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Stéphan Barbe

Eucalyptus Kraft Lignin as an Additive Strongly Enhances the Mechanical Resistance of
Tree-Leaf Pellets
Reprinted from: Processes 2020, 8, 376, doi:10.3390/pr8030376 . . . . . . . . . . . . . . . . . . . . . 141

v



Juan-Luis Fuentes, Zaida Montero, Marı́a Cuaresma, Mari-Carmen Ruiz-Domı́nguez, Benito

Mogedas, Inés Garbayo Nores, Manuel González del Valle and Carlos Vı́lchez
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Biofuels have recently attracted a lot of attention, mainly as alternative fuels for
applications in energy generation and transportation. The utilization of biofuels in such
controlled combustion processes has the great advantage of not depleting the limited
resources of fossil fuels, but leads to emissions of greenhouse gases and smoke particles
similar to traditional combustion processes, i.e., those of fossil fuels. On the other hand,
a vast amount of biofuels is subjected to combustion in small-scale processes, such as for
heating and cooking in residential dwellings, as well as in agricultural operations, such
as crop residue removal and land clearing. In addition, large amounts of biomass are
consumed annually during forest and savanna fires in many parts of the world. These
types of burning processes are typically uncontrolled and unregulated. Consequently,
the emissions from these processes may be larger compared to industrial-type operations.
Aside from direct effects on human health, especially due to a sizeable fraction of the smoke
emissions remaining inside residential homes, the smoke particles and gases released from
uncontrolled biofuel combustion imposes significant effects on the regional and global
climate. Estimates have shown the majority of carbonaceous airborne particulate matter to
be derived from the combustion of biofuels and biomass.

This Special Issue on “Production of Biofuels and Numerical Modelling of Chemi-
cal Combustion Systems” contains sixteen high-quality studies (fifteen research papers
and one review paper) addressing techniques and methods for bioenergy and biofuel
production as well as challenges in the broad area of process modeling and control in
combustion processes.

First at all, García Martín et al. comprehensively review the latest advances focused on
energy production from different olive biomasses, including the production of biofuels such
as bioethanol and biodiesel and processes such as combustion, gasification and pyrolysis [1];
all of them can be applied to any type of biomass. For lignocellulose biomasses, mainly
composed of cellulose, hemicellulose and lignin, the determination of their content in these
fibers and moisture is of major importance to select the most suitable process for energy
production. In this sense, Díez et al. provide a new efficient, low-cost and fast method
for the determination of these contents in different types of biomasses from agricultural
by-products to softwoods and hardwoods [2]. The proposed method is based on applying
deconvolution techniques on the derivative thermogravimetric pyrolysis curves obtained
by thermogravimetric analysis through a kinetic approach based on a pseudocomponent
kinetic model.

Biofuels cannot replace our current dependence on coal, oil, and natural gas, but they
can complement other renewable energies such as solar and wind energies. Thus, due
to the merits of biofuel energy for environmental sustainability, biofuel and bioenergy
technologies play a crucial role in the renewable energy development and replacement of
chemicals from highly functional biomass. The following six research papers investigate
the production of biofuels from biomass.

Processes 2021, 9, 829. https://doi.org/10.3390/pr9050829 https://www.mdpi.com/journal/processes

1



Processes 2021, 9, 829

Starting with liquid biofuels, Cuevas et al. obtain bioethanol from the acid hydrolysis
at high temperature of olive stones followed by enzymatic hydrolysis and fermentation
of the released sugars with the yeast Pachysolen tannophilus [3]. The pretreatment was
optimized by means of response surface methodology with two independent variables
(temperature and reaction time). With regard to the production of biodiesel by transes-
terification, García Martín et al. deal with the issue caused by waste cooking oils with
high acidity, which cannot be directly transformed into fatty acid methyl esters by trans-
esterification due to the soap formation [4]. The solution proposed, within the biodiesel
production framework and the circular economy concept, is the esterification of these high
acidity oils with the residual glycerol from transesterification. On the other hand, the
existence of excess water content in the starting oil can retard the transesterification rate
and make the resulting biodiesel not comply to legal specifications for its use as biofuel.
Hence, Lin and Ma assess the optimum water content in the raw oil and its effects on
burning characteristics of the resulting biodiesel [5].

Biomethane and syngas stand out among the gaseous biofuels. Alonso-Fariñas et al.
obtain biomethane from the anaerobic digestion of olive pomaces within an olive oil mill
framework [6]. These authors study the life cycle assessment of a scheme consisting
of the production of biogas from the anaerobic digestion of the olive pomace, heat and
electricity cogeneration by the combustion of the generated biogas, and composting of
the anaerobic digestate. Syngas can be obtained from biomass as a renewable energy
source though gasification. However, syngas from biomass contains some impurities,
such as organic tars, which must be removed before its application. To perform this,
Díez et al. synthesize a catalyst based on layered double hydroxides with a molar cation
concentration Ni/Cu/Fe/Mg/Al of 30/5/5/40/20 for the steam reforming of toluene as a
model compound of biomass tar [7], yielding high concentrations of H2.

Finally, the production of solid biofuels, such as pellets, is also highlighted. Notwith-
standing, pellets from biomass cannot compete with those from fossil fuel sources because
the biomass densifying process and the raw materials price make pellet production eco-
nomically unfeasible. To overcome these issues, Clavijo et al. propose the use of eucalyptus
kraft lignin as an additive for tree-leaf pellet production [8]. The resulting pellets fulfilled
all requirements of European standards for certification except for ash content.

The following four research papers are focused on the production of biomass and
biocrude from microalgae. Advanced biofuels obtained from microalgae have attracted
great interest because they do not compete with food production since they can grow on
non-arable land. The production of biomass is a key prerequisite in the production process
of biocrude and other valuable compounds from microalgae. Thus, Fuentes et al. produce
biomass at a large scale from the microalgae Coccomyxa onubensis in an 800-dm3 tubular
photobioreactor [9]. These authors obtained a biomass productivity of 0.14 g dm−3 day−1

along with high contents of lutein, an interesting food colorant, when growing the mi-
croalga under outdoor conditions. Hydrothermal liquefaction has proven to be an attractive
process for the production of biofuels from microalgae, rendering biocrude (the liquid
organic phase), aqueous phase compounds, solid residue, and gas phases, as illustrated
in three works published in this Special Issue by Dr. Vicente’s research group. In the first,
Megía-Hervás et al. assess the temperature, reactor loading and time of the hydrothermal
liquefaction of the microalga Nannochloropsis gaditana at mild temperatures in order to
reduce the N and O content in the biocrude and to maximize the yield of the pretreated
biomass [10]. Subsequently, Sánchez-Bayo et al. improve the hydrothermal liquefaction
of the same microalgae using heterogeneous catalysts [11]. To be specific, the catalysts
were based on metal oxides (CaO, CeO2, La2O3, MnO2, and Al2O3), yielding remarkable
amounts of biocrude, high values of C, H and heating value and low contents of N, O
and S. In the third paper, Megía Hervás et al. perform the hydrothermal liquefaction
of another microalgae (Phaeodactylum tricornutum) in a scale-up photoreactor [12]. The
biocrude yields obtained in this scale-up photoreactor were lower than the ones obtained
from the biomass cultivated at laboratory scale because of the lower lipid and high ash

2
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contents in this biomass. However, the culture scaling-up did not have influence on the
heteroatom concentrations in the biocrudes.

The last four research papers study the modelling and design of combustion processes
of biofuels. Since biodiesel has higher viscosity than petroleum diesel, which leads to lower
performances of compression ignition engine and higher emissions, Hamid et al. perform a
numerical investigation of fluid flow and in-cylinder air flow characteristics [13]. As a result,
the authors propose to install a guide vane design in the intake manifold, with shallow
depth re-entrance combustion chamber pistons, in order to promote better diffusion,
evaporation and combustion processes. Next, Orihuela et al. focus on the performance
loss of the post-combustion system due to the variability that biofuels introduce in the
exhaust particle distribution [14]. These authors use a well-validated particulate filter
model available as commercial software to predict the filtration performance of a wall-flow
particulate filter made of biomorphic silicon carbide (a bioceramic material made from
vegetal waste) with a systematic procedure that allows one to eventually fit different fuel
inputs. On the other hand, dual fuel engines (those that use diesel and fuels that are
gaseous at normal conditions) are receiving increasing attention because they achieve the
same (or better) power density and efficiency, steady state and transient performances
than petroleum diesel. In his research paper, Boretti develops a numerical analysis of a
novel, high-pressure (1.6 × 108 Pa) liquid phase injector for liquefied natural gas in a high
compression ratio, high boost engine featuring two direct injectors per cylinder: one for
diesel and one for liquefied natural gas [15]. Finally, Guo et al. assess the effects of the
diameter and the angle of the pre-combustion chamber nozzle on the performance of a
marine two-stroke dual fuel engine [16], finding that both parameters have influence on
the flame propagation in the combustion chamber.

To sum up, this Special Issue on “Production of Biofuels and Numerical Modelling
of Chemical Combustion Systems” comprehensively overviews and includes in-depth
technical research papers addressing recent progress in biofuels production and combustion
processes. All these manuscripts contributed—with their topics and their high quality—to
the success of the present Special Issue.
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Abstract: Olive oil industry is one of the most important industries in the world. Currently, the
land devoted to olive-tree cultivation around the world is ca. 11 × 106 ha, which produces more
than 20 × 106 t olives per year. Most of these olives are destined to the production of olive oils.
The main by-products of the olive oil industry are olive-pruning debris, olive stones and different
pomaces. In cultures with traditional and intensive typologies, one single ha of olive grove annually
generates more than 5 t of these by-products. The disposal of these by-products in the field can led to
environmental problems. Notwithstanding, these by-products (biomasses) have a huge potential as
source of energy. The objective of this paper is to comprehensively review the latest advances focused
on energy production from olive-pruning debris, olive stones and pomaces, including processes
such as combustion, gasification and pyrolysis, and the production of biofuels such as bioethanol
and biodiesel. Future research efforts required for biofuel production are also discussed. The future
of the olive oil industry must move towards a greater interrelation between olive oil production,
conservation of the environment and energy generation.

Keywords: bioethanol; combustion; gasification; olive; olive oils; olive-pruning debris; olive stones;
olive pomaces; pyrolysis

1. Introduction

With the dramatic development of society, biofuels produced from biomass are regarded as a
potential alternative source for energy and therefore solve the increasing energy crisis. Besides efficient
food processing [1] and food safety inspection [2], an affordable, reliable, sustainable and modern
energy is also an important sustainable development goal requested to be achieved.

The olive tree (Olea europaea L., subsp. europaea) belongs to the Oleaceae family. Over 11 million ha
are devoted to olive tree cultivation around the world [3], resulting in more than 20 million t of olives
per year (Figure 1). The olive tree predominates in the agricultural production in the Mediterranean
countries such as Spain, Italy, Greece, Turkey, Tunisia, Morocco, Syrian Arab Republic, Portugal, Egypt
and Algeria (Figure 2), and it has been expanded in recent decades to other regions such as West Coast
of the USA, Argentina, Australia, Chile, Peru, Uruguay and China [4]. Therefore, these countries are

Processes 2020, 8, 511; doi:10.3390/pr8050511 www.mdpi.com/journal/processes5
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responsible for most of the worldwide production of olives (Figure 3). Olive tree not only supplies
important olive oils providing us the healthiest vegetable fats, but also produces table olives, which
are famous pickles for dishes starter.

 
Figure 1. Total olive-tree cultivation surface (blue points) and worldwide olive production (red points)
from 2001 to 2017. Reproduced with permission from FAOSTAT [5].

 

Figure 2. Average production of olives by country between 1994 and 2017. Reproduced with permission
from FAOSTAT and OpenStreetMap Foundation [5].

Figure 3. Average olive production (1994–2017) of the top 10 olive producers. Reproduced with
permission from FAOSTAT [5].
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The generation of by-products from the olive oil industry per ha of culture is illustrated in Figure 4.
As it can be observed, the main by-products are olive-pruning debris (OP), olive stones (OS) and
extracted pomace dry by-products.

 
Figure 4. By-products obtained from olive orchards and olive mills.

Pruning is an important biennial operation carried out by farmers for removing old branches thus
regenerating the tree. The olive-pruning debris consists of thin branches (usually <5 cm diameter)
and leaves. Leaves can be removed from the pruning debris by means of a densimeter machine for
industrial applications. Farmers usually use the bigger branches and trunks in small home boilers.
An average of 3 tons of olive-pruning debris is generated from a hectare of olive orchard [6], leading to
producing more than 3.3 × 107 t biomass. Generally, the olive-pruning debris is either grinded and
ploughed into soil or left on the land to be incinerated (Figure 5), which not only causes air pollution
(CO2 emissions) but also mineralizes the soil and increases the risks of pest propagation and fire
accidents. The higher heating value (HHV) of the olive-pruning debris ranges between 16.7 MJ/kg
and 19.8 MJ/kg [3,7–9], and its bulk density between 272 kg/m3 [9] and 347.9 kg/m3 [3]. The lower
heating value (LHV) has been reported to be 16.55 MJ/kg [7]. If the olive pruning-debris were utilised
to produce energy, it will not only maximise the reuse and exploitation of the value-added by-products,
but also solve the environmental contamination and supply for the clean renewable energy. Its current
price in Andalusia is 30–40 €/t [3]. This low price makes OP an attractive material to produce pellets
and other solid or liquid biofuels.

7



Processes 2020, 8, 511

 

Figure 5. Olive-tree pruning piled up in the field.

Olive-tree pruning is a lignocellulose material and, therefore, is mainly composed of cellulose,
hemicellulose and lignin (Table 1). Cellulose consists of thousands of chains, each chains made up
of hundreds of d-glucose units linked up together by β(1,4) glycosidic bonds with reducing and
non-reducing ends. The presence of hydrogen bonds results in a crystalline structure [10]. The cellulose
is wrapped in a sheath of hemicellulose and lignin, which protects cellulose from being broken down.
Hemicellulose, which can account for between 15% and 35% of a lignocellulose material on a dry
basis, is a heterogeneous polymer containing pentoses (d-xylose, l-arabinose), hexoses (d-mannose,
d-glucose, d-galactose, and d-fructose), acetyl groups and uronic acids. This heteropolymer is easier to
break down than cellulose. Lignin is mainly composed of guaiacyl, p-hydroxyphenyl and syringyl units
polymerized by ether bonds or carbon-carbon linkages. Lignin provides chemical, mechanical and
biological resistance to the lignocellulose material, and it is a potential source of aromatic compounds.

Table 1. Olive-pruning debris fiber composition.

Composition (wt.%)
Reference

Cellulose Hemicellulose Lignin

36.6 19.7 20.8 [6]
30.3 17.9 24.1 [4]
39.1 25.7 14.3 [10]
36.4 21.5 17.1 [11]
25.4 19.0 18.5 [12]
25.0 18.3 18.8 [13]
36.5 20.2 22.5 [14]
36.5 20.8 21.3 [15]

Regarding the elemental composition, scarce information is available in literature. However, the
data provided by some authors confirms that sulphur is not detected in the olive-pruning debris
(Table 2), which is characteristic of the olive-tree by-products.
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Table 2. Elemental analysis of the olive-pruning debris.

Element (%)
Reference

C H O N S

44.6 6.7 47.9 0.8 0.0 [6]
46.1 6.4 47.2 0.4 0.0 [16]

Olive stones (Figure 6) are another biomass that is generated in olive oil mills. Olive table industry
annually generates around 30,000 t olive stones [17]. Besides, olive stones are also generated in olive
oil and olive pomace oil extractor industries after separating the olive stones from the olive pulp to
obtain olive oil or olive pomace oil, respectively. In both cases, the size of the crashed endocarps
never exceeds 7 mm in length. Most of the olive stones recovered in olive mills have sizes larger than
1 mm, the percentage of thinner solids increasing when increasing the weight of the pulp and inorganic
matter in the olive. Saleh et al. (2014) reported that 97.3% (wt.%) of the olive stones collected in an
olive mill had sizes greater than 1.2 mm [18]. Mata-Sánchez et al. (2015) found that 96.3% of their
olive stones samples had diameters higher than 1.4 mm [19]. Furthermore, Fernández-Bolaños et al.
(1999) and Barreca and Fichera (2013) reported maximum olive stones sizes of 6.2 mm and 1.6 mm,
respectively [20,21]. This small particle size of olive stones is an advantage over other biomasses with
larger sizes (e.g., olive prunings), avoiding the need to resort costly milling stages for subsequent
use. Notwithstanding, its current price (80–100 €/t in Andalusia, Spain) is much higher than that of
olive-tree pruning [3].

 

Figure 6. Endocarps from olive fruit.

Olive stones account for roughly 20% of the olive weight. Thus, it was reported that 100 kg fresh
olives contain 22 kg olive stones (4 kg seeds plus 18 kg endocarps) [22]. As a lignocellulose material,
its main components are cellulose, hemicellulose and lignin (Table 3). As it can be observed, the
percentage of hemicellulose in OS is higher than in OP. The different olive varieties, geographical
location, the presence of traces of pulp and pericarp, and the analytical techniques used by the different
authors could account for the different results shown of results in Table 3.

Table 3. Fiber composition of olive stones.

Composition (wt.%)
Reference

Cellulose Hemicellulose Lignin

29.9 28.1 27.7 [23]
33.5 24.5 23.1 [22]
27.1 32.2 40.4 [24]
36.4 26.8 26.0 [25]

9



Processes 2020, 8, 511

Due to its high lignin content, it was reported to be suitable for thermal utilization. Olive stones
were reported to have a great potential as solid biofuel for combustion in comparison with other
lignocellulose materials. An average lower heating value of 19,167 kcal/kg was obtained from 30
different olive stones obtained from different regions of Andalusia (Spain) [17]. Concerning the
higher heating value, different authors have pointed out that the HHV of olive stones ranged between
18.8 MJ/kg and 20.9 MJ/kg [3,17], these HHV measured by different methods. As a result, 99% of olive
stones produced are currently used as solid biofuel to thermal power generation.

Olive stones possess a relatively low ignition point (approximately 215 ◦C) while the maximum
combustion rate is 0.341 dm3/min and is achieved at 284 ◦C. As little mineral matter is contained
in olive stones and their ash melting temperature was over 1400 ◦C, it thus reduces costs of burner
cleaning. The bulk density of olive stones is 721.6 kg/m3 [3], double than that of olive-pruning debris,
which accounts for the aforementioned potential of olive stones for combustion. On the other hand, as a
type of lignocellulose material, it has been proposed as a source of fermentable sugars, antioxidants and
other applications [26]. If added-value products can be obtained from olive stones from thermochemical
and biochemical points of view, it will greatly solve the problem of environmental contamination.

With regard to elemental composition, sulphur is barely detected in olive stones, as it is
characteristic of olive tree by-products (Table 4). Among the different trace elements present that can
be found, chlorine and copper can be highlighted, with concentrations ranging from 90 mg/kg to
435 mg/kg and from 0.6 mg/kg to 2.3 mg/kg, respectively [19,27]. Ash percentages are usually lower
than 2% (wt.) (Table 4). The main inorganic compounds found in olive stones ash are Al2O3, CaO,
Fe2O3, K2O, MgO, and SiO2 [28–30].

Table 4. Elemental analysis and ash content of olive stones.

Composition (wt.%).
Reference

C H O N S Ash

51.2 6.0 41.9 0.15 0.02 0.78 [19]
50.1 5.9 42.0 0.6 0.02 1.33 [31]
46.6 6.3 45.2 1.8 0.10 1.40 [32]
48.6 5.7 44.1 1.6 0.05 1.90 [33]

The extraction process of olive oils has evolved over the years from discontinuous to continuous
methods. In the first method, olive oil was obtained by applying hydraulic pressure (press method).
Nevertheless, the olive oil industry has been modernized with the introduction of continuous methods
by centrifugation. In the first instance, process with decanter of three outlets (olive oil, pomace and
wastewater) were used. From the 1990s and with the aim of reducing the environmental impact of
the wastewater generated by this process, the number of outlets in the horizontal centrifuge was
reduced from three to two outlets, one for olive oil and the other for olive pomace and vegetable water
(plus the added water during the process). Therefore, the type of pomaces and their physicochemical
characteristics depend on the kind of process (Table 5).

Table 5. Physicochemical characteristics of the pomaces based on the process used.

Process
Moisture and

Volatile Matter *
%

Fat Matter *
% (In Wet Basis)

Fat Matter **
% (In Dry Basis)

Production *
kg/t Olives

Pressure 22–35 5.0–8.0 7.0–11.0 250–350
Three outlets 45–55 3.0–4.5 6.0–8.0 450–520
Two outlets 65–75 2.0–3.5 6.0–7.5 800–850

* Data from [34]; ** Own data.
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In Spain, the country with the highest olive production, the most widely used olive oil extraction
process is the continuous centrifugation system using two-outlet decanters (Figure 7). In Italy, the
second olive producing country, pressure systems, centrifugation with a three-outlet decanter and, to a
lesser extent, the system with a two-outlet decanter are used. In Greece and the other countries of the
Mediterranean basin the three systems are used, although the most widespread is the centrifugation
process with two-outlet decanter. The same happens in the rest of the olive oil producing countries
(Portugal, Argentina, Uruguay, Chile, Peru, Australia, USA and China).

Figure 7. Olive pomace from oil mills that use the centrifugation process with a two-outlet decanter.
These pomace rafts are located in the extraction plants of pomace oils.

In general, the pomaces produced are transported to the pomace extraction plants to separate the
residual oil that they still contain. In these facilities, the extraction of residual oil is carried out using
a solid-liquid extraction process, being technical hexane (mixture of alkanes) the most widely used
solvent. From this process, crude pomace oil and a by-product that is extracted pomace are obtained.
Crude pomace oils are sent to oil refining plants to obtain olive pomace oil. On the other hand, the
extracted pomace (by-product from extraction process) constitutes a very interesting solid biofuel and
with HHV in the range of 13.8 to 15.8 MJ/kg.

All these studies highlighted an unyielding interest in exploiting biomass obtained from olive
tree. Therefore, the objective of this paper is to comprehensively review the latest advances focused on
energy production from olive-pruning debris, olive stones and olive pomaces. The different routes to
produce energy from these by-products are summarized in Figure 8 and discussed in the following
sections. Future research efforts required to biofuel production are also discussed.
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2. Olive-Pruning Debris

As the rest of lignocellulose wastes, the olive-pruning debris is a major potential source for
renewable energy and high-value chemical products. Currently, the most direct application of the
pruning debris is for combustion. Thicker branches are sometimes separated and used as firewood
for home or small industries. However, this direct combustion is an inefficient process for energy
conversion that is responsible of large CO2 emissions. Assuming complete combustion under ideal
conditions, extremely unlikely to occur, and an average carbon content in OP of 45.35% (Table 2), 1.7 kg
of CO2 would be emitted to the atmosphere per kg of burnt pruning. The combustion reactions and
kinetics of OP can be found elsewhere [8]. As no sulphur is detected in the pruning and its nitrogen
content is small, which are major advantages from the environmental point, other energy production
processes have been researched in the last decades, as below indicated.

2.1. Bioethanol Production

As a lignocellulose waste, and thus a sugar-rich substrate, OP pruning is suitable for bioethanol
production. Furthermore, its high cellulose content and low lignin content (Table 1), compared to
other lignocellulose waste, makes OP an excellent substrate for bioethanol production. Currently,
the bioethanol production includes 4 stages: (1) pre-treatment, (2) hydrolysis of polysaccharides
and oligosaccharides into monomer sugars, (3) fermentation of sugars to ethanol, and (4) ethanol
concentration to absolute alcohol. These stages and their applications to OP are comprehensively
detailed in the following subsections.

2.1.1. Pre-Treatment

Since lignocellulose biomass is a mixture of carbohydrate polymers from plant cell walls, the
pre-treatment process is thus required to reduce the feedstock size, break down the hemicellulose to
sugars and open the structure of the cellulose. Two parallel phases, i.e., a hemicellulose-rich liquid
and a cellulose-rich solid, will be formed. Following this, the cellulose is hydrolyzed by enzymes into
d-glucose that could be fermented into ethanol. Likewise, the d-xylose, mainly from the hemicellulose,
could be fermented to ethanol or xylitol. Lignin can be extracted from the cellulose-rich solid by using
an alkaline solution. As a result, an alkaline residue containing lignin is formed, which can be extracted
by oxidizing agents, such a H2O2 [35], thus reducing the volume of the hydrolysis reactor, increasing
sugar concentration, and reducing the energy consumption the subsequent cellulose hydrolysis. In spite
of these advantages, this step is not mandatory to improve the enzymatic digestibility of cellulose.
Among the pre-treatments applied to OP, the most widely used are:

• Ultrasound pre-treatment

Ultrasound technology, which produces cavitation and acoustic streaming, has also been regarded
as a promising pre-treatment for the degradation of lignin. The particles nearby can be crumbled because
the powerful hydro-mechanical shear forces in the bulk liquid is generated. Ultrasound irradiation
disrupted lignocellulose structure and breakdown the crystalline nature of cellulose structure, apart
from provoking cellulose depolymerisation and solubilisation, lysis of cell walls and membranes as well
as improvement of the solubilisation of organic matter [36]. It was demonstrated that a hydrodynamic
shear force in aqueous phase was generated from ultrasound, which increased the disintegration
of coarse particles and so promoted the surface area for enzyme activity [37]. As the cavitation can
generate high temperatures and high pressures (often referred as “hot spots”), the reaction times in
heterogeneous solid-liquid systems can be reduced and the chemical degradation could be accelerated
via the production of oxidative species. Combined with other biomass pre-treatments such as ozone or
alkaline pre-treatment, a decrease of hemicellulose and lignin content was observed when sugarcane
bagasse was pre-treated by ultrasound [38].

Notwithstanding, there is a lack of papers concerning the application of ultrasound to OP as
a pre-treatment in the bioethanol production scheme. Nevertheless, some works can be found in
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literature. Thus, The application of ultrasound to OP to extract antioxidant compounds has been
assessed [39]. Different ethanol/water ratios (20%, 50% and 80% of ethanol concentration), amplitude
percentages (30%, 50% and 70%) and process times (5 min, 10 min and 15 min) were assessed. From
the results on total phenolic compounds, total flavonoid content and antioxidant activities, these
authors concluded that ultrasound pre-treatment could be a first step of the process within a biorefinery
context and OP a potential source of natural antioxidants [39]. In the available literature it can be
also found the effects of ultrasonic treatments on organosolv black liquor from olive tree pruning
residues [40]. Up to 20% monosaccharides were degraded when 15 min of ultrasound treatment was
applied. The monomeric sugars were increased from 3% to 16% as result of the lignin-carbohydrate
complex rupture that was caused by ultrasonic irradiation [40].

• Ozonation

Ozone, the strongest chemical oxidant after fluorine, can be utilised as pre-treatment for removing
the lignin from the lignocellulose biomass and finally improving the enzymatic degradation. Compared
with other conventional pre-treatment methods, no harm residue such as acids or mineral bases are
produced after ozonation [41]. Unlike ultrasound pre-treatment that is carried out at extremely
high temperatures and pressures, ozone reactions can occur even at room temperature and pressure.
Besides, ozone could be generated in situ in the bioethanol plant, thus avoiding transportation and
storage issues.

Although ozonation has been demonstrated to be an effective pre-treatment, it is regarded as
uneconomical due to the assumed need for lignin mineralization [42]. In order to overcome this issue,
ozonation has been applied to tannic acid to simulate the effects of ozonation process on biomass
pre-treatment for bioethanol production [42]. A high concentration of tannic acid solution (60 g/dm3),
as a lignin model, was treated by ozonation. Most of tannic acid was disappeared after 3.5 h treatment.
As a negative result, tannic acid negatively affected cellulases activity. Despite the aforementioned
doubt of widespread application to biomass as a pre-treatment, it was stated that a short-time ozonation,
as an alternative, could reduce the pre-treatment energy costs from about ∼$104.28 to ∼$2.22 per ton
of biomass and thus cut down the labor costs and operation times [42]. In spite of these advantages,
to the best of our knowledge there are not available works on the use of ozonation as OP pre-treatment
for bioethanol production.

• Steam explosion

Steam explosion, where the biomass is subjected to pressurised steam injected to a high temperature
(180–240 ◦C) for a short time (from 10 s to several minutes) and ends with a sudden decompress of
the system, is a widely used pre-treatment of biomass. The cellulose and lignin degraded by the
high temperature whilst the tissue structure damaged during the rapid pressure release. In this way,
the biomass is easier to be hydrolysed and fermented. A high d-xylose yield can be achieved especially
when an acid catalyst is applied. The role of sulphuric acid (as catalyst) is to hydrolyse the hemicellulose
into monomers without degrading them furfural and 5-hydroxy-methyl furfural (5-HMF). As a result,
the addition of an acid catalyst can reduce the processing temperature to 150–200 ◦C, thus improving
the subsequent enzymatic hydrolysis. Steam explosion has been applied to OP and these facts have
been verified. In this way, it was reported the solubilisation of hemicellulose from olive tree pruning
was improved by using steam explosion at temperatures between 190 ◦C and 240 ◦C [13]. Other acids
have been used to improve the steam explosion of OP, such as phosphoric acid [43]. Furthermore, the
steam explosion of olive tree pruning has been investigated at pilot scale to maximize the glucose yield
in the subsequent enzymatic hydrolysis [44].

• Autohydrolysis or liquid hot water (LHW) pre-treatment

This technique is quite similar to the steam explosion and leads to similar results. LHW refers to
the process of solubilisation of hemicellulose in pressurized water at temperatures ranging between
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165 ◦C and 225 ◦C [45]. The hemicellulosic acetyl groups are rapidly released, thus hydrolyzing the rest
of hemicellulose (autohydrolysis). To determine the effect of this pre-treatment, the severity parameter,
R0, is calculated as follows:

R0 =

∫ t

0
exp

T(t)−TR
w dt

where T(t) is the temperature (◦C)–time (min) function, calculated graphically, and TR a reference
temperature (100 ◦C) below which the autohydrolysis can be considered of scarce significance [46].
The value of 14.75 is the generally used for the parameter w in the autohydrolysis of olive pruning
debris [47].

LHW pre-treatment has been applied to OP in the temperature range 150–210 ◦C for short
reaction times (0–5 min) at the selected temperature (average R0 = 3.54 ± 0.06), resulting in a complete
solubilisation of hemicellulose [4,47]. Similarly to steam explosion, LHW leads to a hemicellulosic
oligomers solution which requires a further acid hydrolysis to release the monomeric sugars, if they
are intended to be fermented [48]. To avoid the application of two pre-treatments, it has been assayed
the addition of dilute acid into the pressurized water reactor, thus performing simultaneously both
autohydrolysis and dilute-acid hydrolysis. Although it is performed in pressurized water reactors,
this combined technique is generally referred as dilute-acid hydrolysis in spite of using high pressures,
achieving high sugars yields and complete hemicellulose solubilisation when applied to OP [4].

• Extrusion

Continuous extrusion process, which involves a single or twin-screw extruder combining thermal,
mechanical and chemical action, is regarded as a cost-effective pre-treatment method for enzymatic
saccharification. What is more, the addition of enzymes during the extrusion process (bioextrusion) as
new biomass pre-treatment technique for second generation bioethanol production has been proposed,
resulting in a better sugar production [49]. With regards to its application to OP, extrusion in a
twin-screw extruder was applied to OP to remove the extracts and the amorphous cellulose at 70 ◦C
and sulphuric acid concentrations lower than 0.5 mol/dm3 [10]. The yield of sugars was low. However,
combined with a subsequent dilute-acid hydrolysis with 1 mol/dm3 H2SO4 of the resulting solid in a
stirred-tank reactor, led to a sugar-rich hydrolysate [14]. Extrusion operation still needs to be optimised
for the extrusion to be regarded as a single hydrolysis stage for bioethanol production.

• Dilute-acid hydrolysis

Dilute-acid pre-treatment, as one of the most important pre-treatments, has been widely applied
to OP within the biorefinery concept. The aim of dilute acid is to solubilise the hemicellulose
fraction without degrading cellulose as far as possible. With regards to the application of dilute-acid
pre-treatment to OP, several authors have reported that hemicellulose depolymerised into a mixture
of sugar oligomers and monomers under the acidic, thermal process while scarce alteration took
place in lignin and cellulose structures [4,11,50,51]. In addition, cellulose porosity increased with
the removal of hemicellulose and so enhanced enzymatic digestibility of the cellulose. The effects
of temperature and acid concentration of dilute-acid pre-treatment on the subsequent simultaneous
saccharification and fermentation of olive-pruning debris using response-surface methodology (RSM)
have been studied. The pre-treatment led to a complete solubilisation of the hemicellulose. As a result,
the cellulose percentage in the resulting solid was roughly 1.5 times as much as that for raw material [4].
According to the RSM, the highest overall ethanol yields would be obtained when the pre-treatment
for olive-pruning debris were performed with 0.059 kmol/m3 and 0.030 kmol/m3 H2SO4 at 185 ◦C.
Under these conditions, 15.3 kg and 14.5 kg ethanol would be generated from 100 kg olive-pruning
debris, respectively [4]. Likewise, the effects of the reaction time (0–300 min), temperature (70–90 ◦C)
and sulphuric acid concentration (0–0.05 kmol/m3) on the formation of d-glucose and d-xylose were
evaluated by RSM [50]. Results showed that there were interactive effects between the three parameters
on sugars production. The highest concentrations of d-glucose and d-xylose were achieved when
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the highest temperature, acid concentration and residence time applied. The optimal conditions
for generating d-xylose were 90 ◦C, 0.05 kmol/m3 H2SO4 and 300 min reaction time. Under these
conditions, it was predicted that approximately 40% of the maximum attainable d-glucose and 60% of
the potential d-xylose would be obtained [50]. The olive-pruning debris has been also hydrolyzed
by 0.050–0.100 kmol/m3 oxalic acid at 130–170 ◦C for 30 min using 1:10 dry raw material to organic
acid ratio. However, the hydrolysate was not able to be fermented by the yeast Pichia stipitis CBS
6054 [14]. Similarly, the fermentation with Pachysolen tannophilus of the hydrolysates resulting from the
hydrolysis with concentrated phosphoric acid of OP at 90 ◦C for 240 min led to very low bioethanol
yields [52].

Dilute-acid pre-treatment has been assayed in combination with other pre-treatments, such as
fungal pre-treatment [51] and autohydrolysis [15,48], to enhance the enzymatic hydrolysis of OP.
For instance, the combination of fungal pre-treatment with a dilute-acid pre-treatment was studied [51].
It was found that the order of the pre-treatment combination has a relevant effect on the d-glucose
yield of the subsequent enzymatic hydrolysis. The application of the best pre-treatments combination
plus enzymatic hydrolysis to OP achieved 51% of the theoretical sugar yield. The afore mentioned
best sequential pre-treatments were fungal pre-treatment with Irpex lacteus for 28 days followed by
diluted-acid pre-treatment with 2% (w/v) H2SO4 at 130 ◦C for 90 min, which enhanced 34% the enzymatic
hydrolysis yield compared with that of the application of solely the dilute-acid pre-treatment [51].
On the other hand, the application of an dilute-acid hydrolysis (90 ◦C, 0.05 kmol/m3 H2SO4) to the solid
obtained after the autohydrolysis (200 ◦C, 0 min) of olive-pruning debris, neither increased the cellulose
conversion nor led to lignin degradation [48]. By contrast, the application of the same dilute-acid
pre-treatment to the resulting liquid from autohydrolysis rocketed the d-glucose and d-xylose extraction
from OP. As a result, this sequential pre-treatments led to a phenolic compound-free pre-hydrolysate
containing 114 g d-glucose and 78 g d-xylose per pre-treated kg of olive-tree pruning [48]. This
fact has been verified by other authors, who stated that in all their experiments the percentage of
lignin recovered was close to 100% [15]. These authors concluded that the dilute-acid hydrolysis of
OP at 90 ◦C for 180 min leads to an almost complete hydrolysis of the hemicellulose when using a
concentration of hydrochloric acid (HCl) exceeding 3.77%.

• Alkaline peroxide pre-treatment

Alkaline peroxide, during which effective radicals perform the delignification without degrading
sugars, is also widely used as pre-treatment for biomass saccharification [53]. Since it is difficult
for chemicals and enzymes to access to cellulose due to its complex glycosidic and hydrogen bonds
network, an alternative strategy is to remove lignin to easier access to cellulose carbohydrates in the
subsequent enzymatic hydrolysis.

Under alkaline conditions, hydrogen peroxide can attack the phenolic compounds, which is quite
different from that under the normal conditions where hydrogen peroxide can only react with the
aliphatic part of lignin without degrading the phenolic compounds [54]. Lignin was reported to be
effectively removed from the olive-tree pruning biomass when treated with formic acid and alkaline
hydrogen peroxide, allowing the production of ethanol up to 46 g/dm3 in the subsequent enzymatic
hydrolysis and fermentation [12].

2.1.2. Hydrolysis

Acid hydrolysis was the main technique for lignocellulose hydrolysis in the 20th century for
ethanol production because mineral acids can penetrate lignin without pre-treatment and the rate of
acid hydrolysis is faster than enzymatic hydrolysis. Notwithstanding, sugars also degrades rapidly
under acidic conditions to compounds such as furfural, a product of dehydration of pentoses, and
5-hydroxymethylfurfural, a product of the dehydration of hexoses (Figure 9). These compounds,
along with the acetic acid released during initial decomposition of the hemicellulose, inhibit the later
fermentation, leading to reduced ethanol yields [55]. Furthermore, the use of high temperatures and
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acid concentrations is dangerous and leads to severe corrosion of equipment and the need to recover
the acid used, after hydrolysis, to make it economically feasible [56]. As a result, this technique has
been replaced by the enzymatic hydrolysis when the goal is to obtain d-glucose from cellulose, and it is
usually used as a pre-treatment, under mild conditions, of the enzymatic process as aforementioned.

 
Figure 9. Products and by-products obtaining during the acid hydrolysis of lignocellulose biomass.

Enzymatic hydrolysis began to be researched from the seventies of last century with the first
commercial preparations of biocatalysts. Its main advantages are that the enzymatic reactions are
carried out under mild conditions (40–50 ◦C and pH around 5.0) and its selectivity. The cellulases used
for breaking down cellulose are originated from fungi, especially from Trichoderma reesei or Trichoderrma
viride. A single enzyme is unable to hydrolyse the whole lignocellulose biomass and most cellulases
are complexes of three type of enzymes that hydrolyse cellulose together. First, an endoglucanase
breaks one of the chains within the cellulose crystalline structure. Then, an exoglucanase attaches to
one of the loose ends, pulls the cellulose chain out of the crystal structure, and works its way down the
chain, breaking off units of cellobiose (two linked d-glucose units). Finally, a β-glucosidase splits the
cellobiose into two d-glucose molecules [56]. Cellulases and β-glucosidases are inhibited by cellobiose
and d-glucose, respectively.

Aiming to a full valorisation of the sugars contained in the olive-pruning debris, it is mandatory
to hydrolyse hemicellulose. To this end, xylanases are required to break down the linear β-1,4-xylan
polysaccharide to d-xylose. Generally, both xylanases and cellulases are added to the resulting
mixture from the pre-treatment, i.e., the pre-hydrolysate (rich in oligomers from hemicellulose) and the
cellulose-rich solid are simultaneously hydrolysed to cut costs. Industrial cellulases and xylanases are
well-known commercial products, tailor-made according to the desired commercial application [56].

The so-called simultaneous saccharification and fermentation (SSF) greatly improves d-glucose
yield, reducing the concentration of required enzyme. During SSF, enzymes hydrolyse cellulose chains
and yeasts ferment d-glucose to ethanol at the same time, so that the inhibition by degradation products
will be lessened when sugars fermented immediately after generation. The ethanol production from
OP by SSF of the pre-treated solid has been already investigated using a commercial cellulolytic
complex (Celluclast 1.5 L) and the yeast Saccharomyces cerevisiae [4,13]. Using as pre-treatment
steam explosion [13] or autohydrolysis [4] acid-catalyzed, the ethanol yields were 7.2 and 9.9 kg/kg
OP, respectively.
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2.1.3. Fermentation

The conventional yeast Saccharomyces cerevisiae is the most common yeast for alcoholic fermentation
because it can easily convert d-glucose into ethanol, reaching fermentation yields (expressed as kg
ethanol per kg total sugars) close to the maximum theoretical ethanol yield (0.51 kg/kg) with volumetric
productivities of up to 5 kg/m3 h and final ethanol concentrations of roughly 10% (v/v) [57]. Moreover,
it can be used for continuous industrial processes. Notwithstanding, this yeast is unable to ferment
d-xylose and the rest of pentoses from hemicellulose. Therefore, other yeasts able to ferment
both hexoses and pentoses into ethanol have been assayed, such as Pichia stipitis, Candida shehatae,
Candida tropicalis and Pachysolen tannophilus. Some of them ferment d-xylose to xylitol instead of to
ethanol (C. tropicalis, P. tannophilus), depending on the oxygen conditions [47,58,59].

Olive-pruning-debris hydrolysates have been fermented with several of these yeasts. In order to
reduce cost, a scheme consisting in dilute-acid hydrolysis plus fermentation, thus eliminating the costly
enzymatic hydrolysis stage, has been assayed by several authors [15,16,52,60]. Hydrolysates obtained
from the dilute-acid hydrolysis of OP at 90 ◦C with hydrochloric, sulphuric and trifluoroacetic acids in
concentrations between 0.1 N and 1.0 N were fermented with P. tannophilus. The highest ethanol yield
(0.37 kg ethanol/kg total sugars) was achieved in the fermentation of hydrolysates obtained with 0.1
N C2HF3O2 [60] while the highest ethanol concentration (6.34 g/dm3) was found in the hydrolysate
from hydrolysis with 1.0 N HCl [60]. Lower yields were found by these authors using phosphoric
acid hydrolysates [60]. Anyway, with regard to the overall process, the production of ethanol from
initial dry olive-pruning debris was almost negligible (Table 6). This was probably because dilute-acid
hydrolysis solely solubilized sugars from hemicellulose. Therefore, cellulose remained in the solid and
its d-glucose was not fermented. Similarly, the fermentation with P. tannophilus of the hydrolysates
resulting from the hydrolysis with concentrated phosphoric acid of OP at 90 ◦C for 240 min led to
very low bioethanol yields instead of the high fermentation yield (0.38 kg ethanol/kg total sugars) [52].
Furthermore, the hydrolysates obtained from dilute-acid hydrolysis using 0.050–0.100 kmol/m3 oxalic
acid at 130–170 ◦C for 30 min could not be fermented by the yeast P. stipitis CBS 6054 [14], probably
to production of yeast inhibitors from sugar degradation. The best results of the application of this
scheme to OP has been achieved using 1 N H2SO4 at 90 ◦C for 240 min [16]. These authors obtained
70 g ethanol plus 34 g xylitol (a high-added value by-product) per kg OP, reaching fermentation yields
higher that the aforementioned (Table 6).

Another interesting scheme applied to OP is autohydrolysis plus fermentation without enzymatic
hydrolysis [47]. As it can be seen in Table 6, this scheme resulted in the production of 7.2 g of ethanol
from 100 g of olive pruning debris along with an instantaneous ethanol yield of 0.44 kg/kg total
sugars. In spite of the fact that these two schemes, which do not involve enzymatic hydrolysis, do not
take advantage of the most of d-glucose of cellulose, they are less costly and provide a solid residue
composed of cellulose and lignin that is an excellent raw material for pellet production, thus leading to
a circular economy of the olive-tree pruning.

With regard to the last scheme, consisting of pre-treatment, enzymatic hydrolysis and subsequent
fermentation, it is worth noting that the ethanol yield achieved using steam explosion plus SSF
with S. cerevisiae of the pre-treated cellulose [13] was similar to that obtained by autohydrolysis
and fermentation of the prehydrolysate [47], which had the advantage of the non-use of enzymes
(Table 6). The use of an acid catalyst in the pre-treatment increased the ethanol yield in the SSF of
the pre-treated cellulose up to 9.9 kg/kg [4]. To improve these ethanol yields, it is mandatory to
ferment the pre-hydrolysate, rich in hemicellulosic sugars. The yeasts used by several authors to
ferment pre-hydrolysates from OP were Scheffersomyces stipites [43] and Escherichia coli [12]. The ethanol
production from both fermentation of hemicellulosic sugars solubilized in the pre-treatment and SSF
of pre-treated cellulose was roughly 16 kg/kg OP. [4,12,43]. Notwithstanding, the use of enzymes and 2
fermentation stages make this scheme infeasible from an economic point of view.
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2.2. Methane Generation

Scarce information about methane production from OP can be found in literature. The finest OP
particles have been reported as the most suitable for methane production due to their high concentration
of nitrogenous matter and low C/N ratios, which make these OP suitable for anaerobic digestion [61].
After the application of a fractionation process to obtain the finest OP particles and the subsequent
batch anaerobic digestion at 38 ◦C, the highest methane yield achieved by these authors was 176.5 Nm3

per t volatile solids, which accounted for 93.5% gains over the untreated OP. The authors described
their process as highly energy efficient, since energy consumption was low compared with the energy
required by the residues of fuel upgrading, intended for anaerobic digestion [61]. Nevertheless, there is
other olive mill wastes with higher potential for anaerobic digestion and therefore methane production,
such as olive pomace and, mainly, olive mil wastewater. Thus, about 10–12 million cubic meters of
olive mill wastewater are generated every year from the olive oil extraction in 2- and 3-outlet decanters
in a relatively short period of time, so that researchers have put a lot of effort to cope with this issue,
mainly through biogas production. This could account for the scarce available information on methane
production from OP [62].

2.3. Pellets Production

The production of pellets from the olive-pruning debris is a low-cost alternative that would allow
the conversion of this waste into an energy resource that could be used in the surrounding areas where
the OP was collected or be packaged for external sales. In both cases, it would suppose a benefit for
farmers. Notwithstanding, it has to be taken into account that some authors have pointed out that OP
meets the specification for industrial pellets given in the European Standard EN ISO 17225-2, but not for
residential pellets based on this standard because of its high ash and nitrogen content [7,61]. Another
hindrance for pellets production from OP is its low bulk density (347.9 kg/m3 [3]). The use of denser
biofuels reduces the costs associated with handling, storage and transportation [7]. One suggested
alternative is to mix OP with other raw materials in order to reduce the percentages of these chemical
components in the final biomass and increase bulk density [7]. The effects of main process parameters
(pressure and temperature) and OP properties (moisture content and particle size) on pellet density and
durability have been previously investigated [63]. High process temperatures, low moisture contents
(less than 15% [64]) and reduced particle sizes were reported as the conditions to obtain high-quality
pellets from OP, while the compression force had scarce effect on pellet quality [63]. In this sense, 9%
moisture content along with short compression lengths (20–24 mm) and temperatures higher than
40 ◦C were reported as the most suitable pelleting conditions for the residual biomass from olive trees
(leaves, prunings and wood), although these parameters varied among the raw materials analyzed [7].
The pelleting process slightly increase the calorific power of this biomass. Thus, the HHV and LHV of
pellets from OP have been reported to be 19.47 and 16.17 MJ/kg, respectively [64].

2.4. Torrefaction

Torrefaction is a pre-treatment applied to enhance biomass properties for its further use in
combustion or pyrolysis processes. Concerning to OP, torrefaction was carried out under an inert
atmosphere at low temperature (200–300 ◦C) and a low heating rate (residence time between 10 min
and 60 min) to convert this biomass into a charcoal-like carbonaceous material with enhanced energetic
properties [65]. For example, torrefaction at 300 ◦C for 60 min led to an increase on the ratio of fixed
carbon to volatiles (from 0.23 to 0.39), improving the fuel quality of OP. Under these conditions, the OP
surface structure was broken, hemicellulose was partially or totally decomposed, and under the severest
torrefaction conditions, a modification on the thermal stability of cellulose was observed. These authors
also proposed a pyrolysis kinetic model of OP through thermogravimetric measurements under N2

atmosphere during the torrefaction of OP under different conditions [66]. Three stages in which
the activation energy kept approximately constant were observed. These stages were related to the
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thermal degradation of the 3 main constituents of any lignocellulose biomass: cellulose, hemicellulose
and lignin.

2.5. Pyrolysis

Pyrolysis is a thermal process carried out under partial or complete absence of oxygen and is
based on capturing the off-gases from thermal decomposition of the organic material. Three main
products are obtained from biomass pyrolysis: Syngas (non-condensable gases), bio-oil (hydrocarbon
molecules) and a solid residue rich in carbon. Syngas and bio-oils are regarded as ordinary energy
carriers. Besides, bio-oils from pyrolysis are of major interest, as they can replace diesel in internal
combustion engines [67]. Among these different products obtained from biomass pyrolysis, the solid,
carbon-rich material can be highlighted. This solid can be biochar or charcoal. Biochar is mainly used
for soil applications for both agriculture and environment, while the charcoal is used as a fuel for
heat, absorbent material, or reducing agent in metallurgical processes [64]. Slow pyrolysis is applied
for retaining up to 50% of the carbon feedstock in the resulting biochar so that it can be used as soil
fertilizer while high-temperature pyrolysis (>550 ◦C) led to biochar with high aromatic content from
lignin decomposition and, therefore, recalcitrant to decomposition [64]. The biochar obtained by
these latter authors from the pyrolysis or OP pellets showed HHV and LHV of 31.71 and 30.48 MJ/kg,
respectively [64], far higher than those reported for OP [3,7–9] and pellets from OP [64]. This biochar
can be certified as Biochar Premium according to the regulations of the European Biochar Certificate,
based on the analysis of nutrients and trace elements, polycyclic aromatic hydrocarbons composition,
elemental analysis, pH, electrical conductivity and density performed by the authors [64].

In an earlier work, leaves, branch barks, twigs (small branch of 1 cm) and olive wood (sawdust
particle size 0.8–1 mm, cubes of 1, 2, 3, or 4 cm edge) were subjected to pyrolysis at 400, 500 and 600 ◦C
(10 ◦C/min heating rate, 20 min residence time at the final temperature, 200 cm3/min N2 stream) [68].
Based on its high content of volatile matter and ash and the low process yield, the charcoal obtained
from the pyrolysis of olive leaves was regarded as low-quality charcoal. These authors pointed out
that since olive leaves are used to feed cattle, this is a more appropriate alternative to pyrolysis [68].
By contrast, in spite of the fact the charcoals obtained from the pyrolysis of branch bark, twig and wood
(sawdust or cubes) also had a high ash content, their volatile matter and fixed carbon contents made
them suitable for the production of B category briquettes in accordance with the French and Belgian
regulations in force at the date of publication of that paper [68], both regulations were dating from
1984. With regards to the effect of temperature pyrolysis on the resulting charcoals, the fixed carbon
content increased and that of the volatile matter decreased as the temperature in which the process was
performed rose from 400 ◦C to 600 ◦C. Finally, the Brunauer–Emmett–Teller (BET) surface area of the
charcoals obtained from leaves and branch barks were very low (5 and 16 m2/g, respectively), while
those of twigs and different olive woods ranged between 19 m2/g and 198 m2/g [68]. These surface
area values are lower than those obtained for charcoals of other biomasses. For instance, BET surface
area of coconut shell biochar was reported to be 244.2 m2/g [69] and that of biochars obtained from the
pyrolysis of roots from Jatropha curcas L. plants used for the phytoremediation of contaminated soils
with different heavy metal concentrations soils was 447 m2/g [70]. Notwithstanding, scanning electron
microscopy (SEM) analysis indicated that the surface of biochar from OP was higher than that of OP
surface, and that it had a very porous structure, indicating that it could be regarded as an ideal support
for metal impregnation [9].

The pyrolysis of OP has been modelled from thermogravimetric experimental data of each
obtained fraction of the lignocellulose material (cellulose, hemicellulose and lignin) [8]. It was reported
that the pyrolysis of OP could be divided into three stages: those of hemicellulose, cellulose and lignin,
respectively. Lignin was the component most difficult to decompose and it occurred slightly over
a wide temperature range, with a very low mass loss [8]. Therefore, the pyrolysis of OP is strongly
influenced by its lignin content.
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The pyrolysis under inert atmosphere (N2) and under oxidizing atmosphere (20% O2) of OP, OP
soaked with Ni solutions and OP soaked with Pb solutions has been investigated with a heating rate of
10 ◦C/min [9]. For the 3 biomasses, the greatest mass loss under was found in the ranges 150–400 ◦C
and 150–480 ◦C under inert atmosphere and oxidizing atmosphere, respectively. In contrast with the
OP impregnated with nickel, the impregnation with lead did not show very significant effects. The
maximum volatilization rate was observed for the nickel-impregnated OP. As a result, there was a
higher emission of volatile compounds and a higher mass loss in the gasification of OP soaked with
nickel [9].

A pyrolysis-based circular system from the OP obtained from 10 ha olive grove, i.e., 25 t twigs
(32 wt.% moisture) and 10 t 4-cm diameter wooden branches (40 wt.% moisture), has been proposed [67].
This scheme is based on the OP pyrolysis at 600 ◦C with an approximate heating rate of 200 ◦C/s under
He atmosphere. The pyrolysis of this OP led to 8.5 t of bio-oil with (average LHV of 31 MJ/kg), 9.9 t of
gas and 7.4 t of bio-char (average LHV of 29 MJ/kg). The gross energy obtained from the combustion
of these 8.5 t bio-oil as a fuel (assuming 30% combustion efficiency) and the heat recovery from the
dryer was 23.43 MWh [67]. These authors stated that the 7.4 t of biochar obtained from 10 ha olive
grove could be used as soil amendment and carbon sequestration tool, which could make pyrolysis a
suitable process for olive groves with poor soil and in conditions where soil management needs are
preeminent [67].

Finally, low-temperature microwave-assisted pyrolysis of olive pruning residue using various
absorbers has been assayed [71]. The bio-oils obtained contained interesting bio-chemical compounds
(mainly acetic acid, aromatics and furans) while biochars showed calorific values close to that of
commercial pellets (up to 25 MJ kg−1). These authors concluded that the microwave-assisted pyrolysis
of OP can be a sound method for obtaining useful chemicals and fuels, thus representing a potential
possibility for reducing all of the environmental risks involved in its disposal [71].

2.6. Gasification

Gasification is a process based on the partial oxidation of the biomass with a controlled amount
of oxygen or steam carried out at high temperatures (>700 ◦C), i.e., gasification does not involve
combustion, resulting in the production of syngas (H2 and CO, mainly) and condensable organic
compounds as gasification byproducts. Gasification is a mature technology since it has been extensively
applied for decades in the gas industry. Notwithstanding, some authors has pointed out that gasification
is having its own rejuvenation due to its application to biomass, which is regarded as a new substrate
for this process [67].

