potential (Mc, Ac, GCV, NCV)

Samples were initially milled into the required particle size (<0.1 mm) using a cutting mill.
Moisture Mc (%) and ash content Ac (%) analysis was performed with a thermogravimetric
analyzer LECO, Type TGA 701 (Saint Joseph, MO, USA). Experimental tests complied with
related standards, namely EN 18134-2 (2015): Solid biofuels—Determination of moisture
content—Oven dry method—Part 2: Total moisture-Simplified method and ISO 18122 (2015): Solid
biofuels—Determination of ash content.

The principal parameters of fuel properties, gross calorific value (GCV) (MJ·kg−1) and net calorific
value NCV (MJ·kg−1) express the energy potential of the investigated materials. Gross calorific values
(GCV) (MJ·kg−1) were primarily measured using an isoperibol calorimeter LECO, Type AC 600 (Saint
Joseph, USA) and secondarily analyzed by related software. Net calorific values (NCV) (MJ·kg−1) were
calculated using relations between those two parameters. The complete process of analyses used standards
EN 14918 (2010): Solid biofuels—Determination of calorific value and ISO 1928 (2010): Solid mineral
fuels—Determination of gross calorific value by the bomb calorimetric method and calculation of NCV.
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2.2.2. Elementary Composition (C, H, N, S, O)

Materials content of carbon C (%), hydrogen H (%), nitrogen N (%), sulfur S (%) and oxygen O (%)
represented the last measured fuel parameters. Experimental testing was performed using laboratory
equipment LECO, Type CHN628+S (Saint Joseph, MO, USA), while the testing process corresponded
to requirements stated by related standard EN ISO 16948 (2016): Solid biofuels—Determination of
total content of carbon, hydrogen and nitrogen.

2.3. Mechanical Analysis of Bio-Briquette Samples

When the suitability of investigated materials for the process of direct combustion was proven,
they were utilized as a feedstock for bio-briquette fuel production. Subsequently, the produced
bio-briquette samples were subjected to the determination of their mechanical quality represented
by the following indicators: bulk density ρ, mechanical durability DU and rupture force RF.
Specific methods of the mentioned experimental measurements are described in the following sections.
The present section is divided into four sections: The first section is related to the production factors of
the densification process and to the entire process of bio-briquette sample production. The remaining
three sections describe bio-briquette sample quality testing and determination of specific mechanical
quality indicator results.

2.3.1. Bio-Briquette Sample Production

As mentioned previously, high-pressure briquetting technology was used for densification of two
different types of herbaceous waste biomass: bamboo fiber and sugarcane skin. Namely, a laboratory
hydraulic piston high-pressure briquetting press Briklis, Type BrikStar 30-12 (Malšice, Czech Republic),
was used as a pressing device (shown in Figure 7).

  
(a) (b) 

Figure 7. Briklis high-pressure briquetting press: (a) scheme; (b) in practice.

This press was operated with an automatic setting during feedstock compression with a specific
focus on ensuring a similar level of bulk density ρ of all produced bio-briquette samples. However, such
settings resulted in different lengths of final products. The device is equipped with a pressing chamber
and matrix with a diameter of 50 mm, thus producing bio-briquette samples (expressed in Figure 8) of
a diameter equal to approximately 50 mm; the dimensions of bio-briquette samples are provided in
Table 1.
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(a) (b) 

Figure 8. Produced bio-briquette fuel samples from: (a) bamboo fiber; (b) sugarcane skin.

Table 1. Basic mechanical properties of investigated briquette samples (±standard deviation).

Sample Weight (g) Height (mm) Diameter (mm)

Bamboo fiber 79.68 ± 20.71 37.73 ± 10.61 51.55 ± 0.37
Sugarcane skin 120.61 ± 12.85 53.35 ± 5.55 51.96 ± 5.40

In general, the dimensions of bio-briquette fuel influence its final mechanical quality.
Thus, its monitoring represents an important production parameter that needs to be considered.

2.3.2. Bulk Density ρ

The first investigated indicator, bulk density ρ, describes both the final mechanical quality of
produced bio-briquette samples, as well as the ability of tested feedstock materials to be densified.
Thus, it evaluates the efficiency of the densification process in the case of such specific feedstock
materials. Calculation of bio-briquette sample bulk density ρ (kg·m−3) used its dimensions, namely its
volume V (m3) and mass m (kg), and the following Equation (1).

ρ =
m
V

(1)

where ρ is the bulk density (kg·m−3), V the bio-briquette samples’ volume (m3) and m the bio-briquette
sample mass (kg).

2.3.3. Mechanical Durability DU

The produced bio-briquette samples were subjected particularly to the determination of
mechanical durability DU (%), which is the main indicator of bio-briquette fuel mechanical quality
and which is defined by standard EN ISO 17831-2 (2015): Solid biofuels—Determination of mechanical
durability of pellets and briquettes—Part 2: Briquettes. This standard states several quality levels of
bio-briquette fuel and establishes the lowest acceptable level (DU > 90%) for commercial bio-briquette
fuel production. Experimental observation and measurements were performed repeatedly using an
electrically-powered special dust–proof rotating drum (Figure 9) with a rectangular steel partition.
The principle of such a test consists of projected impacts of tested bio-briquette samples in the rotating
drum; thereby, the samples prove their durability.
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(a) (b) 

Engine 

Depth: 598 mm 

Figure 9. Equipment used for the determination of mechanical durability: (a) in practice; (b) scheme.

In practice, several groups of bio-briquette samples of a specific weight (2 ± 0.1 kg) were separately
placed inside the drum and subjected to controlled impacts for a specific time (4 minutes 17 seconds),
which was equal to the specific number of rotations (105 ± 5 rotations). Subsequently, bio-briquette
samples were weighed prior to and after such testing, and their final resistance was determined by
Equation (2).

DU =
ma

me
·100 (2)

where DU is mechanical durability (%), me the sample weight before testing (g) and ma the sample
weight after testing (g).

2.3.4. Rupture Force RF

The methodology of the last tested mechanical quality indicator, the rupture force RF, does
not correspond to any mandatory technical standard. It was developed on the basis of previous
scientific research focused on the pressing technology and measurement of the physical and mechanical
properties of pressed items [36–38]. The stated methodology determined the hardness of tested
bio-briquette samples, thus simulating their possible damage in practice.

The principle of measurement lies in the plate-loading test (Figure 10), which was performed
using a universal hydraulic machine WPM, Type ZDM 5 (Leipzig, Germany) with a loading speed v
equal to 20 mm·min−1. The measurement ended when bio-briquette samples disintegrated due to the
influence of force loading; thus, the maximal force loaded to the samples before their disintegration
was noted. The number of tested bio-briquette samples was equal to 64 in the case of bamboo fiber
and to 57 in the case of sugarcane skin.
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(a) (b) 
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Figure 10. The equipment used for the determination of rupture force RF: (a) in practice; (b) plate,
loading test principle (F compressive force (N)).

3. Results and Discussion

The complex evaluation of the investigated bio-briquette production efficiency was based on the
set of quality indicators of both feedstock materials and produced bio-briquette samples. All chosen
indicators described the suitability of the investigated bio-briquette fuel for commercial production.
Therefore, required indicator levels occurred at a high level in an attempt to ensure the highest
quality of produced bio-briquette fuel. Nevertheless, mandatory requirements for solid biofuel
commercial production differ within each country; the obtained results were compared with the
European standards.

The present research aimed to answer the question of whether the chosen waste materials were
suitable for bio-briquette production. In general, it was a complex process containing several necessary
steps and could be influenced by many factors. Thus, before answering the main question posed,
the following specific issues must be answered: (a) Is there a sufficient amount of such waste materials?
Is there any functional existing way of its subsequent utilization? (b) Are those materials suitable for
direct combustion processes? Is their fuel analysis positive for such purposes? (c) Are the materials
suitable for drying and disintegration processes or do such steps involve difficulties? Is it possible to
produce bio-briquette fuel from those materials? What is the final mechanical quality of such biofuel?

Answers to all of these questions are noted in the following sections or were explained in the
Methodology Section.

3.1. Feasibility and Practicability of Production

The conditions of investigated materials production and potential reuse were primarily monitored
in the target area. Both materials originated from plants that abundantly grow and are processed in
the target area, with the only difference being that sugarcane plants are purposely cultivated as an
agriculture crop, while bamboo plants grow wildly throughout the target area. Specifically, processed
bamboo culms originated from the forests in the surrounding areas.

Both plants were nevertheless processed in the target area at a large-scale. Sugarcane plants
were used for juice production by individual sellers; plants stems were skinned before squeezing
of juice, which resulted in the production of sugarcane skin. Dried bamboo stems were manually
skinned by small storekeepers and subsequently used for the production of various commercial items.
As observed, both produced waste materials, bamboo fiber and sugarcane skin, were not reused
properly in the target area (Figure 11).
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(a) (b) 

Figure 11. Untapped waste biomass potential in the target area: (a) sugarcane skin in municipal waste;
(b) bamboo fiber in a fireplace.

Bamboo processing plants were located in rural areas. Thus, bamboo fiber was burned as waste
without any purpose in the fields or individuals used it as a fire lighter at a small-scale. Sugarcane plants
were processed directly in the streets of Huế city, thus leading to part of the produced sugarcane skin
ending up in garbage bins for municipal waste (Figure 11). It is worth mentioning that the generation
and amount of monitored waste materials were considerable and daily. In contrast, subsequent
utilization of materials was rarely observed.

Bamboo plant populations or their cultivation were difficult to monitor because prevalent parts
of the population are growing wildly. Focused on sugarcane plants, specific data of its production in
Vietnam were available and are shown in Table 2. Meanwhile, according to a statistical database of
the United Nations Food and Agriculture Organization (FAO), world sugarcane crop cultivation in
2016 provided the following data: harvested area 26,774,304 ha, production quantity 1,890,661,751 t
and yield 706,148 hg·ha−1.

Table 2. Sugarcane production in Vietnam in 2010–2014.

Year Harvested Area (ha) Production Quantity (t) Yield (hg·ha−1)

2016 256,322 16,313,145 636,432
2015 284,262 18,337,227 645,083
2014 304,969 19,822,851 649,996
2013 310,264 20,131,088 648,757

t, tonne; ha, hectare; hg, hectogram. Source: FAO, 2018.

As observed in this table, sugarcane production in Vietnam has occurred at a high level in recent
years. Thus, the production of sugarcane residues has also increased. Sugarcane plants are prevalently
used for production of juice or sugar in Vietnam, and thus, sugarcane skin represents a considerable
percentage ratio of produced waste biomass.

3.2. Fuel Analysis of Feedstock Materials

The present section describes the chemical parameters of the investigated materials, the required
levels of which must be respected in practice, otherwise their burning (in the form of bio-briquette
fuel) could cause environmental pollution. With respect to the data expressed in Table 3, it is clear
that moisture content Mc (%) during experimental measurements occurred at a suitable level for
bio-briquette production (i.e., Mc < 15%) [30]. Mentioned values of moisture content Mc do not
represent a material’s moisture content in their initial form (at the moment of creation or collection)
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due to the necessary treatment within their transportation. However, as mentioned in the Methodology
Section, bamboo fiber was removed from already sundried culms; thus, their (required) lower level
of moisture content Mc was expected. Such a factor evaluated the amount of energy input positively
within the entire process of bio-briquette production, which in contrast to others, also contains feedstock
drying. Moreover, if moisture content Mc exceeds the suitable level, it complicates the densification
process or makes it completely impossible to realize it.

Table 3. Basic chemical parameters of waste biomass samples (in w.b.) (± standard deviation).

Sample Mc (%) Ac (%) GCV (MJ·kg−1) NCV (MJ·kg−1)

Bamboo fiber 7.62 ± 0.47 1.16 ± 0.13 18.15 ± 0.03 16.92
Sugarcane skin 8.05 ± 0.52 8.62 ± 0.18 18.47 ± 0.50 17.23

Mc, moisture content; Ac, ash content; GCV, gross calorific value; NCV, net calorific value; w.b., wet basis.

When comparing the values of ash content Ac (%), it is clear that bamboo fiber exhibited a good
result, while sugarcane skin exhibited a result that was at the margin of tolerance (i.e., Ac < 10%) [30].
Such a result represents a disadvantage of sugarcane material; however, it is still accepted by the
mandatory requirements. Commonly, when a high level of ash content is detected, it can be caused by
contamination of material due to external impurities (dust, soil). Nevertheless, sugarcane skin samples
tested in the present research did not contain any impurities. Table 4 provides a comparison of fuel
property data obtained within the present research with data from other studies.

Table 4. Fuel properties of bamboo and sugarcane residues.

Ac (%) GCV (MJ·kg−1) Research

Bamboo culm
3.74 19.62 [39]
3.70 18.32 [40]

Sugarcane bagasse 6.16 18.20 [41]
11.27 17.33 [42]

Ac, ash content; GCV, gross calorific value.

A higher level of ash content Ac is commonly related to complications during biomass burning,
which can result in low burning efficiency or damage to burning devices. In general, both materials
represented herbaceous biomass, which prevalently exhibited a higher level of ash content Ac in
comparison to wood biomass [43,44]. However, the results of bamboo fiber samples were very good,
thus proving the significant potential of such material, which were qualitatively comparable with
wood biomass [45,46].

Energy potential expressed by calorific value is the most important indicator of fuel chemical
quality, which indicates the amount of energy released from fuel during burning [47]. The obtained
NVC data for both tested materials exhibited a high level of such an indicator; thus, these results were
satisfactory. For commercial sale, bio-briquette fuel must exhibit NVCs of at least 14.50 MJ·kg−1

for non-woody bio-briquette fuel and at least 15.00 MJ·kg−1 for woody bio-briquette fuel [30].
Every biomass kind exhibits different levels of calorific value, as well as the requirements on each
specific biomass kind of bio-briquette fuel differing (Table 5).
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Table 5. Comparison of various biomass kind energy potential.

Biomass Kind Feedstock Material NCV (MJ·kg−1) Research

Woody

Vine pruning 19.19 [48]
Pine sawdust 18.14 [46]

Sycamore wood 15.62
[49,50]Wild cherry wood 15.55

Herbaceous

Banana leaf 17.76 [41]
Wheat straw 17.30 [45]
Bamboo leaf 16.71 [51]
Rice straw 15.07 [41]

Fruit

Grape seeds 20.39 [52]
Oil palm empty fruit bunch 18.16 [53]

Banana peel 18.89 [54]
Durian peel 17.61 [55]

Aquatic Water hyacinth 16.65 [41]

Mixed
Rice husk, oil palm sludge 21.68 [56]

Tropical hardwood sawdust 18.94
[57]Rice straw, sugarcane leaves 17.83

NCV, net calorific value.

The results of elementary composition (Table 6) primarily proved the higher level of oxygen
content O (%) in the case of bamboo fiber, which is undesirable, while results for sugarcane skin were
at a satisfactory level. In general, biomass elementary composition can influence final calorific value of
produced biofuel, as well as influencing biofuel behavior during combustion. Higher levels of oxygen
O (%) influence consumption of air during biofuel burning and production of flue gas [58].

Table 6. Elementary composition of waste biomass samples (in w.b.) (±standard deviation).

Sample C (%) H (%) N (%) S (%) O (%)

Bamboo fiber 46.31 ± 0.14 6.19 ± 0.03 0.44 ± 0.02 0.04 ± 0.03 42.15
Sugarcane skin 45.85 ± 0.11 6.36 ± 0.02 0.96 ± 0.03 0.18 ± 0.01 34.02

C, carbon; H, hydrogen; N, nitrogen; S, sulfur; O, oxygen; w.b., wet basis.

Observed values were also converted into dry ash-free state to express results without the
influence of ash presence (Table 7).

Table 7. Composition of samples in dry ash-free state (d.a.f.).

Sample C (%) H (%) N (%) S (%) O (%) GCV (MJ·kg−1) NCV (MJ·kg−1)

Bamboo Fiber 51.01 5.82 0.49 0.04 42.65 20.00 18.73
Sugarcane Skin 54.95 6.46 1.15 0.21 37.23 22.14 20.73

C, carbon; H, hydrogen; N, nitrogen; S, sulfur; O, oxygen; GCV, gross calorific value; NCV, net calorific value; d.a.f.,
dry ash-free state.

3.3. Mechanical Analysis of Briquette Samples

Both investigated materials proved their suitability for bio-briquette production. For the densification
process, it was possible to produce bio-briquette samples from them. Such a statement may not be a matter
of course because the success of bio-briquette sample production is not guaranteed in advance.

Specific data evaluating the efficiency of the densification process were observed immediately
following bio-briquette sample production. Thus, their bulk density ρ (kg·m−3) was stated. The results
of the first investigated mechanical quality indicator are noted in Table 8, together with the results of
other investigated indicators.
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Table 8. Mechanical quality indicators of the investigated bio-briquette samples (±standard deviation).

Sample ρ (kg·m−3) DU (%) RF (N·mm−1)

Bamboo fiber 986.37 ± 181.18 97.80 ± 0.04 143.30 ± 1.70
Sugarcane skin 1067.08 ± 39.08 97.70 ± 0.08 46.50 ± 0.80

ρ, bulk density; DU, mechanical durability; RF, rupture force.

Observed bulk density ρ data proved satisfactory results in both cases, which indicates high
quality bio-briquette fuel. As noted previously, bio-briquette fuel mechanical quality increases with
increasing bulk density ρ [49,59,60] because it indicates bio-briquette fuels’ longer burning time and
larger amount of produced heat [61]. According to other published research, the level of bulk density
ρ of high quality bio-briquette fuels should occur at approximately 1000 kg·m−3 [56,62,63].

The results of the next investigated indicator, bio-briquette sample DU (%), were obtained during
experimental laboratory testing. A statement regarding bio-briquette fuel DU (%), also termed abrasion
resistance, is necessary and required within commercial production and represents a major deciding
factor [49,62,64]; thus, its performance was a pivotal point of mechanical analysis. Data noted in
Table 8 expressed extremely good results; measured DU exceeded 97% for both materials, while the
mandatory required level is a DU ≥ 90% [31]. Figure 12 illustrates the conditions of bio-briquette
samples after abrasion testing.

(a) (b) 

Figure 12. Bio-briquette fuel samples after mechanical durability testing: (a) bamboo fiber; (b)
sugarcane skin.

As observed in Figure 12, tested bio-briquette samples were in very good condition; only the
edges of their bodies were abraded. Such positive results were caused by the structural characteristics
of the materials, which were able to create strong bonds between particles.

Such excellent results correspond to the highest level of DU stated by related standards (i.e.,
DU ≥ 95%). Table 9 shows a comparison of the result values of other investigated bio-briquette fuels
sorted according to specific mechanical durability levels.
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Table 9. Mechanical durability DU of different bio-briquette fuel kinds.

DU (%) Feedstock Material Research

<90

Big bluestem sawdust
[59]Canola straw

Switchgrass
[65]Corn stover

>90

Pine sawdust [66]
Canary grass [67]

Rice husk
[64]Corncob

≥95

Eucalyptus sawdust,
paper [68]

Soybean stalk [69]
Cotton stalk [70]

Digestate [71]

DU, mechanical durability.

The level of DU is prevalently influenced by the specifications of pressed feedstock materials,
but also, a considerable influence of the forming pressure used was proven. DU clearly increased with
increasing forming pressure applied by pressing the briquetting press into the feedstock material [65].
Applying such a process in practice could improve the unsuitable lower levels of other specific
bio-briquette’s DU.

The last monitored indicator was rupture force RF, which is not defined by any mandatory
standard. Thus, the evaluation of the observed results was performed only by comparison between
the investigated materials. Data in Table 9 indicate the marked differences observed. BF bio-briquette
samples had an RF = 143.30 N·mm−1, while sugarcane skin bio-briquette samples exhibited an RF
equal to 46.50 N·mm−1. The conditions of bio-briquette samples after RF testing are visible in Figure 13.

(a) (b) 

Figure 13. Bio-briquette fuel samples after rupture force testing: (a) bamboo fiber; (b) sugarcane skin.

The considerably better strength of bamboo fiber bio-briquette samples was caused by the positive
behavior of fibers during pressing; above that, fibers made strong bonds already during feedstock
preparation. Thus, it can be concluded that fibrous materials have significant potential for bio-briquette
production. In addition, the overall evaluation of both tested materials proved satisfactory when
compared with other published data [72–74].
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4. Conclusions

The main question investigated in the present research was to determine whether specific
agriculture waste residues, namely bamboo fibers and sugarcane skin, are suitable for bio-briquette
fuel production. The answer to this question, based on all observed results, is ‘Yes’. Both investigated
materials proved suitable as complete feedstocks for bio-briquette fuel production. Monitoring of their
production (quantity) and poor practice in terms of their reuse (in local conditions of the target area)
indicated high potential of such waste biomass for any further meaningful utilization.

Fuel parameter analysis found satisfactory levels of all tested quality indicators; the only identified
limitation was observed in the case of sugarcane skin ash content (Ac = 8.05%), but even that result
is acceptable. Comparatively good results were obtained during determination of bio-briquette fuel
mechanical quality indicators. Extremely high levels of mechanical durability (DU > 97%) strongly
supported the statement that utilization of investigated materials for bio-briquette fuel production will
result in high quality biofuel production.

In general, all measurements and tests performed within the present research provided satisfactory
results, and hence, the utilization of bamboo fiber and sugarcane skin for bio-briquette fuel production
can be highly recommended.

It is hoped that this research will also extend knowledge regarding appropriate waste management
principles and reuse of all potential waste biomass for the production of environmentally-friendly
solid biofuels.
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Nomenclature

Ac Ash content (%)
ρ Bulk density of bio-briquette samples (kg·m−3)
C Carbon (%)
DU Mechanical durability (%)
F Compressive force (N)
GCV Gross calorific value (MJ·kg−1)
H Hydrogen (%)
m Mass of bio-briquette samples (kg)
ma Mass of bio-briquette samples after DU testing (g)
Mc Moisture content (%)
me Mass of bio-briquette samples before DU testing (g)
N Nitrogen (%)
NCV Net calorific value (MJ·kg−1)
O Oxygen (%)
RF Rupture force (N·mm−1)
S Sulfur (%)
V Volume of bio-briquette samples (m3)
v Loading speed (mm·min−1)
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Abstract: The objective of this work was to study the acceleration that ultrasound causes in the rate of
biodiesel transesterification reactions. The effect of different operating variables, such as ultrasound
power, catalyst (KOH) concentration and methanol:oil molar ratio, was studied. The evolution of
the process was followed by gas chromatography, determining the concentration of methyl esters at
different reaction times. The biodiesel was characterized by its density, viscosity, saponification and
iodine values, acidity index, water content, flash and combustion points, cetane index and cold filter
plugging point (CFPP), according to EN 14214 standard. High methyl ester yield and fast reaction
rates were obtained in short reaction times. Ultrasound power and catalyst concentration had a
positive effect on the yield and the reaction rate. The methanol:oil molar ratio also increased the yield
of the reaction, but negatively influenced the process rate. The reaction followed a pseudo-first order
kinetic model and the rate constants at several temperatures were determined. The activation energy
was also determined using the Arrhenius equation. The main conclusion of this work is that the use
of ultrasound irradiation did not require any additional heating, which could represent an energy
savings for biodiesel manufacture.

Keywords: fatty acid methyl ester; catalyst; viscosity; iodine value; acidity index

1. Introduction

The future development of world economy makes finding renewable sources of energy that can
replace fossil fuels necessary. For years, biodiesel has been a real alternative to fossil fuels used in
internal combustion engines [1]. As it is known, biodiesel is a fuel consisting of monoalkyl esters of
long-chain fatty acids (FAME) derived from renewable lipid feedstocks, and it is generally produced
via transesterification [2,3]. A lot of different raw materials have been used to obtain biodiesel. Edible
vegetable oils such as canola and soybean oil in the USA, palm oil in Malaysia or rapeseed oil in Europe
have been used for biodiesel production and found to be good substitutes for diesel. Non-edible
vegetable oils, such as Pongamia pinnata (karanja or honge), Jatropha curcas (jatropha or ratanjyote),
Citrus reticulata (mandarin) and Madhuca iondica (mahua) have also been found to be suitable for
biodiesel production [4–6]. Concerning the different types of vegetable oils and their composition,
fatty acids with high unsaturation levels usually imply lower fluidity at low temperatures, leading
to solidification. Thus, oils with a high ratio of monounsaturated fatty acid (and a low ratio of
polyunsaturated fatty acids) usually show good performance at low temperatures. As rapeseed oil has
such a composition, that is the reason why it is frequently used for biodiesel production in Europe.
Rapeseed oil usually contains around 98% of triglycerides. The main components of this oil are oleic
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acid (monounsaturated), that is present in more than 60%, and linoleic acid (doubly unsaturated) that
exceeds 20% [4]. For these reasons, rapeseed oil was chosen to carry out this work.

Although there are other possibilities, transesterification has been reported as the most common
way to produce biodiesel from vegetable oil. Alcohols such as methanol or ethanol are the more
frequently used alcohols. A catalyst is necessary to increase the reaction rate and the conversion
yield. The catalysts used can be homogeneous and heterogeneous and they can be acid or basic in nature.
Generally, basic homogenous catalysis is the preferred option to provide high reaction rates. Additionally,
basic catalysts are readily available and very cheap. In the literature there is comprehensive information
about the catalytic processes involved [3,7–9].

The mechanism of the transesterification of vegetable oils by means of basic catalysis is well
known and published [10,11]. The mechanism comprises four stages. In the first step the base (catalyst)
reacts with the alcohol, giving an alkoxide and the protonated catalyst. The second step consists in
the nucleophilic attack of the alkoxide at the carbonyl group of the triglyceride, generating the alkyl
ester and the corresponding anion of the diglyceride (third step). For the final step, this diglyceride
deprotonates the catalyst, making it active and able to react with another alcohol, starting a new
transtererification cycle. Diglycerides and monoglycerides are equally converted (to a mixture of alkyl
esters and glycerol) by this mechanism.

The transesterification reaction is initially heterogeneous because methanol is only partially
miscible with triglycerides at room temperature. For this reason, the reaction initially is slow and
only takes place at the alcohol-oil interphase, and the process is dependent of mass transfer. When
the stirring rate is high, emulsions are usually generated. These emulsions are caused, mainly,
by the intermediate monoglycerides and diglycerides, which have both polar (hydroxyl groups) and
non-polar (hydrocarbon chains) parts. Therefore, when a critical concentration of these intermediates
is exceeded, emulsion takes place. Due to the low miscibility between methanol, vegetable oils
and methyl esters, this emulsion is not stable and breaks. The use of ultrasonic irradiation could
avoid this problem. Ultrasound produces special chemical and physical effects due to the collapse of
cavitation bubbles. Low frequency sound waves can produce emulsions between immiscible liquids,
being useful for the transesterification of triglycerides with alcohol [12–14]. Ultrasound has several
effects on transesterification: acoustic streaming mixing or changes in sound pressure, leading to fast
movement of fluids and cavitation bubbles that apply negative pressure gradients on liquids. The most
important effect is the formation and collapse of cavitation bubbles, providing high temperature
and pressure, with a significant influence on reaction rates, mass transfer and catalytic surface areas.
As a consequence, the use of sonochemical reactors can favor the chemical reaction and propagation
by way of enhanced mass transfer and interphase mixing between the phases and also can lower the
requirements of the operating conditions (in terms of temperature and pressure) [15].

The main advantages of ultrasonic irradiation process are: shorter reaction times, lower
alcohol/oil molar ratios, less energy consumption (50%), lower concentration of catalyst, higher
reaction rate and conversion, improved yield, simpler separation and purification processes, and higher
quality glycerol production [7,9,11,14].

In contrast, this process has some disadvantages such as: the reaction temperature was slightly
higher for long reactions and the ultrasonic power must be under control due to the possibility of
soap formation in fast reactions [16]. Nevertheless, as it is indicated, energetically the process is
highly favorable, because of the formation of micro jets and neither localized temperature increases
no agitation or heating are required to produce biodiesel with ultrasound application [17], therefore,
according to the literature, the beneficial effect of ultrasound is due to the generation of a fine emulsion
between methanol and fatty acids, increasing the surface area for the necessary chemical reactions.
No adverse effects, such as the generation of free radicals and the subsequent chain reactions caused
by them, were observed [18]. Thus, the use of ultrasound could imply an improvement in biodiesel
production, increasing the yield of the product.
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Therefore, it could be said that ultrasound radiation provides energy to form a mixture and
overcome the energy activation barrier that is necessary for the process. On the other hand, high
temperatures and pressures can be achieved locally, which could imply an intense mixture between
the reagents. All these circumstances favor the reaction progress.

Considering the abovementioned facts, the objective of this work was to study the KOH-catalysed
transesterification reaction of rapeseed oil using an ultrasonic mixing technique, determining the
suitable reaction conditions to carry out the process in a short time and with low energy consumption.
Also, a kinetic study of the reaction in the presence of ultrasonic radiation was carried out, determining
the parameters necessary for the reactor design. In addition, the obtained results were compared to the
previously obtained ones in the transesterification of rapeseed oil in the absence of radiation [19,20].

2. Materials and Methods

The raw material (rapeseed oil) was provided by the Research Center “La Orden-Valdesequera”
(Badajoz, Spain), Section of Non-Edible Crops. The rapeseed oil was characterized by density, viscosity,
water content, acid, iodine and saponification values and fatty acid profile (Table 1).

Table 1. Rapeseed oil fatty acid profile and properties.

Fatty Acid Percentage (%)

C16:0 Palmitic 3.5
C18:0 Stearic 0.9
C18:1 Oleic 64.4
C18:2 Linoleic 22.3
C18:3 Linolenic 8.2
Other minority acids 0.7

Properties

Density at 15 ◦C (kgm−3) 906.2
Viscosity at 40 ◦C (cSt) 36.3
Water content (wt, %) 0.8
Acidity index (mgKOH·goil

−1) 2.7
Iodine value (gI2·100 g−1) 113.5
Saponification value (mgKOH·goil

−1) 194.7

Potassium hydroxide (KOH, pellets GR for analysis), used as a catalyst, was supplied by Merck
(Darmstadt, Germany) and methanol, 99%, was supplied by Panreac (Castellar del Vallés, Spain). The other
chemicals were obtained commercially (Merck) and were of analytical grade. The experimental design
is shown in Figure 1. The transesterification was carried out in a 500 mL spherical reactor, with a
temperature sensor, sampling outlet and condensation systems, using a sonicator (Digital Sonifier,
model 450, Branson, MO, USA), as shown in Figure 2. This sonicator has a fixed working frequency of
20 kHz and a power of 400 W, with adjustable levels for the latter between 0 and 100%.

Firstly, the reactor was charged with oil. Different amounts of catalyst were dissolved in different
amounts of methanol and the resulting solution was added to the reactor. At this point, the sonicator
was placed at the different power values and then the reaction started, taking place for 15–20 min.
The different reaction conditions are specified in Table 2.
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Figure 1. Schematic flow diagram of the biodiesel production from rapeseed oil.

Figure 2. Schematic representation of the experimental setup.

Table 2. Experimental conditions. Properties of biodiesel produced from rapeseed oil and comparison
with the EN 14214 standard.

Run
MeOH:Oil

Molar Ratio

a KOH
(%)

b Ultrasound
Power, %, (W)

Tmax, (◦C) c Yield, %
Density 15 ◦C,

kg/m3
Viscosity
40 ◦C, cSt

1 9:1 0.7 20, (80 W) 49 (±2) 55.6 (±1.1) 879.4 (±2.1) 8.8 (±0.3)
2 9:1 0.7 40, (160 W) 60 (±2) 86.6 (±0.9) 872.0 (±2.0) 4.9 (±0.2)
3 9:1 0.7 60, (240 W) 64 (±1) 92.0 (±0.7) 867.9 (±1.7) 4.8 (±0.1)
4 9:1 0.7 80, (320 W) 68 (±1) 94.9 (±0.9) 866.3 (±1.2) 4.4 (±0.2)
5 9:1 0.7 100, (400 W) 70 (±2) 96.6 (±0.8) 861.9 (±1.5) 4.7 (±0.2)
6 9:1 0.3 100, (400 W) 69 (±1) 41.1 (±1.6) 888.5 (±2.1) 13.9 (±0.5)
7 9:1 0.5 100, (400 W) 70 (±2) 94.0 (±1.0) 866.2 (±1.3) 4.8 (±0.2)
8 9:1 1.0 100, (400 W) 70 (±2) 93.6 (±1.0) 866.5 (±0.9) 4.4 (±0.1)
9 3:1 0.7 100, (400 W) 80 (±1) 70.8 (±1.3) 875.5 (±1.4) 6.9 (±0.2)

10 6:1 0.7 100, (400 W) 75 (±1) 97.4 (±1.2) 870.9 (±0.8) 4.9 (±0.2)
11 12:1 0.7 100, (400 W) 70 (±1) 98.0 (±1.1) 866.5 (±1.3) 4.4 (±0.1)
12 9:1 0.7 0, (0 W) 55 (±2) (ISO) 61.2 (±1.4) 872.0 (±1.2) 7.6 (±0.2)

EN-14214 - - - - 96.5 860–900 3.5–5.0
a The catalyst percentage is referred to the initial mass of oil; b The values in parentheses specify the applied power
in watts; c The yield is referred to the mass of methyl esters in the total biodiesel mass.
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After an appropriate reaction time, the mixture was placed in a separatory funnel for 24 h to
ensure that the separation of biodiesel and glycerol phases was complete. The glycerol (bottom) phase
was removed and left in a container. Methyl esters (biodiesel) were heated, at 85 ◦C to remove excess
methanol. The remaining catalyst was extracted by successive rinses with distilled water. Finally,
traces of water were eliminated by heating at 110 ◦C.

The evolution of the process (methyl ester content) was followed by gas chromatography on a
VARIAN 3900 chromatograph (Varian, Palo Alto, California, USA), provided with an FID, employing
a silica capillary column of 30 m length, 0.32 mm ID, and 0.25 mm film thickness. Heptane was used
as a solvent, and the carrier gas was helium at a flow rate of 0.7 mL/min. The injector and the detector
temperatures were kept at 270 ◦C and 300 ◦C, respectively. The temperature ramp started at 200 ◦C,
and then increased 20 ◦C/min up to 220 ◦C. The calibration curve of the peak areas versus the quantity
of biodiesel was linear. The samples were taken out from the reaction mixture, neutralized and heated
to remove methanol, centrifuged for 5 min at 6000 rpm, and then analyzed by gas chromatography.

Thus, the yield was referred to the mass of FAME in the total biodiesel mass, as follows (Equation (1)):

Yield (%) =
∑ mi
mT

∗ 100 (1)

where mi is the mass of each FAME, and mT is the mass of biodiesel, both in mg. The analytical
methods used to determine the characteristics of the biodiesel were basically those recommended
by the European Organization for Normalization (CEN), for its use in motor vehicles. Also the
recommended standards for the EN 14214 norm were employed. Details of the procedures used can be
found in previous papers [10,19]. Most experiments were done in triplicate, and standard deviations
are shown numerically in tables or as error bars in figures.

3. Results and Discussion

Before starting the study of the influence of variables, prior experiments in order to determine
the optimal position of the probe in the reaction medium were carried out. In these experiments the
methanol:oil molar ratio was 9:1, the concentration of catalyst (KOH) was 0.7% (w/w) and the power
or amplitude of the probe was fixed at 40%. Three different positions were investigated: the probe in
the oil phase, the probe in the methanol-oil interphase and the probe in the methanol phase. It was
observed that the degree of conversion is small when the probe was in the oil phase. The conversion
increased when the probe was placed in the methanol-oil interphase, reaching the top value when the
probe is in the methanol phase. These results can be due to the extent cavitational intensity generated
as a consequence of the presence of the probe in the oil phase, methanol phase or in the methanol-oil
interphase. These circumstances affected the physicochemical properties, mainly viscosity, surface
tension and density. As it is established in literature, methanol favors the generation of cavitation
conditions and, as a consequence, the maximum conversion was obtained in this case [15]. In view of
the above, the probe was placed in the methanol phase in all the subsequent experiments.

The generation of microturbulence for the cavitation bubbles located in the proximity of the
interphase methanol-oil originated an emulsion of the two liquids. The dispersion of methanol in the
oil depended on the intensity of the microturbulences that were generated by the cavitation bubbles in
methanol and vice versa. The intensity of the microturbulences depended on the physical properties of
the liquid medium such as density, viscosity and surface tension and also the amplitude of the acoustic
waves driving the bubble motion. The methanol and oil phases have different physical properties
and, therefore, the intensity of the microturbulences in the two phases was different. Consequently,
the extension of the dispersion of methanol in oil cannot be the same as the dispersion of oil in
methanol. The uniform dispersion of methanol in the oil phase originated the necessary interfacial
area for the reaction to take place. This dispersion was produced, as it has been indicated, by the high
level of microturbulences generated by the cavitation of the bubbles of methanol in the proximity with
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the interphase and, as it was manifested by Kalva [18], the dispersion increased with the methanol:oil
molar ratio. As a consequence, the influence of this variable on the process should be notable.

Another aspect to consider is the reaction temperature. In the experiments, heating was not
applied, but it was verified that the reaction temperature increased, due to irradiation, achieving
maximum temperatures of up to 80 ◦C (run 9). Naturally, the experimental results showed that,
for low temperatures, the extension of the conversion was also low and when temperature increased,
the conversion also increased, showing, to a certain extent, a positive impact of temperature. But it is
necessary to consider other factors. An increase in temperature implied an increase of the solubility
of methanol in the oil phase and, also, an increase of the reaction rate. These two factors contributed
to increase the conversion of the reaction. But at high temperatures, the extension of the cavitational
effects was dampened and, on the other hand, methanol leaked of the reaction medium to surpass the
boiling temperature. Hence, there was an optimal temperature that is dependent on all the previous
aspects [15].

3.1. Effect of Ultrasound Power in Methyl Ester Conversion

In order to reduce the production costs of biodiesel it is necessary to optimize the amount of
energy supplied to the reaction mixture. The objective was to obtain a maximum yield and a high
formation rate with the lowest energy consumption. In this sense, it is known that when the intensity
of the radiation (i.e., ultrasound power/irradiation area) increased, a more violent collapse of the
bubbles of cavitation took place, producing a bigger mixing intensity in the methanol-oil interphase.
These circumstances originated the formation of a very fine emulsion that favored the mass-transfer
coefficient, causing a high formation of biodiesel [7].

Power had an influence on the size and number of bubbles, maximum live time, pressure that
break these bubbles, elevation of the temperature inside the liquid, generation of cavitational effects
and over the final collapse intensity. Also the intensity blending depended on the density of energy.
Thus, generally, high levels of power dissipation promoted cavitational effects, but at times, these
depended on the geometry of the reactor. For this reason, an optimal value of power dissipation
is often observed due to phenomena of acoustic disengaging [21]. As a result, for high powers,
a damping effect, which originates a decrease in the energy transfer and a low cavitational activity,
was observed [15].

The results obtained in the study of the ultrasonic power are shown in Figure 3. The power was
varied from 20 to 100% (experiments 1 to 5). Also, in order to draw a comparison, an experiment
(run 12), carried out at 55 ◦C in isothermal conditions, with 0% of ultrasonic power, is enclosed. Also,
in order to draw a comparison, an experiment (run 12), carried out at 55 ◦C in isothermal conditions,
with 0% ultrasonic power, is enclosed. In this experiment, a heating power of 500 W was supplied
in order to get the indicated conditions. The conditions of this experiment were chosen considering
that are standard and common conditions of transesterification processes carried out by conventional
heating methods. There was a positive effect of power, so that, for a given reaction time, the conversion
was greater as the power was higher. The curves showed an induction period that diminished when
power increased. Differences in conversion and induction times were smaller as the power level
increased so, for powers above 60%, respective curves tended to an overlap situation. Thus, in the
current situation, it took 15 min to achieve very high conversions (around 90%), for the experiments
carried out with an ultrasound power between 160 and 400 W. An aspect that should be considered
is the little variation of the maximum conversion with the applied power. In effect, runs 3, 4 and 5
lead to similar conversions even though the applied power differed considerably (60 to 100%). In this
sense, the observations of Shing et al. [12] should be considered, showing that at higher amplitudes,
ester yields were drastically reduced. This was attributable to cracking followed by FAME oxidation to
aldehydes, ketones, and lower-chained organic fractions.
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Figure 3. Effect of ultrasound power on the extent of conversion (MeOH:Oil 9:1, 0.7% KOH).

In addition, Figure 4 shows the evolution of temperature with reaction time for ultrasound
powers between 40 and 100%. In all cases the same trend was observed: in the first minutes of reaction,
the temperature increased very quickly, and later it stabilized at a constant value. The time required to
achieve this constant value was between 3 and 4 min, and the maximum values of temperature were
proportional to the applied power (60, 64, 68 and 70 ◦C for 40, 60, 80 and 100% powers respectively).
Therefore, a balance between the heat generated as a consequence of the ultrasound radiation and
the heat lost through the walls of the reactor took place. The result is a process that occurs near the
isothermal regime. Another aspect to consider is the energy consumption. Ultrasonic powers of
160–240 W gave 90% yields. These results are in accordance with other research data, with similar
power ranges and over 90% yields [22]. However, thermal powers of 500 W only produced a 55% yield.
This implies a considerable energy savings.

Figure 4. Temperature vs time. Effect of ultrasound power (methanol:oil 9:1, 0.7% KOH).

3.2. Effect of Catalyst Amount on Methyl Ester Conversion

Figure 5 shows the influence of the catalyst amount (run 5 to 8). The positive effect of this variable
on the reaction rate of the process can be easily seen.
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Figure 5. Effect of catalyst concentration on conversion (MeOH:Oil 9:1, 100% ultrasound power).

For very low concentrations, there was a long induction period. At high concentrations this
induction period did not exist. For concentrations of catalyst under 0.7%, the conversion increased
with concentration. Higher values of concentration lead to very similar conversions (run 5 and 8). This
resulted in catalyst savings, which is positive from an economic point of view, and also facilitated
the final product washing and/or the recovery of the catalyst, which is positive from a technical and
environmental point of view.

Like in other works, it is possible to see two areas. In the first one, which can extend up to
7–12 min, a positive influence on the amount of catalyst on the rate of formation of methyl esters
was observed. Indeed, as the amount of catalyst increased, it reached peak production sooner, that is,
the asymptotic zone of the curve. The second area of the curve (the asymptote) was very similar in all
cases (except for 0.3%).

Except for the experiment carried out with 0.3% catalyst (run 6) the short time necessary to
achieve a maximum conversion was noticeable. In this sense, the ultrasound helps reduce the amount
of catalyst needed due to the chemical activity due to cavitation. Thus, the necessary quantity of
catalyst to achieve a given conversion was smaller when the reaction was carried out in the presence
of ultrasound. A benefit was the resulting increase of the glycerol purity [23].

3.3. Effect of Methanol:Oil Ratio on Methyl Ester Conversion

One of the most important variables affecting the yield of esters is the alcohol:triglyceride molar
ratio. As it is known, the stoichiometric ratio for transesterification requires three moles of alcohol
and one mole of triglyceride to yield three moles of fatty acid alkyl esters and one mole of glycerol.
However, transesterification is an equilibrium reaction in which a large excess of alcohol is required to
drive the reaction to the right (products). However, the high molar ratio of alcohol to vegetable oil
interferes with the separation of glycerin because there was an increase in solubility. When glycerin
remained in solution, it helped to drive the equilibrium to the left (reactive), lowering the yield of
esters [24]. Consequently, the methanol:oil molar ratio is a variable that should be optimized.

Figure 6 shows the results obtained (experiments 5, 9 to 11). Competing considerations are
observed. On one hand, the higher initial reaction rate happened in the experiment with the lowest
ratio of 3:1 and the lowest in the experiment with 12:1. On the other hand, the maximum conversion
achieved was superior with increasing the methanol: oil molar ratio.
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Figure 6. Effect of methanol:oil molar ratio on the extent of conversion (0.7% KOH, 100% ultrasound power).

This fact suggests that oil and methanol easily became an emulsion when there was a small
amount of methanol, resulting in a higher rate of methanolysis. This implies that, under ultrasonic
irradiation, small droplets of methanol were generated rapidly and easily achieved emulsion formation
in the oil phase, leading to quick emulsion formation. In contrast, the droplet size of the emulsion was
greater when there was a higher amount of methanol, and this resulted in a slower initial reaction rate.
Furthermore, when there was a larger excess of methanol, the probability of the small size droplets
of methanol encountering each other to agglomerate into larger droplets was larger than when there
was a smaller excess of methanol. This trend towards large droplet formation may result in a slow
transesterification reaction rate [25].

With an increase in the molar ratio, the quantity of methanol in the reaction mixture increased,
which mainly affected the cavitation intensity. Excess of methanol provided additional cavitation
events in the reactor, leading to the formation of enhanced emulsion quality (smaller drop sizes),
providing additional area for the reaction and hence increased conversion [26].

Also, in connection with the previous figure, it can be noted that in the experiment with a molar
ratio of 3:1, the reaction was stopped at 9 min due to the fast and excessive increase in temperature
(80 ◦C at the end), which made the control of this variable difficult. In addition to the above, the low
effect of temperature in ultrasonic system is related to the collapse of bubbles caused by cavitations
that produced intense local heating and high pressures, with very short lifetimes, which have a much
higher effect than elevating the temperature of the liquid media. Furthermore, temperature affected
the vapor pressure, surface tension, and viscosity of the liquid medium. While higher temperature
increased the number of bubble cavitations, the collapse of bubbles was cushioned by the higher vapor
pressure, reducing the effect of ultrasound application in the reaction [27].

3.4. Biodiesel Properties

Table 2 shows the yield, density and viscosity obtained for all the experiments. Table 3 shows
other parameters of the biodiesel corresponding with the two experiments with the highest yield in
methyl esters. For comparison, in Tables 2 and 3, the values of the EN-14214 standard have been
added. As it can be seen in Table 2, only in some experiments, it was possible to achieve the minimum
conversion to methyl esters, required by the standard EN 14214. However, most of the experiments
reached values close to the requirements. Only in experiments in which the applied power, or catalyst
concentration, or the molar ratio of methanol: oil were minimal, was the conversion low.
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Table 3. Properties of biodiesel produced from rapeseed oil in the best conditions of this study.

Parameter Run 5 Run 10 EN-14214

FAME content, % 96.6 (±0.8) 97.4 (±1.2) 96.5
Water content, % 0.06 (±0.01) 0.06 (±0.01) <0.05

Saponification value, gKOH·goil
−1 190.6 (±0.8) 188.9 (±0.6)

Iodine value, wt % 106.9 (±0.3) 106.1 (±0.1) ≤120
Acidity Index, mgKOH·goil

−1 0.49 (±0.02) 0.48 (±0.01) ≤0.5
CFPP, ◦C −7 (±1) −7 (±1)

Flash point, ◦C 178 (±1) 175 (±1) ≥120
Combustion point, ◦C 185 (±1) 189 (±1)

Cetane index 44.1 (±0.2) 43.8 (±0.3)
Density (kgm−3) 861.9 (±1.1) 870.9 (±0.8) 860–900

Viscosity at 40 ◦C (cSt) 4.7 (±0.2) 4.9 (±0.2) 3.5–5.0

In relation to density, the same ranges between 861.9 and 888.5 kg/m3 were found, within
the limits specified by the standard. Viscosity varied between 4.4 and 13.9 cSt. Except for the
three experiments with low conversion, the presented viscosity values are in accordance with the
standard. One overall effect was the relationship between conversion and viscosity: the more viscosity
the less conversion. Consequently, most of the biodiesels obtained complied with the EN-14214
specifications, especially in those cases where the conversions obtained were high. For the other
parameters (see Table 3), no significant differences were observed when high conversions were reached.
Furthermore, it can be seen that, in general, the values of the standard were met.

3.5. Kinetic Study

As it has been indicated previously, the physical mechanism responsible for the beneficial
action of ultrasound is the formation of a fine emulsion between oil and methanol that enhances
the interface area for the reaction. No chemical effect of ultrasound, i.e., production of radical
species and induction/acceleration of the reaction by these species, seemed to play any role [18].
In addition, the ultrasound radiation allowed one to get high temperature process in a short time.
These temperatures (Figure 4) reached a maximum value (3 or 4 min) and at a later time they were
constant. Therefore, the reaction, in the presence of ultrasound radiation, was similar to an isothermal
regime process.

Besides, the transesterification reaction was complex, because secondary reactions of saponification
or neutralization can happen. Additionally, the initial heterogeneous character of the reaction made the
process difficult [28,29]. In our case, rapeseed oil was refined, and the free acidity was small, that is
why saponification or neutralization reactions did not happen. The concentration of the catalyst did
not change to get the asymptotic zone of the curves, and we assumed that the reaction-formations
of monoglycerides, diglycerides and triglycerides were very fast and that there was no intermediate
of reaction. That is, the transesterification reaction was considered as an only and global reaction,
therefore, considering the above and in line with the literature [30], the reaction would be represented
by Equation (2), where TG is the triglyceride, MeOH is methanol, ME is methyl-esters and G is glycerin.

TG + 3MeOH ↔ 3ME + G (2)

The reaction (Equation (2)) is reversible, but in practice an excess of methanol was used and it can
be considered irreversible. In addition, the kinetic study only was carried out until the curve showed
the asymptotic trend. Under these conditions the inverse reaction lacks importance. The reaction rate
is expressed by Equation (3), where α and β are the orders of reaction in relation to triglycerides and
methanol respectively, k’ is a constant that includes the effect of the catalyst, and t is the reaction time:

−d[TG]/dt = k’[TG]α[MeOH]β (3)
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Equation (3) can be rewritten like Equation (4), where k regroups k’ and the concentration
of methanol. This concentration can be considered constant because a very large concentration of
methanol was used:

−d[TG]/dt = k[TG]α (4)

Expressing the concentration of triglycerides in terms of conversion (X), Equation (4) takes the
appearance of Equation (5), where TG0 represents the initial concentration of triglycerides:

dX/dt = k[TG0](1 − X)α (5)

The integration of (5), with the most widely-used hypothesis in literature (pseudo first order
kinetic model), that is, with α = 1, leads to Equation (6):

ln(1 − X) = −kt (6)

Equation (1) has been applied to Experiments 2, 3, 4 and 5, in which the ultrasound power varied.
In these experiments, the methanol:oil molar ratio was always 9:1 and the catalyst concentration 0.7%.
In Table 4, the pseudo kinetic constants and R2 coefficient, obtained by means of regression analysis of
Equation (1) are shown.

Table 4. Kinetic analysis of the transesterification process.

Temperature, ◦C Ultrasound Power (%) Pseudo First-Order Kinetic, min−1 R2

60 40 0.1669 0.98
64 60 0.1872 0.98
68 80 0.2103 0.98
70 100 0.2170 0.99

The temperature shown for each experiment was the temperature that the system reached after
3 or 4 min (final temperature). The high values of R2 confirmed that this system followed a pseudo-
first kinetic model. The relationship among the specific reaction rate constant (k), absolute temperature
(T) and activation energy (Ea) is given by Arrhenius Equation (7), where A is the frequency factor and
R is the universal gas constant:

k = Aexp (−Ea/RT) (7)

The linear regression of Equation (7) provides the value of the activation energy. The best fit is
shown in Equation (8). These data lead to a value of Ea = 25.51 kJ/mol. This value was relatively small,
which reveals a great catalytic activity of the basic catalysts (KOH):

lnk = −3068.5/T + 7.428; R2 = 0.993 (8)

The activation energy was similar to that obtained in rapeseed oil transesterification in the
presence of co-solvents (21.88 kJ/mol) [31] and slightly lower than in the case of Jatropha curcas
transesterification by ultrasound (31.29 and 57.33 kJ/mol) [32]. On the other hand, the activation
energy in other catalysis-base transesterification through thermal heat were superior. For instance,
for palm oil transesterification an activation energy of 105 kJ/mol was found [33].

4. Conclusions

The suitability of the use of ultrasound for rapeseed oil transesterification was studied. The main
findings of this research were:

Ultrasonic irradiation facilitated the rapeseed transesterification, since high biodiesel yields
were achieved after short reaction times (20 min). It was observed, during experimentation, that the
temperature of the reaction mixture increased, as a result of ultrasound radiation.
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The use of ultrasound radiation did not need additional heating, what can suppose an energy
savings. Nevertheless, it is necessary to consider the energy consumed in the generation of ultrasound.

The influence of the ultrasound power and the catalyst concentration was positive, so the yield of
the process and the reaction rate increased as these variables increased. The methanol:oil molar ratio
also lead to a bigger yield of the process, but the lower values of the methanol:oil molar ratio lead to
the biggest reaction rate.

The obtained results showed that ultrasonic powers of 320 W, a catalyst concentration of 0.7%
and a methanol:oil molar ratio of 9:1 are enough to achieve biodiesel yields of 95%. These conditions
can be considered adequate to carry out the process. The characteristics of the biodiesel, determined
by the EN 14214 standard, revealed that, in general, they met the established limits. The final product
had similar properties to a diesel-oil.

The transesterification reactions followed a pseudo-first order kinetic model and the rate constants
at several temperatures were determined. Also, the activation energy was determined by the
Arrhenius equation.

Author Contributions: Conceptualization, J.M.E., A.P. and N.S.; Methodology, J.M.E., A.P., N.S. and S.N.;
Validation, J.M.E., A.P., N.S. and S.N.; Formal Analysis, A.P. and N.S.; Investigation, A.P. and N.S.; Resources,
J.M.E., A.P., N.S. and S.N.; Data Curation, J.M.E., A.P., N.S. and S.N.; Writing-Original Draft Preparation, J.M.E.,
A.P., N.S. and S.N.; Writing-Review & Editing, J.M.E. and S.N.; Supervision, J.M.E. and S.N.

Acknowledgments: The authors would like to thank the “Junta de Extremadura” (“Ayudas para la realización de
actividades de investigación y desarrollo tecnológico, de divulgación y de transferencia de conocimiento por los
Grupos de Investigación de Extremadura”) and the FEDER “Fondos Europeos de Desarrollo Regional” for the
financial support received.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Caldeira-Pires, A.; da Luz, S.M.; Palma-Rojas, S.; Oliveira Rodrigues, T.; Chaves Silverio, V.; Vilela, F.;
Barbosa, P.C.; Alves, A.M. Sustainability of the biorefinery industry for fuel production. Energies 2013, 6,
329–350. [CrossRef]

2. Guo, M.; Song, M.; Buhain, J. Bioenergy and biofuels: History, status, and perspective. Renew. Sustain. Energy Rev.
2015, 42, 712–725. [CrossRef]

3. Ma, F.; Hanna, M.A. Biodiesel production: A review. Bioresour. Technol. 1999, 70, 1–15. [CrossRef]
4. Pinzi, S.; Garcia, I.L.; Lopez-Gimenez, F.J.; Luque de Castro, M.D.; Dorado, G.; Dorado, M.P. The Ideal

Vegetable Oil-based Biodiesel Composition: A Review of Social, Economical and Technical Implications.
Energy Fuel 2009, 23, 2325–2341. [CrossRef]

5. Jurac, Z.; Zlatar, V. Optimization of raw material mixtures in the production of biodiesel from vegetable and
used frying oils regarding quality requirements in terms of cold flow properties. Fuel Proc. Technol. 2013, 106,
108–113. [CrossRef]

6. Azad, A.K. Biodiesel from Mandarin Seed Oil: A surprising source of alternative fuel. Energies 2017, 10, 1689.
[CrossRef]

7. Mahamuni, N.N.; Adewuyi, Y.G. Optimization of the Synthesis of Biodiesel via Ultrasound-Enhanced
Base-Catalyzed Transesterification of Soybean Oil Using a Multifrequency Ultrasonic Reactor. Energy Fuels
2009, 23, 2757–2766. [CrossRef]

8. Demirbas, A. Progress and recent trends in biodiesel fuels. Energy Convers. Manag. 2009, 50, 14–34. [CrossRef]
9. Ramachandran, K.; Suganya, T.; Nagendra Gandhi, N.; Renganathan, S. Recent developments for biodiesel

production by ultrasonic assist transesterification using different heterogeneous catalyst: A review.
Renew. Sustain. Energy Rev. 2013, 22, 410–418. [CrossRef]

10. Encinar, J.M.; González, J.F.; Pardal, A. Transesterification of castor oil under ultrasonic irradiation conditions.
Preliminary results. Fuel Proc. Technol. 2012, 103, 9–15. [CrossRef]

11. Singh, A.K.; Fernando, S.D.; Hernandez, R. Base-Catalyzed Fast Transesterification of Soybean Oil Using
Ultrasonication. Energy Fuels 2007, 21, 1161–1164. [CrossRef]

12. Hanh, H.D.; Dong, N.T.; Okitsu, K.; Nishimura, R.; Maeda, Y. Biodiesel production through transesterification
of triolein with various alcohols in an ultrasonic field. Renew. Energy 2009, 34, 766–768. [CrossRef]

249



Energies 2018, 11, 2229

13. Ji, J.; Wang, J.; Li, Y.; Yu, Y.; Xu, Z. Preparation of biodiesel with the help of ultrasonic and hydrodynamic
cavitation. Ultrasonics 2006, 44, e411–e414. [CrossRef] [PubMed]
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Abstract: Sewage sludge is a common form of municipal solid waste, and can be utilized as a
renewable energy source. This study examines the effects of different key operational parameters
on sewage sludge pyrolysis process for pyrolytic oil production using the Taguchi method.
The digested sewage sludge was provided by the urban wastewater treatment plant of Tainan,
Taiwan. The experimental results indicate that the maximum pyrolytic oil yield, 10.19% (18.4% on
dry ash free (daf) basis) by weight achieved, is obtained under the operation conditions of 450 ◦C
pyrolytic temperature, residence time of 60 min, 10 ◦C/min heating rate, and 700 mL/min nitrogen
flow rate. According to the experimental results, the order of sensitivity of the parameters that affect
the yield of sludge pyrolytic oil is the nitrogen flow rate, pyrolytic temperature, heating rate and
residence time. The pyrolysis and oxidation reactions of sludge pyrolytic oil are also investigated
using thermogravimetric analysis. The combustion performance parameters, such as the ignition
temperature, burnout temperature, flammability index and combustion characteristics index are
calculated and compared with those of heavy fuel oil. For the blend of sludge pyrolytic oil with
heavy fuel oil, a synergistic effect occurs and the results show that sludge pyrolytic oil significantly
enhances the ignition and combustion of heavy fuel oil.

Keywords: sewage sludge; pyrolytic oil; Taguchi method; thermogravimetric analysis; synergistic effect

1. Introduction

Even now, a large part of the global energy supply still depends on fossil fuels, resulting in rapid
depletion of these resources and enormous GHG (greenhouse gas) emissions. In order to mitigate
the problems associated with this fossil fuel depletion and climate warming, it is necessary to either
improve the efficiency of fossil fuel utilization [1,2], or partially replace the use of such fossil fuels with
zero or neutral carbon footprint alternative energy supplies [3,4]. Among the alternative fuels that are
now being considered, biomass is widely recognized as a promising, eco-friendly source of renewable
energy, which has the advantage of being readily available around the world.

Biomass derives from botanical or biological sources, or from a combination of these.
Ordinary sources of biomass include agricultural solid waste, forestry residues, municipal waste,
energy crops, and biological waste. Sewage sludge, the major municipal waste from the wastewater
treatment plants, is a complicated mixture of undigested organics, inorganic materials, and moisture.
The traditional treatment of sewage sludge includes agricultural use, incineration, and landfill.
However, these methods have several shortcomings. With regard to agricultural use, sewage sludge
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contains pathogenic bacteria, viruses, and parasitic helminths, which can harm the health of humans,
animals, and plants. For incineration, the heating value of dewatered sewage sludge is low. For landfill,
sludge contains a certain amount of organic substance, which generates a biogas rich in methane.
Moreover, the cost of this approach is also increasing, because it is more and more difficult to
find appropriate areas for landfill. In addition, with recent increases in the sewage treatment rate,
the volume of sludge has grown rapidly, and thus alternative methods of sludge management are
urgently needed. Thermochemical processes, such as pyrolysis or gasification, have been studied and
recommended as suitable alternatives [5]. Thermochemical processes can produce energy from the
sludge and have little influence on the environment.

For conversion into bio-fuel from biomass, biochemical conversion (BCC) and thermochemical
conversion (TCC) are the two general broad approaches. BCC often uses fermentation and biological
conversion processes. Direct combustion, gasification, pyrolysis, and liquefaction are generally used
for TCC [6,7]. The resulting products can be used directly as fuels, or further processed for specialty
chemicals [8,9].

Among the various thermochemical conversion processes, thermal pyrolysis has attracted
more interest with regard to yielding liquid fuel products from various biomass species, such as
woody biomass [10], bagasse [11], straws [12], miscanthus [13], castor meal [14], oil palm fiber [15],
fruit waste [16], and municipal solid waste [6,17]. Even for waste oil, pyrolysis approaches offer some
advantages over existing methods (transesterification, hydrotreating, gasification, solvent extraction,
and membrane technology) in producing useful pyrolysis products for future reuse [18]. Products from
pyrolysis processes depend strongly on the heating rate, heating temperature, gas residence time,
particle size of biomass, and water content of the biomass. In fact, great work related to the conversion
of biomass to liquid fuels was performed during the oil crisis of the 1970s [19], and most studies on
sludge liquid fuel production are based on pyrolysis for lignocellulosic materials. In general, in order
to increase the yield of bio-oil, the biomass in the fast pyrolysis process is rapidly heated to a high
temperature (425–600 ◦C) and has a short gas residence time (<3 s) in the absence of oxygen [20].

The review work of sewage sludge pyrolysis by Fonts et al. [21] placed specific emphasis on
liquid sewage sludge pyrolytic fuel production, and detailed comparisons of pyrolytic oils between
sewage sludge and lignocellulose were also made. Several studies have performed sewage sludge
pyrolysis to produce liquid fuel, which is composed of aqueous and organic phase compounds [22–27].
Some papers emphasize the influence of operational conditions and composition on the sludge
pyrolysis product, especially the liquid yield. There are few studies related to the maximum yield
of sludge pyrolytic oil and its combustion characteristics. Therefore, in this study we examined
the influence of different key parameters on sewage sludge pyrolysis process for pyrolytic oil using
the Taguchi method. As an example, the method was applied in determining the pyrolysis process
parameters of the digested sewage sludge provided by the urban wastewater treatment plant of
Tainan, Taiwan. The combustion characteristics of the resulting pyrolytic oil are also investigated by
thermogravimetric analysis. The experimental results are also compared with those for heavy fuel oil,
since the co-firing of sludge pyrolytic oil with heavy fuel oil is a promising potential alternative for
practical applications.

2. Methodology

2.1. Experimental Setup

The feedstock used for the studies is typical digested sewage sludge from a wastewater treatment
plant in Tainan, Taiwan (Figure 1). Even though the sludge is dewatered in the wastewater treatment
plant, its water content is still higher than 30%. Therefore, before the pyrolysis experiment, the sewage
sludge was preheated to 110 ◦C in an oven until the water content of the sewage sludge was lower
than 10% (see Table 1). The drying step is important and can even affect the conversion of a waste
into other products with high added value [28]. Figure 2a depicts the experimental thermal pyrolysis
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apparatus. In the experiment, the dried sewage sludge was mixed and ground to pass through a
100-mesh sieve, and 90 g of sewage sludge were packed in a cylindrical holder made of quartz and
put into the furnace. The covers of the cylindrical holder were made of stainless steel with many
holes. For pyrolysis, the tubular furnace was first vacuumed, and then flushed with N2 to ambient
pressure. The furnace was then heated to the preset temperature and maintained at the temperature
for a designated residence time. The residence time here is different from the gas residence time,
which represents the residence time for pyrolytic vapor inside the pyrolysis furnace. In addition,
the gas residence time is inversely proportional to the nitrogen flow rate. The heated carrier gas
can flow into the holder and interact with the sludge. The generated volatile gas was collected and
delivered to a condensing system kept at 25 ◦C to form a liquid product. Figure 2b shows the thermal
pyrolysis operating process in a fixed-bed tubular furnace and it must undergo two steps: being
heated up from room temperature to the target temperature at a specific heating rate and holding at
the targeted temperature for a designated residence time. The production of pyrolytic oil occurs in a
certain conditions and is influenced by the combination of four operational parameters: heating rate,
target pyrolytic temperature, residence time, and nitrogen flow rate. The Taguchi method will be used
to analyze the influence of this parameter combination on the pyrolytic oil production from sewage
sludge using a fixed-bed tubular furnace. After the experiment, the condensing bottle was held for 24 h,
and the pyrolytic oil was separated from the aqueous matter using a separatory funnel. This pyrolytic
oil has a high heating value, and was the target product in the study. As to the aqueous product,
it could be used as a source for fertilizers or chemicals due to the nitrogen-containing compounds [29],
or as a source of triacetonamine [30].

 

Figure 1. Photograph of sewage sludge, (a) sludge from the wastewater treatment plant and (b) sludge
after preheating.

Table 1. Proximate analysis of sewage sludge.

Proximate Analysis Sewage Sludge Sewage Sludge [21]

Moisture (wt %) 6.94 1.5–7.1
Volatiles (wt %) 45.45 38.3–66.8

Ash (wt %) 37.67 22.6–52.0
Fixed carbon (wt %) 9.94 0.8–19.7
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Figure 2. Schematic diagram of (a) experimental setup and (b) operating process for thermal pyrolysis.

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurement were performed using the thermal analyzer (PerkinElmer, Waltham, MA, USA: STA
8000). The temperature range was 30–1200 ◦C, with a heating rate of 10 ◦C/min. A 145-μL alumina
crucible was used to hold the testing sample, and the flow rate of air or nitrogen environmental gas
was 50 mL/min.

A portable pH meter (ROCKER, New Taipei City, Taiwan: EC-210) was used to measure the pH
value of sludge pyrolytic oil, with an accuracy of about 0.01 ± 1 digit. The pH value of sludge pyrolytic
oil can be measured directly because of the low water content. In addition, a bomb calorimeter (Parr
Instrument, Moline, IL, USA: Model 6200) was used to measure the heating values of different samples,
while an elemental analyzer (Elementar, Langenselbold, Hesse, Germany: vario EL III) was used to
analyze the C, H, O, N and S composition of the sewage sludge, pyrolytic sludge oil and heavy fuel oil.
The chemical compounds contained in the sludge pyrolytic oil were analyzed by Agilent 7890A-GC
and Agilent 5975C-MSD (Agilent Technologies, Santa Clara, CA, USA).

2.2. Taguchi Method

The Taguchi method was used to find the maximum yield of sludge pyrolytic oil from the pyrolysis
experiments. The feature of the Taguchi method uses an orthogonal array experimental design with
a simple analysis of variance. In Taguchi method, the variables are assigned to each column, called
orthogonal arrays for the design of experiments [31], of a matrix related to experimental parameters
and experiment levels. In general, the Taguchi method is not aimed at finding the optimal conditions
as a full factorial method, but it can analyze the best trend with fewer experimental data, and thus is
commonly applied to optimize industrial processes.

Taguchi method was previously applied to analyze caster meal pyrolysis by Chen et al. and this
group [14]. The Taguchi method uses the S/N ratio, the signal to noise ratio , to measure the quality
characteristics deviating from the desired value [32]. Different strategic categories of nominal—the
best (NTB), smaller the better (STB), and larger the better (LB)—are used to describe the S/N ratio
characteristics [33]. In this study, for example, to obtain the maximum yield of pyrolytic oil, the “larger
the better” characteristic must be adopted. The expression of S/N ratio is shown as follows:

S/NLB = −10 log

(
1
N

N

∑
i=1

1
y2

i

)
= −10 log

[
1

y2
(1 +

3s2

y2
)

]
, (1)

where N is the test number, yi is the value of the pyrolytic oil yield in the ith test, and y is the average
yield of pyrolytic oil. The procedure for the experimental design with the Taguchi method can be
found in previous work [14].
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2.3. Characteristic Combustion Parameters

Several characteristic combustion parameters can be deduced from a TG-DTG curve to assess
the combustion properties of fuels. This study will make use of the ignition temperature (Ti), burnout
temperature (Te), combustion characteristics index (S), and flammability index (C) to evaluate the
combustion characteristics of sludge pyrolysis oil mixed with different percentages of heavy fuel
oil. The weight loss curve is used to define the ignition temperature. There are many studies
concerning the definition of the ignition temperature using TG-DTG curves [34–36], and the method
proposed by Tognotti et al. [34] is widely used to predict the ignition temperature for different fuels.
In this, the weight loss curve of fuel in the air atmosphere is overlapped with that in inert gas
atmosphere (N2), and the ignition temperature (Ti) corresponds to the first bifurcation point in the TG
curves [37]. In addition, the burnout temperature (Te) is defined as the temperature corresponding to
99% conversion of the fuel in the TG curve of air atmosphere.

Since the ignition and burnout temperatures show only a single combustion property of the
fuel, an integrated index is required for the global combustion performance of fuels. Therefore,
the combustion characteristic index (S) and flammability index (C) are also used for benchmarking
the combustibility of fuels [38]. The combustion characteristic index (S) was first proposed by
Cheng et al. [39]. The larger the combustion characteristics index, the better the combustion
characteristics of the fuel. The combustion rate is expressed by the Arrhenius Law, as follows:

dW/dτ = A exp(−E/RT), (2)

where dW/dτ is the combustion rate, A is a pre-exponential factor, E is the activation energy, and T is
the absolute temperature.

Take the differential of Equation (2) with temperature and rearrange it as follows:

R
E
× d

dT

(
dW
dτ

)
=

dW
dτ

× 1
T2 . (3)

At ignition temperature Ti, Equation (3) is multiplied by (dW/dτ)max(dW/dτ)mean
(dW/dτ)T=Ti

Te
:

R
E
× d

dT

(
dW
dτ

)
T=Ti

(dW/dτ)max
(dW/dτ)T=Ti

× (dW/dτ)mean
Te

=
(dW/dτ)max × (dW/dτ)mean

Ti
2 × Te

, (4)

where (dW/dτ)max is the maximum combustion rate, which can be obtained from the peak of DTG
curve. (dW/dτ)mean is the mean combustion rate, which can be obtained from the mean of DTG
curve. The first term of Equation (4) on the left-hand side represents the reaction strength of fuel
combustion, which is related to the activation energy. The second term stands for the change rate of
fuel combustion rate at the ignition temperature and the third term refers to the ratio of maximum
combustion rate to the combustion rate at the ignition temperature. These two terms are related to the
ignition temperature. The last term is the ratio of mean combustion rate to the burnout temperature;
the larger the value, the shorter the burnout time of the fuel.

The right-hand side of Equation (4) is the combustion characteristic index (S):

S =
(dW/dτ)max × (dW/dτ)mean

Ti
2 × Te

. (5)

The flammability index combines the influence of maximum combustion rate and the ignition
temperature. It can reflect the difficulty of fuel combustion and the burning out speed. The fuel with a
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large flammability index will have better combustion stability and the flammability index (C) of the
sample can be expressed as follows:

C = (dW/dτ)max/Ti
2. (6)

3. Results and Discussion

3.1. Thermogravimetric Analysis of Sewage Sludge

Table 1 shows the approximate analysis of the sewage sludge used in this study, and it is
composed of 6.94 wt % moisture, 45.45 wt % volatiles, 9.94 wt % fixed carbon, and 37.67 wt %
ash. This composition is well within the range of the different kinds of sewage sludge analyzed by
Fonts et al. [21].

Figure 3 shows the TGA thermograph of sewage sludge. The heating rate is 10 ◦C/min and the
nitrogen flow rate is 50 mL/min. The purple curve shows thermogravimetry (TG), the blue curve
shows differential of thermogravimetry (DTG), the red curve shows differential scanning calorimetry
(DSC), while the green curve represents TG in air atmosphere. The mass loss of sewage sludge increases
along with the temperature, and the major reactions occur between 120 ◦C and 500 ◦C.

For the purple TG curve in Figure 3, there are three stages of weight loss. The first stage has
a weight loss of 9.33% in the temperature range of 30–200 ◦C, due to the removal of the water and
organics with low boiling points. In the second stage, there are two distinct peaks at the temperatures
of 273 ◦C and 323 ◦C in the DTG curve. About 33.57% of the original sewage sludge is lost, and this is
mainly from the decomposition of aliphatic compound protein and carbohydrates contained in the
sewage sludge [40–43]. In the third stage, the weight loss tends to be mild when the temperature
exceeds 500 ◦C, which might be from the decomposition of residual organic matter and the inorganic
materials, such as calcium carbonate [44]. Finally, the residue is about 46.79% of the original weight of
the sewage sludge when the temperature reaches 1000 ◦C.

Figure 3. Thermogravimetric analysis results for sewage sludge at a heating rate of 10 ◦C/min and
nitrogen flow rate of 50 mL/min.

3.2. Pyrolytic Parameters for Sewage Sludge

3.2.1. The Influence of Nitrogen Flow Rate on the Pyrolytic Oil Yield

Inert carrying gases such as nitrogen and carbon dioxide are often used in the pyrolysis process.
Inert gas can keep the reactor in an oxygen-free state, and causes the volatiles to move quickly away
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from the system and thus avoid condensing again. Pütün et al. investigated the effects of the sweeping
gas flow rate (N2) on pyrolysis products, and found that increasing the sweeping gas will reduce the
gas residence time and prevent the pyrolytic products from the secondary thermal decomposition,
thus maximizing the liquid yield [45].

The influence of the N2 flow rate on the sludge pyrolytic oil was also investigated in this study,
as shown in Figure 4. The conditions were fixed as a pyrolytic temperature of 500 ◦C, heating rate
of 20 ◦C/min and residence time of 60 min. The pyrolytic oil yield increases with the N2 flow
rate in the range of 300–700 mL/min. However, it then decreases again after the N2 flow rate
surpasses 700 mL/min. Higher liquid yield is usually obtained in a certain range of gas residence
time. According to the volume of the quartz holder in this study, the filled volume of 90 g sludge
and the nitrogen flow rate of 700 mL/min, the gas residence time is between 2.5 s and 3 s. It is under
the range preferred for fast pyrolysis to obtain more oil product [20]. When the nitrogen flow rate
is less than 700 mL/min, the gas residence time is increased and this gas residence time may cause
condensable gases secondary decomposition, which is not conducive to oil product. Nevertheless,
the variation in the nitrogen flow rate would also vary the degree of dilution of the pyrolysis vapors.
When the dilution of the vapors increases, the vapor pressure decreases, making it more difficult to
reach saturation pressure. This affects the condensation and thus the liquid yield. It is speculated this
reason make sludge pyrolytic oil decrease after the nitrogen flow rate exceeds 700 mL/min. Therefore,
the nitrogen flow rate was chosen as 300, 500, 700 and 900 mL/min in the following work.

 

Figure 4. The effect of nitrogen flow rate on the yield of pyrolytic oil.

3.2.2. The Optimal Conditions for Sludge Pyrolysis

The optimal pyrolysis conditions for the maximum yield of sludge pyrolytic oil are investigated
in the fixed-bed reactor using the Taguchi method. Table 2 gives the pyrolysis parameters and
their levels. Four pyrolysis parameters are the heating rate, pyrolysis temperature, residence time,
and nitrogen flow rate. These parameters are assumed to be independent and each parameter has four
levels. According to the number of parameters and their levels, the L16(45) orthogonal array will be
selected. Table 3 shows the experimental layout using an L16(45) orthogonal array and the original
256 experimental conditions for the full factorial method are thus diminished significantly to only 16.
Table 4 reveals the mass balances of all 16 experimental conditions, including aqueous, oil, and solid
yields. Gas yield was obtained by calculation since it was not collected. It shows that sewage sludge
char accounts for 50–60% of total product, and the liquid yield is in the range of 18–27%. To assure the
reliability of the results, each experiment was performed three times to take the average.
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Table 2. Pyrolysis control factors and their levels.

Level 1 Level 2 Level 3 Level 4

Heating rate (◦C/min) 10 20 30 40
Temperature (◦C) 450 500 550 600

Residence time (min) 30 60 90 120
N2 flow rate (mL/min) 300 500 700 900

Table 3. Experimental layout using an L16(45) orthogonal array.

Experiment
No.

Heating Rate
(◦C/min)

Temperature
(◦C)

Residence
Time (min)

N2 Flow Rate
(mL/min)

Cooling
Temperature (◦C)

1 10 450 30 300 25
2 10 500 60 500 25
3 10 550 90 700 25
4 10 600 120 900 25
5 20 450 60 700 25
6 20 500 30 900 25
7 20 550 120 300 25
8 20 600 90 500 25
9 30 450 90 900 25
10 30 500 120 700 25
11 30 550 30 500 25
12 30 600 60 300 25
13 40 450 120 500 25
14 40 500 90 300 25
15 40 550 60 900 25
16 40 600 30 700 25

Table 4. The mass balances of all 16 experimental conditions.

Experiment No. Aqueous (wt %) Oil (wt %) Solid (wt %) Gas (by diff.) (wt %)

1 11.42 8.71 57.02 22.85
2 12.67 8.88 55.09 23.36
3 15.06 9.87 54.48 20.60
4 13.42 7.29 52.18 27.11
5 14.93 8.76 54.92 21.40
6 14.09 7.91 53.37 24.63
7 14.31 8.62 52.45 24.62
8 9.44 9.22 54.10 27.24
9 13.41 8.31 55.80 22.49
10 12.12 9.32 54.56 24.00
11 12.93 6.59 53.10 27.38
12 13.76 7.58 52.91 25.75
13 14.70 9.20 54.43 21.66
14 13.11 5.43 54.30 27.17
15 18.41 9.22 53.33 19.03
16 15.67 7.88 51.82 24.63

After obtaining the experimental yield of sludge pyrolytic oil, the corresponding S/N ratio can be
calculated using Equation (1). Since the experimental design is orthogonal, the effect of each pyrolysis
parameter at different levels can be separated out. The mean S/N ratio for the 16 experimental
conditions is computed and the mean S/N ratio for each level of the other pyrolysis parameters can
then be calculated. The S/N response for the mean S/N ratio of the pyrolysis parameters at each level
are shown in Table 5 and it is used to determine the maximum yield of sludge pyrolytic oil.
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Table 5. S/N response table for sludge pyrolytic oil.

L1 L2 L3 L4 Max-Min

(A) Heating rate −21.27 −21.29 −22.06 −22.20 0.929
(B) Temperature −21.17 −22.25 −21.43 −21.98 1.074
(C) Residence time −22.23 −21.32 −21.93 −21.34 0.910
(D) N2 flow rate −22.55 −21.52 −20.99 −21.77 1.564

Based on the experimental results and the calculated S/N ratio, the optimal operation conditions
are determined as shown in Figure 5. In Figure 5, these four pyrolysis parameters are labelled as “A”
for heating rate, “B” for pyrolytic temperature, “C” for residence time, and “D” for nitrogen flow
rate. Although the results for pyrolytic temperature and residence time are zigzag, several studies
concerning the Taguchi method also show the same phenomenon for S/N ratios [46–48]. It can be
deduced from Figure 5 that the optimal pyrolysis conditions are A1, B1, C2 and D3, which represent a
heating rate of 10 ◦C/min, pyrolytic temperature of 450 ◦C, residence time of 60 min, and nitrogen flow
rate of 700 mL/min. It should be mentioned that fast pyrolysis, which represents a pyrolysis reaction
carried out at high heating rates, moderate temperatures and short gas residence times, is usually
used to obtain high yield of pyrolysis oil. There are three main kinds of technologies for fast pyrolysis:
ablative pyrolysis, fluidized bed pyrolysis, and vacuum pyrolysis. However, in the study, a tubular
furnace, a type of fixed-bed reactor was used. The results show that oil yield was affected by the
combination of four operational parameters. The heating rate is not the dominant parameter due that
it was restricted by the pyrolytic temperature. Among these parameters, the nitrogen flow rate has
the most obvious effect, which is followed by the pyrolytic temperature and the residence time has
the least effect. The nitrogen flow rate (inversely proportional to the gas residence time) has a more
significant effect on the oil yield than heating rate.

 

Figure 5. S/N response for sludge pyrolytic oil.

3.2.3. Confirmation Experiment

In the Taguchi method, the confirmation experiment is the last step and the aim of this is to
validate the yield of sludge pyrolytic oil. After obtaining the optimum conditions and predicting the
response under these conditions, a new experiment was performed with the optimum levels of these
pyrolysis parameters. The theoretical optimal S/N ratio can be estimated as:

S/Nopt = S/NAV + (A1 − S/NAV) + (B1 − S/NAV) + (C2 − S/NAV) + (D3 − S/NAV) = −19.63, (7)

where S/NAV is the total mean of the S/N ratio and S/Nopt is the S/N ratio at the optimal level.
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From the experimental results of the standard L16(45) orthogonal array, the theoretical
optimization S/N value is −19.63, and it can be deduced that the theoretical maximum pyrolytic oil
yield is 0.1044 g/g sewage sludge (18.85% on dry ash free (daf) basis). The real yield of the confirmation
experiment is 0.1019 g/g-sewage sludge (18.4% on dry ash free (daf) basis). The difference is only
0.0025 g/g sewage sludge, and thus real experimental result is very close to the theoretical value.
In addition, under the optimal conditions, the solid product is about 54.83%, aqueous product is about
15% and by mass balance, the gas product is 19.98%. Although the solid product is not suitable to
be used as fuel due to high content of inorganic matter (ash), it can be used to produce adsorbents
for disposing of pollutants such as H2S and NOx [21]. The aqueous product could be used for the
production of fertilizer since it has high content of nitrogen-containing compounds. As to the gas
product, it could be recycled and used for the drying of feedstock.

3.3. Elemental Analysis and Heating Values of the Different Fuels

Table 6 shows the elemental analysis and heating value for the sewage sludge, sludge pyrolytic oil
and heavy fuel oil on the wet basis. The sludge pyrolytic oil is obtained using the optimal conditions
from the Taguchi method. The results show that the dried sewage sludge contained 1.28% sulfur and
the sludge pyrolytic oil contained 1.25% sulfur. Compared to the sulfur content of heavy oil, it can
be seen that when using sludge pyrolytic oil as fuel more care must be taken with regard to the SOX

emissions. However, since the combustion of pure sludge pyrolytic oil appears to be impractical
because of the yield, it is more feasible to co-combust this and other fuels, such as heavy fuel oil. In this
case, the sulfur content would drop significantly and thus decrease the sulfur oxide emissions. As to the
high nitrogen content in the sludge pyrolytic oil, it is usually related to fuel NOx during the combustion
process. Therefore, the blending ratio of sludge pyrolytic oil and heavy fuel oil should be also well
selected to have less SOx and NOx emissions. Sludge pyrolytic oil also has a higher oxygen content
than heavy fuel oil. A high oxygen content directly affects the energy density, and the resulting heating
value is usually lower than that of heavy fuel oil. Although the heating value of sludge pyrolytic oil is
only about 2/3 that of heavy fuel oil (28.66 MJ/kg vs. 44.87 MJ/kg), it is still significantly higher than
the common bio-oil from lignocellulose. In addition, it does not have the corrosive character that is
often seen in other pyrolysis liquids obtained from lignocellulosic biomass, as the pH value of sludge
pyrolytic oil is between 8.86 and 9.67 in this study. Accordingly, these advantageous properties make
sludge pyrolytic oil favorable as fuel for the co-combustion with other fossil fuels, like heavy fuel
oil. In addition, sludge pyrolytic oil contains a high nitrogen and sulfur content, primarily due to the
decomposition of protein contained within the dried sewage sludge [21].

Table 6. Elemental analysis and heating values of different fuels.

Samples N% C% H% O% S% HHV(MJ/kg)

Sewage sludge 4.14 22.62 4.93 35.29 1.28 10.18
Sludge pyrolytic oil 5.92 58.44 9.08 18.98 1.25 28.66

Heavy fuel oil 0.46 86.7 11.81 0.26 0.28 44.87

Table 7 compares the properties of diesel, heavy fuel oil, and sludge pyrolytic oil. The optimal
combination conditions obtained from the Taguchi method is used for the yield of sludge pyrolytic oil.
The test standards used in this study for different properties are also shown in Table 7. The density
of sludge pyrolytic oil is larger than that of diesel and heavy fuel oils and it is a little higher than the
density of water. The viscosity of sludge pyrolytic oil is between that of diesel and heavy fuel oils.
The flash point of sludge pyrolytic oil is 80 ◦C, which makes it safe to use as a fuel. The pour point of
sludge pyrolytic oil is lower than that of heavy fuel oil and it still retains mobility at low temperatures.
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Table 7. Properties of different kinds of liquid fuels.

Properties Diesel Heavy Fuel Oil Sludge Oil (Pyrolysis) Test Method

Density (g/cm3, @15 ◦C) 0.8335 0.9533 1.04 ASTM D4052
Viscosity (mm2/s @40 ◦C) 3.024 130.3 64.86 ASTM D445

Flash Point (◦C) 52–80 110 80 ASTM D93
Pour Point (◦C) −9 12 6 ASTM D97

Heating Value (MJ/kg) 42.50 44.87 28.66 ASTM D240

The bio-oil characterization was carried out using GC/MS spectrometry at the optimal conditions
for the maximum yield of the pyrolytic oil. Figure 6 shows the GC/MS mass spectra of sludge
pyrolytic oil, and there are more than 100 peaks corresponding to different organic compounds
detected. However, many of them cannot be identified. The major compounds are shown in Table 8
and the area percentage in the tables represents the area fraction under the peak for that identified
component. The highest peak areas of the identified compounds were for n-hexadecanoic acid,
cholest-4-ene, octadecanoic acid, hexadecanamide, oleic acid, 4-methyl phenol, toluene, indole, and so
on. Oleic acid is a monounsaturated fatty acid, and can be found in a variety of animal and vegetable
materials. The saturated form of this acid is stearic acid, and is used in Lorenzo’s oil. Indole is generally
used in the production of synthetic jasmine oil. Huang et al. also investigated bio-oil from pyrolysis of
granular sewage sludge [49]. In their study, the GC-MS results of bio-oil also indicated n-hexadecanoic
acid (C16H32O2) is the major component at the pyrolysis temperature of 500 ◦C, which is close to our
operation condition. The n-hexadecanoic acid accounts for a large proportion of the known ingredients
in the sludge pyrolytic oil. The other identical components in both studies include octadecanoic acid
(C18H36O2), tetradecanoic acid (C14H28O2) and hexadecanamide (C16H33NO). In general, carboxylic
acid is the most compound type of the known ingredients.

 

Figure 6. GC-MS mass spectra for sludge pyrolytic oil.

261



Energies 2018, 11, 2260

Table 8. GC-MS analysis of sludge pyrolytic oil.

Peak Retention Time Chemical Name Mol Formula Area%

1 2.178 acetic acid C2H4O2 0.40%
2 2.277 2-butanone C4H8O 0.18%
3 4.551 Pyrrole C4H5N 0.75%
4 4.994 Toluene C7H8 3.63%
5 7.228 ethyl benzene C8H10 0.93%
6 7.764 styrene C8H8 1.47%
7 8.995 phenol C6H6O 3.07%
8 10.017 4-methyl phenol C7H8O 4.41%
9 10.839 4-ethyl phenol C8H10O 1.23%
10 11.474 benzene propane nitrile - 0.87%
11 11.929 indole C8H7N 3.18%
12 12.603 3-methyl indole C9H9N 1.31%
13 14.729 tetradecanoic acid C14H28O2 1.83%
14 15.504 pentadecanenitrile C15H29N 3.17%
15 15.793 n-hexadecanoic acid C16H32O2 31.90%
16 16.664 oleic acid C18H34O2 4.86%
17 16.739 octadecanoic acid C18H36O2 5.89%
18 16.855 hexadecanamide C16H33NO 4.97%
19 17.748 octadecanamide C18H37NO 1.06%
20 19.833 Unknown - 3.18%
21 19.991 cholest-2-ene C27H46 2.08%
22 20.077 cholest-3-ene C27H46 1.69%
23 20.16 cholest-4-ene C27H46 9.42%
24 20.464 cholesta-3.5-dienl - 2.10%
25 21.518 unknown - 6.41%

3.4. Combustion Characteristic Parameters

Thermogravimetric analysis was performed for sludge pyrolytic oil (SPO), heavy fuel oil (HFO),
20% SPO/80% HFO, and 50% SPO/50% HFO, and the results were used to calculate the ignition
temperature, burnout temperature, combustion characteristic index (S) and flammability index (C).
In these experiments, the samples were inserted into an alumina crucible and heated up to 1200 ◦C at
the heating rate of 10 ◦C/min. A nitrogen flow rate of 50 mL/min is used for the pyrolysis process and
an air flow rate of 50 mL/min is used for the oxidation reaction.

Figure 7 shows the TGA burning profiles of different blending ratio for sludge pyrolytic oil/heavy
fuel oil, and the TG pyrolysis curve for sludge pyrolytic oil with N2 carrying gas is also shown to
identify the ignition temperature. In Figure 7a, the main reaction for pure sludge pyrolytic oil occurs
between 300 and 600 ◦C. The oxidation processes can be divided into three stages, as follows. (1) The
stage of moisture release: the first peak of DTG curves occurs between 30 and 136 ◦C, corresponding to
the endothermic reaction in the DSC curve. This mainly represents the heat adsorption by water and
the organic matter with low boiling point. The weight loss in this stage is about 21.63 wt %. (2) The
volatilization and oxidation stage of the light volatile substance, which occurs between 136 ◦C and
471 ◦C. The DSC curve indicates an exothermic reaction in this stage, and the weight loss is about
65.21 wt %. (3) The stage of nonvolatile combustion, which represents the combustion of heavy organic
matter after 471 ◦C, and there is a peak in the DTG curve at the temperature of 565 ◦C, corresponding
to a higher exothermic peak in the DSC curve. The weight loss in this stage is about 11.67 wt %. Finally,
the remaining substance after oxidation is about 1.16 wt %.
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Figure 7. TGA burning profiles of sludge pyrolytic oil at a heating rate of 10 ◦C/min and air flow rate
of 50 mL/min. (a) Pure sludge pyrolytic oil; (b) pure heavy fuel oil; (c) 20% sludge pyrolytic oil and
80% heavy fuel oil; (d) 50% sludge pyrolytic oil and 50% heavy fuel oil. (Green curve: TG; blue curve:
DTG; red curve: DSC; purple curve: TG in the pyrolysis process).

In Figure 7b, the main reaction for pure heavy fuel oil occurs between 300 and 650 ◦C.
The oxidation processes have two stages, as follows. (1) The volatilization and oxidation stage
of light volatile substances and there are several peaks in the DTG curve between 300 and 510 ◦C.
The DSC curve indicates an exothermic reaction in this stage, and the weight loss is about 83.41 wt
%. (2) The stage of nonvolatile combustion represents the combustion of heavy organic matter after
510 ◦C, and there is a peak in the DTG curve at the temperature of about 600 ◦C, corresponding to a
higher exothermic peak in the DSC curve. The weight loss in this stage is about 16.06 wt %. Finally,
the remaining residue is about 0.42 wt %.

For the blends, Figure 7c shows the TGA burning profiles of 20% sludge pyrolytic oil/80% heavy
fuel oil. The TG curve decreases faster than that of pure heavy oil due to the mixture of sludge
pyrolytic oil, which has more volatile organic compounds. Similar to the case of pure sludge pyrolytic
oil, the reaction processes can be divided into three stages, as follows. (1) The stage of moisture release,
when the first peak of the DTG curves occurs between 30 and 150 ◦C and the weight loss in this stage is
about 5.17 wt %. (2) The volatilization and oxidation stage of the light volatile substances, which occurs
between 150 and 510 ◦C; the overall trend is the same as for the heavy oil. The DSC curve indicates an
exothermic reaction in this stage, and the weight loss is about 82.97 wt %. (3) The stage of nonvolatile
combustion, which represents the combustion of heavy organic matter above 510 ◦C. There is a peak
in the DTG curve at the temperature of about 600 ◦C, corresponding to a higher exothermic peak in
the DSC curve, and the weight loss in this stage is about 11.87 wt %. There is almost no residue left
after oxidation.

When the blending ratio increases to 50% as shown in Figure 7d, The TG curve only decreases
slower than that of pure sludge pyrolytic oil in these cases, and this is primarily due to the mixture of
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sludge pyrolytic oil, which has more volatile organic compounds. The reaction processes can also be
divided into three stages, as follows. (1) The stage of moisture release, when the first peak of the DTG
curves occurs between 30 and 145 ◦C, and the weight loss in this stage is about 14.23 wt %. (2) The
volatilization and oxidation stage of the light volatile substances, which occurs between 145 and 500 ◦C
and can be further divided into two parts. The first is close to the oxidation of sludge pyrolytic oil and
is between 145 and 415 ◦C, while the second is close to the oxidation of heavy fuel oil and is between
415 and 500 ◦C. The DSC curve indicates an exothermic reaction in this stage, and the weight loss
is about 72.58 wt %. (3) The stage of nonvolatile combustion, which represents the combustion of
heavy organic matter above 500 ◦C. There is a peak in the DTG curve at the temperature of 566 ◦C,
corresponding to a higher exothermic peak in the DSC curve, and the weight loss in this stage is about
12.3 wt %. After oxidation, the residue is about 0.75 wt %.

From Figure 7, these results show that for the blends the second DTG peak, which represents
the combustion of volatile substances and determines the ignition temperature, shifts to a lower
temperature when compared to the case of pure heavy fuel oil. As can be seen in the TGs and DTGs
for the blends of sludge pyrolytic oil and heavy fuel oil, there is an obvious interaction between the
blend components. Table 9 shows the combustion characteristic parameters of sludge pyrolytic oil,
heavy fuel oil, and the blends. Sludge pyrolytic oil has a lower ignition temperature (274 ◦C) than
heavy fuel oil (434 ◦C), since it has more volatile matter. In addition, a greater percentage of sludge
pyrolytic oil in the blend will reduce the ignition temperature to a greater extent. We also found
similar trends for combustion characteristics of a single droplet in the suspended droplet experimental
system [50]. A higher blending ratio of sludge pyrolytic oil will make ignition easier. However,
the burnout temperature is around 600 ◦C in all these cases because the combustion characteristics
of heavy organic matter (the last DTG peak) are similar for these oils. The last DTG peak derived
from the oxidation of heavy organic matter determines the burnout temperature. Table 9 also shows
that the maximum combustion rate of sludge pyrolytic oil is higher than that of heavy fuel oil.
An interesting finding is that the maximum combustion rate in the blend is even higher than for
pure sludge pyrolytic oil. This indicates that there is an interaction between these blend components,
and synergistic effects can be perceived. In addition, as the blending ratio of sludge pyrolytic oil
increases, the maximum combustion rate also moves to a lower temperature and represents the
domination shifts from heavy organic matter to light volatile substances. Finally, the flammability
index and combustion characteristics index in the blend are higher than those of heavy fuel oil. Since
the sludge pyrolytic oil has a higher volatile content than heavy fuel oil, adding a certain amount of
sludge pyrolytic oil will promote the ignition performance of heavy fuel oil, which is conductive to the
stability of heavy fuel oil combustion. The co-combustion of sludge pyrolytic oil and heavy fuel oil
has better combustion characteristics than seen with pure heavy fuel oil. Moreover, it is even better
than pure sludge pyrolytic oil, especially in the case of 50% sludge pyrolytic oil mixed with 50% heavy
fuel oil.

Table 9. The combustion characteristic parameters of sludge pyrolytic oil, heavy fuel oil, and the blends.

Fuel (dW/dτ)max (dW/dτ)mean Ti (
◦C) Te (◦C) S × 107 C × 105

Heavy fuel oil 3.517 1.544 434 612 0.470 1.863
20%SPO + 80%HFO 5.003 1.783 311 601 1.531 5.157
50%SPO + 50%HFO 5.464 1.562 295 600 1.631 6.257
Sludge pyrolytic oil 4.360 1.162 274 605 1.114 5.832

4. Conclusions

The Taguchi method was used in this study to optimize the pyrolysis of sewage sludge for
obtaining the maximum pyrolytic oil yield. The combustion characteristic parameters are evaluated
based on a thermogravimetric analysis to explore the combustion characteristics of sludge pyrolytic oil
and heavy fuel oil. The findings of this study are summarized as follows.
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(1) The effective sequence of pyrolytic parameters for the yield of sludge pyrolytic oil is nitrogen
flow rate, pyrolytic temperature, heating rate, and residence time. The best operating conditions
for sewage sludge pyrolysis are a heating rate of 10 ◦C/min, pyrolysis temperature of 450 ◦C,
residence time of 60 min, and nitrogen flow rate of 700 mL/min. Under these conditions,
the obtained pyrolytic oil yield is 10.19% (18.4% on dry ash free (daf) basis), which is very close
to 10.44% (18.85% on dry ash free (daf) basis.), the ideal value from the Taguchi method.

(2) From the thermogravimetric analysis of sludge pyrolytic oil, the combustion performance
parameters, such as the ignition temperature, burnout temperature, flammability index,
and combustion characteristics index, are calculated and compared with those of heavy fuel oil.
Since the sludge pyrolytic oil has volatile substances with lower boiling temperatures, it has a
lower ignition temperature and better combustion characteristics than heavy fuel oil.

(3) For the blends of sludge pyrolytic oil and heavy fuel oil, the maximum combustion rate,
the flammability index, and combustion characteristics index all increase markedly along with
the amount of sludge pyrolytic oil. Sludge pyrolytic oil significantly enhances the combustion
of heavy fuel oil, with the mix producing even better results than those seen with pure sludge
pyrolytic oil (synergistic effects).
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Abstract: A combined ball milling and ethanol organosolv process is proposed for the pretreatment
of three types of herbaceous biomass, giant miscanthus, corn stover, and wheat straw. The combined
pretreatment was effective at both removing lignin and increasing the glucan content. After 120 min
pretreatment, the glucan content increased to 63.09%, and 55.89% of the acid-insoluble lignin was
removed from the giant miscanthus sample. The removal of cellulose, hemicellulose, and acetyl
groups were correlated with the removal of lignin. The pretreatment of corn stover showed the highest
removal of cellulose, but this was dependent on the removal of acid-insoluble lignin. The slope
of the regression lines, which shows the correlation between the removal of lignin and cellulose,
was lower than other correlations. The changes in biomass size were analyzed using size distribution
graphs. With increasing pretreatment time, the particle size reduction improved in the three types
of herbaceous biomass. Because of the combined physicochemical pretreatment, the enzymatic
digestibility improved, and a maximum of 91% glucan digestibility was obtained from the pretreated
corn stover when 30 FPU/g-glucan enzyme was added. Finally, compositional analysis of the
recovered lignin from the remaining black liquor was investigated.

Keywords: combined pretreatment; ball mill; ethanol organosolv; herbaceous biomass;
lignin recovery

1. Introduction

Sugars derived from herbaceous biomass are important platform chemicals and can be further
converted to high-value-added chemicals and biofuels via thermochemical or biological routes [1,2].
Pretreatment is an essential step in producing sugars from herbaceous biomass. Pretreatment reduces
the amount of the structural polymer lignin, as well as the crystalline cellulose structure, thus increasing
the accessibility of enzymes to the holocellulose [3,4]. Recently, lignin has emerged as a renewable
source of aromatics for the chemical industry [5]. Therefore, both carbohydrate and lignin fractionation
should be considered when pretreatment steps are applied to herbaceous biomass.

Pretreatment consists of biological, chemical, or physical processes [6,7]. Recently, combined
physical and chemical pretreatment processes have been proposed to enhance enzymatic
hydrolysis [8–12]. These combined methods increase enzymatic accessibility and reduce energy
consumption [13].

Energies 2018, 11, 2457; doi:10.3390/en11092457 www.mdpi.com/journal/energies268



Energies 2018, 11, 2457

Ball milling is one physical pretreatment method. Previous studies have reported that ball milling
increases the accessible surface area and pore size and reduces the crystallinity and the polymerization
degree of cellulose [14–17]. Because chemical catalysts are not used, there is no significant change
in the chemical composition [18]. As a chemical pretreatment approach, organosolv is a promising
method for the alcoholysis of lignin from herbaceous biomass [19]. This pretreatment employs organic
solvents, mainly alcohols, or their aqueous solutions, which can be later reused and recovered [20,21].
The advantage of using organosolv is that highly pure lignin is obtained as a solid from the liquid phase;
this can be used for high-value products such as adhesives, fibers, and biodegradable polymers [20,22]
or thermal fuel [23]. During the organosolv process, cellulose is recovered as a solid phase, whereas
most of the lignin and partial hemicellulose is dissolved in the organic solvent as a liquid phase.
The recovered solid, rich in cellulose, is readily hydrolyzed by enzymatic digestion because the lignin
or hemicellulose has been removed, and this material can be used for further processing [24–27].
Finally, the fractionation of lignin and partial hemicellulose reduces the recalcitrance of the material
to digestion and increases the accessibility of the material to enzymes, thereby enhancing enzymatic
digestibility [28]. However, the two-stage pretreatment (physical and chemical) requires considerable
energy, as well as additional reactors. Previous studies have reported that pretreatment combined
with mechanical size reduction is effective in reducing the energy consumption in biorefinery
plants [14,29–33].

In this study, we propose a novel pretreatment process where ball mill grinding and the
ethanol-based organosolv process are conducted simultaneously. In this process, ball milling is used as a
physical treatment to reduce the biomass size and improve enzymatic accessibility. Ethanol organosolv
was used as a chemical treatment to fractionate the lignin, the major obstacle to cellulose digestion.
In this study, the effects of the combined physicochemical pretreatment on fermentable sugar
production were investigated using three types of herbaceous biomass.

2. Materials and Methods

2.1. Raw Materials

Three herbaceous biomasses namely, giant miscanthus (GM), corn stover (CS), and wheat
straw (WS) were supplied by the Rural Development Administration (Wanju, Republic of Korea).
The samples were air dried at room temperature and used directly in the pretreatment processes.
The moisture contents of GM, CS, and WS were 2.92%, 3.08%, and 3.20%, based on the total wet
biomass weight, respectively. The chemical compositions of the raw materials are shown in Table 1.

Table 1. Compositions of the three types of herbaceous biomass used in this study. GM: Giant
Miscanthus; CS: corn stover; WS: wheat straw.

Compositions (%) GM CS WS

Carbohydrates

Glucan 43.77 ± 0.07 30.30 ± 0.26 31.42 ± 0.44
Xylan 21.22 ± 0.08 16.58 ± 0.19 21.38 ± 0.09

Mannan - 0.60 ± 0.21 -
Galactan - 1.53 ± 0.47 1.56 ± 0.14
Arabinan 0.50 ± 0.01 0.82 ± 0.02 1.00 ± 0.02
Sub Total 65.49 49.83 55.36

Lignin
Acid soluble 0.96 ± 0.01 1.47 ± 0.03 1.11 ± 0.02

Acid insoluble 19.55 ± 0.01 12.38 ± 0.09 13.47 ± 0.24
Sub Total 20.51 13.85 14.58

Extractive
Water 4.96 ± 0.71 21.14 ± 0.12 17.11 ± 0.33

Ethanol 1.47 ± 0.11 3.71 ± 0.22 2.77 ± 0.27
Sub Total 6.43 24.85 19.88

Acetyl group 3.88 ± 0.02 2.76 ± 0.06 3.02 ± 0.06

Ash 2.18 ± 0.03 7.92 ± 0.05 7.36 ± 0.10

Total 98.49 99.21 100.2
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2.2. Combined Physicochemical Pretreatment

The combined ball milling and ethanol organosolv pretreatment was performed in a
rotary-pressured type reactor (Hanul Engineering Co., Gunpo, Korea). For the pretreatment, 370 g
of dried herbaceous biomass and 11 kg of alumina balls (Ø = 10 mm) were added to the reactor
with 3.7 L of 60% (v/v) ethanol solution (1:10:30 (w/v/w) for biomass, solvent, and ball, respectively).
The rotary-pressure-type reactor was kept at 170 ◦C for 30–120 min and rotated at 50 rpm. After reaction,
it was cooled to 80 ◦C, and the mixture was separated into solid biomass, lignin-containing liquid,
and alumina balls. The treated solid biomass was washed with distilled water and stored until use.
After pretreatment, the particle size distribution of the pretreated biomass was determined by the
shaking sieve method after drying at 45 ◦C overnight. The sieves used were US sieve numbers 6,
14, 20, 40, 80, 170, and 270 (sieve opening sizes: 3.35, 1.4, 0.85, 0.425, 0.180, 0.09, and 0.053 mm,
respectively). Lignin was recovered from the remaining black liquor by 3-fold dilution with distilled
water. After 24 h, the precipitated lignin was collected by filtration.