The gasification of OP has been studied in a laboratory fluidized bed [72]. The influence of
temperature (800–900 ◦C), equivalence ratio (0.12–0.35), fuel particle size (from 0.5–4 mm to 2.5–4 mm),
biomass throughput (485–725 kg/h m2) and O2 (21 and 40% O2 in air) was investigated. These authors
analyzed the results with the assistance of a previously developed fluidized bed gasification model.
The application of this model to the laboratory-scale results allowed predicting the gas composition of
industrial-scale fluidized bed gasifiers [72].

The gasification kinetics of olive tree pruning pellets in fluidized bed at temperatures between
760 ◦C and 900 ◦C has been described [73]. These authors prepared cylindrical pellets from OP using
a pelletizing machine, which were reduced to 1–2.8 mm (average 1.9 mm) and 2.8–4 mm (average
3.4 mm) particle size by grinding. Experiments were carried out using gas mixtures containing H2O,
CO2, H2, CO and N2 in various proportions at a superficial gas velocity of approximately 0.50 m/s. CO
and H2 inhibited the gasification process in a significant way. The authors obtained 2 kinetic equations,
one for the gasification rate with H2O, which took into account the inhibition effect of H2, and another
for gasification with CO2, which included the inhibition effect of CO. The reaction rate of the former
one (gasification with H2O) was from 3 to 4 times faster than that of the latter one (gasification with
CO2) [73]. These kinetic models accounted for the effect of temperature, gas composition and the
extent of carbon conversion.
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The effects of nickel and lead as catalyst on the gasification of olive pruning under oxidizing
and inert atmosphere have been assessed [9]. To do that, samples were soaked with nickel and lead
solutions. Under nitrogen inert atmosphere, the effect of both metals catalyst was negligible and they
were concentrated in the ash, thus increasing the concentration of metals in ash. The same occurs with
lead under oxidizing atmosphere (20% O2). By contrast, an increase in thermal decomposition was
observed due to the presence of nickel under oxidizing atmosphere, probably because of the formation
of NiO, which catalyzed decomposition reactions [9].

A gasification-based circular system has been proposed based on a bubbling fluidized bed gasifier
working at about 800 ◦C and using a constant equivalence ratio (0.3) during the operation (50 t of air in
the gasifier) [67]. As substrate, these authors used the annual OP obtained from 10 ha olive grove in
Foggia province (Southern Italy, Apulia region): 25 t twigs (32 wt.% moisture) and 10 t larger wooden
branches of at least 4 cm of diameter (40 wt.% moisture). From these, 62 t of syngas with an energy
content of 88 MWh were obtained. Considering an electricity conversion efficiency for the syngas
obtained from gasification of 37.5% for electricity production in a micro turbine (Brayton Cycle) and
taking also into account the recovery of heat from the dryer, the total gross amount of energy reached
34.4 MWh [67]. These authors concluded this electricity generated is far more enough to supply the
energy requirements of the olive-olive mill that produces the olive oil from the olives collected in that
10-ha olive grove.

The gasification of OP through a downdraft fixed bed reactor showed that the composition of
syngas was strongly influenced by the air flow rate [74]. The H2 and CO contents were roughly 16%
(v/v) and over 13% (v/v), respectively, while the CH4 content was lower than 3% (v/v) and N2 content
was higher than 50% (v/v) due to the use of air as oxidizing agent. The syngas had a LHV ranging
between 3.6 MJ/Nm3 and 4.6 MJ/Nm3. The resulting biochar contained about 74 wt.% carbon.

The modeling of a small-scale plant based on a downdraft gasifier and a gas engine connected to
the grid using OP is available in literature [75]. The power plant is able to produce 70 kW of electric
power and 110 kW of thermal power when fuelled with 105 kg/h biomass and the gasifier operated in
steady state conditions. The LHV of the gas produced in the gasifier was 3.7 MJ/kg. This relative low
value was explained by the high air to OP ratio (2.72), which increased the N2 formation, and the high
ash content in OP (8.71%).

Finally, an experimental and feasibility study of a pilot plant installed in an olive mill located in
Andalusia (Spain) for the conversion of olive tree pruning and into electrical and thermal power is
described elsewhere [31]. The pilot plant was composed of a downdraft gasifier, gas cooling-cleaning
stage and spark ignition engine with a modified carburetor. OP was regarded as a suitable substrate
for the downdraft gasifier because of its low moisture and ash content. The cold gas efficiency was in
the range 70.7–75.5% and the OP gasification led to a syngas with a LHV of 4.8 MJ kg−1. The electric
efficiency of the gas engine reached 21.3%. Besides, the plant achieved acceptable values for the electric
(15%) and combined heat and power (almost 50%) efficiency [31]. As a result, the project investment
would provide a whole benefit of around 300,000 € (net present value), with a payback period of
5–6 years.

3. Olive Stones

Currently, there are two industrial processes that are applied to the olive to obtain food products
and that allow the recovery of olive stones in two different ways. Thus, in the olive mills, virgin olive
oil is produced and, as a by-product, fragmented endocarps, since in the milling stage the olive is
passed through a mill that breaks down the structure of the fruit. On the other hand, whole olive
stones are recovered in the pitted table olive processing industries; that is, the endocarp plus the seed.
Taking into account that the available volume of fragmented endocarps is much higher than that of
whole olive stones, most of the studies carried out on the energy use of this type of biomass have been
carried out using the former one. Notwithstanding, most of papers available in literature on olive
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stones do not clearly indicate whether fragmented endocarps or the whole olive stones have been used.
Therefore, in this review paper the term olive stones (OS) is indistinctively used for both.

3.1. Preliminary Treatments: Cleaning and Drying

The most suitable pathway for the transformation of a lignocellulose material towards a specific
product is strongly conditioned by the composition and moisture of the raw material. In the case of
fragmented endocarps of olive, attention should be paid to the pulp, a material that is often found
with them. According to some authors, the average percentage of pulp in OS is 3 wt.% [76]. Therefore,
a first treatment to be applied to the biomass would aim to remove the pulp fraction, which can be
easily achieved by sieving the OS, since an analysis of the particle size distribution showed that most
of the fragmented endocarps (91.7 wt.%) had an average diameter of between 2 mm and 3.15 mm [77]
and most of the pulp and mineral matter tends to accumulate in a fraction of smaller size (<1 mm) [76].
A direct consequence of the cleaning of the fragmented endocarps is the decrease in the ash content
(from 0.78% to 0.55%) and the increase in the bulk density of the clean biomass (from 721.5 kg/m3 to
764.2 kg/m3). This can be explained by the fact that the pulp, which is the component with the lowest
bulk density (129.8 kg/m3, [76]) and the highest ash content (5.6%, [78]), remains in the fines fraction.

On the other hand, the fragmented endocarps of olives need to be dried in order to be used in
certain applications. The moisture of 15 Spanish samples of OS ranged between 10.2% and 30.5%,
with an average value of 22.3% [19]. Other authors have reported moistures of 19% [79] and 23% [80],
and equilibrium moistures of 7% and 8%, respectively. In a previous work, we reported equilibrium
moistures for OS between 9.1% and 11.5%, calculated at 30 ◦C and relative humidity between 43.2%
and 73.1% [3]. The study of the drying kinetics of OS was addressed in the aforementioned last three
references [3,79,80].

3.2. Biochemical Conversion

Numerous research works that addressing the biochemical use of the olive stones can be found
in literature. OS contain hemicellulose very rich in xylans, a low cellulose fraction but with high
crystallinity and a relatively high percentage of lignin [81]. The main products obtained in the
biochemical conversion of olive stones are xylitol and bioethanol. Both can be achieved simultaneously
in the same fermentation stage using yeasts able to ferment d-xylose to xylitol and d-glucose to
ethanol. The common denominator of all the biochemical pathways is the application of several
stages (pre-treatment, hydrolysis of polysaccharides, detoxification of hydrolysates, fermentation of
sugars, separation of bioproducts...), some of which involve the use of microorganisms or enzymes.
Among the pre-treatments described in Section 2.1.1., liquid hot water [82–84], steam explosion [25],
organosolv [84] and dilute-acid hydrolysis [18,23,84–86] pre-treatments are the most widely ones
applied to olive stones. Different schemes and the ethanol and xylitol yields (when available) achieved
by several authors from 1 kg OS are illustrated in Table 7.

Table 7. Ethanol and xylitol yields obtained from olive stones (OS) using different process schemes.

Pre-Treatment Commercial Enzyme Preparation Product Fermentation Yeast SSF Yeast Overall Yield (kg/kg OS) Reference

0.01 M H2SO4, 201 ◦C,
5.2 min

Novozymes Celluclast 1.5 L Ethanol P. tannophilus - 0.122 [23]
Xylitol P. tannophilus - 0.067

*log R0 = 4.39 Cellulase from T. reesei EC 3.2.1.4
Ethanol P. tannophilus - NP [82]
Xylitol P. tannophilus - NP

0.025 M H2SO4,
195 ◦C, 5 min

Novozymes Celluclast 1.5 L Ethanol P. tannophilus - 0.103 [18]
Xylitol P. tannophilus - 0.092

1.5% (w/v) H2SO4,
121 ◦C, 60 min

Novozymes Celluclast 1.5 L and
Novozymes 188 Ethanol - P. tannophilus 0.068 [86]

Organosolv, 220 ◦C - Ethanol - S. cerevisiae 0.131 [84]

* Liquid hot water; NP = not provided.
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The overall process is fairly expensive and, therefore, the biochemical conversion of OS would only
be economically viable if, in addition of products with low sale price (in relation to their production
process), such as bioethanol or furfural [87], products with very high-added value were obtained, such
as antioxidants [26], oligosaccharides [88] or other bioactive molecules. In this sense, the integrated
production of xylitol, furfural, ethanol and poly-3-hydroxybutyrate from OS within the biorefinery
concept, and a cogeneration system for producing bioenergy from the solid residues resulting from
the obtaining of these products has been described [89]. On the other hand, an integrated biorefinery
concept for OS management is available in literature, composed of supercritical fluid extraction to
recover polyphenols, followed by pyrolysis of the solid to produce bio-renewable fuels and, finally,
activation of the biochar to yield high surface area adsorbents for heavy-metals removal from water [90].

In a recent article, we described the fractionation of OS using dilute-sulphuric-acid pre-treatment
at high temperature (201 ◦C) followed by, on one hand, the enzymatic hydrolysis of the pre-treated
solids and, on the other hand, the detoxification of the liquid prehydrolysate by means of vacuum
distillation. In this way, both the enzymatic hydrolysate, rich in d-glucose, and the detoxified acid
prehydrolysate, rich in d-xylose, were easily fermented with P. tannophilus to bioethanol and xylitol.
The mass balance for the complete ethanol production process is illustrated in Figure 10.

 
Figure 10. Mass macroscopic balance for the ethanol production flowsheet composed of dilute-acid
pre-treatment of OS, enzymatic hydrolysis of pre-treated solids, detoxification with rotary evaporator
and fermentation of hydrolysates using P. tannophilus. Reproduced with permission from Cuevas et al.,
Processes; published by MDPI, 2020 [23].

3.3. Thermochemical Conversion of Olive Stones

Among the thermochemical treatments that have been applied to OS, torrefaction, pyrolysis,
combustion and gasification can be highlighted.
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3.3.1. Torrefaction

Torrefaction is a process that takes place under a non-oxidizing atmosphere through heating
biomass to maximum temperatures of the order of 300 ◦C. In this way, improvements in the energy
characteristics of the resulting solids can be achieved such as reduction of the moisture content, increase
in calorific value, and improvement of the subsequent pelletizing process [91,92].

Torrefaction can be conducted in an aqueous (wet torrefaction or hydrothermal carbonization)
or dry (dry torrefaction) environment. A study on the rapid hydrothermal carbonization of OS at
temperatures between 175 ◦C and 250 ◦C pointed out that the solid residue (hydrochar) obtained
at 225 ◦C-10 min had the highest HHV (23.4 MJ/kg), energy efficiency (74.7%) and comprehensive
combustibility index (6.19 × 10−7 min−2 ◦C−3) [93]. Furthermore, the short-time hydrothermal
carbonization caused an increase in the hydrophobic capacity of the hydrochar, which contributes
to improving the microbial stability of the material. These authors [93] also indicated that the
hydrothermal carbonization has a greater capacity than pyrolysis to eliminate the OS components with
lower calorific value (extractives and hemicelluloses) at low temperatures from the raw material.

On the other hand, the effect of the biomass to water ratio (1.1–12.3%), temperature (150–250 ◦C),
and residence time (3.2–36.8 h) on the hydrothermal carbonization of OS has been investigated.
The HHV ranged from 22.2 MJ/kg to 29.59 MJ/kg, being the maximum HHV achieved at 230 ◦C-30
h [94]. In relation to dry torrefaction, the optimal conditions found for OS were obtained at 278
◦C-15 min and resulted in a solid product with 68% volatile matter, 29% fixed carbon, and 23.4 MJ/kg
HHV [95].

3.3.2. Pyrolysis

Pyrolysis of olive stones is a promising technology for the production of renewable energy since it
produces a gas with medium calorific value and byproducts (biochar and tar) which can be used to
provide more energy to the process.

The thermogravimetric analyses applied to OS under inert atmosphere are of great interest to
understand the pyrolysis of this biomass. The main weight losses in dry OS occur between 200 ◦C
and 400 ◦C. Two large peaks are highlighted in the DTG curves. The first in the temperature range
264–323 ◦C and the second in the range 327–378 ◦C, which would correspond, respectively, to the
decomposition of hemicellulose and cellulose [29,95,96]. Weight losses that take place above 400 ◦C
would produce a long tail in the thermogravimetric curve which correspond to the slow process of
lignin decomposition.

Regarding the products yield, the pyrolysis of OS at 600 ◦C-30 min generated 44.2 wt.% syngas,
24.9 wt.% tar, 14 wt.% water and 17.0 wt.% biochar [97]. The resulting gas was rich in H2 (29.5% v/v),
CO (31.5% v/v) and CH4 (20.5% v/v), with LHV of 16.0 MJ/kg. Notwithstanding, other authors, when
studying the same process with the same raw material and testing temperatures of up to 900 ◦C, were
unable to achieve syngas yields greater than 25 wt.% related for any of the temperatures tested [95].
Thus, the gas, liquid (tar + water) and biochar fractions were 20.2 wt.%, 50.3 wt.% and 29.5 wt.%,
respectively, at 500 ◦C-15 min [95]. The previous percentages are similar to those found in other studies
when olive stones were pyrolyzed at 550 ◦C-15 min: 35 wt.% biochar and 55 wt.% liquid fraction [29].
In that study, the pyrolysis gas formed at 600 ◦C was composed of 17% v/v methane and over 10% v/v
of both carbon monoxide and hydrogen. The significant deviations in the products yield data available
in literature highlight the complexity of the pyrolysis process of OS, which is affected, among others,
by factors such as particle size or mineral content [98]. Several studies have demonstrated that other
biochar parameters such the actual and bulk densities are strongly affected by pyrolysis, which present
minimum values for temperatures in the range 400–500 ◦C [95,99].
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As the pyrolysis temperature increases, the biochar produced from OS contains less oxygen and
more carbon, which results in an increase in its calorific value (for example, HHV = 31.1 MJ/kg at
900 ◦C) [95]. Besides, an increase of the temperature during biomass carbonization decreases the
biochar reactivity, with higher ignition and burnout temperatures related to the decrease of volatile
matter content [99]. The reactivity of the biochars obtained from five biomasses, including OS, can be
found elsewhere [100].

Finally, apart from combustion, the biochar generated from olive stones could be used as
hydroponic growing medium [101] or, after its activation [102], as adsorbent of different chemical
compounds [103,104], in the manufacture of battery electrodes [105,106], etc.

3.3.3. Gasification

The air gasification of OS in a 5 kW bench scale, bubbling fluidized bed gasifier produced a
medium heating value gas (LHV = 6.54 MJ/Nm3). The maximum H2 and CO concentrations (24% v/v
and 14.3% v/v, respectively) were obtained at 750 ◦C and an equivalence ratio (ER, under stoichiometric
amount of air inserted into the reactor to that necessary for complete combustion) of 0.2 [33]. The use
of a 150 kW bubbling-fluidized-bed gasifier with ER = 0.22 led to a syngas with 12% v/v both H2 and
CO (LHV = 5.31 MJ/Nm3) [107]. These authors also pointed out bed agglomeration problems due
to the partial ash melting as a consequence of its high potassium content. Notwithstanding, these
results improve those obtained in the gasification of OS in a countercurrent fixed-bed gasifier [108].
For instance, a gas containing 6.4% v/v H2 and 26% v/v CO (HHV = 4.8 MJ/Nm3) was achieved for ER
= 0.22 in the countercurrent fixed-bed gasifier. The latter study concluded that olive husk gasification
is a more complex process than wood gasification owing to non-uniform flow distribution across the
high density bed and partial ash agglomeration. ER values of 0.31, much higher than those previously
described, were used in the gasification of OS in a downdraft gasifier to obtain a syngas with 16% v/v
H2 and 22.8% v/v CO [31]. The gasification of OS with high temperature steam (750–1050 ◦C) has also
been investigated [109]. This process allowed obtaining a syngas with notably high LHV (13.6 MJ/Nm3)
along with a biochar that contained 79 wt.% fixed carbon, which enables it for further reuses for
energetic and agriculture purposes. This type of gasification also makes it possible to considerably
reduce tar production [109].

Finally, a 100 kg/h downdraft gasifier system was used to produce clean synthesis gas production
from OS in densified forms [110]. An average of 2.5 Nm3 of product syngas per kg OS with a calorific
value ranging from 4.5 MJ/Nm3 to 5.0 MJ/Nm3 was achieved, reaching over 97% conversion of carbon
to product gas. A prototype of downdraft gasification system (70 kWe-245 kWth) combined with a
gas engine was assayed for OS [111]. The prototype gasification system consisted of feeding system,
hopper, reactor and gas cleaning and cooling system, producing a syngas with an average HHV of
16.1 MJ/Nm3. The authors concluded that this prototype produced a good quality gas from OS with an
electric efficiency of 16.1%. In a later work of these authors, the downdraft gasifier was coupled to
a gas engine connected to the grid and fuelled with olive stones [75]. The system provided 70 kWe

and 110 kWth with a consumption of 105 kg/h OS. The LHV of the gas produced in the gasifier was
5.1 MJ/kg. The electric efficiency and the overall efficiency of the small-scale plant were 14% and
36%, respectively.

3.3.4. Combustion

Combustion is currently the most important application of OS. Thus, in Spain there are a
large number of facilities that burn OS to produce thermal energy in industries, public buildings,
neighborhood communities and private homes [112].

The combustion of olive stones can be studied by means of thermogravimetry under oxidizing
atmosphere. From the thermogravimetric data it can be verified that there are two different combustion
stages. The first stage corresponds to the oxidation of the volatile matter removed from the solid at low
relative temperatures and can be clearly observed in a differential thermogravimetric analysis (DTG
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analysis) in the peaks found in the range 200–400 ◦C, which are related to the combustion of the volatile
matter and the breakdown of hemicellulose and cellulose [93,99]. To be specific, the decomposition
of hemicellulose occurs from 220 ◦C to 315 ◦C while the breakdown of cellulose takes place between
320 ◦C and 400 ◦C. The second stage consists of the heterogeneous combustion of the char obtained
from the pyrolysis of the polysaccharides and lignin. The two DTG peaks for those two reactions are in
the range 400–600 ◦C.

The combustion of OS in fixed bed has been studied by several authors [113]. Besides, the
combustion process of three olive-tree-derived biomasses (OS, pulp and residual olive pomace) was
compared and the best results were achieved with OS, obtaining the lowest emission levels of unburned
hydrocarbons and the highest efficiency (91.1%) [78]. The combustion of different biomasses in a mural
boiler used for domestic heating (11.6 kW) was also studied. The authors showed that the use of
OS pellets, characterized by lower percentages of sulphur and nitrogen contents, led to a significant
decrease in NOx and SO2 emissions [114]. Other authors carried out the combustion of OS pellets in
a 40 kW counter-current fixed bed reactor and assessed some combustion parameters. The results
achieved with OS pellets were quite similar to those obtained with the standard wood pellets that are
used currently in European biomass markets [115].

In relation to the combustion of OS in fluidized bed, a numerical model was developed to calculate
the burn-out time of different biomasses [116]. The results were greatly influenced by the temperature
of the surrounding gas and, to a lesser extent, by the particle diameter, moisture content of the fuel,
and bulk oxygen concentration. The burn-out time of OS reached values between 0.5 s and 50 s.
The combustion of OS was reported to have bed agglomeration problems during combustion, which
was related to the high percentage of potassium in the ash and the low melting point of the ash [117].
Thus, ash is generated during the combustion of OS with a high adhesion capacity on surfaces [118].
It was pointed out that OS combustion ash had an initial deformation temperature of 714 ◦C, so this
biomass has a high tendency to form slag [77]. Ash generated in the combustion of olive stones have
been used, with good results, in the production of biopolymers [119,120].

Finally, it can be highlighted that OS have also been used as fuel for combustion together with
lignite [121] or animal sludge [122].

4. Olive Pomace from Olive Mills and Pomace Extracted from Extraction Plants

Currently, the most important use of olive pomaces involves a thermochemical conversion using
a combustion reactor to generate electrical energy. For this use it is necessary to differentiate between
olive pomace from olive mills and extracted pomace from pomace extraction plants.

Normally, the olive pomace from the oil mill that arrives to the extraction plant is subjected to a
new process of separation of pulp and stone. This pomace with fewer stone fragments is dried using
rotary driers until the equilibrium relative humidity (8–12%), then it is pelletized (after a previous
grinding) and finally subjected to a solvent extraction, obtaining crude pomace oil and a solid residue
that is the extracted pomace. The final objective set in any extraction plant is that this extracted pomace
contains less than 0.5% in fat matter. This extracted pomace constitutes an excellent solid biofuel that
is used in industrial boilers and in electric power generation industries (Figure 11).

However, if the olive pomace from the oil mill contains a low concentration of residual oil, in some
cases, only the olive stone fragments are separated and the rest is dried in the rotary driers. In this case,
this dry residue is directly used in the generation of electrical energy similarly to the extracted pomace.

In this last decade, tests are being carried out on the extracted pomace that involve a biochemical
conversion aiming to obtaining bioethanol and other products of higher added value, including
mannitol and phenolic compounds [123]. Nevertheless, other proposed applications of olive pomaces
in which researchers have put more attention are pellets and biodiesel production.
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Figure 11. Industrial production of electrical energy using extracted pomace from extraction plants
in Spain.

4.1. Biodiesel Production

Biodiesel is a promising, renewable, clean-burning fuel composed of long-chain mono alkyl esters
from vegetable oils or animal fats through an esterification process typically carried out with methanol
and NaOH as catalyst [124]. Biodiesel can also be obtained from agri-food residues (non-food biomass)
such as olive pomace or waste cooking oils, constituting the second generation biodiesel, and from
algae, bacteria, filamentous fungi and oil yeasts constituting the third generation biodiesel [125].

Similarly to olive oil, the main fatty acid present in olive pomace is oleic acid. The oil extracted from
olive pomace can thus be used for the production of biodiesel through an esterification/transesterification
process. Several authors have studied the optimal conditions for producing biodiesel from olive
pomace, varying the type of oil extraction, alcohol to oil molar ratio, working temperature, type of
catalyst, type of reactor and residence time for both esterification and transesterification. In some cases,
the phenolic compounds present in olive pomace have been removed by steam-explosion [126] while
in others they have been added to biodiesel to enhance both oxidation and microbial stability of the
biofuel during storage [127]. Table 8 summarizes the main schemes available in literature for biodiesel
production from olive pomace and the content in fatty acid methyl esters of the produced biodiesels.
All these processes were performed in batch reactors. In some of the schemes there was a previous oil
extraction while in others the olive pomace was directly subjected to esterification/transesterification.
As illustrated in Table 8, the main problem of producing biodiesel from olive pomace is the low overall
yields (kg biodiesel/100 kg olive pomace in dry basis) due to its low content in fat matter (Table 5).
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With regard to the third generation biodiesel, the soap stock from the chemical refining of crude
olive pomace oil has been used as carbon source for the growth of several microorganisms used for
biodiesel production. In general, filamentous fungi, yeasts and bacteria can contain more than 20 wt.%
lipids. The problem for the cultivation of these microorganisms is the carbon source, which is usually
quite expensive. The use of agro-industrial waste as carbon source, such as the soap stock obtained
from the neutralization with NaOH during the refining of olive pomace oil, can greatly reduce its
cost. For instance, 6 types of oleaginous yeasts showed lipid content between 60.16% and 64% when
using ammonia as nitrogen source and soap stock from olive pomace oil chemical refining as carbon
source [134]. The triglycerides produced had a high oleic content. The fatty acid composition of these
yeasts was very similar to the composition of vegetable oils, mainly olive oil and soybean oil. In another
study, lactose, oleic acid, maltose, d-xylose, d-galactose, glycerol, d-glucose, sucrose and residues such
as soap stock from soybean oil chemical refinement, wheat bran, soap stock from olive pomace oil
chemical refinement and waste cooking oil were used as carbon sources for the growth of the fungus
Fusarium verticillioides [135]. This fungus produces oil with a major content in palmitic, oleic and linoleic
acids. After studying the effects of various parameters such as nitrogen source, carbon source, pH and
temperature, these authors stated that the fungus can not only grow on the low-cost carbon sources
but also the produced lipids can be used as a potential feedstock for biodiesel production. Similarly,
glucose, glycerol, soap stock from soybean oil chemical refinement, wheat bran, soap stock from olive
pomace oil chemical refinement and waste cooking oil were used as carbon source for the fungus
Mucor circinelloides [136]. The carbon source influenced the degree of unsaturation of produced lipids.
Furthermore, it was demonstrated that the use of soap stock from soybean oil chemical refinement,
waste cooking oils and soap stock from olive pomace oil chemical refinement as carbon source for M.
circinelloides improved lipid yield and the lipid content [136].

4.2. Anaerobic Digestion

As stated in Section 2.2, the anaerobic digestion of olive pomaces has been investigated. Biological
materials with high humidity and adequate biodegradability can be subjected to an anaerobic digestion
process to generate a methane-rich biogas [137], which could be used in various combustion equipment.
The wet pomaces produced in the olive mills fulfil these two requirements, although their high lignin
content entails a lower digestibility in relation to other organic materials. For this reason, researches
have focused on mixing wet pomaces from olive mills with other organic materials, such as olive mill
wastewater [138], pig slurry [139], cow slurry and apple pulp [140], or food waste [141], to improve
its biodegradability.

The application of different types of pre-treatment on wet pomace would be another possibility to
improve methane production. Thus, methane production was enhanced by subjecting olive pomace to
hydrothermal pre-treatment at 180 ◦C for 3 h [142]. The pre-treatment provoked a partial breakage of
the polymers of the material, which improved its biodegradability. On the other hand, the effects of
microwave, ultrasound and alkaline pre-treatments on olive pomace properties and its biomethane
potential by anaerobic digestion was researched [143]. The alkaline pre-treatment at room temperature
showed a positive effect on fiber degradation and lipid solubilisation as well as the best impact on
methane production.

4.3. Pellets Production

Olive pomace is an olive mill by-product regarded as a potential raw material for densified
biomass products. Notwithstanding, pellets from olive pomace presents out of limits values of nitrogen,
which it is a hindrance. To overcome this problem, pellets of mixtures of olive pomace (from 2- and
3-outlet decanters), once dried, and olive -pruning debris were manufactured [144]. The best blends
in terms of physical, chemical and mechanical characteristics, and of potential to be used as fuel for
combustion and gasification were 75% OP and 25% olive pomace from 2-outlet decanter, and 50% OP
and 50% olive pomace from 3-outlet decanter.
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A study of the physico-chemical characteristics of olive pomaces demonstrated that both olive
pomace from olive mills and pomace extracted from extraction plants were suitable to be combined
with the residues of the sawmills of Pinus radiata and Pinus Populus spp. for pellet formation [145].
These authors performed a comparative cost analysis with traditional pellets from Pinus radiata to
assess the profitability of the pellets produced, which showed that profitability increased by 11%
mainly due to the decrease in acquisition, sawing and transportation costs. In addition, it was pointed
out that the produced pellets could decrease CO2 emissions by 5.0% (78,780 t CO2 per year). The most
profitable and environmental friendly pellet was that obtained from pomaces from extraction process
with two-outlet decanter and Pinus radiata in 90/10 (wt.%) ratio [145].

Finally, pellets produced from olive mill wastewater and extracted pomace (obtained from olive
pomace from 3-outlet decanter after the second extraction of the 3–5% of residual oil) have been
investigated [146]. To be specific, these authors studied 3 pellets samples: extracted pomace, extracted
pomace impregnated with olive mill wastewater, and pine sawdust impregnated with olive mill
wastewater. The HHV of these pellets were similar to those of other biomasses, being the pellets
produced from impregnated extracted pomace the ones with the highest LHV (19.8 MJ/kg) [146].

4.4. Wet Torrefaction

As shown in Table 5, the moisture and volatile matter of olive pomace issued from 2-oulet decanter
is between 75% and 85%, which is a hindrance for direct combustion. Therefore, to enhance the energy
production from olive pomace, wet torrefaction could be applied to overcome this limitation. It has
been demonstrated that torrefaction can improve the carbon content, heating value, ash content and
dewatering properties of olive pomace [147]. Thus, the LHV of raw olive pomace was 24.8 MJ/kg
while that of the resulting hydrochar from torrefaction at 225 ◦C for 24 h was 31.4 MJ/kg. Besides, the
hydrochars became more hydrophobic, allowing physical dewatering to occur easier and leading to a
decrease of the moisture of the hydrochars. As a result, the moisture content decreased from over 70%
to less than 30% and ash content was far lower than the initial ash content of the olive pomace [147].

4.5. Pyrolysis

Fast pyrolysis coupled with steam gasification of latter aforementioned pellets in Section 4.3,
produced from olive mill wastewater and extracted olive pomace, have been assessed [146].
The percentage of char obtained in the three assayed pellets after pyrolysis was practically the
same, being between 17% and 18%. Results showed that the highest pyrolysis time at 850 ◦C was
obtained for the pellets obtained from the impregnation of the olive mill wastewater on the extracted
olive pomace (154 s), while they were comparable for the two other pellets (104 s and 114 s, respectively).
Besides, the pyrolysis rate of the impregnated extracted pomace pellets was significantly affected
by the temperature in the range of 750–950 ◦C. Such behavior was attributed by the authors to the
presence of organic compounds in the impregnated olive pomace, such as polyphenols [146].

4.6. Gasification

The steam gasification at 850 ◦C under 20% H2O/80% N2 with a flow rate of 13 dm3/min of the
resulting biochars from the pyrolysis of aforementioned pellets produced from olive mill wastewater
and extracted olive pomace showed that impregnated olive pomace pellets achieved lower gasification
time (755 s) than olive pomace pellets (830 s) [146]. The authors pointed out that metals present in the
olive mill wastewater produced a catalytic effect in the gasification.

Finally, the gasification of pellets and the resulting charcoals from the pyrolysis in a fixed bed
reactor of olive pomaces and pine sawdust under different water steam to nitrogen percentages (10%,
20% and 30% v/v) atmospheres at different temperatures (750 ◦C, 800 ◦C, 820 ◦C, 850 ◦C and 900 ◦C),
using a macro-thermogravimetric equipment, resulted in a H2-enriched syngas [148]. The pellets and
biochars assayed were made of 100% pine sawdust, 50% pine sawdust and 50% olive pomace extracted
from extraction plants, 50% pomace extracted from extraction plants and 50% olive mill wastewater,
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and 100% pomace extracted from extraction plants. The rate of conversion improved in pellets with
olive mill wastewater, perhaps due to the content in K, Ca and Na.

5. Biofuels from Olive Biomass. Potential Application in Engines

Bioethanol offers numerous advantages over sophisticated fossil fuels, with the most significant
being without doubt the environmental advantages. Bioethanol can allow a better oxidation of
hydrocarbons in gasoline blends, which can greatly reduce the amounts of greenhouse gas emissions
into the atmosphere. However, the lower heating value (6381.45 kcal/kg at ambient temperature) and
comparably higher production cost (1.16 euro/dm3 from lignocellulose biomass) hurdles its widespread
application [149]. Thus, the energy generated from ethanol is only approximately two-thirds about
that generated from gasoline, so engine consumption increases (in litres per 100 km).

Beyond the environmental benefits, the production of bioethanol from olive biomass would
contribute to the development of the rural economy and the maintenance of jobs in the olive mill sector
now that rural depopulation is so important. It would not only be a solution towards a new low-carbon.

On the other hand, power and torque do not decrease despite the fact that LHV of bioethanol
is lower than that of fossil fuels. In some cases, power and torque even increase along with thermal
efficiency for the same operating conditions. One explanation for this phenomenon is that the
temperature for bioethanol self-ignition is higher than that of gasoline and diesel, as well as its heat of
vaporization and octane number.

With respect to emissions produced by combustion, the use of bioethanol in engines shows a
reduction in CO and unburned emissions, with an increase in the CO2 emitted into the environment,
mainly because ethanol is a fuel that already incorporates oxygen in the process and facilitates complete
combustion. The CO2 produced has no direct effect as a greenhouse gas considering the complete
carbon cycle, since it comes from the combustion process of a fuel which raw material is biomass.

NOx emissions are directly related to engine operating conditions, especially temperature.
However, it is difficult to predict the trend of NOx emissions when using bioethanol from olive biomass
since there is no pre-established relationship between the fuel used and the mentioned parameters.
On the other hand, in engines with constant pressure cycle or constant volume cycle, particulate
emissions decrease as the proportion of ethanol in the mixture increases [150]. In addition, unburned
bioethanol residues can occur in the intake and exhaust manifolds. It is also important to highlight
unregulated emissions, such as aldehydes, which increase with respect to when gasoline is used.

With regard to biodiesel, it is usually found mixed with commercial diesel in varying percentages
(between 5% and 30%), as well as 100% biodiesel in some cases. The presence of biodiesel in the fuel
affects its physical and chemical properties. Biodiesel is a much more suitable fuel than vegetable
oils for use in current diesel engines, due especially to its lower viscosity, lower cold filter plugging
point, lower carbonaceous residue and higher cetane number. Therefore, biodiesel from olive pomace
(i.e., biodiesel from the oil extracted from olive pomace, thus involving an extraction stage) would be
more suitable for diesel engines than, for instance, olive oil. Nevertheless, biodiesel from olive pomace
would have to compete with that from waste cooking oils. Biodiesel production from waste cooking
oils has a huge development and its production using different reactors and the study of the exhaust
gases are available in literature [124]. Furthermore, the overall biodiesel yields from raw material are
far higher from waste cooking oils than from olive pomace, which are extremely low (Table 8).

In spite of these drawbacks, the combustion characteristics of biodiesel obtained from olive pomace
oils have been studied at laboratory scale, without taking into account the economic feasibility [151–153].
In one of these works, biodiesel from olive pomace oil was mixed with diesel at volumetric ratios of
5/95, 7/93, 10/90 and 100/0 [153]. The engine performance (power, torque, specific fuel consumption)
and combustion characteristic in cylinder (in-cylinder pressure values) of these mixtures were assessed.
In another work, brake-specific fuel consumption and main exhaust emissions (NOx, SO2 and CO)
using three different load conditions (50%, 75% and 100%) were evaluated using different blends of
biodiesel from olive pomace oil and diesel, aiming of selecting the optimal operating conditions of
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a diesel engine [152]. Finally, exhaust emissions, noise and sound quality of a direct injection diesel
engine using blends of biodiesel from olive pomace oil and diesel were studied at several steady-state
engine operating conditions [151]. The increase of biodiesel in the blends lowered CO emissions and
reduced air and noise pollution while improving engine sound quality. By contrast, NOx emissions
increased, keeping fuel consumption constant. These authors found that cetane number exhibited
a stronger effect over noise production than bulk modulus, whereas the reverse effect was found
concerning NOx emissions.

In summary, the use of biofuels in alternative internal combustion engines has both advantages
and disadvantages in their operation. Even so, the future of biofuels is promising and in a short period
of time their use will be an increasingly solid and favourable option.

6. Conclusions

At present, the solely actual energetic application of the three olive orchard by-products described
in this paper, i.e., olive-tree pruning, olive stones and olive pomaces (including olive pomace from
olive mills and olive pomace extracted from extraction plants), is their combustion in boilers either in
small industries or households. Among these by-products, the extracted pomace (issued from pomace
extraction plants) is the most used at industrial scale. It is regarded as an excellent solid biofuel for is
used in industrial boilers and in electric power generation industries.

As previously stated, olive tree prunings and olive stones could be used for bioethanol production.
The most promising by-product for bioethanol production could be the olive-pruning debris, since its
HHV is low, and thus it is the worst raw material for combustion, and it has the largest percentage of
hollocelullose, mainly cellulose. In addition, due to its low lignin content, the pre-treatment, enzymatic
hydrolysis and fermentation are easier to be carried out. Nevertheless, second generation bioethanol is
not economically feasible nowadays at industrial scale. Reducing the number of stages (as opposed to
what can be found in recent literature on laboratory scale researches) and a complete use of sugars
from both hemicellulose and cellulose are mandatory. The resulting solid from the raw material at the
end of the process, composed mainly by lignin, could be used for pellets production.

Olive stones are nowadays used in small boilers in the own olive mills and in buildings, hotels,
shopping centres, etc., around the world. Olive stones have shown some potential for electricity
production through gasification. The efficiency could be improved if the syngas is cleaned and
then burnt in a turbine. Torrefaction, instead of pyrolysis, would provide a solid with better fuel
characteristics for subsequent combustion or gasification with moderate energy expenditure. In spite
of their lower hollocelulose content, compared to that of olive-tree pruning, olive stones have provided
notable bioethanol yields, so this energetic route should be not discarded in medium term.

Olive pomaces are currently used in Andalusia (Spain) in thermal power stations, and it is
envisaged that more plants will be set up in the next years. The biodiesel production from olive pomace
is currently being studied at laboratory scale, although an industrial development seems difficult due
to its low fat matter content and the high price of olive pomace oil when using directly the oil extracted
from olive pomace.

Finally, it should be highlighted that the integral use of wastes and by-products from the Olive
Oil Industry must evolve towards the current technological concept of ‘Integrated Biorefinery’,
which means maximum reuse of by-products and wastes through biochemical and thermochemical
processes, of greater efficiency and minimal environmental impact, in the production of biofuels (such
as bioethanol, biodiesel, biogas and synthetic gas), as well as other products of high added value.
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Abstract: The standard method for determining the biomass composition, in terms of main
lignocellulosic fraction (hemicellulose, cellulose and lignin) contents, is by chemical method;
however, it is a slow and expensive methodology, which requires complex techniques and the
use of multiple chemical reagents. The main objective of this article is to provide a new efficient,
low-cost and fast method for the determination of the main lignocellulosic fraction contents of
different types of biomasses from agricultural by-products to softwoods and hardwoods. The method
is based on applying deconvolution techniques on the derivative thermogravimetric (DTG) pyrolysis
curves obtained by thermogravimetric analysis (TGA) through a kinetic approach based on
a pseudocomponent kinetic model (PKM). As a result, the new method (TGA-PKM) provides
additional information regarding the ease of carrying out their degradation in comparison with other
biomasses. The results obtained show a good agreement between experimental data from analytical
procedures and the TGA-PKM method (±7%). This indicates that the TGA-PKM method can be used
to have a good estimation of the content of the main lignocellulosic fractions without the need to
carry out complex extraction and purification chemical treatments. In addition, the good quality of
the fit obtained between the model and experimental DTG curves (R2

Adj = 0.99) allows to obtain the
characteristic kinetic parameters of each fraction.

Keywords: TGA; hemicellulose; cellulose; lignin; pseudocomponent kinetic model; biomass

1. Introduction

The use of biomass resources for energy generation has been of considerable importance in
recent years [1]. The global increase in energy demand has been one of the main reasons for their use.
Added to this situation, there is also a need for dealing with certain problems, such as the depletion of
fossil fuel reserves and the increase in environmental pollution from the use of these energy sources [2].

In this context, biomass has the advantage of being the only renewable resource that can be used
in solid, liquid and gaseous forms [3]. Furthermore, biomass has the great capacity of producing
by-products of high interest, such as catalytic carbons [4] and bioplastics [5]. However, biomass has
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a number of features that make it difficult to use, including its moisture content, low-energy density
and complex structure. Lignocellulosic biomass is made up of a structure that includes mainly cellulose,
hemicellulose and lignin [6,7]. The proportions and distribution of these components in the biomass
physical structure is complex and depends on the type of species. The knowledge of this composition
is very important for its use in different industrial applications.

Up to now, the determination of biomass composition, in terms of hemicellulose, cellulose
and lignin contents, has been made by the chemical method. However, it is a slow and expensive
methodology, which requires complex techniques and the use of multiple chemical reagents [8].
This means that it is not a suitable method for use in industrial applications.

Thermogravimetric analysis and, especially, the derivative thermogravimetric (DTG) curve is
often used for the preliminary study of various thermochemical processes with biomass, since it allows
the determination of the different stages of biomass devolatilization. In general, the process of
devolatilization of the biomass in the absence of oxygen usually differentiates four stages corresponding
to the loss of moisture and the three lignocellulosic components (hemicellulose, cellulose and lignin) [3].
Numerous articles have been published in which the thermal decomposition intervals of these
lignocellulosic components are presented based on the deconvolution of the DTG curves [9–15].
It has been observed that, after moisture removal that takes place up to 150 ◦C, the decomposition
of the three biomass lignocellulosic components takes place: hemicellulose is the first component to
decompose between 200–300 ◦C, followed by cellulose between 250–380 ◦C. Regarding the thermal
decomposition of lignin, it is the component with the most complex structure, and its decomposition
range is the widest [16], occurring from 200 ◦C up to high temperatures such as 1000 ◦C [17,18].

There are different studies based on determining the lignocellulosic composition by analyzing
DTG curves. However, most of these studies are based exclusively on applying deconvolution methods
without taking into account their kinetic interpretation of the process [3,19].

On the other hand, kinetic studies on the thermal decomposition of biomass are extensive, in which
the use of different kinetic models is analyzed [20,21], providing the kinetic parameters that best fit
the experimental data. However, these studies do not focus on finding a method that allows the
quantification of the three main lignocellulosic fractions of the biomass.

The use of kinetic analysis to the quantification of the main lignocellulosic fractions allows to
include restrictions for a more precise quantification, while a physical interpretation is added to the
deconvolution process.

The main objective of this work is to provide a new efficient, low-cost and fast method for the
determination of the hemicellulose, cellulose and lignin contents of different types of biomasses,
from agricultural by-products to wood. The method is based on applying deconvolution techniques
on DTG pyrolysis curves based on a kinetic analysis of the process, and the kinetic model used is
based on the assumption that the degradation of each lignocellulosic fraction can be represented by the
evolution of a certain number of pseudocomponents.

2. Materials and Methods

2.1. Biomass Samples

Five raw materials representing different types of biomass have been selected, including
agricultural biomass (wheat straw) and forest biomass, both as softwood barks (spruce bark and
pine bark) and hardwoods (poplar and willow).

The pine bark originated from Sweden, while the other biomasses (wheat straw, poplar, spruce
bark and willow) came from the South of France.
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2.2. Experimental Method

Each sample was crushed in a mill (Model A 10 basic, IKA-Werke GmbH & Co. KG, Staufen,
Germany) and then sieved. The sample sizes were all less than 100 μm in order to minimize the heat
transfer resistances and mass transfer diffusion effects.

The TG (thermogravimetric) analysis was performed on a TG-DTA analyzer (Model DTG-60H,
SHIMADZU Co. Ltd., Kyoto, Japan). The analyses were carried out using a nitrogen atmosphere with
a flow rate of 50 mL min−1. The heating rate used was 5 ◦C min−1, from room temperature to a final
temperature of 1000 ◦C. The sample weight was c.a. 10 mg.

To reduce temperature-related errors, the equipment used was calibrated across the entire
temperature range. In addition, the actual sample temperature was used directly to solve the kinetic
equations and to calculate the actual sample heating rate [22].

The information obtained in these analyses was the weight loss as the temperature and time of
analysis increase (TG curve).

2.3. Data Treatment

The TG analysis provides the weight loss as a function of temperature over time. The analysis can
be used to determine the different fractions of volatiles released as a function of temperature, as well as
the solid residue remaining after heat treatment. However, for the determination of kinetics, it is more
useful to use the derivative thermogravimetric (DTG) of weight loss as a function of time, because this
signal is much more sensitive to small changes.

Before proceeding with its calculation, it is necessary to preprocess the data in order to obtain
a curve that depends exclusively on the process variables.

The first step is the normalization of the TG signal. The normalization has been carried out in
relation to the initial weight of the sample (m0) and the final weight (m∞) of the sample. To do this,
the weight fraction of the volatiles remaining in the sample has been calculated for each instant of
discrete time i, as indicated in Equation (1).

Xi =
mi −m∞
m0 −m∞

(1)

In this case, m∞ represents the mass of char obtained at the end of each TG analysis and includes
the mass of ash and fixed carbon at the final temperature of the analysis.

2.4. DTG Curves

The DTG curve is obtained from the weight over time derivative for each experimental point, i.e.,

dXi
dt

=
Xi −Xi−Δ

ti − ti−Δ
(2)

where Δ is the interval of the experimental data taken into account. In this case, Δ = 1 has been used.

2.5. Kinetic Model

The thermochemical decomposition of the biomass can be represented by three main kinetics that
correspond to the degradation of hemicellulose, cellulose and lignin. The most commonly used model
consists of assuming that the process can be represented by the decomposition reactions of each of
these compounds [23,24]. In addition, the decomposition of these compounds can be represented by
a number of parallel and independent first-order Arrhenius-type reactions, named pseudocomponents.

Thus, for the adjustment of the DTG curve of each biomass, it has been assumed that the
process follows the model that consists of the decomposition of hemicellulose, cellulose and lignin
independently, so that the overall kinetics can then be expressed as follows:
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dX
dt

=
dXH

dt
+

dXC
dt

+
dXL

dt
(3)

where H, C and L represent the mass fraction of hemicellulose, cellulose and lignin, respectively.
At the same time, the kinetics of each of these fractions can be represented by a set of parallel

reactions, expressed in the form:

dXH

dt
=

mH∑
j=1

dXHj

dt
= −

mH∑
j=1

KHjexp
(−EHj

RT

)
XHj (4)

dXC
dt

=

mC∑
j=1

dXCj

dt
= −

mC∑
j=1

KCjexp
(−ECj

RT

)
XCj (5)

dXL

dt
=

mL∑
j=1

dXLj

dt
= −

mL∑
j=1

KLjexp
(−ELj

RT

)
XLj (6)

where T: temperature, in K; R: ideal gas constant, 8.314 × 10−3 kJ (K mol)−1; j: number of
pseudocomponents of the fractions of hemicellulose, cellulose and lignin, which take the values
from 1 to the total number of pseudocomponents of each fraction of hemicellulose; cellulose and
lignin (mH, mC and mL); KHj, KCj and KLj: pre-exponential factors of the pseudocomponents of the
hemicellulose, cellulose and lignin fractions, expressed in s−1 and EHj, ECj and ELj: activation energies
of the pseudocomponents of the hemicellulose, cellulose and lignin fractions, expressed in kJ mol−1.

In general, the kinetic equation of each pseudocomponent j, corresponding to fraction
F (F = H, C, L), in a nonisothermal process at constant heating rate β = dT/dt, is given by

dXFj

XFj

= −
KFj

β
exp

(−EFj

RT

)
dT (7)

The integral of the second term can be resolved by using the exponential integral, defined
as follows: ∫ ∞

u

e−u

u
du, u =

E
R

(8)

Thus, Equation (7), integrated between To and T, can be expressed in the form

XFj,i = XFj,0 .exp

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
−

KFj

β

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣Ti.exp
(−EFj

RTi

)
−

∫ ∞

EFj /RTi

exp
(−EFj

RT

)
T

dT

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
(9)

Therefore, the kinetics of each pseudocomponent depends on three variables: the pre-exponential
factor, the activation energy and the initial concentration of the pseudocomponent in the biomass (XFj,0).

A restriction that the system must satisfy is that the sum of the mass fractions of all the
pseudocomponents must be equal to the mass fraction of all volatiles generated for each instant of
time t = i.

Xi = XHi + XCi + XLi =

mH∑
j=1

XHj,i +

mC∑
j=1

XCj,i +

mL∑
j=1

XLj,i (10)

Combining Equations (9) and (10) for each instant of discrete time i gives a system of equations
with 3 × (mH + mC + mL) − 1 unknowns, which needs to be solved.

46



Processes 2020, 8, 1048

2.6. Calculation Procedure

For the calculation of unknown variables, an optimization method based on the minimization by
least squares has been used. As an objective function (OF), the square of the errors between the values
of the experimental curve and the model has been used for each instant of time i, in which the model
has been evaluated.

O.F. =
n∑

i=1

⎡⎢⎢⎢⎢⎣
(

dX
dt

)
i,exp
−

(
dX
dt

)
i,model

⎤⎥⎥⎥⎥⎦
2

(11)

The solution has been made with MATLAB using the lsqcurvefit command to find the constants
that best fit the system of equations. The final solution was obtained when the percentage variation of
the OF was less than 0.01% during five consecutive cycles of 200 iterations each (ΔOF5 < 0.01%).

The obtained quality of fit (QOF) between the simulated and experimental curves was evaluated
with the expression (12).

QOF (%) = 100 x
n∑

i=1

√[(
dX
dt

)
i,exp
−

(
dX
dt

)
i,model

]2
/n

max
[(

dX
dt

)
i,exp

] (12)

where n is the number of experimental points employed (967).
Additionally, the goodness of fit was evaluated by the adjusted R-squared, R2

Adj, which represents
the response that is explained by the model and was calculated as the ratio between the sum of square
of the residuals (SSE) and the total sum of squares (SST) as follows [25]:

R2
adj = 1− (n− 1)xSSE

(n− (k + 1))xSST
= 1−

(n− 1)x
∑n

i=1

[(
dX
dt

)
i,exp
−

(
dX
dt

)
i,model

]2

(n− (k + 1))x
∑n

i=1

[(
dX
dt

)
i,exp
−

(
dX
dt

)
i,exp

]2 (13)

where k is the number of variables.
The initial values of the constants were taken after an initial analysis of the kinetics, using as initial

seed values the restrictions on the concentrations of the hemicellulose, cellulose and lignin fractions
obtained from the literature review (Table 1).

Table 1. Literature references of the main lignocellulosic fraction compositions related to used biomasses.

Biomass Ref.
Hemicellulose,

wt.%
Cellulose,

wt.%
Lignin,
wt.%

Extractives,
wt.%

Ash,
wt.%

Pine bark [26] a 25.0 19.0 38.0 18.0

Spruce bark

[24] a 27.0 42.0 26.0
[27] a 24.3 41.0 30.0
[28] a 21.2 50.8 27.5
[26] a 28.0 22.0 31.0 19.0

Poplar

[17] b 26.0 50.0 24.0
[19] a 28.0 43.0 25.0 5
[29] a 18.0–26.6 46.5–52.0 16.0–25.9
[3] b 22.0 49.0 28.0
[30] a 24.0 49.0 20.0 5.9 1.0

Willow [30] a 16.7 41.7 29.3 9.7 2.5

Wheat straw

[30] a,c 24.6 39.2 17.0
[28] a 29.0 38.0 15.0
[28] a 39.1 28.8 18.6
[30] a 25.0 37.5 20.2 4.0 3.7

a By chemical methods, b by thermogravimetric analysis (TGA) and c cellulose as glucan and hemicellulose as xylan.
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The decision tree of the calculation process is as Figure 1:

 

YES 

Normalization TG 
curve 

Computing DTG 
curve 

Solve ODE’s 
Equations (4)–(6), 

(9) and (10) 

Nonlinear 
curve-fitting by least 
squares (lsqcurvefit) 

NO 

Output data 
Kj, Ej and Xj,0 

Initial seed values 
Kj, Ej and Xj,0 

Experimental TG 
data 

Kj, Ej and 
Xj,0 

END 

Figure 1. Decision tree of the calculation procedure.

3. Results and Discussion

3.1. Analytical Method

The lignocellulosic biomass wt.% composition was determined by chemical methods by the VTT
and TECNALIA laboratories; the detailed procedure was described in [31]. Biomasses were previously
sampled and prepared through TAPPI T257 and then conditioned through TAPPI 264. Table 2 includes
the analytical results obtained.

Table 2. Composition by chemical methods for the raw biomasses (wt.%, dry basis).

Biomass
Component

Analysis Method Pine Bark Spruce Bark Poplar Willow Wheat Straw

Hemicellulose TAPPI T249 18.30 13.90 21.70 22.60 23.80
Cellulose TAPPI T249 21.90 29.70 42.70 44.30 37.50
Lignin TAPPI T222 40.70 45.10 26.90 25.10 20.50

Extractives
Internal Method 15.20 4.40 8.00 15.70

TAPPI 204 4.90

Ash
XP CEN/TS 14775 2.80 2.80 2.30 8.30

TAPPI 211 5.22

The results obtained in Table 2 are in-line with the results obtained by other researchers [32].
According to the literature, the softwood bark composition corresponds to a cellulose content of 18–38%,
the hemicellulose content is 15–33% and the lignin content is 30–60%. For hardwood biomasses,
the cellulose content is 43–47%, the hemicellulose content is 25–35% and the lignin content is 16–24%.
Finally, the composition of herbaceous biomass, such as cereal straw, is 33–38% cellulose, 26–32%
hemicellulose and 17–19% lignin.
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Therefore, according to the literature review [32,33] and the analyses carried out (Table 2),
softwood bark has higher lignin content than hardwood and agricultural biomasses. On the other
hand, hardwood has a higher cellulose content than the rest of the biomasses analyzed.

It also should be noted that, during the thermogravimetric analysis (TGA), it is possible to
differentiate the biomass into its three main lignocellulosic fractions, but it is not possible to distinguish
the extractives from the other fractions. Extractives are a group of compounds that can be obtained
from the biomass using organic solvents, such as benzene, alcohol or water [34]. The main components
of the lipophilic extracts are triglycerides, fatty acids, resin acids, sterile esters and sterols and of
hydrophilic extracts are lignin [35]. The extractives thermally degrade in the temperature range of
200–400 ◦C, which falls within the range in which hemicellulose and cellulose and, also, lignin is
degraded. For this reason, in order to get comparable results with those obtained by the TGA method,
the analytical data are expressed in weight % on a dry and ash and extractives-free basis.