2.3. Enzymatic Digestibility

Enzymatic digestibility was analyzed according to the National Renewable Energy Laboratory
(NREL) standard procedures [34]. A commercial cellulase (Cellic CTec 2, Novozymes Korea Ltd., Seoul,
Korea) was used. The enzyme hydrolysis was performed at 50 ◦C and pH 4.8 (50 mM sodium citrate
buffer) while the solution was shaken at 150 rpm. The quantity of cellulase loaded was 15 or 30 FPU
(filter paper unit)/g-glucan. Experiments were conducted in 250-mL Erlenmeyer flasks with a total
working volume of 100 mL, and the glucan concentration was maintained at 1.0% (w/v). Samples were
taken periodically (0, 3, 6, 9, 12, 24, 48, 72, and 96 h) and boiled for 5 min to deactivate the enzymes,
followed by filtration through a 0.45 μm nylon membrane filter for glucose content analysis using a
high-performance liquid chromatography (HPLC) column (Bio-Rad Laboratories, Hercules, CA, USA).
All experiments were performed in triplicate for error analysis. Finally, the glucan digestibility was
calculated using Equation (1).

Lignin removal percentage (%) = 100 − mRe/mL × 100 (1)

where mRe refers to the dry weight mass of remaining lignin after composition analysis of solid residues
and mL represents the mass weight of lignin in the original loaded biomass (mL = the loaded biomass
mass weight × the lignin content) [35].

2.4. Compositional Analysis of the Solid and Liquid Phases

The compositions of the solid and liquid samples were determined according to
analytical procedures of the NREL (NREL/TP-510-42623 for structural carbohydrates and lignins;
NREL/TP-510-42618 for sugars in the liquids or in the hydrolyzates) [36,37]. The sugars were
determined using a HPLC (Agilent 1260 Infinity, Agilent Technologies, Santa Clara, CA, USA) equipped
with a refractive index detector (Agilent 1260 Infinity, Agilent Technologies, Santa Clara, CA, USA).
A Bio-Rad Aminex HPX-87H column (300 mm length × 7.8 mm internal diameter) and a Cation H
micro-guard cartridge (30 mm length × 4.6 mm internal diameter, Bio-Rad Laboratories Inc., Hercules,
CA, USA) were used for sugar, organic acid, and decomposition product analysis. The samples were
filtered using syringe filters having a 0.45-μm pore size before analysis, and 5 mM sulfuric acid was
used as the mobile phase. The temperature of the column was set at 65 ◦C and the flow rate of the
mobile phase was 0.5 mL/min. The remaining solid was filtered, dried, and burned in a muffle furnace
at 575 ◦C for lignin analysis. The ash content of the samples was determined by complete combustion
in a muffle furnace (DMF12, Romax, Co., Seoul, Korea) equipped with a temperature controller and by
running a temperature ramp program according to the NREL/TP-510-42622 method. The remaining
residue in the crucible was taken as the ash content [38]. The compositional analysis was performed
in triplicate.

270



Energies 2018, 11, 2457

3. Results

3.1. Compositions of Herbaceous Biomasses Used in This Study

The compositions of the herbaceous biomass samples used in this study are presented in Table 1.
GM had the highest carbohydrate and lignin content among the three types of herbaceous biomass:
43.8% glucan, 21.22% xylan, mannan, and galactan (XMG), and 20.51% lignin (acid soluble + acid
insoluble). In contrast, CS and Wheat straw (WS) contained approximately 50% carbohydrates and
14% lignin. However, the extractive content of GM was much lower than those of CS and WS.
The differences in biomass composition could be due to the characteristics of each herbaceous biomass
source. These differences in composition result in unique physical/chemical properties. Therefore,
it is important to find the optimum pretreatment conditions that are tailored to the properties of each
biomass type.

3.2. Composition Changes after Combined Physicochemical Pretreatment

The goals of pretreatment are to reduce the lignin content to improve the accessibility of
the enzyme and to increase the glucan and XMG content. Wanting to optimize the combined
physicochemical pretreatment conditions, we investigated the conditions where lignin removal was
maximal while the cellulose content was maintained.

Table 2 presents the compositional changes with increasing reaction time of the GM sample after
pretreatment. The combined pretreatment by ball mill and ethanol organosolv was effective in both
removing acid-insoluble lignin (AIL) and increasing glucan content in GM (Table 2). With increasing
reaction time, the glucan content increased to 63.09% after 120 min reaction. Removal of acid-insoluble
lignin increased with reaction time. The XMG contents decreased when the reaction time increased
from 90 to 120 min (Table 2), and the acetyl group contents also decreased. However, the AIL content
did not decrease but the glucan content increased by about 6% when the remaining solid is considered.

Table 2. Changes in composition of giant miscanthus after the combined ball mill and organosolv
pretreatment performed at 170 ◦C at 50 rpm rotation. XMG: xylan, mannan, and galactan; AIL:
acid-insoluble lignin.

Time
(min)

Solid Remaining
(%)

Glucan
(%)

XMG 1

(%)
Acetyl Group

(%)
AIL
(%)

AIL Removal
Percentage (%)

Initial 100 43.77 21.22 3.88 19.53

30 79.25 50.01 23.03 3.73 16.28 33.95
60 72.29 52.22 21.79 3.36 15.89 41.18
90 65.41 56.90 20.72 3.04 14.30 52.11
120 57.44 63.09 15.14 2.10 15.00 55.89

Table 3 presents the changes in the composition of corn stover before and after the combined
physicochemical pretreatment with increasing reaction time. The AIL removal yield of corn stover
linearly increased to 52.04% during 90 min reaction. The acetyl group content continuously decreased
from 2.76% to 1.65% and glucan content steadily increased over 120 min reaction. However, the XMG
content changed from 23.89% to 22.08% from 30 to 90 min of reaction time, respectively. The reason
for this change could be the removal of extractives by ethanol. As shown for giant miscanthus,
the AIL removal slightly increased to 53.91% after 120 min reaction when compared to that after
90 min reaction.
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Table 3. Change in composition of corn stover after the combined ball mill and organosolv pretreatment
performed at 170 ◦C with 50 rpm rotation.

Time
(min)

Solid Remaining
(%)

Glucan
(%)

XMG
(%)

Acetyl Group
(%)

AIL
(%)

AIL Removal
Percentage (%)

Initial 100 30.30 18.71 2.76 12.23

30 56.98 46.51 23.89 2.62 14.61 31.92
60 48.32 48.58 22.91 2.18 14.97 40.84
90 42.24 51.73 22.08 1.93 13.89 52.04
120 39.28 53.16 20.27 1.65 14.35 53.91

Table 4 shows the compositional changes of wheat straw. The removal percentage of AIL reached
48.39% after 120 min, which is less than those of GM and CS. Like the other biomass types, the XMG
and acetyl group contents steadily decreased but the glucan content increased with reaction time, up to
120 min. The AIL content did not seem to change significantly. However, considering the relative
content in the remaining solid, the AIL content was greatly decreased.

Table 4. Change in composition of wheat straw after the combined ball mill and organosolv
pretreatment performed at 170 ◦C with 50 rpm rotation.

Time
(min)

Solid Remaining
(%)

Glucan
(%)

XMG
(%)

Acetyl Group
(%)

AIL
(%)

AIL Removal
Percentage (%)

Initial 100 31.42 22.94 3.02 14.61

30 64.47 41.36 27.83 2.61 14.53 35.90
60 58.07 44.93 26.76 2.45 15.19 39.62
90 52.06 48.78 24.13 2.29 15.55 44.58
120 50.70 50.15 22.71 1.97 14.87 48.39

In previous studies, the pretreatment of lignocellulosic biomasses was carried out using acidic
catalysts. El Hage et al. obtained 62% AIL removal of Miscanthus samples when using 44% EtOH with
0.5% H2SO4 catalyst [39]. Huijgen et al. removed lignin from wheat straw using an acid catalyst and
obtained a 56% removal yield [40]. However, using an acid catalyst caused the dissolution of glucan
into the liquid, and the acidic solution corroded the pretreatment equipment. In contrast, the combined
physicochemical pretreatment used in this study did not cause a loss of glucan and showed good
lignin removal yields.

After 30 min reaction time, of the three herbaceous biomass types, the highest percentage
of remaining solid was found for GM. The percentages of remaining solid were 79.25%, 56.98%,
and 64.47% for GM., CS, and WS, respectively. The remaining solid could be related to the extractive
content. The extractive contents (water + ethanol) were 6.43%, 24.85%, and 19.88% for GM, CS, and WS,
respectively, after 30 min pretreatment. The extractives were drawn into the liquid by ethanol during
the combined physicochemical pretreatment. The remaining solid further decreased with reaction
time, and the lowest value was 39.28% in the case of CS because it had the highest extractive content
and, thus, underwent the highest removal of the main components.

3.3. Correlation of Lignin Removal with the Removal of Other Compounds

Using the combined physicochemical pretreatment, lignin was mostly removed,
and cellulose/hemicellulose were partially removed. The robustness (or recalcitrance) of the
lignocellulosic biomass is attributable to the crosslinking between the polysaccharides (cellulose and
hemicellulose) and lignin via ester and ether linkages [41]. During the combined physicochemical
pretreatment, the polysaccharides were first disconnected from lignin. The newly freed celluloses
became dissolved in the ethanol and were broken down into monosaccharides. Simultaneously,
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lignin and hemicellulose were concurrently fractionated. The correlation between lignin removal
with the removal of the various components is presented in Figure 1. It was found that the removal
of cellulose, hemicellulose, and acetyl groups is correlated with lignin removal. As shown by the
regression lines in Figure 1a, the dissolution of cellulose into the liquor occurred simultaneously
with the removal of AIL. With increasing AIL removal, the cellulose dissolution also increased.
The regression line for CS has a different slope compared to those of the other herbaceous biomass
samples (Figure 1). CS showed higher removal of cellulose depending on the removal of AIL.
For example, the percentages of removed cellulose were 66%, 35%, and 29% for CS, WS, and GM,
respectively, at the 100% AIL removal point on the regression lines (Figure 1a). The correlation
between lignin removal and hemicellulose removal is different from the correlation between the
removal of lignin and cellulose. The slopes of the regression lines, which show the correlation
between the removal of lignin and hemicellulose, is higher than that of lignin and cellulose because
the hemicellulose is more easily removed because of the weak and amorphous structure. From our
results, we determined that hemicellulose was rapidly removed when the AIL was dissolved during
the combined ball milling and organosolv pretreatment. The correlation between the removal of
lignin and acetyl groups also showed a similar pattern to that of hemicellulose. The cleavage of acetyl
groups occurred rapidly, and the acetyl groups were also removed when AIL was removed (Figure 1c).
Using the combined physicochemical pretreatment, the removal of crosslinking between lignin and
the other compounds (cellulose, hemicellulose, and acetyl group) occurred initially. Subsequently,
the components were dissolved and removed. However, complete AIL removal was difficult because
of the strong crosslinks between the polysaccharides and lignin.

Figure 1. Correlation between the removal of lignin and other compounds: (a) cellulose;
(b) hemicellulose; and (c) acetyl group by the combined physicochemical pretreatment.

3.4. Changes in Biomass Particle Size

The change in the size of the biomass particles with pretreatment time was investigated and
expressed by calculating the number of particles that passed through sieves of different mesh sizes.
All untreated herbaceous biomass samples showed positive skewness (Figure 2). With increasing
pretreatment time, the size distribution curves became negatively skewed. The particle sizes after
30 and 60 min pretreatment did not significantly change when compared to those of the untreated
samples (data not shown). However, significant changes to the size distribution curves were found
after 90 min pretreatment time. Many untreated GM particles were collected after sieving through a
20-mesh sieve. With increasing pretreatment time, the relative amount of GM increased between the
40- and 170-mesh sieves. After 120 min pretreatment, a significant increase was found for the 40-mesh
and 170-mesh sieves, indicating that the GM particles had become finer. Figure 2b shows that the
relative amount of CS particles passing through the 80-mesh sieve drastically increased from 0.02% to
0.4% after 120 min pretreatment. Meanwhile, the relative number of CS particles larger than 20 mesh
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was reduced by the pretreatment. Similar results were also found for WS (Figure 2c). In this study,
the ball milling process ground the biomass because of the friction between the ball and the biomass.
Based on our results, ball milling was effective in pretreating the three types of herbaceous biomass
used in this study.

 

Figure 2. Biomass particle size distributions before and after the combined physicochemical
pretreatment at different reaction times: (a) GM; (b) CS; and (c) WS.

3.5. Enzymatic Digestibility of Pretreated Herbaceous Biomasses

To evaluate the effect of pretreatment on cellulose accessibility, the enzyme digestibility was
compared before and after the combined physicochemical pretreatment. Untreated GM showed very
low glucan digestibility, less than 10%. Even when the enzyme dosage was doubled, the glucose
production did not increase significantly. However, the combined physicochemical pretreatment
significantly improved the glucan digestibility. For the pretreated samples, a five-fold increase in
glucan digestibility was obtained compared to that of the untreated sample (Figure 3a). In addition,
the glucan digestibility increased with increasing enzyme dosage. Untreated CS showed relatively
higher glucan digestibility than the other two types of herbaceous biomass. However, the glucan
digestibility drastically increased after the combined physicochemical pretreatment. Specifically,
treated CS showed 91% glucan digestibility when the enzyme dose was 30 FPU/g-glucan (Figure 3b).
Untreated WS showed less than 20% glucan digestibility, even after the addition of 30 FPU/g-glucan
(Figure 3c). The treated WS showed 79% and 88% glucan digestibility for enzyme doses of 15 and
30 FPU/g-glucan, respectively, as shown in Figure 3c. These results indicate that the combined
physicochemical pretreatment used in this study increased the cellulose surface area available for
reaction with cellulase, improving enzyme accessibility.

Figure 3. Glucan digestibility before and after pretreatment depending on enzyme dosage: (a) GM;
(b) CS; and (c) WS.
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3.6. Composition of Recovered Lignin from the Black Liquor

Lignin is byproduct in this process, but it is a very useful compound having biopolymer
applications [42]. With increasing pretreatment time from 30 to 120 min in GM, the recovered lignin
(AIL and acid-soluble lignin (ASL)) increased from 57.61% to 80.26% (Table 5). In contrast, the contents
of glucan and XMG decreased. The contents of recovered lignin were 71.29% and 64.86% for CS
and WS, respectively, after 120 min pretreatment. With increasing pretreatment time, the quantity of
recovered lignin increased significantly for GM but increased only slightly for CS and WS.

Table 5. Composition of lignin obtained from the black liquor depending on pretreatment time. ASL:
acid-soluble lignin; AIA: acid-insoluble ash.

Biomass Time (min) AIL (%) ASL (%) AIA (%) Glucan (%) XMG (%) Acetyl Group (%)

GM

30 55.62 1.99 5.39 14.57 12.60 2.59
60 59.02 1.85 5.41 10.74 13.00 2.65
90 62.27 2.06 6.57 11.34 13.96 2.71

120 77.94 2.32 1.58 2.66 11.87 2.73

CS

30 59.37 3.07 2.90 5.83 5.56 1.14
60 64.28 3.29 2.34 5.76 6.23 1.37
90 56.34 3.78 2.32 6.14 7.28 1.42

120 67.81 3.48 2.39 4.68 6.28 1.24

WS

30 50.91 3.65 2.97 10.47 12.24 1.93
60 54.42 2.78 4.30 10.10 11.44 1.69
90 55.38 3.03 3.22 8.16 12.97 1.97

120 61.66 3.20 2.32 5.94 12.24 1.90

4. Conclusions

A combined ball milling and ethanol organosolv pretreatment was effective in both increasing the
glucan content and removing the acid-insoluble lignin. With increasing pretreatment time, the glucan
content and lignin recovery were improved in all three types of herbaceous biomass. Lignin removal
was correlated with the removal of cellulose, hemicellulose, and acetyl groups but the slope of the plot
of cellulose removal to lignin removal was lower than those of the others. In summary, the combined
pretreatment significantly improved the enzyme digestibility of all herbaceous biomass samples tested
in this study.
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Abstract: This study investigated the optimal reaction conditions for biodiesel production from
soursop (Annona muricata) seeds. A high oil yield of 29.6% (w/w) could be obtained from soursop
seeds. Oil extracted from soursop seeds was then converted into biodiesel through two-step
transesterification process. A highest biodiesel yield of 97.02% was achieved under optimal
acid-catalyzed esterification conditions (temperature: 65 ◦C, 1% H2SO4, reaction time: 90 min,
and a methanol:oil molar ratio: 10:1) and optimal alkali-catalyzed transesterification conditions
(temperature: 65 ◦C, reaction time: 30 min, 0.6% NaOH, and a methanol:oil molar ratio: 8:1).
The properties of soursop biodiesel were determined and most were found to meet the European
standard EN 14214 and American Society for Testing and Materials standard D6751. This study
suggests that soursop seed oil is a promising biodiesel feedstock and that soursop biodiesel is a viable
alternative to petrodiesel.

Keywords: Annona muricata; biodiesel production; seed oil; soursop; two-step process

1. Introduction

Fossil fuel depletion and environmental concerns have stimulated the search for alternative fuels
from renewable sources. Biodiesel, a biomass-derived fuel, is renewable, exhibits superior combustion
properties, and is completely suitable for diesel engines [1,2]. Furthermore, the use of biodiesel results
in relatively low environmental pollution because biodiesel is sulfur free and emits minimal carbon
monoxide and hydrocarbons [3–5]. Because of these merits, biodiesel has been developed worldwide
to replace petrodiesel.

Biodiesel has been mainly produced from edible oil using an acid, alkali, or enzyme catalyst [6,7].
Nevertheless, the use of edible oil as a feedstock increases the production cost of biodiesel [8], thus
limiting the commercialization of biodiesel. Furthermore, the use of edible feedstock for fuel purpose
may cause adverse effects on food supply [9–11]; therefore, alternative feedstocks must be identified
for biodiesel synthesis. Numerous cheap and nonedible feedstocks, including microalgae oil [12–14],
Jatropha oil [15,16], waste cooking oil [17–19], insect fat [20–22], Chinese tallow tree seed oil [23],
tobacco seed oil [24], sweet basil seed oil [25], Brucea javanica seed oil [26], spent coffee grounds [27],
and food waste [28] have been investigated as vital feedstocks for biodiesel synthesis. Two-step
transesterification (acid-catalyzed esterification followed by alkali-catalyzed transesterification) is a
promising method to produce biodiesel from high free fatty acid oils [29,30]. The acid oils (fatty acid
content >1%, w/w) should be esterified using an acid catalyst to lower the oil acidity before applying an
alkali catalyst to transesterify the oil into biodiesel [31–33]. This two-step process not only minimizes
soap formation but also enhances biodiesel yield [31,34,35].

Soursop (Annona muricata L.), which belongs to the Annonaceae family, is an economically critical
crop worldwide [36,37]. A. muricata is native to North and South America and is popularly distributed
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in the tropical and subtropical areas of Western Africa, Central America, the Caribbean, and the
Asian continent [37–39]. The A. muricata tree is approximately 5–8-m tall with low branches [39],
and the trees yield up to 10 tons of fruit per hectare [38]. The oval or heart-shaped fruit is 15–30-cm
in length, 10–20-cm in width, and, on average, weighs up to 4.0 kg [36,39]. The edible white pulp
of soursop fruit comprises about 80% water, 18% carbohydrate, 1% protein, and 1% fiber content
and contains beneficial vitamins [40]. The mesocarp contains numerous black seeds, which are each
approximately 2 cm long and 1 cm wide [36]. The soursop is mainly cultivated for its fruit, which
is used in fresh and processed forms in the production of juice, ice cream, sherbet, beverages, and
candy [37,41,42]. The use of soursop fruit in food production results in various waste materials,
including seeds which account for 5–8.5% of the fruit [37,38,43]. The seeds are usually discarded
and cannot be used as animal feed because they contain toxic substances such as annonacin and
acetogenins [37,43,44]. Studies have shown that oil comprises up to 40% of the soursop seed [37].
The seed oil mainly comprises palmitic acid, oleic acid, and linoleic acid [37,45]. This composition is
similar to that of other biodiesel feedstocks [24,29,31]. Therefore, the nonedible soursop seed oil is
a promising and cheap biodiesel feedstock. In addition, the use of this seed for biodiesel synthesis
can resolve the problematic surplus of the seed in the food industry. Only few studies have reported
the potential use of this seed oil for biodiesel production [46,47]. However, no optimization study on
reaction conditions has investigated for biodiesel production from A. muricata seed oil.

This study optimized the reaction factors for producing biodiesel from A. muricata seed
oil. Because of the presence of a high level of free fatty acid (FFA) in the seed oil, a two-step
process was used to convert FFAs and triglycerides into biodiesel. The effects of reaction factors
(molar ratio of methanol to oil, temperature, catalyst amount, and reaction time) on esterification
and transesterification were investigated to optimize the reaction conditions. The biodiesel’s
properties were finally characterized according to the American Society for Testing and Materials
(ASTM) methods.

2. Materials and Methods

2.1. Materials

Ripe soursop fruits were purchased from Thu Duc Agromarket (Ho Chi Minh City, Vietnam).
The seeds were removed from the fruit and air-dried at room temperature for 3 days. The soursop seed
kernels were then separated from the hulls, ground with a blender (EUPA TSK-935BAP, Tsann Kuen
Enterprise Co., Ltd., Taipei, Taiwan), and stored at room temperature. Methanol, sulfuric acid, sodium
hydroxide, n-hexane, and other reagents used in this study were of analytical grade (≥99.0% purity)
and were obtained from Tedia Company, Inc. (Fairfield, CT, USA).

2.2. Extraction of Crude Oil

Soursop seed powder was immersed in n-hexane (1:4, w/v) at room temperature for 2 days, and
stirred to extract the oil from soursop seed. After extraction, the hexane layer was separated from
solid residue by filtration (Advantec No. 5C filter paper). The n-hexane was then removed using a
R300 Buchi Rotary Evaporator (Büchi Labortechnik, Flawil, Switzerland), and the soursop seed crude
oil was obtained. The crude oil’s properties, such as acidity, saponification, and iodine values, were
measured using the standard method [48,49].

2.3. Production of Biodiesel through Two-Step Process

2.3.1. Esterification Step

An H2SO4-catalyzed pretreatment was employed to reduce the oil’s acidity and convert its FFAs
into biodiesel. To study the influence of reaction factors on esterification, several experimental trials
were conducted in a sealed reactor with stirring under different conditions: molar ratios of methanol to
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oil (4:1–12:1), temperatures (45–85 ◦C), catalyst amounts (0.25–2.0%), and reaction times (30–150 min).
After each reaction, the samples were withdrawn to evaluate the FFA conversion.

2.3.2. Transesterification Step

The oil pretreated through H2SO4-catalyzed esterification was used for the transesterification
step. The esterified reaction mixture was kept in a funnel for phase separation. After two phases were
completely separated, the crude oil and biodiesel (upper layer) was poured into a sealed reactor and
subsequently transesterified into biodiesel using NaOH as catalyst. A set of experiments with various
methanol to oil molar ratios (4:1–12:1), temperatures (45–85 ◦C), catalyst amounts (0.4–1.2%), and
reaction times (15–75 min) were studied for their effects on the conversion yield. After each reaction,
the reactor was placed at room temperature for phase separation. The mixture’s upper layer containing
biodiesel was collected to determine the biodiesel yield.

2.4. Analysis

The acid value (AV) of the oil sample was measured using a titration method reported
previously [50,51]. The FFA conversion was then calculated as follows:

FFA conversion (%) =
AV1 − AV2

AV1
× 100 (1)

where AV1 is the initial acid value, and AV2 is the acid value after the esterification reaction.
The composition of the biodiesel was quantified using a Shimadzu GC-2014 gas chromatograph

system (Shimadzu Corp., Kyoto, Japan) equipped with a Stabilwax capillary column (Restek Corp.,
Bellefonte, PA, USA) and a flame ionization detector (Shimadzu Corp., Kyoto, Japan) according to the
procedure reported in our previous study [10]. The fatty acid profiles of the soursop biodiesel were
characterized based on Supelco 37 Component FAME Mix reference standards (Sigma-Aldrich Corp.,
St. Louis, MO, USA). The biodiesel content was quantified by comparing the peak areas of fatty acid
methyl esters with those of the internal standard, methyl pentadecanoate. The soursop biodiesel yield
was then calculated as follows [10]:

Biodiesel yield (%) =
Asample

Astandard
× Wstandard

Wsample
× Wbiodiesel

Woil
× 100 (2)

where Asample is peak area of biodiesel sample, Astandard is peak area of international standard, Wsample
is weigh of biodiesel sample, Wstandard is weight of internal standard, Wbiodiesel is weight of total
biodiesel product, and Woil is weight of oil used.

The acid value, viscosity, sulfur content, water content, ester content, cetane index, density, and
flash point of the produced biodiesel were determined using the ASTM D664, D445, D5453, D95,
D7371, D613, D1480, and D93 methods, respectively [52].

3. Results and Discussion

3.1. Properties of Soursop Seed Oil

Table 1 shows the characteristics of soursop seed oil. The oil extracted from soursop seeds reached
the yield of 29.6%, demonstrating the soursop seed’s high oil content and subsequent potential as
an oil source. The saponification value of soursop seed oil was 244.7 mg KOH/g, indicating that the
average molecular weight of soursop seed oil was 884.4 g/mol. The acid value of the soursop seed oil
was 54.4 mg KOH/g, indicating a high FFA content. Biodiesel production processes must be refined
to maximize the value of materials and minimize costs [25,53,54]. To maximize the biodiesel yield
from oils with high FFA levels, esterification must be performed to reduce the level of FFAs prior to
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transesterification [31,34,35]. Therefore, the two-step process of acid-catalyzed esterification followed
by alkali-transesterification was selected for biodiesel synthesis from soursop seed oil in this study.

Table 1. Properties of crude soursop seed oil.

Fat Yield (%) Acid Value (mg KOH/g) Saponification Value (mg KOH/g)

29.6 ± 0.2 54.4 ± 0.4 244.7 ± 1.6

3.2. Conversion of FFAs into Biodiesel through Acid-Catalyzed Esterification

3.2.1. Effect of Methanol to Oil Molar Ratio

Esterification pretreatment enhances the biodiesel yield by reducing the oil’s acidity and
converting its FFAs into biodiesel [29,51]. To optimize reaction conditions, this study investigates the
influences of methanol to oil molar ratio, temperature, H2SO4 amount, and reaction time on the FFAs
conversion. First, esterification was performed at 75 ◦C with 1% H2SO4 (w/w) and various methanol
to oil molar ratios (4:1–12:1) for 60 min. As shown in Figure 1a, FFA conversion was greater at higher
methanol to oil molar ratios. This result corresponds with those of other studies [35,55]. The molar
ratio of methanol to oil is a critical factor affecting the efficiency of esterification reactions. A high
methanol to oil molar ratio is required to drive esterification reactions toward completion [55]. In this
work, the highest FFA conversion occurred at the methanol:oil molar ratio of 12:1. However, the
FFA conversion had insignificant differences between the methanol:oil molar ratios of 12:1 and 10:1.
Therefore, the methanol:oil molar ratio of 10:1 was chosen for the next experiments.

  
(a) (b) 

  
(c) (d) 

Figure 1. Effects of (a) molar ratio of methanol to oil (with a fixed temperature of 75 ◦C, 1% H2SO4, and
a reaction time of 60 min); (b) temperature (with a fixed methanol:oil molar ratio of 10:1, 1% H2SO4,
and a reaction time of 60 min); (c) catalyst amount (with a fixed methanol:oil molar ratio of 10:1, a
temperature of 65 ◦C, and a reaction time of 60 min); and (d) reaction time (with a fixed methanol:oil
molar ratio of 10:1, a temperature of 65 ◦C, and 1% H2SO4) on FFA conversion in soursop seed oil.

3.2.2. Effect of Temperature

To investigate the impact of temperature on the efficiency of esterification, the reaction was
performed at various temperatures (45–85 ◦C), whilst keeping the other factors constant. As shown in
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Figure 1b, FFA conversion was enhanced from 84.86 to 96.16% when the temperature was increased
from 45 to 85 ◦C. This result is reasonable because a high temperature enhances the reaction rate [51,56].
However, no significant differences were found in the proportion of FFA conversion at temperatures
of 65, 75, and 85 ◦C. Therefore, to reduce energy consumption, 65 ◦C was selected as the optimal
temperature for the esterification reaction.

3.2.3. Effect of Catalyst Amount

The results in Figure 1c reflect the effect of sulfuric acid amount on FFA conversion.
FFA conversion significantly improved when the catalyst levels increased from 0.25 to 1.0%.
Nevertheless, increasing the catalyst load to 1.5% resulted in only a slight increase in FFA conversion,
and a 2% catalyst load caused a slight decrease in conversion efficiency. This slight decrease at a 2%
catalyst load is similar to of the results of other studies [35,55]. Excess H2SO4 catalyst can activate the
polymerization of unsaturated FFA, causing the product’s darkened color due to the oxidation and
decarboxylation of FFA [55]. Therefore, 1.0% H2SO4 was chosen as the optimal catalyst amount for
further experiments.

3.2.4. Effect of Reaction Time

Various reaction times (30–150 min) were tested for esterification performed at 65 ◦C with a
methanol:oil molar ratio of 10:1 and 1% H2SO4 (w/w). As shown in Figure 1d, FFA conversion increased
from 85.71 to 96.61% when increasing reaction time from 30 to 90 min. Increases in reaction times
beyond 90 min resulted in insignificant increases in FFA conversion, indicating that reactions reached
equilibrium at 90 min. In conclusion, the optimal conditions for the H2SO4-catalyzed esterification
were determined to be a methanol:oil molar ratio: 10:1, a temperature: 65 ◦C, 1% H2SO4 (w/w), and
90 min. These conditions were thus used in this study for the esterification step in biodiesel production.

3.3. Conversion of Triglyceride into Biodiesel through Alkali-Catalyzed Transesterification

3.3.1. Effect of Methanol to Oil Molar Ratio

The esterified oil was used as the material for producing biodiesel through alkali-catalyzed
transesterification. To optimize transesterification conditions, the influences of methanol to oil
molar ratio, temperature, NaOH amount, and reaction time on the biodiesel yield were examined.
First, transesterification was performed at 65 ◦C with 0.8% NaOH (w/w) and various methanol to oil
molar ratios (4:1–12:1) for 30 min. As can be seen from Figure 2a, the biodiesel yield increased from 81%
to 96.37% when the molar ratio of methanol to oil was increased from 4:1 to 8:1. Nevertheless, a higher
methanol to oil molar ratio caused a decrease in the biodiesel yield. This result is consistent with that
reported in the study of biodiesel synthesis from Jatropha curcus seed oil [31] and Croton megalocarpus
oil [57]. A high level of methanol may have increased the glycerol solubility in the solution, driving
the equilibrium to a reverse reaction and thus lowering the biodiesel yield [57]. Therefore, this study
selected the methanol:oil molar ratio of 8:1 as the optimal reactant ratio for transesterification.
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(a) (b) 

  
(c) (d) 

Figure 2. Effects of (a) molar ratio of methanol to oil (with a fixed temperature of 65 ◦C, 0.8% NaOH,
and a reaction time of 30 min); (b) temperature (with a fixed methanol:oil molar ratio of 8:1, 0.8%
NaOH, and a reaction time of 30 min); (c) catalyst amount (with a fixed methanol:oil molar ratio of 8:1,
a temperature of 65 ◦C, and a reaction time of 30 min); and (d) reaction time (with a fixed methanol:oil
molar ratio of 8:1, a temperature of 65 ◦C, and 0.6% NaOH) on transesterification of soursop seed oil.

3.3.2. Effect of Temperature

To investigate the influence of temperature on the biodiesel yield, transesterification was carried
out at various temperatures (45–85 ◦C) with a methanol to oil molar ratio, NaOH amount, and reaction
time maintained at 8:1, 0.8%, and 30 min, respectively. As can be seen from Figure 2b, the biodiesel yield
increased when temperature was increased from 45 to 65 ◦C. Nevertheless, the biodiesel yield reduced
at temperatures greater than 65 ◦C. This result is in agreement with those of other studies [57,58].
A high temperature may have enhanced side reactions, including saponification, thus resulting in
a lower biodiesel yield [57]. Based on this result, 65 ◦C was chosen as the optimal temperature for
the transesterification.

3.3.3. Effect of Catalyst Amount

Catalyst amount is a critical factor affecting the efficiency of transesterification. In this study,
various NaOH amounts were tested with other factors maintained as constant to evaluate the influence
of NaOH amount on the biodiesel yield. Results revealed that the biodiesel yield increased when the
amount of catalyst increased from 0.4 to 0.6% (Figure 2c). However, when the catalyst amount is higher
than 0.6%, the biodiesel yield reduced. Excess catalyst favored the saponification reaction, enhancing
the formation of an emulsion and gel, thus lowering the biodiesel yield [31,55,57]. Therefore, 0.6%
NaOH was selected for use in further experiments.
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3.3.4. Effect of Reaction Time

Finally, the influence of reaction time on the biodiesel yield was examined using the optimal
reaction conditions obtained in previous experiments. Transesterification was performed at 65 ◦C
with a methanol:oil molar ratio of 8:1, 0.6% NaOH (w/w), and various reaction times (15–75 min).
As indicated in Figure 2d, the biodiesel yield increased from 77.85 to 97.02% when the reaction time
increased from 15 to 30 min. A reaction time longer than 30 min caused a slight decrease in the biodiesel
yield. Therefore, a reaction time of 30 min was determined as sufficient for the transesterification
reaction. In conclusion, the highest biodiesel yield of 97.02% was achieved under the following optimal
transesterification conditions: 65◦C, 0.6% NaOH (w/w), 30 min, and methanol:oil molar ratio of 8:1.

3.4. Fatty Acid Profiles of Soursop Biodiesel

Table 2 illustrates the fatty acid profiles of soursop biodiesel in comparison with rapeseed biodiesel.
Nine fatty acid methyl esters were identified in the soursop biodiesel, among which oleic acid methyl
ester (43.68%), linoleic acid methyl ester (32.45%), and palmitic acid methyl ester (18.14%) were present
in the highest amounts. The synthesized biodiesel was found to comprise 78.07% unsaturated fatty
acids and 21.93% saturated ones. The saturated fatty acid level in soursop biodiesel was higher than
that of rapeseed biodiesel (4.3%) [51], indicating a higher cetane index for the soursop biodiesel. This is
because the high level of saturated fatty acid increases the cetane index of a fuel [59]. In addition,
because saturated fatty acid methyl esters exhibit higher oxidative stability than unsaturated ones [4,60],
the soursop biodiesel can have more oxidative stability than rapeseed biodiesel. These results suggest
that soursop seed oil is a suitable feedstock for biodiesel synthesis.

Table 2. Fatty acid methyl ester compositions of soursop biodiesel compared with rapeseed biodiesel.

Composition Rapeseed Biodiesel a (%) Soursop Biodiesel b (%)

Palmitic acid methyl ester (C16:0) 3.5 18.14
Palmitoleic acid methyl ester (C16:1) na c 0.81

Stearic acid methyl ester (18:0) 0.8 3.79
Oleic acid methyl ester (C18:1) 64.4 43.68

Linoleic acid methyl ester (C18:2) 22.3 32.45
Linolenic acid methyl ester (C18:3) 8.2 1.13

a Data obtained from Reference [51]; b This study; c na = none reported.

3.5. Properties of Soursop Biodiesel

The soursop biodiesel’s properties were characterized using ASTM standard methods and were
compared with the corresponding properties of rapeseed biodiesel [51]. As indicated in Table 3, most
soursop biodiesel’s properties were similar to those of rapeseed biodiesel. Remarkably, most properties
of synthesized biodiesel, sulfur content (0.04%), ester content (98.6%), viscosity (5.5 mm2/s), water
content (300 mg/kg), cetane number (53), density (868 kg/m3), and flash point (123◦C), met the
standards ASTM D6751 [52] and EN 14,214 [61]. These results indicate that the synthesized biodiesel
may serve as an alternative to petrodiesel. Moreover, the high ester content in the biodiesel indicates
that the conditions identified in this study are optimal for the esterification and transesterification
reactions. However, the acid value of synthesized biodiesel was 0.8, which was higher than the
standards EN 14,214 and ASTM D6751: this could be due to the presence of free fatty acid in the
biodiesel product. A further purification step is therefore required in order to reduce the acid value [62].
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Table 3. Soursop biodiesel’s properties compared with those of rapeseed biodiesel, the standards
ASTM D6751, and EN 14214.

Properties
ASTM

Method
ASTM
D6751 a EN 14214

Rapeseed
Biodiesel b This Study

Acid value (mg KOH/g) D664 <0.5 <0.5 0.31 <0.8
Sulfur content (wt. %) D5453 <0.05 <0.05 <0.01 0.04

Ester content (%) D7371 na c >96.5 na c 98.6
Viscosity at 40 ◦C (mm2/s) D445 1.9–6.0 3.5–5.0 6.35 5.5

Water content (mg/kg) D95 na c <500 300 300
Cetane number D613 >47 >51 45 53

Density (kg/m3) D1480 na c 860–900 880 868
Flash point (closed cup) (◦C) D93 100–170 >120 na c 123

a Data obtained from Reference [52]; b Data were obtained from Reference [51]; c na = none reported.

3.6. The Feasibility of Soursop Seed Oil as Biodiesel Feedstock

With an increasing demand for renewable energy, biodiesel has been widely produced to replace
petrodiesel. To reduce the production cost, various non-edible feedstocks including microbial
oil [12–14], waste cooking oil [17–19], insect fat [20–22], and plant seed oil [23–25], have been
studied for biodiesel production because of their low-price. However, the availability of those
oils is still a major concern for large-scale production [10]. Therefore, efforts have been made to
search for new low-cost biodiesel feedstocks. In recent years, the use of plant seed obtained from
fruit production industry for biodiesel production has attracted much attention due to its low cost
and availability [25,26]. In the state of Bahia (Brazil), approximately 20 thousand tons of soursop
fruit are produced annually, thus producing about 1.7 thousand tons of soursop seed each year [37].
Since soursop is an economically important crop worldwide [37,41], the global food production from
soursop fruit can cause a problematic surplus of this seed. To add value to the soursop seeds, the
effective method of recycling these seeds is being investigated. In the present study, soursop seeds
were used as a non-edible feedstock for biodiesel production—a solution to the soursop seed disposal
problem. The results suggested that soursop seed can be a potential biodiesel feedstock along with
other non-edible plant seed oils.

4. Conclusions

This paper investigates the use of soursop seed oil for biodiesel production. In the current study,
the reaction conditions of acid-catalyzed esterification and alkali-catalyzed transesterification were
optimized to maximize biodiesel yield. Under optimized conditions, 97.02% biodiesel yield was
obtained. The properties of the soursop biodiesel were determined and were found to meet the ASTM
D6751 and EN 14214. The results of this study suggest that soursop seed oil is a potential biodiesel
feedstock and the soursop biodiesel can serve as an alternative for petrodiesel.
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Abstract: In this study, the production process of second-generation biodiesel from Australian
native stone fruit have been optimised using response surface methodology via an alkali catalysed
transesterification process. This process optimisation was performed varying three factors, each
at three different levels. Methanol: oil molar ratio, catalyst concentration (wt %) and reaction
temperature were the input factors in the optimisation process, while biodiesel yield was the key
model output. Both 3D surface plots and 2D contour plots were developed using MINITAB 18
to predict optimum biodiesel yield. Gas chromatography (GC) and Fourier transform infrared
(FTIR) analysis of the resulting biodiesel was also done for biodiesel characterisation. To predict
biodiesel yield a quadratic model was created and it showed an R2 of 0.98 indicating the satisfactory
performance of the model. Maximum biodiesel yield of 95.8% was obtained at a methanol: oil molar
ratio of 6:1, KOH catalyst concentration of 0.5 wt % and a reaction temperature of 55 ◦C. At these
reaction conditions, the predicted biodiesel yield was 95.9%. These results demonstrate reliable
prediction of the transesterification process by Response surface methodology (RSM). The results
also show that the properties of the synthesised Australian native stone fruit biodiesel satisfactorily
meet the ASTM D6751 and EN14214 standards. In addition, the fuel properties of Australian native
stone fruit biodiesel were found to be similar to those of conventional diesel fuel. Thus, it can be said
that Australian native stone fruit seed oil could be used as a potential second-generation biodiesel
source as well as an alternative fuel in diesel engines.

Keywords: response surface methodology; RSM; second-generation biodiesel; stone fruit; optimisation;
biodiesel testing; transesterification

1. Introduction

Global climate change and the resulting desire for renewable energy sources has generated the
interests for using biofuel in the transport sector [1]. Due to the higher production of biofuel in recent
years, it currently contributes 1.5% global transportation fuel. It has been reported that nearly 40%
of the total worldwide biofuel supply comes from emerging and developing countries. However,
the expansion of biofuel production around the world has raised major concerns, for example the
existence of several first-generation biofuels. Biofuels that are produced from edible sources are
termed first-generation biofuels [2], and these have been increasingly questioned over some concerns
such as food-fuel controversy, environmental pollution, and climate change. The increasing concern
regarding the sustainability of several first-generation biofuels has led to investigations into the
potential of producing biodiesel from non-food crops which are termed as second-generation biodiesel.
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The potential benefits offered by the second-generation biodiesels are that they consume waste oils,
make use of abandoned land and do not compete with food crops [3].

In addition, second-generation biofuel from locally available sources can play a great role
in economic development of rural and emerging region of a country [4]. Despite significant
socio-economic advantages and continuous support from government and non-government
organisations, the market for biofuel production around the world has not expanded very much
over the last few years. Many countries have announced second-generation biofuel support policies,
e.g., the United States has adopted the policies to produce 60 billion litres by 2022 and the European
Union set their target to use 20% renewable energy in the transport sector by 2020 [5]. Both the US
and EU policies could play an important role for the worldwide biofuel development because of
their market size and considerable amount of biofuel imports. In addition, the Australian Federal
Government and its State Governments have developed relevant policies to promote a sustainable
biofuel industry to ensure Australian’s long-term energy security. Leading oil companies such as
Caltex, Shell, BP, and Exxon Mobile are also coming forward in second-generation biofuel research
with more investment. A few plants with research activities are going to be established soon in
emerging countries.

Biodiesel is one of the biofuels and has proved its potential as an alternative fuel worldwide.
Biodiesel is biodegradable, renewable and environmentally friendly [6,7]. The feedstock selection of
biodiesel is very important as 75% of the total cost of biodiesel production is associated with obtaining
feedstocks alone. A high oil yield of any feedstock ensures a commercial scale biodiesel production
at reasonable prices [8]. Feedstock security of supply, feedstock cost of supply and feedstock storage
are the important factors to consider when choosing the biodiesel feedstock [9]. In addition, biodiesel
should be produced from the feedstock that is consistently available, economically viable and locally
available. Currently, the major feedstocks for biodiesel production in Australia are waste cooking oil,
animal tallow, macadamia, beauty leaf, canola and mustard oils [10]. However, stone fruit such as
Prunus armeniaca L. is widely cultivated in Australia, and it yields 22–38% of kernels which contain
up to 54.2% oil. Australia produces about 100,000 tons of summer stone-fruit from October to April
each year and, in 2008, about 16,917 tons of Prunus armeniaca L. fruit were produced from all six
mainland states in Australia. This could therefore be a potential second-generation biodiesel feedstock
in Australia. The main aim of this research was to investigate and optimise the production process
of second-generation biofuel from this Australian native feedstock as the research on it is still far
behind that into other feedstocks. This biodiesel could overcome the limitations associated with
first-generation biodiesels and be used as an alternative to conventional fossil fuels.

2. Literature Review

Stone fruit is similar to a small peach, generally 1.5–2.5 cm in diameter, with its colour varying
from yellow to orange or red. Its single seed is enclosed in a hard stony shell. During fruit processing,
the seeds are discarded due to the presence of hydro-cyanic acid [11]. To utilise this waste product,
it is important to optimise the procedures involved in oil extraction and its conversion into biodiesel.

Many researchers [12–17] have optimised the production of biodiesel from different first- and
second-generation feedstocks using various methods. For example, Saydu et al. [13] optimised the
process of biodiesel production from hazelnut and sunflower oil using single step transesterification
with methanol, and employing potassium hydroxide as a catalyst. Razack and Duraiarasan [12]
optimised the waste cooking oil biodiesel production process using response surface methodology
using encapsulated mixed enzyme as a catalyst. Dharma et al. [17] optimised the biodiesel production
process of Jatropha curcas and Ceiba pentandra oil using response surface methodology as also did
Ong et al. [16] for the Calophyllum inophyllum biodiesel production process.

A few studies have been done on the optimisation of the stone fruit oil (SFO) biodiesel production
process but none of them used any statistical modelling. For instance, Gumus et al. [18] used
alkali transesterification with methanol and potassium hydroxide catalyst for producing SFO methyl
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ester. Abdelrahman [19] produced SFO biodiesel via alkali transesterification with 0.75% potassium
hydroxide catalyst and at a methanol: oil molar ratio of 6:1. Faizan et al. [20] showed that the wild
Prunus Armeniaca L. oil can be transesterified by a single step process via the use of sodium hydroxide
catalyst at a methanol: oil molar ratio of 6:1, and reported a biodiesel yield of 93%. Ashok et al. [21]
performed single step alkali transesterification using 1% potassium hydroxide as a catalyst at 55 ◦C and
60 min reaction time with a constant stirring at 400 rpm and obtained a biodiesel yield of 96.5%. Thus,
many process parameters, including reaction temperature, catalyst type and catalyst concentration,
type of alcohol used, the oil to methanol molar ratio, reaction time and agitation speed have been
found to influence the optimum transesterification process [22–26]. From the above literature, it is
obvious that no/limited investigation has been done on the optimisation of second-generation biodiesel
production process from Prunus Armeniaca L. oil using any statistical modelling. Thus, this study
has explored optimisation of the biodiesel production processes from Australian native stone fruit oil
using response surface methodology.

3. Materials and Methods

3.1. Materials

Stone fruit (Prunus armeniaca L. species) seed oil was purchased from a local producer named
Chromium Group Pty Ltd. of Eumundi, Queensland, Australia. The chemicals used in this study
were methanol (99.9% purity), potassium hydroxide (KOH pellets, 99% purity) and sodium hydroxide
(NaOH pellets, 99% purity). All were of analytical reagent grade (AR) and were procured from the
School of Engineering and Technology, Central Queensland University, Rockhampton, Australia.
A three-neck laboratory reactor (1 L) along with a reflux condenser and a thermocouple placed on a
magnetic heater/stirrer were used in the SFO biodiesel conversion experiments. In this experiment,
methanol, KOH, NaOH and Whatman 541 grade filter paper (pore size 22 μm) were used.

3.2. Oil Extraction

The stone fruits were collected and the fleshy parts were separated manually for drying purposes.
The seeds were separated for kernel collection and oil extraction. For easy breaking of the hard shell,
seeds were softened by immersing in water for 10–20 min. The broken shell can be used as fertilizer or
firewood after the oil extraction process [27]. Kernels were separated from the broken shells and were
crushed using a pestle and mortar and sieved through a 40 mesh or 0.8 mm sieve [19,28]. The ground
kernel was placed in a Soxhlet apparatus and the oil was extracted using petroleum ether (40–60 ◦C)
over 6–8 h until the extraction was completed [19]. After oil extraction, the petroleum ether was
evaporated using a rotary evaporator at 25 ◦C [29]. The oil was placed in an oven at 60 ◦C for 60 min to
remove the remaining solvent. The oil was filtered using Whatman 541 filter paper. After filtration, the
SFO was kept in a sealed container for characterisation. The oil yield was calculated using Equation (1).

Oil Yield (%wt/wt dry kernels) =
weight of oil extracted (g)

weight of dry kernels used (g)
× 100 (1)

3.3. Biodiesel Production

The acid value of raw SFO was determined as 1.65 mg KOH/g. After transesterification using
KOH catalyst transesterification, the acid value of SFO biodiesel was found to be 0.25 mg KOH/g.
This trial experiment suggested that only the single stage alkyl catalyst transesterification process was
satisfactory for SFO biodiesel production. Thus, in each experiment, the experiment was performed by
reacting a known quantity of SFO with methanol and the catalyst.

Initially, the SFO was poured into a three-neck laboratory reactor and heated to the desired
temperature. The measured quantities (molar basis) of methanol and catalyst (KOH) were poured
into a separate beaker and stirred vigorously using a magnetic stirrer at 50 ◦C at 600 rpm for 10 min
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to produce methoxide. This solution was slowly poured into the three-neck reactor containing SFO.
The blend was agitated continuously at 600 rpm and the temperature and reaction time were varied as
per the experimental design. At the end of the transesterification reaction, the blend was transferred
into a separating funnel. Although the separation of glycerol and biodiesel occurred instantaneously,
the funnel was left undisturbed for 24 h. Two separate liquid phases were formed, with the top layer
being methyl ester (biodiesel) and the bottom layer of red viscous glycerol and impurities. The bottom
layer was drained off while the top layer was collected and washed with warm (50 ◦C) distilled water.
This moist biodiesel was then heated to 110 ◦C for 15 min to remove residual water that would have
been retained by the biodiesel during the washing process. The Whatman® qualitative Grade 1 filter
paper was used to filter the biodiesel and finally stored in an airtight container at room temperature
until its characterisation. Biodiesel yield was calculated using Equation (2) and its composition was
determined using a Gas Chromatogram [22]. The graphical illustration of the SFO production process
is shown in Figure 1.

SFO Biodiesel Yield = FAME percent from GC analysis × weight of SFO biodiesel
weight of Stone fruit oil

(2)

Figure 1. Graphical representation of producing biodiesel from SFO biodiesel.
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3.4. Physicochemical Characterisation of SFO

This section discusses the international standards used in characterising the SFO biodiesel and its
composition via Gas Chromatography (GC) and Fourier Transform Infrared (FTIR) spectroscopy.

3.4.1. Fuel Properties

The physicochemical properties and fatty acid compositions of crude SFO and SFO biodiesel were
tested according to ASTM and EN standards. The properties studied were density at 15 ◦C (ASTM
D1298), kinematic viscosity at 40 ◦C (ASTM D445), acid value (ASTM D664), calorific value (ASTM
D240), flash point (ASTM D93) and oxidation stability (ASTM D2274). The fatty acid compositions
were determined using a gas chromatograph according to EN 14103.

Fuel properties calculated based on the fatty acid composition of the SFO biodiesel were cetane
number (CN), saponification value (SV), iodine value (IV), long-chain saturated factor (LCSF) and
degree of unsaturation (DU). The numerical calculations were determined using the following
equations [30]:

CN = 46.3 +
(

5458
SV

)
− (0.225 × IV) (3)

SV = ∑
(560 × Ai)

MWi
(4)

IV = ∑
(254 × D × Ai)

MWi
(5)

LCSF = 0.1 × (C16 : 0 wt %) + 0.5 × (C18 : 0 wt %) + 1 × (C20 : 0 wt %)

+ 1.5 × (C22 : 0 wt %) + 2.0 × (C24 : 0 wt %)
(6)

DU = ∑ MUFA + (2 × PUFA) (7)

where D indicates the number of double bonds, Ai is the percentage of each fatty acid in the FAME,
and MWi is the molecular mass of each component. MUFA denotes monounsaturated fatty acid and
PUFA refers to polyunsaturated fatty acid. The degree of unsaturation was calculated using both
MUFA and PUFA concentrations. Fatty acids of C16:0, C18:0, C20:0, C22:0 and C24:0 stand for palmitic
acid, stearic acid, arachidic acid, behenic acid and lignoceric acid, respectively, and were used for
measuring the long chain saturated factor.

3.4.2. Gas Chromatography

According to EN14103, a gas chromatograph (GC) (Thermo Scientific Trace 1310 GC) was used to
determine the fatty acid composition of the SFO. 25 mg of the SFO biodiesel was dissolved in high
purity hexane (10 mL). Then, this solution was poured to 2 mL auto-sampler vials. The equipment
for the GC test included Thermo Scientific Trace 1310 GC with a split/split less (SSL) injector, flame
ionisation detector, and TriPlus auto-sampler. At 240 ◦C, a 1 μL sample was injected in split mode
(40:1) by maintaining a constant helium flow of 1.2 mL/min. The conditions for separating FAMEs
were: using a BPX-70 column (60 m × 250 μm × 0.25 μm film) with a temperature program: 110 ◦C
(4 min); 10 ◦C/min, 150 ◦C; 3.9 ◦C/min, 230 ◦C (5 min). In this study, SFO biodiesel individual
components were identified by retention time compared to a standard FAME mixture that had certified
concentrations, namely Supelco CRM18920 (FAME C8-C22). Chromeleon 7.2 software was used for
data acquisition and processing.

3.4.3. Fourier Transform Infrared (FTIR) Spectroscopy

The various functional groups present in the crude oil and the biodiesel sample were determined
with Fourier transform infrared (FTIR) spectroscopy. The Spectrum 100 FTIR spectrometer with a
universal Attenuated total reflectance (ATR) sampling accessory (Perkin Elmer, Melbourne, Australia)
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was used to record ATR infrared spectra. SFO biodiesel samples were placed directly on the ATR
window at approximately 40% transmission to record the spectra with four scans, 4000–650 cm−1.
After ATR correction, Spectrum 6.2.0 software was used to acquire data and processing.

3.5. Design of Experiments

Box-Behnken is one of the most commonly used responses surface methodology designs.
This design was used for designing and statistical analysis of this experiment. The Box-Behnken
design matrix was utilised to find the optimum conditions for maximum biodiesel yield production.
The experimental optimisation was achieved via analysis of variance (ANOVA) using Minitab 18
software. The effects of process factors such as methanol: oil molar ratio, KOH catalyst concentration,
and reaction temperature were tested. Using these three factors at three levels required a total of
15 runs for identifying the optimum conditions for transesterification. The coded symbols, ranges,
and levels of the investigated factors are listed in Table 1. The design matrix for the three factors was
varied at three levels, namely −1, 0 and +1. The range levels of the factors investigated were chosen by
considering the initial tests carried out on the effect of individual factors on biodiesel yield as well as
the operating limits of the biodiesel production process conditions as evidenced from the literature.

Table 1. Experimental range and levels coded for independent factors.

Factors/Variables Unit Symbol Coded
Range and Levels

−1 0 +1

Methanol: Oil ratio mol/mol M 4:1 5:1 6:1
KOH catalyst
concentration wt % C 0.5 1.00 1.5

Temperature ◦C T 45 55 65

Methanol: oil molar ratio ranged from 4:1 to 6:1, catalyst concentrations were 0.5–1.5% by weight
of oil and the reaction temperature was varied from 45 ◦C to 65 ◦C (boiling point of methanol). Once
the experiments were completed, the response factor (biodiesel yield) was applied in a full quadratic
model to correlate the response factor to the independent factors. The general form of the full quadratic
model is shown in Equation (8).

Y = P0 + P1Q1 + P2Q2 + P3Q3 + P1,2Q1Q2 + P1,3Q1Q3 + P2,3Q2Q3 + P1,1Q1
2 + P2,2Q2

2 + P3,3Q3
2 (8)

where Y is the response factor (biodiesel yield, %); P0 is a constant; P1, P2, and P3 are regression
coefficients; P1,1, P1,2, P1,3, P2,2, P2,3, and P3,3 are quadratic coefficient; and Q1, Q2, and Q3 are
independent variables.

4. Results and Discussion

This section includes the results of the characterisation of both crude SFO and SFO biodiesel,
fatty acid compositions of SFO biodiesel, optimisation of reaction conditions by response surface
methodology and response surface plots for SFO biodiesel production.

4.1. Characterisation of Crude SFO

The properties of crude stone fruit seed oil used in this study were evaluated prior to the
optimisation process. Physicochemical properties are the most important features to check the quality
of any crude oil. The SFO was characterised by viscosity, density, specific gravity, acid value, calorific
value, saponification number and iodine value. The properties of SFO from this study along with those
from other studies and those of petro diesel were compared and are presented in Table 2. The density
of the oil was found to be 910 kg/m3 which matches with that reported in the literature. Again, the acid
value of SFO was determined to be 1.65 mg KOH/g, indicating the presence of low levels of free fatty
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acids in the oil. The kinematic viscosity of the oil was found to be 34.54 m2/s and the calorific value
was 38.45 MJ/kg, which is within the values found in the literature [18]. Based on above results, it is
clear that Australian native SFO oil have similar fuel properties including fatty acid, calorific value
and viscosity with the data of other researchers, thus it is expected that Australian native SFO may
serve as a good feedstock for biodiesel production.

Table 2. Physical and chemical properties of SFO.

Properties Units SFO This Study SFO [18] SFO [21] SFO [11] Petro Diesel

Kinematic Viscosity @ 40 ◦C m2/s 34.54 34.82 20.53 26.22 3.23
Density kg/m3 910 920 913 916.6 827.2

Specific Gravity @ 15 ◦C g/cm3 0.91 0.91 0.91 0.91 0.83
Acid value mg KOH/g 1.65 2.60 0.68 0.05

Calorific value MJ/kg 38.4 39.6 31.5 45.3
Saponification number mg KOH/g 173 188 187

Iodine value mgI2/100 g 103 90 101

4.2. Properties and Qualities of SFO Biodiesel

The physical and chemical properties of SFO biodiesel from this study, along with results
from other researchers’ work on SFO biodiesel, are compared with other non-edible biodiesels and
petrodiesel in Table 3. It was found that all the properties and qualities of the SFO biodiesel fulfilled the
international standards (USA ASTM D6751 and European Union EN14214). Many researchers [31–34]
showed that densities of biodiesels do not vary considerably, as the density of methanol and oil are close
to the density of produced biodiesel, which usually varies between 850 and 900 kg/m3. The density
of SFO and papaya seed oil (PSO) was found to be 855 and 840 kg/m3 respectively, whereas that of
petrodiesel was found to be 827.2 kg/m3. Densities of other SFO biodiesels also matched with the
international standards. Karanja biodiesel has a density of 931 kg/m3, which is outside the ASTM
and EN standards specification, thus limiting its efficiency of fuel atomisation in airless combustion
systems [35]. However, other biodiesels (Table 3) have slightly higher densities than petrodiesel fuel,
but they are within the range of the international standards. The viscosity of SFO biodiesel was
determined to be 4.26 mm2/s and other biodiesels (except Karanja) ranged from 1.9–6.0 mm2/s and
also fulfil the requirements of the standards. The viscosity of SFO biodiesels of other studies was
found to be within the range as well. The acid values of biodiesels (except Neem) were also in line
with requirements of ASTM and EN biodiesel standards which are less than 0.5 mg KOH/g. Higher
acid values can cause corrosion of IC engines and internal metal parts. Cetane number is an important
fuel property for diesel engines. A higher speed diesel engine works more efficiently with a fuel with a
higher cetane number. A lower cetane number fuel has longer ignition delays providing more time
to complete the combustion process. The cetane number of biodiesel increases with an increase in
fatty acid proportion. Longer fatty acid chains and higher saturated fatty acid content will lead to
a higher cetane number [36,37]. Moringa biodiesel has the highest cetane number of 67.1 compared
with all other biodiesels in Table 3 and is within the international standard limit. All calorific values
are lower than those of petrodiesel fuel (45.3 MJ/kg). The SFO biodiesel calorific value was found to
be 39.64 MJ/kg in this study, thus meeting the minimum EN standard requirement of 35 MJ/kg. All
other SFO biodiesels have similar calorific values as well. The flashpoint of this SFO biodiesel was
found to be 105 ◦C, whereas the ASTM standard specifies 100–170 ◦C and petrodiesel fuel is 68.5 ◦C.
This suggests that SFO biodiesel fuel is safer to handle and store than petroleum diesel. The iodine
value for this SFO was recorded as 104.7 mgI2 which met the range of the EN standard. The higher
the iodine value, the more unsaturated double bonds are present in the methyl ester, leading to better
biodiesel fuel quality. Biodiesel with higher oxidation stability is preferable as low oxidation stability
can affect the quality of biodiesel [38]. This SFO biodiesel has an oxidation stability of 7.15 h, which
falls above the minimum values of both the ASTM (minimum 3 h) and EN standards (minimum 6 h).

295



Energies 2018, 11, 2566

Some biodiesels with poor oxidation stability such as Tobacco, Cottonseed, Jatropha and Moringa
biodiesel can be easily remedied by adding antioxidants.

Table 3. Comparison of SFO biodiesel with other non-edible biodiesels.

Non-Edible
Biodiesels

Density
(kg/m3)

Viscosity
at 40 ◦C,
mm2/s

Acid Value,
mg KOH/g

Cetane
Number

(CN)

Calorific
Value,
MJ/Kg

Flash
Point, ◦C

Iodine Value
(IV) mgl2/100 g

Oxidation
Stability
(OS), h

SFO this study 855.0 4.26 0.25 50.45 39.64 105 104.70 7.15
SFO [18] 884.3 4.92 39.95 111
SFO [21] 857.0 5.20 0.32 58.70 38.93 180 100.70 6.30
SFO [11] 879.4 4.21 0.08 39.12 170 100.66

Petro diesel [39] 827.2 3.23 0.05 48.00 45.30 68.5 38.3 39.0
Tobacco [23,38] 888.5 4.23 51.60 165.4 136 0.80

PSO [39] 840.0 3.53 0.42 48.29 38.49 112 115.89 5.61
Jatropha [38] 879.5 4.80 0.40 51.60 39.23 135 104 2.30
Rapeseed [23] 882.0 4.43 54.40 37.00 170 7.60

Cottonseed [23] 875.0 4.07 0.16 54.13 40.43 150 1.83
Neem [23,38] 868.0 5.21 0.65 39.81 76 7.10
Karanja [38] 931.0 6.13 0.42 55.00 43.42 95
Moringa [23] 883.0 5.00 0.18 67.1 160 74 2.3
ASTM D6751 880.0 1.9~6.0 maximum 0.5 minimum 47 93~170 minimum 3

EN14214 860~900 3.5~5.0 maximum 0.5 minimum 51 35 >120 maximum 120 minimum 6

4.3. The Fatty Acid Composition of SFO Biodiesel

The fatty acid composition of any biodiesel feedstock is an important fuel property. The fatty
acid composition is highly dependent on the quality of the feedstock, its growth condition and the
geographic location in which the plant has grown. The chromatogram of the SFO biodiesel produced
in this study shows the existence of derivatives of C16:0 (palmitic acid), C18:0 (Stearic acid), C18:1
(oleic acid), C18:2 (linoleic acid), C18:3 (linolenic acid), and C22:1 (behenic acid) in Figure 2. GC
chromatogram of SFO biodiesel ensured the formation of methyl ester.

Figure 2. GC Chromatogram of SFO biodiesel.

The fatty acid compositional analysis of SFO biodiesel produced in this study is shown in Table 4,
which indicates a high level (89.7%) of unsaturated fatty acids made up of both polyunsaturated
and monounsaturated fatty acids. Saturated fatty acids such as palmitic acid, stearic acid, and
behenic acid were found to be present at 5.85%, 2.51%, and 0.66%, respectively. Monounsaturated
fatty acids (MUFA) such as oleic acid were found to be the dominant fatty acids (63.84%), whereas
polyunsaturated fatty acids (PUFA) such as linoleic acid and linolenic acid were 25.34% and 0.51%,
respectively. Pedro et al. [40] indicated that the degree of unsaturation of biodiesel did not significantly
affect the engine performance and the start of injection, but it had a significant influence on combustion
characteristics and emissions. The degree of unsaturation was recorded as 115.54% in this study.
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Altun [41] indicated that degree of unsaturation and cetane number of biodiesel could highly influence
NOx formation in biodiesel-fuelled diesel engines. Generally, higher degrees of saturation relate to
higher cetane numbers of biodiesel. Unsaturated biodiesel produces higher NOx and lowers HC
emissions than saturated biodiesels [40]. Furthermore, higher degrees of unsaturation in crude oil
results in the production of less viscous biodiesel.

Table 4. The fatty acid composition of SFO.

Fatty Acids. Formula Molecular Weight Structure wt %

Palmitic C16H32O2 256 16:0 5.85
Stearic C18H36O2 284 18:0 2.51
Oleic C18H34O2 282 18:1 63.8

Linoleic C18H32O2 280 18:2 25.3
Linolenic C18H30O2 278 18:3 0.51
Behenic C22H44O2 340 22:0 0.66

Others 1.29
Total Saturated Fatty Acids (SFA) 9.02

Total Monounsaturated Fatty Acids (MUFA) 63.84
Total Polyunsaturated Fatty Acids (PUFA) 25.85

The degree of Unsaturation (DU) 115.5
Long Chain Saturated Factor (LCSF) 2.83

The distribution of the main fatty acids of some non-edible biodiesel feedstocks (including the SFO
in this study and those from other research works on SFO) are shown in Table 5. Gas chromatography
(GC) analysis of those biodiesels shows that the most abundant fatty acids are oleic acid, linoleic acid,
and palmitic acid. The SFO biodiesel produced in this study shows similar results compared with
those of previous research [18,21,28,42,43] on SFO biodiesel fuel. The presence of higher MUFA and
PUFA can contribute to lower oxidative stability. As mentioned earlier, low oxidative stability could
affect the quality of produced biodiesel. This low oxidation has a negative impact on both kinematic
viscosity and acid value [44]. However, the presence of high contents of MUFA and PUFA ensures
biodiesel with good fuel flow properties (especially in cold prone countries) compared with saturated
fatty acids (SFA).

Table 5. Variations in the main fatty acid compositions of selected biodiesel feedstocks.

Non-Edible Biodiesels
Fatty Acids (% w/w)

Ref.
C16:0 C18:0 C18:1 C18:2 C18:3 Others

SFO this study 5.85 2.51 63.84 25.34 0.51 1.95
SFO 5.62 1.27 67.31 24.68 0.08 1.04 [18]
SFO 4.20 2.32 71.00 20.15 1.20 1.13 [21]
SFO 3.87 0.92 67.21 27.12 0.11 0.77 [28]
SFO 3.79 1.01 65.23 28.92 0.14 0.91 [42]
SFO 66.20 28.20 5.60 [43]
PSO 6.07 3.13 47.73 37.25 1.78 4.04 [39]

Tobacco 8.90 3.50 14.10 70.10 1.00 2.40 [45]
Jatropha 16.20 8.20 38.40 36.80 0.40 0 [46]
Rapeseed 3.49 0.85 64.40 22.30 8.23 0.73 [47]

Cottonseed 28.70 0.90 13.00 57.40 0 0 [48]
Neem 12.00 10.00 61.00 16.00 0 1.00 [49]

Karanja 9.80 6.20 72.20 11.80 0 0 [50]
Moringa 6.50 6.00 72.20 1.0 0.65 13.65 [51]

The comparison of different non-edible biodiesels and SFO biodiesel fatty acid compositions are
shown in Figure 3. It can be seen that MUFA-oleic acid (C18:1) dominates most of the feedstocks (except
tobacco and cottonseed), followed by PUFA-linoleic acid (C18:2) and SFA-palmitic acid (C16:0). Both
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tobacco and cottonseed had high proportions of PUFA and it can be seen in Table 3 that their oxidation
stabilities are very poor (0.8 h and 1.83 h, respectively). Oxidation occurs due to the presence of high
proportions of unsaturated fatty acid chains and double bonds, i.e., PUFA in the parent molecule reacts
with oxygen as soon as it is exposed to air [23,52]. Therefore, biodiesels with high linoleic acid (C18:2)
and linolenic acids (C18:3) such as tobacco and cottonseed tend to have lower oxidation stabilities.

 

Figure 3. Comparison of the fatty acid composition of SFO and other non-edible vegetable oils.

Figure 4 shows the FTIR spectrum of the SFO methyl ester produced in this study. The advantages
of using the FTIR method compared with GC is the ability to analyse whole samples, including
precipitated fractions, without any further preparation [53].

 

Figure 4. Fourier transforms infrared (FTIR) spectrum of SFO biodiesel.

The most important functional groups, wave number, band assignment and absorption intensity
of absorption peaks detected in the FTIR spectrum of the SFO methyl ester are presented in Table 6.
The peak at 1435.8 cm−1 corresponds to the asymmetric stretching of –CH3 present in the SFO biodiesel
sample, which is shown in Figure 4. The peak in the region of 2800–3000 cm−1 represents the CH3

asymmetric stretching vibration. The peak of stretching of the carbonyl group (–C=O) is 1742 cm−1

located in the region of 1800–1700 cm−1 which is common for esters. The fingerprint region of
1500–900 cm−1 is the major spectrum from the SFO methyl ester which has a peak at 1244.8 cm−1,
corresponding to the bending vibration of –CH3 [5]. These results reflect the conversion of triglycerides
to methyl ester.
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Table 6. Functional groups of SFO biodiesel detected in the FTIR spectrum.

Wavenumber
(cm−1)

Group
Attribution

Vibration Type
Functional

Groups
Absorption

Intensity

2924 =C–H Asymmetric stretching vibration Alkyl Strong
2854 –CH2 Symmetric stretching vibration Aromatic Strong
1742 –C=O Stretching Carbonyl Strong

1460.5 –CH2 Shear-type vibration Alkanes Weak
1244.8 –CH3 Bending vibration Alkanes Weak
1195.7 C–O–C Anti-symmetric stretching vibration Ethers Middling
1169.7 C–O–C Anti-symmetric stretching vibration Ethers Middling
1120.4 C–O–C Anti-symmetric stretching vibration Ethers Weak
1017.2 C–O–C Anti-symmetric stretching vibration Ethers Weak
722.7 –CH2 Plane rocking vibration Aromatic Weak

4.4. Optimisation of Reaction Conditions by RSM

The results of the Box–Behnken design model to optimise biodiesel production process parameters
are shown in Table 7. In the transesterification experiments, the SFO biodiesel yield ranged from 75.2%
to 95.8%. This design matrix also shows the experimental run order, experimental yields and predicted
yields. These results show that the biodiesel yield varies with the production process. To avoid
systematic errors, all run orders were randomised.

Table 7. Experimental matrix and results for Box-Behnken design model. The combination in italics
shows the best combination for SFO biodiesel production.

Exp.
Number

Run
Order

M C T
Methanol: Oil
(Molar Ratio)

KOH
(wt %)

Temp
(◦C)

SFO Biodiesel Yield (%)

Experimental Predicted

1 7 0 −1 −1 5 0.5 45 86.65 85.27
2 13 1 −1 0 6 0.5 55 95.75 95.89
3 14 0 0 0 5 1 55 91.65 92.98
4 12 −1 0 −1 4 1 45 80.34 80.85
5 15 1 0 −1 6 1 45 87.71 88.95
6 6 −1 −1 0 4 0.5 55 75.24 76.12
7 9 −1 1 0 4 1.5 55 82.27 82.13
8 11 0 0 0 5 1 55 93.65 92.98
9 5 0 0 0 5 1 55 93.65 92.98
10 8 0 1 −1 5 1.5 45 84.58 84.21
11 4 1 1 0 6 1.5 55 82.11 81.23
12 3 1 0 1 6 1 65 89.33 88.82
13 2 −1 1 1 4 1 65 79.30 78.06
14 1 0 −1 1 5 0.5 65 86.71 87.08
15 10 0 1 1 5 1.5 65 78.10 79.48

The predicted biodiesel yield values were generated from a quadratic regression model as obtained
from Minitab software version 18.0 through response surface methodology (RSM) statistical analysis of
the experimental data. The Minitab 18 program was used to calculate the effects of each parameter and
its interactions with other parameters. The response parameter (biodiesel yield %) was correlated with
other parameters using a full quadratic regression model shown in Equation (9). The model represents
SFO biodiesel predicted yield (Y) as a function of methanol: oil molar ratio (M), catalyst concentration
(wt %) (C) and reaction temperature (T).

Y = 92.983 + 4.719M − 2.161C − 0.730T − 4.490M2 − 4.650C2 − 4.323T2 − 5.168MC
+ 0.665MT − 1.635CT

(9)
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Figure 5a shows the line of a perfect fit with points corresponding to zero error as indicated
by the comparison of experimental and predicted biodiesel yields. Points closer to the straight line
indicate a good agreement between the experimental and predicted values. Figure 5b shows that there
is an adequate correlation between RSM predicted values and experimental values, which verifies the
acceptability of the model. The model represents a relatively good description of the experimental
data regarding the SFO yield.

(a) (b) 

Figure 5. Biodiesel yield values (%): (a) Experimental versus (b) RSM predicted.

The linear, quadratic and interaction effects of the parameters were considered to investigate the
impacts on the biodiesel yield. Table 8 displays the significance of those parameters in terms of the
probability value (p value). It also summarises the resulting regression coefficients and computed
T-values. In the model, positive coefficients M and MT showed a linear effect on biodiesel yield,
whereas quadratic terms of M2, C2, T2, MC, and CT had adverse effects that reduce the biodiesel yield.
At the 95% confidence level, the p values were less than 0.05, indicating significant effects of those
parameters. The analysis of variance (ANOVA) was used to determine the significance and fitness of
the quadratic model.

Table 8. Regression coefficient of the predicted quadratic polynomial model.

Term. Coefficients Standard Errors Computed T-Value p Value

Constant 92.983 0.893 104.17 0.000
M 4.719 0.547 8.63 0.000
C −2.161 0.547 −3.95 0.011
T −0.730 0.547 −1.34 0.239

M × M −4.490 0.805 −5.58 0.003
C × C −4.650 0.805 −5.78 0.002
T × T −4.323 0.805 −5.37 0.003
M × C −5.168 0.773 −6.69 0.001
M × T 0.665 0.773 0.86 0.429
C × T −1.635 0.773 −2.12 0.088

Table 9 shows the level of significance of individual terms and their interactions on the selected
response. The quadratic regression model has higher F value (24.76) and lower p value (0.001) than
significance level (p < 0.05), which indicates that the model is significant at the 99.9% confidence level.
The p value represents the probability of error and is used to check the significance of each regression
coefficient. The interaction effect of each cross product can be revealed through the p value. It is found,
M (methanol: oil molar ratio), C (catalyst concentration), M2 (quadratic effect of methanol amount),
C2 (quadratic effect of catalyst concentration), T2 (quadratic effect of reaction temperature) and MC
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(methanol amount with catalyst) have significant effects on SFO biodiesel production. Among all other
parameters, methanol: oil molar ratio (M) has the lowest p value (0.000) and highest F value (74.53).
These results show that M is the most important parameter in SFO biodiesel production. According
to the regression model in Equation (9), M has a positive effect and both C and reaction temperature
(T) have negative effects on SFO biodiesel yield. This implies that increasing M will increase the
speed of the transesterification process. However, increase in C and T will slow the speed of the
transesterification reaction. The square term of T2 was also significant although it has a smaller F value
compared to its corresponding linear term which indicated its weaker influence in the model. Again,
the ANOVA results showed that the linear term of T with p value was not significant (more than 0.05)
and its quadratic term T2 with p value was significant (less than 0.05). ANOVA also showed that both
C and C2 terms were significant with their F values (15.63 and 27) which indicated their medium effect
in the model. The Lack of Fit was also determined for this regression model. F value and p value of
Lack of Fit parameters were found to be 2.32 and 0.315 respectively. The p value (0.315) of the Lack of
Fit parameter is greater than 0.050, which indicated the quadratic model has an insignificant Lack of
Fit, i.e., the model sufficiently described a relationship between independent parameters such as M, C
and T, with the dependent parameter (SFO biodiesel yield). The coefficient of determination (R2) was
employed to identify the quality of the model fitness. R2 also indicates the good correlation between
the independent parameters. In this study, R2 was found to be 97.8% and the adjusted coefficient of
determination (Adj. R2) was 93.9%. This means that the model explains 97.8% of the variation in the
experimental data. In conclusion, the regression model developed for SFO biodiesel yield was valid
and showed a satisfactory experimental relationship between the response and parameters.

Table 9. ANOVA results for SFO biodiesel.

Source
Sum of
Squares

Degree of
Freedom

Mean
Square

F-Value p-Value Remarks

Model 532.603 9 59.178 24.76 0.001 Significant
M-Methanol 178.123 1 178.123 74.53 0.000 Highly significant
C-Catalyst 37.364 1 37.364 15.63 0.011 Significant

T-Temperature 4.263 1 4.263 1.78 0.239 Not significant
M2 74.447 1 74.447 31.15 0.003 Significant
C2 79.847 1 79.847 27.00 0.002 Significant
T2 69.004 1 69.004 28.87 0.003 Significant

MC 106.823 1 106.823 44.69 0.001 Significant
MT 1.769 1 1.769 0.74 0.429 Not significant
CT 10.693 1 10.693 4.47 0.088 Not significant

Lack of Fit 9.284 3 3.095 2.32 0.315 Not Significant
Pure Error 2.667 2 1.333

Total 544.553 14
R2 = 0.9781 Adj R2 = 0.9386

4.5. Response Surface Plots for SFO Biodiesel Production

The interactive effect of the two factors on the transesterification process for biodiesel production
is necessary for interpreting the impact of independent variables used in the optimisation process.
Figures 6–8 show both surface plots and contour plots of SFO biodiesel yield obtained by the regression
model in Equation (9). Surface plots were produced by plotting three-dimensional (3D) surface curves
against any two independent variables while keeping the other variables fixed at their medium values.
The interaction effect of the two parameters plotted while the third parameter was fixed at a medium
value in the contour plot. Contour plots can identify the variation in biodiesel yield with any change
in experimental conditions.
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4.5.1. Interaction Effect of Methanol: Oil Molar Ratio and Catalyst Concentration

Figure 6a shows the 3D response surface for SFO biodiesel yield production as a function of
methanol: oil molar ratio, and KOH catalyst concentration under the current conditions of Box-Behnken
design matrix. With an increase of methanol: oil molar ratio up to 6:1 (highest) and 0.5 wt % of catalyst
concentration (lowest), biodiesel yield percentage increases. The maximum SFO biodiesel yield of
95.8% was found for KOH 0.5 wt % (Run 13). Table 7 design matrix indicated that highest KOH
concentration at 1.5 wt % and unchanged methanol: oil ratio at 6:1 resulted in lower SFO biodiesel
yield to 82.1% (Run 4). When the methanol:oil molar ratio remains unchanged at 6:1, and the catalyst
concentration is at the highest value of 1.5 wt %, the SFO biodiesel decreases to 82.1% (Run 4). When
the methanol: oil molar ratio was reduced to 4:1 (lowest level), and with the highest value of catalyst
concentration of 1.5 wt %, the biodiesel yield was found to be 82.3% (Run 9). Again, at methanol: oil
molar ratio of 6:1, and with the mid-value of catalyst concentration of 1wt %, the yield was found to be
89.3% (Run 3). On the other hand, when the methanol: oil molar ratio was reduced to 4:1, and with
the mid-value of catalyst concentration of 1 wt %, the yield dropped to 80.3% (Run 12). Methanol: oil
molar ratio affected total biodiesel yield production. ANOVA from Table 9 confirmed that both M, C
and MC interaction were significant. The 2D contour plot with MC interaction along with biodiesel
yield is shown in Figure 6b. It is easy to identify the optimum operating conditions and the related
response values (yield) through the 2D contour plot. Therefore, both M and C are significant factors
for higher biodiesel yield. Although literature showed that higher amount of C could result in less
biodiesel yield production, and eventually produce emulsion and phase separation [54].

(a) 3D response surface plot (b) 2D contour plot

Figure 6. Interaction effect of methanol: oil molar ratio (M) and catalyst concentration (C) on the SFO
biodiesel yield.

4.5.2. Interaction Effect of Catalyst Concentration and the Reaction Temperature

The interaction effect of catalyst concentration, C and reaction temperature, T on the SFO biodiesel
yield in 3D surface plots is shown in Figure 7a. An increase in T to mid-level (55 ◦C), and the low-level
of C (0.5 wt %) can enhance the SFO biodiesel yield up to 95.8% (Run 13), considering M of 6:1 and
reaction time of 60 min constant, which is presented in Table 7 of the Box–Behnken design matrix.
It is found that increasing the T to 65 ◦C and C to 1 wt % resulted in the decline in biodiesel yield
to 89.3% (Run 3). Similarly, increasing C to the highest level of 1.5 wt % and increasing T to the
mid-level of 55 ◦C resulted in a stepwise decline in biodiesel yield to 82.1% (Run 11). Figure 7a displays
the interaction between C and T on biodiesel yield production up to 92%, keeping the experimental
conditions of T at 55 ◦C and C at 1 wt %. ANOVA results in Table 9 confirms that the interaction
between C and T is not significant. Moreover, the higher amount of C and higher T might induce
saponification of triglycerides as well as form soap at the end [55]. Figure 7b shows the 2D contour
plots of CT interaction, which is not significant for SFO biodiesel yield production.
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(a) 3D response surface plot (b) 2D contour plot

Figure 7. Interaction effect of reaction temperature (T) and catalyst concentration (C) on SFO
biodiesel yield.

4.5.3. Interaction Effect of Reaction Temperature and Methanol: Oil Molar Ratio

Figure 8a shows the 3D surface plot of reaction temperature, T and methanol: oil molar ratio,
M with SFO biodiesel yield. The T at mid-level (55 ◦C) and mid-level M of 5:1 shows the maximum
yield. Table 7 Box–Behnken design matrix shows that, at the mid-level T and mid-level M, a biodiesel
yield of 93% can be achieved. However, at mid-level T and the highest level M, biodiesel yield was
optimised and found to be 95.8%. The overall biodiesel yield decreased significantly to 89.3% when T
reached 65 ◦C (Run 3). Any change in T either by an increase or decrease from its mid-level (55 ◦C)
resulted in reduced biodiesel yield. The optimum M was found to be 6:1 and any decreasing the molar
ratio (<6) lowered the biodiesel yield. Figure 8b shows the contour plot of interaction between M
and T. It shows that, at the mid-level of both T and M, biodiesel yield is maximum. Therefore, ANOVA
results in Table 9 confirms that both T and TM are not significant in SFO biodiesel production.

  
(a) 3D response surface plot (b) 2D contour plot 

Figure 8. Interaction effect of methanol: oil molar ratio (M) and reaction temperature (T) on SFO
biodiesel yield.

From ANOVA results in Table 9, it is found that M is the only highly significant process factor
that affects the production of SFO biodiesel. Interaction of MC is also a significant process factor
for biodiesel production. Both the M and MC have higher F values of 74.5 and 44.7, respectively.
Therefore, the optimum reaction conditions are M of 6:1, KOH C of 0.5 wt % and a T of 55 ◦C and the
optimum SFO biodiesel yield is predicted to be 95.9%. To check the validity of the regression model
(Equation (9)), experiments were carried out under predicted optimum conditions. The results of the
experimental values under the optimum conditions indicated the highest (95.8%) conversion of SFO to
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SFO biodiesel. This matches very closely with the predicted value (95.9%). Finally, this small degree of
error (<0.5%) indicates the high accuracy of the model.

5. Conclusions

A response surface methodology-based Box–Behnken design matrix was employed to achieve the
optimum operating parameters for second-generation biodiesel production from SFO. Three major
parameters were varied individually within different ranges to anticipate biodiesel yield in that matrix.
Based on the results, optimum operating parameters for transesterification of stone fruit seed oil were
found to be methanol: oil molar ratio of 6:1, catalyst concentration 0.5 wt %, and a reaction temperature
of 55 ◦C, considering both reaction time and reaction agitation speed were fixed at 60 min and 600 rpm.
The maximum biodiesel yield under such conditions was 95.8%, which also confirmed the RSM model
prediction of 95.9%. ANOVA statistics of this study confirmed that methanol: oil molar ratio has the
most significant effect on the stone fruit biodiesel yield, whereas catalyst concentration and reaction
temperature does not seem to have any significant impact. The results show a significant improvement
in fuel properties of stone fruit biodiesel with kinetic viscosity 4.26 (mm2/s), density 0.855 (kg/m3),
acid value 0.25 (mg/KOH/g), flash point 105 (◦C), cloud point −4 (◦C), pour point −8 (◦C), higher
heating value 39.04 (MJ/kg), cetane number 50.45 and oxidation stability 7.15 (h), all of which meet
both the ASTM D6751 and EN14214 standards. In conclusion, stone fruit oil is a potential for biodiesel
production, and this environment-friendly biodiesel can be used as an alternative to diesel fuel.
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Kinetic modeling and optimization of biodiesel production from white mustard (Sinapis alba L.) seed oil by
quicklime-catalyzed transesterification. Fuel 2018, 223, 125–139. [CrossRef]

16. Ong, H.C.; Masjuki, H.H.; Mahlia, T.M.I.; Silitonga, A.S.; Chong, W.T.; Leong, K.Y. Optimization of biodiesel
production and engine performance from high free fatty acid Calophyllum inophyllum oil in Ci diesel engine.
Energy Convers. Manag. 2014, 81, 30–40. [CrossRef]

17. Dharma, S.; Masjuki, H.H.; Ong, H.C.; Sebayang, A.H.; Silitonga, A.S.; Kusumo, F.; Mahlia, T.M.I.
Optimization of biodiesel production process for mixed Jatropha curcas–Ceiba pentandra biodiesel using
response surface methodology. Energy Convers. Manag. 2016, 115, 178–190. [CrossRef]

18. Gumus, M.; Kasifoglu, S. Performance and emission evaluation of a compression ignition engine using a
biodiesel (apricot seed kernel oil methyl ester) and its blends with diesel fuel. Biomass Bioenergy 2010, 34,
134–139. [CrossRef]

19. Fadhil, A.B. Evaluation of apricot (Prunus armeniaca L.) seed kernel as a potential feedstock for the production
of liquid bio-fuels and activated carbons. Energy Convers. Manag. 2017, 133, 307–317. [CrossRef]

20. Ullah, F.; Nosheen, A.; Hussain, I.; Bano, A. Base catalyzed transesterification of wild apricot kernel oil for
biodiesel production. Afr. J. Biotechnol. 2009, 8, 3309–3313.

21. Yadav, A.K.; Pal, A.; Dubey, A.M. Experimental studies on utilization of Prunus armeniaca L. (wild apricot)
biodiesel as an alternative fuel for CI engine. Waste Biomass Valoriz. 2017, 1–9. [CrossRef]

22. Hamze, H.; Akia, M.; Yazdani, F. Optimization of biodiesel production from the waste cooking oil using
response surface methodology. Process Saf. Environ. Prot. 2015, 94, 1–10. [CrossRef]

23. Atabani, A.E.; Silitonga, A.S.; Badruddin, I.A.; Mahlia, T.M.I.; Masjuki, H.H.; Mekhilef, S. A comprehensive
review on biodiesel as an alternative energy resource and its characteristics. Renew. Sustain. Energy Rev. 2012,
16, 2070–2093. [CrossRef]

24. Atadashi, I.M.; Aroua, M.K.; Abdul Aziz, A.R.; Sulaiman, N.M.N. The effects of water on biodiesel production
and refining technologies: A review. Renew. Sustain. Energy Rev. 2012, 16, 3456–3470. [CrossRef]

25. Banerjee, A.; Chakraborty, R. Parametric sensitivity in transesterification of waste cooking oil for biodiesel
production—A review. Resour. Conserv. Recycl. 2009, 53, 490–497. [CrossRef]

26. Yaakob, Z.; Mohammad, M.; Alherbawi, M.; Alam, Z.; Sopian, K. Overview of the production of biodiesel
from waste cooking oil. Renew. Sustain. Energy Rev. 2013, 18, 184–193. [CrossRef]

27. Targais, K.; Stobdan, T.; Yadav, A.; Singh, S.B. Extraction of apricot kernel oil in cold desert Ladakh, India.
Indian J. Tradit. Knowl. 2011, 10, 304–306.

28. Wang, L. Properties of manchurian apricot (Prunus mandshurica Skv.) and siberian apricot (Prunus sibirica L.)
seed kernel oils and evaluation as biodiesel feedstocks. Ind. Crops Prod. 2013, 50, 838–843. [CrossRef]

29. Fan, S.; Liang, T.; Yu, H.; Bi, Q.; Li, G.; Wang, L. Kernel characteristics, oil contents, fatty acid compositions
and biodiesel properties in developing siberian apricot (Prunus sibirica L.) seeds. Ind. Crops Prod. 2016, 89,
195–199. [CrossRef]

30. Rahman, M.M.; Hassan, M.H.; Kalam, M.A.; Atabani, A.E.; Memon, L.A.; Rahman, S.M.A. Performance and
emission analysis of Jatropha curcas and Moringa oleifera methyl ester fuel blends in a multi-cylinder diesel
engine. J. Clean. Prod. 2014, 65, 304–310. [CrossRef]

31. Kafuku, G.; Mbarawa, M. Alkaline catalyzed biodiesel production from moringa oleifera oil with optimized
production parameters. Appl. Energy 2010, 87, 2561–2565. [CrossRef]

32. Alptekin, E.; Canakci, M. Determination of the density and the viscosities of biodiesel–diesel fuel blends.
Renew. Energy 2008, 33, 2623–2630. [CrossRef]

305



Energies 2018, 11, 2566

33. Encinar, J.M.; González, J.F.; Rodríguez-Reinares, A. Biodiesel from used frying oil. Variables affecting the
yields and characteristics of the biodiesel. Ind. Eng. Chem. Res. 2005, 44, 5491–5499. [CrossRef]

34. Graboski, M.S.; McCormick, R.L. Combustion of fat and vegetable oil derived fuels in diesel engines.
Prog. Energy Combust. Sci. 1998, 24, 125–164. [CrossRef]

35. Silitonga, A.S.; Ong, H.C.; Mahlia, T.M.I.; Masjuki, H.H.; Chong, W.T. Biodiesel conversion from high FFA crude
Jatropha curcas, Calophyllum inophyllum and Ceiba pentandra oil. Energy Procedia 2014, 61, 480–483. [CrossRef]

36. Silitonga, A.S.; Ong, H.C.; Masjuki, H.H.; Mahlia, T.M.I.; Chong, W.T.; Yusaf, T.F. Production of biodiesel
from Sterculia foetida and its process optimization. Fuel 2013, 111, 478–484. [CrossRef]

37. Keera, S.T.; El Sabagh, S.M.; Taman, A.R. Transesterification of vegetable oil to biodiesel fuel using alkaline
catalyst. Fuel 2011, 90, 42–47. [CrossRef]

38. Hasni, K.; Ilham, Z.; Dharma, S.; Varman, M. Optimization of biodiesel production from Brucea javanica
seeds oil as novel non-edible feedstock using response surface methodology. Energy Convers. Manag. 2017,
149, 392–400. [CrossRef]

39. Anwar, M.; Rasul, M.G.; Ashwath, N. Production optimization and quality assessment of papaya (Carica papaya)
biodiesel with response surface methodology. Energy Convers. Manag. 2018, 156, 103–112. [CrossRef]

40. Benjumea, P.; Agudelo, J.R.; Agudelo, A.F. Effect of the degree of unsaturation of biodiesel fuels on engine
performance, combustion characteristics, and emissions. Energy Fuels 2011, 25, 77–85. [CrossRef]
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Abstract: The effect of organosolv pretreatment was investigated using a 30 L bench-scale ball
mill reactor that was capable of simultaneously performing physical and chemical pretreatment.
Various reaction conditions were tried in order to discover the optimal conditions for the minimal
cellulose loss and enhanced enzymatic digestibility of Miscanthus × giganteus (MG), with conditions
varying from room temperature to 170 ◦C for reaction temperature, from 30 to 120 min of reaction time,
from 30% to 60% ethanol concentration, and a liquid/solid ratio (L/S) of 10–20 under non-catalyst
conditions. The pretreatment effects were evaluated by chemical compositional analysis, enzymatic
digestibility test and X-ray diffraction of the treated samples. The pretreatment conditions for
the highest glucan digestibility yield were determined as 170 ◦C, reaction time of 90 min, ethanol
concentration of 40% and L/S = 10. With these pretreatment conditions, the XMG (xylan + mannan
+ galactan) fractionation yield and delignification were 84.4% and 53.2%, respectively. The glucan
digestibility of treated MG after the aforementioned pretreatment conditions was 86.0% with 15 filter
paper units (FPU) of cellulase (Cellic® CTec2) per g-glucan enzyme loading.

Keywords: lignocellulosic biomass; Miscanthus; mechanical pretreatment; organosolv pretreatment

1. Introduction

Lignocellulosic biomass is considered to be an abundant and attractive resource in the biorefinery
system. However, lignocellulosic biomass is a complex organic polymer, which is composed mainly of
carbohydrate polymers (cellulose and hemicellulose) and lignin. In addition, chemical and physical
barriers such as lignin and the crystalline structure of cellulose inhibit the hydrolytic reaction of
enzymes on the cellulose substrate. Thus, pretreatment is an indispensable process to enhance the
enzymatic saccharification of cellulose, and various pretreatment methods have been attempted
extensively. Pretreatment methods can be divided into two different categories: physical and chemical
pretreatment methods and biological pretreatment methods. The purpose of pretreatment is to break
down the structure of the lignocellulosic biomass to improve enzymatic digestibility and thus to enable
the efficient bioconversion of monomeric sugars to biochemicals [1–3].

Chemical pretreatment generally uses various catalysts such as acids, alkalis, ionic liquids,
oxidizing agents, or organic solvents. Among them, acid and alkali catalysts effectively affect the
biomass by either reducing the degree of polymerization or removing lignin [3,4]. Despite its many
advantages, chemical pretreatment has encountered major problems such as equipment corrosion,
long reaction times, high input of solvents, and sugar degradation due to the high reactivity and sever

Energies 2018, 11, 2657; doi:10.3390/en11102657 www.mdpi.com/journal/energies308



Energies 2018, 11, 2657

reaction conditions [5,6]. In addition, the neutralization and washing of the treated solid is essential to
remove the residual chemicals; therefore, a large amount of water is required. As one type of chemical
pretreatment, the organosolv pretreatment method uses a variety of organic or aqueous solvents
under catalytic or non-catalytic conditions. The solvents being used in the organosolv pretreatment
include ethanol, methanol, acetone, formic acid, acetic acid, and glycerol [7,8]. In addition, acid
catalysts such as sulfuric acid and hydrochloric acid are generally applied to lower the pH, because
the carbohydrate–lignin complex efficiently cleaved at low pH. The organosolv pretreatment can
effectively cleave the lignin-to-lignin and lignin-to-hemicellulose bonds, which can recover high purity
lignin [8,9]. As a result, the organosolv-pretreated biomass with low hemicellulose and lignin contents
can be expected to have increased digestibility. However, organosolv pretreatment usually requires
a high reaction temperature range (170–210 ◦C), long reaction time (30–120 min), and high chemical
loading (50–75% in the case of ethanol and 0.5–2.0 wt.% of acid catalyst (such as H2SO4 or HCl)) [10–13].
However, in case of non-acid catalytic conditions (organosolv-only without additional acid), it typically
requires more severe reaction condition. For example, a study of J Wildschut [14] (using a wheat straw)
showed very low enzymatic digestibility of 31.7% at 170 ◦C, 60 min, and 60% ethanol concentration.
When the reaction temperature was increased by 30 ◦C (200 ◦C, 60 min, 60% ethanol concentration),
the digestibility was only 44.4%. On the other hand, when the most severe reaction conditions (210 ◦C,
90 min, 50% ethanol concentration) were applied, the enzymatic digestibility increased to 85.9%.

Meanwhile, mechanical pretreatment methods commonly include grinding, milling,
and comminution. They usually reduce the particle size and increase the surface area, which improves
the contact surface of the biomass exposed to the enzyme [14]. Among the mechanical pretreatment
methods, ball milling pretreatment severely reduces the crystallinity of cellulose by breaking hydrogen
bonds in the substrate [15]. It increases the amorphous portion of cellulose, which improves the
accessibility of the substrate to the enzyme [16]. In some studies on the tendency of biomass size
reduction, the negative effect of milling on enzymatic digestibility was reported that the grinded
MG (using hammer mill to 80 μm) resulted in only 22.5% digestibility [17]. In addition, ball mill
pretreatment has previously received less attention because of its high energy consumption and long
reaction time. However, integrating the mechanical and chemical pretreatment has the potential to
overcome the shortcomings of chemical pretreatment method [18–20].

The main purpose of this study was to improve the pretreatment effects for Miscanthus × giganteus
(MG) by combining mechanical and chemical pretreatment methods. The various reaction conditions
(reaction temperature, time, and ethanol concentration) were evaluated to reduce the reaction time
and decrease the reaction temperature of the organosolv pretreatment. Ethanol was used because
ethanol is not only cheaper than other organic solvents, but it also has a low boiling point, which
makes it easy to recover [21,22]. In general, organosolv pretreatment is supplemented with organic
or inorganic acid to control the pH level for improved hydrolytic reaction, but this study was carried
out under non-catalytic conditions to avoid the problems with an acid catalyst, such as equipment
corrosion and the formation of toxic substances such as levulinic acid, 5-(hydroxymethyl)furfural
(5-HMF) and furfural [1]. To the best of our knowledge, there have been few studies on the combined
pretreatment with organosolv and ball milling in a large-scale reactor system. According to a study
by Y. Teramoto [23] (ball milling and organosolv treatment were performed separately), enzymatic
digestibility was improved to 67.4% under the pretreatment conditions of 200 ◦C, 60 min, and 75%
ethanol concentration.

In this study, one of the representative mechanical pretreatments, the ball mill pretreatment
with alumina balls, was applied. A 30-L reactor was custom designed to demonstrate the combined
effects of chemical and physical pretreatment. In addition, this large-scale ball mill can be operated
at a maximum temperature of 200 ◦C and pressure of 20 kgf/cm2. Prior to testing the 30-L ball mill,
small lab scale tests were performed.
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2. Results and Discussion

2.1. Effects of Ethanol Concentration on Compositions of Pretreated Solids and Liquids Using Small Scale
Batch Reactor

In a previous study of organosolv pretreatment, high ethanol concentration and loading were
applied to achieve effective pretreatment effects; therefore, this method was expected to increase the
overall processing cost. In general, the use of a lower ethanol concentration to reduce the processing
cost of the organosolv pretreatment process. A preliminary experiment was conducted to determine
the adequate ethanol concentration, and the chemical compositions of the organosolv-treated MG
are shown in Figure 1. The reaction temperature and reaction time were fixed at 170 ◦C for 60 min,
which were pre-selected based on the previous studies [10–13].

Figure 1. Effect of ethanol concentration on (a) solid content of untreated and pretreated
Miscanthus × giganteus (MG); (b) monomeric sugar and byproduct concentrations of liquid hydrolysate.
Reaction conditions: 170 ◦C, 60 min, liquid/solid (L/S) ratio = 10. Data in the figure are based on
untreated biomass (wt.%).

As shown in Figure 1a, solubilizations of glucan (10.2–13.2%) were generally lowers than those
(10.5–29.8%) of XMG (sum of xylan, mannan, and galactan). In addition, the glucan and XMG contents
of the treated solids were more preserved as the ethanol concentration increased from 30% to 60%.
The reason for this phenomenon was because of the different hydrogen ion concentrations in water
produced at high temperatures.

A low ethanol concentration can produce more hydronium ion (H3O+) than a high ethanol
concentration does due to the greater water content [24]. Therefore, the pH value of the low ethanol
concentration becomes lower than that of the high ethanol concentration, and this promotes the
depolymerization of hemicellulose [25]. In contrast, lignin content showed no important change
as ethanol concentrations rose from 30% to 60%. The hemicellulose is bound with lignin in the
cell wall of the biomass, which is more susceptible to hydrolysis under severe conditions [26,27].
Concentrated ethanol is known to be effective for lignin solubilization. However, reaction under harsh
conditions is generally necessary for the effective cleavage of the lignin–hemicellulose complex,
which was assumed to be related to pH. The extent of delignification with increased ethanol
concentration was shown to be consistent at the tested ethanol concentration (Figure 1a). The tendency
of sugars in the residual solid upon various ethanol concentrations was similar to that of the solubilized
sugar in liquid hydrolyzate shown in Figure 1b. As shown in Figure 1b, the formations of XMG and
byproducts (formic acid, acetic acid, levulinic acid, 5-HMF, and furfural) in liquid hydrolyzate were
decreased with increased ethanol concentration. However, the amount of glucan decomposition was
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not affected by ethanol concentration. At 30% ethanol concentration, 21.1% of XMG was solubilized.
Under the same conditions, byproduct was formed including 0.4 g/L of formic acid, 0.8 g/L of acetic
acid, and 0.4 g/L of furfural (levulinic acid and 5-HMF were < 0.1 g/L). At 60% ethanol concentration,
11.9% of XMG was solubilized. Under these conditions, byproduct was formed and contained 0.3 g/L
of formic acid, 0.4 g/L of acetic acid and 0.2 g/L of furfural (c.f. levulinic acid and 5-HMF were
< 0.1 g/L). In general, organosolv pretreatment has more advantage for delignification with high
ethanol concentration. Based on these results in Figure 1b, the ethanol concentration for maximum
XMG solubilization was determined to be 40%, which can achieve maximum XMG solubilization and
possibly more delignification.

2.2. Organosolv Pretreatment Using Bench-Scale Ball-Milling Reactor

2.2.1. Effects of Reaction Temperature and Time

The various effects of organosolv pretreatment were evaluated using a bench scale ball-milling
reactor. Table 1 presents the effects of organosolv pretreatment on the chemical compositions of the
treated solids and liquid hydrolyzate. As the reaction temperature increased from room temperature
(RT) to 170 ◦C, the XMG removal and lignin removal (delignification) were highly increased for all
pretreatment times. However, the changes in XMG solubilization from the treated solids at RT and
130 ◦C were inconsiderable at all reaction times.

Table 1. Effects of reaction temperature and time on chemical compositions of treated solids and
liquid hydrolyzate.

Conditions Treated Solids Liquid Hydrolyzate Total Cons. 1

Temp. Time Glucan XMG 2 Lignin 3 Glucan XMG Glucan XMG
[◦C] [min] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Untreated 43.8 21.2 20.5 - - - -

RT 4
30 43.5 20.9 20.2 0.4 0.5 99.7 99.1
60 43.3 21.0 20.0 0.4 0.7 99.5 99.8
120 43.0 20.7 20.3 0.6 0.8 98.9 98.5

130
30 41.7 20.1 18.3 0.7 2.1 96.0 97.0
60 42.3 20.2 18.5 0.9 2.6 97.5 97.7
120 42.7 20.0 16.7 0.8 3.4 98.5 97.7

150
30 42.1 19.0 15.4 1.1 8.4 97.3 98.0
60 41.5 17.6 14.1 1.4 15.4 96.3 98.4
120 40.7 14.4 12.3 2.0 30.0 95.1 97.8

170
30 41.2 10.1 10.6 1.9 40.9 96.0 88.3
60 40.8 4.2 10.0 1.9 65.3 95.0 85.3
120 35.4 2.0 7.8 4.1 74.1 85.0 83.6

1 Total conservation: [(remaining (wt.%) in treated solid + fractionated (wt.%) in liquid)/untreated (wt.%) in
MG]×100; 2 XMG: xylan + mannan + galactan; 3 Lignin: acid-insoluble lignin; 4 room temperature (~25 ◦C).
Reaction conditions: 40% ethanol concentration and L/S ratio = 10.

At 150 ◦C for 120 min, XMG removal was 32.1%, whereas the delignification was 40%. On the other
hand, with the 170 ◦C treatment, the XMG removal and delignification differed considerably between
the 30 min and 120 min treatments. At 170 ◦C for 120 min, the XMG removal and delignification yields
were 90.6% and 62.0%, respectively, which were considerably increased from the 52.4% XMG removal
and 48.3% delignification of the 30 min treatment. The glucan contents were preserved well at all
treatment conditions (>80.8%).

The composition of liquid hydrolyzates had similar trends. As the reaction conditions became
more severe, the XMG solubilization yields in the liquid hydrolyzate were proportionally increased.
The solubilization yield of XMG was less than 30.0% at RT, 130 ◦C, and 150 ◦C, while substantial
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changes were observed at 170 ◦C treatment. The maximum recovery yield of XMG was 74.1% at 170 ◦C
for 120 min.

The glucan and XMG contents were decreased as the reaction temperature and time became more
severe. Under the most severe conditions of 170 ◦C and 120 min, total conservation of glucan and
XMG were 85.0% and 83.6%, respectively. This suggested that appropriate reaction conditions must be
selected to accomplish the effective fractionation of sugars and lignin.

Figure 2 summarizes the byproduct formations (mainly formic acid, acetic acid, and furfural)
at two different reaction temperatures (150 ◦C and 170 ◦C). The byproduct formations (formic acid,
acetic acid, levulinic acid, 5-HMF, and furfural) at RT and 130 ◦C were not substantial, which were
less than 0.3 g/L (data not shown). Byproducts were produced by the decomposition of cellulose
and hemicellulose, which typically occurred at the more severe reaction conditions [28]. Therefore,
this is a good indicator to determine the severity of the reaction. At the most severe conditions
(i.e., 170 ◦C for 120 min), the productions of formic acid, acetic acid, and furfural were 1.2 g/L, 3.5 g/L
and 2.0 g/L, respectively.

Figure 2. Effects of reaction temperature and time on concentrations of byproducts in liquid
hydrolyzate. Reaction conditions: 40% ethanol concentration and 10 L/S.