3.2. Devolatilization Behavior

The performance of the DTG curves shows similar behavior (Figure 2). At first sight, two large
peaks can be observed in all of them: the first one appears from room temperature to about 150 ◦C and
corresponds to the loss of moisture. At temperatures exceeding 150 ◦C, degradation of lignocellulosic
compounds begins [30,32,36,37]. The second large peak is located in the range of temperature between
250 and 380 ◦C and corresponds to the degradation of cellulose. Two other peaks, which are more
or less perceptible depending on the type of biomass, can be seen overlapping the cellulose peak.
Thus, at temperatures between 200 and 300 ◦C, the degradation of hemicellulose occurs, which proves
a deformation of the cellulose peak in that temperature range. Finally, lignin is the component with
the most complex structure, and its decomposition range is the widest, occurring from 200 ◦C to the
final temperature of the analysis. The degradation of lignin is more significant near the 400 ◦C zone,
where a small peak can be observed that overlaps with the end of the cellulose degradation.
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Figure 2. DTG curves comparison.
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In relation to the development of each type of biomass, it is observed that pine bark and spruce
bark have very similar development patterns. Both barks, as compared to the rest of the biomasses
(poplar, willow and white straw), have a higher peak near 400 ◦C corresponding to the degradation
of lignin and a lower peak height corresponding to the degradation of cellulose (~350 ◦C) and
hemicellulose (~300 ◦C). Therefore, these softwood barks have a higher lignin content and lower
cellulose and hemicellulose contents, as compared to other biomasses (Table 2). It is also observed that
these two biomasses have the lowest DTG area, so they are the ones that release the least amounts of
total volatiles.

On the other hand, willow and poplar show very similar behaviors, which indicates that their
compositions will be very similar. Both biomasses present a greater generation of volatiles in the
cellulose degradation zone. This is in agreement with the fact that both biomasses have higher cellulose
contents and lower lignin contents compared to the rest of the biomasses analyzed (Table 2).

Finally, wheat straw presents a single peak in the degradation zone of hemicellulose and cellulose
and is slightly displaced to the low temperature zone. This suggests a higher hemicellulose content,
while the evolution of the lignin content is very similar to that of poplar and willow.

3.3. TGA-PKM Method

The first step was to determine the minimum number of pseudocomponents needed to adequately
represent the evolution of each of the three main lignocellulosic fractions and all volatiles generated
during the thermal degradation process.

This analysis was carried out by means of an initial kinetic analysis, in which a division of the
DTG was established according to the degradation temperatures of the three main constituents of
the biomass (hemicellulose, cellulose and lignin), in addition to water. Each of these regions was
initially attributed a single pseudocomponent; then, the number of pseudocomponents was gradually
increased, until an adequate performance of the evolution of the volatiles was achieved. The minimum
numbers of pseudocomponents necessary for the quantifications of each fraction are shown in the
Table 3. The use of a larger number of pseudocomponents could induce overfitting.

Table 3. Minimum number of components for each biomass fraction.

Component Temperature Range, ◦C Number of Pseudocomponents

Water 25–150 1
Hemicellulose 200–350 2

Cellulose 250–400 1
Lignin 150–1000 3

The next step was to determine the minimum number of heating rates needed to achieve the
objective of quantifying the main biomass fractions. The use of three or more heating rates while
reducing the effect of kinetic compensation and improving the accuracy of kinetic parameters requires
the use of significantly different heating rates, which involves, in practice, the use of higher heating
rates. However, higher heating rates worsen the separation of lignocellulosic fractions, making their
identification more difficult. Additionally, the use of various heating rates for the quantification of the
lignocellulosic fractions is more time-consuming.

Therefore, a low heating rate achieves a better separation of the degraded compounds and is less
time-consuming. This is the reason why a single heating rate of 5 ◦C min−1 has been employed in the
determination of the main lignocellulosic fractions. However, a validation of the method using three
heating rates has been carried out and is reported in Section 3.4.

To improve the accuracy of the kinetic parameters, it was found that the use of upper and lower
limits of the kinetic parameters (Tables 4 and 5) was necessary, not only to ensure adequate values of the
pre-exponential and activation energy but, also, to provide adequate seed values for the determination
of the hemicellulose, cellulose and lignin fractions.
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Table 4. Upper bonds of the pseudocomponents (PC).

Kinetic
Parameters

PC
2

PC
3

PC
4

PC
5

PC
6

PC
7

K (s−1) 1.00 × 109 1.50 × 105 2.40 × 1015 5.00 × 101 3.00 1.80
E (kJ mol−1) 120.00 80.00 240.00 60.00 60.00 68.00
Xj,0 (wt.%) 50.00 50.00 60.00 60.00 20.00 -

Table 5. Lower bonds of the pseudocomponents (PC).

Kinetic
Parameters

PC
2

PC
3

PC
4

PC
5

PC
6

PC
7

K (s−1) 7.00 × 108 1.40 × 105 1.50 × 1015 4.00 × 107 2.30 1.00 × 10−1

E (kJ mol−1) 100.00 70.00 160.00 55.00 45.00 50.00
Xj,0 (wt.%) 0.1 1 5.00 15.00 0.10 -

Finally, taking into account the above procedure, the values of the kinetic parameters of each
pseudocomponent were calculated by the TGA-PKM method and are summarized in Table 6.

Overall, the results obtained in this study are in reasonable ranges when compared to the results
corresponding to the kinetics of other biomasses published, as can be seen in Table 7.

Table 6. Kinetic parameters of the pseudocomponents.

Water Hemicellulose Cellulose Lignin

Biomass
Kinetic

Parameters
PC
1

PC
2

PC
3

PC
4

PC
5

PC
6

PC
7

Pine bark
K (s−1) 9.14 × 104 6.00 × 108 1.50 × 105 1.69 × 1015 5.00 × 10 2.44 9.83 × 10−1

E (kJ mol−1) 48.58 120.00 75.60 204.74 55.00 50.20 61.31
Xj,0 (wt.%) 6.81 14.71 7.00 24.66 27.68 13.16 5.98

Spruce
bark

K (s−1) 4.52 × 103 7.00 × 108 1.42 × 105 1.51 × 1015 5.00 × 10 2.33 1.11
E (kJ mol−1) 40.74 119.99 74.93 205.17 55.00 48.79 60.95
Xj,0 (wt.%) 8.25 14.04 6.56 24.53 24.61 14.18 7.82

Poplar
K (s−1) 7.22 × 105 6.00 × 108 1.40 × 105 2.30 × 1015 4.81 × 10 2.79 5.07 × 10−1

E (kJ mol−1) 52.44 120.00 80.00 207.39 55.00 53.22 59.71
Xj,0 (wt.%) 3.81 21.72 1.00 51.85 15.34 4.24 2.04

Willow
K (s−1) 2.98 × 105 6.00 × 108 1.47 × 105 1.94 × 1015 5.00 × 10 2.60 8.77 × 10−1

E (kJ mol−1) 50.69 120.00 74.88 208.03 55.00 49.43 62.61
Xj,0 (wt.%) 4.69 21.91 1.91 44.33 15.00 8.25 3.91

Wheat
straw

K (s−1) 8.23 × 105 6.00 × 108 1.50 × 105 1.51 × 1015 5.00 × 10 3.00 1.62 × 10−1

E (kJ mol−1) 53.65 120.00 71.38 200.64 55.00 51.08 52.16
Xj,0 (wt.%) 5.18 24.16 1.00 39.51 19.73 6.90 3.51

Table 7. Kinetic parameters from other studies.

Component
Temperature,

◦C E, kJ mol−1 K, min−1 Reference

Hemicellulose
200–350 127.00 9.5 × 1010 [38]

83.20–96.40 4.55 × 106–1.57 × 108 [39]

Cellulose
300–340 227.02 3.36 × 1018 [37]

239.70–325.00 16.30 × 1019–3.62 × 1026 [39]

Lignin

220–380 7.80 2.96 × 10−3 [37]
25–900 47.90–54.50 6.80 × 102–6.60 × 104 [17]

160–680 25.20 4.70 × 102 [18]
20.00–29.10 5.35 × 10–3.18 [39]
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As shown in Tables 6 and 7, cellulose is the compound with the highest activation energies.
This is attributed to the fact that the cellulose is a very long polymer of glucose units without any
branches [18], while hemicellulose has a random branched amorphous structure that gives a lower
activation energy; this is the reason why hemicellulose decomposes more easily in a lower temperature
range [38].

Lignin has a very complex structure composed of three kinds of heavily crosslinked phenylpropane
structures [18]. Additionally, it is observed that the activation energy is lower than for hemicellulose
and cellulose, which indicates that its thermal degradation is easier. However, it presents much lower
values of pre-exponential factors that cause a lower reaction rate; this fact is reflected in the wide range
of temperatures in which its degradation takes place and in the high temperature required to reach
a complete degradation.

In addition, Figures 3–7 show the fit of the model to the DTG experimental data, as well as the
contribution of the different pseudocomponents to the model. In all the figures, it can be seen that
a good fit is achieved between the global model, obtained as the envelope resulting from the sum of
the seven pseudocomponents, and the experimental DTG curve.
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Figure 3. Model fitted to the experimental pine bark DTG curve.
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Figure 4. Model fitted to the experimental spruce bark DTG curve.
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Figure 5. Model fitted to the experimental poplar DTG curve.
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Figure 6. Model fitted to the experimental willow DTG curve.
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Figure 7. Model fitted to the experimental wheat straw DTG curve.

By comparison, between the kinetic constants in Table 6 and Figures 3–7, it can be seen that low
activation energy leads to a reaction in the low temperature zone and vice versa. With respect to
the pre-exponential factor, low values cause the reaction rate to be slower and to take place over a
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wider temperature range, which is characteristic of the lignin pseudocomponents. On the contrary,
high values of the pre-exponential factor increase the reaction rate, leading to a narrower temperature
range, which is characteristic of cellulose, for example.

On the other hand, at the same activation energy, a higher pre-exponential factor causes the
reaction to take place in the high temperature zone. For example, there are lignin pseudocomponents
with a similar activation energy as hemicellulose pseudocomponents (Table 6) but with much lower
pre-exponential factors, which cause the reaction to take place at higher temperatures.

The quality of the fit expressed as R2 and QOF% can be observed in Table 8.

Table 8. Quality of the fit expressed as R2
Adj and QOF%.

Biomass QOF% R2
Adj

Pine bark 1.51 0.9939
Spruce bark 1.94 0.9905

Poplar 1.09 0.9960
Willow 1.42 0.9933

Wheat straw 1.79 0.9921

In addition, Figures 8–12 show the fit of the global model to the TG experimental data. The TG
curve model has been obtained simultaneously with the DTG curve model by solving Equations (9)
and (10). As can be seen, the TG curve model achieves good results not only with respect to the model
fitting to the experimental TG curve along the operating temperature but, also, with respect to the
final value.
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Figure 8. Model fitted to the experimental pine bark TG curve.
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Figure 9. Model fitted to the experimental spruce bark TG curve.
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Figure 10. Model fitted to the experimental poplar TG curve.
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Figure 11. Model fitted to the experimental willow TG curve.
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Figure 12. Model fitted to the experimental wheat straw TG curve.

Table 9 shows the comparison between the analytical composition and the data obtained with the
TGA-PKM method. As can be seen, there is a good agreement between the data obtained through
analytical procedures and the TGA-PKM model. This indicates that the new method can be used to
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have a good estimation of the content of the main lignocellulosic fractions of the analyzed biomasses
without the need to carry out complex extraction and purification chemical treatments.

Table 9. Comparison between the analytical and thermogravimetric analysis-pseudocomponent kinetic
model (TGA-PKM) results.

Biomass Component

Analytical Method
wt.%,

Dry, Ash and
Extractives-Free Basis

TGA-PKM Method
wt.%,

Dry, Ash and
Extractives-Free Basis

Error,
wt.%

Poplar
Hemicellulose 23.77 23.62 −0.15

Cellulose 46.77 53.90 7.14
Lignin 29.46 22.48 −6.99

Willow
Hemicellulose 24.57 25.00 0.43

Cellulose 48.15 46.51 −1.64
Lignin 27.28 28.49 1.21

Wheat straw
Hemicellulose 29.10 26.54 −2.56

Cellulose 45.84 41.67 −4.18
Lignin 25.06 31.80 6.73

Spruce Bark
Hemicellulose 15.67 22.45 6.78

Cellulose 33.48 26.74 −6.74
Lignin 50.85 50.81 −0.04

Pine bark
Hemicellulose 22.62 23.30 0.68

Cellulose 27.07 26.47 −0.61
Lignin 50.31 50.24 −0.07

The following error ranges are obtained between the values measured analytically and those
measured by the TGA-PKM method for each of the main lignocellulosic fractions: hemicellulose
(−2.56–6.78), cellulose (−6.74–7.14) and lignin (−6.99–6.73). The level of accuracy achieved is considered
suitable, taking into account that it is within the error range of the chemical methods. For example,
Korpinen et al. found that the determination of lignin by different chemical methods can be as high
as 10 wt.% [39]; Ioelovich [40] also determined a difference of 4 wt.% between the TAPPI and NERL
methods in determination of the cellulose content. In this way, the TGA-PKM method allows to obtain
a fast estimation of the contents of the main lignocellulosic fractions within the ranges that would be
obtained by a chemical analysis.

3.4. Validation of the TGA-PKM Method

In order to check the validity of the method, an additional fit of the poplar biomass devolatilization
was performed using, simultaneously, three heating rates: 3, 5 and 10 ◦C min−1 datasets.

Figure 13 shows the graphical results by fitting the model to the DTG and TG curves for each
heating rate.

Additionally, the quality of the fit achieved for each heating rate and for the global fit are
summarized in Table 10, where QOF% and R2

Adj are shown for each heating rate dataset and for the
three heating rates simultaneously.

Table 10. Quality of the fit for each dataset.

Quality of the Fit 3 ◦C min−1 5 ◦C min−1 10 ◦C min−1 Global

QOF% 1.16 1.58 0.96 1.35
R2

Adj 0.9957 0.9917 0.9971 0.9959
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The results obtained (Figure 13 and Table 10) indicate that the quality of the fit obtained is very
satisfactory, since the model is capable of representing the evolution of the devolatilization process
when different heating rates are used.

(a) 

(b) 

Figure 13. Cont.
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(c) 

(d) 

Figure 13. Model fitted to the experimental poplar DTG and TG curves: (a) DTG at 3 ◦C min−1, (b) 5 ◦C
min−1 and (c) 10 ◦C min−1. (d) TG at the three heating rates.

Table 11 shows the kinetic parameters by fitting the model using a single heating rate
and three heating rates simultaneously. The obtained results by both datasets are very similar.
For example, the activation energy obtained is identical for almost all the pseudocomponents, and only
pseudocomponents 3 and 7 have a relative standard deviation of 4%.
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Table 11. Kinetic parameters of each pseudocomponents calculated using a single heating rate and
three simultaneous heating rates.

Hemicellulose Cellulose Lignin

Number of
Heating Rates

Kinetic
Parameters

PC
2

PC
3

PC
4

PC
5

PC
6

PC
7

Single heating
rate

K (s−1) 6.00 × 108 1.40 × 105 2.30 × 1015 4.81 × 101 2.79 × 100 5.07 × 10−1

E (kJ mol−1) 120.00 80.00 207.39 55.00 53.22 59.71
Xj,0 (wt.%) 21.72 1.00 51.85 15.34 4.24 2.04

Three
simultaneous
heating rates

K (s−1) 6.56 × 108 1.50 × 105 2.23 × 1015 5.49 × 101 2.79 × 100 5.57 × 10−1

E (kJ mol−1) 119.98 77.18 207.48 55.00 53.99 57.48
Xj,0 (wt.%) 22.78 1.46 49.97 15.08 3.88 1.51

Finally, the results obtained in the determination of the lignocellulosic fractions are shown in
Table 12. The results obtained with a single heating rate are comparable to those obtained with three
heating rates, because the deviation between the results calculated by the model and by the analytical
method are of the same order when a single heating rate or three heating rates are considered. However,
slightly better results are achieved if a single heating rate of 5 ◦C min−1 is used, but mainly, it requires
considerably less analysis time, which justifies the use of a single heating rate.

Table 12. Comparison between TGA-PKM results using three simultaneous heating rates and the
analytical method.

Biomass Component

Analytical Method
Wt.%,

Dry, Ash and
Extractives-Free Basis

TGA-PKM Method
(Three Simultaneous Heating Rates)

wt.%,
Dry, Ash and Extractives-Free Basis

Error,
wt.%

Poplar
Hemicellulose 23.77 25.60 1.83

Cellulose 46.77 52.78 6.01
Lignin 29.46 21.62 −7.85

4. Conclusions

Five lignocellulosic samples have been characterized by the TGA-PKM experimental protocol,
covering different types of woody and herbaceous biomasses from both forest and agricultural origins
(spruce bark, pine bark, poplar, willow and wheat straw).

The TGA-PKM method developed allows the determination of the main lignocellulosic fractions
of biomasses without the need to use long and complex chemical methods; e.g., TAPPI methods
T222 and T249 require several long successive steps (hydrolysis, extraction, filtration, neutralization,
reduction, etc.) [41], which may require several days of work in the laboratory, while the new method
may be performed in a few hours. Thus, it would be possible to reduce the cost of analysis and
processing time by 80–90%.

The accuracy of the TGA-PKM method was tested and proved to be significantly good and
consistent within the order of magnitude of the standard analytical methods to determine the contents
of the main lignocellulosic fractions.

Author Contributions: Conceptualization, D.D. and A.U.; methodology, D.D. and A.U.; software, D.D. and A.U.;
validation, D.D., A.U., R.P.; formal analysis, D.D., A.U., A.B. and T.T.; investigation, D.D. and A.U.; resources,
A.B., T.T. and R.P.; data curation, D.D., A.U.; writing (original draft preparation), D.D., A.U.; writing (review and
editing), R.P, A.B. and T.T.; visualization, D.D., A.U., R.P., A.B. and T.T.; supervision, D.D., A.U., R.P., A.B. and
T.T.; project administration, A.B; funding acquisition, A.B., T.T. and R.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 723670, with the title “Systemic approach to reduce energy demand and CO2 emissions
of processes that transform agroforestry waste into high added value products (REHAP)”.

61



Processes 2020, 8, 1048

Acknowledgments: The authors would like to thank María González Martínez from IMT Mines Albi (Université
de Tolousse) for her technical contribution and support.

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

References

1. Kim, S.; Dale, B.E. All biomass is local: The cost, volume produced, and global warming impact of cellulosic
biofuels depend strongly on logistics and local conditions. Biofuels Bioprod. Biorefining 2015, 9, 422–434.
[CrossRef]

2. McKendry, P. Energy production from biomass (part 1): Overview of biomass. Bioresour. Technol. 2002,
83, 37–46. [CrossRef]

3. Rego, F.; Dias, A.P.S.; Casquilho, M.; Rosa, F.C.; Rodrigues, A. Fast determination of lignocellulosic
composition of poplar biomass by thermogravimetry. Biomass Bioenergy 2019, 122, 375–380. [CrossRef]

4. Álvarez-Mateos, P.; Alés-Álvarez, F.J.; García-Martín, J.F. Phytoremediation of highly contaminated mining
soils by Jatropha curcas L. and production of catalytic carbons from the generated biomass. J. Environ. Manag.
2019, 231, 886–895. [CrossRef] [PubMed]

5. Snell, K.D.; Peoples, O.P. PHA bioplastic: A value-added coproduct for biomass biorefineries. Biofuels Bioprod.
Biorefining Innov. Sustain. Econ. 2009, 3, 456–467. [CrossRef]

6. Pereira, B.L.C.; Carneiro, A.D.C.O.; Carvalho, A.M.M.L.; Colodette, J.L.; Oliveira, A.C.; Fontes, M.P.F.
Influence of chemical composition of Eucalyptus wood on gravimetric yield and charcoal properties.
BioResources 2013, 8, 4574–4592. [CrossRef]

7. Melzer, M.; Blin, J.; Bensakhria, A.; Valette, J.; Broust, F. Pyrolysis of extractive rich agroindustrial residues.
J. Anal. Appl. Pyrolysis 2013, 104, 448–460. [CrossRef]

8. Park, J.I.; Liu, L.; Ye, X.P.; Jeong, M.K.; Jeong, Y.S. Improved prediction of biomass composition for switchgrass
using reproducing kernel methods with wavelet compressed FT-NIR spectra. Expert Syst. Appl. 2012, 39,
1555–1564. [CrossRef]

9. Yu, J.; Paterson, N.; Blamey, J.; Millan, M. Cellulose, xylan and lignin interactions during pyrolysis of
lignocellulosic biomass. Fuel 2017, 191, 140–149. [CrossRef]

10. Shen, D.; Xiao, R.; Gu, S.; Luo, K. The pyrolytic behavior of cellulose in lignocellulosic biomass: A review.
RSC Adv. 2011, 1, 1641–1660. [CrossRef]

11. Shen, D.K.; Gu, S.; Bridgwater, A.V. The thermal performance of the polysaccharides extracted from
hardwood: Cellulose and hemicellulose. Carbohydr. Polym. 2010, 82, 39–45. [CrossRef]

12. Shen, D.K.; Gu, S. The mechanism for thermal decomposition of cellulose and its main products.
Bioresour. Technol. 2009, 100, 6496–6504. [CrossRef] [PubMed]

13. Li, S.; Lyons-Hart, J.; Banyasz, J.; Shafer, K. Real-time evolved gas analysis by FTIR method: An experimental
study of cellulose pyrolysis. Fuel 2001, 80, 1809–1817. [CrossRef]

14. Qiao, Y.; Wang, B.; Ji, Y.; Xu, F.; Zong, P.; Zhang, J.; Tian, Y. Thermal decomposition of castor oil, corn
starch, soy protein, lignin, xylan, and cellulose during fast pyrolysis. Bioresour. Technol. 2019, 278, 287–295.
[CrossRef]

15. Wang, S.; Lin, H.; Ru, B.; Sun, W.; Wang, Y.; Luo, Z. Comparison of the pyrolysis behavior of pyrolytic lignin
and milled wood lignin by using TG–FTIR analysis. J. Anal. Appl. Pyrolysis 2014, 108, 78–85. [CrossRef]

16. Di Blasi, C. Modeling chemical and physical processes of wood and biomass pyrolysis. Prog. Energy Combust.
Sci. 2008, 34, 47–90. [CrossRef]

17. Zhou, H.; Long, Y.; Meng, A.; Li, Q.; Zhang, Y. The pyrolysis simulation of five biomass species by
hemi-cellulose, cellulose and lignin based on thermogravimetric curves. Thermochim. Acta 2013, 566, 36–43.
[CrossRef]

18. Skreiberg, A.; Skreiberg, Ø.; Sandquist, J.; Sørum, L. TGA and macro-TGA characterisation of biomass fuels
and fuel mixtures. Fuel 2011, 90, 2182–2197. [CrossRef]

19. Carrier, M.; Loppinet-Serani, A.; Denux, D.; Lasnier, J.M.; Ham-Pichavant, F.; Cansell, F.; Aymonier, C.
Thermogravimetric analysis as a new method to determine the lignocellulosic composition of biomass.
Biomass Bioenergy 2011, 35, 298–307. [CrossRef]

20. Hu, S.; Jess, A.; Xu, M. Kinetic study of Chinese biomass slow pyrolysis: Comparison of different kinetic
models. Fuel 2007, 86, 2778–2788. [CrossRef]

62



Processes 2020, 8, 1048

21. Aboyade, A.O.; Carrier, M.; Meyer, E.L.; Knoetze, J.H.; Görgens, J.F. Model fitting kinetic analysis and
characterisation of the devolatilization of coal blends with corn and sugarcane residues. Thermochim. Acta
2012, 530, 95–106. [CrossRef]

22. Vyazovkin, S.; Burnham, A.K.; Criado, J.M.; Pérez-Maqueda, L.A.; Popescu, C.; Sbirrazzuoli, N. ICTAC
Kinetics Committee recommendations for performing kinetic computations on thermal analysis data.
Thermochim. Acta 2011, 520, 1–19. [CrossRef]

23. Manya, J.J.; Velo, E.; Puigjaner, L. Kinetics of biomass pyrolysis: A reformulated three-parallel-reactions
model. Ind. Eng. Chem. Res. 2003, 42, 434–441. [CrossRef]

24. Burhenne, L.; Messmer, J.; Aicher, T.; Laborie, M.P. The effect of the biomass components lignin, cellulose
and hemicellulose on TGA and fixed bed pyrolysis. J. Anal. Appl. Pyrolysis 2013, 101, 177–184. [CrossRef]

25. O’Brien, C.M. Statistical Applications for Environmental Analysis and Risk Assessment by Joseph Ofungwu.
Int. Stat. Rev. 2014, 82, 487–488. [CrossRef]

26. Raitanen, J.E.; Järvenpää, E.; Korpinen, R.; Mäkinen, S.; Hellström, J.; Kilpeläinen, P.; Jaana Liimatainen, J.;
Ora, A.; Tupasela, T.; Jyske, T. Tannins of Conifer Bark as Nordic Piquancy—Sustainable Preservative and
Aroma? Molecules 2020, 25, 567. [CrossRef]

27. Hofbauer, H.; Kaltschmitt, M.; Nussbaumer, T. Energie aus Biomasse–Grundlagen, Techniken, Verfahren; Springer:
Berlin, Germany, 2009.
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Abstract: Olive stones are an abundant lignocellulose material in the countries of the Mediterranean
basin that could be transformed to bioethanol by biochemical pathways. In this work, olive stones
were subjected to fractionation by means of a high-temperature dilute-acid pretreatment followed
by enzymatic hydrolysis of the pretreated solids. The hydrolysates obtained in these steps were
separately subjected to fermentation with the yeast Pachysolen tannophilus ATCC 32691. Response
surface methodology with two independent variables (temperature and reaction time) was applied
for optimizing D-xylose production from the raw material by dilute acid pretreatment with 0.01 M
sulfuric acid. The highest D-xylose yield in the liquid fraction was obtained in the pretreatment at
201 ◦C for 5.2 min. The inclusion of a detoxification step of the acid prehydrolysate, by vacuum
distillation, allowed the fermentation of the sugars into ethanol and xylitol. The enzymatic hydrolysis
of the pretreated solids was solely effective when using high enzyme loadings, thus leading to
easily fermentable hydrolysates into ethanol. The mass macroscopic balances of the overall process
illustrated that the amount of inoculum used in the fermentation of the acid prehydrolysates strongly
affected the ethanol and xylitol yields.

Keywords: bioethanol; dilute acid pretreatment; enzymatic hydrolysis; olive stones; Pachysolen
tannophilus; response surface methodology

1. Introduction

Global warming is a problem that could be mitigated by replacing fossil energy sources by
renewable energy sources, such as green biomass. [1]. In recent decades numerous research papers
have addressed the use of lignocellulose materials to obtain ethanol through biochemical routes [2–4],
describing bioprocesses that are mainly composed of three major stages: Biomass pretreatment,
cellulose hydrolysis, and sugars fermentation. Acid prehydrolysis at high temperature (around 200 ◦C)
is one of the most efficient pretreatments to remove hemicelluloses and extracts present in lignocellulose
materials, obtaining a cellulose and lignin-rich pretreated solid [5,6]. This type of pretreatment can
be carried out with low concentrations of acid and short reaction times (few minutes), being able
to generate liquid prehydrolysates with high concentrations of hemicellulose sugars, provided that
suitable operating conditions are used. Thus, for a fixed acid concentration, there will be optimal
temperature and reaction time conditions that will lead to complete hydrolysis of the hemicellulose
and will maximize the concentration of hemicellulose sugars in the liquid prehydrolysate. The search
for these conditions could be approached using response surface methodology as previously described
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elsewhere [7,8]. In relation to the type of acid used, sulfuric acid is generally used instead of hydrochloric
acid due to its low volatility, lesser equipment corrosion and lower cost per mole of protons [9], so it is
frequently used at this stage of the bioprocess.

To improve the biomass fractionation, pretreated solids could be subjected to enzymatic hydrolysis
with cellulases, which would allow a selective conversion of cellulose into D-glucose under mild
operating conditions (pH 4.8, 50 ◦C temperature). It is of great importance to assess the effect of
enzyme loading in the enzymatic hydrolysis, since a low concentration of the same would lead to low
monosaccharide yields, while a high concentration would excessively increase the operating costs.

Concerning sugars fermentation, the use of non-traditional yeasts, such as Pachysolen tannophilus,
would allow converting both hexoses and pentoses into ethanol [10], provided that fermentative
inhibitors concentrations are cut down. In this sense, the levels of furfural and acetic acid in the
acid prehydrolysates could be reduced by vacuum distillation because of the higher vapor pressures
of these compounds with respect to those of monosaccharides. A variable of great interest in the
fermentative stage is the inoculum concentration since this is responsible, among other factors, for the
bioprocess rate.

Olive stones are a lignocellulose material that is obtained in great quantities in the olive oil mills [11].
Therefore, this biomass is a potential source of biofuels in countries with large olive production, such
as Spain, Italy, Greece, or Portugal. The biochemical conversion of olive stones into ethanol, using
hydrothermal or acid pretreatments, has been partially studied by different authors. Thus, Miranda
et al. [12] applied a hydrothermal pretreatment to olive stones (130 ◦C, 30 min) achieving a good
enzymatic digestibility of the cellulose fraction. However, the further use of liquid prehydrolysates is
usually not addressed. The liquid prehydrolysates are rich in D-xylose and xylooligosaccharides as
described in other works in which water was used as a hydrolytic agent [13,14]. On the other hand,
Romero-García et al. [15] applied 2% (wt.) sulfuric acid (130 ◦C, 60 min) to olive stones, achieving
a high production of hemicellulose sugars (mainly D-xylose) that were fermented to ethanol after
undergoing detoxification by overliming. Notwithstanding, this work did not address the use of the
pretreated solids, thus remaining as waste. Saleh et al. [16] applied dilute sulfuric acid (0.025 M H2SO4)
to olive stones (195 ◦C, 5 min) to hydrolyze the hemicellulose and obtain a D-xylose-rich prehydrolysate,
which was subsequently detoxified and fermented. The pretreated solids were subjected to enzymatic
hydrolysis, but the obtained hydrolysates were not fermented despite their high sugars content.

The present study aims to develop a complete scheme of ethanol production from olive stones
by applying two consecutive hydrolytic stages (acidic and enzymatic) followed by the subsequent
stage of sugars fermentation. The acid pretreatment was optimized to maximize the recovery of
hemicellulose sugars, while the effect of enzyme loading on D-glucose production in the subsequent
stage of enzymatic hydrolysis was studied. The non-traditional yeast Pachysolen tannophilus was used
for the fermentation of both the acid prehydrolysates and the enzymatic hydrolysates, and the effect of
inoculum concentration on the fermentation performance was assessed. The fractionation applied to
the biomass was envisaged by determining the mass macroscopic balances at the different stages of
the process. In this way, a rapid description of the conversion of olive stones into ethanol and other
bioproducts was achieved.

2. Materials and Methods

2.1. Raw Material

Olive stones (fragmented endocarps) were supplied by the olive mill S.C.A. San Juan (Jaén, Spain,
UTM coordinates: 37◦47′58.52′′ N, 3◦47′09.42′′ W). Once at laboratory, the raw material was washed
and then dried at room temperature for three weeks. Afterwards, the olive stones were screened using
a vibratory screen (Restch, Mod. Vibro). The solids used in this research had diameters lower than
3 mm while those of diameter lower than 0.85 mm represented less than 3% of the total sample weight.
Finally, the dry solids were stored in sealed plastic bags at room temperature until used.
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2.2. Dilute Acid Pretreatment

Dilute acid hydrolysis was carried out in a 2 dm3 Parr reactor, Series 4522 (Moline, IL, USA).
Fo experiments, this reactor was loaded with 50 g of dry solids and 300 cm3 of 0.010 M sulfuric-acid
solution. The chosen H2SO4 concentration was significantly lower than that used in a previous work
published by us (0.025 M, [16]) to reduce the corrosion that the acid causes on the reactor. The mixture
was stirred at 250 rpm and quickly heated up to work temperature, which was maintained over the
selected reaction time (see Section 2.3). Subsequently, the reactor was cooled to room temperature
(in less than 10 min) by circulating cold water through an internal coil. The liquid prehydrolysate was
separated from the pretreated solid by vacuum filtration. The latter one was water-washed and dried
at room temperature. The water used for washing the pretreated solid was added to the prehydrolysate
until reaching a final volume of 2 dm3. The two separate phases were stored for later characterization
and used in the following stages of the scheme.

2.3. Response Surface Methodology (RSM)

Response surface methodology (RSM) was applied to data to optimize the acid pretreatment
conditions by multiple regression analysis. To do this, the Modde 7.0 (Umetrics AB, Umeå, Sweden)
software was used. The 22 central composite circumscribed design (CCCD) with two independent
variables (temperature and time) at two different levels, four star (axial) points and three central
points (total 11 runs, Table 1) was assayed to find linear, quadratic and interaction effects of the
independent variables (operational parameters) on the experimental responses (experimental results).
The temperature (180–220 ◦C) and time (2–8 min) ranges were selected from the results obtained in
preliminary experiments (data not shown) with the aim of achieving as D-xylose recovery as possible
in the liquid prehydrolysates. The statistical validation was carried out by one-way ANOVA test (95%
confidence), and the optimal conditions values were determined from the response surfaces using the
SIMPLEX method.

Table 1. Operational conditions assayed as dimensional and dimensionless independent variables.

Run
Temperature (◦C) Time (min)

Actual Values (T) Coded Values (X1) Actual Values (t) Coded Values (X2)

1 172 0 5.00 −1.414
2 180 −1 2.00 −1
3 180 1 8.00 −1
4 200 −1.414 0.76 0
5 200 0 5.00 0
6 200 0 5.00 0
7 200 0 5.00 0
8 200 1.414 9.24 0
9 220 −1 2.00 1

10 220 1 8.00 1
11 228 0 5.00 1.414

2.4. Detoxification and Fermentation of Acid Prehydrolysates

The acid prehydrolysates were detoxified using a Buchi R-114 rotary evaporator (BÜCHI
Labortechnik AG, Flawil, Switzerland) at 40 ◦C, thus removing inhibitor compounds (acetic acid,
furfural, and 5-hydroxymethylfurfural) and achieving a D-xylose concentration close to 15 g/dm3.

Fermentations of acid prehydrolysates were carried out using the yeast P. tannophilus ATCC 32,691,
supplied by the American Type Culture Collection. The microorganism was stored in a cold room
(5–10 ◦C) in 100-cm3 test tubes on a sterilized solid culture medium with the following composition:
3 g/dm3 yeast extract (Becton Dickinson Co), 3 g/dm3 malt extract (Merck), 5 g/dm3 peptone from casein
(Merck), 10 g/dm3 D-xylose (≥99% purity, Panreac), and 20 g/dm3 agar–agar (Panreac). For pre-inocula,
cells were transferred to a sterile medium with the same aforementioned composition and kept in
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an incubator at 30 ◦C for 60 h in order to obtain cells at the same growth stage at the beginning of
each fermentation. Afterwards, the pre-inocula were transferred to 250-cm3 Erlenmeyer flasks along
with 100 cm3 of sterile liquid culture made of 4 g/dm3 yeast extract (Becton Dickinson Co), 3.6 g/dm3

peptone from casein (Merck), 3 g/dm3 (NH4)2SO4 (99% purity, Panreac), 2 g/dm3 MgSO4·7H2O (99,5%
purity, Carlo Erba), 2 g/dm3 KH2PO4 (99% purity, Panreac), and 25 g/dm3 D-xylose (≥99% purity,
Panreac). Cultures were incubated at 30 ◦C for 24 h in an orbital shaker (150 rpm). Then, yeast
cells were recovered by centrifugation at 7000 rpm for 10 min, washed with a dilute NaCl solution,
and suspended in the fermentation medium to obtain initial inoculum concentrations of 0.5, 1.0, 2.0,
and 4.0 g/dm3. These concentrations (x, kg/m3) were calculated from the absorbances of the cultures at
620 nm using a previously obtained absorbance versus dry-weight calibration line [10].

Fermentations were carried out with 30 cm3 of prehydrolysate inside 100 cm3 Erlenmeyer flasks.
The prehydrolysates were supplemented with 2 g/dm3 yeast extract (Becton Dickinson Co), 1.8 g/dm3

peptone from casein (Merck), 1.5 g/dm3 (NH4)2SO4 (99% purity, Panreac), 1 g/dm3 MgSO4·7H2O
(99,5% purity, Carlo Erba), and 1 g/dm3 KH2PO4 (99% purity, Panreac). The resulting cultures were
sterilized using a glasswool pre-filter and a 0.2-μm pore-size cellulose nitrate filter. Temperature (30 ◦C)
and pH (4.5) were chosen according to previous works [10,17] and kept constant over fermentations.
The aeration was only supplied by the stirring vortex (microaerobic conditions). The cultures were
sampled at fixed intervals to analyze the biomass, D-glucose, D-xylose, acetic acid, ethanol, and xylitol
concentrations. Two replicas of each fermentation were performed.

2.5. Enzymatic Hydrolysis

The washed and dried water-insoluble solids obtained in the dilute acid hydrolysis of olive stones
were submitted to enzymatic hydrolysis in order to obtain D-glucose from the cellulose. To do this,
3 g of dry solids were suspended in 30 cm3 of 0.05 M citrate buffer solution (pH 4.8) inside 125 cm3

Erlenmeyer flasks. Enzymatic hydrolyses were carried out at 50 ◦C for 72 h on an orbital shaker
(150 rpm). A commercial preparation of Trichoderma reesei cellulases (Celluclast 1.5L, Novo Nordisk
Bioindustrial, Madrid, Spain) was used throughout this research. Enzyme loadings of 10, 20, 40 and 60
FPU per g dried solid were added to the Erlenmeyer flasks. 1-cm3 samples were withdrawn from the
reaction media at 4, 10, 24, 48, 72, and 120 h to analyse the D-glucose concentration. The D-glucose
yield was calculated as g of D-glucose per 100 g of initial pretreated solid. All the enzymatic hydrolyses
were performed in duplicate.

2.6. Fermentation of Enzymatic Hydrolysates

The fermentation of the enzymatic hydrolysates was performed with the yeast P. tannophilus
ATCC 32691 following the procedure described in Section 2.4 but with two modifications: Enzymatic
hydrolysates were not detoxified, and the initial inoculum concentrations assayed were 0.5, 1.0, 1.5,
and 3.0 g/dm3. The cultures were sampled at fixed intervals to analyse the biomass, D-glucose and
ethanol concentrations. Two replicas of each fermentation were performed.

2.7. Analytical Methods

The raw material as well as the solids resulting from the acid treatments and from enzymatic
hydrolyses were characterized according their contents in moisture (TAPPI T257 standard),
hemicellulose and cellulose [18], and insoluble acid lignin (TAPPI T222 os-74 standard). Besides, ash
(TAPPI T211 standard), extractives (ASTM D 1107 84 standard), and soluble acid lignin [19] were
additionally analyzed in the raw material.

The Puls method [20], with a modification described elsewhere [16], was used to determine
the percentage of xylans and acetyl groups in the raw material. The concentrations of D-glucose,
D-xylose, L-arabinose, D-galactose and 5-hydroxymethyl-furfural in prehydrolysates, enzymatic
hydrolysates and cultures were analyzed by high-performance liquid ionic chromatography (HPLIC).
The HPLIC system (Dionex ICS 3000, Sunnyvale, CA, USA) was equipped with a CARBOPAD PA20
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analytical column (3 mm × 150 mm) combined with a CARBOPAD PA20 guard column (3 mm × 30
mm), and a pulsed amperometer detector (gold electrode). Elution took place at 30 ◦C, the eluent
being 1 cm3/min 0.002 M NaOH. After dilution, the samples were filtered through a 0.2 μm nylon
membrane (Sartorius). Finally, ethanol, xylitol and acetic acid concentrations in liquid samples were
quantified using enzymatic methods [21–23], using test-combination kits purchased from R-Biopharm
AG (Darmstadt, Germany). All the analytical determinations were performed in duplicate.

3. Results

3.1. Dilute Acid Pretreatment: Experimental Results

Table 2 shows the characterization of the raw material as well as the pretreated solids and the liquid
prehydrolysates obtained by dilute acid hydrolysis of the olive stones. The increase in temperature and
reaction time led to a continuous decrease in the total gravimetric recovery of pretreated solid (TGR),
a parameter that reached values between 56.54% and 86.53% for the most and less severe pretreatment
conditions, respectively (228 ◦C—5 min and 172 ◦C—5 min). The loss of solid is due to the hydrolysis of
different components of the raw material. Thus, hemicellulose began to depolymerize from the lowest
temperature tested (172 ◦C) and practically was removed from the pretreated solids at 200 ◦C—5 min.
Under these conditions, extractives (6.0% of the raw material) and the soluble acid lignin (2.1% of the
raw material) were removed along with the hemicellulose (28.1% of the raw material), so the sum of
the three fractions led to a TGR of 63.8%, theoretical value close to the average experimental value of
TGR (62.78 ± 0.67%) obtained in experiments 5, 6, and 7 (Table 2). The loss of hemicellulose, extractives
and acid insoluble lignin (AIL) caused the increase in the percentage of cellulose in the acid-pretreated
solid, reaching a maximum of 38.62% for the experiment carried out at 200 ◦C—9.24 min, while the
highest temperatures assayed (220 ◦C and 228 ◦C) led to the decrease of this percentage, which would
indicate a partial hydrolysis of cellulose. In relation to the AIL percentage in acid-pretreated solids, this
continuously increased, from 32.01% to 48.64%, with the increase of the temperature and pretreatment
time (Table 2).

Table 2. Total gravimetric recovery and composition of acid-pretreated solids, and products yields
(as g/100 g dry raw material) in the prehydrolysates obtained at different acid hydrolysis conditions.

Acid-Treated Solids a Prehydrolysates

Run Number
T t TGR Hem Cel AIL Product Yield (as g/100 g Dry Raw Material)

(◦C) (min) (%) (%) (%) (%) D-Xylose L-Arabinose D-Galactose D-Glucose AA 5-HMF

1 172 5 86.53 23.05 30.38 32.01 1.07 0.92 0.11 <0.01 2.47 <0.01
2 180 2 82.96 16.72 33.35 32.87 1.45 1.11 0.14 <0.01 1.45 <0.01
3 180 8 73.55 9.42 35.56 35.44 5.53 0.77 0.25 <0.01 2.71 <0.01
4 200 0.76 67.56 2.31 37.72 35.97 10.38 1.04 0.34 <0.01 3.43 <0.01
5 200 5 62.47 0.00 37.76 40.04 18.99 0.87 0.49 <0.01 3.44 <0.01
6 200 5 63.55 1.03 35.97 38.96 21.83 0.97 0.62 <0.01 3.34 <0.01
7 200 5 62.32 0.00 36.93 40.98 19.31 0.85 0.50 <0.01 3.77 <0.01
8 200 9.24 60.52 0.00 38.62 42.07 13.90 0.32 0.42 <0.01 4.12 0.03
9 220 2 58.45 0.00 33.20 44.20 8.17 0.43 0.24 0.24 4.59 0.12
10 220 8 56.78 0.00 32.02 45.87 4.57 0.21 0.23 1.46 5.77 0.80
11 228 5 56.54 0.00 25.10 48.64 2.81 0.12 0.17 1.63 5.29 1.07

a Chemical composition of 100 g of olive stones: 29.9 ± 1.1 g cellulose, 28.1 ± 1.7 g hemicellulose (of which 20.6 ± 1.1
g xylans and 4.0 ± 0.2 g acetyl groups), 27.7 ± 2.1 g acid-insoluble lignin, 2.1 ± 0.3 g acid-soluble lignin, 6.0 ± 0.3 g
extractives, and 0.7 ± 0.0 g ash. TGR: total gravimetric recovery; Hem: hemicelluloses; Cel: cellulose; AIL: acid
insoluble lignin; AA: acetic acid; 5-HMF: 5-hydroxymethylfurfural.

In relation to liquid prehydrolysates, product yields were strongly influenced by reaction conditions.
D-xylose was the most abundant monosaccharide in the liquid phase, reaching a maximum experimental
yield of 20.04 ± 1.56 g/100 g dry raw material under the conditions of 200 ◦C—5 min (Table 2), which
represents 85.6% of the potential D-xylose in the biomass. The decrease in performance for more severe
conditions would be explained by the thermal degradation of the monosaccharide. The maximum
recoveries of L-arabinose (1.11 g/100 g dry raw material) and D-galactose (0.537 ± 0.072 g/100 g dry
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raw material) were achieved at low severities, while the maximum yield of D-glucose (1.63 g/100 g
dry raw material) was reached at the maximum temperature assayed (228 ◦C, run 11), in which there
was an intense hydrolysis of the cellulosic fraction. Apart from carbohydrates, certain compounds
that can act as inhibitors in fermentation processes, such as acetic acid and HMF, were found in
the liquid prehydrolysates. The maximum yields of acetic acid (5.77 g/100 g dry raw material) and
5-HMF (1.07 g/100 g dry raw material) were achieved in the experiments carried out at the highest
temperatures; in the first case, from the hydrolysis of acetyl groups of the hemicellulose and, in the
second one, as a consequence of the thermal degradation of D-glucose.

3.2. Dilute Acid Pretreatment: Modelling and Optimization

The application of response surface methodology (RSM) can lead to mathematical models that
describe the modification of the composition of the solid residue and the liquid hydrolysate according
to the studied independent variables: Temperature (X1) and reaction time (X2). With this aim,
the mathematical principles described in Section 2.3 were applied to the experimental data (Table 2),
obtaining the values included in Tables 3 and 4 in terms of normalized values. Data on percentages of
total solids solubilization (xtotal solids), hemicellulose conversion (xhemicellulose) and cellulose conversion
(xcellulose) were obtained by relating the weight of each material removed during the acid pretreatment
(total solids, hemicellulose and cellulose, respectively) to the weight of each material available in the
raw material, and multiplying the result by one hundred. All equations were validated using the
ANOVA test using the MODDE software. The R2 values obtained for the seven equations varied
between 0.925 and 0.999 (Tables 3 and 4), indicating that the models explain between 92.5% and 99.9%
of the variability contained in the responses.

Table 3. Acid-pretreated solids: Estimated effects (EE), standard deviations (SD), and significance
level (p) for the models representing total solids solubilisation (xtotal solids), hemicellulose conversion
(xhemicellulose), cellulose conversion (xcellulose), and acid insoluble lignin percentages (AIL).

Response Variable Coefficient EE SD p-Value (Prob > F) R2 Radjust
2

xtotal solids, % Constant 37.220 ±0.290 5.460 × 10−10 0.999 0.996
X1 10.462 ±0.178 2.674 × 10−8

X2 2.630 ±0.178 2.547 × 10−5

X1 · X1 −4.415 ±0.212 4.673 × 10−6

X2 · X2 −0.667 ±0.212 2.532 × 10−2

X1 · X2 −1.935 ±0.251 5.891 × 10−4

xhemicellulose, % Constant 98.430 ±1.964 4.238 × 10−9 0.978 0.964
X1 21.829 ±1.653 1.166 × 10−5

X2 4.075 ±1.653 4.882 × 10−2

X1 · X1 −16.978 ±1.881 1.036 × 10−4

X1 · X2 −6.183 ±2.338 3.831 × 10−2

xcellulose, % Constant 22.557 ±0.770 1.051 × 10−7 0.994 0.990
X1 13.938 ±0.472 9.964 × 10−8

X2 2.391 ±0.472 2.289 × 10−3

X1 · X1 4.445 ±0.562 2.159 × 10−4

X2 · X2 −2.565 ±0.562 3.819 × 10−3

AIL, % Constant 39.732 ±0.283 7.366 × 10−15 0.975 0.969
X1 5.660 ±0.332 1.411 × 10−7

X2 1.608 ±0.332 1.272 × 10−3

X1: temperature (in coded form), X2: time (in coded form). Significance level was defined as p < 0.05.
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Table 4. Acid prehydrolysates: Estimated effects (EE), standard deviations (SD), and significance level
(p) for the models representing D-xylose (Yxyl), L-arabinose (Yara) and acetic acid (YAA) yields.

Factors Regression

Responses EE SD p-Value (Prob > F) R2 Radjust
2 p-Value

Yxyl, % Constant 20.044 ±1.083 8.478 × 10−6 0.970 0.939 0.001
X1 1.028 ±0.663 1.820 × 10−1

X2 0.682 ±0.663 3.509 × 10−1

X1 · X1 −9.581 ±0.790 6.717 × 10−5

X2 · X2 −4.480 ±0.790 2.368 × 10−3

X1 · X2 −1.920 ±0.938 9.602 × 10−2

Yara, % Constant 0.897 ±0.048 1.512 × 10−6 0.967 0.945 0.000
X1 −0.296 ±0.029 5.496 × 10−5

X2 −0.197 ±0.029 5.294 × 10−4

X1 · X1 −0.181 ±0.035 2.069 × 10−3

X2 · X2 −0.101 ±0.035 2.791 × 10−2

YAA, % Constant 3.671 ±0.115 1.029 × 10−9 0.925 0.906 0.000
X1 1.274 ±0.135 1.321 × 10−5

X2 0.427 ±0.135 1.341 × 10−2

X1: temperature (in coded form), X2: time (in coded form). Significance level was defined as p < 0.05.

Figure 1 shows the response surfaces and corresponding contour plots built from data in Tables 3
and 4. In general, mathematical models show that total solids solubilization, hemicellulose, and cellulose
conversions, as well as the percentage of AIL in the pretreated solids, increased with the increase in the
severity of pretreatment (temperature and reaction time, Figure 1). Notwithstanding, for xtotal solids and,
mainly, for xhemicellulose a stabilization of the conversions was observed at relatively high temperatures
and reaction times. Thus, Figure 1B shows that total conversion of the hemicellulose fraction was
achieved at around 200 ◦C, the temperature exerting an effect on the response greater than that of the
reaction time.

In relation to the main obtained products in the acid prehydrolysate, the response surfaces for
D-xylose yield (Figure 1E) and L-arabinose yield (Figure 1F) presented maximum values within the
region studied. Partial differentiation of the multivariate functions Yxyl = f(X1, X2) and Yara = f(X1,
X2) was carried out to determinate the values of temperature and time that provide these maximums.
The predicted values were 201 ◦C and 5.2 min, with a response corresponded to 20.1 ± 2.8 g D-xylose
per 100 g dry raw material (85.9% D-xylose extraction), and 183.6 ◦C and 2.08 min, with a response of
1.11 g L-arabinose per 100 g dry raw material. The D-xylose extraction was similar to that achieved in
rice straw (80.8%) by other authors, the most suitable conditions to depolymerize xylans into xylose
being 201 ◦C, 10 min retention time and 0.5% sulfuric acid concentration [24]. Figure 1G shows that
the highest temperature and reaction time assayed (220 ◦C and 8 min, respectively) were the best
conditions for acetic acid recovery.
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Figure 1. Response surfaces and contour plots for (A) total solids solubilization, (B) hemicellulose
conversion, (C) cellulose conversion, (D) acid-insoluble lignin percentage, (E) D-xylose yield,
(F) L-arabinose yield, and (G) acetic acid yield as a function of reaction temperature (◦C) and
reaction time (min) at fixed acid concentration of 0.010 M.

3.3. Fermentation of Acid Prehydrolysates

Figure 2 and Table 5 show the effect of the inoculum concentration on the fermentation of the acid
prehydrolysate obtained under the conditions that maximized D-xylose recovery (201 ◦C—5.2 min),
which was previously subjected to vacuum distillation until achieving the following composition
(g/dm3): 14.45 D-xylose, 0.73 L-arabinose, 0.28 D-galactose, and 2.23 acetic acid. D-glucose was
not detected at the beginning of the fermentation stage. It is worth noting that P. tannophilus yeast
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completely uptook both D-xylose and acetic acid, although uptake rates depended strongly on the
inoculum concentration. Thus, D-xylose was almost depleted in prehydrolysates after 144 h and
48 h for fermentations carried out with initial biomass concentrations of 0.5 g/dm3 and 4.0 g/dm3,
respectively (Figure 2). In relation to acetic acid, this compound was completely uptaken within 72 h
in all the fermentations. This demonstrate the low inhibition exerted by the medium on P. tannophilus,
which is also evident when analyzing the biomass growth data over fermentations. In this sense,
there was only a lag phase (about 10 h) in the bioreactor with the lowest initial concentration of
microorganism (Figure 2A). The increase in the initial inoculum concentration from 0.5 g/dm3 to
4.0 g/dm3 caused a continuous decrease (from 4.8 g/dm3 to 1.9 g/dm3) in the net biomass production
(Table 5). Regarding the production of ethanol and xylitol, it was observed that the latter compound
was the main product of cellular metabolism except for fermentations performed with initial inoculum
of 4.0 g/dm3. Thus, the maximum concentrations of ethanol and xylitol achieved were 0.25 g/dm3 and
4.81 g/dm3, respectively, for the inoculum of 0.5 g/dm3, and 1.8 g/dm3 and 1.5 g/dm3, respectively,
for the inoculum of 4.0 g/dm3 (Table 5). Therefore, the fermentations with the lowest inoculum
concentrations were those that led to the highest yields and volumetric xylitol productivity (0.42 g/g
and 0.07 g/dm3·h), respectively), which were obtained at 72 h, while the inoculum of 4 g/dm3 led to
the highest yield of ethanol (0.17 g/g D-xylose). When comparing these results with those obtained
by Saleh et al. [16] it can be pointed out that the decrease in the concentration of sulfuric acid from
0.025 M to 0.010 M in the pretreatment stage results in prehydrolysates with a lower capacity to
inhibit P. tannophilus. These sugar media allow reaching, for a fixed inoculum concentration, higher
concentrations of ethanol and lower biomass productions. With regards to xylitol, both prehydrolysates
reached similar maximum yields (0.42 g/g in this work; 0.44 g/g in the research of Saleh et al. [16]).
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Figure 2. Acid prehydrolysate: Effect of inoculum concentration ((A), 0.5 g/dm3; (B), 1.0 g/dm3;
(C), 2.0 g/dm3; (D), 4.0 g/dm3) on D-xylose (•) and acetic acid (�) consumption, and biomass (�) and
xylitol (�) production by P. tannophilus at 30 ◦C and pH 4.5.
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Table 5. Maximum parameters of xylitol, ethanol and biomass production by P. tannophilus
from hemicellulose hydrolysates obtained by sulfuric-acid hydrolysis of olive stones. Effect of
inoculum concentrations.