2.2.2. Effects of Liquid/Solid (L/S) Ratio

The effects of ethanol concentrations (40% and 60%), L/S ratio (10 and 20), and reaction times
(from 30 to 120 min) on the chemical compositions of treated solids at 170 ◦C are summarized in
Table 2. The results indicate that the run No. 1 (ethanol concentration of 40% and L/S ratio of 10)
conditions seem to be more severe than those of run No. 2 (ethanol concentration of 40% and L/S
ratio of 20) and run No. 3 (ethanol concentration of 60% and L/S ratio of 10), because the retention
of XMG in treated solid in run No. 1 was lower than those of the other runs. For the decomposition
of sugar, in particular, XMG was depending on the pretreatment reaction severity, and the observed
results in Table 2 were assumed to be related to the generation of acid products such as formic acid
and acetic acid. Because the acetyl group of hemicellulose is cleaved as the reaction progresses, acetic
acid is generated, which would drop the pH of the solution during the reaction and consequently
increase the reaction severity, therefore promoting the hydrolysis of hemicellulose. Regardless of
the amount generated, the acid concentration at an L/S of 10 is expected to be higher than that of
20. After treatment, the pH values of the liquid hydrolyzate of runs No. 1 and 2 at a reaction time
of 120 min were 3.32 and 4.17, respectively. This means that L/S = 10 is a more severe condition
than L/S = 20, and this can further promote the hydrolysis of MG during the reaction. On the other
hand, the high ethanol concentration (run No. 3) resulted in the formation of a low concentration of
hydronium ion; therefore, the hydrolysis effect was not improved. In addition, the delignifications
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of runs No. 1, 2, and 3 were 58.0%, 61.0%, and 62.0%, respectively. This indicated that a 40% ethanol
concentration could effectively remove the lignin (~60%).

Table 2. Chemical compositions of solids and liquid hydrolyzates and total conservation yield of ball
mill organosolv pretreatment under various reaction conditions.

No.

Conditions Treated Solid Liquid Hydrolyzate Total Conservation

EtOH L/S Time Glucan XMG Lignin Glucan XMG Glucan XMG
[%] [-] [min] [%] [%] [%] [%] [%] [%] [%]

Untreated 43.8 21.2 20.5 - - - -

1 40 10

30 41.2 10.1 10.6 1.9 40.9 96 88.3
60 40.8 4.2 10 1.9 65.3 95 85.3
90 37.5 3.3 9.6 1.8 68.6 87.6 84

120 35.4 2 7.8 4.1 74.1 85 83.6

2 40 20

30 39.6 12.8 11.8 1.7 35.5 92.3 95.8
60 38.8 8.8 9.1 2.3 56.5 91 98
90 37.8 6.3 8.5 2.2 57.4 88.5 87.1

120 36.6 5.3 8 2.4 59.2 86.1 84.1

3 60 10

30 42.3 18.3 12.9 1.8 9.8 98.5 95.8
60 39.5 15.7 11.5 1.9 16.8 92.2 91
90 38.8 13.6 9.4 2 24.5 90.6 88.4

120 37.5 8.7 8.6 2.1 45.3 87.8 86.3

Total conservation: [(remaining (wt.%) in treated solid + fractionated (wt.%) in liquid)/untreated (wt.%) in MG]×100;
EtOH, ethanol; XMG: xylan + mannan + galactan; Lignin: acid-insoluble lignin. Reaction temperature: 170 ◦C.

2.2.3. Enzymatic Digestibility Testing of Pretreated Solids

The enzymatic digestibility tests were performed on untreated and treated MG, and the glucan
digestibilities are summarized in Figure 3. Figure 3a compares the digestibility of untreated MG
and treated MG under various reaction conditions with the fixed L/S ratio of 10, because L/S = 10
required less solvent than L/S = 20 and effective hydrolysis could be expected. As shown in Figure 3a,
the digestibility at three treatment temperatures, RT, 130 ◦C and 150 ◦C, did not exceed 40% for 72 h
of hydrolysis. The digestibility of the solids treated at 150 ◦C for 120 min was only 39.4% at 72 h of
hydrolysis. However, the enzyme digestibility of the sample treated at 170 ◦C was increased to the
extent to which it was similar to that using α-cellulose. The 72-h digestibility values of the samples
treated for 60 and 120 min were 75.7% and 96.9%, respectively. In particular, the 72-h digestibility of
the sample treated at 170 ◦C for 120 min was 8.9% higher than that 88.0% of α-cellulose. The 72-h
digestibility values of untreated MG and α-cellulose as the reference and control were 6.5% and
88.0%, respectively.

The effects of ethanol concentration and L/S ratio on digestibility at the 90 min reaction time
are presented in Figure 3b. The 72-h digestibility of treated MG with 60% ethanol was considerably
lower than that of the treated solids with 40% ethanol. Although the digestibility of the two treatment
conditions using 40% ethanol were close to 80% in 24 h, the hydrolysis rate was faster than that
of α-cellulose (70.2%) with 15 filter paper units (FPU)/g-glucan enzyme loading. Considering the
aforementioned results (Table 2 and Figure 3), the following conditions were selected for the effective
pretreatment and fractionation of MG: 170 ◦C reaction temperature, 90 min reaction time, 40% ethanol
concentration and 10 L/S ratio. The 72-h digestibility of the organosolv-treated sample (L/S of 10 with
40% ethanol concentration) was 86.0%. In addition, during pretreatment reaction at 170 ◦C (Table 2 and
Figure 3b), it was observed that lignin removals were not substantial (<58.5% of delignification) at all
tested conditions. It indicated that lignin could melt or dissolve and re-precipitate back on the solids,
which was to suggest that removal of lignin to the liquid phase was only a partial measure of what is
happening with the lignin fraction.
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Figure 3. Enzymatic digestibility profiles of treated and untreated Miscanthus × giganteous at: (a) 40%
ethanol concentration and L/S = 10 and (b) 170 ◦C for 90 min. RT (room temperature); EtOH (ethanol);
L/S (liquid/solid); enzymatic hydrolysis conditions: 15 FPU of Cellic® CTec2/g-glucan, pH 4.8, 50 ◦C,
and 150 rpm.

2.3. Crystallinity Index (CrI) of Untreated and Treated MG

The X-ray diffraction (XRD) patterns and CrI of untreated and treated MG at various reaction
temperatures (RT, 130 ◦C, 150 ◦C, and 170 ◦C) are presented in Figure 4. Several studies have shown
that as the reaction severity increases, the CrI of treated solid increases due to the removal of the
amorphous parts (xylan and lignin) [29]. However, as shown in Figure 4, the crystallinities of the
samples treated at RT (59.1) and 130 ◦C (62.9) were lower than that of the untreated sample (64.1).
We speculated that the decrease in CrI for the samples treated at RT and 130 ◦C was because of the
severe size reduction effect due to the ball milling pretreatment. In contrast, for the samples treated
at 150 and 170 ◦C, the CrIs were 67.3 and 67.0, respectively. As the reaction temperature increased
to >150 ◦C, XMG and lignin were removed and the CrI increased to more than that of the untreated
sample, which may be due to the more removal of the amorphous portions.

Figure 4. The diffraction patterns and CrIs (crystallinity indices) of untreated and treated
Miscanthus × giganteous at different reaction temperatures. Reaction conditions: 60 min reaction time,
40% ethanol concentration and L/S = 10.
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3. Materials and Methods

3.1. Materials

The air-dried MG, harvested in Wanju, Jeollabuk-do, Korea in 2016, was supplied by the
National Institute of Crop Science (Wanju, Jeollabuk-do, Korea). The MG was ground (Blender 7012s,
Warning Commercial Inc., Stamford, CT, USA) and screened to a nominal size of 14–45 mesh
(from 0.36 to 1.4 mm). The average moisture content of the MG was determined to be 5.6%
(by oven-drying at 105 ◦C for 24 h). The chemical composition of the untreated MG was determined
using the laboratory analytical procedure (LAP) developed by the National Renewable Energy
Laboratory (NREL, 2008).

The initial composition of the MG was: 43.8 wt.% glucan, 21.2 wt.% XMG, 0.5 wt.% arabinan,
3.9 wt.% acetyl group, 1.0 wt.% acid-soluble lignin, 19.6 wt.% acid-insoluble lignin, 1.5 wt.% organosolv
extractives, 5.0 wt.% water-soluble extractives, and 2.2 wt.% ash (n = 3, standard deviations < 0.2).
The mass closure of the untreated MG reached 98.5 wt.% (oven-dried biomass weight). The α-cellulose
(catalog number C8002) and ethanol (95.0%, denatured, catalog number E0219) were purchased
from Sigma-Aldrich Korea (Yongin, Gyeonggi-do, Korea) and Samchun Pure Chemical Co., Ltd.
(Pyeongtaek, Gyeonggi-do, Korea), respectively.

3.2. Experimental Setup and Operation

3.2.1. Small Batch Organosolv Pretreatment Reactor

The small batch reactor (Figures 5 and A1) consisted of a control box, a reaction bath (molten salt
bath and silicon oil bath), and a cooling bath (water bath). The bomb tubular reactor was made
of SS-316L (internal diameter of 1.0 cm, length of 20.0 cm, and internal volume of 15.7 cm3).
The temperature of the reaction bath was measured using a high temperature junction-type
thermocouple (catalog number HY-72D, HANYOUNG NUX, Inchoen, Gyeonggi-do, Korea).
The control box had a timer, a movement controller, and a digital temperature controller.

Figure 5. Schematic diagram of the small batch reactor setup: (1) timer and counter; (2) control box;
(3) voltmeter; (4) ammeter; (5) thermo-controller; (6) temperature indicator; (7) salt bath; (8) silicon oil
bath; (9) cooling bath; (10) batch reactor; (11) electric motor; (12) main switch.

First, 0.6 g (oven dry weight) MG and 6.0 mL ethanol (30%, 40%, 50% or 60%, w/v) were packed
into the tubular-shaped batch reactor. The reactor was placed in a molten salt bath to preheat it to
the target reaction temperature (170 ◦C). To shorten the preheating time, the molten salt bath was
set to 50 ◦C higher than the target temperature. The preheating time was less than 1 min. When the
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target temperature was reached, the reactor was transferred to the silicon oil bath set at the target
temperature (170 ◦C) targeted time (60 min). At the end of the reaction time, it was transferred to
a water bath and rapidly cooled. After cooling, liquid samples were removed from the reactor then
then diluted 3-fold with DI (deionized) water—it facilitated the lignin precipitation. This liquid sample
was subjected to the evaporation (at 55 ◦C for 4 h), then acid hydrolysis was carried out to analyze the
liquid sample by adding 72% sulfuric acid to a final sulfuric acid concentration of 4.0%. The solids
removed from the reactor were washed with ethanol (30%, 40%, 50% or 60%, w/v) and water, and were
then dried in a 45 ◦C convection oven. The dried solids were measured for weight loss and subjected
to composition analysis. Each experiment was performed in triplicate.

3.2.2. Bench Scale Ball-Milling Pretreatment Reactor

A schematic diagram of the bench scale ball-milling reactor is shown in Figures 6 and A2. The main
reactor was constructed using SS-316L (internal diameter of 30.0 cm, depth of 42.0 cm and internal
volume of 30 L) with a wall thickness of 10.0 mm. The pressure, temperature, and rpm could be driven
up to 20 kgf/cm2, 200 ◦C, and 60 rpm, respectively. A metal spiral gasket was installed between the
head and reactor at each of the two sides (front head and back head) to prevent pressure leakage.
The front head was equipped with a hand hole 7.5 cm in diameter to feed in the reactant (biomass balls
and ethanol) and to discharge the product. The reactor heating system was controlled of a mantle type
electrical heater and capacity of heater was 10 kW. The motor (380 V, 3 Phase and 0.5 Hp) was installed
to rotating for reactor and slip ring was installed with a rotating connector that could supply power
or signals to the rotating equipment without twisting the line. The reactor was mounted on a frame
with a turning roller to assist rotation and was equipped with a tilting system. The reactor was based
on ball milling, but it was also designed to enable its operation under high temperature and high
pressure. The alumina ball (HD, sphere type, 10 mm diameter and 3.6 g/cm3 density) was purchased
from NIKKATO Co., (Osaka, Japan). The alumina balls, MG, and ethanol (40% or 60%, w/v) were
placed in the bench scale ball milling pretreatment reactor. The ratio of ball/MG/solvent was 30:1:10
(w/w/v). The reactor was preheated for 1 h until it reached the target temperature (130 ◦C, 150 ◦C or
170 ◦C), and the reactor was rotated during preheating. The pretreatment at RT was not preheated.
When the target temperature was reached, the reaction was continued for a designated time (30, 60,
90 or 120 min). At the completion of the reaction, liquid samples were removed from the reactor then
subjected to the evaporation (at 55 ◦C for 3 h), which was then diluted 3-fold with DI-water, which
facilitated the lignin precipitation. This liquid sample was subjected to the evaporation (at 55 ◦C for
4 h), then acid hydrolysis was carried out to analyze the sugars and lignin in the liquid sample by
adding 72% sulfuric acid to a final sulfuric acid concentration of 4.0%. The solids removed from the
reactor were washed with ethanol (40% or 60%, w/v) and water and separated into two portions.
One portion was dried in a 45 ◦C convection oven to determine weight loss (remaining solids) and
subjected to composition analysis. The other portion was washed with DI-water and stored in a tightly
sealed container until it underwent an enzymatic digestibility test. Each experiment was performed
in duplicate.
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Figure 6. Schematic diagram of bench scale ball milling pretreatment reactor setup. PG (pressure gauge);
TG (temperature gauge); DI (deionized) water.

3.3. Enzymatic Digestibility Test

The enzymatic digestibility of untreated and treated MG was determined according to the NREL
Technical Report 510-42629 [30]. The tests were performed under the following conditions: 50 ◦C,
150 rpm, and pH 4.8 in a shaking incubator (BioFree, model BF-175SI, Co., Ltd., Dongdaemun-gu,
Seoul, Korea). Enzyme loadings were 15 FPU/g-glucan of commercial cellulase enzyme Cellic CTec2
(Novozymes, A/S Bagsvaerd, Denmark). The initial glucan concentration was 1.0% (w/v) based on
100 mL (50 mM sodium citrate buffer) of total liquid in 250-mL Erlenmeyer flasks. To prevent microbial
contamination, 1.0 mL of 20 mg/mL sodium azide was added. Samples were taken at the appropriate
sampling times (6, 12, 24, 48 and 72 h) and analyzed for glucose content using high performance
liquid chromatography (HPLC) with an HPX-87H column (cat. No. 125-0098, Bio-Rad Laboratories
Inc., Hercules, CA, USA). The total glucose released after 72 h of hydrolysis was used to calculate the
enzymatic digestibility for glucan as follows:

Glucan digestibility (%) =

[
Total released glucose (g)× 0.9

Initial glucan loading (g)

]
× 100 (1)

where 0.9 is the conversion factor of glucose to the equivalent in glucan. Untreated MG and α-cellulose
were put through the same procedure as the reference and the control, respectively.

3.4. Analytical Methods

The extractives, chemical compositions, and liquid fractions of the solid and liquid samples
were determined by following the procedures of NREL-LAP [31]. Glucose, XMG and byproducts
(formic acid, acetic acid, levulinic acid, 5-HMF, and furfural) were analyzed by HPLC. The HPLC
system (1260 Infinity, Agilent Technologies Inc., Santa Clara, CA, USA) was used for the measurement
of monomeric sugars and byproducts. The analytical column and detector used were an Aminex
HPX-87H organic acid column (Bio-Rad) and a refractive index detector (1260 RID, Agilent
Technologies Inc.), respectively. The mobile phase was 5 mM sulfuric acid in deionized water filtered
through 0.2-μm filters and degassed by sonication. The operating conditions for the HPLC column
were 65 ◦C with a mobile phase with a volumetric flow rate of 0.5 mL/min. External standards
consisting of glucose, XMG, arabinose, formic acid, acetic acid, levulinic acid, 5-HMF, and furfural
were used for quantification.
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3.5. Crystallinity Measurement

Crystallinities of the untreated and treated MG were determined by XRD (Rigaku Co.,
Tokyo, Japan) operated at 40 kV and 40 mA. The samples were scanned at 4◦/min (2θ = 10–35◦, 0.02
increment). The crystallinity indices of the samples were calculated using the following equation [32].

CrI =
[

I002 − I18

I002

]
× 100 (2)

where I002 is the peak intensity corresponding to the 002 lattice plane of the cellulose molecule observed
at 2θ equal to 22.5◦, and I18 (at 2θ = 18◦) is the peak intensity corresponding to amorphous cellulose.

4. Conclusions

In this study, we demonstrated that the combined mechanical and chemical pretreatment
effectively reduced the recalcitrance of the MG. We also confirmed that the integration of mechanical
and chemical pretreatment can be implemented in a large-scale reactor system. Reduced XMG, lignin,
and cellulose crystallinity with minimal sugar loss could improve the enzymatic digestibility of
the treated solids. For the improved enzymatic digestibility of glucan using commercial cellulase,
pretreatment conditions were determined (170 ◦C reaction temperature, 90 min reaction time,
40% ethanol concentration, and 10 L/S ratio).
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Appendix

Figure A1. Small batch reactor setup for organosolv only pretreatment.

318



Energies 2018, 11, 2657

Figure A2. Bench scale ball milling pretreatment reactor setup for ball-milling organosolv pretreatment.
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Abstract: As global fossil reserves are abruptly diminishing, there is a great need for bioenergy.
Renewable and sustainable bioenergy products such as biofuels could fulfill the global energy
demand, while minimizing global warming. Next-generation biofuels produced by engineered
microorganisms are economical and do not rely on edible resources. The ideal biofuels are alcohols
and n-alkanes, as they mimic the molecules in fossil fuels and possess high energy densities. Alcohols
and n-alkane hydrocarbons (C2 to C18) have been produced using engineered microorganisms.
However, it is difficult to optimize the complex metabolic networks in engineered microorganisms to
obtain these valuable bio-hydrocarbons in high yields. Metabolic engineering results in drastic and
adverse cellular changes that minimize production yield in microbes. Here, we provide an overview
of the progress in next-generation biofuel (alcohols and n-alkanes) production in various engineered
microorganisms and discuss the latest tools for strain development that improve biofuel production.

Keywords: microbial biofuel; metabolic engineering; alkanes; alcohols

1. Introduction

The global scarcity and predicted depletion of fossil fuel reserves is a threat to future energy
demand [1–3]. Excess consumption of transportation fuel leads to ever-increasing global warming [1,4].
There is an urgent need to replace the current fossil fuel technology with renewable, sustainable,
and environmentally friendly alternatives [5,6]. Biofuels are considered sustainable if they are produced
from biomass through biological or non-biological methods. The ideal biofuels are bio-hydrocarbons
and these have been suggested as replacements for fossil fuels. Bio-hydrocarbons produced in
bacteria, such as alcohols (C2–C18) and n-alkanes (C10–C20), are of great importance [7–9]. These
bio-hydrocarbons have advantages over fossil fuels, as they possess higher energy densities and
emit fewer toxic chemicals into the environment [10,11]. These ready-to-use bio-hydrocarbons do
not require the replacement of existing engines and are compatible with current technologies [12].
The current methods used for production of these biofuels are non-economical and are based on
the conversion of plant and vegetable oil using the Fischer-Tropsch method [13,14]. The genetically
engineered microorganisms could utilize cheaper raw materials such as cellulosic sugars and carbon
dioxide to produce bio-hydrocarbons more economically.

Bio-hydrocarbons (alcohols and n-alkanes) are produced in engineered bacteria by modifying their
central metabolism, including glycolytic, tricarboxylic, and fatty acid pathways (Figure 1). The current
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production yield of bio-hydrocarbons from modified bacteria is far below commercial scale due to the
challenges of metabolic engineering. Current challenges include cellular toxicity, growth retardation,
cofactor exhaustion and metabolic pathway imbalance. In this paper, the metabolic engineering of
bacteria for bio-hydrocarbon production is reviewed. In addition, we discuss current problems and
challenges in strain optimization for bio-hydrocarbon production and provide future directions for
this technology.

 

Figure 1. Metabolic pathways of short- and medium-chain alcohols and hydrocarbon production in an
engineered bacterial cell. Glucose is metabolized to acetyl-CoA, a precursor of the tricarboxylic acid
(TCA) cycle and fatty acid biosynthesis pathways. Short-chain alcohols (ethanol, propanol, butanol) are
produced from acetyl-CoA and TCA. Fatty alcohols, fatty acid ethyl esters and n-alkanes are produced
by utilizing fatty acyl-ACPs of the fatty acid machinery. The native pathways are shown in black, while
heterologous pathways are shown in red. CoA: Coenzyme A; ACP: Acyl Carrier Protein; OAA: Oxalo
Acetic Acid; CIT: Citrate; ICT: Iso Citrate; OGA: Oxo Glutaric Acid; SUC: Succinic Acid; FUM: Fumaric
Acid; MAL: Malic Acid; FAME: Fatty Acid Methyl Ester; FAEE: Fatty Acid Ethyl Ester.

2. Engineering Metabolic Pathways for Hydrocarbon Production in Bacteria

Initial work on engineering microbes for biofuel production involved introducing the
ethanol-producing pathway from Zymomonas mobilis into Escherichia coli [15]. The progress of most
biofuels produced this way is discussed in detail in previous reviews [16–18]. In this section, we
present an overview of alcohol and n-alkane biofuels produced by engineered microorganisms.

2.1. Alcohols Production in Bacteria

Next-generation alcohols are a group of compounds used in chemical industries and as
transportation biofuels [19,20]. They can be grouped into short, medium, and long-chain alcohols,
ranging from C2 to C6, C6 to C12, and C12 to C18 chain lengths, respectively [21–23]. They can be
used as 100% solutions or blended with petroleum. Custom alcohols are currently produced by
distillation during petroleum processing or chemically from fatty acids, which makes their production
unviable in the long run. The sustainable approach to their production is to use fermenters, utilizing
microorganisms that can easily convert cellulosic material into ready-to-use biofuels. Ethanol is a
renewable liquid fuel and its annual production is greater than 100 billion liters, with an increase of 10%
per year. More than 60% of ethanol is produced with fermentation technology using microorganisms [24].
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From an engineering perspective, microbial strain selection is an important consideration. The best
strain is one that suits and resists the characteristics of the fermenter environment, such as pH,
temperature, acidity, agitation, and biofuel toxicity.

Wild-type Escherichia coli produces ethanol under fermentative conditions by converting pyruvate
to acetyl-CoA and formate through the enzyme pyruvate formate lyase, encoded by pfl gene [15].
This process involves a two-step reaction: acetyl-CoA is converted to acetaldehyde, followed by
ethanol synthesis. The overall reaction is catalyzed by a bifunctional aldehyde dehydrogenase (ADH),
encoded by the adhE gene (Figure 1). Similarly, butanol is produced by the fermentative anaerobe,
Clostridium acetobutylicums, through the acetone-butanol-ethanol (ABE) pathway [19]. The problem
with wild-type strains is the low production titer. This is the main focus of most research into enhancing
yields using metabolic engineering tools.

Pichia pastoris used for industrial production of chemicals was also engineered for butanol
production [25]. The amino acid synthesis pathways of Pichia pastoris, specifically the endogenous
L-valine biosynthesis pathway, was overexpressed to produce 2.22 g/L of butanol from glucose as
a carbon source [25]. Furthermore, using cheaper raw materials for the production of renewable
biofuel could minimize the final cost. Glycerol is one of the cost effective byproducts of the biodiesel
production industry. Engineered microbes could utilize glycerol as a carbon source. To obtain the
phenotype, Saini et al. (2017) rewired the central metabolism of Escherichia coli to utilize glycerol as
a carbon source, introduced a butanol synthesis pathway, and obtained a titer of 6.9 g/L butanol
from 20 g/L glycerol (Table 1) [26]. This highest titer was obtained because of forcing glycolytic flux,
enabling gluconeogenic pathway, improving the breakdown of glycerol and moderately suppressing
tricarboxylic acid pathway [26]. To enhance production yield, Liew et al. (2017) introduced a novel
pathway enzyme, aldehyde/alcohol ferredoxin reductase (AOR), to replace the native bifunctional
aldehyde dehydrogenase in Clostridium autoethanogenum [9]. The strain was engineered using the
allelic mutagenesis approach and as a result, the final strain produced ethanol at a titer of up to 180%
(0.28 g/L) from CO2 as a carbon source in batch fermentation experiments [9].

Furthermore, the yeast strains were found to be promising for butanol production. Pichia pastoris used
industrial chemical production and has also been engineered for butanol production [25]. The endogenous
L-valine biosynthesis pathway of P. pastoris was overexpressed to produce 2.22 g/L of butanol from
glucose as a carbon source [25]. Furthermore, using cheaper raw materials for renewable biofuel
production could minimize the final cost. Glycerol, a byproduct of biodiesel production and other
industrial processes, is a cost-effective raw material and engineered microbes could utilize it as a carbon
source. Saini et al. (2017) rewired the central metabolism of Escherichia coli to utilize glycerol as the sole
carbon source and introduced a butanol synthesis pathway that gives a production titer of 6.9 g/L of
butanol from 20 g/L of glycerol (Table 1) [26]. This high titer was obtained by forcing glycolytic flux,
enabling the gluconeogenic pathway, improving breakdown of glycerol, and moderately suppressing
the tricarboxylic acid pathway [26]. The breakthrough report for butanol production was obtained
using a Clostridium tyrobutyricum strain [27]. The complex regulatory pathway of butyrate production
was manipulated by using the CRISPR-Cas system to delete cat1 (regulatory component) and to
integrate adhE1 (alcohol producing) genes. The resultant strain achieved a record butanol titer of
26.2 g/L in batch fermentation using CO2 as the carbon source (Table 1) [27].

2.2. Alkanes Production in Bacteria

High-energy renewable-fuel-like n-alkanes are direct replacements for petroleum fuel. These
molecules range in chain length from C8 to C18. Chemically, n-alkanes are produced by the
Fischer–Tropsch process, making them uneconomical. Biologically, n-alkanes are produced in
Escherichia coli by modifying the lipid biosynthesis pathway and introducing aldehyde reductase
(AAR) and aldehyde-deformylating oxygenase (ADO) from cyanobacteria [28]. Fatty acid synthesis
plays a vital role in the production of n-alkanes. The prokaryotic fatty acid pathway is composed
of individual components/enzymes. Acetyl-CoA enters the fatty acid pathway and a subsequent
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condensation reaction leads to the elongation of fatty acids. The alkane’s production is directly related
to fatty acid biosynthesis in bacteria. The fatty acid synthesis machinery of E. coli produces fatty
acids from malonyl-CoA condensation. The first step in the fatty acid biosynthesis is carried out by
acetyl-CoA carboxylase (ACC), a tetramer enzyme which produces malonyl-CoA from acetyl-CoA.
The malonyl-CoA then transfers to acyl carrier protein (ACP) an elongation unit to get malonyl-ACP
with the help of FabD, malonyl-CoA: ACP transcylase enzyme. The condensation cycle composes of
four reactions catalyzed by FabH (3-oxooacyl-ACP synthase III), FabG (3-oxooacyl-ACP reductase),
FabA/FabZ (enoyl-ACP synthase), and FabI (enoyl-ACP reductase), responsible for the production
of 3-ketoacyl-ACP, 3-hydroxyacyl-ACP, enoyl-ACP, and acyl-ACP, respectively [16]. The fatty acids
are then released from acyl carrier proteins with the help of thioesterases. Free fatty acids are then
converted into fatty aldehydes and n-alkanes by AAR and ADO, respectively. The details of microbial
biofuel production are shown in Table 1 and Figure 2.

Figure 2. Recent studies on the production of short-chain alcohols, medium-chain alcohols and n-alkanes
in microorganisms. The data represent batch fermentation experiments. For more detail, see Table 1.

3. Comparative Analysis of Bio-Hydrocarbons Production in Bacteria

Metabolic engineering plays a vital role in enhancing the production yield of bio-hydrocarbons.
The ethanol produced in wild type E. coli with aldehyde dehydrogenase enzyme is far below the
commercial threshold. To improve production yield, the genes of sleepy beauty mutase operon
containing methyl malonyl CoA mutase, methyl malonyl CoA decarboxylase propinoyl CoA: Succinate
transferase enzymes were expressed in E. coli that successfully produced 31 and 7 g/L ethanol and
propanol, respectively in a fed-batch fermentation (Tables 1 and 2). The pathway for the production of
propanol using sleeping beauty mutase (Sbm) was different when compared to propanol production
using the keto acid pathway [21]. The highest production of propanol by Sbm pathway may be due to
anaerobic conditions as compared to the aerobic keto acid pathway [21,29].
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The C4 alcohol (butanol) is considered better than ethanol in terms of hygroscopic properties and
high energy densities [21]. The Clostridium acetobutylicum is a natural producer of butanol. The main
problem in the wild type strain is butyrate production that lowers butanol synthesis. Zhang et al.
(2018) speculated that by interrupting the butyrate synthesis genes, the butanol production may
be enhanced. The spoA and cat1 genes of butyrate synthesis were selectively deleted by using the
CRISPR-Cas technology and as a result the highest titer of 26.2 g/L butanol in batch fermentation was
achieved (Tables 1 and 2). The breakthrough report for butanol production was obtained in Clostridium
tyrobutyricum strain [27]. The complex regulatory pathway of butyrate production was manipulated
with the CRISPR-Cas system by deletion of cat1 (regulatory component) and integration of adhE1
(alcohol producing) genes [27]. The resultant strain achieved record production of butanol up to
26.2 g/L in a batch fermentation experiment using CO2 as a carbon source (Figure 2) [27].

The fatty alcohol’s production is linked with fatty acid synthesis pathways [16]. The fermentative
products such as lactate, acetate, pyruvate, and formate are also synthesized in fatty alcohols producing
strains that lower the final production titer [8]. To overcome these problems, Fatima et al. (2018)
developed a constraint-based modeling approach and identified the competing pathways, such as
formate, lactate, and acetate synthesis. By blocking these pathways, 1.5 and 12.5 g/L fatty alcohols
were obtained in batch and fed-batch fermentation, respectively (Tables 1 and 2).

The alkane hydrocarbons are considered as a direct replacement for fossil petroleum [20]. The bio
production of alkanes remains a major challenge because of slow acting aldehyde deformylating
oxygenase, an alkane-producing enzymes (Figure 1) [28]. Currently, a number of efforts have been
made to boost the alkane production but it is still far below the commercial threshold. The second
problem is the toxicity of intermediate fatty aldehyde to the host cells. The toxicity of fatty
aldehydes was overcome by applying DNA scaffolds to enzymes AAR and ADO and enhanced
8-fold alkanes production 0.04 g/L [28]. Cao et al. (2016) blocked the competing pathways such
as endogenous reductases, and engineered the electron transfer system towards alkane-producing
enzymes. The resultant strains produced 0.1 and 1.3 g/L alkanes in a batch and fed-batch fermentation,
respectively [30]. The details about current production yields and experimental conditions can be
found in Tables 1 and 2.

Table 1. Biofuel production in engineered bacteria.

Biofuel Substrate Microorganism Metabolic Engineering Yield (g/L) References

Ethanol

Glycerol Escherichia coli Heterologous expression of sleeping beauty
mutase operon 0.20 a, 31 b [29]

CO2
Clostridium

autoacetobutylicum

Allelic mutagenesis of aldehyde dehydrogenase
(adhE) and expression of aldehyde ferredoxin

reductase (AOR)
0.28 a [9]

Propanol Glycerol Escherichia coli Heterologous expression of sleeping beauty
mutase operon 0.15 a, 7 b [29]

Butanol

CO2
Clostridium

acetobutylicum

Targeted deletion of sopA and cat1 (butyrate
production) and integration of adhE gene

by CRISPR-Cas9
26.2 a [27]

Glycerol Escherichia coli Enhanced glycolytic flux, prevention of
glycerol breakdown 6.9 a [26]

2-keto
isovalerate Pichia pastoris Expression of keto acid degradation pathway 0.28 a [25]

Glucose

Pichia pastoris Overexpression of endogenous L-Valine
biosynthesis pathway 0.89 a [25]

Pichia pastoris Fine tuning of expression levels using
episomal plasmids 2.22 a [25]
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Table 1. Cont.

Biofuel Substrate Microorganism Metabolic Engineering Yield (g/L) References

Fatty
alcohols Glucose Escherichia coli

In silico modelling of metabolic pathways for
alkane production to remove bottlenecks
identified in pentose phosphate pathway

1.5 a, 12.5 b [8]

Glucose Yarrowia lipolytica
Expression of alkane-producing pathway,

consisting of aldehyde reductase (AAR) and
aldehyde deformylating oxygenase (FAD)

2.15 a [20]

Lignocellulose Saccharomyces
cerevisiae

Expression of alkane-producing pathway
Bottlenecks were identified by flux balance

analysis and bacterial fatty aldehyde reductases
(FARs) were replaced with mouse FARs

1.2 a, 6 b [7]

Alkanes Glucose

Escherichia coli

Heterologous expression of alkane-producing
pathway (AAR & aldehyde-deformylating

oxygenase (ADO)) from cyanobacteria, with no
further modification

0.06 a [30]

Escherichia coli Expression of alkane-producing pathway
Deletion of adhE (endogenous reductase) 0.08 a [30]

Escherichia coli Expression of alkane-producing pathway and
modification of electron transfer system 0.1 a, 1.3 b [30]

Escherichia coli Expression of alkane-producing pathway and
DNA scaffolding of cyanobacterial AAR & ADO 0.04 a [28]

Yarrowia lipolytica Expression of alkane-producing pathway
(FAR & FAD), with no further modification 0.02 a [20]

Escherichia coli
In silico modelling of metabolic pathways for

alkane production to help remove bottlenecks in
pentose phosphate pathway

0.43 a, 2.5 b [8]

Notes: a: batch fermentation; b: fed-batch fermentation.

Table 2. Comparison of experimental parameters of biofuel production in bacteria.

Biofuel Microorganism Experimental Conditions Yield (g/L) References

Substrate
Substrate

Concentration
pH Temperature

Cell Density
Initial-Final

Reaction
Time

[29]

Ethanol
Escherichia coli Glycerol 30 g/L 7.0 30 ◦C 0.4–1.8 g/DCW/L 28 h 0.20 a, 31 b [9]

Clostridium
autoacetobutylicum CO2 50 kPa 5.8 37 ◦C 0.2–1.8 O.D600 30 h 0.28 a [29]

Propanol Escherichia coli Glycerol 30 g/L 7.0 30 ◦C 1.8 g/DCW/L 28 h 0.15 a, 7 b [27]

Butanol

Clostridium
acetobutylicum CO2 - 6.0 37 ◦C - 30 h 26.2 a [26]

Escherichia coli Glycerol 30 g/L 7.0 37 ◦C 0.2–7.0 O.D550 40 h 6.9 a [25]

Pichia pastoris 2-keto
isovalerate 4 g/L - 30 ◦C 0.05–12 O.D550 72 h 0.28 a [25]

Pichia pastoris Glucose 20 g/L - 30 ◦C 0.05–1.2 O.D550 72 h 0.89 a [25]

Pichia pastoris Glucose 20 g/L - 30 ◦C 0.05–2.0 O.D550 72 h 2.22 a [8]

Fatty
alcohols Escherichia coli Glucose 20 g/L 7.0 30 ◦C 0.02-O.D550 48 h 1.5 a, 12.5 b [20]

Yarrowia lipolytica Glucose 100 g/L 5.5 28 ◦C 1–80 O.D600 120 h 2.15 a [7]

Saccharomyces
cerevisiae Lignocellulose 20 g biomass 5.0 30 ◦C 1–25 O.D600 240 h 1.2 a, 6 b [30]

Alkanes

Escherichia coli Glucose 20 g/L 7.0 30 ◦C 0.5–4.0 O.D600 50 h 0.06 a [30]

Escherichia coli Glucose 20 g/L 7.0 30 ◦C 0.5–4.0 O.D600 50 h 0.08 a [30]

Escherichia coli Glycerol 140 g/L 7.0 30 ◦C 0.5–140 O.D600 50 h 0.1 a, 1.3 b [28]

Escherichia coli Glucose 20 g/L 7.0 30 ◦C 0.4–3.0 O.D600 48 h 0.04 a [20]

Yarrowia lipolytica Glucose 100 g/L 5.5 28 ◦C 1–80 O.D600 120 h 0.02 a [8]

Escherichia coli Glucose 20 g/L 7.0 37 ◦C 0.02–102 O.D550 72 h 0.43 a, 2.5 b [29]

Notes: a: batch fermentation; b: fed-batch fermentation.
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4. Current Challenges in Improving Hydrocarbon Production

4.1. Promoters

Promoters are important genetic elements responsible for the controlled expression of genes on
a chromosome or plasmid [31,32]. In wild-type cells, promoters are well organized and controlled
by repressors and inducible factors. From a bioengineering perspective, promoters are critical for
balancing the metabolic flux of heterologous and/or engineered pathways by controlling the expression
levels of individual genes. Therefore, choosing the correct promoter is an important step in engineering
prokaryotic and eukaryotic cells. Uncontrolled gene expression in a heterologous host exerts a
metabolic burden and results in the exhaustion of cellular biomolecules that are essential for cellular
growth, leading to undesired physiological changes (Figure 3) [33]. Therefore, the promoter needs to be
properly employed for smooth growth and productivity of the desired products. For example, when a
target protein is toxic to the cell, a low-strength promoter is needed. If the expression of multiple genes
is not optimized or if the catalytic activity of an enzyme is greater than the corresponding enzymes
of the same metabolic pathway, it is recommended to balance the pathway with native/synthetic
promoters to optimize flux towards the product. A wide range of promoters have been characterized
and are available for research and academic purposes [34]. Historically, natural constitutive and
inducible promoters have been used in this research. However, more recently, novel artificial promoters
have been designed by modifying the −35 (TTGACA) and −10 (TATA) sequences. The expression
patterns of these novel promoters are diverse [34]. Furthermore, two modes of transcription initiation
have been reported. In the positive control mode, the interaction between regulatory proteins and
their corresponding recognition sequences switches on transcription. In contrast, the negative control
mode inhibits transcription initiation by the interaction of regulatory proteins with their regulatory
regions. These synthetic promoters have been studied with the help of reporter genes coding for
fluorescent proteins (GFP, RFP), luciferase, and galactosidase [35]. The promoters can be switched
on/off using both chemical and physical stimuli. For instance, the Lac promoter is controlled by the
LacI repressor and the IPTG inducer. The Tet promoter is controlled by the TetR repressor and the Tc
inducer [36]. Therefore, selecting the appropriate promoter is critical for controlling gene expression
levels and optimizing pathway flux. This can be achieved using either single-promoter-single-gene
or single-promoter-multiple-gene expression systems. In addition, certain enzymes are required at
different times of fermentation. Heat-inducible phage promoters and constitutive expression systems
of Bacillus subtilis have proven promising for industrial and batch fermentation scales [37]. Currently,
synthetic or artificial promoters are used in bacterial, yeast and mammalian cells. Basic questions about
balancing pathway flux for biofuel production have been answered using synthetic promoters [38–40].
Another bottleneck in strain development for biofuel production is the combinatorial assembly of
building blocks (promoters, genes, and terminators). These issues have mostly been solved using
computational approaches, such as the DNA fragment compiler software, BioPartsBuilder [41].

4.2. Gene Copy Number

Gene expression level can also be regulated by controlling gene copy number (GCN). Changes in
microbial GCN have been successful at balancing the flow of metabolites towards biofuels in engineered
pathways. Enzymes in metabolic pathways have different catalytic turnover rates. Therefore, if their
expression is not normalized according to their catalytic efficiencies, physiological disturbances such
as toxicity and cell death can occur [33]. The strategies used to control the desired gene expression
levels through GCN by selecting low-, medium-, and high-copy-number plasmids are discussed
in the literature [42]. Gene expression levels can also be controlled by knocking down genes or
integrating them into a chromosome, leading to a decrease or increase in GCN, respectively [43].
Furthermore, the strategy to engineer high GCN plasmids has been successful in the fission yeast,
Saccharomyces cerevisiae. In S. cerevisiae, CEN/ARS a centromere based plasmid has been engineered to
obtain plasmid diversity with low, medium and high copy number versions [44]. For the development
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of Escherichia coli strains, plasmids with low, medium and high copy number per cell have been
developed. Based on the ColE1 replicon, 15 to 20 plasmid copies per cell can be maintained.
To obtain higher gene expression levels, 200+ copies of the pMB1 replicon in the pUC plasmid
have been used [45]. More recently, traditional gene cloning approaches are being replaced with
novel self-cloning techniques, based on transcription activator-like effector nuclease (TALEN) in
Pseudochoricystis ellipsoidea [46].

Figure 3. Graphical representation of improving bio-hydrocarbon production in bacteria. The figure
shows challenges and possible solutions in transcription (A) and metabolite toxicity (B) in newly
engineered strains.

4.3. Artificial Transcription Factor (ATF) Engineering

Artificial transcription factors (ATF) control genome-wide gene expression levels in engineered
host cells to balance metabolic pathways (Figure 3). Transcription factors are composed of a DNA
binding domain and an effector domain, both of which are required for regulating the expression of
downstream genes. Specifically, the DNA binding domain is responsible for binding to the target
regulatory site of a gene and the effector domain facilitates the initiation of downstream gene expression
by RNA polymerase. Most ATFs are composed of zinc fingers (ZF) and sigma factors. ZF proteins
bind specifically to DNA and function as regulatory factors. ATFs recognize specific DNA sequences,
typically near the transcription start site of the target gene. Numerous methods have been developed
for the construction of ATFs [47]. At present, ATFs are mainly used in industrial microorganisms to
improve their tolerance to environmental stresses and to enhance the yield of chemicals and fuels.
The ATF-based strain engineering approach has proven successful in improving tolerance to various
environmental and physical stresses [48]. The T2 ATF has been shown to generate thermo tolerance
and butanol tolerance phenotypes [48]. Furthermore, DNA microarray analysis of a T2 ATF strain
showed up-regulation of the outer membrane protein gene, ompW and down-regulation of the marRAB
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operon. The exact function of OmpW is not known, but a previous publication has suggested that it
has an important role during environmental stress and under physically varied conditions in industrial
bioreactors [48]. Lee et al. (2011) engineered an ATF library by fusing ZFs with a cyclic adenosine
mono phosphate receptor protein (CRP) and screened for butanol tolerance in E. coli [49]. Wild-type
E. coli could not tolerate 1% (v/v) butanol, but a butanol-tolerant strain with the ATF was able to
tolerate 1.5% (v/v) butanol (Lee et al. 2011). Similarly, lignocellulosic properties of fungal species were
studied for efficient degradation of plant cell walls. Ling et al. (2011) engineered a transcription factor
from Saccharomyces cerevisiae to generate an n-alkanes-resistant phenotype by site-directed mutagenesis
of the drug resistant transcription factors (PDR), PDR1P and PDR3P. Point mutations were generated
(PDR1, F815S and PDR3, Y276H), which resulted in high tolerance to C10-alkanes (Ling et al. 2015).
More recently, an acetic-acid-resistant phenotype was also generated using an ATF that successfully
recognized novel genes responsible for the tolerance phenotype [50].

4.4. Ribosome Engineering

Ribosome engineering is also considered a useful tool for modulating gene expression levels.
Ochi (2007) showed that the gene for ribosomal proteins, rpsL, could be engineered to dramatically turn
on previously switched off genes [51]. Ribosomes, therefore, may be a useful tool for the production of
microbes for biofuel production. The principle of ribosomal gene modification is to mimic the natural
antibiotic resistance system developed by bacteria [52].

Ribosome engineering has proven to be a successful approach for the production of primary and
secondary metabolites. Tanaka modified the rpsL gene in Propionibacterium shermanii, resulting in more
than fivefold enhanced production of vitamin B12 [53]. The challenge with ribosome engineering is
growth retardation of engineered strains, which may be due to the unavailability of free ribosomes for
cellular growth. In addition, ribosome modification in Bacillus subtilis resulted in up to a 30% increase
in amylase and protease production in the stationary phase [54]. Besides ribosome modification,
the rapid availability of ribosomes for desired metabolic pathways has also proven to be beneficial for
the production of antibiotics. This approach, which involves the introduction of a ribosome release
factor, has been applied for improved antibiotic production in Streptomyces [55,56].

4.5. Transfer RNA Engineering

Translation is the final step in the gene expression process. Translation requires energy and
involves several steps: initiation, elongation and termination. The process is tightly regulated by a
number of factors, such as the synthesis and degradation of the messenger RNA (mRNA), activation
of transfer RNA (tRNA), and the coupling of tRNA with ribosomes. To obtain strains with high
biofuel production, individual components involved in the translation process such as mRNA, tRNA,
ribosomes, and various proteins required for translation can be modulated.

Biofuel-producing phenotypes have problems with fuel toxicity, as most proteins are denatured
by the hydrophobic biofuel. This type of issue may be solved using tRNA engineering approaches.
Recently, modified tRNAs were designed with different codon specificities to incorporate unnatural
amino acids into proteins, resulting in the formation of novel proteins with altered or enhanced
properties, such as resistance to toxic substances or enhanced catalytic efficiency [57].

Protein synthesis is based on the universal genetic code recognized by specific tRNAs. The term
“tRNA engineering” refers to the chemical modification of tRNAs with unnatural amino acids that
can then be incorporated into proteins [58]. Recently, in vivo modification of tRNA was demonstrated
using a special aminoacyl tRNA synthetase to esterify unnatural amino acids to an engineered tRNA,
i.e., tRNApyl [59,60]. More than 30 novel amino acids have been introduced into proteins using
this technology [60]. Similarly, pyrrolysine, an unnatural amino acid analogue of lysine with a
methyl-pyrroline moiety, was first identified in the active site of the enzyme monomethylamine
methyltransferase from Methanosarcina barkeri [61]. Furthermore, it was found that pyrrolysine
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incorporation was due to tRNApyl containing the CUA anticodon, complementary to UAG bases.
The uncharged tRNApyl is activated by pyrrolysyl-tRNA synthetase (PylRS).

This technique can also be used to fine-tune certain enzymes to improve their function or
pharmacological properties, e.g., in vivo incorporation of p-azido-L-phenylalanine for Phe170 or
Phe281 in E. coli urate-oxidase [57]. Engineering proteins for functional metabolic pathways using this
strategy may improve the productivity of biofuel in microbes. The described technologies also provide
a path forward for biotech industries to modify their targets for improved activity [57].

Finally, advances in tRNA engineering broaden the field of phenotype engineering by allowing
the incorporation of unnatural amino acids into structural and functional proteins of the cell. However,
engineering aminoacyl tRNA synthetases and screening natural systems still present challenges for
tRNA engineering.

4.6. Cofactor Regeneration

Cofactors such as NADH, NADPH, GTP, ATP, FAD, and FADH are important partners of
catalytic reactions and enzymatic pathways. Therefore, the availability of these molecules is vital
for a chemical reaction to proceed and improving their availability can enhance the efficiency of
the pathway. The continuous supply of ATP in an engineered microbial host can boost the desired
products [62]. The glutathione metabolic pathway requires ATP and blocking the ATP-consuming nlpD
gene improves glutathione production [62]. Wang et al. (2013) showed up to a 90% production yield of
2,3-butanediol by improving NADH availability through overexpression of NADH-generating glucose
and formate dehydrogenase enzymes [63]. Similar approaches have been applied in the yeast Pichia
pastoris where blocking NADH-consuming pathways led to a boost in butanediol production [64].

4.7. Scaffold System

Nature has provided a sophisticated mechanism for enhancing pathway catalysis by using
scaffolding enzymes. Many organisms have evolved multifunctional enzyme complexes such as fatty
acid, polyketide, and alkaloid synthases for the biosynthesis of fatty acids polyketides, and alkaloids,
respectively [65–67]. Applying this approach has led to the efficient production of artemisinin, an
anti-malarial drug; n-alkanes; and biodiesel [16,28,68–70]. In our previous study, we demonstrated
the potential of a DNA scaffold system for n-alkane production in E. coli. The critical enzymes of the
n-alkane pathway, acyl-ACP reductase (AAR) and ADO, were linked to four zinc finger DNA-binding
domains, capable of binding to a 12 bp sequence on the DNA scaffold. This resulted in an eightfold
increase in n-alkane production [16]. Design in synthetic biology is usually inspired by the spatial
organization of enzymes observed in nature. This close approximation of enzymes to their desired
distances and angles is made possible using modular scaffolds. The concept of scaffolding involves the
use of small building blocks to allow the channeling of intermediates during a biochemical reaction
(Figure 3). The advantage of such a system is that it prevents the diffusion of intermediates of
sequential enzymatic reactions to nearby competing pathways, minimizing transit time and toxicity of
certain intermediates [16,28,70,71]. Types of scaffolding include the immobilization, co-localization,
compartmentalization, and spatial organization of enzymes on nucleic acids (DNA/RNA) and
protein-protein scaffolding. During immobilization and co-localization, the enzymes of interest
are targeted to the membrane via signal peptides as leading sequences. Enzyme scaffolds on nucleic
acids are constructed by tagging nucleic acid binding domains onto the desired enzymes so that they
land on the sequence of interest. Protein scaffolds can be constructed either as a fusion protein of two
or more enzymes to form a large single multi-enzyme protein or by fusing an individual enzyme with
protein binding domains that eventually lead to a complex of proteins or scaffolds. Coiled-coil proteins
have been used to create this type of protein scaffold [72].

330



Energies 2018, 11, 2663

5. Conclusions and Future Directions

The global energy crisis and ever-increasing global warming may be addressed by decreasing
reliance on fossil fuels. Alcohols and n-alkanes are currently the best replacements for petroleum fuel.
The production yields of these biofuels are far below commercial level due to technical problems in
strain optimization. In this review, gene expression optimization strategies such as the use of promoters,
artificial transcription factors and gene copy number alterations were discussed. In addition, strategies
for cofactor regeneration and scaffolding of pathway enzymes for metabolic pathway optimization
were also discussed. Future tools must focus on rapid screening technologies for the selection of single
microbial cells in real time to boost biofuel production.
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Abstract: Electrochemical hydrogenation (ECH) of acetone is a relatively new method to produce
isopropanol. It provides an alternative way of upgrading bio-fuels with less energy consumption
and chemical waste as compared to conventional methods. In this paper, Polymer Electrolyte
Membrane Fuel Cell (PEMFC) hardware was used as an electrochemical reactor to hydrogenate
acetone to produce isopropanol and diisopropyl ether as a byproduct. High current efficiency (59.7%)
and selectivity (>90%) were achieved, while ECH was carried out in mild conditions (65 ◦C and
atmospheric pressure). Various operating parameters were evaluated to determine their effects on
the yield of acetone and the overall efficiency of ECH. The results show that an increase in humidity
increased the yield of propanol and the efficiency of ECH. The operating temperature and power
supply, however, have less effect. The degradation of membranes due to contamination of PEMFC
and the mitigation methods were also investigated.

Keywords: acetone; electrochemical hydrogenation; isopropanol; membrane contamination;
polymer electrolyte membrane; relative humidity

1. Introduction

Propanol is an important organic raw material in chemical production, two isomers 1-propanol
and isopropanol are widely used in the paint, medicine and pesticide industries [1]. Compared to
1-propanol, isopropanol has more extensive and important applications. Along with ethanol, n-butanol,
and methanol, isopropanol belongs to the group of alcohol solvents, about 6.4 million tons of which
were utilized worldwide in 2011 [2]. Isopropanol is primarily produced by combining water and
propene in a hydration reaction, through either an indirect or direct process. In an indirect process,
propene reacts with sulfuric acid and forms a mixture of sulfate esters. Subsequent hydrolysis of those
esters by steam produces isopropanol. In a direct hydration process, propene reacts with water or
steam at high pressure (200–300 atm) and high temperatures (230–270 ◦C), in the presence of solid
or supported acidic catalysts [3,4]. Isopropanol is produced by a direct combination of propene and
water. Both processes require intensive energy input and use of corrosive chemicals.

Thermal hydrogenation of acetone is a relatively new and more advanced method to produce
isopropanol, where acetone is hydrogenated either in the liquid or gas phase over a Raney nickel or
copper and chromium oxide mixture [5]. Compared to the aforementioned conventional methods,
thermal hydrogenation can be carried out at a lower temperature (75 ◦C) with up to 35% yield rate.
However, an elevated temperature (350–400 ◦C) is still required to enable fully activated catalysts.
In addition, handling corrosive chemicals remains a problem [6].
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Electrochemical hydrogenation (ECH) provides a more energy efficient and environment-friendly
method of upgrading organics, by integrating both the electrochemical and catalytic methods [7].
The overall reaction mechanism of ECH of an unsaturated organic molecule is suggested as the
following Equations (1)–(5) [8–13].

Anode side: H2 → 2(H+) + 2e−; H2O → 1/2O2 + 2(H+) + 2e−

Cathode side:
(1) Protons react with electrons and generate M(H)ads (M is an adsorption site):

(H+) + e− + M → M(H)ads + H2O (1)

(2) An organic molecule Y = Z is adsorbed by an adsorption site M:

Y = Z + M → M(Y = Z)ads (2)

(3) M(H)ads reacts with the adsorbed organic molecule:

M(Y = Z) ads + 2M(H)abs → M(YH-ZH)abs + 2M (3)

(4) A hydrogenated product is generated:

M(YH-ZH)abs → YH-ZH + M (4)

(5) H2 gas is also produced:

2M(H)ads → H2 (gas) +2M M(H)ads + (H+) + e− → H2 (gas) +M (5)

In the process, chemisorbed hydrogen M(H)ads is generated in situ on the electrocatalyst surface
through either hydrogen pumping or water electrolysis and reacts with the adsorbed organics
(Equation (1)). Note that hydrogenation also competes with hydrogen gas evolution (Equation (5)),
which results in a decrease of the current efficiency. ECH allows the reactions (Equations (2)–(4))
to happen at lower temperatures and ambient pressure. Compared to conventional hydrogenation
methods, ECH mainly uses electrical energy and all the reactions take place in a mild operating
condition (i.e., low temperature and atmospheric pressure). Therefore, intense thermal energy input is
not required in ECH. ECH also uses either water or H2 to supply protons, which eliminate the need for
any reducing agent. ECH can be conducted onsite using fuel cell stacks and renewable power sources
to produce hydrogen enriched compounds. This will avoid or minimize the storage and transportation
of corrosive and hazardous chemicals.

ECH has been widely used to upgrade unsaturated compounds to corresponding saturated
chemicals, such as furfural [14–20], aromatic compounds [7,13,21–29], soybean oil [30], edible oil [31,32],
levulinic acid [33–35], lactic acid [36], acetaldehyde [37], ethanol [37], acetylene [38], bio-oil [39,40],
cyclohexane [9], glucose [41], and lignin [42]. In all those cases, reactions take place under mild
conditions with temperatures below 100 ◦C and atmospheric pressure. A maximum current efficiency
up to 45%, which is defined as the efficiency of electrogenerated H2 addition to unsaturated bonds,
was reported [30–32,38]. The yield of the electrocatalytic hydrogenation of organic molecules is directly
related to the processes described in Equations (1)–(5), which are determined by the capabilities of
catalysts. Compared to nickel (Ni), copper (Cu) and lead (Pb), activated carbon fibers supported
platinum (Pt) demonstrated the best catalytic activities for upgrading various organics, such as
furfural [20] and acetaldehyde [37]. The electrochemical conversion rate is also affected by the
nature of electrodes [43], current density [44], temperature [26,38,40,45], solvent compositions [9,12,45],
solution pH [9,14,21,40,46], and chemical potential [30,39,40]. The most commonly used ECH reactor
is H-type cell [7,10,14,15,19,20,22,23,27,39,42,44,46]. A typical H-type cell consists of two electrode
chambers, between which a cation exchange membrane is sandwiched. Compared to the traditional

336



Energies 2018, 11, 2691

homogenous electrolyte method of the single chamber cell [14,24,33,34,36,37], the basic anolyte and
the acidic/neutral catholyte method were applied in many H-type cells [7,14,40] to promote the proton
transmission efficiency.

Hydrogenation of unsaturated compounds using polymer electrolyte membrane fuel cell (PEMFC)
reactors was also reported [18,29–32]. PEMFC is a type of low-temperature fuel cell that takes its
name from ion conductive polymer membrane used as the electrolyte [47]. A typical PEMFC assembly
consists of an ion exchange membrane, two electrodes made of carbon layer loaded with Pt, and two
gas diffusion media. The reactor provides gas distribution, current collection, temperature control,
and mechanical support of the PEMFC assembly [47]. Alfonso et al. electrocatalytically hydrogenated
acetophenone by H2 using a PEMFC reactor. They reported the selectivity of produced 1-phenylethanol
around 90% with only methylbenzene and hydrogen as by-products [29]. Green et al. reported that the
main products from ECH of furfural were furfural alcohol (54–100% selectivity) and tetrahydrofurfuryl
alcohol (0–26% selectivity). A higher production rate was achieved by feeding pure hydrogen gas
than that from electrolysis of water [18]. Pintauro et al. and An et al. both studied ECH of soybean
oil in a PEMFC reactor at 60–90 ◦C and atmospheric pressure [30–32]. Pintauro et al. proved that a
bimetallic cathode (Pd/Co or Pd/Fe) could increase the yield rate of the ECH process [30]. An et al.
proved Pd-black cathode worked significantly better than Pt and the best current efficiency could reach
41% [31,32]. There are many advantages of using a PEMFC reactor for ECH [48]: First, compared to
H-Cell and one chamber cell reactor, the PEMFC reactor has a smaller internal resistance, due to
its highly conductive and thin membrane electrolyte assembly (MEA), resulting in significantly less
electric energy loss. In addition, the energy consumption can be further reduced if protons are supplied
from hydrogen oxidation, rather than electrolysis. Second, since PEMFCs can be easily scaled up by
simply stacking them, the space-time yield of ECH using PEMFC reactors is superior to the other
methods. PEMFC can be easily applied in space limited area such as transportation, stationary,
and portable/micro power generation sectors [49].

In this paper, ECH of acetone to produce isopropanol was demonstrated using a PEMFC reactor at
ambient pressure. Various factors that impact the yield of propanol were investigated, including current
density, temperature, relative humidity (RH), and membrane degradation. The main objective of this
work was to evaluate the appropriate pathways of ECH of bio-oil components using a PEMFC reactor.

2. Materials and Method

2.1. Material and Experimental Setup

The experiments were performed using a standard PEMFC hardware (Scribner Associates Inc.,
USA) with an active area of 25 cm2. Such standard PEMFC hardware has been widely used for
PEMFC evaluation tests [29,50]. Commercially available MEAs were purchased from Ion Power
Inc., New Castle, DE, USA. The MEAs consist of Nafion® 117 membranes sandwiched with porous
carbon-based electrodes, each of which has a Pt loading of 0.3 mg/cm2. Micro-porous carbon papers
(SIGRACET® 10BC) were trimmed and used as gas diffusion layers (GDLs) for both electrodes.
Teflon gaskets were used to seal around the assembly. A pair of graphite bipolar plates with flow
patterns were used to distribute flows and enclose the assembly. All temperatures were acquired
via K-type thermocouples (OMEGA, USA). A fuel cell test station (850e, Scribner Associates Inc.,
Southern Pines, NC, USA) was used to control temperatures, flow rates, and humidity. It was also
used for data acquisition.

Ultra-high purity (99.999%) N2 (Airgas, Radnor, PA, USA), and filtered shop air were connected
to the fuel cell test station and supplied to the PEMFC through the purge line. They were used for
purging system and making current and voltage curve, respectively, and were cut off while ECH
experiment was running. Ultra-high purity (99.999%) H2 (Airgas, USA) and Deionized (DI) water
tank were purged through the anode side of the reactor, using the fuel cell test station. H2 was the
electrons donator and deionized (DI) water tank was used for adding humidity to H2. Acetone (Fisher
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Scientific, Hampton, NH, USA, Certified ACS Reagent Grade) was injected into the cathode side of the
reactor by a syringe pump (MTI Corporation, Richmond, CA, USA, EQ-300sp-LD). A direct current
(DC) power supply (Tektronix, Beaverton, OR, USA, PWS 4205) was used to supply DC power for
ECH. The positive probe was connected to the anode, while the negative probe was connected to the
cathode. While ECH was running, electrons were deprived of H2 and transferred to the cathode trough
the DC power supply. Acetone was the electron acceptor and reacted with the produced protons.
The products from the cathode outlet were collected by airbags (Tedlar®), which were held by water
bath. Room temperature water bath was used for condensing the unreacted acetone and products.
The cell temperature was controlled by the fuel cell test station. The exhaust gases and byproducts
from the anode were condensed in a knock-out bottle prior to venting out. The schematic diagram of
the whole experimental setup is shown in Figure 1.

Figure 1. Schematic diagram of the experimental setup.

2.2. Electrochemical Hydrogenation and Characterization

All the PEMFCs were assembled in accordance with the standard assembly procedure of fuel
cell hardware [51]. Prior to each ECH experiment, a new membrane was conditioned based on the
standard protocol [51] for at least 24 h, until it reached a fully functional state. Current–voltage (I-V)
sweeps were performed to establish the baseline data for the following ECH experiments.

In each ECH experiment, the acetone and H2 flow rates were controlled at 6 mL/h and 0.25 slpm,
respectively. The voltage was consistent for each reaction; the current was recorded every 5 min.
Four different factors, namely cell temperature, RH, supplied voltage, and membrane degradation,
were investigated to identify the optimized operating conditions. The operating conditions were in the
range of 55–80 ◦C, 35–90% and 0.01–0.02 V, respectively. I-V scans were conducted before and after
ECH to characterize the membrane degradation.

The flow chart of the ECH experimental operation is shown in Figure 2. Initially, three collection
methods, including the dead end, partially confined and an open end were evaluated to identify
the best means for accurate collection of products. In the partially confined method, products were
collected by airbags with pressure relief valves, which prevents pressure buildup while trapping
the products. In the other two collection methods, although the products were condensed by room
temperature water bath, dead end still resulted in too much back pressure accumulation, whereas open
end failed to collect enough products for analysis. Therefore, partially confined airbags were used for
all the experiments. The pressure differential of two electrodes can be controlled by airbags confined
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extent. Green et al. proved that a suitable pressure differential between the anode and cathode could
decrease cross-over and increase conversion [52]. Dadda et al. believed that water transport in the
membrane of a PEMFC is influenced by a convective force, resulting from a pressure gradient [53].
Many researchers also point out the importance of the flow pressure [54].

 

Figure 2. Flowchart of the experiment.

The collected samples were analyzed by gas chromatography–mass spectroscopy (Shimadzu,
GC-MS-QP2010 SE), using a Shimadzu (SH-Rxi-5Sii) MS column (length: 30 m, inner diameter:
0.25 mm). Volume quantitative analysis was conducted by another gas chromatograph (SRI Instrument,
8610C), using a Restek (MXT-WAX) column (length: 30 m, inner diameter: 0.53 mm). Helium was used
as a carrier gas for both gas chromatographs.

3. Results and Discussion

3.1. Product Characterization

Both the liquid and gaseous products were analyzed by GC-MS. Unreacted acetone (C3H6O),
isopropanol (C3H8O), and diisopropyl ether (C6H14O) were detected in the liquid products.
Unreacted acetone, diisopropyl ether, and isopropanol were found in the gaseous and liquid products.

The reactions on both electrodes are catalyzed by Pt. While applying a DC voltage, protons formed
at the anode are electrochemically pumped to the cathode. The protons then react with acetone to
produce isopropanol and diisopropyl ether. The most feasible reaction pathways at the cathode are
shown below:

2H+ + 2e− Pt→ 2Hads (6)

(7)

(8)
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Electrosorbed hydrogen is formed on Pt surface by reduction of H+ (Equation (6), where Hads is the
electrosorbed hydrogen). Hydrogenation of the C=O bond then proceeds as in catalytic hydrogenation
through the reaction of the acetone with the electrosorbed hydrogen (Equation (7)). As a result,
isopropanol, which is the main product, is generated. Two isopropanol molecules may also combine
and free one water, generating diisoproply ether as a byproduct is formed (Equation (8)). Note that
hydrogen gas can also be regenerated, which is an unfavorable electrochemical reaction during ECH.
Hydrogen regeneration reduces the efficiency by electrochemically pumping useless hydrogen through
the MEA, resulting in a reduction of the yield rate of products.

Each MEA had undergone at least three ECH experiments before replacement. To minimize the
impacts of MEA degradation on ECH experiments, the results of the I-V scans, which were carried
out prior to the experiments, were compared to the baseline performance of each MEA. If the I-V
curve demonstrated an obvious deflection from the baseline performance, then the MEA needed to
be replaced. The components detected in the products were isopropanol, diisopropyl ether, acetone,
and water, with their volumetric percentages ranging 12–16%, 1–2%, 69–75%, and 11–14%, respectively.
Note that abundant acetone was supplied to the cathode to prevent fuel starvation. As a result,
the maximum conversion rate of acetone to isopropanol was 23%. The selectivity of isopropanol was
calculated more than 90%. Acetone was also detected in the anode due to crossover, which is discussed
below. The produced isopropanol can be easily separated from the mixture using extraction and
distillation, which are two widely adopted methods in the industry [55] and therefore not discussed in
detail here.

Three different control parameters, including RH, operating temperature, and input voltage,
were assessed to identify the optimized operating conditions for ECH of acetone. All operating
parameters used in the experiments are shown in the Table S1 in the Supplementary Materials.

RH is a very important parameter that affects the performance of PEMFCs [54,56–60]. Figure 3a
shows a typical impact of RH on the product yield during ECH of acetone. It was obviously evidenced
that higher humidity promoted higher yield of isopropanol. The composition of isopropanol in the
products increased from 4.9% to 16.1%, while RH climbed from 35% to 90%. The reason humidity
had such a significant impact is that the MEA usually uses a perfluorosulfonic acid membrane
(e.g., Nafion®) as the electrolyte. A high or nearly saturated humidity (RH > 80%) is usually required to
obtain practical performance because the conductivity of perfluorosulfonic acid membranes depends
on the water content. Higher humidity means higher conductivity, consequently resulting in better
performance [61–64]. Water management is critical for PEMFC operation. Sufficient water must be
absorbed into the membrane to ionize the acid groups, whereas excess water can cause flooding issues
and thus diminishing the performance [52]. The inlet RH of the electrodes must be controlled to
prevent both membranes from drying out and electrode flooding. Although better performance is
usually obtained by increasing RH, excess moisture may result in water flooding that hinders gas
transport [65]. In the present experiments, RH was maintained between 35% and 90% to prevent either
water starvation or over saturation. In fact, many researchers have investigated the mechanism of
humidity influence. It is generally believed that RH can impact electro-osmotic drag, water diffusion,
membrane ionic conductivity, and water back diffusion flux in the MEAs, which consequently influence
the performance [66,67]. Elevated RH can greatly improve the PEMFC performance, through increasing
the membrane conductivity [68,69], the catalyst activities [68,70], the electrode kinetics [71,72], and the
mass transfer rates [73,74].
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Figure 3. Isopropanol yield (percentage) change as a result of: (a) RH; and (b) temperature. H2 and
acetone flow rates were 0.25 L/min and 6 mL/h, respectively. (a) The ECH experiments were conducted
five times at 65 ◦C. Each ECH experiment was repeated twice. (b) The ECH experiments were conducted
four times at 80% RH.

Operating temperature is the second factor that was assessed in this study. Generally, the temperature
was found to have a slightly positive impact on the product yield. As shown in Figure 3b, the isopropanol
yield percentage of products varied between 9.3% and 14.3%, when the temperature increased from
55 ◦C to 80 ◦C. However, the temperature seemed to have minimal effect on the total efficiency.
The results agreed with the findings from the literature. Singh et al. [25] investigated ECH of phenol
by Pt accordance with increasing temperature. They believed that dehydrogenated phenol adsorbents
easily block the active sites of Pt at higher temperatures. The ECH efficiency was claimed to be directly
correlated with the adsorption properties of acetone, hydrogen, and propanol onto the Pt/C catalyst.
Murillo and Chen [75] used temperature programmed desorption (TPD) to monitor the desorption and
decomposition property of propanol in a wide temperature range on the Pt surface. According to their
research, propanol decomposition peaked at 65 ◦C and 117 ◦C. In the present research, the operating
temperature ranged from 55 ◦C to 80 ◦C, between which propanol decomposition could happen at a
higher temperature (>80 ◦C). Decomposition of propanol was believed to cause the decrease of its yield.
Therefore, increasing the operating temperature in the range does not necessarily result in an increase in
the product yield.

Finally, the influence of applied voltage on the product yield was also investigated. Generally,
the input voltage has no obvious impact on the product yield. In the experiments, the voltage ranged
from 10 mV to 20 mV, with 5 mV increments. At 10 mV and 15 mV, the yield of isopropanol was 15.9%
and 17.0%, respectively. Diisopropyl ether was not detected in either case. However, when the input
voltage was increased to 0.02 V, the volumetric percentage of isopropanol produced was up to 16%,
and about 1% diisopropyl ether was detected.

3.2. System Analysis

Selectivity, H2 utilization, and current efficiency were selected to evaluate the hydrogenation efficiency.
Selectivity represents the yield of desirable products. As the major product, higher isopropanol selectivity
was pursued. The selectivity is calculated based on the following equation [14,20], where acetone unreacted
is excluded:

Selectivity =
Moles o f Desired Product
Total Moles o f Products

× 100% (9)

In the present research, H2 was supplied to the anode to produce protons for ECH reactions
on the cathode. Due to gas diffusion resistance, gas crossover, and hydrogen regeneration on the
cathode, some H2 was wasted. The H2 utilization is directly related to the overall ECH efficiency.
Higher H2 utilization percentage is desired since more hydrogen will be involved in the ECH process.
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The actual amount of H2 used to produce isopropanol can be derived from the amount of product.
The H2 utilization is calculated by the following equation:

H2 Utilization =
Atomic Hydrogen Used f or Faraday Current

Total Atomic Hydrogen Supplied
× 100% (10)

During the ECH process, acetone reacts with M(H)ads to produce isopropanol and byproducts on
the cathode. Concurrently, H2 regeneration happens and is an unfavorable process simply because it
wastes energy. The H2 regeneration reaction is affected by supplied voltage, temperature, humidity,
and catalyst. Hereby, current efficiency (shown below) is used as an important parameter to determine
how efficient H2 is used for the ECH process [14,20].

Current E f f iciency =
Current used f or the ECH process

Total Faraday current
× 100% (11)

The total efficiency is defined by the H2 utilization multiplying the current efficiency, as shown in
the following equation:

Total E f f iciency = H2 Utilization × Current E f f iciency (12)

Figure 4a shows the impact of temperature on H+ utilization, current efficiency, and total
efficiency in a typical set of experiments. As the operating temperature increased from 50 ◦C to
80 ◦C, H+ utilization increased from 1.5% to 6.0%, whereas current efficiency decreased from 28% to
18.5%. Temperature affects H+ utilization and current efficiency differently. Higher ionic mobility
and catalytic activities are achieved with higher operating temperatures, resulting in higher H2

utilization. Consequently, the electrochemical conversion and reaction rates increase with elevated
temperatures [52]. However, Figure 4a indicates that, although elevated operating temperature enabled
more hydrogen being involved in reactions, the yield of products did not increase or even decreased.
That resulted in a loss of current efficiency, which means most extra protons produced were somehow
wasted. The conclusion can also be evidenced by the curve of the total efficiency, which remained
almost flat. Note that the total efficiency was low because abundant H2 was supplied to the system
to minimize the impact of fuel starvation and gas diffusion resistance. Practically, stoichiometric
flow can be fed to the system based upon the actual current. In their experiments of ECH of
acetone, Sara et al. observed that the current efficiency increased while the cell temperature increased
from 25 ◦C to 50 ◦C, which seems to contradict our results [52]. However, in the present research,
PEMFCs were operated in a recommended range between 50 ◦C and 80 ◦C to achieve the best
performance. The reduction of current efficiency is believed mainly due to propanol decomposition,
as mentioned in Section 3.1. Another minor reason was acetone vaporization, since the boiling point of
acetone is 56 ◦C. Acetone gasification might have negative impact on the hydrogenation reactions on
the cathode, due to increased pressure and thus higher diffusion resistance.
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Figure 4. H2 Utilization, Current Efficiency, and Total efficiency calculated at different: (a) temperatures;
and (b) RH. H2 and acetone flow rates were 0.25 L/min and 6 mL/h, respectively. (a) The ECH
experiments were conducted five times at 80% RH; (b) The ECH experiments were conducted five
times at 65 ◦C. Each ECH experiment was repeated twice.

Figure 4b shows the impact of RH on H2 utilization, current efficiency, and total efficiency.
The operating temperature was set at 65 ◦C, and the RH was controlled by setting the humidifier’s
temperature. It is seen that higher RH resulted in better efficiencies. As the RH ranged from 35%
to 90%, the H2 utilization increased from 0.9% to 2.8%, and the total efficiency increased from 0.4%
to 1.5%. A sudden spike of the current efficiency was observed when ramping the RH from 80% to
91%. It can be concluded that higher RH is favorable for ECH of acetone and will result in a higher
yield of products. It has been proved that higher ionic conductivity can be achieved when MEAs
become more hydrated [68–70,76–79]. Practically, high RH is required to maintain the best fuel cell
performance. The higher water content in the Nafion membrane will ease proton transport, i.e., reduce
ionic resistance. As a result, more protons can be created and transported to the cathode for ECH.
Typically, >80% RH is recommended [61–64], which explains why a spike in the current efficiency was
observed when the RH surpassed 80%.

The present research shows that the performance of ECH of acetone is correlated with RH,
input voltage, and temperature, in which RH has the most obvious effect. It is suggested that
the optimized operating conditions are RH of 80% or more, the input voltage of 0.02 V or less,
and temperature of between 50 ◦C and 55 ◦C. The obtained maximum H2 utilization and maximum
current efficiency achieved in the present experiments were 5.9% and 59.7%, respectively. To further
increase those efficiencies, stoichiometric flow control is strongly recommended.

3.3. MEA Degradation

Long-term durability is one important factor that affects the practical applications of ECH using
PEMFC reactors. Nowadays, commercial MEAs are fairly durable for their common roles as the
power sources. The ECH process, however, involves organics that may contaminate MEAs and thus
shorten their lifetime. To our best knowledge, very limited research has been conducted to evaluate
the impacts of contaminants on the durability of ECH. In the past decade, extensive research has
been carried out on mitigating contamination of PEMFCs from impurities, including CO, CO2, H2S,
NOx, SOx, and hydrocarbons [80,81]. Impurities may contaminate one or more components of the
MEA, resulting in performance degradation. Three major contamination effects were identified as the
poisoning of the electrode catalysts, a decrease of the ionic conductivity, and an increase of the mass
transfer resistance.

Additionally, the crossover is another factor that negatively impacts the PEMFC performance.
Crossover of organic compounds during hydrogenation using PEMFCs has been reported [82,83].
One immediate drawback is the loss of fuel and/or products, which decreases the efficiency.
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Furthermore, contaminants not only poison just one electrode but also may crossover and further
poison the catalyst on the other electrode [12].

To investigate the impacts of MEA degradation on the present hydrogenation tests, polarization
scans (V-I sweeps) were performed after each test [51]. The black curves in Figure 5 are the baseline
data recorded for the fresh MEAs prior to ECH tests. After each test, pure N2 was purged for at
least 10 h to remove all the temporary contaminants. The effects of RH and temperature on the MEA
degradation were also evaluated.

  

 

Figure 5. V-I scans performed during three sets of ECH experiments: (a) The ECH experiments were
conducted five times at 65 ◦C and 80% RH; (b) the ECH experiments were conducted four times at
65 ◦C but different RH (65%, 65%, 50% and 50%, respectively); (c) the ECH experiments were conducted
five times at 80% RH but different temperatures (80 ◦C, 73 ◦C, 57 ◦C, and 50 ◦C, respectively). The black
curves are the baseline data recorded for the fresh MEAs prior to ECH tests. After each test, pure N2

was purged for at least 10 h to remove all the temporary contaminants.

Figure 5a shows the results of five sets of V-I measurements performed on a PEMFC,
which underwent five 10-h ECH experiments. Both the ECH experiments and V-I measurements
shown in Figure 5a were conducted at 65 ◦C with 80% RH. It clearly shows that the MEA performance
degraded as more ECH tests were conducted, especially after the third ECH experiment. The open
circuit voltage (OCV) dropped a lot starting from the fourth V-I scan, which indicates that crossover
became significant. It implied that pinholes might form due to degradation.

Figure 5b shows the effect of RH on the MEA degradation during ECH. For the ECH experiments
conducted in Figure 5b, RH was reduced to 65% for the first and second tests and was further reduced
to 50% for the third and fourth tests. To compare with the same baseline data (the black curve in
Figure 5b), all V-I scans were performed using the same operating conditions that have been used
for the baseline scan. The results illustrate that reducing RH was able to mitigate the degradation to
some extent. It is believed that less RH resulted in less mass transport via the MEA, which eventually
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extended the lifetime of the catalysts. However, permanent damage to the MEA still existed, as seen
from the general trend of V-I scans. Similar to the observations in Figure 5a, purging with pure N2

could not remove permanent contaminants.
Finally, the effect of operating temperature on the MEA degradation was investigated, as shown

in Figure 5c. For the ECH experiments conducted in Figure 5c, the operating temperatures were 80 ◦C,
73 ◦C, 57 ◦C, and 50 ◦C, while maintaining the same RH. Again, all V-I scans were performed using the
same operating conditions as those used for the baseline scan (black curve in Figure 5c). The results
show that temperature variation has no observable impact on MEA degradation. In other words,
changing the operating temperature did not mitigate degradation.

Figure 6 shows that the trends of current efficiency, H2 utilization, and total efficiency using the
same MEA for several ECH experiments. Figure 6 shows that, as the MEA degraded, current efficiency,
H2 utilization, and total efficiency all decreased. Until a method of contamination mitigation is found,
it is acceptable to use one MEA three times.

Figure 6. H2 Utilization, Current Efficiency and Total efficiency as a function of ECH experiment times.
The ECH experiments were conducted four times at 65 ◦C and 80% RH. H2 and acetone flow rates
were 0.25 L/min and 6 mL/h, respectively. After each test, pure N2 was purged for at least 10 h to
remove all the temporary contaminants. Each ECH experiment was repeated twice.

Usually, the lifespan of a PEMFC under steady-state operation can be very long, up to thousands
of hours [84–89]. However, catalyst contamination is the major factor that diminishes the PEMFC
performance and very likely results in significant degradation [90–92]. In fact, many organic compounds
can contaminate the MEA. Those compounds include acetaldehyde, toluene, propane, vinyl acetate,
methyl methacrylate, acetonitrile, dichloromethane, acetylene, chlorobenzene, formic acid, methanol,
ethanol, phenol, butane, acetone, and naphthalene [93–95], and the list is expanding. The main reason
that so many contaminants were found is that the catalysts used in common MEAs are Pt-based. Pt is a
premium catalyst, but also sensitive to so many contaminants. The MEAs used in the present research
contain pure Pt as the catalyst. Although developing non-Pt catalyst is beyond the scope of the present
research, to further conduct durable ECH experiments, MEAs with contamination tolerant catalysts need
to be used.

Reactant and product crossing over is another possible reason that caused the MEA degradation.
Liquids that contained mainly acetone were detected at the anode side during the ECH experiments.
Those liquids not only decrease the fuel utilization but also further contaminate the anode catalyst.
Feasible solutions to this issue include adopting thicker MEAs, feeding gaseous feedstock instead of
liquid, and using non-Pt catalyst [96].
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In summary, to minimize the MEA contamination using the current setup, keeping low RH is
suggested. To solve the problem essentially, novel non-Pt catalysts need to be developed, such as Pd-
and Ni-based catalysts [97,98]. Even though a wide range of metals can be used as electrocatalysts at
the cathode, those with the strong hydrogen absorption capability are desired.

4. Conclusions

Electrochemical hydrogenation of acetone using a PEMFC reactor was successfully demonstrated
in the present research. The results proved that ECH can be a feasible way of hydrogenating acetone
to produce isopropanol in mild conditions. In the experiments, the main product obtained was
isopropanol with a selectivity of approximately 90%. A small amount (about 1%) diisopropyl ether
was also obtained as a byproduct. The mild operation conditions, including low temperature and
ambient pressure, are the greatest advantages of the proposed ECH method. The present research
suggests that the optimized conditions for ECH of acetone using a PEMFC reactor include an operating
temperature around 65 ◦C and relatively high RH.

Contamination impact using the PEMFC reactor during ECH was also investigated. It was
concluded that organic compounds can contaminate the MEAs, resulting in serious degradation.
However, methods to mitigate contamination are limited. The present research only demonstrated that
lower RH could help reduce contamination. Eventually, novel non-Pt catalysts need to be developed
for durable ECH process.
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Abstract: This paper investigates the interactive relationship between three operating parameters
(papaya seed oil (PSO) biodiesel blends, engine load, and engine speed) and four responses
(brake power, BP; torque; brake specific fuel consumption, BSFC; and, brake thermal efficiency, BTE)
for engine testing. A fully instrumented four cylinder four-stroke, naturally aspirated agricultural
diesel engine was used for all experiments. Three different blends: B5 (5% PSO biodiesel +
95% diesel), B10 (10% PSO biodiesel + 90% diesel), and B20 (20% PSO biodiesel + 80% diesel)
were tested. Physicochemical properties of these blends and pure PSO biodiesel were characterised,
and the engine’s performance characteristics were analysed. The results of the engine performance
experiments showed that, in comparison with diesel, the three PSO biodiesel blends caused a slight
reduction in BP, torque, and BTE, and an increase in BSFC. The analysis of variance and quadratic
regression modelling showed that both load and speed were the most important parameters that
affect engine performance, while PSO biodiesel blends had a significant effect on BSFC.

Keywords: diesel; Carica papaya; engine performance; biodiesel; characterisation

1. Introduction

Diesel fuel has successfully contributed to all sectors of human life, especially to transportation,
industry, and agricultural sectors due to its availability, reliability, adaptability, higher combustion
efficiency, and excellent handling/storage properties. However, fossil reserves (oil, gas, and coal)
are limited, therefore, researchers have been exploring an alternative source for diesel for many
years, and, over the last decade, biofuel (i.e., mainly biodiesel) has drawn massive attention for
its excellent environmental and sustainability attributes [1,2]. Biodiesel is biodegradable, non-toxic,
non-explosive, non-flammable, renewable, and an environmentally friendly (produces fewer emissions)
fuel. Although the biodiesel energy content is about 10–12% less than diesel, it can be mixed with
diesel at specific proportions to make the blended fuel properties close to diesel [3,4]. Furthermore,
researchers are working hard to find suitable sustainable biodiesels and their blends, which can be
used as fuel in unmodified diesel engines.

Numerous researchers have explored the production of biodiesel from different feedstocks
focusing on non-edible oil, but very few investigations [5–10] have been performed on papaya seed oil
(PSO) biodiesel. Among these, most of the articles deal with only the biodiesel production process when
using different catalysts and methanol: oil molar ratios. Asokan et al. [2] examined engine performance
in a single cylinder diesel engine fuelled with a mixture of papaya seed oil and watermelon seed oil
and found that B20 performed close to diesel. Prabhakaran et al. [11] analysed engine performance
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of a single cylinder Kirloskar-TV1 diesel engine with PSO biodiesel blends and found B25 blend has
lower BSFC than all other blends. Sundar Raj and Karthikayan [12] did diesel engine (single cylinder)
performance analysis with PSO-diesel blends with/without additives and found PSO-diesel blends
with additives have better combustion and emission characteristics. However, no other literature has
been found on engine performance analysis of a fully instrumented four cylinder four-stroke diesel
engine fuelled with PSO biodiesel.

PSO is non-edible and converting the waste product (seeds) of the fruit into biodiesel is a
sensible option. Carica papaya was originally native to the tropics of the Americas and it is now
primarily grown in tropical-subtropical climates of Asia (in particular, India with 42% of world
production), South America (mainly Brazil), Africa (Nigeria and Congo), and Polynesia [13,14].
Therefore, the evaluation of papaya seed oil as biodiesel feedstock will contribute to the development of
regional communities and their overall economy. In this study, papaya seed oil was used as feedstock
to produce biodiesel and investigate its suitability as an alternative fuel source. Determining the
fuel properties of PSO and its various blends with diesel were also undertaken. Finally, interactive
relationships between several operating parameters (PSO biodiesel blends, load, and speed) and
engine performance are evaluated and discussed.

2. Materials and Method

2.1. Materials

The raw PSO was obtained from a supplier in Eumundi, Queensland, Australia. The chemicals
that were utilised for this study were methanol (99.9% purity), potassium hydroxide (KOH pellets,
99% purity), and sodium hydroxide (NaOH pellets, 99% purity). All chemicals were of analytical
reagent grade (AR) and they were procured from the School of Engineering and Technology, Central
Queensland University. A reflux condenser and a thermocouple fitted on 0.5 L and 1 L three-neck
laboratory reactors were used for the PSO biodiesel conversion experiments.

2.2. Equipment List

The PSO properties were characterised for density, viscosity, refractive index, angular rotation,
acid value, oxidation stability, and iodine value. These properties were measured before the biodiesel
conversion and optimisation process. Table 1 summarises the equipment used in this study to measure
the properties of PSO, PSO biodiesel, and the biodiesel-diesel blends, and the relevant standards
applied. The properties studied were density at 15 ◦C, kinematic viscosity at 40 ◦C, acid value, calorific
value, flash point, and oxidation stability. A gas chromatograph was used to determine the fatty acid
compositions by EN 14103.

Table 1. Equipment used for measuring properties of papaya seed oil (PSO) and related products in
this study.

Property Equipment Standard Applied Accuracy

Kinematic viscosity NVB classic (Normalab, France) ASTM D445 ±0.01 mm2/s

Density DM40 LiquiPhysicsTM density meter
(Mettler Toledo, Switzerland)

ASTM D1298 ±0.1 kg/m3

Flash point NPM 440 Pensky-Martens flash point tester
(Normalab, France) ASTM D93 ±0.1 ◦C

Acid value Automation titration Rondo 20
(Mettler Toledo, Switzerland) ASTM D664 ±0.001 mg

KOH/g

Calorific value 6100EF semi-auto bomb calorimeter
(Perr, USA) ASTM D240 ±0.001 MJ/kg

Oxidation stability at 110 ◦C 873 Rancimat (Metrohm, Switzerland) ASTM D2274 ±0.01 h
Refractive index RM 40 Refractometer - ±0.0001
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2.3. Biodiesel Production

The acid value of raw PSO was determined to be 0.98 mg KOH/g. After transesterification
using the KOH catalyst, the acid value of PSO biodiesel was found to be 0.42 mg KOH/g. This trial
experiment suggested that only the single-stage alkyl catalyst transesterification process was necessary
for satisfactory PSO biodiesel production. Further, only a few researchers [6–10] have found that the
single-stage transesterification process was sufficient for PSO biodiesel conversion. Based on these
researches and the trial experiment, it was decided to use single-stage alkaline transesterification for
biodiesel production. Thus, in each experiment, the conversion was performed by reacting a known
quantity of PSO with methanol and the catalyst.

In each of these experiments, PSO was poured into a three-neck laboratory reactor and was heated
to the preferred temperature. The catalyst (KOH) was dissolved in methanol in a separate beaker, and
a magnetic stirrer was used to provide vigorous agitation at 600 rpm for 10 min at 50 ◦C to produce
methoxide. This solution was then poured into the reactor that contained heated PSO to allow the
transesterification reaction at a constant speed of agitation of 600 rpm. Other reaction conditions,
such as temperature and time, were adjusted as per the individual experimental designs determined
from the optimisation process of PSO biodiesel [14]. At the end of the transesterification reaction, the
blend was poured into a separating funnel and left to settle 24 h for layer separation. Under gravity,
two distinct liquid phases were formed; the upper layer was methyl ester (biodiesel), and the bottom
dark brown layer consisted of glycerol and impurities. The glycerol and impurities were drawn off,
whence the methyl ester layer was collected and washed with warm (50 ◦C) distilled water. The methyl
ester was then heated to 110 ◦C for 15 min to remove any water that would have been retained from
the washing process. A Whatman® qualitative Grade 1 filter paper was used to filter the methyl ester
(i.e., biodiesel) and was stored at laboratory temperature for characterisation. Figure 1 shows the PSO
production process.

 

Figure 1. PSO biodiesel production.
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PSO biodiesel yield was calculated using Equation (1).

PSO Biodiesel Yield = FAME percent(from GC analysis)× weight of PSO biodiesel
weight of PSO

(1)

2.4. Fatty Acid Composition

Fatty acids with a double bond are known as unsaturated fatty acids, while those without a
double bond are called saturated fatty acids. High unsaturated fatty acid levels make biodiesel prone
to autoxidation [14]. However, high unsaturated fatty acid levels do ensure good flow properties
as compared with saturated fatty acids. The major drawback of high saturated fatty acid levels in
biodiesel is its poor fuel filterability, particularly in cold weather conditions. The PSO biodiesel fatty
acid composition was determined using a gas chromatograph (GC), (Thermo Trace 1310 GC) according
to EN14103. Table 2 shows the operating condition details of the GC.

Table 2. Gas chromatograph (GC) operating conditions.

Property Details

Brand, model Thermo Scientific Trace 1310 GC
Carrier gas Helium
Flow rates Air: 350 mL/min, H2: 35 mL/min, N2: 30 mL/min

Detector temperature 240 ◦C
Column dimensions 60 m × 250 μm × 0.25 μm

Column head pressure 23.8 psi

Injector Split injector, 40:1 ratio, split flow 48 mL/min,
constant flow 1.2 mL/min, 1 μL injection volume

Temperature ramp 1 110 ◦C hold for 4 min
Temperature ramp 2 10 ◦C/min to 230 ◦C, hold for 3 min

The compositional analysis that is detailed in Table 3 shows that PSO biodiesel contains a high
level (87.5%) of unsaturated fatty acid methyl esters (FAME) made up of polyunsaturated fatty acid
(PUFA) at 39.03% and monounsaturated fatty acid (MUFA) at 48.49%. Amongst these, the dominant
fatty acids were found to be oleic acid (C18:1) at 47.7% and linoleic acid (C18:2) at 37.3%. The saturated
fatty acids included palmitic acid (C16:0) at 6%.

Table 3. PSO biodiesel fatty acid composition.

Fatty Acids Formula Molecular Weight Structure wt%

Palmitic C16H32O2 256 16:0 6.07
Stearic C18H36O2 284 18:0 3.13
Oleic C18H34O2 282 18:1 47.73

Linoleic C18H32O2 280 18:2 37.25
Linolenic C18H30O2 278 18:3 1.78

Eicosenoic C20H38O2 310 20:1 0.76
Behenic C22H44O2 340 22:0 0.68
Erucic C22H42O2 338 22:1 1.51

Others 1.09
Total Saturated Fatty Acids (SFA) 9.88

Total Monounsaturated Fatty Acids (MUFA) 48.49
Total Polyunsaturated Fatty Acids (PUFA) 39.03

Degree of Unsaturation (DU) 126.55
Long Chain Saturated Factor (LCSF) 3.19
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2.5. Properties Analysis

The properties of the produced PSO methyl ester (i.e., pure biodiesel or B100) are compared with
those of diesel (B0) and PSO biodiesel-diesel blends (B5, B10, and B20) in Table 4. The properties
and qualities of PSO biodiesel and the diesel blends comply with the requirements of international
standards ASTM D6751 and EN14214. The USA’s ASTM D6751 ensures that the parameters of any
pure biodiesel (B100) satisfy the standard before being used as a blend with diesel or pure fuel, whereas
the European Union’s EN14214 defines the minimum standards for FAME [14,15]. The PSO biodiesel
was found to comply with both standards.

Table 4. Comparison of PSO biodiesel and blends with diesel.

Properties Units PSO B100 B20 B10 B5 B0
ASTM

D6751-2
EN14214-03

Density Kg/m3 885 840 829.76 828.48 827.84 827.2 870–890 860–900
Viscosity at 40 ◦C mm2/s 27.3 3.53 3.29 3.26 3.25 3.23 1.9–6.0 3.5–5.0

Acid value mg KOH/g 0.98 0.42 0.12 0.09 0.07 0.05 max. 1 0.5 max. 0.5
Cetane number (CN) - - 48.29 48.06 48.03 48.01 48.00 min. 2 47 min. 51

Calorific value MJ/kg - 38.49 43.94 44.62 44.96 45.30 - 35.00
Flash point (◦C) - 112 77.20 72.85 70.68 68.50 min. 93 >120

Iodine value (IV) - 79.95 115.89 53.82 46.06 42.18 38.30 - max. 120
Oxidation stability (OS) Hour 77.97 5.61 32.32 35.66 37.33 39 min. 3 min. 6

1 max. = maximum; 2 min. = minimum.

2.6. Fourier Transform Infrared (FTIR) Analysis

The various functional groups that are present in the pure PSO biodiesel sample were determined
with FTIR spectroscopy. In this study, a Spectrum 100 series FTIR spectrometer with a universal
Attenuated total reflectance (ATR) sampling accessory was used. Samples of the PSO biodiesel
were inserted directly on the ATR window to record the spectra over the frequency range of
4000–650 cm−1 with four scans at approximately 40% transmission. Spectrum analysis program
(Spectrum version 6.2.0, Perkin-Elmer Life and Analytical Sciences, Bridgeport, CT, USA) was used to
acquire data and for processing. Figure 2 shows the FTIR spectrum of the pure PSO biodiesel (B100).

 

Figure 2. PSO methyl ester investigation Fourier Transform Infrared (FTIR) spectrum.
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2.7. Blending of Biodiesel

The pure PSO biodiesel (B100) was mixed with pure diesel (B0) to prepare various blends.
Those blends comprised homogeneous mixtures of 5% vol. of biodiesel with 95% vol. of diesel denoted
by B5, 10% vol. of biodiesel with 90% vol. of diesel indicated by B10 and 20% vol. of biodiesel with
80% vol. of diesel meant by B20. The blends were prepared in a 2 L flask and were agitated at 2000 rpm
with a magnetic stirrer for 60 min.

2.8. Experimental Setup for Engine Testing

This experimental investigation was carried out using pure diesel (B0) and PSO biodiesel-diesel
blends (B5, B10, and B20) in an agricultural tractor four-stroke diesel engine with four cylinders
(model: Kubota V3300) coupled with an eddy current dynamometer. Table 5 details the engine
specification. This tractor engine was used for testing PSO biodiesel-diesel blends with regard to
engine performance and characteristics of exhaust emissions. The engine performance and emissions
data were collected under full load (100%) condition, keeping the throttle 100% wide open and varying
speeds in the range from 1200 to 2400 rpm with an increment of 200 rpm. A photograph of the engine
and test bed and a schematic of the setup of the engine along with the data acquisition system are
shown in Figure 3. The engine is connected with the test bed along with instrumentation consoles
that measure engine speed, torque, air, and fuel consumption and temperature. A Dynolog data
acquisition system was used to convert the console-measured data to a display in the computer
monitor. The exhaust gas emissions of NOx and HC in ppm, and CO and CO2 in vol. %, were
measured with a CODA 5 gas analyser (CODA Products Pty Ltd., Hamilton NSW 2303, Australia).
For measuring Particulate Matter (PM) emissions, a PM meter (MPM-4M) (MAHA Maschinenbau
Haldenwang GmbH & Co. KG, Haldenwang, Germany) was used. Table 6 shows the specification of
the gas analyser and PM meter. Before taking any data from the diesel engine, it was run with pure
diesel (B0) for 20 min at full load to ensure that the engine was warmed up. The biodiesel-diesel blend
(B5, B10, and B20) was then fuelled into the engine for analysis and data acquisition. At the end of
any test or experiment with blended fuel, the engine was again flushed out with pure diesel to clear
the fuel line of blended fuel and the injection system. All of the tests were repeated three times to
minimise any possible error.

There are a large number of studies available in literatures on different biodiesels, and their
engine performance and emission characteristics, but a very few researchers have analysed the engine
performance or emission characteristics in terms of multivariate analysis. This study focuses on the
multivariate analysis of PSO biodiesel blends and their interactive effect on engine performance.

Table 5. Details of the test engine.

Property Apparatus, Model

Engine Model Kubota V3300 Indirect injection
Type Vertical, 4 cycle liquid cooled diesel

Number of cylinders 4
Total displacement (L) 3.318

Bore × Stroke (mm) 98 × 110
Combustion system Spherical type (E-TVCS) (three vortex combustion system)

Intake system Natural aspired
Rated power output (KW/rpm) 53.9/2600

Rated torque (Nm/rpm) 230/1400
Compression ratio 22.6

Emissions certification Tier 2
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(a) Photograph of test bed and diesel engine 

(b) Schematic of test procedure setup 

Figure 3. Test engine set up.
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Table 6. Exhaust gas analyser, PM meter specification, and error analysis.

Measured Gas
Measurement

Range Resolution Accuracy

HC 0–30,000 ppm (n-hexane) 1 ppm ±1 ppm
CO 0–15% 0.001% ±0.02%
CO2 0–20% 0.001% ±0.3%
NOx 0–5000 ppm 1 ppm ±1 ppm

Meter Particle Size Particle Concentration Range Resolution

Particulate Matter <100 nm to >10 μm 0.1 to >700 mg/m3 ±0.1 mg/m3

Measurements Accuracy Relative Uncertainty (%) Average Reading for B0

BP ±0.41 kW 0.0105 39.20
BSFC ±5 g/kWh 0.0195 256

3. Results and discussion

3.1. Characterisation of PSO Biodiesel-Diesel Blends

While the engine performance experiments in this study investigated B5, B10, and B20 biodiesel
blends, the characteristics of a much broader series of PSO biodiesel-diesel blends has been investigated.
A total of 10 PSO biodiesel-diesel blends (from B5-B90) were prepared, and their individual fuel
properties of density, viscosity, flash point, calorific value, and oxidation stability have been analysed
and are presented in Figure 4a–e.

Density is one of the vital properties of biodiesel that affects fuel atomisation efficiency in an airless
combustion system [16]. According to relevant ASTM and EN standards, the density of biodiesel at
15 ◦C should be in the range of 860–900 kg/m3. The densities of B5 (827.84 kg/m3), B10 (828.48 kg/m3),
and B20 (829.76 kg/m3) were very close to that of B0 diesel (827.20 kg/m3). Generally, biodiesel has a
slightly higher density than diesel. In addition, density increased as the percentage of PSO biodiesel in
the blends increased (Figure 4a).

Some vegetable oils have a higher viscosity, which causes poor fuel flow. Raw PSO has a viscosity
of 27.3 mm2/s, which is 8–9 times higher than diesel (B0). However, after the transesterification
process, the viscosity of PSO drops to an acceptable limit. Generally, the viscosity of biodiesel ranges
from 1.9–6.0 mm2/s, and all PSO biodiesel-diesel blends in Figure 4b fulfill this requirement. However,
the viscosity of B5 (3.25 mm2/s), B10 (3.26 mm2/s), B20 (3.29 mm2/s), and B30 (3.32 mm2/s) were
very close to B0 (3.23 mm2/s). Therefore, those blends (B10–B30) can be used as a diesel engine fuel
without any modifications to the engine.

According to ASTM D6751, the flashpoint should be 100–170 ◦C, and all of the biodiesel-diesel
blends met that requirement as well. The flash point of B0 was recorded as 68.50 ◦C, whereas B5, B10,
and B20 were found to be 70.68 ◦C, 72.85 ◦C, and 77.20 ◦C, respectively. Biodiesel tends to a higher
flash point than diesel, and Figure 4c shows the pattern of the increased flash point with increased
biodiesel blends. The more the flashpoint is above 66 ◦C is indicative of a safer fuel with better storage
ability [1,17]. From that perspective, all PSO biodiesel-diesel blends can be stored safely and they can
be used to fuel a diesel engine without any modifications.

Calorific value is another important property in the selection of any fuel. Figure 4d shows that
pure PSO biodiesel and all of its blends have slightly lower calorific values than diesel although
they are within the requirements of international standards. Biodiesel has nearly 10% more oxygen
content than diesel, and less hydrogen-carbon content hence will produce less thermal energy [17].
Calorific values of B5 (44.96 MJ/kg), B10 (44.62 MJ/kg), and B20 (43.94 MJ/kg) blends are very close
to B0 (45.30 MJ/kg).

Another vital fuel property is oxidation stability (OS), as it indicates the degree of oxidation that
occurs during prolonged storage. Hasni et al. [18] mentioned that lower oxidation stability could
adversely affect fuel quality. The higher the oxidation stability, the better the fuel quality. As the PSO
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biodiesel (unsaturated fatty acid) percentage increases, the OS decreases, which is shown in Figure 4e.
As per European standard EN 590, the minimum OS of any fuel should be 20 h (indicated by the red
line on the Figure 4e). PSO biodiesel-diesel blends B5 to B50 meet that standard. B5 has an OS value of
37.33 h and B50 is 22.31 h, while B0 has an OS value of 39 h. According to ASTM D6751 and EN14214,
the minimum OS values are 3 and 6 h respectively. This study found the 100% PSO biodiesel has an
OS value of 5.61 h, which falls within the ASTM and close to EN standards.

  
(a) (b) 

  
(c) (d) 

 

(e) 

Figure 4. PSO biodiesel-diesel blending effects on: (a) density, (b) kinematic viscosity, (c) flash point,
(d) calorific value, and (e) oxidation stability.
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3.2. Analysis of Engine Performance

3.2.1. Brake Power (BP)

The brake power (BP) outputs from the diesel engine fuelled with diesel (B0) and PSO B5, B10,
and B20 blends are shown in Figure 5a. It can be seen that the BP gradually increases with the increase
of engine speed. Maximum BP was observed at 2400 rpm and was 45.9 kW, 45.4 kW, 45.08 kW, and
48.34 kW for B5, B10, B20, and B0, respectively. Several factors, such as calorific value and viscosity, can
have the effect of uneven combustion that results in lowering the BP value. In this study, the viscosity
of diesel (B0) and PSO biodiesel-diesel blends were very close. Only the difference in calorific values
of blends and diesel caused the variations in BP values. Average BP value reductions for B5, B10, and
B20 in comparison with B0 were 2.88%, 3.87%, and 5.13%, respectively.

 
(a) 

 
(b) 

Figure 5. Cont.
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(c) 

 
(d) 

Figure 5. Variation of: (a) brake power, (b) torque, (c) brake specific fuel consumption (BSFC), and
(d) brake thermal efficiency (BTE) for all PSO biodiesel-diesel blends and diesel with respect to engine
speed at full load condition.

3.2.2. Torque

Figure 5b shows that torque increases initially with speed increase up to 1400 rpm when the
maximum level is achieved and then decreases continuously until the maximum speed of 2400 rpm
for all biodiesel blends and B0. B5 had the highest torque among the biodiesel blends due to its
higher calorific value and lower density and viscosity. As expected, B0 (diesel) had the highest torque
followed by B5, B10, and B20. The maximum torques were recorded at 1400 rpm, and these were
225 Nm, 221 Nm, 220 Nm, and 218 Nm for B0, B5, B10, and B20, respectively. The average torque
reduction for B5, B10, and B20 as compared with B0 was 1.37%, 2.47%, and 3.85%, respectively.

3.2.3. Brake Specific Fuel Consumption (BSFC)

Brake specific fuel consumption (BSFC) is the ratio of fuel flow rate and brake power. According
to Mofijur et al. [17], BSFC values depend on the relationship between the fuel injection system, fuel

362



Energies 2018, 11, 2931

density, calorific value, and viscosity. Figure 5c shows the variation of BSFC for all PSO biodiesel-diesel
blends and diesel with respect to engine speed. It is found that diesel has the lowest BSFC value in
comparison with PSO biodiesel-diesel blends (B5, B10, and B20). The average BSFC value of B0 was
measured as 256.5 g/kWh, whereas those for blends of B5, B10, and B20 were 265 g/kWh, 282.6 g/kWh,
and 300.4 g/kWh, respectively. As mentioned earlier, the combined effects of fuel properties, such as
density, viscosity, and calorific values of biodiesel may result in higher BSFC. Besides, biodiesel needs
more fuel for producing the same power due to its lower calorific value in comparison with diesel.
The average increase in BSFC values for B5, B10, and B20 as compared with B0 (diesel) were 3.35%,
10.16%, and 17.13%, respectively.

3.2.4. Brake Thermal Efficiency (BTE)

Brake thermal efficiency (BTE) is the ratio of the brake power and heat energy that is produced by
fuel. Figure 5d shows that BTE decreases with the increase of biodiesel in the blends from B5 to B20.
A higher BTE value (%) depends on some specific fuel properties such as higher calorific value, and
lower density and viscosity. When compared with other blends, the properties of B5 were matched
closely with diesel. The average BTE value of B5 was measured as 30.35%, whereas diesel was recorded
as 31.33%. The lower calorific values and higher fuel consumptions of both B10 and B20 resulted in
BTE values of 28.59% and 27.23%, respectively. The average reduction in BTE values for B5, B10, and
B20 as compared with B0 (diesel) were 3.1%, 8.76%, and 13.1%, respectively.