Starting Inoculum Concentration (g/dm3) 0.5 1.0 2.0 4.0

Net biomass concentration (g/dm3)
4.8 ± 0.2
(120 h) 1

4.6 ± 0.7
(72 h)

3.2 ± 0.1
(72 h)

1.9 ± 0.2
(72 h)

Ethanol concentration (g/dm3)
0.25 ± 0.00

(10 h)
0.41 ± 0.04

(10 h)
0.97 ± 0.10

(10 h)
1.8 ± 0.1

(10 h)

Xylitol concentration (g/dm3)
4.81 ± 1.63

(72 h)
3.25 ± 0.59

(48 h)
2.43 ± 0.30

(48 h)
1.50 ± 0.05

(48 h)

Xylitol yield 2 (g/g)
0.42 ± 0.08

(72 h)
0.26 ± 0.08

(48 h)
0.18 ± 0.01

(48 h)
0.14 ± 0.02

(48 h)

Xylitol volumetric productivity (g/dm3·h)
0.07 ± 0.01

(72 h)
0.07 ± 0.02

(48 h)
0.05 ± 0.01

(48 h)
0.04 ± 0.00

(48 h)
1 Culture time, at which the parameter was calculated, is shown in brackets. 2 Based on consumed D-xylose.

3.4. Enzymatic Hydrolysis of Pretreated Solids

The acid pretreatment carried out at 201 ◦C—5.2 min on the olive stones led to a solid without
hemicellulose and rich in cellulose (35.2%) and insoluble acid lignin (40.0%). To study the enzymatic
digestibility of pretreated cellulose, enzymatic hydrolyses were carried out with Celluclast 1.5 L using
the following enzyme loadings: 10, 20, 40, and 60 FPU/g pretreated solid. The yield in D-glucose,
expressed as grams of monosaccharide generated per gram of pretreated solid, over time is shown in
Figure 3, showing that the increase in enzyme loading led to the increase in D-glucose yield. Thus,
the yields of D-glucose for enzyme loadings of 10, 20, 40, and 60 FPU/g solid were 0.131, 0.137, 0.316,
and 0.342 g D-glucose per gram of solid, respectively, at 120 h of reaction, which are equivalent to values
of 0.335, 0.350, 0.808, and 0.875 g D-glucose per gram of potential D-glucose in pretreated cellulose.
The above data illustrate the capacity of Celluclast 1.5L to hydrolyze above 80% of pretreated cellulose,
although high cellulases loadings are required for this. These data could prove that the pretreatment
is capable of considerably increasing the porosity of the solid and, therefore, the accessibility of the
enzyme to the pretreated cellulose, although high catalyst loadings are necessary to compensate for
the losses caused by the adsorption of protein on the pretreated lignin. Fernandez et al. achieved 83%
glucan conversion from extracted olive pomace that was previously subjected to autohydrolysis at
230 ◦C [25].
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Figure 3. Enzymatic digestibility of acid-pretreated olive stones (201 ◦C, 5.2 min) at different
enzyme loadings.
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3.5. Fermentation of Enzymatic Hydrolysates

The enzymatic hydrolysate obtained in Section 3.4, using an enzyme loading of 40 FPU/g pretreated
solid, was diluted with water up to achieve a D-glucose concentration of 20.6 g/dm3 in order to ferment
it with P. tannophilus. The evolution over time of the fermentations carried out with four inoculum
levels (0.5, 1.0, 1.5, and 3.0 g/dm3) is shown in Figure 4. The absence of fermentative inhibitors
caused D-glucose uptake to be completed within 24 first hours for the inoculum of 0.5 g/dm3, and in
around 10 h for the rest of inocula. In these fermentations, the yeast generated ethanol as the main
product along with a low biomass production. Thus, for initial yeast concentrations of 0.5, 1.0, 1.5,
and 3.0 g/dm3, the final biomass concentration were 1.51, 1.85, 2.75, and 4.18 g/dm3, respectively.
The maximum ethanol concentrations detected for the inocula 0.5, 1.0, 1.5, and 3.0 g/dm3 were 9.6, 10.1,
10.8, and 9.7 g/dm3, respectively, resulting in ethanol yields of 0.464, 0.491, 0.523, and 0.472 g ethanol
per g D-glucose, respectively, i.e., values close to the stoichiometric maximum.
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Figure 4. Effect of inoculum concentration ((A), 0.5 g/dm3; (B), 1.0 g/dm3; (C), 1.5 g/dm3; (D), 3.0 g/dm3)
on D-glucose consumption (•), and biomass (�) and ethanol (�) production by P. tannophilus at 30 ◦C
and pH 4.5.

3.6. Mass Macroscopic Balance for Complete Process

Figure 5 shows the mass balance for the complete ethanol production process developed in this
work. When 100 g of olive stones were pretreated at 201 ◦C—5.2 min with 0.010 M sulfuric acid,
a liquid prehydrolysate was obtained with the maximum recovery of D-xylose achieved in this work
(20.0 g, equivalent to 85.6% monosaccharide recovery) along with a hemicellulose-free solid residue,
rich in acid insoluble lignin and cellulose. The enzymatic hydrolysis of the pretreated solid led to
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high amounts of D-glucose (19.8 g), which were easily metabolized by P. tannophilus, rendering 9.7 g
ethanol. With regards to the liquid prehydrolysate, the previous vacuum distillation to concentrate
fermentable sugars allowed P. tannophilus to ferment them into ethanol or xylitol. This fermentative
stage was strongly influenced, both on its duration and on the production of ethanol and xylitol, by the
initial yeast concentration so that two alternative schemes could be considered. In the first scheme
(option A, Figure 5), using an initial inoculum concentration of 4 g/dm3, similar amounts of ethanol
(2.50 g) and xylitol (2.09 g) would be obtained after 48 h fermentation. In the scheme B an inoculum of
0.5 g/dm3 would be used, and a much richer medium in xylitol (6.69 g) than in ethanol (0.35 g) would
be obtained after 72 h fermentation, 4.46 g D-xylose remaining in the fermentation culture. Although
the first scheme would generate a total of 12.2 g ethanol per 100 of olive stones, in the second scheme
the lower production of ethanol (10.1 g/100 g olive stones) could be compensated with an important
production of xylitol, which could reach 8.42 g if the whole D-xylose present in the fermentation
medium were used.

Model Experimental Model Experimental

P. tannophilus

P. tannophilus

Figure 5. Mass macroscopic balance for the ethanol production flowsheet proposed: Acid pretreatment
of olive stones, enzymatic hydrolysis of pretreated solids, detoxification with rotary evaporator and
fermentation of hydrolysates using P. tannophilus.

4. Conclusions

The proposed flowsheet for the fractionation of the olive stones led to a suitable valorization of
their hemicellulose fraction. In this sense, the application of a response surface methodology to the
acid hydrolysis stage led to high D-xylose recovery into the liquid prehydrolysate, which could be
fermented into ethanol and xylitol using the non-traditional yeast P. tannophilus. The production of
these compounds was strongly influenced by the initial concentration of inoculum in the fermentation
stage, and fermentation conditions that led to high xylitol production were found. To be specific,
starting from a yeast concentration of 0.5 g/dm3 each gram of D-xylose consumed by P. tannophilus was
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transformed into 0.42 g of xylitol. In relation to the pretreated solids, these materials led to hydrolysates
rich in D-glucose (35 g/dm3) when high loadings of cellulases were used, i.e., 40 FPU/g pretreated solid.
Therefore, the enzymatic hydrolysis stage still remains to be upgraded in order to reduce operating
costs and thus enhance the feasibility of the overall process.
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Abstract: Companies in the field of the collection and treatment of waste cooking oils (WCO)
for subsequent biodiesel production usually have to cope with high acidity oils, which cannot
be directly transformed into fatty acid methyl esters due to soap production. Since glycerine is
the main byproduct of biodiesel production, these high acidity oils could be esterified with the
glycerine surplus to transform the free fatty acids (FFA) into triglycerides before performing the
transesterification. In this work, commercial glycerol was esterified with commercial fatty acids and
commercial fatty acid/lampante olive oil mixtures over tin (II) chloride. In the first set of experiments,
the esterification of linoleic acid with glycerol excess from 20 to 80% molar over the stoichiometric
was performed. From 20% glycerol excess, there was no improvement in FFA reduction. Using 20%
glycerol excess, the performance of a biochar obtained from heavy metal-contaminated plant roots
was compared to that of SnCl2. Then, the effect of the initial FFA content was assessed using different
oleic acid/lampante olive oil mixtures. The results illustrated that glycerolysis was impeded at initial
FFA contents lower than 10%. Finally, the glycerolysis of a WCO with 9.94% FFA was assayed,
without success.

Keywords: biodiesel; esterification; free fatty acids; glycerol; waste cooking oil

1. Introduction

Vegetable oils undergo numerous physical and chemical alterations during frying due the exposure
to high temperatures (160–200 ◦C) and the presence of oxygen and water. One of these alterations is
the increase in acidity in the resulting waste cooking oil (WCO), provoked by the release of free fatty
acids (FFA) from the partial hydrolysis of triglycerides.

Waste cooking oils are regarded as an alternative to raw vegetable oils for biodiesel production
due to the high cost of the vegetable oils and the threat to food security [1,2]. This biodiesel is typically
obtained by transesterification, which involves the reaction of triglycerides with a short chain alcohol
(generally methanol because of its low cost) in the presence of an alkaline catalyst (mainly sodium
hydroxide) to render fatty acid methyl esters (FAME), which are ultimately biodiesel [2].

Companies responsible for the collection, storage, and treatment of WCO usually have to deal with
oils with high acidity, which cannot be used as raw material for subsequent biodiesel production [3,4].
This is because free fatty acids react with the catalyst of the transesterification reaction, rendering
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soaps (saponification reaction, Equation (1)). The formation of soap significantly reduces the process
efficiency, resulting in low biodiesel yields, hence the need to overcome this problem.

R−COOH + NaOH→ R−COONa + H2O. (1)

One proposed solution is the previous esterification of the FFA with methanol to obtain FAME [5],
i.e., biodiesel, using an acid catalyst (usually sulfuric acid), as shown in Equation (2). This reaction
is reversible, so an excess of water can displace the equilibrium towards the formation of FFA [6],
thus water should be removed during the process. The most suitable conditions found by several
authors for this procedure when treating oils with high acidity were 5% H2SO4 (wt.) as catalyst [4,7,8],
15:1 methanol to WCO molar ratio [4], 160 ◦C [4,8] and 2 h reaction time [4,8]. Under these conditions,
the acidity of a WCO was reduced from 60.5% to 1% FFA. Notwithstanding this, the problem is the
further transesterification of the triglycerides, which is not only affected by the presence of water
(hydrolysis of triglycerides) but is also inhibited by the presence of high amounts of the product of
this reaction, i.e., FAME. As result, the previous esterification drastically reduces the efficiency of the
subsequent transesterification, leading to incomplete triglycerides conversion [4].

CH3 −OH + R−COOH↔ R−COO−CH3 + H2O. (2)

Another alternative consists of firstly hydrolyzing the triglycerides with an enzyme (lipase) in
aqueous medium to obtain FFA (Equation (3)), and then esterifying the resulting FFA with methanol,
in the presence of an acid catalyst, into FAME. Lipases from the yeast Candida rugose [4] and from the
fungus Rhizopus microsporus [6] have been assayed in the hydrolysis step, none of them achieving high
FFA yields.

 (3)

On the other hand, the increasing production of biodiesel has resulted in an oversupply of
glycerine as a byproduct [9]. It is estimated that 1 kg of glycerine (crude glycerol) is produced from
every 10 kg of biodiesel produced by transesterification [10]. Since 42 billion liters of biodiesel will be
produced in 2020, according to projections, roughly 4.2 billion liters of glycerine will be available that
year [10]. Glycerine from biodiesel production is composed of glycerol (40–70% wt.), methanol, water,
salts, and soap, as well as traces of mono-, di-, and triglycerides that have not entirely reacted. Hence,
one last and promising alternative to take advantage of high acidity WCO is to esterify first the FFA
with glycerol (glycerolysis) using a Lewis acid catalyst to render triglycerides according to Equation
(4), and then perform the transesterification [11]. This alternative is within the framework of circular
economy and the biorefinery concept. Nevertheless, a previous purification stage of the glycerine is
required to obtain high-purity glycerol for the glycerolysis. At present, the best glycerine purification
method is a sequential physicochemical scheme based on acidification driven phase separation with
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phosphoric acid, glycerol extraction with propanol, and subsequent adsorption with activated carbon,
the resulting glycerol purity ranging between technical grade [9] and USP [10].

(4)

Glycerolysis has been reported to be effective solely when the free fatty acid content is high (5–60%
FFA) [9]. This reaction is carried out in excess of glycerol to shift the equilibrium towards the products.
The presence of water is detrimental since the glycerolysis is reversible: water can hydrolyze the
formed mono-, di-, and triglycerides, rendering glycerol again [12,13].

Different inorganic catalysts have been assayed for the esterification of FFA with glycerol, including
AlC2·6H2O, Al2O3, CdCl2·2H2O, FeCl3·6H2O, FeO, HgCl2, MgCl2·6H2O, MgO, MnCl2·H2O, MnO2,
NaOH, Ni, NiCl2·2H2O, PbCl2, PbO, SbCl2, SnCl2·2H2O, SnCl4·5H2O, SnO2, ZnCl2, and ZnO [14].
According to literature, tin (II) chloride dihydrate (SnCl2·2H2O) leads to the highest glycerolysis yields,
so this commercial catalyst is the most widely used [13–17]. In this sense, the FFA content of a WCO
was reduced from 4.2% to 1.5% over 0.1% SnCl2·2H2O (relative to WCO) at 160 ◦C in 1 h, using a 0.2
mass ratio of crude glycerol to WCO [13]. Furthermore, the FFA content of soapstocks decreased from
50 to 5% after 3 h of glycerolysis at 200 ◦C [17].

Temperatures between 120 ◦C and 200 ◦C are used for glycerolysis, according to literature [15].
In spite of accelerating the reaction rate, the use of high temperatures can lead to the formation of
acrolein from glycerol at 167 ◦C. This gaseous compound (boiling point = 53 ◦C) represents a serious
health hazard, so it is preferable to use lower temperatures.

Finally, aiming for a greener process, the inorganic catalyst tin (II) chloride should be replaced
with a natural catalyst that has not been submitted to chemical treatment. In this sense, the resulting
biochars from the pyrolysis of heavy metal-contaminated roots of the plant Jatropha curcas L. [18] have
shown a graphite-like structure and a great performance in the catalysis of similar reactions, such as
glycerol esterification with acetic acid or acetic anhydride to obtain oxygenated fuel additives [10],
or the esterification of FFA with methanol to render FAME [4].

The aim of this work was to study the reaction of glycerolysis over SnCl2 at a relatively low
temperature (160 ◦C) using commercial glycerol. In the first set of experiments, the ratio of FFA to
glycerol was assessed, as well as the performance of a biocatalyst. Secondly, the effect of the initial FFA
concentration was studied. Finally, the glycerolysis of a WCO was performed.

2. Materials and Methods

2.1. Esterification Reaction

Esterification of commercial glycerine (99.5% glycerol) from Panreac Química S.A.U. (Barcelona,
Spain) with FFA was performed in a 250-cm3 bath reactor equipped with a temperature controller
and a water-cooled condenser, the stirring speed being set at 500 rpm. Reaction times between 60
and 120 min and a temperature of 160 ◦C were selected based on the findings of Yeom and Go [13].
As sources of FFA to react with glycerol, commercial linoleic acid (55% linoleic acid, 35% oleic acid)
from Sigma-Aldrich Química S.L. (Madrid, Spain), commercial oleic acid (65–88% purity) from Panreac
Química S.A.U. (Barcelona, Spain), a lampante virgin oil supplied by Agroalimentaria Virgen del Rocío
S.C.A. (Almonte, Spain), and a waste cooking oil supplied by Grupo BIOSEL (Aznalcóllar, Spain)
were assayed. Two catalysts were assayed: commercial SnCl2·2H2O from Panreac Química S.A.U.
(Barcelona, Spain) and a biocatalyst obtained from the pyrolysis of heavy metal-contaminated roots
of Jatropha curcas L. at 550 ◦C [18]. This biocatalyst has shown a similar performance in esterification
reactions to commercial catalyst Amberlyst-15 [4,10]. Its BET surface, average pore diameter, and total
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pore volume were 346 m2·g−1, 4.3 nm, and 0.0446 cm3·g−1, respectively. The amount of catalyst added
to the reaction medium was 1.08 g (2.4% wt. to linoleic acid).

Two sets of experiments were performed. First, the effect of the excess of glycerol (over the
stoichiometric) over SnCl2·H2O was assessed and a comparison between the performance of commercial
catalyst and that of the biocatalyst was performed under the most favorable conditions (Table 1).
For these experiments, linoleic acid was used as the source of FFA and the temperature was fixed at
160 ◦C.

Table 1. Components and incubation time of the esterification reactions of commercial linoleic acid
with different amounts of glycerol at 160 ◦C.

Run Linoleic Acid (g) Glycerol (g) Glycerol Excess (%) Catalyst t (min)

1 45 4.48 0 SnCl2·2H2O 80
2 45 5.37 20 SnCl2·2H2O 80
3 45 6.27 40 SnCl2·2H2O 80
4 45 8.06 80 SnCl2·2H2O 80
5 45 5.37 20 SnCl2·2H2O 120
6 45 5.37 20 Biocatalyst 120

In the second set of experiments, different mixtures of commercial oleic acid and the lampante
olive oil were used as the source of FFA for the esterification of glycerol over commercial SnCl2 (Table 2).
For these experiments, the temperature and reaction time were fixed to 160 ◦C and 60 min, respectively.

Table 2. Esterifications of mixtures of commercial oleic acid and lampante olive oil over SnCl2·2H2O at
160 ◦C for 60 min (mean ± SD, n = 2).

Run Oleic Acid (%) Lampante Oil (%) FFA (%)

7 100 0 99.9 ± 4.5
8 80 20 79.6 ± 3.8
9 60 40 60.0 ± 2.9

10 40 60 37.1 ± 2.1
11 20 80 20.8 ± 1.9
12 0 100 1.3 ± 0.5

Finally, the esterification of the FFA of a WCO (9.94 ± 0.13% FFA) with 20% glycerol excess over
SnCl2·2H2O at 160 ◦C for 60 min was assayed. All the experiments were performed in duplicate.

2.2. Analytical Methods

Free fatty acids in the different sources of FFA were quantified following the UNE-EN 140140
standard, and expressed as oleic acid percentage. Briefly, 20 g WCO was placed into 250-cm3

wide-mouth Erlenmeyer flasks, along with 100 cm3 ethanol:diethyl ether solution (1:1 v/v) and a few
drops of phenolphthalein, and then neutralized with 0.1 N KOH, previously standardized with benzoic
acid. The titration ended when a reddish-brown color change was observed. Determinations were
performed in duplicate.

The percentage of acidity of the oil was calculated according to the following equation:

FFA(%) =
V× 0.1N(KOH) × 0.282

m
× 100, (5)

where V is the spent volume of KOH in mL, 0.1 N stands for the KOH normality, 0.282 is the equivalent
weight of oleic acid in meq, and m is the mass of the source of FFA in g.

The glyceride composition of the samples, before and after the esterification reactions, was analyzed
by high performance size exclusion chromatography (HPSEC). This technique makes it possible to
separate the compounds according to their molecular size. The elution order was as follows: polymers
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of triglycerides (trimers and dimers), triglycerides (TG), diglycerides (DG), monoglycerides (MG),
and finally FFA. For their quantification, a liquid chromatograph Hewlett Packard 1050 working
with an isocratic flow rate of 0.7 cm3·min−1 of tetrahydrofuran (THF) was used. The equipment was
provided with a manual rheodyne injector with 20 μL loop, a column Agilent PL-gel 3 μm (size of pore
100 Å), and it was connected to a refractive index detector Merck L-7490. The sample concentration
was 50 mg·cm−3 THF. The data were processed using the 32 Karat program (Beckman Coulter, Inc.).
The total time of the chromatographic analysis was 15 min.

3. Results

3.1. Effect of Mass Ratio of Crude Glycerol to FFA

In the first set of experiments, esterification of glycerine with FFA was performed at 160 ◦C for
80 min using SnCl2·2H2O as the catalyst (runs 1 to 4, Table 1). This salt was selected because it is widely
used as a catalyst for glycerol esterification [13,15,16]. In their study, Yeom and Go reported that the
optimum conditions for glycerol esterification were 0.1% catalyst concentration, 0.2 mass ratio of crude
glycerol to waste cooking oil (4.2% FFA), 160 ◦C, and 1 h of reaction time [13]. We selected the same
optimal conditions, but extended the reaction time to 80 min (Table 1). This was because commercial
linoleic acid was used as the source of FFA in our study. The content of FFA of this commercial linoleic
acid was 94.4 ± 0.4%, according to our analytical determination (UNE-EN 140140 standard), far higher
than the waste cooking oil assayed by Yeom and Go [13]. This led us to assess the ratio FFA to glycerol
as well.

The results revealed that there was no difference in esterification efficiency for the different
assayed excess glycerol amounts (Figure 1), so 20% excess glycerol was selected for further experiments.
This result is similar to that found by other authors in the esterification of soapstock with 50% FFA at
220 ◦C [17]. As can be seen in Figure 1, the reaction mixture took about 20 min to reach the desired
temperature, during which glycerol esterification took place to some extent, so the initial FFA content
at time zero (beginning of the reaction at 160 ◦C) was lower than the original FFA content of the source
of FFA (Figure 1). Obviously, the reaction rates at temperatures lower than 160 ◦C (between –20 and
0 min) were lower than the reaction rate at 160 ◦C, as is illustrated in Figure 1.
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Figure 1. Time course of esterification of linoleic acid with stoichiometric (�), 20% excess (Δ), 40%
excess (�), and 80% excess (�) glycerol (mean ± SD, n = 2).

From Figure 1 it cannot be stated that 80 min was enough to reach the completion of the reaction,
so a new experiment was performed with 20% excess glycerol but for 120 min (run 5, Table 1).
The results obtained from this experiment revealed that the end of the reaction was close to 80 min
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(Figure 2). From this time on, the FFA concentration remained roughly constant, being the maximum
FFA reduction attained close to 60%.
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Figure 2. Esterification of linoleic acid with 20% excess glycerol over SnCl2·2H2O (�) or biocatalyst (�)
at 160 ◦C for 120 min (mean ± SD, n = 2).

On the other hand, the performance of the biochar obtained from the pyrolysis at 550 ◦C of heavy
metal-contaminated roots of Jatropha curcas L. as a catalyst in this reaction was assayed (run 6, Table 1).
This biochar was previously demonstrated to achieve an excellent performance in other esterification
reactions [4,10]. Notwithstanding this, the performance of this biocatalyst was significantly lower than
that of the commercial SnCl2·2H2O (Figure 2), so it was eliminated from further experiments.

The initial and resulting reaction mixtures of the two experiments with linoleic acid and 20%
excess glycerol at 160 ◦C for 120 min were analyzed by HPSEC (Table 3). The percentages of FFA
obtained by HPSEC were in agreement with those obtained by the titration method. The HPSEC results
verified that glycerol esterification with FFA occurred, rendering triglycerides (TG), diglycerides (DG),
and monoglycerides (MG). The results obtained by HPSEC also illustrated the higher esterification
performance of the commercial catalyst, since SnCl2 led to both higher formation of TG and higher
conversion of FFA into glyceride compounds (Table 3).

Table 3. Free fatty acid (FFA) conversion yield and triglyceride (TG), diglyceride (DG), monoglyceride
(MG) and free fatty acid (FFA) content obtained by high performance size exclusion chromatography
(HPSEC) at the beginning and at the end of the esterifications over SnCl2·2H2O and the biocatalyst
(mean ± SD, n = 2).

Run Catalyst t (min) TG (%) DG (%) MG (%) FFA (%) Yield (%)

5 SnCl2·2H2O 0 2.1 ± 0.03 3.9 ± 0.09 - 94.0 ± 3.9
61.1 ± 1.8120 15.4 ± 0.91 37.4 ± 1.38 10.6 ± 0.71 36.6 ± 2.3

6 Biocatalyst 0 2.3 ± 0.06 4.7 ± 0.05 - 93.0 ± 3.6
49.3 ± 0.7120 8.3 ± 0.37 25.7 ± 0.23 18.4 ± 0.55 47.7 ± 2.7

3.2. Trials with Different FFA Concentrations

In this set of experiments, we covered roughly the full range of initial FFA concentrations (Table 2)
by adding a commercial fatty acid (to be specific, oleic acid) to a lampante olive oil. An excess of 20%
of commercial glycerol over the stoichiometric one was used. The acidities of the commercial oleic acid
and the lampante oil were 99.9 ± 0.1% and 1.3 ± 0.1%, respectively, based on the titration method.

The results revealed that glycerolysis yield decreased when decreasing the initial FFA content.
Figure 3 illustrates the change in the content of free fatty acids, this content measured by the
titration method.
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Figure 3. Glycerolysis of mixtures of linoleic acid with 0% (�), 20% (�), 40% (�), 60% (Δ), 80% (�),
and 100% (�) lampante olive oil (mean ± SD, n = 2).

The analysis performed by HPSEC provided additional information. When esterifying pure oleic
acid (run 7, Table 4), large quantities of mono-, di-, and triglycerides were formed, with DG being the
main compound found. One could think that this was be due to steric hindrance to the formation of
TG. Notwithstanding this, the TG concentration decreased in the glycerolysis of mixtures of oleic acid
and lampante olive (runs 8 to 11, Table 4), with the final concentrations being lower than the initial
ones. This can be attributed to triglyceride (and diglyceride) hydrolysis by the water produced in
the esterification reaction. As other authors have emphasized, low FFA contents are not suitable for
glycerol esterification, at least at the assayed temperature (160 ◦C), because the water generated in
this reaction would shift the equilibrium of transesterification to the reverse reaction [8]. As a result,
the esterification with 20% excess glycerol of lampante olive oil failed (run 12, Table 4), and it only
slightly reduced the FFA content of the mixture 20% oleic acid/80% lampante olive oil (run 11, Table 4).

Table 4. Triglyceride (TG), diglyceride (DG), monoglyceride (MG) and free fatty acid (FFA) content of
the mixtures of oleic acid and lampante olive oil mixtures obtained by HPSEC at the beginning and at
the end of the esterification reactions, and conversion yields (mean ± SD, n = 2).

Run
Oleic

Acid (%)
Lampante

Oil (%)
t (min) TG (%) DG (%) MG (%) FFA (%) Yield (%)

7 100 0
0 0.65 ± 0.01 1.75 ± 0.06 - 97.57 ± 3.81

60.0 ± 1.6120 10.23 ± 0.38 37.28 ± 0.82 13.48 ± 0.90 39.01 ± 2.10

8 80 60
0 20.76 ± 0.15 1.85 ± 0.08 - 77.39 ± 2.02

44.6 ± 0.8120 17.26 ± 0.01 28.33 ± 0.75 11.51 ± 0.88 42.90 ± 2.63

9 60 40
0 40.67 ± 0.25 1.71 ± 0.03 - 57.62 ± 2.31

44.5 ± 0.8120 33.32 ± 0.15 25.55 ± 0.38 9.16 ± 0.75 31.97 ± 1.80

10 40 60
0 59.34 ± 0.35 2.14 ± 0.04 - 38.52 ± 1.71

23.8 ± 0.6120 52.64 ± 0.38 13.83 ± 0.50 4.17 ± 0.06 29.36 ± 1.51

11 20 80
0 80.10 ± 2.98 - - 19.90 ± 0.92

23.6 ± 1.0120 64.60 ± 1.52 13.85 ± 0.55 6.35 ± 0.07 15.20 ± 0.81

12 0 100
0 98.69 ± 3.55 - - 1.31 ± 0.03

0.0 ± 0.0120 98.66 ± 3.56 - - 1.34 ± 0.03

3.3. Glycerolysis of a Waste Cooking Oil (WCO)

Finally, the glycerolysis of a WCO over SnCl2·2H2O using 20% excess glycerol was assayed at
160 ◦C for 60 min. The FFA content of this WCO was 9.94% ± 0.13%, based on the titration method,
and only slightly changed over the course of glycerolysis.

When analyzing the WCO at the beginning and at the end of the glycerolysis by HPSEC, it was
found that not only did esterification not occur, but also triglyceride hydrolysis occurred to some
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extent. The HPSEC analysis illustrated that the WCO was mainly composed of glycerides dimers
(7.8%), TG (81%), and FFA (10.4%), with negligible amounts of DG and MG (Figure 4a). In the
HPSEC chromatogram of one of the replica of this experiment (Figure 4b), an increase in the areas
in the retention times of DG and MG can be observed. A tentative quantification of these areas gave
the following composition: 7.3% glyceride dimers, 69.4% TG, 11% DG, 1.8% MG, and 10.1% FFA,
which accounts for the hydrolysis of TG into DG and MG, probably due to water contained into the
WCO (not measured) and in the catalyst. These results are in contrast to those found by Yeom and
Go [13], who stated that the FFA content of a WCO decreased from 4.2% to 1.5% in 1 h when the
glycerolysis of this WCO was performed at 160 ◦C for 1 h over 0.1% SnCl2·2H2O relative to WCO.

 

 

Figure 4. HPSEC chromatograms of the waste cooking oil before (a) and after (b) glycerolysis.

4. Conclusions

The results presented in this work show that glycerolysis might be used as a first stage to reduce the
FFA content in high-acidic and low-cost feedstocks for biodiesel production. The results illustrated that
an excess of glycerol over the stoichiometric is required to increase the FFA conversion, with 20% being
the most suitable glycerol excess. In the esterification of a commercial fatty acid (linoleic acid) with 20%
glycerol excess at 160 ◦C, it was found that 90% of the maximum FFA conversion was reached within
60 min of glycerolysis. The performance of the biochar obtained from heavy metal-contaminated roots
of the plant Jatropha curcas L. was lower than that of the commercial catalyst tin (II) chloride dihydrate.
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Thus, the FFA conversion yield was 49.3% for the biocatalyst, whereas that for SnCl2·2H2O was 61.1%.
In the set of experiments with mixtures of oleic acid (99.9% FFA) and a lampante olive oil (1.3% FFA),
a competition was observed between glycerolysis (formation of mono-, di- and triglycerides) and
hydrolysis (release of FFA from mono-, di-, and triglycerides). As a result, the main reaction product
was diglycerides. Due to this competition, glycerolysis is not suitable for oils with relative low acidity.
In this sense, the esterification of a waste cooking oil (9.94% FFA) under the most suitable conditions in
this study was unsuccessful.
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Abstract: Strong alkaline-catalyst transesterification with short-chain alcohol is generally used for
biodiesel production due to its dominant advantages of shorter reaction time and higher conversion
rate over other reactions. The existence of excess water content in the feedstock oil might retard the
transesterification rate and in turn deteriorate the fuel characteristics of the fatty acid methyl esters.
Hence, optimum water content in the raw oil, aimed towards both lower production cost and superior
fuel properties, becomes significant for biodiesel research and industrial practices. Previous studies
only concerned the influences of water contents on the yield or conversion rate of fatty acid methyl
esters through transesterification of triglycerides. The effects of added water in the reactant mixture
on burning characteristics of fatty acid methyl esters are thus first investigated in this study. Raw palm
oil was added with preset water content before being transesterified. The experimental results show
that the biodiesel produced from the raw palm oil containing a 0.05 wt.% added water content had
the highest content of saturated fatty acids and total fatty acid methyl esters (FAME), while that
containing 0.11 wt.% water content had the lowest content of total FAME and fatty acids of longer
carbon chains than C16 among the biodiesel products. Regarding burning characteristics, palm-oil
biodiesel made from raw oil with a 0.05 wt.% added water content among those biodiesels was found
to have the highest distillation temperatures, flash point, and ignition point, which implies higher
safety extents during handling and storage of the fuel. The added water content 0.05 wt.% in raw
oil was considered the optimum to produce palm-oil biodiesel with superior fuel structure of fatty
acids and burning characteristics. Higher or lower water content than 0.05 wt.% would cause slower
nucleophilic substitution reaction and thus a lower conversion rate from raw oil and deteriorated
burning characteristics in turn.

Keywords: burning characteristics; fatty acid methyl ester; added water content; fuel structure;
distillation temperature

1. Introduction

Biodiesel is composed of mono-alkyl esters of long-chain fatty acids primarily produced through
transesterification of vegetable oils, animal fats or microalgae lipids with short chain alcohols by virtue
of nucleophilic substitution. Biodiesel has been considered a superior alternative fuel to petro-diesel
due to its dominant advantages including superior biodegradability, being free of SOx emissions and
acid rain, having enhanced combustion due to its higher oxygen content, exhibiting excellent lubricity,
containing no carcinogenic PAHs (polycyclic aromatic hydrocarbons), etc. [1,2]. The application of
biodiesel fuel could alleviate the emission of greenhouse gas CO2 owing to the lower carbon content
of biodiesel by about 10 wt.% compared to petro-diesel. However, in comparison with diesel fuel,
biodiesel has a higher kinematic viscosity and inferior low-temperature fluidity. Heating or adding
adequate antifreeze would improve these characteristics of biodiesel [3].
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International fuel specifications for biodiesel, such as ASTM D6751 and EN 14214, have been
drafted to regulate fuel properties in order to protect users’ equipment. Water content is a significant
fuel characteristic of biodiesel. Higher water content in biodiesel will accelerate the corrosion rate
of metallic engine parts [4]. Partial emulsion may be formed from accumulation of water content
with liquid fuel to block the fuel feeding system [5]. During the production process of biodiesel,
the water content has a dominant influence on the conversion rate of feedstock and the appearance of
the saponification phenomenon.

Bitonto and Pastore [6] found that water content, acid value, and free fatty acids (FFA) of feedstock
oils should be lower than 0.06 wt.%, 1 mg KOH/g, and 0.5 wt.%, respectively, to prevent negative
effects on the biodiesel product. Hakimi et al. [7] even suggested all reactants should be substantially
anhydrous during alkali-catalyzed transesterification. Yasar [8] studied the effect of water content of
the feedstock on the ester content of biodiesel. Chen et al. [9] further indicated that the upper limit of
water content in raw oil is 0.05 wt.%, for which the conversion rate of transesterification could reach
above 90%. The conversion rate is only 5.6% if the added water in feedstock oil is 5 wt.%. Shi et al. [10],
after investigating the effects of water content in rapeseed oil on transesterification, found that the
addition of 2.5 wt.% to the feedstock oil achieved the highest conversion rate of transesterification.
They considered that the addition of an adequate amount of water enhances the hydrolysis of fatty
acids. However, the free fatty acids formed from such a hydrolysis process facilitate a transesterification
reaction towards biodiesel production [11].

The effects of added water contents on the types of reaction and the yields of methyl esters
in transesterification of triglycerides have been widely studied. They inferred that water presence
in biodiesel might cause ester hydrolysis, leading to hydrolytic and oxidative degradation and rapid
growth of microorganisms. In addition, the engine performance and emission characteristics of
emulsion of water-in-biodiesel were investigated previously. Zhang et al. [12] studied the effects of
water addition in biodiesel emulsion on spray, combustion, and emission characteristics of a diesel
engine. They found water in the emulsion might enhance micro-explosion, resulting in improving
fuel-air mixing and reduction of NOx and CO emissions. Rao and Anad [13] prepared biodiesel
emulsion added with 5 to 10 wt.% water and observed lower brake thermal efficiency and higher
NO emission for the emulsion than those for neat diesel. The effects of water addition in the
corn-oil biodiesel on engine performance were studied by Sudalaimuthu et al. [14]. Zakaria et al. [15]
experimentally found that the water contents in palm-oil biodiesels increased with the increase of
storage temperatures and storage time, leading to degradation of fuel properties. Lawen et al. [16]
observed that occurrence of intensive microbial activity in biodiesel might cause the increase of its
water content. Delfino et al. [17] developed an alternative method of electrochemical impedance
spectroscopy to determine water content in biodiesel. Although the fuel properties might be influenced
by added water contents of feedstock oil, the water effects on burning characteristics of fatty acid
methyl esters have not been investigated as yet in the literature [18–21]. The optimum water content
for achieving superior burning characteristics of biodiesel have not been studied either. Therefore,
the effects of the added water content in palm oil feedstock on the burning characteristics of a biodiesel
product including the profile of fatty acid compounds, heating value, flash point, etc., were first
experimentally investigated in this study. The results of this study could provide valuable references
to possible audience for adopting adequate process of water removing from or adding into feedstock
oils during transesterification reaction.

2. Experimental Details

2.1. Preparation of Biodiesel from Palm Oil with Various Water Contents Added

Palm oil, with water contents ranging from 0.02 wt.% to 0.12 wt.%, was added and stirred by
a mechanical homogenizer (Model Ultra-Turrax T50, IKA Inc., Staufen, Germany). The properties
of the palm oil that were provided by the vender (Formosa Oilseed Processing Ltd. in Taichung
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City, Taiwan) are shown in Table 1. The palm oil and water mixtures were then preheated to 60 ◦C.
Methanol was mixed with the alkaline catalyst NaOH using a mechanical homogenizer. The molar
ratio of methanol to palm oil was set at 6. The alkaline catalyst NaOH was weighted to be 1 wt.% of the
palm oil. The premixed methanol and catalyst NaOH solution was slowly added into the preheated
palm oil and water mixture and stirred using a mechanical homogenizer at a speed of 6000 rpm to
undergo transesterification for 30 min. After the completion of the transesterification reaction, adequate
amounts of glacial acetic acid were added to the product mixture to neutralize the pH value, and this
was stirred for 1 min. The product settled and separated to create an upper biodiesel layer and a lower
glycerol layer. The biodiesel, after being removed from the glycerol layer, was heated to 70 ◦C for 30 min
to vaporize any volatile impurity, such as methanol, away from the biodiesel product. The biodiesel
was then water-washed with 10 wt.% de-ionized water and settled for 15 min to remove the lower-layer
liquid. The biodiesel was then distilled at 110 ◦C for 30 min to separate from the residual water and
methanol to complete the production process.

Table 1. Properties of palm oil feedstock.

Item Property

Water content (wt.%) 0.029
Acid value (mg KOH/g) 0.16
Peroxide value (meq/kg) 0.53

Lovibond Tintometer R1.5 Y15
Melting point (◦C) 23.01

Specific gravity 0.907
Cold filter plugging Point (◦C) 16

2.2. Analysis of Burning Characteristics of Fatty Acid Methyl Esters from Palm Oil with Various
Water Contents

The burning characteristics of biodiesel produced through a transesterification reaction from
palm oil with various added water contents were analyzed. An optical microscope (Model BX-60,
Olympus Inc., Tokyo, Japan) along with a charged-couple device, Image-Pro Plus version 4.1 analysis
software (Media Cybernetics Inc., Rockville, MD, USA), and an image analyzer (Model TK-C1380,
JVC Inc., Yokohama, Japan) were utilized to observe the added water droplets within the palm oil
layer. The weight proportions of the fatty acids of biodiesel produced from palm oil with various
water contents added were analyzed by a gas chromatograph (GC) analyzer (Model GC14A, Shimadzu
Inc., Kyoto, Japan) accompanied with a Flame Ionization Detector (FID) and a chromatograph data
management system (Avantech Inc., Taipei, Taiwan). The fused silica capillary column (Model Zebron
ZB-5HT Inferon Column, Phenomenex Inc., Torrance, CA, USA) used in the GC analyzer was 30 min
length, 0.32 mm in inside diameter, and 0.25 μm in film thickness. Adequate type of capillary column
is significant to identify fatty acid compounds. The compound of heptadecanoic acid methyl ester of
99% purity was used as the internal standard to mix with the biodiesel sample. The temperature of the
injector and FID was set at 250 ◦C. Nitrogen gas at 20~100 mL/min flow rate was used as the carrier
gas. The retention times and elution order were used to chromatographically resolved into the types of
methyl esters appeared in the biodiesel samples. The weight fraction of the corresponding fatty ester i
(Ci) could be determined by the following formula:

Ci =
Ai

AEI

[CEI ×VEI

m

]
(1)

where Ai is the peak area of the corresponding fatty acid, AEI is the peak area of heptadecanoic acid
methyl ester, CEI and VEI are the concentration and volume of the internal standard, and m is the mass
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of the sample. The weight fraction of total fatty acid methyl esters can be calculated based on the
following formula:

C =
(
∑

A) −AEI

AEI
× CEI ×VEI

m
× 100% (2)

where ΣA is the integrated peak areas of the fatty acid methyl esters identified in the biodiesel
sample [22]. The weight percentage of longer carbon-chain fatty acids than C16 was calculated by
summing up the weight percentages of those fatty acids longer than C16.

The heating value, in units of cal/g or MJ/kg, is defined as the amount of heat released after
the complete burning of a tested fuel. An oxygen bomb calorimeter (Model 1261 automatically
adiabatic, Parr Inc., Demopolis, AL, USA) was used to analyze the heating value of the biodiesel sample.
The specific gravity (sg) of the fuel sample at 15 ◦C was measured with a hydrometer (Model 0709,
Ho Yu Inc., Taoyuan City, Taiwan) placed in a graduated cylinder. The flash point and ignition point,
which are two important safety indicators during fuel storage and transportation, were measured
with a Pensky-Marten closed-cup flash point tester based on the ISO 3679:2015 standard method [23].
When a fuel sample is heated at some temperature to accumulate its vaporized gas concentration,
a flame holder is swept over the gas environment to cause an instantaneous spark and then be
distinguished. Such a temperature is termed a flash point. If the tested fuel sample is heated at some
temperature to accumulate vaporizing fuel gas, the burning of the fuel sample could occur and last
continuously for at least 5 sec; the ignition point was recorded for that temperature.

The distillation temperatures of the tested samples were analyzed by a distillation temperature
analyzer (Model HAD-620, Petroleum Analyzer Inc., Houston, TX, USA). An ASTM D86 curve of
liquid fuel for comparison can be plotted using the data for the distillation temperatures corresponding
to various volumetric percentages of distilled and condensed fuel. The distillation temperature at
50 vol.% liquid fuel distilled, condensed, and collected is denoted as T50. The specific gravity (sg)
together with the T50 of the sample fuel can be used to calculate the cetane index (CI) of the liquid
fuel [24], which indicates the time delay of compression-ignition of the sample fuel:

CI = −420.34 + 0.016 API2 + 0.192 (log T50) + 65.01 (log T50)2 − 0.0001809 T50 (3)

where
API = 141.5/sg − 131.5 (4)

3. Results and Discussion

The effects of the added water content in palm oil on the burning characteristics of fatty acid
methyl esters were experimentally investigated in this study. The mean values of the experimental
data were recorded after at least three repetitions. The experimental uncertainties of the results were
estimated based on the method by Holman [25]. The experimental uncertainties of the flash point,
specific gravity, ignition point, distillation temperature, and the heating value were ±1.27%, ±3.16%,
±2.93%, ±3.52%, and ±1.83%, respectively. The experimental results were described and discussed
in the following.

3.1. Micrograph of Water in Palm Oil and Fatty Acid Methyl Esters (FAME)

Palm oil with various water contents added, ranging from 0.02 wt.% to 0.12 wt.%, was used as
the raw oil to undergo a methanol assisted transesterification reaction with strong alkaline catalyst
NaOH. A micrograph of the added water droplets of 0.05 wt.% distributed within the palm oil layer
captured by an optical electron microscope in conjunction with a charged-couple device is shown
in Figure 1. A rather even distribution of micrometer-sized water droplets within the palm oil layer at
50×magnification was observed. The mean diameter of the water droplets was 0.229 μm. Mechanical
stirring using a homogenizer was employed to mix the added water of 0.05 wt.% with the palm oil
without adding any surfactant before observing and capturing the results using optical microscope
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equipment. Micro-explosion might occur after the μm-sized water droplets absorbed sufficient
surrounding heat to explode outwards through enveloping oil layer [26], leading to much increase of
contacting surface among the reactants and in turn a larger extent of chemical reaction. In addition,
the even distribution of μm-sized water droplets in palm oil might increase the homogeneous mixing
extent with hydrophilic methanol, leading to enhancement of alkali-catalyzed reaction and formation
of fatty acid methyl esters.

 

Figure 1. Photograph of physical structure of water droplets distributed within palm oil layer when
0.05 wt.% water was added.

Fatty acid methyl esters (FAME) were produced from the transesterification of triglyceride-rich
vegetable oil or animal fats with short-chain alcohol particularly methanol. The FAME content is
available to determine the extent of transesterification. Higher FAME amount indicates higher purity
of the biodiesel product [27]. On the contrary, inferior fuel properties exist for a biodiesel with lower
FAME content. The Gas chromatograph (GC) method was used to analyze the fatty acid compositions
of the biodiesel produced from palm oil with seven different water contents added. The results of
the fatty acid compositions, analyzed by GC equipment, are shown in Table 2. Biodiesel is excellent
alternative fuel to petro-diesel due to their similar carbon-chain structure and fuel characteristics.
The fatty acid compositions of biodiesel made from vegetable oil or animal fat are mostly in the similar
range between C14 and C18 as those carbon-chains of petro-diesel. This can be justified that the total
contents of FAME in the range between C14 and C18 for those seven biodiesel samples are only from
81.1 wt.% to 82.1 wt.%. In addition, the FAME contents of carbon chains longer than C16 of those seven
biodiesel samples are at least 80.9 wt.% in Table 2. The FAME produced from palm oil added with
0.05 wt.% water content was observed to have the highest saturated fatty acids, which amounted to
46.3 wt.%. Carbon chains of fatty acids ranging from C14 to C24 are frequently identified in biodiesel
samples made from various feedstocks. The fatty acid compositions in Table 2 are similar to those of
biodiesel structures in previous studies [28,29]. Hence, the biodiesels in this study were successfully
produced. The total contents of the palmitic acid (C16:0), stearic acid (C18:0), and oleic acid (C18:1)
of those biodiesels accounted for more than 70 wt.% in Table 2, which agrees well with the results of
Pinzi et al. [30].

Table 2. Comparison of fatty acid compositions of the biodiesel produced from palm oil added with
various water content through transesterification.

Types of Fatty Acids
Added Water Contents (wt.%)

0.02 0.03 0.05 0.07 0.09 0.11 0.12

C14:0 0.8 0.6 0.8 0.6 0.6 0.6 0.8
C16:0 33.3 31.1 34.2 27.6 27.3 28.3 34.1
C18:0

43.4
14.1 11.2 14.6 15.5

48.9 43.2C18:1 32.4 31.7 35.4 34.4
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Table 2. Cont.

Types of Fatty Acids
Added Water Contents (wt.%)

0.02 0.03 0.05 0.07 0.09 0.11 0.12

C18:2 3.6
3.9 3.8

3.4 3.4
3.3 3.2C18:3 0.4 0.1 0.1

C24:0 0.1 0.1 0.1 0.1 0.1 0.1 0.1
C24:1 0.3 0.3 0.2 0.3 0.3 0.3 0.3

Saturated fatty acids - 45.9 46.3 42.9 43.5 - -
Longer carbon-chain
fatty acids than C16 81.1 81.9 81.2 81.5 81.1 80.9 80.9

Total FAME 93.5 95 97.3 95.3 94.1 93.3 93.7

The variations in the total fatty acid compositions with water contents added to the palm oil are
shown in Figure 2. The highest content of fatty acid methyl esters, which amounted to 97.3 wt.%,
was produced from palm oil with 0.05 wt.% water added. This is probably owing to the enhancement
of the dissociation of OH- radicals from the water to conjugate with the long carbon-chain fatty acids.
Although Wu et al. [31] suggested that a water content that is as low as possible in raw oil is required to
result in a more complete transesterification reaction, insufficient or excessive amounts of OH- radicals
dissociated from the water might be ineffective to move forward the transesterification reaction. Hence,
adequate water content would facilitate the conversion reaction, and this postulate agrees well with
Nguyen et al. [32]. Less or larger than 0.05 wt.% water added to the palm oil caused less extent of
transesterification and thus lower production of total fatty acid methyl esters (FAME) in Figure 2.
Hence, the lower FAME formation appeared when the biodiesel produced from palm oil added with
0.02 wt.% or 0.11 wt.% water contents. Sun et al. [33] found that water content was negative to algae
dissolution and [Bmim] [HSO4] catalyzed in-situ transesterification. The biodiesel production from
wet algae was thus reduced. Arumugam and Ponnusami [34] observed that the highest conversion
rate of triglycerides (92.5%) was produced from waste sardine oil at a water content of 10 vol.% for
transesterification reaction catalyzed by enzymes. Excess water in reactants favors hydrolysis and thus
decreases biodiesel production.

Figure 2. Effects of added water content in palm oil on the fatty acid methyl esters.

Table 2 reveals the analytic results of fatty acid methyl esters from the biodiesel produced from
palm oil with various water contents added. The biodiesel produced from palm oil with 0.05 wt.%
water added was primarily composed of palmitic acid (C16:0), oleic acid (C18:1), and stearic acid
(C18:0), which accounted for 34.2 wt.%, 31.7 wt.%, and 11.2 wt.%, respectively. This implies that
the biodiesel is relatively oxidatively stable, and thus, fuel properties are not prone to deterioration.
In contrast, the biodiesels produced from palm oil added with 0.02 wt.% and 0.12 wt.% water were
shown to have much less formation of total fatty acid methyl esters. The content of fatty acids from C16
to C18 amounted to 80.7 wt.% and 80.5 wt.% for the biodiesel made from palm oil added with 0.02 wt.%
and 0.12 wt.% water, respectively. This implied that although the biodiesel made from palm oil added
with water contents from 0.02 wt.% to 0.12 wt.% resulted in various extents of transesterification and
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different amounts of fatty acid methyl esters, all the biodiesel produced were composed of almost
carbon-chained compounds from C16 to C18. Hence, the biodiesel products are adequate alternative
fuel to petro-diesel due to similar carbon-chain chemical structure. Moreover, palm oil is a competitive
and abundant feedstock oil source for biodiesel production.

Free fatty acids might be produced through the hydrolysis of fatty acids with water [35].
Excessive water content in reactant mixture of esterification reaction might cause frequent attack of
lipids by water. Fatty acids of longer carbon chain lengths would be hydrolyzed, resulting in the
formation of free fatty acids and shorter carbon-chain fatty acids [36]. The chemical composition of
the biofuel is changed accordingly, resulting in worsened fuel properties. The significant phenomena
arising are the occurrence of odor, viscosity increase, and color change, which is the so-called rancidity
of the lipid [37].

3.2. Heating Value

The heating value is defined as the amount of heat released from the complete burning of fuel.
Fuel with a higher heating value requires only lower fuel consumption to attain the same power output.
The heating value of biodiesel is lower than petro-diesel by around 10% [38]. The heating values of
biodiesels made from palm oil were in the range of 39.5 MJ/kg to 40.9 MJ/kg and were shown to increase
with the increase in added water content to the palm oil, as seen in Figure 3. Biodiesel produced from
palm oil with 0.12 wt.% water added was found to have the highest heating value, while that with
0.02 wt.% water added had the lowest heating value among those biodiesels, as shown in Figure 3.
Shi et al. [10] found that water content that was too low might cause a low extent of hydrolysis of lipid
towards reformation of fatty acid methyl esters during transesterification, resulting in a low conversion
rate from raw oil and thus, a reduced heating value. In contrast, high water content might render
continuous hydrolysis of lipid to form H+ and OH− radicals and in turn biodiesel, as observed by He
et al. [39]. Caetano et al. [40] inferred that water presence might lead to the enhancement of catalytic
activity of lipase because the alcohol removed the hydration layer of the enzyme. Adequate water
existence thus facilitates both transesterification and hydrolysis. Therefore, higher water content in the
raw palm oil appeared to have a higher heating value in the biodiesel product.

Figure 3. Effects of added water content in palm oil on the heating value of the biodiesel product.

Elsanusi et al. [41] investigated the effects of water concentrations in biodiesel emulsions on fuel
characteristics and engine performance. They found that the brake thermal efficiency (BTE) increased
with the increase of water content in the biodiesel emulsions. This implies that a larger amount of heat
was released from burning the biodiesel emulsion with larger water content to result in higher BTE.

3.3. Specific Gravity

Specific gravity is defined as the ratio of density of some liquid to that of water at 4 ◦C. The specific
gravity of biodiesel is in the range of 0.86 to 0.9 based on the EN 14,214 standard. The highest and
lowest specific gravities were observed for the biodiesel made from palm oil with 0.09 and 0.02 wt.%
water added, as shown in Figure 4. The curve trend of specific gravity shown in Figure 4 almost
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totally agrees with that of the fatty acid methyl esters of the biodiesel product shown in Figure 2.
Hence, a lower specific gravity corresponds to a lower total FAME content of the biodiesel. In addition,
the type of fatty acid compositions influences the specific gravity of the biodiesel. For example, a larger
content of longer carbon-chain fatty acids appeared to create a larger specific gravity of the biodiesel,
as found by Hajilar and Shafei [42].

Figure 4. Effects of added water content in palm oil on the specific gravity of the biodiesel product.

Ramírez-Verduzco et al. [43] presented characterization of two biodiesel samples through their
FAME profiles and derived empirical equations to correlate biodiesel properties with their fatty acid
structures. They found that the specific gravity of biodiesel increased as molecular weight decreased
and degree of unsaturation increased. The larger specific gravity of the biodiesel made from palm oil
added with 0.09 wt.% might thus be ascribed to its larger content of unsaturated fatty acids, as shown
in Table 2. Refaat [44] and Folayan et al. [45] also confirmed that specific gravity of biodiesel increases
with the increase of unsaturated fatty acids and the decrease of chain length.

3.4. Flash Point and Ignition Point

The flash point is one major safety indicator during storage and transportation of liquid fuel.
The temperature at which liquid fuel is heated to form and accumulate fuel vapor to a certain
concentration, where an instantaneous spark is flashed after a flame crosses over the fuel vapor,
is defined as the flash point. The temperature at which the fuel vapor is formed to cause the spark and
further continuous burning is denoted as the ignition point of liquid fuel. The flash points of biodiesel
were found to range from 160 to 176 ◦C and peaked corresponding to the 0.05 wt.% water content
added to the palm oil, as shown in Figure 5. The curve trend of the flash point shown in Figure 5
conformed to that of FAME profile in Figure 2. The highest FAME content in biodiesel rendered the
highest flash point when 0.05 wt.% water was added to raw palm oil. The peak flash point could also
be observed from Table 2, where the total carbon-chain fatty acids for the biodiesel produced from
palm oil with 0.05 wt.% water content added reached the highest 97.3 wt.% among all the cases of
added water contents. Marlina et al. [46] also found that biodiesel composed of a greater content of
longer carbon-chain fatty acids tended to have a higher flash point. Too high or low added water to
raw oil caused a slower nucleophilic substitution reaction, as proposed by Paula et al. [47]. A lower
conversion rate thus occurred, resulting in a lower FAME and in turn a lower flash point in those cases.
The flash point was decreased with the increase of the content of unsaturated fatty acid methyl esters
in Figure 5—a result that agreed with that of Ayoola [48]. Su et al. [49] proposed a correlation equation
of flash point with chain length and unsaturation of biodiesel. Rao et al. [50] also derived a correlation
equation to relate flash point of biodiesel linearly with its specific gravity. Hence, similar curve trends
between those of specific gravity and flash point could be observed in Figures 4 and 5. Flash point was
also observed to influence higher heating values of biodiesel [51].
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Figure 5. Effects of added water content in palm oil on the flash point of the biodiesel product.

The highest ignition point of biodiesel was found to be made from palm oil with 0.05 wt.%
water content added, as shown in Figure 6. This can probably be ascribed to the highest FAME
formation among the biodiesels from palm oil with various water contents added, shown in Figure 2.
In comparison with Figure 2, the curve trend of the ignition points of the biodiesel with respect to the
added water content in Figure 6 was observed to agree with that of FAME contents in the biodiesel
products. This implies that higher FAME content in the biodiesel product increased the ignition point.
In addition, the higher specific gravity of the biodiesel was shown to have a higher ignition point in
comparison to Figures 4 and 6; this inference agrees well with the findings of Kumar and Bansal [52]
and Rao et al. [50]. The increase of ignition point might also be ascribed to the increase of saturated
fatty acid methyl esters, as observed by Ayoola [48]. Bukkarapu et al. [53] found that the increase of
kinematic viscosity caused the increase of ignition point of the biodiesel.

Figure 6. Effects of added water content in palm oil on the ignition point of the biodiesel product.

3.5. Distillation Temperature and Cetane Index

Distillation temperature is one of the significant indicators of volatility and combustion
characteristics of liquid fuel. The tendency of forming smoke and soot can be indicated by distillation
temperature as well. In contrast to the distillation temperatures of petro-diesel, biodiesel has much
narrower range of boiling points due to mostly alkyl esters in biodiesel [54]. A distillation temperature
curve based on ASTM D86 is prepared to reveal the range of boiling points of various compounds
in liquid fuel. The curve of the distillation temperatures can be used to determine the distribution
from light to heavy compounds. The temperature at which a liquid drop is vaporized, condensed,
and collected is referred to as TIBP. Similarly, T50 is the temperature for a 50 vol.% liquid fuel, and TEP

is the highest temperature corresponding to the final liquid drop that is vaporized, condensed,
and collected.

The ASTM D86 distillation temperature curve for biodiesel made from palm oil with various
water contents added, ranging from 0.03 wt.% to 0.12 wt.%, is shown in Figure 7. Biodiesel made from
palm oil with 0.05 wt.% water added was found to have the highest distillation temperature, while that
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with 0.12 wt.% water added had the lowest distillation temperatures among those three biodiesels.
For example, the TEP of the biodiesel made from palm oil added with 0.05 wt.% and 0.12 wt.% water
contents were 354 and 342 ◦C, respectively. This is ascribed to the fact that the addition of 0.05 wt.%
water content caused the highest formation of fatty acid methyl esters (FAME), while that of 0.12 wt.%
water formed the lowest FAME, as shown in Figure 2. In addition, Yao et al. [55] considered that T90

is an indicator for the content of heavier compounds in liquid fuel. A higher T90 implies a larger
amount of heavier compounds and greater viscosity of a liquid fuel, which might result in deteriorated
atomization, slower vaporization, and in turn, incomplete burning. The biodiesel made from palm
oil with 0.05 wt.% water added was shown to have the highest T90, which thus implies production
of a higher extent of pollutants from burning such biodiesel. Distillation temperature influences the
combustion and emission characteristics of biodiesel. Lower distillation temperature results in higher
volatility and enhances homogeneity of reactant mixture [56].

Figure 7. Effects of added water content in palm oil on the distillation temperature curve of the
biodiesel product.

The cetane number (CN) is used to indicate the compression-ignition quality of liquid fuel
in a diesel engine. Fuel bearing a higher cetane number would shorten the period of ignition delay
in a diesel engine and thus reduce the burning time and residence period of the peak flame within the
engine cylinder, resulting in a lower occurrence of engine knocking and NOx formation. The cetane
index, which is an alternative to the cetane number, is obtained by calculations using the data from
T50 and API gravity based on Equation (3). The lowest cetane index is found for biodiesel made from
palm oil with 0.09 wt.% water added, shown in Figure 8. This is probably due to its larger T50 and
the specific gravity of the biodiesel, as shown in Figure 4. A higher cetane index existed when water
content that was either lower or higher than 0.09 wt.% was added to palm oil for manufacturing the
biodiesel. Cetane number of biodiesel was determined by its fatty acid composition, number of double
bonds, degree of unsaturation, chain length, and molecular weight [57]. A few correlation equations
which relate cetane number with those physicochemical properties of biodiesel have been proposed
for CN prediction [58,59]. In addition, Mishra et al. [60] and Moser [61] found that the cetane number
of the biodiesel increased with the increased amount of long carbon-chain fatty acids or saturated fatty
acids. It was found that the increase of number of double bonds leads to the decrease of cetane number
of biodiesel [62]. Higher or lower water content than 0.09 wt.% might cause an increase in saturated
fatty acids and heating value in turn. Hence, those two curve trends between the cetane index and
heating value agree well with each other in comparison with Figures 3 and 8.
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Figure 8. Effects of added water content in palm oil on the cetane index of the biodiesel product.

4. Conclusions

Various water contents were added to palm oil to undergo strong alkaline-catalyst
transesterification for biodiesel production. The burning characteristics of those fatty acid methyl esters,
such as flash point and heating value, were analyzed. Major experimental results are summarized below.

A rather even distribution of water droplets with the mean diameter of 0.229 μm within the
palm oil layer was produced when 0.05 wt.% water was added to the raw palm oil and stirred
using a mechanical stirrer. The fatty acid methyl esters produced from the palm oil with the water
added ranging from 0.02 wt.% to 0.12 wt.% were composed of over 70 wt.% of palmitic acid (C16:0),
stearic acid (C18:0), and oleic acid (C18:1). The biodiesel produced from palm oil with 0.05 wt.% water
added through strong alkaline-catalyst transesterification were found to form the highest total fatty
acid methyl esters (FAME) and saturated fatty acids, which amounted to 97.3 wt.% and 46.3 wt.%,
respectively among those seven biodiesel samples. Moreover, the fatty acid methyl esters produced
from palm oil with 0.05 wt.% water added appeared to have the highest flash point, ignition point,
and distillation temperature and thus, the highest safety level during storage and transportation of
the biodiesel. The total carbon-chain fatty acids longer than C16 reached as high as 81.2 wt.% in such
biodiesel. The raw palm oil with 0.05 wt.% water content was found to produce a biodiesel with
superior fatty acid composition and fuel characteristics.

In contrast, the biodiesel produced from palm oil with 0.02 wt.% water added was found to have
the lowest heating value and specific gravity. The lowest distillation temperature and formation of
fatty acid methyl esters were found to be in the biodiesel made from palm oil with 0.12 wt.% water
added. In addition, biodiesel made from palm oil with 0.09 wt.% water added was observed to have
the highest specific gravity along with the lowest cetane index. Hence, added water content higher or
lower than 0.05 wt.%, such as 0.02 wt.% and 0.12 wt.%, caused poorer fatty acids compositions and
deteriorated fuel properties.
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Abstract: Anaerobic digestion is a promising alternative to valorize agrifood wastes, which is gaining
interest under an environmental sustainability overview. The present research aimed to compare
anaerobic digestion with olive pomace oil extraction, by using life cycle assessment, as alternatives for
the valorization of the olive mill solid waste generated in the centrifugation process with a two-outlet
decanter from oil mills. In the case of olive pomace oil extraction, two cases were defined depending
on the type of fuel used for drying the wet pomace before the extraction: natural gas or a fraction
of the generated extracted pomace. The anaerobic digestion alternative consisted of the production
of biogas from the olive mill solid waste, heat and electricity cogeneration by the combustion of
the generated biogas, and composting of the anaerobic digestate. The life cycle assessment showed
that anaerobic digestion was the best alternative, with a global environmental impact reduction of
88.1 and 85.9% respect to crude olive pomace oil extraction using natural gas and extracted pomace,
respectively, as fuel.

Keywords: biogas; environmental impact; life cycle assessment; olive pomace; sustainability

1. Introduction

The olive oil industry represents one of the fastest-growing industrial sectors worldwide, being
of great importance in the economy of countries, such as Spain, Greece, and Italy, and becoming an
important industry in countries, such as Chile, South Africa, or Argentina. The volume of processed
olives in the main olive oil producer countries, such as Spain, leads to the generation of circa 4–5 million
metric tons of annual waste. The olive mill solid waste is the main waste produced in olive mills that
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uses the two-outlet decanter, the most used system for olive oil extraction. Olive mill solid waste is a
semi-solid with a high degree of humidity and high organic load [1].

In general, the olive mill solid waste obtained from the two-outlet decanters is transported to the
pomace extraction plants to extract the crude pomace oil from them, mainly by extraction with organic
solvents (technical hexane) [2]. Before extraction, a drying phase is necessary to reduce the moisture
and volatile matter of the olive mill solid waste (between 65 and 75%) to less than 8%. This drying
phase involves the highest energy consumption of the whole process of pomace oil extraction, and it is
normally fed by natural gas or by the resulting extracted pomace from pomace oil extraction. Of note is
that this extracted pomace, once dried, is regarded as an excellent solid biofuel that is currently used in
industrial boilers and electric power generation industries [3], thus decreasing the demand for natural
gas. In Spain, this energy production at an industrial scale has been possible, thanks to government
incentives for the production of electricity from biomass. Notwithstanding, such incentives have been
drastically reduced for running plants and have been canceled for new plants. As a result, the economic
feasibility of the plants that use extracted pomace as the thermal source for the generation of electrical
energy has decreased. Other challenges that pomace oil producers are facing are the fluctuation of
olive mill solid waste generation and, mainly, the low commercial value of crude pomace oil [3].

In this context, anaerobic digestion (AD) has been shown to offer a possible solution for the
management of the olive mill solid waste [4,5]. AD of olive mill solid waste produces mainly two
streams, i.e., methane, as a source of bioenergy, and a stabilized digestate for use in agriculture as
fertilizer, avoiding the need to resort to a drying process.

This study aimed to compare the environmental impacts of the two alternatives considered for
olive pomace valorization, i.e., (a) AD of the olive mill solid waste, combustion of the generated biogas
for heat and electricity production, and dewatering of the digestate for subsequent composting, and (b)
extraction of crude pomace oil after drying with natural gas or extracted pomace.

2. Materials and Methods

In this study, a comparative attributional life cycle assessment (LCA) was carried out according to
the ISO 14040/44 standards [6,7]. The goal and scope, the inventory data, and the impact assessment
method used in this study are described in the following sections.

2.1. Goal and Scope of the Study

The main goal was to estimate and compare the life cycle environmental impacts of two alternatives
for olive mill solid waste valorization: AD and crude olive pomace oil extraction (OPOE).

The scope of the study was from ‘gate to gate’. Figure 1 shows all the foreground and background
processes included in the system boundaries for each alternative—AD and OPOE. For the sake of clarity,
foreground processes were framed with a dashed line box per each valorization alternative, including
(1) for AD: biogas generation in an AD reactor, combustion of the biogas in a cogeneration engine for
the production of heat and electricity, dewatering of the digestate in a decanter, and composting of
the solid phase from the decanter, and (2) for OPOE: drying of the olive mill solid waste, extraction
of the oil from the dried waste, and refining of the crude olive pomace oil. Hence, in the function
of the energy pricing policies, producers might prefer burning natural gas and selling the extracted
pomace from an economic point of view; two cases for OPOE were considered depending on the source
of energy employed for olive mill solid waste drying: natural gas (OPOE-A) and extracted pomace
(OPOE-B). The construction and decommissioning of the treatment plants were excluded under the
hypothesis that the lifespan of these infrastructures is long enough to assume that the impacts of these
stages per functional unit can be considered negligible.

The functional unit was defined as the valorization of 1 metric ton of olive pomace.
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1 Net heat production after subtracting the total heat consumed from the heat produced.  

2 Net electricity production after subtracting the total electricity consumed from the electricity produced. 
3 Only for case OPOE-A (olive pomace oil extraction, drying with natural gas). 

4 Only for case OPOE-B (olive pomace oil extraction, drying with extracted pomace). 

Figure 1. System boundaries.

2.2. Description of the Systems

As shown in Figure 1, the system under study consisted of two alternative pathways for olive
mill solid waste valorization. Each of the processes included in the foreground is described below.
The reasons for choosing each background process are justified in Section 2.3, concerning inventory
data. As a common practice, it was assumed that the olive husks were removed from the olive mill
solid waste in the olive mill. The main characteristics of the olive mill solid waste are summarized in
Table 1 [1].

Table 1. Olive mill solid waste characterization.

Total solids (g/L) 266 ± 4
Volatile solids (g/L) 250 ± 4

pH 4.97 ± 0.01
Alkalinity (mg CaCO3/L) 6559 ± 5

2.2.1. Anaerobic Digestion (AD)

The first stage of this alternative was the production of biogas via AD of the olive mill solid
waste stream in the anaerobic reactor. The AD conditions for olive mill solid waste were based on
experimental results obtained in previous research works [1,8]. Water was consumed for dilution
in AD as to reduce the total solids concentration until 9%wt before feeding the reactor [9]. The heat
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was necessary for keeping the temperature of the digester around 30 ◦C for mesophilic conditions,
and electricity was used for pumping and stirring.

The digestate was dewatered using a decanter. The solid phase was valorized by composting,
while the liquid phase was recirculated to the AD reactor to reduce the water consumption for diluting
the olive mill solid waste. During composting, moisture was reduced from 65% from the solid phase to
35% in the compost, and NH3, N2O, and CH4 were emitted to air. The compost was sold for its use as
organic fertilizer. Direct application of digestate to the soil was not considered since it is a practice that
is increasingly limited in the legislation, forcing the implementation of stabilization processes, such as
composting, before the reuse of the anaerobic digestate [10].

The generated biogas was combusted in a cogeneration engine in which heat and electricity were
simultaneously generated. Both heat and electricity were enough to cover the energy requirement of
the rest of the stages of the system—AD (heat and electricity) and decanter (electricity). The surplus
energy was sold and fed to the grid.

2.2.2. Olive Pomace Oil Extraction (OPOE)

Firstly, the olive mill solid waste was dried to reduce its humidity in a rotary dryer.
As aforementioned, two options were considered depending on the fuel selected to supply the
energy required for drying: natural gas (OPOE-A) or extracted pomace resulting from the crude
pomace oil extraction stage (OPOE-B). Flue gas was emitted due to fuel combustion. When extracted
pomace was used as fuel, ashes were generated and used in landfarming.

The dried olive mill solid waste, or olive pomace, was then subjected to the oil extraction phase.
The extraction with an organic solvent, namely, technical hexane, was chosen for this study as it is
widely used at industrial scale in the extraction plants. The extracted phase was distilled to remove the
solvent from the pomace oil. The recovered solvent was then recirculated to the extraction process.
The main intakes for this process were considered in the study: technical hexane, electricity, and diesel
for heat production [11]. The emission from diesel combustion and hexane losses were also included
within the boundary limits.

Due to its high acidity, the crude pomace oil must be refined. The most employed method for olive
pomace oil refining is the chemical refining, in which the crude pomace oil reacts with an alkali solution
to neutralize the free fatty acids [12]. Caustic soda was added, forming soap stock by reacting with
the fatty acids. A centrifuge was used for separating the oil/soap mixture and, subsequently, the oil
from the soap was clarified by filtration. The generated wastewater stream was sent to appropriate
treatment. Heat, electricity, water, and sodium hydroxide were considered in the study as needed
supplies. Soap stock is not considered as a by-product according to the results reported in [13].

2.3. Inventory Data

The life cycle inventory (LCI) data for both alternatives for olive mill solid waste valorization are
detailed in Table 2. All background data were sourced from Ecoinvent v3.3 [14]. The figures shown in
Table 2 were calculated based on the data and assumptions summarized below.
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Table 2. Inventory data referred to 1 metric ton of olive mill solid waste. na; not applied.

Category
Unit Per Metric

Ton of Olive
Mill Solid Waste

Anaerobic
Digestion

(AD)

Olive Pomace
Oil Extraction
(OPOE-A) 3

Olive Pomace
Oil Extraction

(OPOE-B) 4

Electricity kWh −215.06 1 2.42 2.42
Heat MJ −850.97 2 0.06 0.06

Diesel kg na 1.07 1.07
Natural gas m3 na 61.9 na

Compost kg 221.03 na na
Refined olive pomace oil kg na 22.17 22.17
Extracted olive pomace kg na 224.39 82.46

Water kg 157.75 3652 3652
Technical hexane kg na 0.03 0.03
NaOH solution kg na 0.11 0.11
Emissions to air

CO2 (fossil) kg na 143.07 3.37
CH4 kg 1.15 0.91 0.91
N2O kg 0.05 0.05 0.05
NH3 kg 0.25 na na

Technical hexane na 0.02 0.02
Olive mill solid waste transportation tkm na 100.00 100.00

Wastewater to treatment m3 na 3.10 3.10
Ashes to landfarming kg na na 3.78

1 Net electricity production after subtracting the total electricity consumed from the electricity produced. 2 Net heat
production after subtracting the total heat consumed from the heat produced. 3 Natural gas employed as fuel for
drying. 4 A fraction of the extracted olive pomace is employed as fuel for drying.

2.3.1. Anaerobic Digestion (AD)

Anaerobic digester. The ultimate methane production (Gmax) obtained from olive mill solid waste
in previous work by using biomethane potential tests was 216 cm3 CH4/g volatile solids (VS) [1].
The biomethane production was obtained then by applying a scale-up factor of 0.85 to this experimental
Gmax value (216 cm3 CH4/g VS) [9].

Decanter. The electricity consumed by the decanter for dewatering was 3.5 kW/h per metric ton of
digestate [15].

Composting. Emission to air during composting was calculated according to average reported
values [16].

Cogeneration engine and energy integration. The energy generation efficiency in a cogeneration
biogas engine was considered 33% for electricity and 55% for thermal energy (30% in hot water and
25% in exhausted gas) [17]. The 200 kJ of thermal energy per kg of waste fed to the AD was consumed
to keep the operating temperature of the reactor [18]. The electricity consumption in the AD section
reached 15% of the electricity generated by the co-generation biogas [19].

2.3.2. Olive Pomace Oil Extraction (OPOE)

Drying and extraction. Data from the literature [11] were adapted to consider both fuel options
for drying. Olive mill solid waste needed to be dried until 10%wt humidity. The energy requirement
for drying was 2176 MJ/t wet olive mill solid waste [20]. Lower heating value (LHV) of natural gas
and extracted oil pomace was 42.4 MJ/kg and 15.33 MJ/kg, respectively [20]. Emissions to air from
fuel combustion were calculated using emission factors from the Intergovernmental Panel on Climate
Change [21]. Background data from Ecoinvent was used for the use of the ashes in landfarming.

Refining. Inventory data from the Ecoinvent database for the chemical refining of crude vegetable
oil were adapted by using an average acidity of 10% for the crude olive pomace oil [12]. Background
inventory data for a specific treatment for wastewater from vegetable oil refinery were also included.
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2.3.3. Transport

Transport background from the Ecoinvent database was assumed for all materials except for the
olive mill solid waste. The AD facility was considered to be located in the same area as the olive
mill. In this sense, the transport of the olive mill solid waste to the AD reactor could be despised.
The distance from the olive mill to the extraction and refining plant was assumed to be 100 km.

2.3.4. System Expansion Approach

To compare both alternatives for the valorization of olive mill solid waste from the 2-outlet decanter,
for which the obtained products were different, system expansion was applied. Each alternative
was credited for avoiding the production of products that could be substituted by the different
valuable outcomes. The credits were equal to the impacts of the production, by current production
processes, of the substituted products. The data for these avoided production systems were sourced
from Ecoinvent. Table 3 summarizes the credits associated with substituted products for each
valorization alternative.

Table 3. Credits associated with avoided products for each valorization alternative.

Anaerobic digestion

Outcomes Credits for avoided products Equivalence ratio

Electricity Medium voltage-Spanish mix 1:1 (kwh)
Heat Industrial heat from natural gas 1:1 (MJ)

Compost Peat 1 1:1 (kg) 1

Olive pomace oil extraction

Outcomes Credits for avoided products Equivalence ratio

Refined olive pomace oil Refined vegetable oil 1:1 (kg)
Extracted olive pomace Natural gas 1:1 (MJ) 2

1 According to [16]. 2 LHV (lower heating value): natural gas = 42.4 MJ/kg; extracted olive pomace = 15.33 MJ/kg [20].

2.4. Impact Assessment

SimaPro v.8.3. software from Pré Consultants B.V. (Amersfoort, The Netherlands) was used to
model the life cycle. The latest available version of CML 2001 (Centrum voor Milieuwetenschappen,
January 2016 version) impact assessment method was used to calculate the environmental impacts [22].
The eleven impact categories included in the CML 2 method were assessed: abiotic depletion potential
of elements (ADe), abiotic depletion potential of fossil fuel resources (ADf), global warming potential
(GWP), ozone depletion potential (ODP), human toxicity potential (HTP), freshwater aquatic ecotoxicity
potential (FWEP), marine aquatic ecotoxicity potential (MWEP), terrestrial ecotoxicity potential (TEP),
photochemical oxidants creation potential (POP), acidification potential (AP), and eutrophication
potential (EP).

Despite ISO standards do not require normalization and weighting, they are frequently applied
in practice to identify important impact categories or to solve tradeoffs between results [23]. In this
study, normalization was included to obtain a single score per alternative by using the reference values
included in the CML 2001 method, as well as a default weighting factor of one.

3. Results

The environmental impacts of the alternatives considered for olive mill solid waste valorization
are shown in Figure 2. A thorough discussion determining the main contributors to each impact
category has been addressed in the following section for a better understanding of the environmental
differences between both alternatives. To illustrate the origin of the environmental impacts, Figure 3,
Figure 4, and Figure 5 for AD, OPOE-A, and OPOE-B, respectively, show the percentage contribution
of the different concepts included in the inventory to each impact category, distinguishing between
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positive and negative (credits) impacts. Additionally, Figure 6 shows the percentage of contributions
to the impacts for the refining of the crude pomace oil (OPOE-A and OPOE-B). In general terms,
it is worth noting that most of the credits for AD came from avoiding the external production of
electricity. This was in contrast to OPOE, in which the main contributors to the credits depended on
the impact category.

 

Figure 2. Life cycle environmental impacts of olive mill solid waste valorization via anaerobic digestion
and olive pomace oil extraction. AD: anaerobic digestion; OPOE-A: crude olive pomace oil extraction
with natural gas as fuel for olive pomace drying; OPOE-B: crude olive pomace oil extraction with
extracted pomace as fuel for olive pomace drying. The values shown on top of each bar represent the
total impact after the system credits have been applied. Some impacts have been scaled to fit. To obtain
the original values, multiply by the factor shown on the x-axis for the relevant impacts.

 
(a) 

Figure 3. Cont.
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(b) 

Figure 3. Percentage contribution to the impacts for anaerobic digestion scheme (AD): (a) positive
contribution; (b) credits.

 
(a) 

Figure 4. Cont.
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(b) 

Figure 4. Percentage contribution to the impacts for crude olive pomace oil extraction, burning natural
gas (OPOE-A): (a) positive contribution; (b) credits.

 
(a) 

Figure 5. Cont.
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(b) 

Figure 5. Percentage contribution to the impacts for crude olive pomace oil extraction, burning a
fraction of the extracted olive pomace (OPOE-B): (a) positive contribution; (b) credits.

 
Figure 6. Percentage contribution to the impacts of the crude pomace oil refining (OPOE-A and
OPOE-B).

Since AD of olive mill solid waste was still a process at the developing stage and due to the
relevance of the credits obtained for this alternative by avoiding electricity production, a sensitivity
analysis was performed, varying the amount of biogas generated per kg of treated olive mill solid
waste. Relative results obtained for AD, related to OPOE-A and OPOE-B environmental impacts and
expressed as percentage increment (+ values) or decrement (− values) are represented in Figure 7,
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including cases with a reduction on biogas production of 20, 35, and 50% respect to the experimental
value used as a reference.

 
(a) 

 
(b) 

Figure 7. Influence of the reduction of the biogas production from olive mill solid waste in the anaerobic
digestion (AD) on the environmental LCA (life cycle assessment) comparison with OPOE employing
natural gas (a) and a fraction of the extracted olive pomace (b) as fuel for drying.

Finally, Table 4 illustrates the normalized environmental results and the simple scores, these latter
ones by applying a weighting factor of 1.
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Table 4. Normalized environmental impacts and single scores per kg of olive mill solid waste,
where ADe, abiotic depletion potential of elements; ADf, abiotic depletion potential of fossil fuel
resources; GWP, global warming potential; ODP, ozone depletion potential; HTP, human toxicity
potential; FWEP, freshwater aquatic ecotoxicity potential; MWEP, marine aquatic ecotoxicity potential;
TEP, terrestrial ecotoxicity potential; POP, photochemical oxidants creation potential; AP, acidification
potential; and EP, eutrophication potential (EP).

Impact
Category

Anaerobic
Digestion

(AD)

Olive Pomace
Oil Extraction

(OMOE-A)

Olive Pomace
Oil Extraction

(OMOE-B)

ADe −1.40 × 10−13 −3.89 × 10−13 −3.89 × 10−13

ADf −7.86 × 10−11 −4.53 × 10−11 −4.53 × 10−11

GWP −2.76 × 10−11 1.13 × 10−11 −1.65 × 10−11

ODP −2.71 × 10−13 −4.19 × 10−14 −4.19 × 10−14

HTP −2.92 × 10−12 −1.33 × 10−12 −9.27 × 10−13

FWEP −2.79 × 10−11 −9.66 × 10−11 −9.43 × 10−11

MWEP −8.55 × 10−10 −1.31 × 10−10 −1.26 × 10−10

TEP −2.22 × 10−12 −2.36 × 10−10 −2.31 × 10−10

POP −2.71 × 10−12 −6.30 × 10−12 −6.30 × 10−12

AP −9.36 × 10−12 −1.50 × 10−11 −1.50 × 10−11

EP −1.17 × 10−11 −2.07 × 10−11 −1.21 × 10−11

Single score 1 −1.02 × 10−9 −5.41 × 10−10 −5.48 × 10−10

1 Weighting factor = 1.

4. Discussion

4.1. Global Warming

As expected, due to the CO2 of fossil origin emitted with the flue gas during the drying stage,
the valorization of olive mill solid waste via AD could involve a great reduction in GWP (345%) with
respect to the pomace oil extraction when natural gas is used as fuel (OPOE-A). This reduction was still
significant (67%) when a fraction of the extracted pomace was burned (OPOE-B). Without considering
the credits, AD and OPOE-B had similar GWP (23.5–25.5 kg CO2 eq /t). The difference in GWP was
mainly due to the greater credits obtained in AD (165 kg CO2 eq /t) with respect to OPOE-B (106 kg
CO2 eq /t). The main contributors to these credits were the electricity and the olive pomace oil for oil
extraction, respectively. The emissions during composting were the main contributors for AD, whereas
the transport of olive mill solid waste to the extraction plant was the main contributor for OPOE-B.
As expected, most of the GWP came from the combustion of natural gas for OPOE-A. Even though
credits in OPOE-A were higher than those obtained in OPOE-B (135 kg CO2 eq./t), this could not
compensate for the emissions from natural gas combustion. As aforementioned, the GWP of OPOE-A
was the only positive impact (57 kg CO2 eq /t) of all the categories under study.

Assuming a production volume of olive oil in Spain of 1,250,000 metric tons in one
regular-season [24] and a ratio of olive mill solid waste to an olive oil of 819:176 kg/kg [25], the application
of AD to olive mill solid waste could save the emission of 808 kt CO2 eq. In this sense, AD could be
considered environmentally friendlier, in terms of GWP, than OPOE with biomass combustion (saving
just 483 kt CO2 eq.) and OPOE when natural gas is burned (almost 330 kt CO2 eq. emission).

This meant that if the olive oil production process could release up to 2.5 kg CO2eq./dm3 olive
oil [26], the valorization of the olive mill solid waste by AD could compensate around 28% of the
greenhouse gas emissions from olive oil production, which was far higher than the 17% compensated
in the same scenario by applying the crude olive pomace oil extraction (OPOE-B).

4.2. Abiotic Depletion of Elements

Regarding the abiotic depletion of elements (ADe), the contribution of the processes to the impact
was negligible compared with the credits for all studied cases. The fuel used for drying did not affect
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the impact of the pomace olive oil extraction since almost 100% of the credits were coming from
avoiding the production of vegetable oil. Concretely, most of these credits were coming from avoiding
the manufacturing of pesticides used in vegetable crops for oil production. These credits made OPOE
the best option according to this impact category, being the impact value obtained for AD 64% higher
than for OPOE.

4.3. Abiotic Depletion of Fossil Resources and Ozone Layer Depletion

Concerning abiotic depletion of fossil resources (ADf), AD was the best option with a low
contribution to the process, limited to the water consumption, and the obtained credits due to the
avoiding of the production of electricity from fossil fuels. AD had a 74% lower ADf than OPOE.
Both cases for OPOE had the same value of ADf due to the energy equivalence applied between the
extracted pomace and the avoided natural gas. The amount of extracted pomace consumed in OPOE-B
was equivalent to the natural gas consumed in OPOE-A, reducing in the same quantity the credits
obtained in OPOE-B due to the sale of extracted pomace to be used as fuel. The results obtained for
ozone layer depletion (ODP) were similar to those achieved for ADf. In this case, the impact of AD
was 547% lower than for OPOE.

4.4. Human Toxicity

As aforementioned, AD was the best option for this category. Another remarkable result that
requires deeper analysis is that using extracted pomace as fuel was a worse alternative than using
natural gas in terms of HTP. Without counting the credits, OPOE-A had a higher impact than OPOE-B
due to the contribution of natural gas production. However, in this case, the reduction of the credits in
OPOE-B was not equivalent to the reduction in the impacts, as shown for ADf, due to the contribution
of the treatment in a landfill of the ash from the extracted pomace combustion.

4.5. Ecotoxicity

OPOE-A had the lowest burdens for freshwater ecotoxicity (FWEP) and terrestrial ecotoxicity
(TEP), followed by OPOE-B. The credits from avoiding the production of vegetable oil were responsible
for these results. Nevertheless, OPOE had the highest impact on marine water ecotoxicity (MWEP)
regardless of the fuel used for drying due to the higher credits assigned to AD from electricity production.

4.6. Photochemical Oxidation (POP) and Acidification (AP)

OPOE was the best alternative for photochemical oxidation and acidification. The value of the
impact did not depend on the fuel chosen for drying for the same reason explained in Section 4.3 for
ADf and ODP.

For POP, without credits, the process for OPOE had always a higher impact than the AD due
to the contribution of the production of natural gas (OPOE-A) or the treatment of the ashes from
the extracted pomace combustion (OPOE-B). Nevertheless, these impacts were mainly compensated
by the credits obtained from avoiding the use of pesticides in vegetable crops for oil production.
Conversely, concerning AP, AD had higher burdens than OPOE-B when credits were not considered.
The contribution of the emissions to air from composting could be responsible for this fact.

4.7. Eutrophication

OPOE-A showed the lowest burdens for eutrophication potential (EP), 42% lower than OPOE-B,
which was the second-best option. The higher impacts of OPOE-B and AD were caused by the ash
treatment and the emissions to air during composting, respectively.
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4.8. Sensitivity Analysis

As could be seen in Figure 7, for a reduction of 50% in the production of biogas from olive mill
solid waste, remarkable changes were observed in ADf and GWP. On the one hand, for ADf, OPOE
turned to be a better option than AD regardless of the fuel used for drying. OPOE-B could be regarded
as a better option than AD in terms of GWP.

4.9. Normalization

According to the normalized results and applying a weighting factor of 1, AD was the best
alternative with a global environmental impact reduction of 85.9–88.1% with respect to both OPOE
options. Within a circular economy approach, the use of natural gas (OPOE-A) was the worst option,
but the use of a fraction of the extracted pomace as fuel for drying (OPOE-B) offered a reduction of
only 1.2% of the environmental impact, expressed as a single score, with respect to the case of using
natural gas (Table 4).

5. Conclusions

Evaluating each category separately, AD was shown as the best alternative for GWP and the other
four categories, including ADf, ODP, HTP, and MWTP. The use of extracted pomace as fuel (OPOE-B)
instead of natural gas (OPOE-A) could strongly reduce GWP but, conversely, increase the impact
in the other two categories, i.e., HTP and EP, leaving the rest without change or with a negligible
increment (FWTP, TEP). More specifically, the refining process of crude oil had a very low contribution
compared to the extraction process. After evaluating the three alternatives with normalized results
and applying a weighting factor of 1, AD showed a global environmental impact reduction of 88.1 and
85.9% with respect to crude olive pomace oil extraction using natural gas and extracted pomace as
fuel, respectively.
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Abstract: This work focused on the synthesis of a catalyst based on layered double hydroxides with
a molar cation concentration Ni/Cu/Fe/Mg/Al of 30/5/5/40/20 and its performance in the steam
reforming of toluene as a model compound of biomass tar. Its performance at different temperatures
(500, 600, 700, 800, and 900 ◦C) and steam/carbon molar ratios (S/C ratios) (1, 2, 4, 6, 8) was studied.
The contact time used was 0.32 g h mol−1. The catalyst obtained allowed us to reach 98–99.87%
gas conversion of toluene with a low carbon deposition on catalyst surface (1.4 wt %) at 800 ◦C
and S/C = 4. In addition, conversions in the range of 600–700 ◦C were higher than 80% and 90%,
respectively, and the type of carbon deposited on the catalyst was found to be filamentous, which did
not significantly reduce the performance of the catalyst.

Keywords: layered double hydroxide; toluene steam reforming; tar; gasification; Ni-based catalyst;
hydrotalcite; hydrogen production

1. Introduction

The increase in demand for energy from fossil fuels that has taken place in recent
decades is mainly due to the increase in population and living standards. In order to
mitigate this situation, efforts are being made to encourage the substitution of fossil fuels
by other renewable energy sources.

Among these alternatives, gasification is presented as a promising technology, in
which syngas can be obtained from biomass as a renewable energy source. Gasification of
biomass into syngas is expected to be used in various fields such as power generation and
the production of hydrogen and liquid fuels (e.g., methanol and Fischer–Tropsch fuel) [1].

However, this syngas also contains some impurities, such as organic tars, which need
to be removed before its application. Tars are the main contaminants in the syngas, and
its content varies with the type of raw material and gasifier from 5 to 100 g/Nm3. Their
maximum allowable content depends on the end use, usually being 5 mg/Nm3 in gas
turbines and 100 mg/Nm3 in internal combustion engines [2]. Tars are a complex mixture
of aromatic and oxygenated hydrocarbons that may cause several operational problems.
Within the compounds that constitute the tar, toluene is among the most important, besides
naphthalene, indene, and acenaphthylene [3]. The requirement to remove tars introduces
significant cost and complexity into the overall gasification process. Among the different
strategies to remove tars from the gas, catalytic steam reforming is a useful technic.

By the other hand, layered double hydroxides (LDHs) are anionic clays that represent
a class of layered materials with chemical composition expressed by the general formula

[(
M2+

)
1−x

(
M3+

)
x
(OH)2

]x+[(
An−)

x/n·mH2O
]

(1)
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where [(M2+)1−x (M3+)x (OH)2]x+ represents the metal layer and [(An−)x/n · mH2O], the
interlayer region [4]; M2+ represents a divalent cation (i.e., Ca2+, Mg2+, Zn2+, Co2+, Ni2+,
Cu2+, Mn2+); and M3+ represents a trivalent cation (i.e., Al3+, Cr3+, Fe3+, Co3+, Ni3+, Mn3+);
whereas An− is the interlayer anions such as inorganic anions (i.e., Cl−, NO3−, ClO4

−,
CO3

2−, SO4
2−) or complex organic molecules [5]. Moreover, x represents the fraction of

the trivalent cation and at the same time determines the electrostatic charge of the sheets.
Its value is given by the molar ratio of the valence III and II metals, as follows:

x =
∑ M3+

∑ M3+ + ∑ M2+ (2)

Some natural minerals contain a fixed value of x = 0.33, although the generally
accepted range as suitable for the synthesis of LDH compounds is 0.2 ≤ x ≤ 0.33, i.e.,
an M2+/M3+ ratio between 2:1 and 4:1, in which the structure may be stable [6,7].

LDHs have received special attention due to their relatively simple synthesis, low cost,
and excellent catalytic properties. LDHs can be calcined to give a stable and homogeneous
mixture of oxides with a very small crystal size. These materials when reduced favor a
high dispersion of metals, which contributes to avoid the deactivation of the catalyst [8,9].

On the other hand, nickel-based catalysts have been widely used in tar reforming
because of is very effective in reforming of tars [10], whose performance can be improved
by the addition of promoters such as Fe, Ce, Cu, Pd, Zn, and Ca [1,5,6,8,9].

In this context, the objective of this work is to study steam reforming of toluene as a
tar model compound over nickel-based LDH catalysts.

2. Materials and Methods

2.1. Catalyst Preparation

Ni–Fe–Cu/LDH was prepared by coprecipitation from aqueous solutions at room
temperature. Two solutions were prepared—solution A containing metal precursors, and
prepared from their respective nitrates: Ni(NO3)2 6H2O, Cu(NO3)2 3H2O, Fe(NO3)3 9H2O,
Mg(NO3)2 6 H2O, and Al(NO3)3 9 H2O. Solution A was 4M NO3

−2, and was prepared to
get the following molar cation concentration: Ni/Fe/Cu/Mg/Al: 30/5/5/40/20. Solution
B contained Na2CO3 (0.22 M) and NaOH (3.56 M). Then, 100 mL of solution A and B was
slowly dropped by HPLC pumps under vigorous stirring over 100 mL deionized water. To
ensure a good mix and dispersion, we used a homogenizer (Model IKA magic, IKA-Werke
GmbH & Co. KG, Staufen, Germany) as the reactor. The temperature of the solution was
kept constant at 60 ◦C by means a thermostatic bath. The pH of the solution was also
maintained constant during all test by means of a control system that added solution NaOH
1 M to obtain the pH at 10 to ensure the co-precipitation of the metallic salts.

The gel formed was aged for 20 h at 100 ◦C under reflux in order to improve its
crystalline characteristics. The solid obtained was then filtered and washed with distilled
water at 90 ◦C until the solution was a conductivity bellow 30 μS cm−1 [11]. The LDH
formed was dried at 105 ◦C overnight, and then finally crushed and calcined using a heating
rate of 5 ◦C min−1, from room temperature to 800 ◦C and keeping at this temperature for
3 h.

In order to obtain a greater understanding of the structure of the catalyst, we synthe-
sized three additional LDHs following the same procedure. Table 1 shows the composition
of all synthesized LDHs.

Table 1. Molar cation concentration of the synthesized layered double hydroxides (LDHs).

LDH
Molar Cation Concentration

Ni/Fe/Cu/Mg/Al

Ni−Fe−Cu/LDH 30/5/5/40/20
Ni−Fe/LDH 35/5/0/40/20
Ni−Cu/LDH 35/0/5/40/20

Ni/LDH 40/0/0/40/20
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2.2. Catalyst Characterization
2.2.1. Chemical Element Analysis

The chemical element analysis of as-synthesized catalysts was performed using the in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES) on the Optima 4300 DV
(Perkin Elmer, Waltham, MA, USA). Prior to the analysis, the solid (0.05 g) was dissolved
in 4 mL HNO3 and then was heated to 100 ◦C for 5 min, to 170 for 15 min, and to 240 ◦C
for 10 min; kept in isothermal condition for 15 min; and finally filtered and diluted.

2.2.2. Characterization of the Calcination Process

In order to analyze the calcination, process, we conducted a thermogravimetric analy-
sis (TGA).

Thermogravimetric analysis was performed on a DTG-60H TG-DTA analyzer (Shi-
madzu Co. Ltd., Kyoto, Japan). The analyses were carried out using air with a flow rate
of 50 mL min−1, and a heating rate of 10 ◦C min−1, from room temperature to 900 ◦C.
The amount of sample analyzed was ≈3 mg. This analysis allowed us to determine the
weight loss of a sample as a function of temperature and time (TG curve). In addition, the
derivative of the TG signal (DTG curve) helped to determine the number of main thermal
processes that took place, as well as their temperature intervals.

2.2.3. Temperature-Programmed Reduction (TPR) Analysis

TPR analyses were performed on Auto Chem II 2920 analyzers (Micromeritics Instru-
ment Corporation, Norcross, GA, USA) with a thermal conductivity detector (TCD) used
to quantify the amount of H2 consumed during the analysis.

TPR was used to determine the reducible species and the corresponding reduction
temperatures. Before measurement, a 0.20 g sample was dried by passing 50 mL min-1 of
Ar up to 150 ◦C at a heating rate of 10 ◦C min−1, and holding time under these conditions
30 min. Then, the reduction of the sample was carried out by means of 50 mL min−1 of 5%
H2/Ar to 950 ◦C min−1, heating rate 10 ◦C min−1, and holding time of 30 min.

2.2.4. X-Ray Diffraction (XRD) Analysis

Powder X-ray diffraction (XRD) measurements were performed on a D8 Discover
(Bruker, Billerica, MA, USA) using Cu Kα radiation (λ = 0.154 nm) generated at 40 kV
and 40 mA. The identification of the diffraction patterns was performed using the Joint
Committee of Powder Diffraction Standards (JCPDS) database.

XRD analyses are suitable for determining lattice parameters and particle diameter.
Thus, for example, LDHs are a hexagonal system whose most significant lattice param-
eters are a and c—a represents the average cation-cation distance within the layers and
c represents the distance between the brucite-like layer and the inter-layer [12,13]. The
relationship between lattice parameter and interplanar spacing dhkl is given by

1/d2
hkl =

4
3

(
h2 + hk + k2

a2

)
+

l2

c2 (3)

where (h, k, l) are Miller indices, a and c are the lattice parameters, and d is interplanar
spacing [14]. Lattice parameter a and c are calculated from the (110) and (003) plane,
respectively obtained from Equations (4) and (5).

a = 2d110 (4)

c = 3d003 (5)

The interplanar spacing of the (110) and (003) crystal planes was estimated by Bragg’s
law, which can be represented by Equation (6).

2 dhklsin(θ) = n (6)
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where n, λ, and θ are the order, X-ray wavelength, and diffraction angle, respectively.
Using Equations (4)–(6) and the diffraction angle obtained from the XRD pattern, we

can obtain the lattice parameters a and c.
The crystallite size (D) was calculated by Scherrer Equation (7)

D =
K

β cos(θ)
(7)

where K is the shape factor (K = 0.89), β is the full width at half maximum (FWHM) of the
analyzed diffraction peak in radians, and θ is the Bragg angle.

A similar procedure was used to determine the lattice parameters of calcined and
reduced LDHs, but using Equation (8), which is characteristic of a face-centered cubic (fcc)
structure such as that of NiO and metallic Ni.

a = dhkl

√
h2 + k2 + l2 (8)

2.2.5. Textural Properties

Specific surface area (BET) pore volume and average pore diameter of both as-
synthesized and calcined catalysts were measured via N2 adsorption at 198 ◦C using
a surface area analyzer Autosorb-1C (Quantachrome Instruments, Boynton Beach, FL,
USA). Surface area (SBET) was analyzed using Brunauer–Emmett–Teller (BET) theory, and
average pore diameter by Barrett–Joiner–Halenda (BJH) procedure.

2.2.6. Scanning Electron Microscopy (SEM)

A high-resolution scanning electron microscope (SEM) FEI ESEM Quanta 200 (FELMI-
ZFE, Graz, Austria) was used to analyze the surface morphology of the as-synthetized and
used catalyst.

2.2.7. Type and Amount of Carbonaceous Species Deposited on the Catalyst

The type of carbonaceous material deposited on the surface of the catalyst at the end of
the steam reforming reaction was performed on a DTG-60H TG-DTA analyzer (Shimadzu
Co. Ltd., Kyoto, Japan). The analyses were carried out using air with a flow rate of 50 mL
min−1, and a heating rate of 20 ◦C min−1, from room temperature to 1000 ◦C. The amount
of sample analyzed was ≈3 mg. This method was used to determine the type of carbon
deposited by its relationship to its oxidation temperature [15].

The amount of carbon formed on the surface of the catalyst after reaction was mea-
sured using an elemental TruSpec CHN analyzer (Leco, St. Joseph, MI, USA).

2.3. Catalytic Tests

Steam reforming of toluene used as a model compound of tar was carried out using a
fixed-bed reactor made of Hastelloy alloy steel, with an inner diameter of 10 mm and a
length of 500 mm (Figure 1). The reactor was heated by a tubular electric furnace coupled
to the reactor. The process temperature was measured by a K-type thermocouple placed in
the center of the bed and controlled using a controller in closed loop (DEMEDE, Spain).

In each test, 250 mg of calcined catalyst was placed in the middle of the reactor on
a 316 stainless steel sintered porous metal filter disc with an internal pore size of 40 μm.
Quartz wool was used above and below the bed to help catalyst inside the reactor.

Prior to each test, the system was purged with 50 mL min−1 N2 for 15 min, and then
the catalyst was reduced with a flow of H2 and N2 (H2/N2 = 50/20 mL min−1) at 900 ◦C for
2 h to transform Mg(Ni,Al)O periclase species of Ni2+ into well-dispersed Ni particles [16].
After reduction, the system was purged again with 50 mL min−1 N2 for 15 min while the
temperature was kept at the desired temperature of the steam reforming 500–900 ◦C.
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Figure 1. Schematic diagram of the experimental system.

Once the system was purged, the steam reforming reaction was started, with the
duration of each test being 1 h. To do this, the water and the toluene were fed into a
preheater by means of a HPLC pump and syringe pump, respectively. Moreover, to ensure
a concentration of toluene in the gas phase of 1.50 vol %, we fed a current of N2 into the
preheater through a mass flow controller. This preheater was maintained at 250 ◦C in
order to ensure a complete vaporization of the feedstock before entering the fixed bed
reactor containing the catalyst. To prevent condensation and to ensure that feedstock was
maintained in a homogeneous vapor phase, we placed the preheater and the reactor in a
chamber that was kept warm at 200 ◦C.

The reaction products were then passed through a cold trap to condense unreacted
toluene and water in the effluent stream. All the non-condensed gases (H2, N2, CO,
CO2, and CH4) were analyzed online by gas chromatography using a chromatograph
MicroGC CP4900 (Varian Inc., Palo Alto, CA, USA) with two channels, one equipped with
a molecular sieve column and another one with a Polar Plot Q column, and both coupled
to a thermal conductivity detector (TCD). The unreacted toluene and benzene produced
were collected at the end of each test and analyzed offline by gas chromatography, using a
6890 N gas chromatograph coupled with mass spectrometer 5973 Network (Agilent, Santa
Clara, CA, USA).

Different tests were developed using reaction temperatures of 500, 600, 700, 800,
and 900 ◦C and steam/carbon molar ratios (S/C ratios) of 1, 2, 4, 6, and 8. The total
flow rate of the product gases was calculated by means of a mass balance to the nitrogen
stream. The contact time in the steam reforming reaction was calculated in all tests to
be W/F = 0.32 g h mol−1. F is the total molar flow of the feedstock (toluene, water, and
nitrogen) and W represents the weight of the catalyst.

Table 2 summarizes the operating conditions for each S/C ratio. As can be seen in
Table 2, the toluene flow rate was kept at 0.2 mmol min−1, the water flow rate was adjusted
to obtain the desired S/C, and the nitrogen flow rate was adjusted to ensure the same
concentration of toluene in the feedstock and the same contact time.
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Table 2. Operating conditions for each steam/carbon molar ratio (S/C ratio) and for
W/F = 0.32 g h mol−1.

S/C Reactant
Flow Rate,

mmol min−1 Feedstock Concentration, vol %

Toluene 0.20 1.5%
1 Water 1.38 10.5%

Nitrogen 11.59 88.0%

Toluene 0.20 1.5%
2 Water 2.77 21.0%

Nitrogen 10.21 77.5%

Toluene 0.20 1.5%
4 Water 5.53 42.0%

Nitrogen 7.45 56.5%

Toluene 0.20 1.5%
6 Water 8.30 63.0%

Nitrogen 4.68 35.5%

Toluene 0.20 1.5%
8 Water 11.07 84.0%

Nitrogen 1.91 14.5%

Benzene yield was evaluated by a carbon balance between the carbon from the benzene
formed and the carbon from the toluene at the feed, as shown in Equation (9).

Yb(%) =
6 × nC6H6

7 × nC7H8

× 100 (9)

In the same way, the conversion of toluene to gases was calculated by a carbon balance
between the carbon from the gaseous products formed (CO, CO2, and CH4), and the carbon
from the toluene at the feed.

Xg(%) =
nCO + nCO2 + nCH4

7 × nC7H8

× 100 (10)

where nCO, nCO2, nCH4, and nC7H8 represent the molar flow rate of CO, CO2, CH4, and
toluene, respectively.

The molar gas composition of each gas (H2, CO, CO2, and CH4) was calculated as
Equation (11).

Yi(%) =
ngas i

nH2 + nCO + nCO2 + nCH4

× 100 (11)

3. Results and Discussion

3.1. Catalyst Characterization
3.1.1. Chemical Element Analysis Results

The chemical element analysis of as-synthesized and calcined catalysts is showed in
Table 3.

Table 3. Chemical element analysis of as-synthesized and calcined Ni–Fe–Cu/LDH.

LDH Al Cu Mg Fe Ni

As-synthesized Ni–Fe–Cu/LDH 18.86% 5.87% 38.70% 4.75% 31.82%
Calcined Ni–Fe–Cu/LDH 18.90% 5.92% 38.54% 4.70% 31.94%

The results showed that the LDH obtained corresponded to the one initially synthe-
sized, although a slightly higher substitution of Mg2+ by M2+ cations (Ni2+ and Cu2+) was
observed. These results also showed that the precipitation of the compounds took place
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almost in its totality, without important loss of reagent. After calcination at 800 ◦C, it was
also observed that the composition remained almost constant.

3.1.2. TGA of the As-Synthesized Ni–Fe–Cu/LDH

The calcination process of the as-synthesized Ni–Fe–Cu/LDH was studied by per-
forming TGA analysis (Figure 2).

Figure 2. Thermogravimetric analysis (TGA) and differential thermal analysis (DTG) from as-synthesized Ni–Fe–Cu/LDH.

The TG curve (Figure 2) showed three main regions of mass loss. The first region
was observed between ambient temperature up to 210 ◦C, which was related with the
first two peaks in the DTG signal with maximum values at 100 and 180 ◦C. The first peak
of the DTG curve (peak I) was related with a mass loss of 2.2% from the TG curve and
occurring from ambient temperature up to around 100 ◦C, and was associated with the
elimination of water, physically adsorbed on the external surface of the particle. The peak
II at about 180 ◦C presented a mass of 8.7% in the interval 100–210 ◦C of the TG curve, and
may be attributed to the removal of –OH and water from the brucite-like layer [17]. The
second region in the TG curve was located between 210 and 400 ◦C and it corresponded
to the second DTG peak, with maximum temperature of 360 ◦C. The average mass loss
in this second region was around 18.5% and was attributed to the dehydroxylation of the
brucite type layers, with decomposition of carbonate anions (decarbonization). From this
temperature, called the collapse of the layers up to 800 ◦C, occurred the rearrangement of
the structure with the formation of aluminum oxides, magnesia (periclase phase), and the
formation of other metal and mixed oxides reaching the structure a great thermal stability,
characteristic of oxides [17,18].

Moreover, TGA analysis allowed us to establish the temperature of 800 ◦C as the
temperature from which the sample was thermally stabilized. This temperature has been
widely used by other authors to obtain catalysts from LDH [12,15,19].

3.1.3. TPR Analysis Results

The reducibility of the calcined LDHs was investigated by TPR measurement; the
obtained profiles are shown in Figure 3.
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Figure 3. Temperature-programmed reduction (TPR) profile for calcined LDHs.

The TPR analysis of the different LDHs showed the presence of two peaks depending
on whether the sample contained Cu in its composition or not. Thus, the Ni–Cu/LDH
and Ni–Fe–Cu/LDH samples both showed one peak above 210 ◦C (peak I), which was
associated to the reduction of bulk CuO [20].

In addition, Figure 3 shows a second peak (II) in the range of 680–800 ◦C, which was
attributed to the reduction of Ni2+ species in thermally stable phases such as Mg(Ni, Al)O
solid solution [12,21].

The addition of precursors reduces the maximum reduction temperature, promoting
the reduction of Ni+2 species by weakening the bond between the Ni species and the
support [21]. In the same way, the substitution of Mg by Ni helps to reduce the NiO–MgO
interaction, leading to a decrease in the reduction temperature and a low dispersion of the
metals [12].

In this way, Figure 3 shows a displacement of the maximum of peak II with respect to
Ni–LDH (797 ◦C) towards lower temperatures when Fe or Cu was added. Thus, it can be
seen how the addition of Fe caused a displacement of the maximum up to 776 ◦C, while
the addition of Cu caused a more pronounced displacement up to 680 ◦C. This meant that
the addition of Cu caused a further weakening of the Ni species in the support.

The total H2 consumption during TPR analysis of the different calcined LDHs is
shown in Table 4. It can be seen that the substitution of 5 mol % of Ni for Fe or Cu proved
an increase in H2 consumption. This increase was more pronounced in the case of Fe. As a
result, calcined Ni–Fe–Cu/LDH was the HDL with the highest consumption of H2.

Table 4. Total consumption of H2.

LDH Calcined Mmol H2/g

Ni/LDH 6.68
Ni–Fe/LDH 7.30
Ni–Cu/LDH 7.22

Ni–Fe–Cu/LDH 7.84

On the other hand, in order to ensure an adequate reduction of the calcined LDH, we
chose a reduction temperature of 900 ◦C [8] since, as shown in Figure 3, at that temperature
there is practically no more consumption of H2.
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3.1.4. SEM Analysis Results

Figure 4 show SEM micrographs at different magnifications of the as-synthetized
Ni–Fe–Cu/LDH. The synthesized LDH showed a homogeneous structure formed by small
spheres of about 680 nm in diameter.

Figure 4. Scanning electron microscopy (SEM) micrographs at different magnifications of the as-synthetized Ni–Fe–Cu/LDH
at different horizontal field widths (HFWs): (a) 95.7 μm, (b) 54.6 μm, (c) 39.2 μm, and (d) histogram.

As seen in Figure 4, as the magnification became larger, it became possible to observe
how the synthesized catalyst was formed by small spherical and homogeneous particles,
which suggests that the reaction device used was quite suitable in terms of carrying out the
synthesis of LDHs.

The determination of the particle diameter was performed using the image anal-
ysis program ImageJ, which allowed us to calculate the histogram of the particle size
distribution observed by SEM.