3.3. Interaction Effects of Operating Parameters on PSO Engine Performance

The complex interaction effects of operating parameters, such as biodiesel blends, load, and speed,
on each engine output response (BP, torque, BSFC, and BTE) could not be analysed independently.
The significance of each of the various parameters in the model was obtained via analysis of variance
(ANOVA). The experiments were carried out by use of the Box-Behnken response surface design.
Minitab 18 was used to carry out the statistical analysis. Table 7 shows the factors and the range and
levels of the investigated variables.

Table 7. Experimental range and levels coded for analysis of variance (ANOVA).

Factors Unit Symbol Coded
Range and Levels

−1 0 1

Biodiesel
blends % BL 0 10 20

Load % LD 0 50 100
Speed rpm SP 1200 1800 2400

Once the experiments were completed, a full quadratic model was applied for the correlation of
the response variable to the independent variables. The form of the full quadratic model is shown in
Equation (2).

R = P0 + P1Q1 + P2Q2 + P3Q3 + P1,2Q1Q2 + P1,3Q1Q3 + P2,3Q2Q3 + P1,1Q1
2 + P2,2Q2

2 + P3,3Q3
2 (2)

where R is the response factor; P0 is a constant; P1, P2, P3 are regression coefficients, P1,1, P1,2, P1,3, P2,2,
P2,3, and P3,3 are quadratic coefficient; and, Q1, Q2, and Q3 are independent variables.

Consideration was given to the linear, quadratic and combined effects of operating parameters
to identify their impacts on the response. Each parameter’s the significance was evaluated by the
probability value (p-value) from ANOVA. At the 95% confidence level, the p-values less than 0.05
indicate a ‘significant’ effect of those parameters on the response. In other words, p-values more than
5% or 0.05 indicate ‘not-significant’ effects of those parameters on the response.
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3.3.1. Effects of Biodiesel Blends, Load and Speed on Brake Power (BP)

The relationships between brake power and three operating parameters of biodiesel blends,
load, and speed were analysed. A quadratic regression model based on the coded parameters with
determined coefficients for statistical prediction as defined by Equation (3) was developed using
Minitab 18 to predict BP (kW) as a function of biodiesel blends (BL), load (LD), and speed (SP).

BP = 20 − 0.018 BL + 17.945 LD + 4.41 SP + 0.501 BL2 − 0.324 LD2 − 0.799 SP2 −
0.267 BL × LD − 2.177 BL × SP + 4.093 LD × SP

(3)

p-values from Table 8 show that the model is highly significant with an insignificant lack of
fit. When considering the linear, quadratic, and combined effects, BL is not significant as a linear
parameter; also, none of the quadratic terms is significant. Only the combined effects of LD and
SP are highly significant, whereas BL and SP have a significant effect on BP. The ANOVA results in
Table 8 also show that both LD and SP have the lowest p-values (<0.0001 each) and highest F-values
(3307.29 and 199.74). According to the quadratic Equation (3), both LD and SP have positive effects on
BP. This means that increasing the LD and SP will increase BP as well. The coefficient of determination
(R2) and the adjusted coefficient of determination (adj. R2) were 99.86% and 99.61%, respectively,
which indicates a high accuracy for the model.

Table 8. ANOVA results of the interactive effect of biodiesel blends, load, and speed on brake power.

Source DF Adj. SS Adj. MS F-Value p-Value Significant

Model 9 2821.89 313.54 402.53 <0.0001 Highly
Biodiesel

blends (BL) 1 0.00 0.00 0.00 0.957 No

Load (LD) 1 2576.18 2576.18 3307.29 <0.0001 Highly
Speed (SP) 1 155.58 155.58 199.74 <0.0001 Highly
BL × BL 1 0.93 0.93 1.19 0.325 No
LD × LD 1 0.39 0.39 0.50 0.512 No
SP × SP 1 2.36 2.36 3.02 0.143 No
BL × LD 1 0.29 0.29 0.37 0.571 No
BL × SP 1 18.97 18.97 24.35 0.004 Yes
LD × SP 1 66.99 66.99 86.01 <0.0001 Highly

Lack-of-Fit 3 3.58 1.19 7.71 0.117 No
Pure Error 2 0.31 0.15 - - -

Total 14 2825.79 - - - -
R2 = 0.9986 Adj. R2 = 0.9961 -

The ANOVA results in Table 8 for both LD × SP, and BL × SP interaction effects on BP are shown
graphically in Figure 6. The three-dimensional (3D) surface plot and two-dimensional (2D) contour
plot of LD and SP effects on BP are presented in Figure 6a,b respectively. BP (kW) increases with the
increase of LD up to 100% and exceeds 40 kW with SP of 2000 rpm onwards. The maximum BP was
found to be 45 kW at 2400 rpm. At 50% LD, the average BP value was recorded at about 20 kW with
minimum effects from SP. However, the combined effects of LD and SP on BP are more significant with
an increase of LD above 50%. Figure 6c,d present the 3D surface plot and 2D contour plot, respectively,
which show only minor influences of changes of BL and SP on BP. It is therefore concluded that BL has
a slight effect on BP, irrespective of SP changes.
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(a) Three-dimensional (3D) surface plot of load 

and speed on brake power (BP) 

(b) Two-dimensional (2D) contour plot of load and 

speed on BP 

  
(c) 3D surface plot of biodiesel blends and speed on BP (d) 2D contour plot of biodiesel blends and speed on BP 

Figure 6. Combined effects of biodiesel blends, load, and speed on BP (kW).

3.3.2. Effects of Biodiesel Blends, Load, and Speed on Torque

The relationships between torque and three operating parameters of biodiesel blend, load, and
speed were analysed. Based on the coded parameters, a quadratic regression model with determined
coefficients for statistical prediction, as defined by Equation (4), was developed using Minitab 18 to
predict torque (N.m) as a function of biodiesel blend (BL), load (LD), and speed (SP).

T = 137.47 + 4.596 BL + 95.884 LD − 8.105 SP − 16.6 BL2 − 15.06 LD2 − 18.13 SP2 −
0.53 BL × LD − 11.42 BL × SP − 12 LD × SP

(4)

p-values from Table 9 show that the model is highly significant with an insignificant lack of fit.
When considering the linear, quadratic, and combined effects, only the combined effects of BL and
LD are not significant. The ANOVA results in Table 9 show that LD is not significant, as it has the
lowest p-value and highest F-value, while BL is found to be significant and all other parameters are
highly significant. According to the quadratic Equation (4), both LD and BL have positive effects
on torque. This means that increasing the LD and BL will increase torque as well. The coefficient of
determination (R2) and the adjusted coefficient of determination (adj. R2) were 99.96% and 99.89%,
respectively, which indicates the high accuracy of the model.
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Table 9. ANOVA results of the interactive effect of biodiesel blends, load, and speed on torque.

Source DF Adj. SS Adj. MS F-Value p-Value Significant

Model 9 78,005.7 8667.3 1352.54 <0.0001 Highly
BL 1 169.0 169.0 26.37 0.004 Yes
LD 1 73,549.5 73,549.5 11,477.45 <0.0001 Highly
SP 1 525.5 525.5 82.01 <0.0001 Highly

BL × BL 1 1017.2 1017.2 158.73 <0.0001 Highly
LD × LD 1 837.8 837.8 130.73 <0.0001 Highly
SP × SP 1 1213.7 1213.7 189.40 <0.0001 Highly
BL × LD 1 1.1 1.1 0.18 0.691 No
BL × SP 1 521.7 521.7 81.41 <0.0001 Highly
LD × SP 1 575.5 575.5 89.81 <0.0001 Highly

Lack-of-Fit 3 30.4 10.1 12.13 0.077 No
Pure Error 2 1.7 0.8 - - -

Total 14 78,037.7 - - - -
R2 = 0.9996 Adj. R2 = 0.9989

The ANOVA results in Table 9 for LD × SP, and BL × SP interaction effects on torque are shown
graphically in Figure 7. The 3D surface plot and 2D contour plot of LD and SP effects on torque are
presented in Figure 7a,b, respectively. Torque (Nm) decreases with the increase of SP at 100% LD.
The maximum torque was found to be 220 Nm at 1400 rpm. At 50% LD, the average torque was
recorded as about 120 Nm with minimum effects from SP. However, the combined effects of LD and SP
on torque are more significant with an increase of LD above 50%. Figure 7c,d present the 3D surface
plot and 2D contour plot, respectively, which show only minor influences of changes of BL and SP on
torque. It is therefore concluded that BL has a slight effect on torque, irrespective of SP changes.

  
(a) 3D surface plot of load and speed on torque (b) 2D contour plot of load and speed on torque 

  
(c) 3D surface plot of biodiesel blends and 
speed on torque. 

(d) 2D contour plot of biodiesel blends and 
speed on torque. 

Figure 7. Combined effects of biodiesel blends, load, and speed on torque (Nm).
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3.3.3. Effects of Biodiesel Blends, Load, and Speed on Brake Specific Fuel Consumption (BSFC)

The relationships between three operating parameters of biodiesel blend, load, and speed with
brake specific fuel consumption (BSFC) were analysed. Based on the coded parameters, a quadratic
regression model with determined coefficients for statistical prediction, as defined by Equation (5),
was developed using Minitab 18 to predict BSFC (gm/kWh) as a function of biodiesel blends (BL),
load (LD), and speed (SP).

BSFC = 252.17 + 138.13 BL − 526.25 LD − 30.43 SP + 62.5 BL2 + 488.88 LD2 + 71.66 SP2 −
125.71 BL × LD − 38.55 BL × SP + 78.67 LD × SP

(5)

p-values in Table 10 show that the model is highly significant with an insignificant lack of fit. When
considering the linear, quadratic, and combined effects, all of the parameters are highly significant.
Among all parameters, LD is the parameter with the lowest p-value and highest F-value (20,429.23).
According to the quadratic Equation (5), both LD and SP have a negative effect on BSFC. This means
that increasing the LD will decrease BSFC, whereas decreasing the LD will increase BSFC. The SD
parameter has less influence in changing BSFC. The coefficient of determination (R2) and the adjusted
coefficient of determination (adj. R2) were 99.98% and 99.95%, respectively, which indicates the high
accuracy of the model.

Table 10. ANOVA results of the interactive effect of biodiesel blends, load and speed on brake specific
fuel consumption (BSFC).

Source DF Adj. SS Adj. MS F-Value p-Value Significant

Model 9 3,358,105 373,123 3440.61 <0.0001 Highly
BL 1 152,631 152,631 1407.43 <0.0001 Highly
LD 1 2,215,481 2,215,481 20,429.23 <0.0001 Highly
SP 1 7408 7408 68.31 <0.0001 Highly

BL × BL 1 14,424 14,424 133.00 <0.0001 Highly
LD × LD 1 882,480 882,480 8137.45 <0.0001 Highly
SP × SP 1 18,960 18,960 174.83 <0.0001 Highly
BL × LD 1 63,215 63,215 582.91 <0.0001 Highly
BL × SP 1 5944 5944 54.81 0.001 Highly
LD × SP 1 24,756 24,756 228.28 <0.0001 Highly

Lack-of-Fit 3 521 174 16.38 0.058 No
Pure Error 2 21 11 - - -

Total 14 3,358,647 - - - -
R2 = 0.9998 Adj. R2 = 0.9995

The ANOVA results in Table 10 for LD × SP, BL × LD, and BL × SP interaction effects on BSFC
are shown graphically in Figure 8. The 3D surface plot and 2D contour plot of LD and SP effects on
BSFC are presented in Figure 8a,b respectively. BSFC decreases with the increase of LD, irrespective
of SP. The maximum BSFC was found to be 1450 gm/kWh at 0% LD and 1200 rpm SP. At 50% LD,
the average BSFC was recorded at about 400 gm/kWh with almost no effect from changes in SP (rpm).
Figure 8c,d present the 3D surface plot and 2D contour plot, respectively, of BL and LD effects on BSFC.
At 0% LD, BL has a significant effect on BSFC. The 20% biodiesel blend (BL20) shows the maximum
BSFC of 1450 gm/kWh at 0% LD. BSFC values decrease with the increase of LD, irrespective of BL.
From Figure 8d, it can be seen that, at 36% LD, the 0–10% biodiesel blends (BL0, BL5, and BL10) have
low BSFC values whereas, at 60% LD, BL20 also has achieved a lower BSFC. It is therefore concluded
that BL has a minor effect on BSFC, irrespective of SP changes. Figure 8e,f show the 3D surface plot
and 2D contour plot respectively of BL and SP effects on BSFC. BSFC values for BL0 have recorded
for SP values in the range of 1200 to 2400 rpm and found to be less than 400 gm/kWh. Changes in
both BL and SP influence BSFC values. From Figure 8f, it can be seen that both BL at 5% and BL at 10%
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have low BSFC for SP values in the range of 1600 to 2000 rpm. Higher BL percentages with higher SP
values (up to 2000 rpm) result in higher values of BSFC.

  
(a) 3D surface plot of load and speed on BSFC (b) 2D contour plot of load and speed on BSFC 

  
(c) 3D surface plot of biodiesel blends and load on BSFC (d) 2D contour plot of biodiesel blends and load on BSFC 

  
(e) 3D surface plot of biodiesel blends and speed on BSFC (f) 2D contour plot of biodiesel blends and speed on BSFC 

Figure 8. Combined effects of biodiesel blends, load, and speed on BSFC (gm/kWh).

3.3.4. Effects of Biodiesel Blends, Load, and Speed on Brake Thermal Efficiency (BTE)

The relationships between brake thermal efficiency (BTE) and three operating parameters of
biodiesel blends, load, and speed were analysed. Based on the coded parameters, a quadratic regression
model with determined coefficients for statistical prediction, as defined by Equation (6), was developed
using Minitab 18 to predict BTE (%) as a function of biodiesel blends (BL), load (LD), and speed (SP).

BTE = 32.283 − 1.36 BL + 11.752 LD − 1.71 SP − 2.795 BL2 − 12.05 LD2 − 1.9 SP2 +

1.038 BL × LD + 0.267 BL × SP − 2.097 LD × SP
(6)

p-Values in Table 11 show that the model is highly significant with an insignificant lack of
fit. When considering the linear, quadratic, and combined effects, only the BL × LD and BL × SP
combined parameters are not significant; all other parameters are significant. Only the combined
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effects of LD × SP are significant, whereas the quadratic terms LD × LD, BL × BL, and SP × SP were
all found to have significant effects on BTE. The ANOVA results in Table 11 also show that LD has both
the lowest p-values (<0.0001) and highest F-value (940.76). According to the quadratic Equation (6),
only LD has a positive effect on BTE. This means that increasing the LD will increase BTE as well.
The coefficient of determination (R2) and the adjusted coefficient of determination (adj. R2) were
99.66% and 99.05%, respectively, which indicates the high accuracy of the model.

Table 11. ANOVA results of the interactive effect of biodiesel blends, load, and speed on brake thermal
efficiency (BTE).

Source DF Adj. SS Adj. MS F-Value p-Value Significant

Model 9 1717.12 190.79 162.44 <0.0001 Highly
BL 1 14.80 14.80 12.60 0.016 Yes
LD 1 1104.97 1104.97 940.76 <0.0001 Highly
SP 1 23.39 23.39 19.92 0.007 Yes

BL × BL 1 28.85 28.85 24.57 0.004 Yes
LD × LD 1 536.17 536.17 456.49 <0.0001 Highly
SP × SP 1 13.34 13.34 11.35 0.020 Yes
BL × LD 1 4.31 4.31 3.67 0.114 Not
BL × SP 1 0.29 0.29 0.24 0.642 No
LD × SP 1 17.60 17.60 14.98 0.012 Yes

Lack-of-Fit 3 5.48 1.83 9.26 0.099 No
Pure Error 2 0.39 0.20 - - -

Total 14 1722.99 - - - -
R2 = 0.9966 Adj. R2 = 0.9905

The ANOVA results in Table 11 for LD × SP interaction effects on BTE are shown graphically
in Figure 9. The 3D surface plot and 2D contour plot of LD and SP effects on BTE are presented
in Figure 9a,b, respectively. BTE increases with the increase of LD with minimum impacts from SP.
The maximum BTE was found to be 33.43% at 1200 rpm. However, the combined effects of LD and
SP on BTE are affected by an increase of LD above 50%. It is therefore concluded that SP has a minor
impact on BTE, irrespective of LD changes.

  
(a) 3D surface plot of load and speed on BTE (b) 2D contour plot of load and speed on BTE 

Figure 9. Combined effects of biodiesel blends, load, and speed on BTE (%).

4. Conclusions

This study investigated the effect of papaya seed oil (PSO) biodiesel in an agricultural diesel engine
with various biodiesel-diesel blends and the resulting engine performance outcomes as compared with
those from the use of a reference diesel. A response surface methodology was introduced to analyse
and describe the performance of this engine. The results of this investigation can be summarised,
as follows:
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• PSO biodiesel-diesel blends (B5–B50) meet the European standard EN 590 for having minimum
oxidation stability of 20 h.

• Over the entire speed range of 1200 to 2400 rpm, the average BP value reductions for B5, B10, and
B20 in comparison with B0 were 2.88%, 3.87%, and 5.13%, respectively.

• The average torque reductions for B5, B10, and B20 in comparison with B0 were 1.37%, 2.47%,
and 3.85%, respectively.

• The average increase in BSFC values for B5, B10, and B20 in comparison with B0 were 3.35%,
10.16%, and 17.13%, respectively.

• The average BTE value of B5 was measured as 30.35%, whereas B0 (diesel) was recorded as 31.33%.
• The interactive relationships between three operating parameters (biodiesel blends, load, and

speed) and four responses (BP, torque, BSFC, and BTE) were analysed. ANOVA and a statistical
regression model show that load and speed were the two most important parameters that affect
all four responses. The biodiesel blends parameter had a significant effect on BSFC.

These results show that B5 and B10 PSO biodiesel-diesel blends can be used to fuel diesel
engines without further engine modification. Therefore, it can be concluded that papaya seed oil
can be considered as a promising source of biodiesel production. However, before recommending
as a future alternative energy source in commercial scale, further research needs to be conducted in
terms of engine emissions, in-cylinder pressure, burn rate data, combustion analysis, and tribological
performance analysis.
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Abstract: Due to the safe operation and stability of non-premixed combustion, it can widely
be utilized in different engineering power and medical systems. The current paper suggests a
mathematical asymptotic technique to describe non-premixed laminar flow flames formed in organic
particles in a counter-flow configuration. In this investigation, fuel and oxidizer enter the combustor
from opposite sides separately and multiple zones including preheating, vaporization, flame and
post-flame zones were considered. Micro-sized lycopodium particles and air were respectively
applied as a biofuel and an oxidizer. Dimensionalized and non-dimensionalized mass and energy
conservation equations were determined for the zones and solved by Mathematica and Matlab
software by applying proper boundary and jump conditions. Since lycopodium particles have
numerous spores, the porosity of the particles was involved in the equations. Further, significant
parameters such as lycopodium vaporization rate and thermophoretic force corresponding to the
lycopodium particles in the solid phase were examined. The temperature distribution, flame sheet
position, fuel and oxidizer mass fractions, equivalence ratio and flow strain rate were evaluated
for the counter-flow non-premixed flames. Ultimately, the thermophoretic force caused by the
temperature gradient at different positions was computed for several values of porosity, fuel and
oxidizer Lewis numbers.

Keywords: porosity; thermophoretic force; biomass fuel; non-premixed combustion; counter-flow
structure; mathematical modeling

1. Introduction

Considering the progressive depletion of fossil fuels, the soaring costs of these fuels and the
greenhouse gas (GHG) emissions associated with them, significant attention has been turned toward
using alternatives to these fuels [1,2]. In recent years, bioenergy has been introduced as a reasonable
form of renewable energy with a high degree of sustainability for use in various industrial and medical
applications [3]. Bioenergy can readily be achieved through the combustion of biomass fuels [4]. On the
basis of structure, combustion is categorized into premixed, partially premixed and non-premixed
flames [5,6], among which non-premixed combustion is widely utilized in engineering combustion
power systems due to its safe operation and stability [7]. So far, different experimental and analytical
investigations have been performed by various researchers to specify the propagation of non-premixed
flames through biofuels.
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Joshi and Berlad [8] experimentally studied the behavior of premixed flames through a
lycopodium-air mixture and reported the flame temperature distribution in the vertical position.
In another investigation, Berlad and Joshi [9] used both analytical and experimental approaches to
model the extinction and temperature distribution of premixed flames burning lycopodium dust clouds.
Berlad and Tangirala [10] studied the effect of thermal radiation on the behavior and structure of
lycopodium-fueled flames considering a small quantity of gravity force. The behavior of a triple-zone
premixed flame containing uniformly-distributed lycopodium particles was developed by Seshadri,
applying an asymptotic method [11]. Han et al. [12] experimentally perused flame propagation
through a lycopodium–air mixture within a vertical duct and evaluated the weight loss of the
lycopodium particles and flame velocity. In further experimental work, Han et al. [13] investigated
the propagation of lycopodium dust particles in a premixed combustible system using particle image
velocimetry (PIV). Xi et al. [14] used an experimental method to study the pulsation characteristics
of a swirl non-premixed flame. Proust [15] experimentally investigated flame propagation through
lycopodium-air and sulphur flour-air mixtures. Skjold et al. [16] examined turbulent flame propagation
through lycopodium dust clouds at a constant pressure and made a comparison between the structures
of the produced premixed and non-premixed flames. Shamooni et al. [17] employed a finite-rate
scale similarity method to predict the combustion and heat release rates in non-premixed jet flames.
A two-dimensional analytical model was presented by Rahbari et al. [18] for premixed flames
propagating through a lycopodium-air mixture taking into account the particle size and equivalence
ratio parameters. Bidabadi and Esmaeilnejad et al. [19] suggested an analytical triple-zone model for
counter-flow premixed flames propagating through a lycopodium-air mixture. Bidabadi et al. [20]
proposed a non-premixed triple-zone combustion model for lycopodium dust flames in a counter
flow configuration. Xi et al. [21] experimentally and numerically simulated the flame shape and
size for a high-pressure turbulent non-premixed swirl combustion. The combustion behavior of
non-premixed micro-jet flames through a methane-air mixture in a co-flow configuration was reported
by Li et al. [22]. Bidabadi et al. [23] theoretically investigated the effect of thermal resistance on
the structure of the premixed combustion of micro-organic dust particles with air. Spijker and
Raupenstrauch [24] performed a numerical investigation to reveal the effect of the inner structure
of lycopodium particles on the propagation of premixed flames. Chen et al. [25] experimentally
described the temperature distribution of the propagation of premixed flames through a methane-air
mixture considering the porosity parameter. Bidabadi et al. [26] developed a method for the theoretical
investigation of multi-zone counter-flow premixed flames burning lycopodium dust clouds considering
the vaporization rate. Ji et al. [27] experimentally computed the maximum pressure and the maximum
rate of pressure rise of several hybrid mixtures taking into account different venting diameters and
static activation pressures. Di Benedetto et al. [28] employed a theoretical/numerical method to
determine the minimum ignition temperature of polyethylene dust at several dust concentrations in air.
Sanchirico et al. [29] evaluated the flammability and combustion behavior of several complex hybrid
mixtures, e.g., mixtures of nicotinic acid, lycopodium and methane, at different dust concentrations.
In another study, Sanchirico et al. [30] experimentally demonstrated the combustion and flammability
behavior of combustible dust mixtures including lycopodium, Nicotinic acid and Ascorbic acid.

As reviewed of the literature, numerous theoretical and experimental examinations have been
undertaken on the behavior of premixed flames propagating through organic fuels. Until now, no
comprehensive mathematical models have been available in the literature on the behavior of multi-zone
counter-flow non-premixed flames. In most of the previous studies, in which limited models were
introduced, the shape of lycopodium particles was considered to be spherical while these particles
consist of numerous minute spores that can affect the structure of premixed and non-premixed
flames [12]. In addition, the thermophoretic force, caused by a temperature gradient for transferring
micro-sized fuel particles, has not yet been investigated mathematically for non-premixed flames.

The current paper aimed to theoretically describe the structure of counter-flow non-premixed
flames through organic particles taking into account the effects of fuel particle porosity and
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thermophoresis. The biofuel particles and oxidizer were separately injected into a combustor from
opposite sides. Multiple zones composed of preheating, vaporization, flame and post-flame zones,
are presented. Lycopodium particles and air were injected into the system as biomass and oxidizer,
respectively. The governing equations, including mass and energy conservation equations, were
derived for the above-mentioned zones. The impacts of fuel particle porosity, vaporization and
thermophoresis on the structure of the flames are discussed. Changes in the flame temperature and the
location of the flame sheet with fuel and oxidizer Lewis numbers were examined for several porosity
factors. Additionally, the influence of the equivalence ratio on the temperature distribution was
evaluated. Afterwards, the mass fractions and temperature distributions of the biofuel and oxidizer at
different positions were obtained. Then, variations of the flow critical strain rate with oxidizer and fuel
Lewis numbers are described. Finally, the thermophoretic force caused the temperature gradient of the
solid particles was computed for several different porosity factors, fuel and oxidizer Lewis numbers.

2. Theoretical Modeling

2.1. Lycopodium Characteristics

In the last couple of decades, the accidental ignition of flammable organic and inorganic dusts,
as well as knowledge of combustion and flammability, has gained much attention [31]. Lycopodium
particles have been introduced as a reasonable reference for volatile biomass fuels due to its excellent
dispersibility and flammability [12]. Lycopodium can efficiently be used as a reference fuel for testing
different biomass-fueled systems and recognizing the combustion processes in the systems prior to
industrial scale-up [12,29,30]. A lycopodium particle typically contains almost 50% fat oil, 2% sucrose
and 24% sporopollenin [12]. One of the main advantages of this biofuel is that almost no solid residue
is produced during the combustion process [12]. In this study, as can be found in the literature, it
was assumed that a gaseous fuel with a certain chemical composition, gaseous methane, is produced
through the vaporization of these volatile particles [11]. In this regard, the pyrolysis process was
disregarded in the current study. It should be noted that lycopodium particles are mono-disperse in
size [14] and contain numerous minute spores [12], as illustrated in Figure 1. Moreover, when the
lycopodium particles were injected into a combustible system via a nozzle, they did not undergo
breakage due to their sponge-like behavior (i.e., the numerous minute spores are “elastic”) [31].

 

Figure 1. Scanning electron microscopy of lycopodium biofuel particles [22].
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2.2. Porosity of Lycopodium Particles

As described in Figure 1, lycopodium particles are not completely spherical-shaped particles.
Therefore, the porosity effect should be involved in the modeling of the flame structures fueled by
these particles. Figure 2 shows the porosity of the lycopodium particles considered in this study.

Figure 2. Schematic representation of the porous biofuel particle considered in the current analysis.

The volume porosity and porosity factor [32] are defined by the following equations, respectively:

ε =
Vvoid
Vtotal

(1)

fe = 1 − ε (2)

where ε, Vvoid and Vtotal are the fraction of the empty volume, void volume and total
volume, respectively.

2.3. Thermophoretic Force

The thermophoresis phenomenon, first introduced by Tyndall, is due to the temperature gradient
that transfers micro-sized particles from a warmer zone to a colder zone [33–35]. This phenomenon
is notably influenced by the particle size and mean free path of the molecules [36–38]. It should be
pointed out that the ratio of the molecules mean free path to diameter is represented by the Knudsen
number that can be obtained by the following equation [36]:

Kn =
L
rp

(3)

where rp is the radius of the particles, and L is the mean free path of the molecules that can be defined
as follows [36,38]:

L =
μ

∅ρgC
(4)

where ∅ is equal to 0.941 [38], and μ and ρg are the dynamic viscosity of the fuel particles and the
density of the gas, respectively. c is the mean thermal velocity of the molecules that can be expressed
as follows [36]:

c =

√
8RT
πM

(5)

where T and M are the temperature and molecular mass, respectively. In addition, R is the universal
gas constant, which is equal to 8.314 J

mol·K .
To assess the thermophoretic force, the following correlation can be applied [36]:

FTh = −3πμ2rpkT
∇T

ρgT∞
(6)
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where kT is calculated by the following correlation [36]:

kT =
2Ck(

kg
kp

+ CtKn)

(1 + 3CmKn)(1 + 2 kg
kp

+ 2CtKn)
(7)

where μ, rp, kg, kp, ∇T and T∞ are the dynamic viscosity of the fuel particles, the particle radius, the
gas thermal conductivity, the solid particle thermal conductivity, the temperature gradient and the
ambient temperature, respectively. Ck, Ct and Cm are the temperature jump, the temperature creep
and the velocity jump coefficients [37]. Table 1 lists the constant parameters used in Equation (7).

Table 1. Constant parameters used in Equation (7) [36,37].

Parameter Value

kp 1.446538 × 10−4 kj
m·s·K

kg 0.3468 × 10−4 kj
m·s·K

Ck 1.147
Ct 2.2
Cm 1.146

The Knudsen number can be obtained by the following correlation [36]:
Assuming small Knudsen numbers, the Talbot correlation (Equation (6)) can be rewritten as

follows [36,38,39]:

FTh,continum = −6πμ2rpCp
kg

kp + 2kg

∇T
ρgT∞

(8)

where Cp is the specific heat of the lycopodium particles.

2.4. The Flame Structure

Figure 3 represents the structure of a non-premixed flame, in which the biofuel and oxidizer were
entrained in a counter-flow configuration. Regarding this figure, the porous biofuel particles and
oxidizer separately enter the combustor from −∞ and +∞ (opposed sides), respectively. In this analysis,
a gaseous fuel with a specific chemical composition, gaseous methane, was produced from solid biofuel
particles once they asymptotically crossed the vaporization front [11]. Subsequently, the gaseous fuel
blended with the oxidizer within the reaction zone and a huge quantity of thermal bioenergy was
released. In this investigation, an asymptotic approach was used to model the vaporization and the
reaction processes. Besides, the momentum of the fuel and oxidizer streams was considered to be
equal so a stagnation plane was placed in the middle of the fuel and oxidizer nozzles. The location of
the stagnation plane was employed as the reference coordinate for measuring the location of the flame
sheet and vaporization front, as shown in Figure 3. The mass particle concentration value at −∞ was
assumed to be less than 100 gr/cm3. Therefore, the initial position of the flame sheet was presumed to
be on the left-hand side of the stagnation plane. It should be noted that the flame sheet position was
the axial distance from the stagnation plane at which the flame front was detected.
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Figure 3. Schematic of the non-premixed flame in a counter-flow arrangement.

2.5. Mathematical Modeling of the Flame

In this paper, the vaporization rate was modeled as the amount of gaseous fuel mass per unit
volume per unit time that can be described as follows [40]:

ωv =
Ys

τvap
H(T − Tv) (9)

where Ys, τvap, H, T and Tv are the mass fraction of solid particles, the constant vaporization
characteristic time, the Heaviside function, the fuel temperature and the vaporization temperature of
the particles. The Heaviside function is defined as follows:

H(T − Tv) =

{
0 T < Tv

1 T ≥ Tv
. (10)

The thermal diffusivity (α) to mass diffusivity (D) ratio (i.e., Lewis number) is defined as
follows [41]:

Le =
α

D
. (11)

Chemical kinetics were assumed to be a one-stage reaction and expressed as follows [42]:

vF[F] + vO[O] → vproduct[P] (12)

where [F], [O] and [P] denote the fuel, oxidizer and products, respectively. υF, υO and υP are the
stoichiometric coefficients of the fuel, oxidizer and products, respectively. The one-dimensional
velocity field of the particles was considered as follows:

u = −aX (13)

where u and a represent the velocity in the X direction and the flow strain rate, respectively.
The following assumptions were considered in this analysis:

• For simplicity, it was assumed that values of density and specific heat were constant and the
momentum of the fuel and oxidizer streams were the same.

• The vaporization process occurred in a very thin zone (asymptotic limit).
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• Thermal radiation and heat losses were disregarded.
• Lycopodium particles were uniformly dispersed. In other words, the size and shape of the

particles were assumed to be the same.
• A large Zeldowich number was presumed. Thus, the thickness of the flame zone would be

too small.
• The ambient temperature (T±∞) was assumed to be 300 K.
• In order to analytically solve the coupled complex conservation equations of mass and energy in

the considered zones, it was assumed that a gaseous fuel with a certain chemical composition
evolved from the asymptotic vaporization of the lycopodium particles. Therefore, pyrolysis was
disregarded as clearly considered in References [11,20,43].

• No chemical interaction occurred between the solid particles before the vaporization front.

2.5.1. Dimensionalized Governing Equations

The conservation of mass equation for a fuel in the gaseous phase was derived, considering the
effect of porosity:

− aX
dYF
dX

= DF
d2YF

dX2 − fe
ωF
ρ

+ fe
ωv

ρ
(14)

where DF, YF and ωF are the fuel diffusivity, the gaseous fuel mass fraction and the chemical
reaction rate, respectively. The chemical reaction rate was obtained using a one-step Arrhenius
correlation [44,45]:

ωF= βρ2vFvOYFYOexp(− E
RT

) (15)

where β and E are the frequency constant and overall activation energy, respectively. YF and YO are
expressed as follows [41]:

YF = YF
m

vFmF
(16)

YO = YO
m

vOmO
(17)

where YO and YF represent the oxidizer and fuel volume fractions. mF and mO are the fuel and oxidizer
molecular weights, and m denotes the molecular weight of the mixture.

By neglecting the diffusion of the solid particles (no interaction exists between the solid particles),
the mass conservation equation for the solid fuel particles can be presented as follows:

− aX
dYs

dX
= −ωv (18)

where Ys and ωv are the mass fraction and vaporization rate of the solid fuel particles, respectively.
The conservation equation of energy was obtained as follows:

− aX
dT
dX

= DT
d2T
dX2 + feωF

Q
ρC

− feωv
Qv

C
(19)

where Q is the released heat per unit mass of consumed fuel, Qv is the latent heat of vaporization and
DT = λ

ρC is the thermal diffusivity coefficient. In Equation (19), C represents the specific heat capacity
of the mixture that can be calculated using the following correlation [40,46,47]:

C = Ca + fe
4ρp

3ρ
πr3Cpnp (20)

where ρp is the density of the solid particles and np is the particle number density per unit volume.
The density of the mixture is stated as follows, taking into account the porosity of the particles [40]:
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ρ = ρa + fe
4
3
πrp

3npρp. (21)

The conservation of mass equation for the oxidizer is as follows:

− aX
dYO
dX

= DO
d2YO
dX2 − feϑ

ωF
ρ

(22)

where DO and YO are the oxidizer mass diffusion and mass fraction, respectively.

2.5.2. Normalization of the Governing Equations

For normalizing the governing equations, the following parameters were employed [41]:

θ =
C(T − T∞)

QYF−∞
, yF =

YF
YF−∞

, yO =
YO

ϑYF−∞
, ys =

Ys

YF−∞
, x =

X√
λ

ρCa

(23)

where θ, yF, yO, yS and x are the normalized forms of the temperature, the fuel mass fraction, the
oxidizer mass fraction, the solid fuel mass fraction and position, respectively. YF−∞ is the initial
mass fraction of the fuel in the gaseous phase at x → −∞ (where fuel particles exit in the fuel
nozzle). By applying the non-dimensionalized parameters (Equation (23)) into Equations (14), (18),
(19) and (22) and considering the definition of a chemical reaction, the vaporization rate and Lewis
number, the following normalized equations were obtained for the gaseous fuel mass conservation
(Equation (24)), the solid fuel mass conservation (Equation (25)), the oxidizer mass conservation
equation (Equation (26)) and the energy conservation equation (Equation (27)), respectively:

1
LeF

d2yF

dx2 + x
dyF
dx

+ fe
ys

aτvap
H(T − Tv) = feDcyFyO exp (−Ta

T
) (24)

x
dys

dx
=

ys

aτvap
H(T − Tv) (25)

x
dyO
dx

+
1

LeO

d2yO
dx2 = feDcyFyO exp (−Ta

T
) (26)

d2θ

dx2 + x
dθ

dx
− fe

q
aτvap

ys H(T − Tv) = − feDCyFyO exp
(
−Ta

T

)
(27)

where Ta is the activation temperature, which is defined as Ta =
E
R (E is the overall activation energy),

q is defined as q = Qv
Q and DC is the Damkohler number, which was determined using the following

equation [41]:
DC = ρBϑOYF−∞/WFa (28)

where ϑO is the number of moles of oxygen participating in the reaction with one mole of fuel and WF
is the molecular weight of the fuel.

2.5.3. Boundary and Jump Conditions

In order to solve the non-dimensionalized governing equations in each of the zones, proper
boundary and jump conditions were used. In this study, the following division was considered:

Preheat zone: R1 : {x| − ∞ < x ≤ xv}
Post vaporization zone: R2 : {x| xv ≤ x ≤ x f }

Oxidizer zone: R3 : {x| x f ≤ x < ∞}
where xv and x f are locations of the vaporization front and flame sheet, respectively. As previously
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mentioned, solid particles turned into the gaseous phase asymptotically once they passed the
vaporization front. Therefore, the following conditions were considered:

−∞ < x ≤ xv : ys = 1
xv ≤ x < ∞ : ys = 0

(29)

The following boundary conditions were applied in the analysis of the counter-flow
non-premixed flame:

yF = 0, yO = 0, ys = 1, θ = 0 @ x → −∞ (30)

yF = 0, yO = α, ys = 0, θ = 0 @ x → +∞ (31)

where α was obtained using the following correlation [38]:

α =
YO,∞

ϑYF−∞
(32)

The above boundary conditions were defined for the temperature and mass fraction of the fuel
and oxidizer at x = −∞ and x = +∞. Nevertheless, to detect the positions of the vaporization front
(xv) and flame sheet (x f ), and the corresponding temperature and mass fractions, and enforce the
continuity throughout the system, additional conditions were required at x = xv and x = x f . It should
be pointed out that at the flame sheet, θ = θ f and y = yF, and at the vaporization front, θ = θv and
y = yFv, which must be solved. Since the current analysis was conducted based on an asymptotic
concept, the vaporization and reaction processes occurred within a very thin zone. At the vaporization
front, the convection and reaction terms were neglected compared to the diffusion and vaporization
terms. Moreover, at the flame sheet position, the convection and vaporization terms can be disregarded
against the reaction and diffusion terms. By using the aforementioned explanations and integrating
Equations (24), (26) and (27) from x−v to x+v and x−f to x+f , the following jump conditions were obtained
at x = xv and x = x f , respectively, as below:

− 1
LeF

[
dyF
dx

]
=

[
dθ

dx

]
= qxv,

[
dyO
dx

]
= 0, [yF] = [yO] = [θ] = 0 @ x = xv (33)

1
LeO

[
dyO
dx

]
=

1
LeF

[
dyF
dx

]
= −

[
dθ

dx

]
, [yF] = [yO] = [θ] = 0 @ x = x f (34)

where [] (square brackets) is defined as [] =( )+ − ( )−. No reaction occurred at the vaporization front.
Therefore, the following governing equations were used for the modeling of the vaporization process:

d2θ

dx2 + x
dθ

dx
− fe

q
aτvap

ysH(T − Tv) = 0 (35)

1
LeF

d2yF

dx2 + x
dyF
dx

+ fe
ys

aτvap
H(T − Tv) = 0 (36)

1
LeO

d2yO
dx2 + x

dyO
dx

= 0. (37)

By integrating the above equations from x−v to x+v , the following equations were achieved:

− 1
LeF

[
dyF
dx

]
=

[
dθ

dx

]
= qxv (38)

[
dyO
dx

]
= 0 (39)
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Equations (38) and (39) describe the jump conditions at the vaporization front (xv). In order to obtain
the jump condition at the flame sheet (x f ), the vaporization terms were neglected relative to the
diffusion and reaction terms. Further, since the value of the Zeldovich number was presumed to be
very large, the thickness of the reaction zone would be very small and the convection term can be
neglected. Hence, the following equations were used to model the reaction process:

d2θ

dx2 = − feDCyFyO exp
(
−Ta

T

)
(40)

1
LeF

d2yF

dx2 = feDcyFyO exp (−Ta

T
). (41)

By aggregating Equations (40) and (41), the following equation was achieved:

d2θ

dx2 +
1

LeF

d2yF

dx2 = 0. (42)

By performing a similar procedure for the oxidizer, the following equation was obtained:

1
LeO

d2yO
dx2 = feDcyFyO exp (−Ta

T
). (43)

The following equation was determined by aggregating Equations (40) and (41):

d2θ

dx2 +
1

LeO

d2yO
dx2 = 0. (44)

Finally, by integrating Equations (42) and (44) from x−f to x+f , the jump condition at the flame
sheet was achieved as follows:

1
LeF

[
dyF
dx

]
=

1
LeO

[
dyO
dx

]
= −

[
dθ

dx

]
. (45)

2.5.4. Solution of the Governing Equations

In this subsection, the solution of the non-dimensionalized governing equations is presented
considering the boundary and jump conditions. It must be noted that for solving the complex equations,
Mathematica and Matlab software were employed.

� Zone R1: −∞ ≤ x ≤ xυ

Temperature distribution

In this zone, the temperature distribution was obtained by solving Equation (35):

θ = C1

√
π

2
er f (

x√
2
) + C2 (46)

Considering the presented boundary conditions, C1 and C2 were calculated and the following
function was achieved for the temperature distribution:

θ = θv

er f
(

x√
2

)
+ 1

er f
(

xv√
2

)
+ 1

. (47)

Oxidizer mass fraction
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By solving Equation (37), the following equation was obtained for the oxidizer mass fraction:

yO = C1

√
1

LeO

√
π

2
er f

⎛
⎝ x√

2
√

1
LeO

⎞
⎠+ C2. (48)

By applying the boundary conditions, C1 and C2 were found to be zero and therefore the mass
fraction of the oxidizer will be zero:

yO = 0. (49)

Fuel mass fraction

By solving Equation (36), the following equation was obtained for the fuel mass fraction in
this zone:

y f = C1

√
1

Le f

√
π

2
er f

⎛
⎝ x√

2
√

1
Le f

⎞
⎠+ C2. (50)

By using the boundary conditions presented in Equation (51), the fuel mass fraction function was
calculated as presented in Equation (52).

x = −∞ → yF = 0, x = xv → yF = yFv (51)

y f =

yFv[er f

⎛
⎝ x√

2
√

1
Le f

⎞
⎠+ 1]

er f

⎛
⎝ xv√

2
√

1
Le f

⎞
⎠+ 1

. (52)

� Zone R2: xυ ≤ x ≤ x f

Temperature distribution

As previously mentioned, the solid fuel particles were immediately turned into a gaseous fuel
once they crossed the vaporization front. In this zone, the following boundary conditions were applied:

x = xv → θ = θv, x = x f → θ = θ f . (53)

By solving Equation (35) and using these boundary conditions, the temperature distribution of a
gaseous fuel was obtained as follows:

θ = θv + (er f
(

x√
2

)
− er f

(
xv√

2

)
)

θ f − θv

er f
( x f√

2

)
− er f

(
xv√

2

) (54)

Oxidizer mass fraction

In this zone, there was no oxidizer; thus, the mass fraction of the oxidizer was found to be zero.

yO = 0. (55)

Fuel mass fraction
The fuel mass fraction was obtained by solving Equation (36) and applying the following

boundary conditions:
x = xv → yF = yFv, x = x f → yF = 0 (56)
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yF = yFv

[er f

⎛
⎝ x√

2
√

1
Le f

⎞
⎠− er f

⎛
⎝ x f√

2
√

1
Le f

⎞
⎠]

[er f

⎛
⎝ xv√

2
√

1
Le f

⎞
⎠− er f

⎛
⎝ x f√

2
√

1
Le f

⎞
⎠]

. (57)

� Zone R3: x f ≤ x ≤ +∞

Temperature distribution

In this zone, no gaseous fuel existed. The temperature distribution can be achieved by calculating
Equation (35) and using the following boundary conditions:

x = x f → θ = θ f , x = +∞ → θ = 0 (58)

θ = θ f

er f
(

x√
2

)
− 1

er f
( x f√

2

)
− 1

. (59)

Oxidizer mass fraction

The oxidizer mass fraction was obtained by solving Equation (37), considering the below
boundary conditions:

x = x f → yO = 0, x = +∞ → yα = 0 (60)

yO = α

[er f

(
x√

2
√

1
LeO

)
− er f

(
x f√

2
√

1
LeO

)
]

1 − er f

(
x f√

2
√

1
LeO

) . (61)

Fuel mass fraction

In this zone, there was no fuel. Hence, the fuel mass faction was found to be zero:

yF = 0. (62)

It is notable that the values of the five parameters including the flame temperature, the fuel
mass fraction, the oxidizer mass fraction and the location of the vaporization front and flame sheet
were unknown.

2.6. Flame Zone Analysis

In order to study the flame zone, as previously expressed, it was assumed that the quantity of
the Zeldovich number was very large so the thickness of the flame zone will be very small. In this
regard, employing an asymptotic approach could be a promising technique for analyzing this zone.
The Zeldovich number was calculated using the following correlation:

Ze =
EQYF−∞

RCT2
f

(63)

where E, R and T are the reaction activation energy, the universal gas constant and the flame
temperature, respectively. To evaluate the critical extinction of the flame, a reduced Damkohler
number was applied. Below is the critical extinction of the Damkohler number [41]:

δ0E ≈ 2e(Zf − 2Z2
f + 1.04Z3

f + 0.44Z4
f ) (64)
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where Zf = 1
2 er f c(

x f√
2
) and δ0 are an order of unity that can be approximated using the

following equation:

δ = δ0 + O(
1

Ze
) (65)

where δ is the reduced Damkohler number that can be calculated using the following equation:

δ =
8π exp (x2

f )DLeOLe f Z2
f

α2F2
O f Z3

e
exp

(
− Ta

Tf

)
(66)

where FO f is defined as follows [38]:

FO f ≡ FO(x f , LeO) =
tO f

t
√

LeO f

⎛
⎜⎝ 1 − 0.276

t f
+ 2.15

t2
f

1 − 0.276
tO f

+ 2.15
tO f

2

⎞
⎟⎠ (67)

tO f = 1 + 0.33333x f
√

LeO (68)

t f = 1 + 0.33333x f . (69)

By substituting Equation (64) into Equation (66), the following correlation was obtained:

D0E ≈
α2F2

O f Z3
e exp

(
Ta
Tf

− x2
f + 1

)
4πLeOLe f Zf

(1 − 2Zf + 1.04Z2
f + 0.44Z3

f ). (70)

According to Equation (70), it can be readily implied that DOE mainly depends on the flame
sheet position (x f ) and the flame temperature (Tf ). The ratio of a to a0 (for which LeO = LeF = 1) is
presented in the following:

(
a
a0
)

crit
=

LeOLe f

F2
O f

(
Tf

T0
f
)

6
η2

dE
exp

[
Ta

T0
f

(
1 −

T0
f

Tf

)
+ (x2

f − (x0
f )

2
)

]
. (71)

Equation (71) describes the critical strain rate as a function of the fuel and oxidizer Lewis numbers.
In this equation, η and dE are expressed as follows [20]:

η =
Zf

Z0
f

(72)

dE = η
1 − 2Zf + 1.04Z2

f + 0.44Z3
f

1 − 2Zf
0 + 1.04(Zf

0)2 + 0.44(Zf
0)3 . (73)

2.7. Calculation of the Thermophoretic Force

Zone R1: −∞ ≤ x ≤ xυ

By applying θ = θv
er f
(

x√
2

)
+1

er f
(

xv√
2

)
+1

into Equation (47), the thermophoretic forcewas obtained as follows:

T = (

(
er f
(

x√
2

)
+ 1
)
× 1107.65) + 300 (74)

∇T(x) =
dT
dx

= 1107.65

√
2 exp (− x2

2 )

π
1
2

(75)
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FTh,continuum = −3.3132 × 10−7 × exp (− x2

2
) (76)

According to the definition of the thermophoretic force, this force mainly depends on the
temperature gradient and the radius of the fuel particles. As previously mentioned, after the
vaporization front, the solid fuel particles were completely transformed into a gaseous fuel. In this
regard, the radius of the particles and subsequently the value of the thermophoretic force will be
almost zero.

3. Results and Discussion

The properties of the lycopodium biofuel used in the present study are listed in Table 2.

Table 2. Properties of the biofuel particles and oxidizer [15,41,48].

Property Value Property Value

ρp 1000 kg
m3 Cp 5.67 kJ

kg·K
ρa 1.2 kg

m3 Ca 1.001 kJ
kg·K

Q 64,895.4 kJ
kg q 0.4

r 12 μm n 12 Giga
Tin 300 K Tvap 650 K
v 2 yO,+∞ 0.13

In this section, changes in flame temperature, the flame sheet position, the mass fractions of
the biofuel and oxidizer, the flow strain rate and the thermophoretic force with Lewis number, the
position and the equivalence ratio were studied. In order to follow the temperature and mass fraction
distributions of the fuel and oxidizer, solutions of the mass and energy conservation equations
were used considering the afore-presented boundary and jump conditions. As mentioned earlier,
the locations of the flame sheet and vaporization front were measured relative to the location of
the stagnation plane whose position was employed as the reference coordinate. As assumed in
References [11,48], the fuel supplied by the vaporization of the lycopodium particles was gaseous
methane. The complete reaction of gaseous methane with air is considered as follows:

CH4 + 2(O2 + 3.76N2) → CO2 + 2H2O + (7.52)N2. (77)

By taking into account the volatility of the biofuel, the effective gas phase equivalence ratio is
defined as follows [11,48]:

φu =
17.18YF−∞

1 − YF−∞
(78)

where YF−∞ was calculated using the following equation [11,48]:

YF−∞ =
4
3πrp

3npρp

ρ
. (79)

In order to include the effect of particle porosity, the following correlation was applied:

YF−∞
∗ = fe

4
3πrp

3npρp

ρ
(80)

Figure 4 shows the variations of flame temperature (K) with the fuel Lewis number for several
porosity factors when the oxidizer Lewis number was unified. With regard to the definition of the
Lewis number in Equation (11) (the ratio of thermal diffusivity to mass diffusivity), an increase of the
Lewis number leads to a reduction in the fuel mass fraction. Therefore, an accessible fuel reaching
the reaction zone declined, which leads to a decrease in flame temperature. As can be observed,
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an increment in the fuel Lewis number from 0.2 to 1.4 resulted in a gradual increase of the flame
temperature between ~1355 and 1615 K for a lycopodium mass concentration of 1000 kg

m3 and a unity
value of the porosity factor. It is worth mentioning that decreasing the porosity factor caused a decline
in the flame temperature.
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Figure 4. Flame temperature against the fuel Lewis number for several porosity factors.

Figure 5 shows the change in the flame sheet position with the fuel Lewis number for several
porosity factors assuming that a unity value of the oxidizer Lewis number. Again, considering the
definition of the Lewis number, increasing the Lewis number leads to a reduction in the fuel mass
fraction and flame temperature. Thus, the amount of available fuel for the combustion process
decreased leading to the movement of the flame sheet toward the fuel nozzle (left-hand side of the
stagnation plane). According to Figure 5, increasing the fuel Lewis number from 0.2 to 1.4 changed the
flame sheet position from 0.0967 to −0.1545 when the value of the porosity factor was unity.
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Figure 5. Flame sheet position against the fuel Lewis number for different porosity factors.

Figure 6 indicates a change in flame temperature with the oxidizer Lewis number for different
porosity factors when the fuel Lewis number was unity. As it is seen in Figure 6, an increase of the
oxidizer Lewis number caused a decline in the mass diffusivity of the oxidizer (according to the
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Lewis number formula) leading to a decline in the flame temperature. For the considered range of the
oxidizer Lewis number from 0.3 to 1, the flame temperature varied from 1955 K to 1391 K.
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Figure 6. Flame temperature against the oxidizer Lewis number for several porosity factors.

Figure 7 represents the change in the flame sheet position with the oxidizer Lewis number for
different porosity factors and a unity magnitude of the fuel Lewis number. According to the figure,
an increment in the oxidizer Lewis number caused a rise in the value of the flame sheet position.
In other words, the flame sheet shifted toward the oxidizer nozzle. Based on the Lewis number
formula, increasing the oxidizer Lewis number reduces the mass diffusivity of oxidizer. Accordingly,
the flame sheet moved toward the oxidizer zone. Regarding Figure 7, for the considered values of
the oxidizer Lewis number from 0.3 to 1, the flame sheet position changed gradually from −0.533 to
−0.119. Moreover, increasing the particle porosity factor increased the flame temperature and shifted
the flame sheet toward the oxidizer zone. With an increasing porosity factor, the available fuel mass for
the reaction decreased so the flame sheet would be closer to the fuel nozzle. For validation purposes,
the current results were compared to the numerical results reported by Wang [42] for a methane-air
mixture under the same conditions (the unity values of the porosity factor and the fuel Lewis number).
As represented in Figure 7, there was consistency between the present analytical results and the data
provided by Reference [42] for the case in which the porosity factor was unity.
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Figure 7. Flame sheet position against the oxidizer Lewis number for different porosity factors.