The average diameter of the as-synthetized LDH particles observed by SEM was
618.1 nm. After the calcination process, the catalyst lost its hydrotalcite structure, which
caused a reduction in size of the particles to 414.2 nm (Figure 5).
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Figure 5. SEM micrograph (a) and histogram (b) of the calcined Ni–Fe–Cu/LDH at 40.1 μm (HFW).

3.1.5. XRD Analysis Results

The XRD patterns of as-synthesized, calcined, and hydrogenated Ni–Fe–Cu/LDH are
reported in the Figure 6a–c, respectively.

XRD pattern of as-synthesized Ni–Fe–Cu/LDH (Figure 6a) showed several diffraction
peaks at 11.5◦, 23.0◦, 34.6, 38.8◦, 46.2, 60.5, 61.8◦, and 65.5◦ indexed to (003), (006), (012),
(015), (018), (110), (113), and (116) reflections, respectively. All of them were related to
hydrotalcite (JCPDS 22e0700), indicating the formation of a pure hydrotalcite phase. This
structure was in agreement with the results obtained by other authors who have studied
LDHs [22–24]. No diffraction peaks were observed for any species of nickel, copper, or iron,
which may have been due to their integration into the structure or their high dispersion in
the LDH [25].

The smaller the size of the crystalline particles, the more defects they have and the
wider the diffraction peaks [26]. Therefore, the wide peak (003) indicates the formation of
highly crystalline material with a small particle size.

Lattice parameters a and c were calculated following the Equations (4)–(6) and the
diffraction angle obtained from the XRD pattern (Figure 6a). Moreover, crystallite size (D)
was calculated by Equation (7) on the basis of (003) reflections at 11.5◦. These parameters
are summarized in Table 5.

Table 5. Crystallite size and lattice parameters of as-synthesized and calcinated Ni–Fe–Cu/LDH.

LDH
Crystallite Size Lattice Parameters

D, nm a, Å c, Å

As-synthesized Ni–Fe–Cu/LDH 12.83 3.06 23.06
Calcined Ni–Fe–Cu/LDH 4.32 4.20

The values of as-synthesized Ni–Fe–Cu/LDH were similar to those calculated by other
authors that have synthesized Ni-based catalyst from LDHs. For example, Zhou et al. [27]
synthesized a Ni–Fe/LDH, finding a crystallite size of 9.1 and lattice parameter values of
a = 3.06 and c = 23.2.

Lattice parameter c is related to the electrostatic interactions between the brucite-like
sheet and the interlayer, and is strongly dependent on the M2+/M3+ ratio that has a value of
3 in the Ni–Fe–Cu/LDH synthetized [16]. As as-synthesized Ni–Fe–Cu/LDH was calcined
up to 900 ◦C, and the loss of the hydrotalcite structure progressively took place, resulting
in a mixture of metal oxides that can be observed in Figure 6b.
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Figure 6. Ni-Fe-Cu/LDH XRD profiles (a) as-synthesized, (b) calcined, and (c) after reduction: ( ) hydrotalcite, ( ) MgO-like
phase, (•) NiO, ( ) Ni(Fe)Ox, ( ) Ni metal, ( ) Ni–Fe alloy.

As seen in Figure 6b, the XRD pattern for calcined sample showed reflections at around
37◦, 43.5◦, and 62.5◦. These reflections were related to the planes (111), (200), and (220),
respectively, which could correspond to the cubic structure of MgO and NiO. Ni2+ has an
ionic radius similar to that of Mg2+, and thus it is likely that it was incorporated into the
structure, forming the mixed oxide Mg(Ni,Al)O, as described by several authors [22,28,29],
without significant modifications in the network parameter. On the other hand, Ni(Fe)Ox
also has a similar cubic structure to NiO, and thus it is possible that Ni(Fe)Ox was also
present due to Fe3+ substitution in the nickel oxide lattice [27]. In relation to Cu, no
patterns were observed regarding this metal, which may have been because it is highly
dispersed or forms an amorphous phase. Table 5 also includes the crystallite size (D) of
particles calculated by Equation (7) on the basis of (200) reflections and lattice parameters
by Equation (8). A reduction of the particle size was obtained after calcination, which
improved the characteristics of the catalyst.

After the reduction with H2, the reduced Ni–Fe–Cu/LDH was obtained, whose XRD
pattern can be seen in Figure 6c. The nickel particles were mostly found as Ni metal, as
shown by the reflections at 44.2◦, 51.7◦, and 75.8◦, corresponding to the crystallographic
planes (111), (200), and (220). To a lesser extent, NiFe alloy and NiO reflections can also
be observed.

3.1.6. Textural Properties Analysis Results

Specific surface area (BET), pore volume, and average pore diameter (BJH) of both
as-synthesized and calcined catalysts were obtained, and their results are summarized in
Table 6.
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Table 6. Textural characteristics of the as-synthesized and calcined samples.

Samples
SBET Vpore Average Pore Diameter

m2 g−1 cm3 g−1 nm

As-synthesized Ni-Fe-Cu/LDH 131.10 0.509 3.90
Calcined Ni-Fe-Cu/LDH 136.70 0.556 13.57

After calcination, an increase in surface area and pore volume was observed, which
may have been due to the removal of carbonate anions in the form of CO2 as the sample was
calcined. Moreover, calcination results in an increase in pore volume and pore diameter,
which allowed for improved textural properties of the catalyst. Comparing the textural
properties obtained from calcined Ni–Fe–Cu/LDH with respect to commercial catalysts, we
could see, for example, that calcined catalyst showed a SBET of 136.70 m2 g−1 larger than the
commercial Raney nickel catalyst that had an average Ni surface area of 100 m2 g−1 [30].

Figure 7 shows the pore diameter distribution curves of as-synthesized and calcined
catalyst, obtained from nitrogen adsorption–desorption isotherm measured at 77 K.

Figure 7. Pore size distributions of the catalyst ( ) as-synthesized; ( ) calcined.

For as-synthesized catalyst, we observed that the pore size distribution was very
narrow, presenting a very sharp maximum over 3 nm, and most of the pore diameters were
between 3 and 10 nm (mesopores).

After calcination of fresh LDH at 800 ◦C for 4 h, the calcined catalyst showed a wider
pore size distribution than as-synthetized catalyst. The most part of the pores were between
3 and 21 nm, with a maximum over 13 nm. This may have been due to the fact that the
calcination at high temperatures improved the textural properties, especially in the case
where the catalyst contained Fe, as demonstrated by Zhou et al. [27].

3.2. Effect of Temperature and S/C Ratio on Catalytic Performance of Ni–Fe–Cu/LDH Catalyst
over Steam Reforming of Toluene

The main reactions that take place in the steam reforming of toluene are as fol-
lows [15,31,32]:

Steam reforming:

C7H8 + 7H2O�7CO + 11H2 ΔH = 868.23 kJ (12)

C7H8 + 14 H2O�7CO2 + 18H2 ΔH = 578.78 kJ (13)
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Water gas shift:

CO + H2O� CO2 + H2 ΔH = −41.35 kJ (14)

Dry reforming:

C7H8 + 7CO2�14CO + 4H2 ΔH = 1157.68 kJ (15)

Hydroalkylation:

C7H8 + H2� C6H6 + CH4 ΔH = −41.91 kJ (16)

Benzene hydrocracking:

C6H6 + 9H2�6CH4 ΔH = −532.14 kJ (17)

Benzene steam reforming:

C6H6 + 6H2O�6CO + 9H2 ΔH = 704.1 kJ (18)

Methane steam reforming:

CH4 + H2O� CO + 3H2 ΔH = 206.04 kJ (19)

Boudouard reaction:

2CO� CO2 + C ΔH = −172.53 kJ (20)

Most of the reactions involved in toluene steam reforming are endothermic, and thus
the process is favored both thermodynamically and kinetically at high temperatures.

Steam reforming of toluene can occur through reactions (12) and (13), depending on
the amount of water available, producing H2, and CO and CO2, respectively.

Water gas shift (WGS) reaction (14) is an equilibrium reaction that is thermodynami-
cally favored at low temperatures and kinetically favored at high temperatures [33].

In addition, toluene can react with CO2 through the dry reforming reaction (15),
forming CO and H2, and it also can react through the reaction of hydroalkylation (16) with
H2 to produce benzene and methane, although this reaction, because it is exothermic, will
be less favorable at high temperatures. On the other hand, benzene can react with H2
through a hydrocracking reaction (17) to produce methane. Methane in turn can produce
CO and H2 through a steam reforming reaction (19). The Boudouard reaction (20) is an
exothermic reaction that transforms CO into CO2 and C.

Finally, it can be observed that in all the reactions except (18) and (20), there was an
increase in the volume from reactants to products, and thus the process was favored at
low pressure.

3.2.1. Effect of Temperature on Gas Yield and Gas Composition

Figure 8 shows the conversion of toluene to gases as a function of temperature and
S/C ratio.

It can be noticed how as the temperature increased, the conversion increased. At
temperatures below 500 ◦C, the steam reforming reaction did not take place. However,
from 500 ◦C, the conversion increased sharply with temperature until temperature in the
range 700–800 ◦C was reached, where conversion was highest. For temperatures above
800 ◦C, the conversion remained constant and no longer increased with temperature. The
highest conversion (99.87%) was achieved for an S/C of 4 at a temperature of 800 ◦C. This
could have been due to the fact that for higher S/C values, the water could compete for the
active centers of the catalyst.
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Figure 8. Conversion of toluene to gases as a function of temperature and S/C ratio.

Regarding the evolution of CO with temperature (Figure 9a), as the temperature
increased, the concentration of CO increased, progressively reaching the maximum value
at 900 ◦C, while the concentration of CO2 (Figure 9b) increased until reaching its maximum
value at 600 ◦C and then decreased slightly. This development may have been due to the
fact that the WGS reaction is an exothermic reaction, and thus as the temperature increased,
the equilibrium progressively shifted towards the formation of CO [34].

The concentration of H2 (Figure 9c) was the largest during steam reforming with
toluene. The concentration of hydrogen decreased strongly at temperatures above 500 ◦C;
from this temperature, a slight decrease was observed as the temperature increased. This
behavior has been observed by different authors [35] and can be explained again by the
endothermic nature of the WGS reverse reaction, which reduces the concentration of H2 as
the temperature increases.

The hydroalkylation (12) and benzene hydrocracking (17) are exothermic reactions
and therefore not favored by increasing temperature. As a consequence, the concentration
of CH4 (Figure 9d), after reaching a maximum at 600 ◦C, decreased sharply with increasing
temperature. This means that the concentration of toluene occurred preferably through the
reaction (12) as the temperature increased.

In the same way, the formation of benzene (Figure 9e) through reaction (16) decreased
as the temperature increased due to its exothermic behavior. Benzene yield reached a
maximum value at 500 ◦C of around 8–10%; from this temperature, the concentration of
benzene decreased very quickly. This may also have been due to the fact that the catalyst
can promote the steam reforming of benzene (18) in the range 600–900 ◦C.

Figure 9. Cont.
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Figure 9. Molar gas composition as function of temperature and S/C ratio: (a) CO, (b) CO2, (c) H2, (d) CH4. (e) Benzene yield. S/C = 1
( ), S/C = 2 ( ), S/C = 4( ), S/C = 6 ( ), S/C = 8 ( ).

3.2.2. Effect of S/C Ratio on Gas Yield and Gas Composition

Regarding the influence of the S/C ratio on conversion of toluene to gases (Figure 8),
we observed that the maximum differences were reached in the range of temperatures
500–700 ◦C. The main tendency was that as the S/C ratio increased, the conversion in-
creased up to S/C ratios of 6. S/C values higher than 6 did not encourage an increase in
conversion. This fact was especially noticed at 600 ◦C, where conversions of 56% were
reached for S/C values of 1, while for S/C ratios higher than 6, the conversion was higher
than 95%.

With respect to the evolution of the concentration of CO (Figure 9a) and CO2 (Figure 9b),
both concentrations were very dependent on the value of S/C. Thus, for example, the
concentration of CO was observed to increase when the S/C ratio decreased, and thus the
maximum values (17%) were reached for S/C = 1 at 900 ◦C, while for the same temperature
of 900 ◦C and an S/C = 8, the concentration of CO was around 7%. The evolution of the
concentration of CO2 moved in an inverse way; it increased when the S/C ratio increased,
reaching maximum values at S/C = 8. This was evidence that increasing the S/C ratio
promotes reaction (13).

In respect to the influence of the S/C ratio on the concentration of H2 (Figure 9c), the
S/C had much less influence than temperature. Moreover, it was possible to observe that
at low temperature, the concentration of H2 decreased as the S/C ratio increased; this effect
may have been due to an increase in the basicity. Thus, for example, Ahmed et al. [36]
developed a Ni–Fe–Mg/zeolite catalyst and studied its performance in steam reforming
reaction of toluene, finding that for S/C ratios higher than 1:1, the amount of H2 decreased,
which they related to a decrease in the basicity of the support. This effect occurred mainly at
low temperatures, where the degree of conversion was low in these conditions an increase
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in the S/C ratio can cause an oxidation of the catalyst. At higher temperatures, there was
no clear trend because there was very little variation in the concentration of H2 with S/C.

The CH4 concentration (Figure 9d) decreased as the S/C ratio increased, in line with
the reaction (19). As shown in Figure 9e, benzene yield was not greatly affected by the S/C
ratio; however, as the S/C ratio increased, the amount of benzene generated decreased.

3.3. Catalyst Characterization after Reaction

To investigate the characteristics of the catalyst after the steam reforming of toluene,
we used an experience using S/C = 4 at 800 ◦C for 2 h as a reference.

The concentration of the gases remained relatively constant during the development
of the test (Figure 10a), reaching an average conversion to gases of 98% (Figure 10b).
Throughout the development of the test, no deactivation of the catalyst was observed, and
thus the concentration of the gas was quite constant with the following average molar
concentration: 76.6% H2, 12.1% CO, and 11.3% CO2.

Figure 10. Gas composition (a) and gas conversion (b) during catalytic steam reforming of toluene at 800 ◦C and S/C = 4.

The results obtained show that the conversion achieved with the developed catalyst
allowed us to reach comparable and even higher results to other catalysts on the basis of
La or Ce (Table 7). Therefore, the Ni–Fe–Cu/LDH catalyst can be considered as an effective
catalyst with a promising toluene conversion capacity.

Table 7. Comparison of the catalytic performances of previously reported catalysts.

Reference Catalyst Toluene Conversion, % Temperature, ◦C S/C

[37] Ni–Ce–Mg/olivine 93 790 3.5
[2] Ni/Al2O3 64 750 3
[38] Ni/Al/La 94.53 650 5.7
[39] Ni/olivine 100 650–850 2.3
[40] La0.6Ce0.4NiO3 80 800 2

3.3.1. XRD Analysis Results

The Figure 11 shows the XRD patterns after reduction and after reaction of the catalyst
by comparison.

After reduction at 900 ◦C (Figure 11a), the diffraction lines resulting from the formation
of the nickel metal phase and Ni–Fe alloy were observed, together with weaker lines of
NiO and MgO. The same lines were observed in the XRD profile after reaction (Figure 11b),
but longer and narrower, which meant the formation of larger particles.
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In this way, the mean diameter of the Ni particles was calculated by the Scherrer
Equation (7), using the peak at 2θ = 51.2◦, which corresponded to the (200) plane of Ni
fcc [31] and lattice parameter by Equation (8); all are shown in Table 8.

Figure 11. XRD profile of Ni–Fe–Cu/LDH (a) after reduction and (b) after reaction: ( ) Ni metal, ( ) Ni–Fe alloy, ( ) MgO-
like phase, (•) NiO.

Table 8. Crystallite size and lattice parameters of Ni particles of Ni–Fe–Cu/LDH after reduction and
after reaction.

Samples
Crystallite Size Lattice Parameter

D, nm a, Å

Ni–Fe–Cu/LDH after reduction 6.11 3.53
Ni–Fe–Cu/LDH after reaction 15.44 3.54

After the reaction, we observed that there was an increase in the size of the Ni particles,
which may be attributed to the fact that as the reaction progressed, the sintering of the Ni
particles took place. In addition, a slight increase in the lattice parameter took place, which
was in line with the fcc structure of the metal nanoparticles, which generally expand with
increasing particle size [41].

3.3.2. Amount and Type of Carbon Deposited on the Surface of Catalyst

The amounts of carbon at the end of different tests were analyzed by means of an
elemental analyzer. The lowest values were obtained for high temperatures. Thus, for
instance, for an S/C = 4 at 800 ◦C, the amount of carbon deposited after 2 h of reaction was
only 1.4 wt %.

In order to determine the influence of the S/C ratio on the amount of carbon deposited,
we analyzed the amount of carbon formed at 600 ◦C for 1 h for different S/C values. The
results are shown in Figure 12.

From Figure 12, it can be seen that as the S/C ratio increased, the amount of carbon
deposited decreased. For example, when the S/C ratio was 1, the amount of carbon formed
was 49.34%, while for an S/C = 2, the amount was drastically reduced to 20.82%. The
lowest amount of carbon was obtained by using high S/C ratios of 8.

These amounts of carbon deposited were even less than those detected by other
authors; for instance, Josuinkas et al. [31] determined that for a Ni LDH-based catalyst, the
amount of carbon deposited was 78.3–83.1 wt % at 800 ◦C and S/C = 1.5.

135



Processes 2021, 9, 76

Figure 12. Amount of carbon deposited on the surface of the catalyst during the steam reforming
reaction of toluene at 600 ◦C for different values of the S/C ratio.

To identify the type of carbon formed, we carried out an analysis of the TG derivative
by means of a TGA analysis. TGA analysis allows us to distinguish between amorphous
carbon, which is detected by a peak in the range 450–500 ◦C, and filamentous carbon, which
decomposes in the range 600–650 ◦C [30]. It is well known that amorphous carbon affects
the degree of conversion of the catalyst since it blocks the active centers. On the contrary,
filamentous carbon affects the conversion to a lesser extent, since it had less serious effect
on the deactivation than the amorphous carbon [30].

Figure 13 shows the nature of the carbon deposited on the catalyst over the steam
reforming of toluene. Only one peak was appreciated in the thermograms in the range
600–650 ◦C, which indicates that most of the carbon formed was filamentous, which means
it did not affect the activity of the catalyst.

In addition, the effects of the S/C ratio on the amount and type of carbon formed
can be observed in Figure 13. Here, the type of carbon formed did not vary with the S/C
ratio, being predominantly filamentous carbon in all cases. Moreover, when the S/C ratio
increased, the signal of the filamentous carbon decreased, which can be explained by a
lower formation of carbon when the amount of water was added.

Figure 13. DTG signals of the carbon formed at 700 ◦C and S/C: 2 ( ), 4 ( ), and 6 ( ).
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3.3.3. SEM Analysis of the Catalyst after Reaction

Figure 14 shows the morphological changes of the reduced catalyst (Figure 14a,b)
and after 2 h of reaction at 800 ◦C and S/C of 4 (Figure 14c,d) by scanning electron
microscopy. Non-structured carbon was observed in the SEM micrographs after reaction,
which confirmed the low content of the carbon analyzed, making it potentially difficult to
visualize by SEM.

After reduction of the catalyst, a powder formed by particles with an average diameter
of 327 nm was obtained. We observed that the particles of the catalyst were well dispersed
and uniformly distributed, but after the reaction, aggregates of smaller particles were
formed, resulting in an increase in particle size up to 446 nm.

Figure 14. SEM micrograph and histogram of the reduced Ni–Fe–Cu/LDH at 36.9 μm (HFW) (a,b) and after the steam
reforming of toluene at 40.2 μm (HFW) (c,d).

4. Conclusions

A study of the behavior of catalyst Ni–Fe–Cu/LDH during the steam reforming of
toluene was carried out. The results suggest that for low temperatures at 600 ◦C, it is
necessary to use S/C ratios higher than 6 to achieve gas conversions higher than 90%. On
the other hand, at high temperatures above 800 ◦C, an S/C ratio of 2 was found to be
sufficient to achieve high gas conversions. In addition, the use of low S/C ratios allowed
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for increased concentration of CO. S/C ratio of 4 allowed us to obtain the maximum
conversion reached at 800 ◦C (99.87%) and low values of carbon deposited on the catalyst
(1.4 wt %), along with good conversions in the range 600–700 ◦C above 80% and 90%,
respectively. Furthermore, the type of carbon deposited on the catalyst was determined
to be mainly filamentous, which, as is known, reduces conversion to a much lesser extent
than amorphous carbon.

Moreover, the use of relatively cheap promoters such as Fe and Cu allowed us to
obtain a competitive and more affordable catalyst than the catalysts based on expensive
metals such as La and Ce. Therefore, the catalyst developed from Ni–Fe–Cu/LDH can be
considered as an effective catalyst with a promising toluene conversion capacity, yielding
high concentrations of H2.

Author Contributions: Conceptualization, D.D.R., A.U.L. and G.A.G.; methodology, D.D.R. and
A.U.L.; software, D.D.R. and A.U.L.; validation, D.D.R., A.U.L. and G.A.G.; formal analysis, D.D.R.
and A.U.L.; investigation, D.D.R. and A.U.L.; resources, D.D.R. and A.U.L.; data curation, D.D.R.
and A.U.L.; writing (original draft preparation), D.D.R.; writing (review and editing), D.D.R., A.U.L.
and G.A.G.; visualization, D.D.R. and A.U.L.; supervision, G.A.G.; project administration, D.D.R.
and G.A.G.; funding acquisition, D.D.R., A.U.L. and G.A.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data is in agreement with the MDPI Research Data Policies.

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

References

1. Chen, J.; Tamura, M.; Nakagawa, Y.; Okumura, K.; Tomishige, K. Promoting effect of trace Pd on hydrotalcite-derived Ni/Mg/Al
catalyst in oxidative steam reforming of biomass tar. Appl. Catal. B Environ. 2015, 179, 412–421. [CrossRef]

2. Artetxe, M.; Alvarez, J.; Nahil, M.A.; Olazar, M.; Williams, P.T. Steam reforming of different biomass tar model compounds over
Ni/Al2O3 catalysts. Energy Convers. Manag. 2017, 136, 119–126. [CrossRef]

3. Chen, Y.H.; Schmid, M.; Kertthong, T.; Scheffknecht, G. Reforming of toluene as a tar model compound over straw char containing
fly ash. Biomass Bioenergy 2020, 141, 105657. [CrossRef]

4. Satyanarayana, K.G. Clay Surfaces: Fundamentals and Applications; Elsevier: Amsterdam, The Netherlands, 2004.
5. Theiss, F.L.; Ayoko, G.A.; Frost, R.L. Synthesis of layered double hydroxides containing Mg2+, Zn2+, Ca2+ and Al3+ layer cations

by co-precipitation methods—A review. Appl. Surf. Sci. 2016, 383, 200–213. [CrossRef]
6. Mishra, G.; Dash, B.; Pandey, S. Layered double hydroxides: A brief review from fundamentals to application as evolving

biomaterials. Appl. Clay Sci. 2018, 153, 172–186. [CrossRef]
7. Duan, X.; Evans, D.G. (Eds.) Layered Double Hydroxides; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2006;

Volume 119.
8. Liu, H.; Wierzbicki, D.; Debek, R.; Motak, M.; Grzybek, T.; da Costa, P.; Gálvez, M.E. La-promoted Ni-hydrotalcite-derived

catalysts for dry reforming of methane at low temperatures. Fuel 2016, 182, 8–16. [CrossRef]
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Abstract: Pelleted biomass has a low, uniform moisture content and can be handled and stored
cheaply and safely. Pellets can be made of industrial waste, food waste, agricultural residues, energy
crops, and virgin lumber. Despite their many desirable attributes, they cannot compete with fossil
fuel sources because the process of densifying the biomass and the price of the raw materials make
pellet production costly. Leaves collected from street sweeping are generally discarded in landfills,
but they can potentially be valorized as a biofuel if they are pelleted. However, the lignin content in
leaves is not high enough to ensure the physical stability of the pellets, so they break easily during
storage and transportation. In this study, the use of eucalyptus kraft lignin as an additive in tree-leaf
pellet production was studied. Results showed that when 2% lignin is added the abrasion resistance
can be increased to an acceptable value. Pellets with added lignin fulfilled all requirements of
European standards for certification except for ash content. However, as the raw material has no cost,
this method can add value or contribute to financing continued sweeping and is an example of a
circular economy scenario.

Keywords: eucalyptus kraft lignin; tree leaf; pellet; additive; biofuel; circular economy

1. Introduction

Lignocellulosic biomass generally has a low bulk density (30–100 kg/m3). Pelleting process
growths the specific biomass density to more than 1000 kg/m3 [1–3]. Pelleted biomass has a low,
uniform moisture content and can be handled and stored cheaply and safely using well-known handling
systems developed for grains [4,5]. Pellets can be produced from any one of five general categories of
biomass: industrial residues and co-products, food waste, agricultural residues, energy crops, and
virgin lumber [6,7]. Wood pellets are the most common type of pellet fuel and are generally made from
compacted sawdust and related industrial wastes from the milling of lumber, manufacturing of wood
products and furniture industry. However, as a result of limited supplies of sawdust in many countries,
particularly those in central and northern Europe, agricultural products are increasingly being used as
raw material for pellet production [6]. Wood pellets are becoming more popular worldwide; in the last
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five years, the production and exportation of pellets has increased by 73% and 93%, respectively [8].
Regardless of their many attributes, biomass pellets have a higher cost that fossil fuel sources because
it is still too expensive to densify biomass. Raw materials are also a major contributor to cost [7].

The manufacturing process consists of drying the biomass and reducing the particle size to be
suitable for pelleting by means of a hammer mill. The crushed biomass is compacted in the press mill
to form pellets. Individual pellet density ranges from 1000–1200 kg/m3, and the bulk density varies
between 550–700 kg/m3 depending on the pellets size. The higher heating value of wood pellets varies
between 17,000 and 22,000 kJ/kg [9,10]. Pellet density and abrasion resistance are influenced by the
physical and chemical properties of the raw material and the temperature and applied pressure during
the pelleting process [2].

The quality of pellets is determined by a few main parameters including moisture content (MC),
net heating value, abrasion resistance, particle density, ash content, and ash melting point [11]. Pellets
must fulfill the requirements for these parameters for commercialization. Several institutions have
created standards for pellet quality [12,13].

Mechanical resistance of pellets has been measured in terms of compressive resistance, abrasive
resistance and impact resistance [14]. Compressive resistance (crushing resistance or hardness) is
the maximum load a pellet can tolerate before breaking. It is related to the adhesion forces between
particles in the pellet and is normally used for testing pills in pharmaceutical industry. The test
provides a quick measure of the quality of pellets and can be used to improve pellet quality. However,
the compressive resistance does not quantify the amount of dust that is formed during the transport,
handling and storage of the pellets, and that is the main reason why this test is not normally used to
adjust pelleting processing condition [14,15]. The safe and effective transportation and processing of
biomass pellets is critical for bioenergy application. Low pellet mechanical resistance leads to high
dust emissions, system blockages and an increased risk of fire and explosions during pellet handling,
storage and transport [16].

The durability or abrasion resistance is one of the most important parameters in pellet production
and is defined as the ability of densified biomass units to remain intact during handling [16,17]. High
durability implies high quality pellets with a low number of fines. The most widely used laboratory
methods to measure the durability of pellets, are: the tumbling box method, the Holmen durability
tester, and the Ligno tester. In the tumbling box method, a sample of pellets is sieved to remove fines
and then 0.5 kg of sieved pellets is placed in a tumbling can device. After tumbling for 10 min at 50 rpm,
the sample is removed, sieved and weighted. Pellet durability index (PDI) is calculated as the ratio of
weight after tumbling over the weight before tumbling and is expressed as a percentage [14,18,19].
The Holmen durability tester simulates pneumatic management of pellets. In this device, a sample
of pellets pneumatically circulates through a square conduit of pipe, and the pellets are impacted
repeatedly on hard surfaces. After procedure, pellet sample is sieved, and durability index is calculated
in a similar way. The Holmen tester is severer than the tumbling can method and, therefore, yields
lower PDI [19,20]. The Ligno tester device uses air to rapidly circulate 0.1 Kg of pellets around a
perforated chamber during 30 s. The chamber is an inverted square pyramid with perforated sides.
Forced air is the destructive force. Fines are removed continuously during the test and there is no need
to screen the pellet. PDI is calculated in a similar way [19]. The tumbling box method is the most
popular method for abrasion resistance determination.

Impact resistance test (drop resistance or shattering resistance) simulate the forces produced
during emptying of densified products from trucks onto ground or bins. It can be used to determine
the safe height of pellet production [21]. Pellets are dropped from a standardized height of 1.85-m onto
a stainless-steel plate in the floor, four times. The weight of the remaining pellets, as the percentage of
the initial weight is the impact resistance index (IRI) [14].

Pellet quality may be improved by using different binding agents or additives during production.
Additives can form a bridge, a film, a matrix or can cause a chemical reaction to make strong
inter-particle bonding. They can act in several ways, such as improving fuel quality, decreasing
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emissions, or increasing burning efficiency. All the current regulations for the classification of pellets
limit the use of additives at 2% for wood pellets. The most used additives are lignosulphonate, starch,
dolomite, corn or potato flour, and some vegetable oils. These binding agents also affect the production
economics of the final product [11,17,22].

When lignin-rich biomass is compressed under high pressures and temperatures, the lignin
becomes soft, because its thermosetting properties. The softened lignin acts as a glue [11,23]. If the
feedstock (e.g., leaves) does not contain enough lignin, a binding agent needs to be added. Otherwise,
the finished pellets have poor mechanical stability and typically break down into powder very easily.
Binding agents improve production efficiency but also can increase lubricity during the grinding
procedure, thus decreasing wear and tear on the machinery. Many substances can be used as additives,
including molasses, starch, gluten, dry distiller, rapeseed cake, etc. Nowadays, ongoing research has
sought to extract new additives from waste materials, to develop circular economy processes. Materials
that are more sticky or oily are more likely to be used as binding agents. The lignin content of leaves is
normally smaller than in wood. Although lignin content in leaves varies with species, it is usually
less than 10–12%, and in some cases as low as 3–6%, whereas in wood, the lignin content ranges from
18–30% [24].

In some European countries, the final disposal of leaves collected in street sweeping is problematic,
since burning is not allowed, leaves are generally disposed in landfills. In Germany the number of
deciduous trees in the streets is particularly high, and only in Berlin there are more than 430,000
trees in the streets [25]. In this work, we study the possibility of using tree leaves as raw material for
manufacturing pellets. However, due to the low lignin content of the leaves, it is necessary to add a
binding agent to improve the stability of the pellets. As an additive, the use of lignosulfonates was
studied by several authors with good results [5,11,12,26] however, as the availability of lignosulfonates
has decreased and its price increased, the use of eucalyptus kraft lignin is proposed, given the
predominance of the kraft process for the production of cellulose pulp and the use of fast-growing
species such as eucalyptus, particularly in South America. In this approach, two sub products from the
forest are valorized.

2. Materials and Methods

Wood leaves were collected from streets and gardens in the Bergisches Land (North
Rhine-Westphalia, Germany), washed, dried to a moisture content of 30% (wb), and stored in
plastic containers. Eucalyptus kraft lignin was obtained by acid precipitation with CO2 from Eucaliptus
kraft black liquor, kindly provided by the UPM-Fray Bentos pulp mill (Fray Bentos, Uruguay) [27].
Then, a washing stage with mineral acid (pH 2) was performed to remove inorganic impurities.
As very high purity is not a requisite, the acid washing was performed in only one stage. Lignin was
characterized in terms of moisture content (ISO 18134), ash content (ISO 18122), Klason and soluble
lignin (Tappi standard T-222). Lignin glass transition temperature (Tg) was measured using a Perkin
Elmer DSC 6000 device (Perkin Elmer, Waltham, MA, USA). To manufacture the pellets, a pellet press
EverTec WKL120C of 3 kW was used. During pellet manufacturing, the temperature in the rolling
press was monitored with an infrared thermometer.

Pellets were characterized in terms of yield, moisture content (ISO 18134), ash content (ISO 18122),
durability (ISO 17831-1), calorific value (ISO 18125), ash chemical composition (ISO 16968), and ash
melting point (ASTM D 1857—04). The cross section of the pellets was inspected via Scanning Electron
Microscopy (SEM) after gold sputtering. To determine the calorific value, a calorimeter IKA C200 (IKA,
Staufen, Germany) was used; to determine the metal content, a Perkin Elmer AAnalyst 200 Atomic
Absorption Spectrometer was used; to determine the ash melting point, a LECO AF700 device (LECO,
St. Joseph, MI, USA) was used.

To study the influence of the moisture content of the raw material, the leaves were crushed and
conditioned with different water content values on a wet basis: 10, 14, 18, 22, and 25% (samples labeled
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as P-10, P-14, P-18, P-22, and P-25, respectively). To study the influence of kraft lignin as an additive,
1.0, 1.5, 2.0, and 3.0% (db) were added (samples named as L-1, L-1.5, L-2, and L-3).

3. Results and Discussion

Lignin characteristics are shown in Table 1. Lignin ash content was high because the washing
stage at the pilot plant was performed with a minimal amount of water. The purpose of this process
is to produce technical-grade lignin without further refinement in order to keep production costs as
low as possible. Pure lignin content was considered for the pellet formulations. Figure 1a shows the
yield of the pelleting process, which was calculated as the dry mass of the pellets obtained divided by
the dry mass of the raw material used. Results shows that 22–25% is the best moisture content for
pellet formation and when the moisture content is less than 18% pellet formation was poor, resulting
in a low process yield. This fact is not in agreement with literature since it is widely reported that
the moisture content of raw material for pellet production should be around 15% [5,6,12,14,22,28].
The explanation may be given by the friction of the rolling press, which raises the temperature to
between 90–110 ◦C and causes water to evaporate prior to extrusion. The moisture content of the
pellets after the production process is indicated in Table 2 and is independent of the moisture content
of the raw material. The average moisture of the pellets in wet basis was (8.7 ± 0.2)%. This value is
lower than 10%, as required for certification [13,21,22,29].

Table 1. Physical properties of lignin used in this work.

Property Value

Ash content (%) 12.0 ± 0.9
Klason lignin (%) 73.0 ± 0.5
Soluble lignin (%) 11.3 ± 0.8

Total lignin (%) 84 ± 1
Tg (◦C) 132 ± 1

Net heating value (MJ/kg) 29.1 ± 0.1

  
(a) (b) 

Figure 1. (a) Yield of pellet production versus moisture content of raw material, (b) yield production
versus lignin content.

Table 2. Moisture content of pellets versus moisture content of raw material.

Sample Raw Material Moisture Content (% wb) Pellet Moisture Content (% wb)

P-10 10.0 ± 0.2 9.2 ± 0.1
P-14 14.0 ± 0.3 8.5 ± 0.3
P-18 18.0 ± 0.1 8.0 ± 0.1
P-22 22.0 ± 0.2 9.1 ± 0.1
P-25 25.0 ± 0.1 8.9 ± 0.1

For the addition of eucalyptus kraft lignin as a binding agent, raw material with a moisture
content of 22% was selected. The yield increased drastically with the lignin content, as shown in
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Figure 1b. This can be explained because of the bonging effect of lignin on the pellet structure. Also,
lignin-added pellets showed a brighter finish.

A pellet with low durability disintegrates easily during handling, which can cause difficulties
during its storage and transport, as well as health and environmental problems due to the dust
generated. The durability index of the pellets varies with the moisture content of the raw material as
well as with the amount of lignin added, as shown in Figure 2. The New European Pellets Standards
EN 14961-1 states that the minimum durability value for a commercial pellet is 95%, which was not
reached in leaf-pellet production without the inclusion of an additive. When lignin was added at 2.0%
and 3.0%, the durability was acceptable for pellet commercialization and fulfilled the requirements for
certification [22], but the values were lower than for wood pellets, which usually have a durability
above 97.5% [13,22,29].

  
(a) (b) 

Figure 2. Durability of pellets. (a) Influence of the moisture content of leaves, (b) influence of the lignin
content of pellets.

Figure 3 shows the SEM cross sections obtained with pellets P-22, L-1, L-2, and L-3 in which the
only difference was lignin content. All pellets exhibited a homogeneous structure, and no large leaf
particles could be observed. This finding confirms the quality of the applied leaf pelletization process.
Unfortunately, SEM images of tree-leaf pellet cross sections could not be found for comparison in
the literature.

 

Figure 3. SEM images of pellets without lignin (P-22) and with different lignin contents (L-1, L-2, L-3).
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The net heating value of the pellets in dry basis varies with the moisture content of the raw material,
as can be seen in Figure 4a, which was quite surprising. One possible explanation is the volatilization
of compound with low net heating value during the process, which is higher at low moisture contents.
When lignin is used as an additive, the higher heating value increases by approximately 0.11 MJ/kg
per each 1% of lignin added, as shown in Figure 4b, because of the higher net heating value of lignin.
The minimum net heating value for pellet certification is 16.56 MJ/kg, which is lower than the values
achieved with the leaf pellets [22,29].

 
(a) 

 
(b) 

Figure 4. Net heating value (dry basis), (a) influence of the moisture content of leaves, (b) influence of
the lignin content of pellets.

In Table 3, the ash content of the raw materials and the pellets produced is listed. The ash content
of leaves is much higher than in wood because of its botanic nature and its function in the plant.
The amount of ashes could be problematic for both domestic and industrial uses of these pellets, as it is
five times higher than the requirements for wood pellets. One option to diminish the ash content is
to formulate pellets with both leaves and sawdust since sawdust has a very low ash content. In this
scenario, the need for an additive has to be evaluated. In addition, end users may prefer pellets made
from tree leaves if the cost is considerably lower than that of wood pellets, and this is possible since the
cost of the raw material is negligible and the equipment for production is the same as for wood pellets.

Table 3. Ash content of leaves and pellets.

Sample Ash Content (% db)

Leaves 10.2 ± 0.1
P-10 11.0 ± 0.4
P-14 10.9 ± 0.9
P-18 10.9 ± 0.5
P-22 11.6 ± 0.2
P-25 12.3 ± 0.2
L-1.0 10.7 ± 0.4
L-1.5 11.1 ± 0.6
L-2 11.8 ± 0.1
L-3 12.7 ± 0.2

Regarding the fusibility of ash, results can be seen in Table 4. Only the initial deformation
temperature (IT) is considered by quality standards. In all cases, the initial deformation temperature
was above 1200 ◦C, except for sample P-14, in compliance with specifications for the highest quality
pellets [17,22]. All pellets with lignin fulfilled this requirement. Regarding softening temperature
(ST), hemispherical temperature (HT) and fluid temperature (FT) in most cases are higher than the
maximum temperature that can be determined with the equipment used (1500 ◦C).
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Table 4. Fusibility of pellet ash.

Sample IT 1 (◦C) ST 2 (◦C) HT 3 (◦C) FT 4 (◦C)

P-10 1232 >1500 >1500 >1500
P-14 1119 1310 1371 1398
P-18 1232 >1500 >1500 >1500
P-22 1281 >1500 >1500 >1500
P-25 1227 1416 1437 1440
L-1 1304 >1500 >1500 >1500

L-1.5 1336 >1500 >1500 >1500
L-2 1314 >1500 >1500 >1500
L-3 1240 >1500 >1500 >1500

1: IT: initial deformation temperature. Is the temperature at which the first rounding of the sample occurs. 2: ST:
softening temperature. Is the temperature at which the sample has fused down to a spherical lump in which the
height is equal to the width at the base. 3: HT: hemispherical temperature. Is the temperature at which the cone
has fused down to a hemispherical lump at which point the height is one half the width of the base. 4: FT: fluid
temperature. Is the temperature at which the fused mass has spread out in a nearly flat layer with a maximum
height of 1.6 mm.

The chemical composition of the pellets is shown in Table 5 for major (Na, K, Ca, Mg) and minor
(As, Cd, Cr, Cu, Ni, Pb, Zn) elements. Although metal composition is not regulated, there is an
indication of the maximum content of the minor elements in the pellets showed in the first row of
Table 5 [17,22]. The results show that in all conditions, the metal content is below this indication, which
ensures good environmental performance.

Table 5. Metal composition of pellets.

Sample
Ca

(mg/g)
Mg

(mg/g)
Na

(mg/g)
K

(mg/g)
As

(ppm)
Cd

(ppm)
Cr

(ppm)
Cu

(ppm)
Ni

(ppm)
Pb

(ppm)
Zn

(ppm)

Max. Content ≤1 ≤0.5 ≤10 ≤10 ≤10 ≤10 ≤100

P-10 19.0 3.0 0.5 7.9 <0.2 <0.5 <5.0 8.1 2.0 6.0 23.9
P-14 20.3 3.3 0.1 8.4 <0.2 <0.5 <5.0 3.5 1.8 5.9 17.2
P-18 17.8 2.8 0.1 7.4 <0.2 <0.5 <5.0 4.3 1.5 6.0 15.2
P-22 15.8 2.6 0.1 6.5 <0.2 <0.5 <5.0 2.9 1.3 5.5 11.3
P-25 20.0 3.2 0.3 8.3 <0.2 <0.5 <5.0 2.8 1.5 7.6 16.8
L-1 15.2 2.5 0.2 6.3 <0.2 <0.5 <5.0 1.3 0.8 4.1 21.3

L-1.5 16.7 2.7 0.8 6.9 <0.2 <0.5 <5.0 2.2 1.1 5.1 12.5
L-2 21.8 3.6 1.5 9.1 <0.2 <0.5 <5.0 4.6 1.4 5.3 17.2
L-3 19.8 3.3 1.9 8.2 <0.2 <0.5 <5.0 4.1 1.4 7.0 17.2

4. Conclusions

The main objective of this work was to determine if tree leaves obtained in the sweeping of
the streets, can be used as raw material for the production of pellets, going from being a residue to
becoming a useful product. The results showed that this is possible but that it is necessary to add an
additive that improves the yield of the process and the mechanical resistance of the product.

Lignin is the second most abundant polymer on the planet, and although the technology for
production is developed, its uses are still preliminary. This research shows an alternative for the use of
eucalyptus lignin kraft, as an additive to produce tree-leaf pellets.

This process can be useful for municipalities because they already have all the logistics of collection
and stockpiling established, especially in those cities where the number of deciduous trees is high.

For both domestic and industrial use, the greatest disadvantage in the use of these pellets is given
by the amount of ash obtained, a consequence of the starting raw material. For industrial use, a use for
the ashes must be found, which could range from filler in cement production to silica production.

Therefore, the process is an example where two forms of biowaste -tree leaves and lignin- are
utilized in a circular economy development.
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Abstract: The large-scale biomass production is an essential step in the biotechnological applications
of microalgae. Coccomyxa onubensis is an acidophilic microalga isolated from the highly acidic waters
of Río Tinto (province of Huelva, Spain) and has been shown to accumulate a high concentration
of lutein (9.7 mg g−1dw), a valuable antioxidant, when grown at laboratory-scale. A productivity
of 0.14 g L−1 d−1 was obtained by growing the microalga under outdoor conditions in an 800 L
tubular photobioreactor. The results show a stable biomass production for at least one month and
with a lutein content of 10 mg g−1dw, at pH values in the range 2.5–3.0 and temperature in the range
10–25 ◦C. Culture density, temperature, and CO2 availability in highly acidic medium are rate-limiting
conditions for the microalgal growth. These aspects are discussed in this paper in order to improve
the outdoor culture conditions for competitive applications of C. onubensis.

Keywords: carotenoids; extremophiles; microalgal biotechnology

1. Introduction

The production of microalgal biomass efficiently is a key prerequisite in the production process
of valuable compounds from microalgae. Large-scale production of biomass requires the processing
of high volume of cultures and the use of both indoor and outdoor systems, which may differ in
geometry, culture engineering principles, and variable ambient conditions. An outdoor system offers
the advantage well defined cultivation infrastructures and suitable latitude-dependent environmental
conditions, particularly light and temperature, which may add significant economic advantages for
biomass production [1,2].

Tubular photobioreactors, open raceway systems, and flat panel systems, have so far been widely
recognized as suitable for large-scale microalgal production under outdoor conditions [3,4]. The choice
of the culture system is highly influenced by the characteristics of the specific microalgal species, such as
its robustness, growth rate, and the value and purity requirements of the target product to be obtained.
Tubular and panel photobioreactors systems should be suitable to carry out the massive production
of non-robust microalgal species, where the risk of contamination by undesired microorganisms and
fluctuation of specific culture parameters, such as oxygen concentration and temperature can be
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minimized to a certain level [5]. Corrosion of equipment due to acidity might be a problem which,
however, is overcome by using reactor components made of resistant-to-acid materials. In addition,
slow-growth rate microalgal species are adequate for cultivation in photobioreactors which allow for
a high control of growth conditions close to optimal values [1,6,7]. On the contrary, highly robust
species, such as Chlorella vulgaris and Dunaliella salina, are commercially grown in raceway open ponds
with a very low level of control of temperature and microbial contamination, thus reducing operational
costs without dramatic reduction in the theoretical maximum algal biomass productivity [8,9].

Lutein is a compound consumed worldwide, mainly as a food colorant. Lutein sales amount to
150 million dollars in the USA only. Currently, lutein is obtained from marigold petals, with a low
lutein content of 0.03% (w/w) [10,11]. Actually, the only possible other sources with sufficient content
to be considered for lutein production are certain strains of microalgae, several of them considered as
potential lutein sources based on their lutein content which ranges from 0.5% to 1.2% dry weight [10].

Coccomyxa onubensis is a relatively slow-growth rate acidophilic microalga, which has been grown
outdoor in a 6.0 L photobioreactor for production of lutein [12]. Among the potential applications of
this microalga, an antibacterial effect against human pathogens has been reported by Navarro et al. [13],
and microalgal fatty acids were suggested to be involved in the antibacterial activity. Although the
mechanisms through which fatty acids may exert bactericidal activity are not fully understood, it
has been reported they may promote membrane damage resulting in nutrient uptake alteration and
cellular respiration inhibition [14]. In addition, this microalga could be also attractive as a nutritional
supplement for food and feed industries [14]. These data indicate the potential of C. onubensis as source
of valuable compounds and highlight the interest of producing its biomass at large-scale. In this work
we investigated the growth of the microalga in an 800 L vertically stacked tubular photobioreactor, and
this creates a step forward in the way for the efficient and economically feasible production of enriched
C. onubensis biomass. To the best of our knowledge, this is the first example of biomass production of
an acid-tolerant microalga in an outdoor tubular photobioreactor and offers experimental details of
what should be taken into account for the successful pilot-scale production.

2. Materials and Methods

2.1. Microalga and Culture Medium

Coccomyxa onubensis ACCV1 was isolated from the acidic waters of the Tinto river, Huelva (Spain),
phylogenetically characterized and deposited in the Experimental Phycology and Culture Collection
of Algae at the University of Goettingen in Germany (SAG) with the stock number SAG 2510 [15].
According to the chemical composition of the acidic water in its natural environment, the medium
used for maintaining axenic cultures of the microalga in the culture room was prepared at pH 2.5
by modifying the K9 medium described by Silverman and Lundgren [16]. The culture medium was
prepared in our laboratory with the following chemical composition: 22.67 mM K2SO4, 1.34 mM KCl,
2.87 mM K2HPO4, 4.31 mM MgCl2, 22.65 mM KNO3, 0.09 mM CaCl2, and 5 mL of Hutner’s trace
elements solution prepared in our laboratory as indicated in [15]. The microalgal cultures were grown
in Erlenmeyer flasks (Fisher Scientific S.L., Madrid, Spain) in an algal room at 25 ◦C bubbled with air
containing 2.5% (v/v) CO2 and continuously illuminated by white fluorescent lamps.

For large-scale cultivation in indoor plastic bags and in an outdoor tubular photobioreactor, a
culture medium based on an NPK-fertilizer solution (Agralia Fertilizantes S.L., Huesca, Spain) was
used in order to reduce nutrient costs. The 1 L of culture medium (NPK-medium) contained 0.25 mM
NO3

−, 0.45 mM NH4
+, 0.4 mM P2O4, 0.64 mM K2O, and 0.4 mL of a commercial micronutrient solution

(Microfer Complex, Fercampo, Málaga, Spain).
Previous experiments at laboratory scale unveiled a more efficient use of urea by the microalga,

as compared to other common nitrogen sources used to grow microalgae, including nitrate, nitrite,
or ammonium [15,17]. Thus, the final medium was supplemented with 8 mM urea (Panreac Química
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SLU, Barcelona, Spain) which also provides carbon to the microalga, 100 μM FeCl3, and pH was
adjusted to 2.5.

2.2. Cultivation of C. onubensis in Indoor Air Fluidized-Bed Plastic Bags

The microalga was grown in two plastic bags (Plásticos Gamaza, Santander, Spain) of 400 L each,
having 60 cm diameter, 2.1 m height, and 200 μm thickness, fully transparent to photosynthetically
active radiation (PAR) (Figure 1A), and using the NPK-medium as described in the previous section.
Two conditions of initial biomass concentration were assessed: 0.31 g L−1 (C1, Figure 2A) and
0.57 g L−1 (C2, Figure 2A). The bags were maintained indoors at 25 ◦C and continuously bubbled with
CO2-enriched air (2.5% v/v) through air diffusers placed at the bottom of the bags. The cultures were
continuously illuminated with white fluorescent lamps that yielded 150 μE m−2 s−1 of incident light on
the surface of the bag. The incident light intensity on the surface of the culture bags was measured
using a photoradiometer (HD9021, Delta OHM, Padova, Italy).

Figure 1. Cultivation systems for large-scale production of Coccomyxa onubensis biomass. Indoor
400 L cultivation bags (A); outdoor 800 L vertical tubular photobioreactor (B); configuration of the
photobioreactor is detailed in (C): (1) culture pump; (2) nutrient pump; (3) cooling water pump;
(4) water inlet; (5) cooling water tank; (6) harvested biomass tank; (7) nutrient tank; (8) degasser tank;
(9) CO2 inlet; (10) level controller; (11) pH controller indicator; (12) temperature controller indicator;
(13) non-return valve; (14) glass pipe; (15) manifolds; (16) cooling water collector; (17) pipe support;
(18) cooling pipe with sprinklers. The systems are located at CIDERTA (University of Huelva, Spain).
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Figure 2. Growth of C. onubensis cultures in batch indoors and in an outdoor photobioreactor (PBR)
system. Time-course evolution of growth in batch cultures (A) and photosynthetic capacity (maximum
quantum yield, (B)). Time course of growth in an outdoor PBR (C). Photosynthetic capacity in
photobioreactor culture (D). Two conditions of initial biomass concentration were assessed: 0.31 g L−1

(C1) and 0.57 g L−1 (C2). Details of the experimental set-up and parameter determination are described
in Section 2.

2.3. Cultivation of C. onubensis in an Outdoor Vertical Tubular Photobioreactor

The microalga was cultured at a pilot scale in an 800 L outdoor vertical tubular photobioreactor,
using the same NPK-medium previously described. The system consists of 16 horizontal glass tubes
with 6 cm internal diameter vertically stacked and connected mutually by means of manifolds on both
sides of the tubes (Figure 1B). The glass tubes were kindly provided by Schott (Schott Glass Iberica SL,
Barcelona, Spain). The photobioreactor is equipped with temperature and pH control systems, which
allowed keeping the temperature below 25 ◦C and pH between a range of 2.5–3 (Figure 1C). Reactor
components were made of resistant-to-acid materials. This design was particularly based on the
conclusions made from the work of Vaquero et al. [12] in a 6 L outdoor tubular photobioreactor (PBR).

For replication of outdoor cultivation trials, the limitation exists that only one large PBR system
was available. Thus, it was not possible to replicate experiments under the same outdoor conditions.
However, the trial of growth outdoors allowed to understand that the acidophilic microalga grow
stably in an PBR system outdoors and also to approach the first data of productivity.

The culture broth was placed inside a 1500 L tank and pumped to the bottom manifold of the
photobioreactor. The broth circulates through the four bottom tubes and reaches the large common
manifold at the side extreme. Subsequently, the broth enters the four tubes above and flows in opposite
direction, reaching the manifold at the extreme of the tube. The flow pattern was repeated until the
broth reached the manifold placed at the highest position, finally returning to the tank where it was
degassed before being again pumped back to the photobioreactor (Figure 1C).

pH was measured continuously using the pH/ATC transmitter DMM-4000/pH (Design Instrument,
Barcelona, Spain) equipped with a pH sensor (SG900CD, SENSOREX, Inc., Los Angeles, CA, USA).
Temperature was measured continuously using a temperature sensor (PT100). Both controllers were
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equipped with a data acquisition system ICP-COM type. CO2 was automatically injected when the
culture pH exceeded 3.5. The cooling system (see below) was set to turn on automatically when the
culture temperature exceeded 24 ◦C.

The temperature control was carried out by dripping water over the tubular system. The water
used for cooling was collected by a channel in the low part of the photobioreactor and returned to the
cooling water tank. This tank was placed underground, thus reducing water losses.

2.4. Harvesting of Microalgal Biomass

After the cultivation period, the microalgal biomass was harvested by continuous flow
centrifugation at 250 L h−1 and 8400 rpm using an industrial centrifuge (KA–6, GEA Westfalia
Separator, Oelde, Germany). The biomass was frozen at −20 ◦C for 24 h and subsequently lyophilized
in a freeze drier (FD8512, IlShin BioBase, Ede, The Netherlands). The powder was then vacuum packed
and stored at −80 ◦C until further use.

2.5. Growth Measurements and Productivity

In all cultures of this study, the algal growth evolution with time course was daily assessed by
following dry weight measurements which were carried out by taking 10 mL samples of each culture.
The samples were filtered through glass microfiber filters of 47 mm diameter and 0.7 μm pore size
(MFV–5, Filter-Lab, Barcelona, Spain). The filters containing wet algal biomass were dried in an oven
at 100 ◦C for 24 h [18].

2.6. Maximum Photosystem II Quantum Yield (Fv/Fm)

The photosynthetic efficiency was evaluated by measuring the chlorophyll fluorescence in
dark-acclimated cells, considered as the maximum photosynthetic efficiency of photosystem II (Fv/Fm).
This parameter was determined using a portable pulse amplitude modulated fluorometer (AquaPen-C
AP-C 110, Photo Systems Instruments, Drasov, Czech Republic), according to the method previously
described [19].

2.7. Pigment Analysis

Pigments were extracted with methanol and measured spectrophotometrically as described in
Ruiz-Domínguez et al. [20]. Specific carotenoids—lutein and β-carotene—were separated by HPLC
equipped with a diode-array detector (L-7420, TermoQuest, CA, USA) and a RP18 column (LichroCart
RP18, Merck KGaA, Darmstadt, Germany), 5 μm, size 250 × 4 mm. In the mobile phase, solvent A was
ethyl acetate and solvent B was acetonitrile and water (9:1, v/v) (mobile phase flow rate was 1 mL per
minute). Carotenoids detection was at 450 nm and the carotenoids were quantified using lutein and
β-carotene standards supplied by DHI-Water and Environment (Hørsholm, Denmark) [20].

2.8. Statistics

In this study, one outdoor experiment was carried out from 8 March 2017, to 4 April 2017. Unless
otherwise indicated, the data presented in this manuscript are the means of three independent samples.

3. Results and Discussion

3.1. Batch Cultivation of C. onubensis in Plastic Bags Indoors

Cultivation of C. onubensis in two plastic bags of 400 L each in the indoor condition was first
investigated to analyze the growth stability and the average of biomass productivity. These cultures
served as a source of active biomass for inoculation to the outdoor tubular photobioreactor. Figure 2A
shows the growth of C. onubensis cultivated indoor in batch cultures in plastic bags. Two different
initial biomass concentrations were assessed by differential dilution (v/v) of the mother culture: 1/2
(control) and 1/1, resulting an initial biomass concentration in the cultures of 0.31 g L−1 (C1, Figure 2A),
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and 0.57 g L−1 (C2, Figure 2A), respectively. The culture with the lowest initial biomass concentration
showed the fastest growth and it resulted in a higher biomass productivity. On the contrary, the culture
with the highest initial biomass concentration rapidly attained maximum dry weight (Figure 2A).

A maximal lutein concentration of 9.7 mg g−1dw was obtained, which leads to a maximal lutein
productivity of 0.9 mg L−1 d−1 in plastic bags indoors.

The maximum biomass productivity in culture bags indoors achieved values of 0.09 g L−1

d−1 (Table 1) for experimental condition C1. In this condition, a maximum lutein concentration of
9.7 mg g−1dry weight was obtained, leading to a maximum lutein productivity of 0.87 mg−1 d−1. The
experimental condition C2 resulted in a maximum biomass productivity of 0.07 g L−1 d−1. Thus,
condition C1 was slightly more efficient.

Table 1. Comparative productivity and lutein content of biomass in different acidophile and
non-acidophile microalgae. “PBR” means photobioreactor.

Microalga Growth System pH
Productivity
(g L−1 d−1)

Lutein
(mg g−1)

Reference

C. onubensis Indoor plastic bag 400 L 2.5 0.09 9.7 Present work
C. onubensis Outdoor PBL 800 L 2.5 0.14 10.0 Present work
C. onubensis Laboratory conditions 1 L 2.5 1.80 6.0 [18]
C. onubensis Outdoor PBR 6 L 2.5 0.40 4.8 [12]

Chlamydomonas acidophila Laboratory conditions. High light 2.5 0.75 - [21]
Chlamydomonas acidophila Laboratory conditions. Low light 2.5 0.08 - [21]

Galdieria sulphuraria Laboratory conditions 2.0 0.27 - [22]
Muriellopsis sp. Laboratory conditions 1 L 7.5 1.60 6.0 [23]
Muriellopsis sp. Outdoor tubular 7.5 13.0 † 5.0 [24]

Nannocloropsis sp. CCAP 211/78 Outdoor PBR 6 L 7.5 0.71 - [25]
Scenedesmus almeriensis Laboratory conditions. High light 7.0 0.95 5.3 [21]
Scenedesmus almeriensis Outdoor tubular 4000 L 7.0 0.29 4.5 [10]

† Units: g m−2 d−1.

The cultures in the plastic bags are light-limited due to the large bag size, which reduces
dramatically the intensity of light in the culture core. In this respect, from our own experience in bags
a linear correlation exists between C. onubensis growth rate and light intensities below 400–500 μE
m−2 s−1. Therefore, maintaining large amounts of C. onubensis biomass growing actively in the linear
growth phase (dry weight between 0.6 and 1 g L−1) even at a lower growth rate might reduce nutrient
consumption and operational costs (Figure 2A).

A major constraint in cultivating microalgae at acidic pH values is the low CO2 solubility at low
pH. It means that the cultivation system design and operation mode must be such that the supplied CO2

is homogeneously distributed throughout the cultivation system and CO2 losses are minimized. These
conditions will influence the biomass production yield of an acidotolerant or acidophilic microalgal
species [6]. However, the results of previous cultivation assays of C. onubensis in small-scale tubular
photobioreactors showed the long CO2 retention time in the reactor, thus, indicating the convenience
of using closed tubular photobioreactors for their production [12,26].

3.2. Cultivation of C. onubensis in a Tubular Photobioreactor Outdoors

The growth of acidophilic or acidophilic microalgae at acidic pH largely depends on the inorganic
carbon availability in the form of CO2 [27,28]. At low pH, CO2 has a very low solubility and,
consequently, CO2 supply in open systems like raceway open ponds may easily result in massive
losses of CO2 to the atmosphere. The cultivation in closed photobioreactors (i.e., tubular systems)
can avoid large losses of CO2 and additionally allow for a more efficient use of CO2 by the cultivated
algal species [29]. In addition, the vertical configuration of a tubular photobioreactor results in
lowered photoinhibition compared to the horizontal disposition [12]. Accordingly, a vertical tubular
photobioreactor which allows for better control of main cultivation parameters was selected for
this study.
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The C. onubensis biomass was initially produced in batch cultures, such as in plastic bags in indoor
conditions, and used as an inoculum for culturing C. onubensis in an 800 L tubular photobioreactor
outdoors. The initial biomass concentration in the tubular photobioreactor was set at 0.65 g L−1

and the pattern of growth is observed in Figure 2C. A biomass productivity of 0.14 g L−1 d−1 was
achieved (Table 1). A maximal lutein concentration of 10 mg g−1dw was obtained, which leads to
a maximal lutein productivity of 1.42 mg L−1 d−1. The outdoor trials for C. onubensis production
described in this manuscript were carried out in March, a month of moderate maximum and minimum
temperatures of approximately 26 and 5 ◦C on average, respectively. The culture medium pH was
adjusted continuously to 2.5, which is optimal for C. onubensis growth [15]. In outdoor cultures,
Vaquero et al. [18] observed a noticeable effect of temperature on C. onubensis growth. Thus, in order to
maintain the culture temperature at 25 ◦C in the photobioreactor, water was trickled over the glass
tubes from thin perforated pipes placed at the top of the vertical tubular photobioreactor. Water was
collected at the bottom of the system and recirculated (Figure 1B,C).

As shown in Figure 2C, culture adaptation to outdoor conditions resulted in a slight decrease
in biomass density after the first two days, which correlates with the slight decrease of maximum
quantum yield from 0.7 to 0.5 within that time period. The outdoor conditions greatly differ from indoor
conditions, particularly the light intensity which is much higher in the outdoor systems. Consequently,
an adaptation period is required for the cultures to perform efficiently. During the adaptation period
to the outdoor high light intensity, the maximum quantum yield decreases temporarily to 0.5, which
did not affect further growth performance in the reactor. Zijffers et al. [30] reported that maximum
photosynthetic efficiency values below 0.6 indicate a significant loss of culture viability. Nevertheless,
an average value of approximately 0.65, typically found in healthy algal cultures, was recorded after
the first few days. Afterwards, the maximum quantum yield of C. onubensis roughly remained constant
within the range 0.60–0.65 (Figure 2D).

Lutein content in the microalgal cells may vary along the growth cycle in the PBR, depending
on a number of factors and the algal species [31], thus the mode of cultivation in the PBR system, the
dilution rate, and/or the right moment for harvesting should be eventually optimized to get enhanced
productivities. The cultivation system might influence the lutein accumulation in the cells, as light
path varies largely depending on the production system, for instance the tubular photobioreactors light
path is usually shorter than that in raceway open ponds [32]. In microalgae lutein may accumulate
under relatively low irradiance levels as, for instance, proven in Chlorella [33], which suggests that the
low volumetric productivity shown in this paper might still be enhanced in dense cultures.

Overall, the results suggest that C. onubensis can be produced massively in outdoor tubular
photobioreactors, at acidic pH values, during the springtime in southern Europe, seemingly without
photoinhibition if the production is carried out at suitable biomass concentrations. Non-optimized
biomass and lutein productivities of 0.14 and 1.42 g L−1 d−1, respectively, were achieved, which can
still be further improved. For instance, heating was not implemented during the night and the outdoor
cultures were produced under natural light–dark cycles. The productivity should be expected to
increase in cultures subjected to 24 h illumination and temperature control, thus implementing artificial
light and heating overnight. Nevertheless, these experiments should be carried out only once the
impact on process economy has been assessed. In addition, we hereby suggest that while performing
the outdoor cultures at higher biomass concentrations in summer, major constraints, i.e., very high
temperature and light irradiance, could be evaded by shading the tubular photobioreactor during
midday hours and by cooling the system continuously as described in the previous section.

Since, so far, no reports are available on outdoor cultivation of acidophilic microalgal species,
the comparison of the data obtained in this study with outgroup data is not possible. Nevertheless,
in general, the productivity of C. onubensis is higher than that reported for other microalgae, including
some acidophilic species, at a laboratory scale (Table 1). According to the C. onubensis productivity
results obtained in the laboratory conditions and in low volume outdoor tubular reactors [12] (Table 1),
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there is still room for improvement of the productivity in high volume outdoor reactors if appropriate
cultures conditions are used and prior adaptation of the microalgal species is carried out.

A further economic analysis should be done to assess the potential of outdoor production of
C. onubensis in PBR for eventual production of lutein-enriched biomass. In this sense, a complete set of
productivity data should be obtained throughout the year from the PBR operating in semicontinuous
mode and with the optimal biomass concentration range.

4. Conclusions

The capacity of an acidic extreme environment microalga, C. onubensis, for massive production
in outdoor photobioreactors was evaluated. The production in acidic medium minimizes the risk
of biological contamination and reduces the loss of algal productivity associated with microbial
proliferation. C. onubensis can be produced massively in outdoor tubular photobioreactors, at acidic
pH values, during the springtime in southern Europe, seemingly with limited photoinhibition if the
production is carried out at suitable biomass concentrations. Non-optimized, maximal biomass and
lutein productivities of 0.14 g L−1 d−1 and 1.4 mg L−1 d−1, respectively, were achieved, which can
still be further improved. The optimization of process engineering at extreme acidic pH, including
pH-control and the use of acid-resistant materials, is a key challenge to maximize the productivity of
C. onubensis and their derived products in photobioreactors.
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Abstract: A hydrothermal pretreatment of the microalga Nannochloropsis gaditana at mild temperatures
was studied in order to reduce the N and O content in the biocrude obtained by hydrothermal
liquefaction (HTL). The work focused on the evaluation of temperature, reactor loading, and time
(factors) to maximize the yield of the pretreated biomass and the heteroatom contents transferred
from the microalga biomass to the aqueous phase (responses). The study followed the factorial design
and response surface methodology. An equation for every response was obtained, which led to the
accurate calculation of the operating conditions required to obtain a given value of these responses.
Temperature and time are critical factors with a negative effect on the pretreated biomass yield but
a positive one on the N and O recovery in the aqueous phase. The slurry concentration has to
be low to increase heteroatom recovery and has to be high to maximize the pretreated microalga
yields. Response equations were obtained for the analyzed responses, which facilitated the accurate
prediction of the operating conditions required to obtain a given value of these responses.

Keywords: microalgae; hydrothermal liquefaction; pretreatment; low O and N biocrude

1. Introduction

Advanced biofuels obtained from microalgae have attracted great interest in the research field
because they can be grown on non-arable land, and, therefore, they do not compete with food
production. In addition, microalgae can fix CO2 from the air through photosynthesis, which allows for
a reduction of CO2 emissions [1–3].

Among the different biomass-to-biofuel thermochemical processes, hydrothermal liquefaction
(HTL) has proven to be a likely option for the production of biofuels from microalgae [4–7], as it allows
for the direct processing of wet algal biomass, thus avoiding the costs related to the drying step [8,9].
Moreover, HTL is not limited to the lipid fraction of the algal biomass because carbohydrates and
proteins can also be converted into the biofuel product [10,11]. Furthermore, HTL microalga processing
enhances the recovery of nutrients that can be recycled for microalga growth [12,13].

A moderate temperature (250–375 ◦C), pressure (4–22 MPa), and reaction time within the range of
5–60 min are commonly used in HTL [9,14,15]. Under these conditions, the aqueous medium, near the
critical point, promotes the degradation of macromolecules present in the algal biomass, as well as the
polymerization of the resultant smaller molecules [13]. A variety of products can be obtained from
HTL: liquid organic phase (biocrude), aqueous phase compounds, solid residue, and gas phases, all of
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whose yields and quality are strongly affected by the operating conditions and the microalga used as
feedstock. Thus, the influence of temperature, pressure, reaction time and slurry concentration on
biocrude yield and quality have been deeply investigated [16]. As reported elsewhere, the temperature
is the most important parameter that affects HTL [17], producing biocrude yields between 40 and
50 wt.% within a temperature range of 250–375 ◦C, depending on the microalga used as feedstock.

It has been reported that the maximization of the biocrude yield is favored at high temperatures.
However, in these conditions, the biocrude is simultaneously enriched in N (derived from microalgae
chlorophyll and proteins) [17,18]. Therefore, the HTL of microalgae yields biocrudes with a larger
content of O (10–20 wt.%) and N (1–8 wt.%) than the conventional crude [14]. This has a negative
effect, not only on the final properties of the biocrude (high viscosity), but also on the possibilities of
using it in conventional refinery operations due to catalyst poisoning [14,19]. Likewise, the potential
application of biocrude as a biofuel is also limited due to the NOx emissions partially derived from N
compounds [16]. In addition, the high amount of O in the biocrude reduces its heating value. In order
to decrease the N and O contents of the biocrude, different strategies can be devised. One of them is
a low temperature HTL (<200 ◦C), which has been evaluated as a previous pretreatment to increase
the quality of the final biocrude and to enhance the energy efficiency of the overall process [14,20–22].
This is an advantageous option, because it allows for the hydrolysis of proteins into small molecules,
which remain solubilized in the aqueous phase, diminishing the N content in the pretreated residue
and consequently reducing the N content in the final biocrude. In addition, P and N compounds can be
recovered from the aqueous phase and used for microalga cultivation [20]. The use of this pretreatment
in combination with other processes is currently under study, but more focus has been spent on the
reduction of the N content of the microalga, whereas the also necessary O content decrease has been
less studied in literature. In this sense, the pyrolysis of algal biomass pretreated by HTL has been
reported in a batch reactor, yielding biocrude with a low N content [23]. Another approach is the use
of this low temperature pretreatment of the microalgae in combination with a final HTL process at a
high temperature. This scheme has been applied to microalga processing, obtaining biocrudes with
a low N content in a batch reactor [14,20,21] and also in a semi-continuous reactor [24,25]. A low N
biocrude was also obtained from the yeast Cryptococcus curvatus through this sequential HTL in batch
operation mode [26].

Though a low temperature pretreatment appears to be a promising alternative in reducing the N
compounds of the final biocrude, the relationship between operating conditions, pretreated microalga
yield, and properties has not been fully established. Additionally, the necessary reduction of O in the
biomass has not yet been deeply studied. In this context, the use of models to determine the optimal
conditions of this pretreatment to reduce both N and O concentrations in the pretreated biomass could
be of great interest to achieve the desired objectives in subsequent processing. In this work, a low
temperature wet pretreatment of the microalga Nannochloropsis gaditana was carried out to evaluate
the optimal conditions and the effects of temperature, reactor loading, and reaction time in order to
maximize the yield of the pretreated biomass and the N and O content transferred from biomass to
the aqueous phase. The process was developed and optimized by the factorial design and response
surface methodology, which is a powerful tool that has not been applied to the hydrothermal microalga
pretreatment to reduce the N and O content of the final biocrude.

2. Materials and Methods

2.1. Materials

The microalga selected for this study was N. gaditana, which was purchased from AlgaEnergy S.A.
(Madrid, Spain) and received in freeze-dried form. Dry biomass is more feasible for long-term storage
and its use on the small scale. In large-scale HTL, wet microalga can be directly used as the feedstock
without any dewatering and drying processes.
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The elemental composition of N. gaditana was 48.7% C, 7.1% H, 6.8% N, 0.9% S and 21.2% O.
Freshly deionized water prepared in the laboratory was used throughout the experiments. All other
chemicals used in this research were obtained commercially and used as received.

2.2. Experimental Procedure

In a typical pretreatment essay, a solution of the desired amount of N. gaditana powder and 75 mL
of fresh deionized water were added to the reactor. The amount of microalga depends on the assay
and was between 2 and 5 g. The high pressure and high temperature batch reactor employed was
E010SS 100 mL EZE-SEAL 316SS from Autoclave Engineers (Erie, PA, USA) with gas inlet and outlet
connections, a thermocouple, and a cooling coil.

The reactor was sealed and purged using N2. Then, it was heated to the desired temperature
using an electrical heating jacket and held at that temperature for the predefined pretreatment time.
At the end of the reaction, the reactor was cooled to room temperature by passing a solution of water
and ethylene glycol at 5 ◦C through the cooling coils of the system to quench the reaction.

Before opening the reactor, pressure was relieved by a purge valve. The mixture in the reactor
was transferred to a beaker, and the reactor was washed twice with 15 mL of dichloromethane (DCM),
ensuring that all components were extracted. The mixture contained three phases: An aqueous phase,
a solid phase (pretreated microalga), and a phase of biocrude with DCM.

The pretreated biomass was separated using filter paper with a Büchner funnel. After filtration,
this solid phase and the filter paper were dried in an oven at 110 ◦C for 12 h before they were weighed.
The weight of the solid residue was calculated by subtracting the weight of the filter paper. The aqueous
and biocrude phases were separated by decantation in a separatory funnel. The top phase was the
aqueous phase and the biocrude phase with DCM was at the bottom. To evaporate water and DCM
from the aqueous phase and the biocrude layer, respectively, both were dried in an oven during 24 h at
100 ◦C for the aqueous phase and 40 ◦C for the biocrude phase, and then weighed. The oven used had
an extractor to avoid the evaporated solvent being transferred to workspace.

The elemental analyses of the microalga and all product phases were carried out using a Flash
2000 analyzer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a thermal conductivity
detector (TCD). The contents of C, N, S, and H were determined by an oxidation/reduction reactor kept
at a temperature of 900 ◦C. The O determination was achieved through an oxygen-specific pyrolysis
reactor heated at 1060 ◦C. Triplicate analyses were conducted for each sample, and the average values
were taken.

3. Results and Discussion

3.1. Result of the Design of Experiments

The experimental design applied to the study of the hydrothermal pretreatment was a 23 full
factorial design. The central point experiment was carried out four times in order to determine the
variability of the results and to evaluate the experimental error. According to the response surface
methodology, a second order model was required because of the significant curvature effect found in
the linear model. Additional experiments (star points) were included in the factorial design to produce
a face-centered central composite design.

The responses selected were: The yield of the pretreated biomass phase obtained in the
hydrothermal pretreatment in relation to the mass of dry matter microalga loaded (hereinafter
referred to as the yield of the solid phase, YSP), the N recovery in the aqueous phase in relation to the N
content in the microalga dry matter (NRAP), and the O recovery in the aqueous phase referred to the O
content in the dry microalga (ORAP). The design goal was to maximize these three responses. A high
solid phase yield is required in the pretreatment stage to increase, in turn, the final biocrude yield
obtained in HTL. Additionally, it is necessary to transfer high amounts of N and O from the microalga
to the aqueous phase (rising NRAP and ORAP) to obtain a solid phase with lower N and O content
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that can be converted into a biocrude with a low heteroatom concentration through a conventional
HTL process.

The selection of the factors was based on the operating conditions that have a significant influence
on HTL reactions [27]. Therefore, the factors studied were temperature (T), reaction time (t) and the
biomass:water ratio (B:W).

The selection of the levels was based on results obtained in previous studies [14,20,24]. The lower
and upper temperature levels were 100 and 200 ◦C, respectively, since higher temperatures enter the
range of HTL conditions. The levels of the reaction time were 5 and 120 min, and the levels of the
biomass:water ratio were 26.7 and 66.7 mg/mL.

The experimental matrix and the results are presented in Table 1. The factorial levels on a natural
scale are illustrated in columns 2, 3 and 4, whereas columns 5, 6 and 7 denote the 0 and ±1 encoded
factorial levels on a dimensionless scale. Experiments were carried out randomly to minimize errors
due to possible systematic tendencies in the operating conditions. Table 1 also shows the results for the
three responses.

Table 1. Experiment matrix and experiment results.

Reaction
T t B:W XT Xt XB:W YSP NRAP ORAP

◦C min mg/mL % % %

1 100 5 26.7 −1 −1 −1 35.1 48.2 43.5
2 200 5 26.7 1 −1 −1 21.2 63.3 75.1
3 100 120 26.7 −1 1 −1 19.2 71.0 68.5
4 200 120 26.7 1 1 −1 16.3 64.6 62.8
5 100 5 66.7 −1 −1 1 56.3 19.8 31.1
6 200 5 66.7 1 −1 1 35.8 46.2 58.8
7 100 120 66.7 −1 1 1 41.9 38.5 42.9
8 200 120 66.7 1 1 1 10.2 68.4 64.5
9 150 62.5 46.7 0 0 0 30.5 39.7 43.0

10 150 62.5 46.7 0 0 0 33.4 43.8 46.7
11 150 62.5 46.7 0 0 0 32.2 34.2 48.3
12 150 62.5 46.7 0 0 0 30.0 40.2 50.0
13 200 62.5 46.7 1 0 0 11.5 67.2 74.0
14 100 62.5 46.7 −1 0 0 24.7 60.5 62.1
15 150 120 46.7 0 1 0 37.7 47.4 59.7
16 150 5 46.7 0 −1 0 56.7 27.6 37.7
17 150 62.5 66.7 0 0 1 33.8 39.2 48.2
18 150 62.5 26.7 0 0 −1 29.0 52.7 54.1

Note: T = temperature, t = reaction time, and B:W = biomass:water ratio, X = coded value, YSP = yield of the solid
phase (%), NRAP = N recovery in the aqueous phase (%), and ORAP = O recovery in the aqueous phase (%).

Using non-linear multiple regression analysis and assuming a second-order polynomial model,
mathematical models (Equations (1)–(6)) were attained from the matrix generated by the experimental
pretreatment results. The statistical models (Equations (1)–(3)) were calculated from encoded levels
that showed the real influence of the three operating variables on the pretreatment process, and the
technological models (Equations (4)–(6)) were obtained from the real values corresponding to these
operating conditions. The analysis of variance showed that the quadratic model selected to fit the
experimental results was adequate because the lack-of-fit test presented p-values > 0.05 in all cases.

Statistical models:

YSP = 32.33 − 8.22 XT − 7.98 Xt + 5.72 XB:W − 0.025 XT Xt − 4.425 XTXB:W − 2.4 Xt XB:W +

14.108 X2
t − 15.036 X2

T − 1.697 X2
B:W; [r2 = 0.96, r2 (adj.) = 0.91]

(1)

NRAP = 42.494 + 7.17 XT + 8.48 Xt − 8.77 XB:W − 2.25 XT Xt + 5.95 XT XB:W + 2.1 Xt XB:W +

18.337 X2
T − 8.013 X2

t + 0.437 X2
B:W; [r2 = 0.93, r2 (adj.) = 0.84]

(2)
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ORAP = 50.429 + 8.71 XT + 5.22 Xt − 5.85 XB:W − 5.425 XT Xt + 2.925 XT XB:W + 0.6 Xt XB:W +

14.193 X2
T − 5.157 X2

t − 2.707 X2
B:W; = [r2 = 0.85, r2 (adj.) = 0.68]

(3)

Industrial models:

YSP = −112.793 + 1.847 T − 0.573 t + 1.476 B:W − 0.0000086 T t − 0.004 T B:W − 0.002 t B:W −
0.006 T2 + 0.004 t2 − 0.004 B:W2; [r2 = 0.96, r2 (adj.) = 0.91]

(4)

NRAP = 229.864 − 2.286 T + 0.483 t − 1.547 B:W − 0.00078 T t + 0.00595 T B:W + 0.0018 t B:W
+ 0.0073 T2 − 0.0024 t2 + 0.0011 B:W2; [r2 = 0.93, r2 (adj.) = 0.84]

(5)

ORAP = 143.489 − 1.548 T + 0.544 t − 0.132 B:W − 0.0019 T t + 0.0029 T B:W + 0.00052 t B:W +
0.0056 T2 − 0.0016 t2 − 0.0067 B:W2; [r2 = 0.85, r2 (adj.) = 0.68]

(6)

For each response, the second-order models could be plotted on 3D graphs (response surfaces) as
a function of two of the three factors at the center point of the third one. For instance, Figure 1 shows
the response surfaces for the predicted values of the solid phase yield (Figure 1a), the N recovery in
the aqueous phase (Figure 1b), and the O recovery in the aqueous phase (Figure 1c) as a function of
temperature and pretreatment reaction time at a biomass:water ratio of 46.7 mg/mL, which corresponds
to the center point value of this factor.

Figure 1. Cont.
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Figure 1. Response surfaces as a function of temperature (T) and time (t) for the predicted values of the
(a) yield of the solid phase, (b) N recovery in the aqueous phase, and (c) O recovery in the aqueous
phase (all plots correspond to a biomass:water ratio value of B:W = 46.7 mg/mL).

Figure 2 shows the relationship between experimental and predicted values for the yield of the
solid phase, the N recovery in the aqueous phase, and the O recovery in the aqueous phase. For the
three responses evaluated, the values calculated with the predictive non-linear models were very close
to those obtained experimentally, indicating the high accuracy of the models attained. In addition,
the analysis of variance (ANOVA) indicated that the second-order models were adequate to represent
the experimental results for the three responses analyzed, since the p-values of the lack-of-fit were
higher than the significance level (0.05). Thus, the values were 0.0512, 0.2050 and 0.2020 for the
yield of the solid phase, the N recovery in the aqueous phase and the O recovery in the aqueous
phase, respectively.
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Figure 2. Experimental vs. predicted values for the (a) yield of the solid phase, (b) N recovery in the
aqueous phase, and (c) O recovery in the aqueous phase.

3.2. Influence of Operating Conditions on the Yield of the Solid Phase

According to the statistical analysis of the experimental range evaluated, the temperature (XT)
was the most important factor in the yield of the solid phase obtained in the HTL pretreatment
(p = 0.0005). The second factor in importance was pretreatment reaction time (Xt) (p = 0.0005), although
the interaction between them was not significant (p = 0.9668). As shown in Figure 3 and Equation
(1), temperature and time had a negative influence on the solid phase yield: An increase in these
factors produced an overall decrease in the amount of pretreated biomass obtained during the studied
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hydrothermal pretreatment process. The effect of temperature and time on the yield of treated biomass
was similar to the ones reported previously for HTL in mild conditions [14,23,26]. The drop of the solid
phase yield with increased pretreatment temperature and time was due to the effect of the biomass cell
break, which allowed for the hydrolysis of the extracted proteins and carbohydrates from the microalga
into their corresponding single molecules (amino acids and sugars, respectively) in the aqueous phase.
Therefore, an increase in the temperature and time promoted the hydrolysis reactions, decreasing the
solid phase yield.

Figure 3. Plot of main effects and interactions for the yield of the solid phase (T = temperature,
t = reaction time, and B:W = biomass:water ratio).

However, the quadratic effect of the temperature (X2
T) had a significant negative influence on the

yield of the solid phase (Equation (1); p = 0.0005). This, in turn, meant that the increase of temperature
did not imply a constant decrease in this response because the curvature effect was significant at lower
temperatures (Figure 3). In fact, the yield of the solid phase achieved a maximum at a temperature
of approximately 140 ◦C. In this sense, the hydrolysis of proteins and carbohydrates did not become
significant until that temperature was achieved.

In the same way, the quadratic time effect (X2
t) was also significant (p = 0.0007), but its effect was

positive (Equation (1)). Therefore, the increase of time did not again produce a constant reduction
in the response analyzed, since the curvature effect was significant at long reaction times (Figure 3).
Accordingly, the pretreatment at longer reaction times (>75 min) reached a minimum yield in the solid
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phase without further decreasing the amount of this pretreated biomass. Consequently, protein and
carbohydrate hydrolysis reactions were no longer significant at these long pretreatment times. Higher
yields of the solid phase were obtained at shorter reaction times, which could significantly reduce the
cost and energy requirements of the mild pretreatment.

Figure 3 and Equation (1) show that the biomass:water ratio (XB:W) had a positive effect on the
amount of solid obtained from the HTL pretreatment (p = 0.0014). For this reason, an increase of the
initial slurry concentration was somewhat beneficial to this response at the mild temperatures utilized
in this study. This was due to the increase in available biomass with increasing slurry concentrations.
However, the influence of the quadratic effect of this factor (X2

B:W) was not significant (p = 0.1723).
Conversely, the temperature–biomass:water ratio interaction (XT–XB:W) had a small negative

influence on the yield of the solid phase (Equation (1); p = 0.0041). At low temperatures, an increase
in the biomass:water ratio significantly increased the response, but the yield of the solid phase
remained nearly constant at high temperatures for any slurry biomass concentration. Thus, the slurry
concentration was no longer significant at high temperatures because the effect of the hydrolysis
reactions of the proteins and carbohydrates became more important at these temperatures, producing
low solid yields.

The time–biomass:water ratio interaction (Xt–XB:W) was also significant in the quantity of solids
attained in the pretreatment (p = 0.0226), showing a significant negative effect (Figure 3 and Equation
(1)). At lower pretreatment times, an increase in the slurry concentration led to a significant increase of
the solid phase yield. However, the increase of this response with the initial slurry concentration at
high temperatures was lower. This interaction can be explained as the temperature–biomass:water
ratio interaction. At high temperatures, the hydrolysis reactions became more important, and therefore
the influence of the biomass:water ratio was less important.

From the point of view of the solid phase yield obtained during the mild pretreatment, the optimal
values were the medium temperature (130 ◦C), the shortest time (5 min) and the higher biomass:water
ratio (67 mg/mL). At these operating conditions, the yield of solids predicted by the non-linear models
(Equations (1) or (4)) was 63.5%. This predicted value was confirmed with the experimental result at
the same operating conditions (63.24%).

3.3. Influence of Operating Conditions on the N Recovery in the Aqueous Phase

The influence of operating conditions on the N recovery in the aqueous phase is now discussed
using the statistical models shown in Equation (2) as well as the main effects and interaction plots
(Figure 4) and the ANOVA. The most important factor was the biomass:water ratio (XB:W) (p = 0.0060).
This factor had a negative influence on the N content in the aqueous phase. Therefore, an increase
in the biomass:water ratio produced a remarkable decrease in the N content in the aqueous phase.
This fact disadvantaged the goal of increasing N recovery because it is interesting to work at lower
biomass:water ratios to reduce the cost of the biomass drying in order to obtain low concentrations of
the initial biomass slurry. The influence of the quadratic effect of this factor (X2

B:W), however, was not
significant (p = 0.8676). The next factors in importance were pretreatment reaction time (p = 0.0066) and
temperature (p = 0.0106). Overall, an increase in temperature and time improved the N recovery in the
aqueous phase. That increase drove the hydrolysis of proteins into small molecules, which remained
solubilized in the aqueous phase, decreasing the N content in the pretreated biomass obtained [20].

The quadratic effect of the temperature (X2
T) achieved the most remarkable value (p = 0.0047).

It had the most significant positive influence on the N recovery in the aqueous phase (Equation (2)).
This means that the increase of temperature did not imply a constant increase in this response because
the curvature effect was very significant at lower temperatures (Figure 4). In fact, the N recovery in
the aqueous phase reached a minimum at a temperature of approximately 140 ◦C. This result is in
agreement with the maximum yield of pretreated biomass achieved at this temperature. Temperatures
higher than 140 ◦C increased the ionic product of the water, thus promoting the hydrolysis of proteins
and enhancing both the removal of N from the microalga and the solid phase yield at the same time [20].
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Figure 4. Plot of main effects and interactions for the N recovery in the aqueous phase (T = temperature,
t = reaction time, and B:W = biomass:water ratio).

The temperature–biomass:water ratio interaction (XT–XB:W) in the N recovery was also significant
(p = 0.0239) and positive (Equation (2) and Figure 4). At low temperatures, an increase in the
biomass:water ratio led to a significant decrease in N recovery in the aqueous phase. However,
this response achieved similarly high values at high temperatures for any slurry biomass concentration.

On the other hand, the quadratic effect of the time (X2
t) had a small negative influence on the N

recovery in the aqueous phase. This means that the increase of time did not imply a constant increase
in this response because the curvature effect was significant at higher pretreatment times (Figure 4).
In fact, the N recovery achieved a maximum at approximately 90 min, keeping constant for longer
reaction times. Therefore, pretreatment times of about 90 min or higher were adequate to obtain higher
values for the N recovery in the aqueous phase, but short pretreatment times were preferred from the
point of view of the cost and energy requirements for this stage.

Finally, the influence of the temperature–time and the time–biomass:water ratio interactions
((XT–Xt, Xt–XB:W, respectively) was not significant on the N recovery in the aqueous phase since the
p-values were higher than 0.05 in both cases (Figure 4 and Equation (2)).

From the point of view of the N recovery in the aqueous phase during the HTL pretreatment,
the optimal values were the lowest temperature (100 ◦C), the medium time (93.5 min) and the
lowest biomass:water ratio (26.7 mg/mL). At these operating conditions, the NRAP predicted by the
non-linear models (Equations (2) or (5)) and the corresponding experimental value were 71.1% and
73.0%, respectively.
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3.4. Influence of Operating Conditions on the O Recovery in the Aqueous Phase

The temperature (XT) was identified as the most important factor for the O recovery in the aqueous
phase (p = 0.0027). As shown in Equation (3) and Figure 5, this operating condition had an overall
positive effect on the O removal from biomass, achieving O recovery values in the aqueous phase of
nearly 73% at high temperatures. Therefore, this response grew when the temperature increased. The N
removal from the biomass also increased with temperature, but the O elimination was predominant.
As the ionic product of water increased with temperature, high values of this operating condition
favored the hydrolysis of proteins, carbohydrates and lipids catalyzed by H+ and OH−, enhancing the
recovery of O from the microalga in the aqueous phase. The quadratic effect of this factor (X2

T) had a
significant (p = 0.0044) positive influence on this response (Equation (3)). However, its absolute value
was smaller than that of its corresponding main effect. This indicates that the increase in temperature
did not produce a constant rise in the O content in the aqueous phase because the curvature effect was
significant at lower temperatures with a minimum at approximately 135 ◦C (Figure 5). Consequently,
the hydrolysis of the biomass compounds did not become significant, at least at 135–140 ◦C.

Figure 5. Plot of main effects and interactions for the O recovery in the aqueous phase (T = temperature,
t = reaction time, and B:W = biomass:water ratio).

The biomass:water ratio (XB: W), the time (Xt), and the temperature–time interaction (XT-Xt) were
significant with p-values of 0.0085, 0.0117 and 0.0143, respectively, but they had a lower effect on this
response than temperature and its quadratic effect. The biomass:water ratio had a negative linear
influence on the O recovery in the aqueous phase, as shown in Figure 5. Accordingly, the influence of
the quadratic effect of this factor (X2

B:W) was not significant (p = 0.2326). As far as this response is
concerned, low biomass:water ratios were required to maximize the O recovery in the aqueous phase,
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because more H+ and OH− were available to catalyze the hydrolysis of proteins, carbohydrates and
lipids, which improved the removal of O from the biomass in the aqueous phase.

In addition, pretreatment time (Xt) had a positive effect on this heteroatom recovery in the aqueous
phase, and the quadratic effect (X2

t) of this factor was not significant (p = 0.0656). The maximum value
of the O recovery was 52%, which was achieved at long pretreatment times (Figure 5). The time had a
similar effect to temperature on the O removal from the biomass, but its influence, as shown, was less
significant. Time also favored the hydrolysis of biomass compounds, increasing the O recovery.

On the other hand, the temperature–time interaction (XT–Xt) had a negative influence on the O
recovery in the aqueous phase. It was the only interaction that had a significant effect (p = 0.0143)
since the temperature–biomass:water ratio interaction (XT–XB:W) and the time–biomass:water ratio
interaction (Xt–XB:W) did not have a significant effect on this response (p = 0.0696 and p = 0.6098,
respectively). At short pretreatment times, an increase in the temperature produced a great increase in
the O recovery. However, at long times, this response decreased to a minimum and later increased to 68%
(Figure 4). At low temperatures, an increase of the time remarkably enhanced the O recovery. However,
this response achieved its maximum value at high temperatures irrespective of the pretreatment time
because the temperature influence was more significant than time.

According to these results, the optimal values to maximize the O recovery in the aqueous phase
are the highest temperature (200 ◦C), an intermediate time (59.6 min), and a value of 35.8 mg/mL of the
biomass:water ratio. At these operating conditions, the O recovery in the aqueous phase predicted by
the non-linear models (Equations (3) or (6)) was 74.1%. The experimental result of O recovery at the
optimal operating conditions was slightly higher (76.3%).

4. Conclusions

Response equations were obtained for the yield of the pretreated biomass and the recovery of
N and O from the microalga in the aqueous phase, which facilitates the accurate prediction of the
operating conditions required to obtain a given value of these responses. The use of these models is
essential to carry out a mild hydrothermal pretreatment process of microalgae on an industrial scale to
obtain an appropriate yield of pretreated biomass with a relatively low N and O contents. Temperature
and time are significant factors with a negative influence on the yield of the solid phase and a positive
one on N and O recovery in the aqueous phase, which means that they have a positive influence on
the concentrations of these heteroatoms in the pretreated biomass. The slurry concentration is also
critical, having to be low to maximize the N and O recoveries in the aqueous phase and consequently
to minimize their presence in the pretreated microalga. However, the slurry concentration should be
high to obtain better yields of pretreated biomass.
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Abstract: The yield and composition of the biocrude obtained by hydrothermal liquefaction (HTL)
of Nannocloropsis gaditana using heterogeneous catalysts were evaluated. The catalysts were based
on metal oxides (CaO, CeO2, La2O3, MnO2, and Al2O3). The reactions were performed in a batch
autoclave reactor at 320 ◦C for 10 min with a 1:10 (wt/wt) microalga:water ratio. These catalysts
increased the yield of the liquefaction phase (from 94.14 ± 0.30 wt% for La2O3 to 99.49 ± 0.11 wt%
for MnO2) as compared with the thermal reaction (92.60 ± 1.20 wt%). Consequently, the biocrude
yields also raised in the metal oxides catalysed HTL, showing values remarkably higher for the
CaO (49.73 ± 0.9 wt%) in comparison to the HTL without catalyst (42.60 ± 0.70 wt%). The N
and O content of the biocrude obtained from non-catalytic HTL were 6.11 ± 0.02 wt% and
10.50 ± 0.50 wt%, respectively. In this sense, the use of the metal oxides decreased the N content of
the biocrude (4.62 ± 0.15–5.45 ± 0.11 wt%), although, they kept constant or increased its O content
(11.39 ± 2.06–21.68 ± 0.03 wt%). This study shows that CaO, CeO2 and Al2O3 can be promising
catalysts based on the remarkable amount of biocrude, the highest values of C, H, heating value,
energy recovery, and the lowest content of N, O and S.

Keywords: microalgae; hydrothermal liquefaction; biocrude; metal-oxide catalyst

1. Introduction

Advanced biofuels derived from microalgae are considered a promising source of energy thanks
to the well-known advantages of this type of biomass: high-production yields, neutral with respect
to CO2 emissions, growing in industrial facilities and wastewater can be used as nutrients in the
cultivation stage [1–4]. In this context, a thermochemical process such as the hydrothermal liquefaction
(HTL) is postulated as one of the most promising current routes to produce biofuels from microalgae.
HTL allows for the biofuel production from wet microalgae without a drying pre-treatment [5] and
it tolerates the conversion of the whole microalga biomass, also including the low-lipid microalgal
biomass which normally has higher growth rates [3,6–9]. Moderate temperatures (200–380 ◦C) and
high pressures (10–25 MPa) and microalga:water ratios within the range 5%–15% are commonly used in
HTL [10,11]. HTL yields a solid residue or biochar, a gaseous phase and two liquid fractions (aqueous
and organic). Although all phases are useful in a microalga biorefinery, the organic liquid phase,
usually referred to as biocrude or bio-oil, is the most interesting to produce biofuels [5].
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The yield and quality of the biocrude is influenced by parameters such as temperature, pressure,
reaction time and biomass:water ratio [12,13]. This biocrude obtained through HTL usually has a
yield between 25 and 65 wt% under thermal conditions. However, it is characterised by having a
high content of N and O, since the initial microalga has a high content of these heteroatoms [14].
Consequently, the heating value is influenced in a negative way and the biocrudes obtained from HTL
are not entirely in accordance with the regulations for their use as biofuel. For these reasons, current
HTL research is focused mainly on improving the quality of the biocrude, reducing the content of these
heteroatoms. The HTL biocrude can be upgraded with a conventional catalytic hydrotreatment [15],
but novel processes involve the modification of the HTL process. Thus, some recent investigations
deal to the HTL in two stages, where the N and O contained in the initial biomass is removed at
low temperatures in a pre-treatment and the solid phase obtained in this first stage is transform to
a low N and O content biocrude in the following HTL step [6,16,17]. Other authors have studied
the use of co-solvents such as ethanol [18,19], obtaining high biocrude yields at lower temperatures.
The use of appropriate catalysts in the HTL process is one of the most promising recent routes since
the catalyst promotes dehydration, deoxygenation, denitrogenation and desulfurisation during the
HTL, consequently decreasing the N, O and S content of the biocrude [1,20]. In particular, catalysts are
capable of carrying out the hydrolysis of proteins, lipids and carbohydrates into smaller molecules,
which in turn suffer decarboxylation and deamination reactions [20].

The homogeneous catalysts were the first used in HTL due to the ease of handling. Initially,
catalytic tests used Na2CO3, obtaining positive effects on the biocrude yield. In addition, this catalyst
allows for the reduction of the N and O present in the starting biomass, which increases the higher
heating value (HHV) of the biocrude and improves its quality [1,21]. However, its use can produce
secondary reactions of saponification [22], which promoted the study of acid homogeneous catalysts,
such as inorganic acid or short-chain organic acids, which act as hydrogenating agents of the process,
reducing the biocrude N and O contents [23,24]. However, the homogenous catalyst cannot be reused
in the catalytic HTL process.

The recovery ease of the heterogeneous catalysts makes the use of these catalysts in HTL a
growing line of research. In this way, there are catalysts that promote the loss of N in biocrude, such
as metals supported on carbon (Pt/C, Ru/C) or alumina with nickel or platinum [10,20]. Conversely,
deoxygenation is promoted mainly by alumina doped with Ni, Co or Mo [20]. In addition, new diverse
materials (i.e., zeolites, carbon nanotubes, nanoparticles, etc.) have being tested recently to favour the
loss of these heteroatoms in the biocrude [25,26]. In previous works, the content of N and O in the
biocrude was reduced using heterogeneous catalysts such as Pd, Pt or Ru supported on C, Co, Mo, Ni,
Pt, Ni/SiO2 supported on Al2O3 and zeolites [27] and also metals supported in carbon nanotubes [25].
However, the possible contaminations and the activity of the materials need to be evaluated for its real
reutilisation [3]. Therefore, the development of catalysts with a high hydrothermal stability that resist
deactivation during HTL is essential.

In this context, the main objective of this work is to compare the biocrude obtained by the use of
different metal oxide heterogeneous catalysts (CaO, CeO2, La2O3, MnO2 and Al2O3) in the HTL of
Nannochloropsis gaditana to develop this process at an industrial scale. These catalysts have relatively
low prices and have been highly used in the production of biodiesel thanks to their high basicity
that promotes a greater catalytic activity to convert triglycerides without significant deactivation.
In addition, metal oxides are non-soluble in the alcoholic media of this reaction and therefore, are
recoverable [28–32]. However, there are no references about the use of oxides as catalysts in the
microalga HTL process. These catalysts are advantageous for microalga HTL since their metal cations
are Lewis acid sites that act as acceptors of electrons, whereas their oxygen anions are acceptors of
protons or Bronze bases [33]. Besides, metal oxides are not soluble in the aqueous medium of the HTL
process, so that the leaching reactions of the oxides are avoided, which would decrease their catalytic
activity [30].
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2. Materials and Methods

2.1. Microalga

The microalga used in this work was the N. gaditana, and it was supplied by AlgaEnergy S.A.
(Madrid, Spain). Table 1 shows the biological composition (lipids, proteins, carbohydrates and
ashes) together with the principal and minority elements composition of the microalgae, which were
determined according to the methodology reported previously [34].

Table 1. Microalga composition (dry weight basis).

Biochemical Composition (wt%) Elemental Composition (wt%) Metals (mg/g)

Lipids 35.52 ± 1.23 H 7.10 ± 0.18 Na 21.04 ± 2.01
Proteins 43.81 ± 3.50 C 48.7 ± 0.14 K 3.53 ± 0.09

Carbohydrates 15.70 ± 3.59 N 6.80 ± 0.04 Mg 0.90 ± 0.03
Ashes 4.50 ± 0.79 S 0.90 ± 0.04 Fe 0.16 ± 0.01

O 36.5 ± 0.20 Ca 0.08 ± 0.01
P 6.43 ± 0.02

2.2. Catalysts

The metal-oxide catalysts used in this work were calcium oxide (CaO), cerium (IV) oxide (CeO2),
manganese (IV) orxide (MnO2) and lanthanum (III) oxide (La2O3) supplied by Sigma-Aldrich (St.
Louis, MO, USA), and -alumina (Al2O3) provided by Alfa Aesar (Haverhill, MA, USA).

2.3. Catalytic Liquefaction

The catalytic liquefaction was performed in a 100 mL stainless-steel autoclave (EZ-SEAL®,
Autoclave Engineers. Erie, PA, USA). In each experiment, 33 g of slurry with a 10 wt% of microalga
and 5 wt% metal-oxide catalyst was loaded into the reactor. A control thermal experiment was carried
out in the absence of any catalyst for comparison purposes. All the experiments were run at 320 ◦C for
10 min in an inert atmosphere (nitrogen). The stirrer was set at 500 rpm to ensure adequate mixing. At
the end of the reaction, the autoclave was rapidly cooled down to room temperature to quench the
reaction. Each HTL experiment was carried out three times for the statistical analysis.

When the reactor achieved room temperature, the gas phase was separated through the reactor
valve that connects the reactor to the microGC Varian CP-4900 (Varian Inc., Palo Alto, CA, USA) where
it was analysed. Then, 30 mL of dichloromethane (DCM) was used to collect the reaction mixture,
which consists of solid residue, aqueous phase and biocrude. The solid residue and the catalyst were
separated together by a vacuum filter, dried at 105 ◦C for 24 h and weighted. The biocrude and aqueous
phase were separated by decantation in a separation funnel. Both water and DCM were evaporated
by vacuum evaporation from their respective fractions (aqueous phase and biocrude, respectively) in
order to determine their yield and composition.

The yields (Y) of each phases were determined on a dry basis using Equations (1)–(4) [35] and the
gas phase yield was calculated by the difference.

YBiocrude(%) =
mass of biocrude

mass dry matter of microalgae
× 100 (1)

YSolid Residue (%) =
mass of solid residue

mass dry matter of microalgae
× 100 (2)

YWater−soluble products (%) =
mass of water− soluble products

mass dry matter of microalgae
× 100 (3)

Liquefaction phase (%) = (1 − mass of solid residue
mass dry matter of microalgae

) × 100 (4)

177



Processes 2020, 8, 15

2.4. Products Analysis

2.4.1. Biocrude Analysis

The content of the principal elements (hydrogen, carbon, nitrogen, sulfur and oxygen) present in
the biocrude oil were measured in a Vario EL III element analyser (Elementar Analysensysteme GmbH,
Langenselbold, Germany) using sulphanilic acid as standard. With the content of these elements, the
high heating value (HHV) of the bio-oil can be determined using the Boie equation (Equation (5)) [36].

HHV (MJ/kg) = 0.3516 ×C + 1.16225 ×H − 0.1109×O + 0.0628×N (5)

The energy recovery (ER) was defined as the ratio of the total heating value of biocrude to the
total heating value of microalgae, as shown by Equation (6).

ER (%) =
(HHV of biocrude ×Mass of biocrude)

(HHV of microalga ×Mass of dry matter of microalgae)
× 100 (6)

The composition of biocrude was analysed by gas chromatography–mass spectrometry (GC–MS)
(Bruker 450GC, Bruker Corp., Billerica, MA, USA). The samples were diluted with carbon disulphide
and filtered with a 0.45 μm nylon filter. The GC-MS was coupled to a triple quadrupole mass
spectrometer (Bruker 320 MS, Bruker Corp., Billerica, MA, USA) that operates in electronic impact (EI)
mode and it was provided with a Rxi-5Sil MS 30 m 0.25 mm ID column (Restek, Lisses, France). Data
acquisition and processing were performed by using Bruker MS Workstation software v.7. (Bruker
Corp., Billerica, MA, USA).

2.4.2. Analysis of Aqueous Phase

The total organic content (TOC) was determined in a Shimadzu-V equipment (Shimadzu Corp.,
Kioto, Japan) while the pH was measured in a pH meter Basic 30 pH meter (Crison Instruments,
Barcelona, Spain). In addition, the water recovery from the aqueous phase was as evaluated by
Equation (7).

Water recovery (%) =
mass of aqueous phase

inital mass of water
× 100 (7)

2.4.3. Analysis of Gas Phase

The catalytic hydrothermal liquefaction gas products were collected and analysed by using a
gas chromatograph Varian CP-4900 (Varian Inc., Palo Alto, CA, USA) with a thermal conductivity
detector (TCD) connected on-line to the autoclave reactor. The samples were analysed when the
reaction mixture was cooled to 30 ◦C.

2.4.4. Statistical Analysis

Overall, data were subjected to statistical analysis by one-way analysis of variance (ANOVA), and
Duncan’s comparison of means using SPSS statistics software version 21 (IBM Corp., Armonk, NY,
USA). Duncan’s comparison of means tables were also applied to evaluate the effects of catalysts on the
conversion yields and the elemental compositions of biocrude obtained through HTL of microalgae.
Average and standard deviation of replications were also applied where required. In addition, before
the analysis, the normality of data was approved by the Kolmogorov–Smirnov test.
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3. Results and Discussion

3.1. Effects of Catalysts on the Yields of Hydrothermal Liquefaction (HTL) Processes

The yields of the different fractions obtained from the catalytic HTL processes (biocrude,
water-soluble products, gas phase and solid residue) are shown in Table 2. The corresponding yields for
the non-catalytic HTL (thermal) process are also included in the same table for comparison purposes.

Table 2. Effects of catalysts on the yields of hydrothermal liquefaction (HTL) process.

Biocrude (wt%) WSP 1 (wt%) Gas (wt%) SR 2 (wt%) LP 3 (wt%)

Thermal 42.60 b 4 31.98 c 17.81 a 7.60 d 92.69 d

Catalysts

CaO 49.73 a 37.43 b 7.57 b 5.25 c 94.74 cd
CeO2 43.80 b 44.12 a 9.82 b 2.25 ab 97.74 ab
MnO2 44.11 b 37.61 b 18.26 a 0.50 a 99.49 a
La2O3 42.66 b 38.98 b 12.50 ab 5.85 cd 94.14 cd
Al2O3 44.22 b 34.02 c 17.44 a 4.30 bc 95.69 bc

1 Water-soluble products; 2 Solid Residue; 3 Liquefaction Phase; 4 Different letters (a, b, c, and d) in the same column
refers to statistical differences of Duncan’s multiple range test at p < 0.05 between control and different catalysts
applied in the HTL process. “a” is the desirable mean value of groups for Biocrude, WSP, Gas, SR and LP.

The yield towards the fraction of greatest interest, i.e., biocrude, were mostly between 43 and
50 wt%, which were near or somewhat higher than the equivalent obtained under thermal non-catalysed
conditions (42.60 ± 0.80 wt%). According to Shi et al. [37], these catalysts prevent dehydration and
promote the hydrolysis and cracking reactions. The use of CeO2, MnO2, La2O3 and Al2O3 as
heterogeneous catalysts results in lower yields (43.80 ± 0.50 wt%, 44.11 ± 0.50 wt%, 42.66 ± 1.10 wt%
and 44.22 ± 1.60 wt%, respectively) than the use of CaO (49.73 ± 0.90 wt%). If we attend at the
electronegativity of these catalysts under the reaction conditions, the first four had a electronegativity
between 8 and 11.5 while CaO had a value close to 5 [38]. Consequently, the highest yield of biocrude
was obtained with the most basic oxide catalyst (CaO), which promoted the hydrolysis and cracking
reactions. In addition, the basicity of CaO could give rise to secondary reactions of saponification,
decreasing the biocrude yield [22]. However, the saponification reactions were not significant at the
short reaction time used in this work (10 min) in comparison to the longer reaction times (60 min) in a
previous study using palm biomass as raw material [38].

The yields of the water-soluble products for basic metal oxides catalysts (CaO, CeO2, MnO2,
La2O3) ranged from 37.43 ± 0.61 wt% to 44.12 ± 0.92 wt%, being higher than the corresponding value
in the thermal HTL (31.98 ± 1.20 wt%). This implies that the metallic oxides also promote an increase
of this fraction yield, which was also previously observed in the HTL of rice husk using these types of
catalysts [37]. In addition, the acid nature of these types of catalysts has an influence on the yield of the
water-soluble products. Thus, the more acidic Al2O3 had a lower yield of water-soluble compounds
than the more basic metal oxides.

The yields of the gas fraction obtained with CaO and CeO2 were significantly lower
(7.57 ± 0.50 wt% and 9.82 ± 0.01 wt%, respectively) than the thermal HTL (17.81 ± 2.27 wt%), whereas
the yield of this fraction using La2O3 (12.50 ± 1.90 wt%), MnO2 (18.27 ± 1.41 wt%) and Al2O3

(17.44 ± 3.21 wt%) was statistically the same as the one obtained without a catalyst. The decrease of the
gas fraction yield could be related to the observed increase of the biocrude and water-soluble product
yields because of the interaction between the different phases during HTL, according to the kinetic
model proposed by Valdez [39].

The liquefied fraction yields obtained with metallic oxides were generally higher than this fraction
yield obtained in the HTL without catalyst (the liquefaction phase values of MnO2, CeO2 and Al2O3

were significantly higher than the value of the non-catalysed HTL), which is due to the detected
increase in the yields of the liquid fractions (water-soluble products and biocrude) with these catalysts.
These yields are in all cases higher than 94 wt%, even reaching 99.49 ± 0.70 wt% when MnO2 was used.
It is noteworthy, therefore, that the high yield of the liquefied fraction indicates a conversion of the
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microalga near 100%. These high yields are linked to the low amounts of solid residue obtained in the
catalytic processes (0.50 wt% to just under 6 wt%) in comparison with the solid yield in the thermal
reaction (7.60 ± 0.70 wt%). This increase in the liquefied fraction and a low yield of the solid residue
was observed previously in the HTL of rice husk and microalga Nannochloropsis with the same type of
catalysts [37,40].