In Figure 8, the effect of the fuel Lewis number on the temperature distribution of the flame
is shown for different mass particle concentrations. With regard to Figure 8, an increase of the fuel
Lewis number resulted in a decrease of the flame temperature, which can readily be explained by the
definition of the Lewis number. According to this figure, by increasing the fuel Lewis number from 0.5
to 1, the flame temperature varied from about 1380 to 1485 K. Furthermore, by increasing the value of
the mass particle concentration, the amount of available fuel for the formation of the flame increased,
resulting in an increase of the flame temperature.
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Figure 8. Flame temperature against the fuel Lewis number for several values of mass
particle concentration.

Figure 9 depicts the effect of the fuel Lewis number on the location of the flame sheet considering
several different mass particle concentrations. By increasing the fuel Lewis number from 0.5 to 1,
the flame sheet position ranged from −0.096 to −0.01765 when the mass particle concentration was
900 kg/m3. Increasing the Lewis number of the fuel decreased the amount of fuel mass approaching
the reaction zone, which shifted the flame sheet toward the fuel nozzle. It is notable that the mass
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fraction of the fuel for the reaction process increased with an increase in the mass particle concentration.
Therefore, further fuel mass diffusivity pushed the flame sheet toward the oxidizer zone.
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Figure 9. Flame sheet position against the fuel Lewis number for different mass particle concentrations.

The variation of the flame temperature with an effective equivalence ratio (φu) is drawn in
Figure 10 for different lycopodium radii. As it is observed in Figure 10, an increase of the equivalence
ratio resulted in an increment in the flame temperature. In addition, increasing the size of the fuel
particles (from 8 to 18 μm) caused a reduction in the flame temperature. An enhancement of the
particle size decreased the ratio of the particle surface to the particle volume. On this basis, a portion of
released heat during the reaction was consumed for the preheating and vaporization of the lycopodium
particles with larger diameters that led to a decrease in the flame temperature.
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Figure 10. Flame temperature against the effective equivalence ratio (φu) considering several
lycopodium radii.
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Figure 11 represents the change in the temperature distribution with the flame position for
various oxidizer Lewis numbers when the fuel Lewis number was unity. According to Figure 11, the
temperature of the fuel particles grew until it approached the maximum temperature corresponding
to the flame sheet position. The temperature of the oxidizer also grew until it reached the flame
temperature (right-hand side of the stagnation plane). Reducing the oxidizer Lewis number from 1 to
0.4 caused a decrease in the flame temperature and a shift of the flame sheet toward the oxidizer nozzle.
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Figure 11. Temperature distribution against position for different oxidizer Lewis numbers.

In Figure 12, changes in the gaseous fuel and oxidizer mass fractions with the flame position are
described for several different mass particle concentrations. Regarding Figure 12, the gaseous fuel
mass fraction increased until it reached the vaporization front at which the mass fraction of gaseous
fuel was the lowest. Afterwards, the gaseous fuel was oxidized and consumed in the reaction zone so
its mass fraction reduced to zero. From the opposite side, the oxidizer flowed toward the reaction zone
and was consumed for the generation of the flame. Therefore, its mass fraction decreased as it moved
closer to the flame front. Similarly to the fuel mass fraction, the oxidizer was entirely consumed at
the flame front position and its mass fraction became zero. It can also be implied that increasing the
value of the porosity factor increased the gaseous fuel mass fraction. Therefore, the vaporization front
moved toward the oxidizer nozzle.
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Figure 12. Oxidizer and gaseous fuel mass fractions against the position for different mass
particle concentrations.
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Figures 13 and 14 illustrate the effects of the fuel and oxidizer Lewis numbers on the critical
strain rate ( a

a0
) for different porosity factors. According to Figure 13, for unity values of the fuel Lewis

number and the porosity factor, increasing the oxidizer Lewis number led to a decline in the ratio of a
a0

.
Moreover, decreasing the value of the porosity factor decreased the value of x f leading to a decrease
of a

a0
. It is notable that by increasing the value of a

a0
, the flame sheet shifted toward the oxidizer

zone. Figure 14 demonstrates the variation of a
a0

with the fuel Lewis number considering different
porosity factors when the oxidizer Lewis number was unity. Regarding this figure, the value of a

a0
decreased as the fuel Lewis number increased. Decreasing the fuel Lewis number incremented the
value of the flame sheet position (x f ) and so a remarkable enhancement in the value of the exponential
term in Equation (71) that resulted in an increase in the value of a

a0
. In order to validate the results, a

comparison was made between the results obtained for a
a0

in this investigation and the results provided
by Seshadri and Trevino [41] for the critical strain rate under the same conditions (Ta = 30,000 K and the
oxidizer Lewis number was unity). With regard to Figure 14, a reasonable agreement exists between
the compared results under the considered conditions.

Figures 15 and 16 delineate the impact of the oxidizer and fuel Lewis numbers on the
thermophoretic force for the unity value of the porosity factor, respectively. According to these
figures, until reaching the vaporization front, the thermophoretic force continuously reduced with
the flame position. As the oxidizer and fuel Lewis numbers decreased, the maximum temperature
occurring at the reaction zone increased. In this regard, a temperature gradient and subsequently the
value of the thermophoretic force increased. Further, it can be seen that by decreasing the oxidizer and
fuel Lewis numbers, the location of the minimum thermophoretic force moved toward the fuel nozzle.
As there was no solid fuel after the vaporization front, the value of rp and the thermophoretic force
will be zero.
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Figure 13. Critical flow strain rate against the oxidizer Lewis number for several porosity factors.

391



Energies 2018, 11, 2945

0

2

4

6

8

10

12

14

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

C
ri

tic
al

 S
tr

ai
n 

R
at

e

Fuel Lewis number

T_a=30000 K

fe=1

fe=0.98

fe=0.92

previous work[41]

Figure 14. Critical flow strain rate against the fuel Lewis number for different porosity factors.
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Figure 15. Thermophoretic force against the position for different oxidizer Lewis numbers.
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Figure 16. Thermophoretic force against position for different fuel Lewis numbers.
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The impact of porosity on the thermophoretic force is illustrated in Figure 17 taking into account
the unity values of the oxidizer and fuel Lewis numbers. According to this figure, an increase of the
porosity factor enhanced the thermophoretic force. By increasing the porosity factor, the accessible
fuel that approached the flame zone decreased leading to a decline in the value maximum flame
temperature. In this regard, the temperature gradient term in Equation (8) decreased causing a decline
in the value of the thermophoretic force. Similarly to Figures 15 and 16, since no solid fuel existed after
the vaporization front, the value of rp and then the thermophoretic force will be zero.
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Figure 17. Thermophoretic force against position for different porosity factors.

4. Conclusions

Due to its appropriate dispersibility and flammability, lycopodium has been used as a reasonable
reference organic fuel for testing different combustion systems and recognizing the processes occurring
in the system prior to industrial scale-up. To provide helpful theoretical results about the effective
parameters (i.e., the porosity and thermophoretic force), this paper used a mathematical approach
to study the structure of multi-zone counter non-premixed flames fueled by lycopodium particles.
Preheat, vaporization, flame and oxidizer zones were considered for the flame. Mass and energy
equations were obtained for the zones. In this analysis, the porosity of the biofuel particles was
also taken into account. Further, the vaporization rate and thermophoresis effects were modelled.
Changes in the flame temperature and flame sheet position with fuel and oxidizer Lewis numbers were
presented by considering different porosity factors. The impacts of the effective equivalence ratio, the
flow critical strain rate, and the gaseous fuel and oxidizer mass fractions were evaluated. Finally, the
thermophoretic force caused by the temperature gradient was obtained for different porosity factors,
fuel and oxidizer Lewis numbers. For the case in which the oxidizer and fuel Lewis numbers were
equal to 0.4 and 1, a maximum temperature of the flame was found to be ~1860 K. The maximum mass
fraction of gaseous fuel that occurred at the vaporization front was found to be 0.44 when the value
of the porosity factor was unity. In this analysis, for the unity value of the fuel Lewis number, the
minimum value of the thermophoretic force was found to be −1.48 × 10−8 N, when the oxidizer Lewis
number was 0.4. On the other hand, for the unity value of oxidizer Lewis number, the minimum value
of the thermophoretic force was equal to −1.53 × 10−8N at a fuel Lewis number of 0.4. By considering
the porosity factor, the minimum value of the thermophoretic force occurred at a unity value of the
porosity factor and its value was found to be −1.28 × 10−8 N. Studying the effects of oscillation and
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instability and calculating the quenching distance for counter-flow non-premixed combustion can be
considered in future works. The main conclusions of the present study are summarized as follows:

• The flame temperature increased by decreasing the volume porosity, fuel and oxidizer
Lewis numbers.

• The flame sheet position moved toward the fuel nozzle with an increasing volume porosity and
fuel Lewis number.

• The flame sheet position shifted toward the fuel nozzle by decreasing the oxidizer Lewis number.
• The thermophoretic force increased by decreasing the volume porosity, fuel and oxidizer

Lewis numbers.
• The critical strain rate increased by decreasing the volume porosity, fuel and oxidizer

Lewis numbers.
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Nomenclature

a Strain rate
C Mean thermal velocity of gas molecular

Ca gaseous phase specific heat
(

kJ
kg·K

)
Ck temperature jump coefficient

Cp Solid particle specific heat
(

kJ
kg·K

)
Ct Temperature creep coefficient
Cm Velocity jump coefficient
Cs Gas velocity discontinuities coefficient
DC Damkohler number
DF Mass diffusivity coefficient of gaseous fuel (m2/s)
DO Mass diffusivity coefficient of oxidizer (m2/s)
D0E Critical Damkohler number
DT Thermal diffusivity coefficient (m2/s)
E activation energy (kj)
er f i(x) Error function
fe Porosity factor
H Heavi side function

kg Gas thermal conductivity
(

kJ
m·s·K

)
kp Lycopodium thermal conductivity

(
kJ

m·s·K
)

kT Constant Defined in Equation (4)
L Mean free path
Le Lewis number
m Mixture molecular mass ( kg

mol )
m f Fuel molecular mass ( kg

mol )
mO Oxygen molecular mass ( kg

mol )
np Number of particle per volume unit
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Q Reaction heat per unit of fuel mass
(

kJ
kg

)
q Dimensionless heat

R Universal constant of gases
(

m3Pa
mol·K

)
rp Particle radius
T Fuel temperature (K)

Ta activation temperature (K)
Tf Flame temperature (K)
Tv Particle Start temperature of vaporization (K)

WF molecular weight of fuel
x Dimension length
x f Flame position
xv Vaporization front position
YF Gaseous fuel mass fraction
YO Oxidizer mass fraction
Ys Particle mass fraction
yF Dimensionless fuel mass fraction
yO Dimensionless oxidizer mass fraction
ys Dimensionless mass fraction of solid particles
Z Secondary coordinate axis
Ze Zeldovich number
Greek symbols

α Initial mass fraction of oxidizer
ε Volume porosity
Θ Dimensionless Temperature

λ Thermal conductivity of fuel or oxidizer
(

kJ
m·s·K

)
μ Dynamic viscosity
υF Fuel stoichiometric coefficient
υO oxidizer stoichiometric coefficient
υproduct Product stoichiometric coefficient

ρ Density
(

kg
m3

)
ρa Gaseous phase density

(
kg
m3

)
ρp Density of Solid particle

(
kg
m3

)
τvap constant time characteristic of vaporization

ωv Particle vaporization rate
(

kg
m·s2

)
ωF Rate of chemical reaction

(
kg

m·s2

)
∅ Constant and equal to 0.941
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Abstract: Biomass-derived bio-oil is a sustainable and renewable energy resource, and liquefaction is
a potential conversion way to produce bio-oil. Emulsification is a physical upgrading technology,
which blends immiscible liquids into a homogeneous emulsion through the addition of an emulsifier.
Liquefaction bio-oil from food waste is characterized by its high pour point when compared to diesel
fuel. In order to partially replace diesel fuel by liquefaction bio-oil, this study aimed to develop a
method to simultaneously extract and emulsify the bio-oil using a commercial surfactant (Atlox 4914,
CRODA, Snaith, UK). The solubility and stability of the emulsions at various operating conditions
such as the bio-oil-to-emulsifier ratio (B/E ratio), storage temperature and duration, and co-surfactant
(methanol) addition were analyzed. The results demonstrate that higher amounts of bio-oil (7 g)
and emulsifier (7 g) at a B/E ratio = 1 in an emulsion have a higher solubility (66.48 wt %). When
the B/E ratio was decreased from 1 to 0.556, the bio-oil solubility was enhanced by 45.79%, even
though the storage duration was up to 7 days. Compared to the emulsion stored at room temperature
(25 ◦C), its storage at 100 ◦C presented a higher solubility, especially at higher B/E ratios. Moreover,
when methanol was added as a co-surfactant during emulsification at higher B/E ratios (0.714 to 1),
it rendered better solubility (58.83–70.96 wt %). Overall, the emulsified oil showed greater stability
after the extraction-emulsification process.

Keywords: emulsification; liquefaction; bio-oils; co-surfactant; surfactant; diesel

1. Introduction

In the 21st century, food wastes in excess of one billion metric tons are generated worldwide every
year from various sources and such great amounts lead to a severe environmental problem. Failure to
recycle or treat food wastes properly will lead to the emission of methane (CH4) and carbon dioxide
(CO2) during bio-degradation. These greenhouse gases may cause human health and environmental
problems [1].

In recent years, there has been an improvement in thermochemical conversion equipment, which
can transform wastes into biofuels or bioenergy products [2,3]. Food waste is considered a valuable
source of energy due to its high biodegradability and high organic matter content [4,5]. Nevertheless,
there is a great challenge in the conversion of food wastes into biofuels by traditional thermochemical
conversions such as pyrolysis and gasification. The high moisture content of food waste requires more
time and energy for drying before the conversion proceeds.
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Hydrothermal technology (HTL) provides opportunities for more energy efficient valorization of
wet biomass in that water is used directly as a reaction medium, thus, bypassing the drying process [6,7].
After HTL is performed, a separation procedure is needed to obtain the oil phase, also known as
the liquefaction bio-oil. The separation method includes using a gravimetric separation funnel or
extraction with an organic solvent such as tetrahydrofuran (THF), ethyl acetate, and dichloromethane
(DCM) [8,9]. The liquefaction bio-oil is a mixture of several hundred organic compounds such as acids,
alcohols, aldehydes, amides, esters, ketones, phenols, and lignin oligomers [10,11]. The liquefaction
bio-oil has undesirable features for industrial applications such as a high viscosity and high ash
content. This implies that the bio-oil composition is complex, making it relatively difficult to control
the performance during the combustion process.

Emulsification is an effective way for upgrading bio-oil and blending it with other fuels [12,13].
Emulsification technology is popular for upgrading pyrolysis oil. Since diesel and bio-oil have polar
molecules, the emulsifier or surfactants can disperse them both to form a stable and homogeneous
emulsion [12]. The emulsification of bio-oils or water in diesel using various emulsifiers is summarized in
Table 1. Michio [14] studied the emulsion of diesel oil and pyrolysis oil from hardwood and investigated
the effects of five operation parameters (bio-oil concentration, surfactant concentration, residence time,
motor speed and emulsification temperature). The results were optimized by a statistical model and the
dominant variables were identified for minimal stratification formation. These dominant parameters
were bio-oil concentration, and surfactant and power input. Chiaramonti [15] studied diesel/bio-oil
emulsions with four kinds of pyrolysis oils from Canadian oak, beech wood, California pine, and
pine wood. The results suggested that it is necessary to use fresh bio-oil and micronize these products
to obtain a stable emulsion. Guo [16] used a KDL-5 molecular distillation apparatus to separate the
middle fraction and the heavy fraction of the crude bio-oil. The blending of the diesel and bio-oil was
conducted by ultrasonic and ultrasonic-mechanical emulsification. The droplet size distribution was
measured using a Malvern nanometer particle size analyzer for the three emulsions (heavy fraction
with 40–300 nm, middle fraction with 15–60 nm and crude bio-oil with 8–25 nm) and had the same
tendency with the stability time 14 min, 216 min and 31 days, respectively. As for the emulsion on
the liquefaction bio-oil, Lijian. [17] employed micro-emulsion technologies to dissolve three kinds of
sewage sludge liquefaction bio-oil extracted by different solvents into diesel. The experiments showed
that the bio-oils obtained at a higher liquefaction temperature (360 ◦C) benefited the micro-emulsion.

Table 1. Literature of bio-oil and liquefaction oil in diesel emulsions.

Pyrolysis
Bio-Oil Content

Mixing Method Emulsifier and Co-Surfactant Stability Ref.

10–30 wt %
Micro-emulsifier

(800–1750 rpm and
5–20 min)

Hypermer B246SF/2234
(Croda International) 3 to 42 days [14]

25–75 wt %
Variable speed electrical

motor (1100 W)
Polymeric surfactants/short chain

additives (n-octanol) 3 days [15]

10 wt %

Ultrasonic (20 kHz; 2 min)
and Ultrasonic-mechanical

(20 kHz; 2 min; and
5000 rpm; 5 min)

Span80 (sorbitan monooleate)/Tween
80 (Polyoxyethylenesorbitan

monolaurate)/Span 85
(sorbitan trioleate)

27 to 31 days [16]

2–40 wt %
Homogenizer

(8800–16,700 rpm)

Span 80 (sorbitan monooleate)/Tween
80 (Polyoxyethylenesorbitan

monolaurate)
5 days [18]

Liquefaction
Bio-Oil Content

Mixing Method Emulsifier or Co-Surfactant Stability Ref.

5 wt %
Manual shaking (1 min) and

centrifugation (6000 rpm;
20 min)

Span 80 (sorbitan monooleate) - [17]

5 to 30 wt %
Vortex mixer (3000 rpm;

2 min)
Atlox4914 (Croda

International)/Methanol 7 days This
study
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Despite some useful information provided from these studies, it should be underlined that there
is still a lack of emulsification information for the liquefaction of bio-oil from food waste. Moreover, the
mechanisms of extraction and emulsification are related to the surface tension, viscosity, and polarity
between the molecules [15–17]. Thus, this study aimed to investigate the feasibility of the simultaneous
emulsification-extraction of the food waste liquefaction bio-oil and diesel with the addition of an
emulsifier. This process can combine liquefaction bio-oil extraction and emulsification in one step,
which can reduce the experiment cost and time. The details of the proportion of the liquefaction bio-oil
in the emulsion after mixing with diesel are also addressed.

2. Materials and Methods

2.1. Materials

The raw liquefaction bio-oil was produced from the hydrothermal liquefaction process of food
waste, which was collected from the local food waste recycling field. It included rhizomes and peels of
several kinds of vegetables and fruits, which were obtained from livelihood waste. Before the start of
the liquefaction process, the size of the food waste (800 g) was reduced using a blender to intensify
the reaction surface area. The food waste had a high moisture content (74%) for the liquefaction
reaction, thus, dismissing additional water. Then, the food waste slurry was pretreated with a 5 wt %
potassium carbonate (K2CO3, alkali catalyst) by heating the mixture to 100 ◦C for 1 h. Subsequently,
the temperature was raised to 320 ◦C and held for 30 min as the conditions of liquefaction. The process
yielded products at three different phases: gas, liquid, and solid. The water vapor in the reactor was
removed by cooling to 105 ◦C under atmospheric pressure. The leftover liquid/solid mixture was
heated to 100 ◦C for 4 h in the oven to remove the excess water content in the mixture. Finally, the
remaining residue was considered as the raw liquefaction bio-oil having an average conversion rate
of 40 wt %.

The diesel fuel used for experiments was commercially available and sourced from petrol station
of China Petroleum Corporation (CPC). In the emulsification-extraction process, the liquefaction oil
was dispersed into the diesel, leading to the bulk of the emulsion volume. The emulsifier used in the
experiments was Atlox 4914 obtained from Croda International Plc. Methanol (>99 vol %) was used as
the co-surfactant. The properties of the bio-oil, diesel, Atlox 4914, and co-surfactant such as density,
viscosity, and higher heating value (HHV) are tabulated in Table 2.

Table 2. Properties of the bio-oil, diesel, surfactant, and co-surfactant.

Compound Density (kg m−3) Viscosity (mPa s) HHV (MJ kg−1)

Bio-oil 1100.0 4916 31.41

Diesel 832.0 1.6–5.8 44.80

Atlox 4914 970.0 - 37.64

Methanol 791.0 0.533 20.40

2.2. The Procedure for Preparing the Sample

To determine the minimum volume required for the emulsifier, a fixed quantity of 20 g of diesel
was mixed with various amounts of the emulsifier (based on B/E ratio) in a 50 mL centrifuge tube.
A vortex mixer (Model: VM-2000, Digisystem Laboratory Instruments Inc., Taipei, Taiwan) was used
to mix the diesel and emulsifier for 1 min at a speed of 3000 rpm. The liquefaction bio-oil was in the
form of the solid phase at room temperature, so it was preheated to 100 ◦C in the oven to transform it
into a liquid before the emulsification-extraction process. Thereafter, the liquid raw liquefaction bio-oil
was added into the diesel-emulsifier mixture and mixed by the vortex mixer for 2 min at a speed of
3000 rpm. Then, the emulsion samples were stored at room temperature (25 ◦C). Samples, which
needed higher-temperature condition, were stored in an oven at 100 ◦C. The co-surfactant could reduce

400



Energies 2018, 11, 3031

the surface tension of bio-oil and enhance the performance of the emulsions [13]. Therefore, further
emulsion experiments examined the effect of the adjunction of the co-surfactant by adding one more
step in the process of sample preparation. After the emulsions of diesel, emulsifier, and bio-oil were
prepared, methanol was added and mixed for 1 min at a speed of 3000 rpm. The detailed process is
shown in Figure 1.

Figure 1. Scheme of emulsion preparation and stability analysis.

2.3. Analytical Methods

There are two directions to investigate the performance of the extraction-emulsification
experiment: quantitative and qualitative methods. The quantitative research is to identify the amount
of bio-oil dissolved in diesel. The deposited bio-oil is in the solid phase, so it is easy to separate it from
the liquid emulsion and weigh the amount. In order to measure the extent of diesel-solvable bio-oil, a
parameter called solubility was defined as

Solubility (%) =
madded bio−oil − minsolvable bio−oil

madded bio−oil
× 100% (1)

where madded bio−oil stands for the added mass of bio-oil and minsolvable bio−oil denotes the mass of
deposited bio-oil in the bottom of the tube.

Qualitative research is to evaluate the emulsion stability. Several methods can be used such as
measuring the pH value, moisture content, the viscosity of the emulsion, or droplet size distribution
in the emulsion [14,15]. However, there is no standard procedure for examining the long-term
stability [15]. In this study, Fourier transform infrared spectroscopy (FTIR) coupled with attenuated
total reflection (ATR) was used to examine the stability and homogeneity of the emulsions through the
identification of the functional groups present in the emulsions [12,13,19]. In some cases, even though
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the emulsion seemed to be uniform by visual inspection, the FTIR spectra were different, revealing the
phase separation in the emulsion. For a homogeneous emulsion, the FTIR spectra at different places
would overlap. Therefore, the emulsion was divided into three regions, namely, the top, middle, and
bottom liquid levels in the sample tube and the three regions were analyzed using FTIR [20].

3. Results and Discussion

3.1. FTIR Spectra of Atlox, Bio-Oil, Diesel, and Methanol

FTIR analysis of the input components (Atlox, food waste liquefaction bio-oil, diesel, and
methanol) was performed and the spectra are shown in Figure 2. Diesel, methanol, and Atlox 4914 are
commercially available substances with distinct chemical compositions. To identify the stratification of
the bio-oil in the emulsions, the chemical composition of the liquefaction bio-oil was studied. From the
obtained spectra and functional groups summarized in Table 3, the liquefaction bio-oil contained
C-H-(CH2) (732 cm−1), C-O (1034 cm−1), C-O (1258 cm−1), C-H-(CH3) (1414 cm−1), CH3 (2918 cm−1),
and polymeric O-H (3320 cm−1) functional groups.

Figure 2. FTIR spectra of (a) Atlox, (b) bio-oil, (c) diesel, and (d) methanol.
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Table 3. Main functional groups of emulsifiers, co-surfactants and liquefaction bio-oil.

Wave Number Range (cm−1) Functional Group Mode of Vibration Reference

3550–3450 Dimetric O-H Stretching [21]

3400–3230 Polymetric O-H Stretching [21]

2949–2915 Aliphatic C-H Stretching [21,22]

2924–2858 Aliphatic C-H Stretching [23]

2835–2815 CH3-O-CH3 (ethers) Stretching [21]

1740–1732 C=O (ester) Stretching [23]

1651–1640 C=C (aromatic) Skeletal [24]

1652–1579 C-C (ring) Stretching [21]

1486–1446 C-H- (CH3)/(CH2) Symmetric Asymmetric [24]

1461–1377 C-H- (CH3) Symmetric [24]

1290–1211 C-O Stretching [21]

1230–1140 C-O (phenol) Stretching [21]

1239–1100 C-O-C (ester) Stretching [22,23]

1090–1049 C-O Stretching [21]

1043–1006 C-O Stretching [24]

970–960 C=C-H Bending [21]

730–710 C-H-(CH2) Bending [21]

3.2. Bio-Oil Solubility and Emulsion Stability at B/E Ratio = 1

By mixing various volumetric ratios of bio-oil/emulsifier and observing the emulsion’s stability,
Figure 3 examines the solubility of the bio-oil in the emulsions over time. In all cases, the B/E ratio was
1 but there were different amounts of bio-oil and emulsifier in the various samples in the emulsions.
In all instances, there was an increase in the amount of bio-oil in the sediment over time. The solubility
in all cases at 1 h duration was as high as at 70 wt %, except for the case of 1 g of bio-oil with 55.70 wt %.
The separation of bio-oil after 1 day was significant in the case of 1 g bio-oil and only 16.61 wt % of
it remained dissolved into the emulsion. With an increase in storage time, the sediment of the cases
involving 1, 2, and 3 g of bio-oil became pronounced. However, the solubility of the cases involving 4,
5, and 6 g of bio-oil with B/E = 1 remained above 55 wt % on the 7th day, implying that the solubility
of the emulsion improved greatly when the amounts of surfactant and bio-oil were increased. On the
7th day, the maximum solubility in the case of 6 g bio-oil with B/E = 1 was 66.48 wt %.

The FTIR spectra at three regions (i.e., top, middle, and bottom liquid levels in the tube) in
the emulsion under 2 g bio-oil with B/E = 1 for 1 h to 7 days are displayed in Figure 4. The FTIR
spectra appear to almost overlap and coincide with each other, confirming homogeneity and successful
emulsification [12].
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Figure 3. The solubility of the emulsions with different bio-oil amounts (B/E = 1) (a) 1 h, (b) 1 day,
(c) 3 days, (d) 5 days, and (e) 7 days.
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Figure 4. Fourier transform infrared spectroscopy (FTIR) spectra of emulsion (2 g bio-oil, B/E = 1) at
three regions for (a) 1 h, (b) 1 day, (c) 3 days, (d) 5 days, and (e) 7 days.
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3.3. Bio-Oil Solubility at B/E Ratios between 0.556 and 1

The separation of the emulsion in the cases of a lower amount of bio-oil with B/E = 1 was more
pronounced compared to those with a higher amount of bio-oil. To study the solubility of the bio-oil,
the solubility at the B/E ratios of 0.556–1 was investigated. The surfactant’s concentration was one
of the most important factors influencing the solubility of emulsions. The bio-oil and diesel contents
were fixed at 2 g and 20 g, respectively. An increase in the amount of the emulsifier or a decrease in the
B/E ratio caused more bio-oil to dissolve into the emulsion (Figure 5). The solubility at B/E = 1 on
the 7th day was only 12.02 wt %. When the B/E ratio decreased to 0.556, the solubility increased to
57.81 wt %, implying that a higher emulsifier concentration rendered a higher solubility of the bio-oil
into the emulsion.

The FTIR spectra at three regions (i.e., top, middle, and bottom liquid levels in the tube) in the
emulsion with 2 g bio-oil and B/E = 1 for 7 days are displayed in Figure 4e, showing the stability of
the emulsion. The FTIR spectra almost overlap and coincide with each other, confirming homogeneity
and higher stability of the emulsion.

Figure 5. The solubility of the emulsions with different B/E ratios (2 g bio-oil) after 7 days.

3.4. Temperature Effect

The fluidity of the bio-oil was low at room temperature. To increase the fluidity of the emulsion
during storage, the emulsion was heated at 100 ◦C in the oven for 7 days. In general, both the viscosity
and interfacial tension decreased with increasing temperature, making the emulsification easier [15].
This resulted in an increased degree of solubility at 100 ◦C compared to that at room temperature.
Compared to the storage of the emulsion at room temperature, the solubility in the case of 2 g bio-oil
with B/E = 1 at 100 ◦C promoted the solubility to 59.86 wt % from 12.02 wt % at room temperature
(Figure 6). This clearly indicates that the effect of the bio-oil temperature at B/E = 1 played an
important role in improving its solubility. However, the impact of the storage temperature in the case
of B/E = 0.556 was not of the same magnitude; the solubility being merely intensified from 57.81 wt %
at room temperature to 63.45 wt % at 100 ◦C, accounting for an increase of 6.64 wt %. Overall, the
temperature effect on the solubility of bio-oil increased when the B/E ratio increased.
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Figure 6. The solubility of bio-oil at different B/E ratios (2 g of bio-oil, fixed amount) at 100 ◦C for
7 days.

The FTIR spectra at three regions (i.e., top, middle, and bottom liquid levels in the tube) in the
emulsion at the storage temperature of 100 ◦C with 2 g bio-oil and B/E = 1 for 7 days are displayed in
Figure 7. The FTIR spectra also almost overlap and coincide with each other, showing the homogeneity
and high stability of the emulsion again.

Figure 7. FTIR spectra of the emulsion with 2 g bio-oil and B/E = 1 under 100 ◦C at 7 days.

3.5. Co-Surfactant (Methanol) Effect

In general, the amount of the emulsifier must be increased to improve the bio-oil usage in the
emulsion. The co-surfactants are surface-active compounds that can lower the surface tension of bio-oil
or the dispersed phase, making them suitable for emulsification [25]. In this study, methanol was used
as the co-surfactant, resulting from its influence on increasing the emulsion‘s stability [13]. In each
experimental run, 1 g of methanol was loaded into the emulsions. The bio-oil solubility in the case
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of 2 g bio-oil with B/E = 1 at a duration of 7 days increased to 46.66 wt % (Figure 8), as opposed to
12.02 wt % without the addition of methanol. This evidence suggests that methanol can significantly
facilitate the emulsification performance. The impact of the co-surfactant in the case of B/E = 0.556
was not pronounced. The solubility with the co-surfactant (70.96 wt %) was higher than that without
methanol (57.81 wt %) by 13.15 wt %. The co-surfactants effect on the solubility of the bio-oil increased
when the B/E ratio increased.

The FTIR spectra at the three regions (i.e., top, middle, and bottom liquid levels in the tube) in the
emulsion after adding 1 g methanol with 2 g bio-oil and B/E = 1 for 7 days are displayed in Figure 9.
The FTIR spectra also show the high homogeneity and stability of the emulsion. By comparing the
influences of the two factors (storage temperature and co-surfactant) on the solubility of the bio-oil
from B/E = 0.556 to 1 (Figures 6 and 8), when the B/E ratio was between 0.714 and 1, the impact of the
storage temperature on the solubility was beyond the co-surfactant. On the other hand, when the B/E
ratio ranged from 0.556 to 0.625, a converse behavior was observed.

Figure 8. The solubility of bio-oil at different B/E ratios with 1 g methanol.

Figure 9. FTIR spectra of the emulsion with 2 g bio-oil, B/E = 1, and 1 g methanol for 7 days.
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4. Conclusions

The simultaneous emulsification-extraction process of liquefaction bio-oil and diesel with the aid
of a commercial emulsifier (Atlox 4914) and co-surfactant (methanol) have been explored where 20 g
of diesel was used. When the bio-oil amount increased from 1 g to 6 g with the fixed B/E ratio of 1, its
solubility increased from 55.70 wt % to 71.35 wt %. However, the solubility with 1 g bio-oil (B/E = 1)
decreased from 55.70 wt % to 4.41 wt % after the 7 days storage and decreased from 71.35 wt % to
66.48 wt % with 6 g bio-oil (B/E = 1). This suggests that performing emulsification at a larger scale may
facilitate the solubility. When a higher amount of emulsifier was used with the B/E ratio decreasing
from 1 to 0.556, the bio-oil solubility also increased from 12.02 wt % to 57.81 wt % after a 7-day duration.
To reduce the viscosity of the emulsions, the emulsions with B/E ratios ranging from 0.556 to 1 were
stored in an oven at 100 ◦C for 7 days. The storage temperature of 100 ◦C had more impact on the
solubility at higher B/E ratios, especially for the case of B/E = 1, which enhanced the solubility by a
factor of 47.84% as compared to room temperature (25 ◦C). Moreover, the addition of a co-surfactant
(methanol) at B/E = 1 at room temperature intensified the bio-oil solubility from 12.02 wt % (without
addition) to 46.66 wt %. When the liquefaction bio-oil was extracted and emulsified in the emulsions,
their higher stability after 7-day storage was achieved from the FTIR analysis. The results of the study
indicate that hydrothermal liquefaction can be applied to waste-to-fuel technology and the liquefaction
bio-oil from food waste has a high potential to replace the diesel fuel used in industrial furnaces
and boilers.
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Abstract: With growing demand for clean and cheap energy resources, biogas production is emerging
as an ideal solution, as it provides relatively cheap and clean energy, while also tackling the
problematic production of excessive organic waste from crops and animal agriculture. Behind this
process stands a variety of anaerobic microorganisms, which turn organic substrates into valuable
biogas. The biogas itself is a mixture of gases, produced mostly as metabolic byproducts of the
microorganisms, such as methane, hydrogen, or carbon dioxide. Hydrogen itself figures as a potent
bio-fuel, however in many bioreactors it serves as the main substrate of methanogenesis, thus
potentially limiting biogas yield. With help of modern sequencing techniques, we tried to evaluate
the composition in eight bioreactors using different input materials, showing shifts in the microbial
consortia depending on the substrate itself. In this paper, we provide insight on the occurrence of
potentially harmful microorganisms such as Clostridium novyi and Clostridium septicum, as well as
key genera in hydrogen production, such as Clostridium stercorarium, Mobilitalea sp., Herbinix sp.,
Herbivorax sp., and Acetivibrio sp.

Keywords: biogas; Clostridiales; hydrogen-producing bacteria; bioreactors; anaerobic fermentation;
anaerobic digestion; microbial community composition

1. Introduction

Biogas production appears to be a brilliant solution to tackle common energetics, waste
management, and environmental pollution problems. Production of biogas provides us with clean
energy in a form of gas mixture, utilizing common organic wastes as an input substrate and thus
helping to maintain the biomass cycle without the formation of unnecessary byproducts [1,2].
The elegance of biogas production lies in the complex microbial consortia capable of anaerobic
fermentation, which ultimately leads to the final step, methanogenesis. Methanogenesis itself is
a dominant metabolic pathway typical for the group of microorganisms referred to as methanogenic
archaea. These microorganisms rely on the end-products of bacterial fermentation, such as short-chain
fatty acids (SCFA), carbon dioxide, hydrogen, and even methyl–amines and methanol [3–6]. However,
relatively little is known about the microbial consortia responsible for the production of methanogenesis
precursors. The composition of the bioreactor ecosystem has a direct impact on the overall fitness of
biogas production [7,8]. Unbalance in the microbial consortia may lead to the collapse of fermentative
processes or contamination of biogas by undesired products, such as H2S [9].

In order to keep biogas production sustainable for a long period of time, with high yields of gas,
one must be able to identify key groups of microorganisms that help to maintain steady conditions
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and precursors for biogas production [3,10]. Many anaerobic microorganisms were identified as
potential hydrogen producers, figuring in many natural and anthropogenic processes. This knowledge
then helps not only to ensure methanogenesis occurs in bioreactors but is also exploited in terms
of biohydrogen production [11–13]. Hydrogen itself is one of the many final products of bacterial
fermentation and also serves as a proton that is used in various microbial enzymatic pathways.
In connection with SCFAs, it is also associated with interspecies hydrogen-electron transfer, which
further serves as a connection among fermenting bacterial taxa [14–16]. In anaerobic digesters and
bioreactors, the microbial community is greatly dependent on the inoculum and the origin of used
substrate. These factors have a substantial effect on the behaviour of the microbial community and
yields of the biogas plant [7,8]. With crop waste and animal manure being used as an input substrate,
a great portion of the microbial community is connected to soil and gastrointestinal tract consortia.
Understanding the diversity of primary hydrogen producers can foretell if a correlation exists between
production, environment, and the microbial community, and if this has some effect on biogas yield.
Bearing this knowledge in mind, the Clostridiales order was chosen as the desired microbial group.
Many species belonging to this clade are considered potent hydrogen producers. These microorganisms
create a substantial portion of the Gram-positive microbial community in mesophilic bioreactors [17,18].
Results of this study illustrate the variability in the composition of the Clostridiales order depending on
the different input substrates.

2. Materials and Methods

Eight biogas plants throughout the Czech Republic were chosen based on known input material
with information about the substrate provided as the ratio of substrate components (w/w %). Names of
the plants, as well as information about substrate components, are summarized in Table 1. Fermenters
used in these biogas plants had the operational volume of 2500–3500 m3. Sampling was carried out
anoxically and material was directly transferred from the fermenter into sterile sampling vessels.
Afterwards, the samples were stored in a thermo-isolating box and were transported for immediate
analysis to our laboratory.

Table 1. Characteristics of evaluated anaerobic digesters (Reproduced with permission of Kushkevych
[6]).

Geographic
Location

Main Substrate Input Ratio Temperature (◦C) pH ORP (mV)

Modřice primary sludge, biological sludge 50:50 34 7 −3.1

Bratčice maize silage, whole crop silage, poultry
litter 63:31:6 43 8.3 −75

Pánov maize silage, poultry litter 92:8 49 8 −58

Úvalno
maize silage, sugar beet pulp, whole

crop silage, cattle manure 44:44:6:6 48 7.69 −38.5

Horní Benešov maize silage, sugar beet pulp, whole
crop silage, cattle manure, grass silage 29:39:12:15:5 49 7.85 −47.4

Rusín maize silage, sugar beet pulp 70:30 48 7.63 −34.7

Loděnice maize silage, sugar beet pulp 75:25 44 7.65 −36

Čejč pig manure, maize silage 75:25 – – –

Prior to DNA analysis, chemical and physical parameters were determined. The pH, redox
potential, and temperature were measured, as well as total solids content, volatile solids content,
and biogas composition. Measurements were conducted for each anaerobic digester of a biogas plant
with data summarized in Table 1. For pH and redox, potential measurement was used pH/Cond meter
3320 (WTW GmbH, Dinslaken, Germany) in accordance with standard procedures [19]. The sample
temperature was assessed by high accuracy PT100 RTD thermometer HH804U (OMEGA Engineering,
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Stamford, CT 06907-0047, USA). Total solids (TS) content was determined by drying at 105 ± 5 ◦C,
using EcoCELL 111 (BMT Medical Technology Ltd., Brno, Czech Republic) according to Czech Standard
Method [20]. After drying, samples were cooled in a desiccator, until they reached constant weight
and the value could be determined. Volatile solids content (VS) was assessed by combustion of the
samples in a muffle furnace LMH 11/12 (LAC, Ltd., Rajhrad, Czech Republic) at 550 ± 5 ◦C according
to Czech Standard Method [21].

According to our previous studies, we used the QIAamp Fast DNA Stool Mini Kit (QIAGEN
GmbH, Hilden, Germany). This was appropriate for a fast and easy purification process of total DNA
from fresh or frozen samples and was used for DNA extraction from samples of anaerobic fermenters in
previous studies [9]. DNA extractions were conducted according to manufacturer protocol, only with
minor adjustments, which we describe below. We extracted 100 mg of each sample, which we mixed
with 1.4 mL of ASL buffer (QIAGEN GmbH, Hilden, Germany) and incubated at 95 ◦C for 10 min.
After centrifugation, we added InhibitEX tablets to the supernatant, according to protocol, to remove
impurities and possible PCR inhibitors. After another centrifugation, 200 μL of supernatant was mixed
with 15 μL of proteinase K solution and 200 μL of buffer AL (QIAGEN GmbH, Hilden, Germany).
Then, the solution was incubated at 70 ◦C for 10 min, cooled down and 200 μL of ethanol (96–100%)
was added to the mixture. Following the procedure, the supernatant was centrifuged through the
QIAamp kit column and was washed twice by buffers AW1 and AW2 (QIAGEN GmbH, Hilden,
Germany). Finally, the DNA elution was conducted by 200 μL of elution buffer.

For amplification of the desired product, V3 and V4 variable regions of the 16S rRNA gene were
targeted by universal primers [22]. Primers were marked for sample identification by molecular
barcoding. According to our previous research, the Maxima™ Probe qPCR Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA) was used for PCR reaction. Initial denaturation was conducted at
95 ◦C for 10 min, followed by 30 cycles of incubation at 94 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C
for 120 s, with a final extension step at 72 ◦C with a 2 min duration. Visualization of PCR products
was performed using 1.5% agarose gel. After the reaction, DNA was extracted from the gel using
the QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden, Germany). DNA was quantified using the
Quant-iTPicoGreen dsDNA Assay (Thermo Fisher Scientific, Waltham, MA, USA) and equimolar
amounts of PCR products were pooled together. Paired-end amplicons were sequenced via Illumina
Mi-Seq platform. Data analysis of 16S rRNA sequences was carried out using QIIME data analysis
package [23].

According to base quality score distributions, average base content per reading and the
guanosine-cytosine pairs (GC) distribution in the reads, quality filtering on raw sequences was
conducted. Chimeras and reads that did not cluster with other sequences were removed. The obtained
sequences with quality scores higher than 20 were shortened to the same length of 350 bp and
classified with RDP Seqmatch with an operational taxonomic unit (OTU) discrimination level set to
97%. The relative abundance of taxonomic groups was calculated for microorganisms detected in this
study. Sequences were compared using the BLAST feature of the National Center for Biotechnology
Information (NCBI) [24]. The sequences were uploaded to Geneious (Geneious 7.1.9) for comparative
genomic analyses [25]. Alignments of sequences were performed in Geneious 7.1.9 using Muscle
(Clustal W) with the BLOSUM cost matrix and clustering was performed by the neighbor-joining
method [26].

Sequences of selected microorganisms were then deposited in GenBank under accession numbers:
MH045949, MH045950, MH045951, MH045952, MH045953, MH045954, MH045955, MH045956,
MH045957, MH045958, MH045959, MH045960, MH045961, MH045962, MH045963, MH045964,
MH045965, MH045966, MH045967, MH045968, MH045969, MH045970, MH045971, MH045972,
MH045973, MH045974, MH045975, MH045976, MH045977. Origin7.0 software (www.origin-lab.com)
was used for further processing data and analysis of the obtained results.
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3. Results

3.1. Commenting on the Control

After the analysis of raw data, the most abundant genera were investigated thoroughly. First,
the overall abundance of the Clostridiales order was compared against the total microbial background
(Figure 1A). The mean ratio was 5.84% of the whole microbial background, with a minimum of
0.64% in the case of the Modřice bioreactor, which serves as a control, and a maximum of 9.51%
in the case of the Čejč bioreactor. This discrepancy is even more visible on the graph visualizing
the ratios of detected OTUs in the manner of the whole set of raw data (Figure 1B). Variation in
the structure of the microbial community of the Modřice digester is probably a consequence of a
significant difference in input substrate. The input material, in this case, consists of biological and
waste sludge, which has a slightly less alkaline pH and a higher redox potential compared to other
reactors, with crop silage or manure being used as the main input substrate. Thus, the explanation
probably lies in the different substrate, its properties, and microbial load [27,28]. Biological sludge is
a complex microbial ecosystem, comprised of many bacterial, archaeal, and eukaryotic taxa such as
bacteria Acinetobacter sp., Flavobacterium sp., Cloacibacterium sp., Desulfovibrio sp., Desulfomicrobium sp.
or archaea such as Methanobrevibacter sp. and Methanosarcina sp. [8,29–32]. Microorganisms coming
from this environment may favour these conditions, leading to a significant shift in the Clostridiales or
total bacterial ratio due to different conditions (Figure 1A).

Figure 1. Ratio of Clostridiales representative composition: ratio between Clostridiales order and total
microbial amount (A); pie-graph indicating portions of each biogas plant to Clostridiales order ratio (B).
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3.2. Comparison of the Clostridiales Order Communities

Comparing the rest of the bioreactors, it seems for the Figure 1A that there is a shift from the
Clostridiales order microorganisms towards other bacterial species. The lower ratios detected in Pánov,
Horní Benešov, Úvalno, and Rusín (Figure 1B) may be connected to the optimal growth temperature
and temperature threshold for many mesophilic microorganisms. Many Clostridiales order organisms
manifest poor growth above 44 ◦C [33]. Judging by this, it is probable that higher temperatures may
lead to changes in the taxa, moving from Clostridiales candidates to more thermophilic organisms
from different taxonomic groups. Analysis of the most abundant genera revealed domination of the
Clostridiales group by the genus Clostridium. The mean value for the Clostridium genus is 58.98%.
In addition to Figure 1, Figure 2 shows that in the case of extreme results, the microbial consortium
in the Čejč bioreactor was dominated by this genus with the ratio of 89.44%. In the case of the Čejč
bioreactor, the Clostridium genus was dominated by the Clostridium novyi species, belonging to cluster
I, which comprised 65.63% of all OTUs retrieved from this bioreactor sample, deposited in GenBank
under accession number MH045969.

Figure 2. Visualization of the genera composition in each biogas plant and mean of its abundance to
total microbial count.

Analysis by BLAST gives 99% similarity to the sequence with GenBank accession number
LC193834.1 (Figure 3). C. novyi is characterized as 0.6–1.4 × 1.6–17 μm long gram-positive rods, which
usually occur singly or in pairs with good gas production. Among the common substrates belong
carbohydrates such as raffinose, glucose, melibiose, and cellobiose, which in turn produce products
such as acetate, propionate, isobutyrate, butyrate, isovalerate, and more importantly hydrogen,
and CO2. C. novyi is a sporulating rod with sub-terminally to terminally localized spores, which
may cause swelling of the cell. Optimal growth temperatures range from 30–45 ◦C, with an alkaline pH
threshold of 8.5. However, C. novyi is regarded as a soil-dwelling microorganism and a known pathogen
of animals and even humans. It is the first time that C. novyi was detected in such a high ratio compared
to other data. C. novyi was formerly detected in bioreactors only in low abundances as described by
Fröschle et al., 2015. Its potential to pose a threat to biogas plant operators remains unclear [33–36].
Another notable species is Clostridium septicum from cluster I and Clostridium stercorarium belonging to
cluster II. As in the case of C. novyi, C. septicum may also be considered a human pathogen. The optimal
temperature is 44 ◦C. However, its growth is inhibited by temperatures above 46 ◦C. It forms straight
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to curved cells that are motile. This species creates oval spores, located sub-terminally within the cell,
which may swell if present. It is considered a strong gas producer [33].

Figure 3. Phylogenetic relationship of detected species in terms of their source.
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C. stercorarium is a representative of thermophilic clostridia. Its temperature optimum lies around
65 ◦C and under given conditions forms relatively small rods 0.3–0.4 × 2–4 μm and produces oval
terminal spores. This species is able to ferment cellulose, cellobiose, melibiose, raffinose, fructose,
and sucrose in turn for the production of acetate, lactate, ethanol, hydrogen, and CO2. A possible
explanation for the occurrence of pathogenic clostridia may be their connection with the gastrointestinal
tract of farm animals and soil. In the case of C. stercorarium, it naturally occurs in compost, thus
probably promoting anaerobic digestion of silage in the bioreactor [18]. Other notable species detected
in this study are C. clariflavum, C. propionicum, C. neopropionicum, and C. sulfidigenes (Figure 3).
The importance of these species lies mainly in the formation of hydrogen and SCFAs, which are
connected with methanogenesis and linked to interspecies hydrogen transfer. Their metabolism
ensures the thermodynamic stability of anaerobic fermentation, providing a favorable environment for
deeper and fine digestion of the given substrate [33].

Apart from the genus Clostridium, minor clades such as Acetivibrio sp. (10.64%), Herbinix sp.
(8.26%), Herbivorax sp. (8.38%), and Mobilitalea sp. (8.40%) were detected in the bioreactors, comprising
10–20% of all retrieved OTUs (Figures 2 and 3). Acetivibrio cellulolyticus was the sole member of this
genus detected in this study, which was similar from 98% to GenBank sequence NR_025917.1 and was
deposited under accession number MH045953 (Figure 3). Its morphology consists of slightly curved
gram-negative rods with a single flagellum having dimensions of 0.5–0.8 × 4–10 μm. Major substrates
consisted of cellulose, cellobiose, and salicin, producing acetate, hydrogen, and CO2 in return [36].
Similar to Acetivibrio, the genus Herbinix is represented by the sole species H. luporum (NR_152095.1),
with a sequence similarity of 99% (MH045949). This thermophilic cellulose-degrading bacterium can
be found in bioreactors, where it is connected with plant biomass degradation. H. luporum represents a
novel genus in the family Lachnospiraceae. It is a non-motile rod, growing to 2.0–6.0 × 0.5 μm, with an
optimal growth temperature of 55 ◦C and main fermentation products such as ethanol, acetate, butyrate,
and hydrogen [37]. Herbivorax saccinicola is a key player in plant biomass remineralization during
anaerobic digestion processes and a member of the family Ruminococcaceae. These non-motile long
and thin rods with dimensions of 5–10 × 0.2 μm grow between 45–65 ◦C. However, the growth of this
microorganism was observed even in lower temperatures (40–44 ◦C), one may deduce that temperature
specificity is not so strict. The main fermentation products are acetate, ethanol, and hydrogen [38].
This organism (NR_152684.1) was similar to the sequence deposited in GenBank under the accession
number MH045957 (Figure 3). Mobilitalea sibirica is the last of the moderately abundant members of
curved rod-shaped anaerobic bacteria with the main products of fermentation being ethanol, acetate,
hydrogen, and CO2 [39]. Our sequence (MH045951) possessed 99% similarity with type strain P3M-3
sequence under accession number NR_134091.1 (Figure 3). Although many genera were detected in
this study, the remaining clades created only a negligible minority which abundance ranged mostly
in order of tenths of percentages compared to other taxa (Figure 2). Thus, we didn´t evaluated their
occurrence in a deeper context.

4. Discussion

As for methanogenesis and methanogenic archaea, understanding fine arrangements in microbial
community relationships are key to maintaining steady and profitable biogas production. As it may
seem from some studies, the amount of hydrogen may be misjudged as a smaller portion of gas
production. However, it is essential for CO2 to be reduced into methane by methanogenic archaea and
naturally turned into biogas. The smaller portion of produced hydrogen also serves as a mediator
in interspecies hydrogen transfer, resulting in a high level of well-being of the anaerobic microbial
community [3,4,6]. Our data suggests that the composition of anaerobic fermenters depends on the
input substrate and may vary greatly because of the given condition. The impact of these findings
remains to be evaluated, also whether this knowledge can be exploited to the artificially potent
microenvironment, as well as to design inoculum, and knowing possible impacts of using different
input substrates. The stable and diverse microbiota of the bioreactor may prevent colonization
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and succession of undesired microorganisms such as sulfate reducing bacteria. Their metabolic
products may damage not only the microbial consortia by strong competition for hydrogen, originally
utilized by methanogens, but may also lead to corrosion of the bioreactor itself [40–42]. Additionally,
this study confirmed the presence of potentially harmful microorganism such as C. septicum and
C. novyi, which are connected to myonecrosis and other dangerous illnesses, this raises questions
about aseptic and sanitation protocols when operating bioreactor processes. Their presence agrees
with previous findings, however, we detected C. novyi in a much higher ratio, comprising 65.63% of
the whole Clostridiales microbiota in the bioreactor for the first time [35]. Apart from the genus
Clostridium, families Lachnospiraceae and Ruminococcaceae, also have their place in the anaerobic
consortia. These microorganisms have similar physiological and biochemical properties as the
Clostridium genus, thus also significantly contributing to the methane production process. On the
contrary, the input substrate has a direct impact on the microbial community, as well as the well-being
of the reactor. It is not only modulating accessibility to essential nutrients, but also bears an additional
microbial load with which native microbes must compete for resources.
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