3.2. Element Content, Higher Heating Value (HHV) and Energy Recovery (ER) of Obtained Biocrude

Table 3 shows the elemental analysis, HHV and energy recovery (ER) of the biocrudes obtained
with the metal oxide-catalysed HTL and the non-catalysed process.

Biocrudes obtained with the metal oxides CaO, CeO2 and La2O3 had statistically similar N content
(4.76 ± 0.02 wt%, 4.62 ± 0.15 wt% and 4.64 ± 0.01 wt%, respectively). Therefore, these catalysts are
suitable to carry out denitrogenation reactions. However, the N content of the biocrude obtained with
MnO2 and Al2O3 were slightly higher (5.45 ± 0.11 wt% and 5.39 ± 0.21 wt%). In all cases, a significant
decrease was observed in the N content with respect to the non-catalysed reaction (6.11 ± 0.02 wt%).
This fact corroborates the power of metal oxides as catalysts of hydrolysis and cracking reactions
breaking the macromolecules (proteins and lipids) to give compounds with N soluble in the aqueous
phase fraction that decrease the content of this heteroatom in biocrude [20,38].

Table 3. Elemental composition, higher heating value (HHV) and energy recovery (ER) of the biocrude
obtained through HTL of microalgae with different catalysts compared to non-catalysed reaction.

N (wt%) C (wt%) H (wt%) S (wt%) O (wt%) HHV (MJ/kg) ER (%)

Thermal 6.11 c 73.84 a 1 9.17 c 0.31 c 10.54 a 33.18 a 58.25 a

Catalyst

CaO 4.76 a 69.98 b 9.31 c 0.40 d 15.59 b 31.47 b 55.00 b
CeO2 4.62 a 73.04 a 9.83 a 0.16 a 12.32 a 33.40 a 58.50 a
MnO2 5.45 b 70.17 b 9.17 c 0.16 a 14.94 b 31.49 b 55.25 b
La2O3 4.63 a 64.88 c 8.39 d 0.39 d 21.68 c 30.12 c 53.00 c
Al2O3 5.39 b 73.36 a 9.64 b 0.20 b 11.39 a 33.43 a 58.75 a

1 Different letters (a, b, c, and d) in the same column refers to statistical differences of Duncan’s multiple range test
at p < 0.05 between control and different catalysts applied in the HTL process. “a” is the desirable mean value of
groups for C, H, HHV, ER, N, O and S.

Regarding the O concentration in the biocrudes, the values obtained with the metal oxides ranged
from 14.94 ± 0.58 wt% for MnO2 to 21.68 ± 0.04 wt% for La2O3, being higher than those obtained by
the thermal reaction (10.54 ± 0.50 wt%). This fact may be due to the hydrolysis of the main molecules
(carbohydrates, lipids and proteins) into smaller ones that cannot undergo deoxygenation. However,
the O content could be improved with these catalysts at a longer reaction time [20]. In spite of that, in
comparison with thermal reaction, no considerable growth was detected in the O concentration for
CeO2 and Al2O3 catalysts.

The HHV values obtained from the elemental analysis were between 30.12 ± 0.01 and
33.43 ± 0.91 MJ/kg (Table 2), regardless of the type of metallic oxide used. These values are typical
of biocrudes obtained from microalgae by HTL process (30–43 MJ/kg) [20]. Conversely, the ER were
between 52.88% ± 0.02% to 58.75% ± 1.62%. The HHV and ER results of the CeO2 and Al2O3 were
similar to those of the thermal reaction and the mentioned indexes for CaO and MnO2 were slightly
lower. These values were approximately similar to the ones reported previously for fast HTL (400 ◦C,
2 min) with Pd/C, Pt/C or dimethalic alumina catalysts [15], but somewhat lower than those obtained
in the HTL at 350 ◦C and 60 min with similar catalysts [27]. Among the catalysts applied in this study,
CeO2 resulted in remarkable specifications for the obtained biocrude through HTL of microalgae,
N. gaditana. As can be clearly seen in Table 2, the highest values of C and H content, HHV and ER, in
addition to the lowest content of N, O and S occurred as a consequence of the HTL process using the
CeO2 catalyst.

Because the biocrude properties are highly dependent on the H/C, N/C and O/C atomic ratios,
these were calculated and compared with the corresponding ratios of the thermal biocrude and the
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initial microalgal biomass. In addition, the atomic ratios of the biocrudes were compared with a
biodiesel obtained from rapeseed oil that complies European Biodiesel EN 14214 Standards, a biodiesel
from N. gaditana oil that meets the biodiesel specifications except for the content of polyunsaturated
(≥4 double bonds) methylester and a reference fossil diesel complying European Standard EN-590. The
atomic ratios were represented using a Van Krevelen diagram (Figure 1a,b). The H/C, N/C and O/C
ratio for the reference diesel were 1.84, 0.005 and 0.008, respectively. In the HTL process, deoxygenation
and denitrogenation mechanisms are produced during the reaction [12]. Therefore, O/C and N/C ratios
decrease with respect to the initial biomass around 80% and 40%, respectively. The H/C ratios shown
in Figure 1 were similar for the five biocrudes regardless of the catalysts used, showing values around
1.50–1.65. However, the ratio of the thermal biocrude obtained was 1.25 because of its higher percentage
of C in the composition. On the other hand, the N/C ratios were all between 0.05 and 0.06, slightly
higher than that for the reference diesel oil (0.005) and somewhat lower than the thermal biocrude
(0.084). Despite the fact that the N content was reduced with respect to the thermal reaction, a total
recovery of C in the biocrude was not achieved and therefore, the N/C ratio obtained was somewhat
higher than the limits reported in the literature [20]. The values of O/C were between 0.10 and 0.20,
which were higher values than the ones obtained previously for this heterogeneous catalysed process
(0.004–0.053) [15], which is associated to the fact that the O and C were not completely recovered in
the biocrude phase. However, the O/C ratios obtained with oxygenated biofuels, such as biodiesels
from rapeseed and N. gaditana oils, were close to 0.10 and similar to the O/C ratios of the biocrudes
obtained using CeO2 (0.135) and Al2O3 (0.113). Longer reaction times are required to decrease the
O concentrations of the biocrude obtained by HTL with heterogeneous catalysts. In spite of higher
values of the H/C, N/C and O/C, we can also remark on the fact that, apart from higher NOx emission
due to the higher N content and lower heating value, using oxygenated biofuels such as biodiesel
and bioethanol has significantly reduced the formation of air pollutants like CO, soot and unburned
hydrocarbons and increased the combustion efficiency. In addition, developing engine technologies
and fuel additives, besides optimizing biocrude production and upgrading systems, will provide a
sustainable source of biofuel for commercial purposes [41–44].

 

(a) (b) 

Figure 1. Van Krevelen diagram for biocrude obtained with metal oxide catalyst (�) CaO, (�) CeO2, (�)
MnO2, (�) La2O3 and (�) Al2O3. For comparison purposes, thermal conditions (�), reference diesel
(�), biodiesel from rapeseed oil (�), biodiesel from N. gaditana oil (�) and microalga N. gaditana (�) are
shown. (a) O/C vs H/C and (b) N/C vs H/C).

The composition of the biocrudes obtained by GC–MS, grouped by families, is shown in Table 4.
A high content of acids was obtained in the biocrudes using CaO, CeO2, La2O3 and Al2O3, achieving
values of 28.08 wt%, 31.18 wt%, 24.99 wt% and 17.82 wt%, respectively. These catalysts promote
hydrolysis reactions to a greater extent, increasing the amount of organic acids and alcohols. The latter
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achieved values of 9.46–18.48 wt%. Conversely, the content of organic acids in the biocrude obtained
in the HTL with MnO2 was remarkably higher (60.96 wt%). In this sense, this catalyst promotes
the deamination reactions of aminoacids to organic acids, in addition to the hydrolysis of lipids to
these organic acids. The high content of oxygenates (mainly acids, alcohols and amides) was around
65–70 wt% of the composition, which causes a low biocrude stability, a low HHV and high corrosive
power [45]. However, these values were lower than those of the thermal reaction were, where the
oxygenated compounds were higher than 85 wt%. Attending to the N compounds (amines, amides
and nitriles), they supposed between a 20.24 wt% and a 36.85 wt%. These compounds mainly come
from the hydrolysis of the proteins [12]. The content of amines was higher than that of the thermal
reaction (9.74 wt%), while the amides were lower than the one obtained in the control thermal reaction
(31.26 wt%). Finally, the amount of hydrocarbons in the biocrudes obtained with these metal oxides
were higher (12.71–15.36 wt%) than the corresponding value obtained in the thermal control HTL
(6.02 wt%), that is associated again with the decrease of heteroatoms in biocrude.

Table 4. Biocrudes composition determinate by gas chromatography–mass spectrometry (GC–MS).

Composition (%)

Acid Alcohol Aldehyde Amine Amide Ketone HC AHC Ether Nitrile

Thermal 43.25 6.49 0.46 9.74 31.26 1.99 3.71 2.31 0.55 0.23

Catalyst

CaO 28.09 18.48 0.00 16.51 10.10 7.31 11.26 4.10 n.d 3.11
CeO2 31.18 9.46 0.00 18.84 16.30 9.44 12.51 0.33 n.d 1.71
MnO2 60.96 0.00 0.00 10.71 6.08 9.41 10.68 2.03 n.d 0.12
La2O3 24.99 17.32 0.00 15.12 9.36 16.53 13.26 0.00 n.d 3.13
Al2O3 17.82 17.27 0.00 12.02 34.78 8.31 7.10 1.81 n.d 0.14

HC: Hydrocarbon; AHC: Aromatic hydrocarbon; n.d: non-detectable.

The boiling temperature of the biocrudes obtained by metal oxide catalysis was determined
and compared with a diesel that complies with the EN-590 standard (Table 5). The results obtained
for the boiling point showed that the obtained biocrudes boiled completely at temperatures close to
529.20–551.80 ◦C and were similar to the one achieved in the thermal reaction (546.00 ◦C). However, these
boiling points of the biocrude were higher than in the reference diesel (476.10 ◦C). Despite the decrease
in the heteroatom content of the biocrudes obtained with the catalysts, the content of N and O remained
high compared to the diesel that follows the regulations. This implies that the biocrude containing
these electronegative heteroatoms is capable of forming more intense dipole–dipole interactions, which
would lead to a higher apparent boiling point in the mixture. This fact was previously observed in
the metal oxide-catalysed HTL of Malaysian oil palm biomass [38] due to the presence of oxygenated
compounds and aromatic compounds.

Table 5. Boiling point distribution of biocrudes obtained from HTL of microalgae using metal oxides
catalysts compared with reference diesel.

Boiling Point (◦C)

Distillation (%) 20 40 60 80 100

Reference diesel 223.40 290.10 332.90 379.70 476.10

Thermal 417.80 422.50 438.90 476.30 545.60

Catalyst

CaO 330.90 395.20 439.30 486.00 539.50
CeO2 348.70 393.50 420.10 467.10 529.20
MnO2 319.80 388.50 418.10 467.90 539.20
La2O3 301.90 383.00 418.30 480.60 546.20
Al2O3 347.70 395.20 436.00 488.00 551.80
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3.3. Analysis of Aqueous Phase

Although no statistically significant differences have been observed by one-way ANOVA, the
recovery of the aqueous phases obtained in the reactions of HTL catalysed by metal oxides was
slightly higher (92.11 ± 1.10–95.48 ± 2.07 wt%) than the recovery of this fraction in the thermal process
(90.13 ± 1.11 wt%) (Table 6). The pH of this phase (8.20–10.80) is marked by the basicity of the catalyst.
The values of the different fractions according to the used catalyst have coherence in function of the
basicity of the catalysts used, the lowest value being for the Al2O3 and the highest for the oxide of
greater basic character, the CaO [38].

Table 6. Characteristics of the aqueous phase.

Water Recovery (wt%) pH TOC (mg/L)

Thermal 90 ± 1 8.40 1283 ± 4

Catalysts

CaO 93 ± 1 10.80 745 ± 1
CeO2 94 ± 2 8.53 698 ± 2
MnO2 92 ± 1 8.70 694 ± 1
La2O3 94 ± 1 8.90 681 ± 2
Al2O3 95 ± 2 8.20 741 ± 5

TOC: Total Organic Carbon.

The total organic carbon (TOC) values (681–745 ppm) indicated a high formation of new organic
compounds soluble in aqueous medium. These values are within the ranges found in the starting
biomass at temperatures between 300 and 350 ◦C (300–1146 ppm) [23]. However, the value obtained in
the thermal reaction was higher (1283 ppm). Therefore, the carbon content was lower in the aqueous
fraction obtained through metal oxide-catalysed HTL in comparison to the thermal reaction, which
implies the existence of other elements such as N or O. As previously mentioned, the use of metal
oxides as catalysts reduced the presence of this N in the biocrude, increasing the amount of this
heteroatom in the aqueous phase.

3.4. Analysis of Gas Phase

The gaseous phases obtained by metal oxide heterogeneous catalysis had a composition similar to
that obtained in the thermal reaction. These fractions were composed mainly of CO2, by more than
95% in all cases. The gas fraction also contained small amounts of saturated and monounsatured linear
light hydrocarbons (C1–C4) (<1%), and less than 1% of H2 and CO. Therefore, the results showed that,
despite the different catalysts used in the HTL reactions, the composition was always similar to the
previous results in the literature [27,38]. The high and low contents of CO2 and light hydrocarbons
respectively, were related to the working temperature, which was below the critical point of water.
In addition, the low concentration of CO can be due to the fact that the elimination of hydrogen
occurred mainly by decarboxylation instead of decarbonylation [46]. Taking into account the CO2-rich
gas fraction obtained in all cases, this fraction can be integrated into a microalgal biorefinery, with
the growth of the microalga stage being recirculated, thus providing the carbon source necessary for
its development.

4. Conclusions

Our results indicated that metal oxide catalysts can improve the results of the HTL process of
microalgae in comparison with the non-catalysed reaction. The catalytic HTL catalysts increased the
yields of biocrude (42.60 ± 0.80–49.73 ± 0.90 wt%) compaed to the thermal reaction (42.60 ± 0.02 wt%).
The biocrude yield was remarkably high with the CaO catalyst (49.73 ± 0.90 wt%). In addition,
the biocrude yields increase for CeO2 (43.80 ± 0.50 wt%), Al2O3 (44.22 ± 1.60 wt%) and MnO2

(44.11 ± 0.60 wt%) were also high. Biocrudes showed a decrease in the N content with all the metal
oxides compared to the one obtained without the catalyst (6.11 ± 0.0.02 wt%). The N content achieved
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with CeO2, La2O3 and CaO was low (4.63± 0.15 wt%, 4.64± 0.01 wt% and 4.76± 0.02 wt%, respectively).
However, despite being reduced in comparison to microalgae (36.50 ± 0.20 wt%), there is still a high
content of O in all the biocrudes (11.39 ± 2.06–21.68 ± 0.03 wt%). Thus, apart from the positive effects
of catalysts utilizing on HTL process, CeO2, along with Al2O3 and CaO, can be considered for further
investigations to achieve the greatest yield of produced biocrude with optimised specifications.
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Abstract: Phaeodactylum tricornutum is an interesting source of biomass to produce biocrude by
hydrothermal liquefaction (HTL). Its biochemical composition, along with its biomass productivity,
can be modulated according to this specific application by varying the photoperiod, the addition of
CO2 or the variation of the initial nitrate concentration. The lab-scale culture allowed the production
of a P. tricornutum biomass with high biomass and lipid productivities using a 18:6 h light:dark
photoperiod and a specific CO2 injection. An initial concentration of nitrates (11.8 mM) in the culture
was also essential for the growth of this species at the lab scale. The biomass generated in the scale-up
photoreactor had acceptable biomass and lipid productivities, although the values were higher in the
biomass cultivated at the lab scale because of the difficulty for the light to reach all cells, making the
cells unable to develop and hindering their growth. The biocrudes from a 90-L cultivated microalga
(B-90L) showed lower yields than the ones obtained from the biomass cultivated at the lab scale (B-1L)
because of the lower lipid and high ash contents in this biomass. However, the culture scaling-up
did not affect significantly the heteroatom concentrations in the biocrudes. A larger-scale culture is
recommended to produce a biocrude to be used as biofuel after a post-hydrotreatment stage.

Keywords: culture; scale-up; microalgae; hydrothermal liquefaction; biocrude; Phaeodactylum tricornutum

1. Introduction

Nowadays, there is an increase in energy demand, which requires the replacement of a high
percentage of fossil fuels with green energy supplies and technological development [1]. Thus,
many investigations are focused on the search for new ways of producing energy and fuels, the vast
majority from renewable sources. In this context, the European Directive on the promotion of the use
of energy from renewable sources establishes a binding renewable energy target of at least 32% for the
European Union by 2030 and the share of renewable energy within the final consumption of energy in
the transport sector being at least 14% by the same year [2].

Microalgae are an interesting alternative source for biofuel production due to their rapid growth
rate and their ability to accumulate lipids or carbohydrates [3–7]. Moreover, microalgae have additional
advantages: (1) microalga cultivation does not compete with agricultural lands, (2) its use would
avoid the conflict with food production, (3) microalgae are capable of growing in various aqueous

Processes 2020, 8, 1072; doi:10.3390/pr8091072 www.mdpi.com/journal/processes187



Processes 2020, 8, 1072

media, including sewage or seawater, and (4) they are neutral with respect to CO2 emissions [8–11].
Algae are included as feedstocks for the production of advanced biofuels in the European Directive for
the promotion of renewable energy, which comprise a contribution of these advanced biofuels of at
least 3.5% as a share of the final consumption of energy in the transport sector in 2030 [2].

The biochemical composition of the microalgae can be adapted for specific purposes through the
manipulation of culture conditions [12,13]. Several authors have pointed out that the change in the
abiotic factors such as the nutrient composition, temperature, salinity, pH, photoperiod and intensity
and quality of light may affect the biochemical composition of the microalgae [9,13,14]. Photoperiod,
CO2 injection and the amount of nitrogen available are some of the most important factors on the
microalga culture. They have influence on the growth rate and biomass composition, increasing the
lipid accumulation or changing the fatty acid profile by nitrogen deficiency in the culture media [15,16].
These factors, in turn, affect the microalgal-derived biofuel production [9,17,18]. The scale-up viability
is another key factor on the culture of the microalgae, since large-scale photoreactors are required
for the subsequent biofuel production. In this sense, the increase in the bioreactor capacity usually
produces several changes in biomass production and composition [19]. For instance, the biomass
yield decreases unpredictably when the light-dark interchange does not remain constant and the dark
zone increases, which occurs when the reactor is scaled up, except when only the bioreactor length
increases [20].

Among the different types of microalgae, diatoms are the dominant primary producers in the
ocean. These marine species are easily adaptable environmentally and are considered responsible
for 25% of global primary productivity of organic compounds [21]. There are many marine diatoms,
although one of the most studied is Phaeodactylum tricornutum because of its high biomass productivity
(235 mg/(L·d)) [22]. Therefore, it can be potentially grown at high quantities in large-scale bioreactors [12].
The typical biochemical profile of this microalgae is 30–70% proteins [23], 10–30% carbohydrates [24]
and lipid contents between 20% and 30% [15], being an important source of eicosapentaenoic acid
(EPA) and carotenoids [25]. This microalga has a high potential to produce advanced biofuels [25,26].

One of the main problems affecting the biofuels production from microalgae is reducing the
economic cost, as 50% of the total required energy for the process is consumed in biomass drying.
Hydrothermal liquefaction (HTL) is a process able of converting wet biomass into a biofuel. The biomass
conversion technique is carried out in a water medium at temperatures of 200–370 ◦C and pressures of
10–25 MPa [27]. These conditions are established in order to decompose the biomass and hydrolyze
the macromolecules (lipids, proteins and carbohydrates) into smaller organic compounds, which are
capable in turn of producing hydrocarbons after decarboxylation and denitrogenation reactions [28].
This process is considered the most promising technique for the conversion of wet microalgal biomass,
since the biocrude has a calorific value between 30 and 50 MJ/kg, within the range of that of a petroleum
crude but, also, because of the exploitation of the additional phases (aqueous, gas and solid residue)
obtained from HTL [29,30]. The aqueous phase has water-soluble products such as alcohols, aldehydes,
ketones, carboxylic acids and nutrients. Therefore, this phase can be used in the biogas production or
be recirculated to the cultivation phase [31]. The gaseous phase contains a high percentage of CO2,
so it can be recirculated to the culture as a supplementary supply of inorganic carbon. Finally, the solid
residue usually contains some nutrients so it can be used as fertilizer. Additionally, it can be used as
biochar thanks to its high content of carbon [29].

In this research, the culture of the promising marine species P. tricornutum was studied for further
HTL-processing to produce a high-quality and yield biocrude. Different operating conditions in the
culture were studied in a lab-scale bioreactor, such as the photoperiod, injection of CO2 in the media
and initial nitrate concentration. In addition, the scale-up of the cultivation stage was performed at the
best operating conditions. The effect of scaling up the P. tricornutum culture to produce a biocrude by
HTL was carried out. This microalga has been little-used for HTL, and no references can be found for
the specific objectives of this study [32,33].
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2. Materials and Methods

2.1. Microalga and Chemicals

Phaeodactylum tricornutum (CCAP 1055/1) inoculum was supplied by AlgaEnergy S.A.
(Alcobendas, Spain). The diatom was grown in Mann and Myers culture medium [34].

The characterization of the biomass was carried out using the following reagents: sulfuric
acid, phenol, chloroform, methanol, sodium hydroxide, copper sulphate, sodium carbonate and
EDTA sodium salt supplied by Scharlab (Barcelona, Spain) and tryton-X, phenylmethylsulfonyl
fluoride, Folin reactant and sodium dodecyl sulfate supplied by Sigma Aldrich (St. Louis, MO, USA).
Dichloromethane supplied by Scharlab (Barcelona, Spain) was used in the HTL essays.

2.2. Lab-Scale Cultivation Experiments

All the cultivation experiments were carried out in 1-L glass bottles fitted with a bubbling aeration
system. In all cases, the initial biomass concentration after inoculation was 0.2 g/L, and the initial
sodium nitrate concentration in the medium was 11.8 mM. The illumination system consisted in
fluorescent lights yielding 200 μE/(m2s) at the nearest point on the external surface of the bottles,
which was enough for the right growth of the species [35]. The tests were performed in triplicate at a
constant temperature of 23 ◦C, and the cultures were run for 14 days. For the study of the effect of
photoperiod, two different light:dark values were used, i.e., 12:12 and 18:6 h. The effect of the additional
supply of CO2 was also studied for the 18:6-h photoperiod. For this purpose, 1% CO2-enriched air was
injected continuously (1 L/min) into the cultures of the bubbling aeration system within the tolerance
range [36,37]. The load of nitrate in the media was also assessed in presence of an additional supply of
CO2 (1%, 1 L/min) using the following initial nitrate concentrations: 11.8 mM (reference), the minimum
value of the optimal range for this species (11.8–17.7 mM) [38], 5.9 mM (50% reduction) and 0 mM
(absence of nitrate).

2.3. Scale-Up Cultivation Trials

A comparative study of P. tricornutum production was carried out by cultivating the microalga
during 14 days in a 90-L bubble column photobioreactor to assess the influence of process scaling.
The scale-up was carried out under the optimal operating conditions established in the lab-scale
cultures (18:6-h lig ht:dark photoperiod using a continuous CO2 flow and an initial nitrate concentration
of 11.8 mM). The initial biomass concentration after inoculation was 0.2 g/L, as in the previous
lab-scale experiments.

2.4. Culture Analysis and Biomass Characterization

Cell growth was measured daily by spectrophotometric absorbance at 625 nm using a
spectrophotometer Lange DR 5000 (Hach Lange Spain S.L.U. L’Hospitalet de Llobregat, Barcelona,
Spain). Nitrate consumption was monitored every day. For this purpose, a culture sample of 1 mL was
centrifuged at 12,000 rpm for 5 min, and then, the absorbance at 220 and 270 nm of the supernatant
was measured.

The specific growth rate (μ), defined as the logarithmic increase in cell density per unit of time,
was calculated by Equation (1).

μ =
ln(N t/N0)

Δt
(1)

where Nt is the biomass concentration at the end of the exponential phase, N0 is the biomass
concentration at the beginning of the exponential phase and Δt is the time interval (t–t0).

For biochemical analysis, dry biomass cells (0.5 g) were lysed with 5 mL of lysis buffer
(distilled water containing 1.1 mM EDTA disodium salt, 0.2 mM phenylmethylsulfonyl fluoride
and 0.5% Triton-X100). Proteins were measured by the Lowry method [39], adding 100 μL of sodium
dodecyl sulphate solution and 1 mL of Lowry reactive to the lysis supernatant. After 10 min in
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darkness, Folin reactive was added and kept for 30 min. Protein concentration was calculated, reading
at 750 nm and using bovine serum albumin as a standard calibration protein. Carbohydrates were
measured by the Du Bois method [40] using 0.2 mL of the lysed sample, 50 μL of phenol (90%) and
5 mL of sulfuric acid (98%). After 30 min at room temperature, the carbohydrate content was measured
by spectrophotometric analysis at 485 nm using glucose as the calibration standard. Lipids were
extracted using a chloroform:methanol (4/5 v/v) solvent mixture, and the lipid content was calculated
gravimetrically [41]. The ash content was determined by gravimetric analysis after calcination at
600 ◦C for 4 h with a ramp of 50 ◦C per minute.

The elemental analysis of the biomass was performed in a Flash 2000 (Thermo Fisher Scientific,
Waltham, MA, USA) fitted with a thermal conductivity detector (TCD). The C, H, N and S contents
were determined by an oxidation/reduction reactor at 900 ◦C, while the O content was independently
determined through a specific pyrolysis reactor at 1060 ◦C.

The moisture content was studied by drying 0.5-g samples in an oven at 90 ◦C during 48 h until
constant weight.

The productivities of the biomass (PB) and lipids (PL) contained in the biomass were evaluated
from Equations (2) and (3), respectively [42].

PB =
Nt −N0

Δt
(2)

where Nt is the biomass concentration at the end of the exponential phase, N0 is the initial biomass
concentration (g/L) and Δt is the time interval (tt–ti).

PL= PB × mass of lipids
mass of dry microalgae

(3)

2.5. Hydrothermal Liquefaction Process

The HTL reactions were performed in a 100-mL stainless steel autoclave (EZ-SEAL®, Autoclave
Engineers, Erie, PA, USA) using a P. tricornutum biomass from the cultivation using 1-L and 90-L
photobioreactors. The reactions were carried out at a temperature of 320 ◦C with 30 g of wet biomass,
whose dry weight was 7.74%, at three reaction times (0, 10 and 30 min) in order to evaluate the
influence of the reaction time on the quality and quantity of biocrude produced. In this work, time 0
was considered when the reactor reached the temperature setpoint.

At the end of the reaction, the autoclave was rapidly cooled down to room temperature to quench
the reaction. Then, the gas phase was allowed to flow through a valve that connected the reactor to
the gas chromatograph. Dichloromethane was used to collect the reaction mixture that consisted of
solid residue, an aqueous phase and biocrude. The solid residue was separated by vacuum filtration,
dried and weighted. The biocrude and aqueous phase were separated by decantation in a separation
funnel, and finally, water and dichloromethane were evaporated from their respective phases in order
to measure the dry weight of the aqueous phase and biocrude, respectively.

The yields of biocrude (YB), water-soluble products (YAP) and solid residue (YSR) were determined
on a dry basis using Equations (4) to (6) and the overall liquefied phase through Equation (7) [43].
The yield of the gas phase was estimated by difference to the initial dry biomass used.

YB(%) =
mass of biocrude

mass dry microalgae
× 100 (4)

YAP (%) =
mass of aqueous phase

mass dry microalgae
× 100 (5)

YSR (%) =
mass of solid residue
mass dry microalgae

× 100 (6)
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Liquefied phase (%) = (1 − mass of solid residue
mass dry microalgae

) × 100 (7)

2.6. Analysis of HTL Products

The biocrude was analyzed by elemental analysis following the same protocol as that described
above for biomass (Section 2.4). The high heating value (HHV) for the biocrude and the microalgal
biomass was determined by using Equation (8) [44].

HHV(MJ/kg) = 0.3414×C + 1.4445×H− N−O− 1
8

+ 0.093× S (8)

Finally, the energy recovery (ER) was calculated with Equation (9).

ER (%) =
(HHV of biocrude×mass biocrude)

(HHV of microalgae×mass of dry microalgae)
× 100 (9)

The total organic content (TOC) of the aqueous phase was determined in Shimadzu-V equipment
(Shimadzu Corp, Kyoto, Japan), and the pH was measured with a Basic 30 pH meter (Crison Instruments,
Barcelona, Spain).

The gas products were analyzed using a gas chromatograph Varian CP-4900 MicroGC (Varian Inc.,
Palo Alto, CA, USA) fitted with a thermal conductivity detector (TCD) connected online to the
autoclave reactor.

2.7. Statistical Analysis

All the experiments were performed in triplicate in order to determine the variability of the
results and to assess the experimental errors. In this way, the arithmetical averages and the standard
deviations were calculated for all the results.

In addition, statistical analysis was performed by one-way ANOVA using Statgraphics Centurion
XVII software (Statpoint Technologies Inc., Warrenton, VA, USA) to determine differences in the
biochemical and elemental compositions, yields and productivities between different photoperiods,
CO2 injections, nitrate concentrations and cultivation scales. Previously, the variances were checked for
homogeneity by the Levene’s test, and the Student-Newman-Keuls (SNK) test was used to discriminate
among different treatments after a significant F-test. The Student-Newman-Keuls test was used
to discriminate among different treatments. Except where another value was explicitly indicated,
the confidence level was set at 95% (p-value < 0.05).

3. Results and Discussion

3.1. Lab-Scale Culture

3.1.1. Effect of Photoperiod

The growth of the microalgae under photoperiods 12:12 and 18:6 h of light:dark in the 1-L
bioreactor is shown in Figure 1. Maximum biomass concentrations of 1.56 and 1.73 g/L were obtained
for the 12:12 and 18:6 h light:dark photoperiods, respectively. Both biomass concentrations were
higher than those obtained by Morais et al. [45] with the same microalga, who obtained a maximum
concentration of 1.3 g/L under 12:12 and 24:0-h light:dark photoperiods at a lower light intensity of
74 μE/(m2s). However, the volume of the photobioreactor was somewhat higher (2 L) to the one studied
in this work. The aeration homogenizes the culture more efficiently in the smaller photobioreactors,
which means that all the cells remain for less time in dark areas.
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Figure 1. Growth curves (squares) and nitrate uptakes (circles) for cultures of Phaeodactylum tricornutum
at different light:dark photoperiods: 12:12 h (blue symbols) and 18:6 h (red symbols).

The growth rate was 0.24 and 0.33 d−1 (p-value = 0.01) for the 12:12 and 18:6 h light:dark
photoperiods, respectively. Therefore, the growth rate raised with the light hours, which has
been previously reported. Thus, a similar increase with the light cycle was also observed for
Chlorella vulgaris [9,46] and Nannochloropsis [47]. In addition, a growth rate of 0.34 d−1 for Nannochloropsis
at the 18:6 photoperiod was previously reported [47]. The most notable difference was observed in the
day the stationary phase was reached: 8 and 12 days for the 18:6 and 12:12 h photoperiods, respectively.
In both photoperiods, the total nitrate consumption was reached after 14 days of cultivation; however,
the number of light hours accelerated the consumption of nutrients.

The lipids obtained increased (significantly at a confidence level 0 94%, p-value = 0.055) from
24% ± 1% to 30% ± 3% (Table 1) as the light exposure increased from 12 to 18 h, showing a similar trend
than that reported for other species in previous studies [48]. Thus, lipids were mainly accumulated
after light exposures above 12 h. In addition to the light time, the amount of lipids depends also on
other factors like the CO2 supply or concentration of nutrients in the culture [49]. The amount of lipids
in the biomass obtained in the culture is frequently analyzed in the literature. However, a complete
study of the biomass composition and productivity, which has been scarcely reported previously,
is recommended to fully understand their influence in the biocrude production by HTL. Consequently,
the concentration of proteins, carbohydrates and ash in the P. tricornutum biomass were measured
and presented also in Table 1, together with the corresponding biomass and lipid productivities.
Unlike what was observed for Scenedesmus obliquus and Chlorella [50,51], the protein content did not
change significantly (p-value = 0.127) when the photoperiod increased the light times. By contrast,
the content of carbohydrates decreased (p-value = 0.019) as the light hours increased. George et al. [52]
obtained similar results in cultures of Ankistrodesmus falcatus. Biller and Ross [53] concluded that there
is a trend in the biocrude yield from HTL where lipid contents are the main positive influential factor,
followed by protein and carbohydrate contents in this order of influence. Thus, a high content of lipids
and proteins favors the production of hydrocarbons after hydrolysis and denitrogenation reactions
and hydrolysis and decarboxylation, respectively [28].
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Table 1. Effect of the photoperiod on biomass composition and productivities. PB: biomass and PL:
lipid productivities.

Light:Dark Photoperiod (h)

12:12 18:6

Lipids (%) 23.96 ± 1.09 29.55 ± 2.73

Proteins (%) 49.10 ± 0.79 54.45 ± 3.76

Carbohydrates (%) 6.66 ± 0.80 3.73 ± 1.02

Ash (%) 20.27 ± 0.56 12.27 ± 0.04

PB (mg/(L·d)) 123.87 ± 0.06 200.02 ± 15.18

PL (mg/(L·d)) 25.06 ± 0.01 52.67 ± 4.00

The ash content decreased from 20.27% ± 0.56% to 12.27% ± 0.04% (p-value = 0.002) with the
increase in light exposure. The ash portion varies according to the culture conditions [54], and in
this case, the observed reduction of ash was probably due to the corresponding increase in the
photosynthetic efficiency, which, in turn, means a higher biomass production with the light cycle.
A high ash content may inhibit the transformation of the microalgae in HTL and has a negative effect
on the biocrude properties [55].

Interestingly, the biomass productivity increased at higher light photoperiods, which was observed
previously for the microalga S. obliquus [50]. The biomass productivity achieved 123.87 ± 0.06 and
200.02 ± 15.18 mg/(L·d) (p-value = 0.013) at the 12:12 and 18:6-h light:dark photoperiods, respectively.
As the lipid content and biomass productivity raised with the light, the lipid productivity also increased
with the hours of light (25.06 ± 0.01 to 52.67 ± 4.00 mg/(L·d) (p-value < 0.007) for the 12:12 and 18:6-h
photoperiods, respectively). Therefore, the results showed a greater efficiency in the production of
both biomass and lipids when the culture was exposed to 18 h of light.

One of the objectives of the liquefaction process is to obtain a biofuel with a low content of
heteroatoms, mainly O and N. Table 2 summarizes the biomass elemental analysis at the different
photoperiods. The O and N contents of the biomass obtained at both photoperiods did not show
significant differences, which was related with the biochemical composition of the biomass obtained.
The contents of these heteroatoms were lower than the reported values of other microalgae, such as
Arthrospira platensis [56], C. vulgaris [53] and Dunaliella tertiolecta [33].

Table 2. Effect of the photoperiod on the elemental composition of the biomass.

Light:Dark (h) C (%) N (%) H (%) S (%) O (%)

12:12 53.65 ± 0.80 9.29 ± 0.10 7.65 ± 0.10 0.12 ± 0.01 29.29 ± 0.60

18:6 52.74 ± 0.20 9.18 ± 0.10 7.50 ± 0.10 0.90 ± 0.00 29.68 ± 0.30

Therefore, biomass grown under a larger number of light hours seems a priori more adequate to
HTL due to its high biomass and lipid productivities, high protein and lipid contents and lower ash
content. Thus, the 18:6-h photoperiod was chosen to produce the P. tricornutum biomass for HTL.

3.1.2. Influence of CO2 Injection

The growth curve (Figure 2) shows the results obtained in the essays with and without an
additional CO2 injection in the P. tricornutum culture. It can be observed that the exponential phase
was extended for two more days when a continuous flow of additional CO2 was injected. This caused
a remarkable increase in the total biomass production, reaching a concentration above 2.61 g/L with
a continuous injection of CO2 compared to 1.73 g/L obtained in the absence of the supplemental
CO2. A similar notable increase was observed previously for the other diatom [17]. Total nitrate

193



Processes 2020, 8, 1072

depletion was reached at the end of both experiments (Figure 2), as observed in the study of the effect
of the photoperiod.

 

Figure 2. Growth curves (squares) and nitrate uptake (circles) for cultures of P. tricornutum under
an 18:6-h photoperiod with continuous CO2 injection (blue symbols) and without CO2 injection
(red symbols).

Table 3 shows the biochemical composition and biomass and lipid productivities of P. tricornutum
microalgae grown with and without supplemental CO2 injections. The results show that the contents
of lipids and proteins did not change significantly (p-values: 0.171 and 0.121, respectively) when
a flow of pure CO2 was bubbled in the culture. This could be due to the fact that the metabolic
flow involving the biosynthesis of these types of biomolecules is not altered if the carbon source is
maintained above a minimum threshold. Other authors, however, reported an increase in lipid and
protein accumulations when CO2 was injected in the culture medium up to a maximum concentration
of 10% [17]. Carbohydrates increased with the injection of CO2 into the culture medium, from 3.73%
± 1.02% to 12.54% ± 0.68% (p-value = 0.0005). This is in accordance with a previous study for the
microalga S. obliquus [57] where the availability of CO2 in the culture medium favored the production
of carbohydrates during the dark phase.

Table 3. Effect of CO2 injection on biomass composition and productivities.

Without CO2 Injection With CO2 Injection

Lipids (%) 29.55 ± 2.73 33.15 ± 2.56

Proteins (%) 54.45 ± 3.76 49.16 ± 1.59

Carbohydrates (%) 3.73 ± 1.02 12.54 ± 0.68

Ash (%) 12.27 ± 0.04 5.15 ± 1.46

PB (mg/(L·d)) 200.02 ± 15.18 210.54 ± 6.12

PL (mg/(L·d)) 52.67 ± 4.00 69.80 ± 1.68

The ash concentration decreased with the CO2 supplement from 12.27% ± 0.04% to 5.15% ± 1.46%
(p-value = 0.014). The acid nature of CO2 in the solution controls the pH of the medium at lower
values with the supplementation of carbon dioxide, avoiding the precipitation of insoluble salts of the
medium during the growth [58].
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However, the productivity of the biomass remained without significant changes (p-value = 0.353),
regardless of whether the additional CO2 was injected or not. Although an inhibition by an excess
of CO2 to the culture medium was previously reported [59], the results of the biomass productivity
did not indicate an inhibition effect by the presence of the extra CO2. These similar values of biomass
productivities may be due to the fact that the microalgae grew faster and took two more days to reach
the stationary phase in the presence of extra amounts of CO2.

The CO2 supplemented to the microalgae system led to a significant rise in lipid productivity,
from 52.67 ± 4.00 to 69.80 ± 1.68 mg/(L·d) (p-value = 0.010), despite the similar biomass productivities
obtained. A similar increase with CO2 was observed for C. vulgaris [60].

The elemental composition of the microalgal biomass (Table 4) slightly changed when the CO2

availability increased. The results only showed a small increase in the O content (p-value = 0.033) and
a small decrease in the N content (p-value = 0.041). N is mainly contained in proteins, which remained
approximately constant with the additional CO2 injection. Therefore, the above observed results were
likely due to the remarkable increase in carbohydrates, rich in O, in the biomass cultured with extra
CO2. Therefore, there is no significant modifications regardless of the presence of a specific CO2

injection in the culture medium, because the carbon content from air allows a nonlimiting growth of
cells [61]. Similar results have been reported for C. vulgaris [59].

Table 4. Effect of CO2 injections on the elemental composition of the biomass.

C (%) N (%) H (%) S (%) O (%)

Without CO2 injection 52.74 ± 0.20 9.18 ± 0.10 7.50 ± 0.10 0.90 ± 0.00 29.68 ± 0.30
With CO2 injection 53.13 ± 0.06 8.52± 0.02 7.33 ± 0.01 0.98 ± 0.01 30.10 ± 0.05

Therefore, an extra CO2 injection was selected to obtain the P. tricornutum biomass for the
subsequent larger-scale culture and biocrude production by HTL because of the high lipid productivity,
together with a lower ash content achieved in the experiments with a direct supplement of CO2.

3.1.3. Effect of Initial Nitrate Concentration

Based on the previous cultures with 18:6 h of a light:dark photoperiod and CO2 injection, the initial
nitrate content was reduced with respect to the original culture medium (11.8 mM) to stress the
microalga and evaluate its growth, composition and productivity. The results show that the decrease in
nitrate negatively affected the biomass concentration (Figure 3), since the cell growth was inhibited by
the lack of a readily available N source. Similar results were observed earlier [62,63]. Culture mediums
with nitrate reductions of 50% implied a 40% decrease in biomass growth (from 2.61 g/L to 1.56 g/L).
In the culture media without nitrates, the biomass growth decreased to 0.86 g/L. Our results indicate
that nitrates can be considered as essential nutrients for P. tricornutum growth [62], and therefore,
there is a need to have an initial nitrate concentration of at least 11.8 mM in the media.

The original medium (nitrate concentration of 11.8 mM) reached the stationary phase on day
10, whereas the total nitrates uptake was reached on day 13. On the other hand, the culture with a
50% of nitrates reduction reached the stationary phase on day 9 because of the nitrogen limitation.
The concentration of nitrates was exhausted on day 8, and therefore, cells could not reproduce. In the
medium without them, the stationary phase was reached on day 6 because of the inhibitory effect of
the lack of a nitrogen source.
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Figure 3. Growth curve (squares) and nitrate uptake (circles) for cultures of P. tricornutum under a
18:6-h photoperiod with continuous CO2 injection starting with different initial nitrate concentrations:
11.8 mM (blue symbols), 5.9 mM (red symbols) and 0 mM (black symbols).

Table 5 shows the effect of the initial nitrate concentration in the culture in the biomass composition.
The final lipid content was not significantly affected by the reduction of the initial concentration of
the nitrogen source. Although microalgae are subjected to stress in the absence of nitrates, favoring
the accumulation of lipids in the cells [64,65], the harvesting and characterization of the biomass was
carried out after 14 days of cultivation. At that time, nitrate was depleted from the media in all the
experiments, so that all cultures were similarly stressed in terms of N availability. The concentration of
proteins decreased from 49.16% ± 1.59% (nitrate concentration of 11.8 mM) to 33.47% ± 2.38% (lack of
nitrate). The presence of nitrate in the medium is the main source of N assimilation for the microalgae
and, therefore, essential for protein formation [62].

Table 5. Effect of the initial nitrate concentration on the biomass composition and productivities.

Initial (NO3
−) (mM)

11.8 5.9 0

Lipids (%) 33.15 ± 2.56 a 34.89 ± 2.25 a 34.91 ± 2.01 a

Proteins (%) 49.16 ± 1.59 a 43.81 ± 2.68 b 33.47 ± 2.38 c

Carbohydrates (%) 12.54 ± 0.68 a 11.96 ± 0.01 a 22.65 ± 2.12 b

Ash (%) 5.15 ± 1.46 a 9.34 ± 0.78 b 8.97 ± 0.62 b

PB (mg/(L·d)) 210.54 ± 5.08 a 119.75 ± 0.24 b 84.21 ± 2.18 c

PL (mg/(L·d)) 69.80 ± 1.68 a 41.78 ± 0.08 b 29.40 ± 0.76 c

Values show average ± standard deviation, and letters show significant differences between different initial nitrate
concentrations for each component and productivity (p-value < 0.05, Student-Newman-Keuls (SNK) test).

The amount of carbohydrates was significantly higher (22.65% ± 2.12%) for the cultivation
performed in the absence of an initial supply of nitrate than that obtained when the initial concentrations
of nitrate were 11.8 and 9.6 mM (12.54%± 0.68% and 11.96%± 0.01%, respectively). Nutrient reductions
such as nitrate drive the microalgae to accumulate energy-rich reserve compounds—essentially, lipids
and carbohydrates [64].

The ash concentration increased with the reduction of nitrate in the culture from 5.15% ± 1.46%
(11.8 mM) to 9.3%5 ± 0.78% (5.9 mM) and 8.97% ± 0.62% (absence of an initial supply of nitrate).
Therefore, the reduction of the N source negatively affected the biomass composition, increasing the
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ash content, which is not adequate for the following HTL stage. The lower ash content obtained with
the higher initial nitrate concentration (11.8 mM) was due to the better photosynthetic efficiency and,
therefore, higher biomass production at this nitrate concentration.

Regarding the biomass and lipid productivity, Table 5 shows about a 2.5-fold increase in these
values at the higher initial nitrate concentration. Although the composition of the biomass is affected
at different levels, the main effect of the availability of large amounts of N was exerted on the growth
of microalgae, boosting the values of the specific growth rate and, hence, the productivity associated to
the biochemical components of the cells.

From the results obtained in the elemental analysis of the biomass (Table 6), the main remarkable
effect of the decrease in the amount of N in the growth medium was a significant reduction in the N
content of the biomass when the culture was not supplemented with an initial nitrate concentration.
The rest of the elements underwent changes that, although statistically significant in some cases, did not
turn out to be very noteworthy.

Table 6. Effect of the initial nitrate concentration on the elemental composition of the biomass.

(NO3
−) (mM) C (%) N (%) H (%) S (%) O (%)

11.8 53.13 ± 0.06 a 8.52± 0.02 a 7.33 ± 0.01 a 0.98 ± 0.01 a 30.10 ± 0.05 a

5.9 53.58 ± 0.20 b 9.27 ± 0.03 b 7.38 ± 0.19 a 1.53 ± 0.17 b 28.23 ± 0.10 b

0 59.07 ± 0.15 c 2.77 ± 0.01 c 8.81 ± 0.03 b 0.42 ± 0.03 c 28.93 ± 0.15 c

Values show average ± standard deviation, and letters show significant differences between different initial nitrate
concentrations for each element (p-value < 0.05, SNK test).

According to the drastic reduction in biomass and lipid productivities and the increase of ash
content in the absence of nitrates, the importance of the nitrate presence was confirmed for the adequate
P. tricornutum growth. In this sense, an initial concentration of 11.8 mM of nitrate in the growth medium
was chosen to continue the study.

3.2. Culture Scaling

Scaling tests (Figure 4) show that the microalga did not require an adaptation phase, regardless
of the reactor used, and began to grow rapidly in the culture medium. The stationary phase was
reached four days later in the 90-L volume reactor compared to in the 1-L one. In addition, the specific
growth rate was 0.29 and 0.17 d−1 in the bioreactors of 1 L and 90 L, respectively, which are suitable
values for this type and size of bubble column reactors indoors [66]. The biomass produced in the
90-L bioreactor is close to other productions obtained outdoors in similar column bioreactors for
this species (0.96 g/L) [25], as well as for other pilot plant reactors, such as circular ponds or tubular
photobioreactors [21], indicating a good biomass production. It must be noted that total consumption
of nitrate was not reached for the 90-L culture after 14 days.

The value of the biomass productivity obviously decreased with the bioreactor volume because
of the observed greater shielding of the microalga, which prevents the light from reaching the
microalga cells at higher volumes (Table 7). Thus, the biomass productivities were 210.54 ± 5.08
and 56.01 ± 4.45 mg/L·d for the 1-L and 90-L bioreactors, respectively (p-value < 0.0001). In addition,
a light stress reduction at the higher volume, produced by the increase in dark areas, affected the lipid
productivity, decreasing from a value of 69.8 ± 1.68 for the 1-L reactor to 9.85 ± 0.78 mg/(L·d) for the
90-L (p-value < 0.0001). The high biomass and lipid productivities obtained at the 1-L bioreactor can
be achieved using optimal culture conditions, which only have a remarkable positive effect at this
small-scale cultivation. In this sense, the productivities obtained on a larger scale, although lower,
results are adequate for the production of this microalgae and its subsequent use in the production
of biofuels.
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Figure 4. Growth curves (squares) and nitrogen uptake (circles) for cultures of P. tricornutum under an
18:6-h photoperiod with continuous CO2 injections in photobioreactors at different scales: 1-L bottle
(blue symbols) and 90-L column bioreactor (red symbols).

Table 7. Biomass analysis for the 1-L bottle culture and the 90-L scale.

Vreactor (L)

1 90

Lipids (%) 33.15 ± 2.56 17.59 ± 0.03
Proteins (%) 49.16 ± 1.59 58.49 ±0.18

Carbohydrates (%) 12.54 ± 0.68 9.80 ± 0.05
Ash (%) 5.15 ± 1.46 14.12 ± 0.17

PB (mg/(L·d)) 210.54 ± 5.08 56.01 ± 4.45
PL (mg/(L·d)) 69.80 ± 1.68 9.85 ± 0.78

Finally, the elemental analysis of the biomass produced in both reactors hardly showed significant
differences (Table 8). A slight but significant decrease of C and H (p-value < 0.0001) was observed in
the biomass grown at a photoreactor of 90 L, related to a higher concentration of ashes and a lower
concentration of lipids and carbohydrates. In addition, the concentration of N was slightly lower
(p-value = 0.0001) in the biomass cultivated in the bioreactor of 90 L (7.50% ± 0.02%) in comparison to
the biomass obtained in the 1-L reactor (8.52% ± 0.02%) despite the higher concentration of proteins
found in the former biomass. Consequently, a little higher (p-value = 0.0004) concentration of O was
obtained in the biomass grown in a 90-L culture (37.29% ± 0.22%) than that in the corresponding
biomass cultivated in the 1-L bioreactor (30.10% ± 0.05%), which is probably connected with the
observed increase in proteins as the size of the photobioreactor increased. In this sense, the elemental
distribution in the biomass obtained did not change substantially, despite the differences of the biomass
analysis obtained (Table 7). Although a small size photobioreactor seems to be more adequate to
obtain a biomass for biofuel production, according to the above results of the biomass analysis,
the development of the HTL process on an industrial scale requires high amounts of biomass and,
therefore, the use of large-scale photoreactors.

Table 8. Elemental analysis for the biomass cultivated on different scales.

Vbioreactor (L) C (%) N (%) H (%) S (%) O (%)

1 53.13 ± 0.06 8.52± 0.02 7.33 ± 0.01 0.98 ± 0.01 30.10 ± 0.05
90 47.14 ± 0.22 7.50 ± 0.02 6.94 ± 0.03 1.12 ± 0.00 37.29 ± 0.22
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3.3. Hydrothermal Liquefaction Process

The yield of the different fractions obtained from the HTL process at 320 ◦C (biocrude, aqueous
phase, gas phase and solid residue) for the three reaction times and both culture scales evaluated are
shown in Figure 5. The biomass grown in the 1-L photobioreactor (B-1L) exhibited a higher biocrude
yield compared to the biomass produced at 90 L (B-90L) in the HTL process at all reaction times
(p-value ≤ 0.05), which was mainly due to the fact that the former had a higher lipid content (Table 7)
that contributed to the increase in the yield of this fraction [53]. The yield of the biocrude fraction
obtained from the B-1L at 10 min was similar (36.64% ± 4.93%) to those obtained by Christensen et al.
(38.8% ± 1.3% at 350 ◦C and 15 min) for commercial P. tricornutum at harsher operating conditions [32],
while those of B-90L were lower (25.61–30.03%).

Figure 5. Yields of the different phases after a hydrothermal liquefaction (HTL) reaction at 320 ◦C with
the P. tricornutum biomass: biocrude (green), aqueous phase (dark blue), gas phase (light blue) and
solid residue (yellow). Time 0 min was considered when the reactor reached the setpoint temperature.
B-1L and B-90L: P. tricornutum biomass cultivated in 1-L and 90-L bioreactors, respectively.

The biocrude yields produced using the B-1L were significantly unaffected at different reaction
times (33.99% ± 1.67%–36.64% ± 4.93%, p-value > 0.05). Christensen et al. [32] obtained similar yields
at 300 and 325 ◦C, which are closer to the value of 320 ◦C used in this work. Similarly, the biocrude
yield from B-90L did not change with time (25.61% ± 0.27%–30.03% ± 0.95%). Therefore, the reaction
time did not have a significant effect on the biocrude yields at the high temperature used in this
work (320 ◦C).

The yield of the aqueous fraction decreased with the reaction time using B-1L but remained
approximately constant over time with B-90L. However, the yields of the aqueous fractions were
higher (p-values < 0.05) for the B-90L because of the lower biocrude yields obtained in this
case. More water-insoluble molecules were produced at longer reaction times, which may be
due to decarboxylation, deamination, dehydration, oligomerization and condensation reactions, thus
producing a change in the product distribution and a decrease in the yield of the aqueous phase [67].

The yield of the gas phase was nearly constant (30.51% ± 0.40% to 35.96% ± 1.98%) for B-90L.
A similar behavior were reported previously for HTL carried out at 350 ◦C and similar reaction times
with Nannochloropsis [53,68]. However, there was a significant increase in the gas phase with time in
the 1-L culture (28.50% ± 5.54% to 41.03% ± 1.77%) related to the higher content of C and, to a lesser
extent, of carbohydrates in this biomass, which produces higher gas yields. The production of gaseous
compounds is related to the yields of the biocrude and aqueous phases in the reaction mechanism
proposed by Sheehan and Savage for Nannochloropsis [30].
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The solid residues represented the smallest fractions of the products obtained in the HTL process,
their yields varying from 2.59% to 4.74%, in agreement with bibliographic results, where solid fraction
yields below 10% are usual for the HTL of microalgae [29]. The low yields achieved for the solid
residue are the cause for the high transformation efficiency of HTL, showing liquefaction yields (sum of
biocrude and aqueous and gas phases) over 95% in all cases [29].

3.4. Analysis of Biocrude

Table 9 shows the elemental composition, the higher heating value (HHV) and the energy recovery
(ER) in the biocrude obtained by HTL using B-1L and B-90L at different reaction times.

Table 9. Elemental analysis (wt%, dry basis), higher heating value (HHV) and energy recovery of
the biocrude phase after the hydrothermal liquefaction (HTL) process at 320 ◦C for different reaction
times. B-1L and B-90L: P. tricornutum biomass cultivated in 1-L and 90-L bioreactors, respectively. ER:
energy recovery.

Time
(min)

Biomass C (%) H (%) N (%) S (%) O (%)
HHV

(MJ/kg)
ER (%)

0
B-1L 74.46 ± 1.41 9.73 ± 0.47 5.60 ± 0.97 0.42 ± 0.20 9.79 ± 0.20 38.27 ± 1.52 51.46 ± 1.86

B-90L 74.92 ± 0.86 9.52 ± 0.09 5.43 ± 0.10 0.35 ± 0.04 9.78 ± 0.10 39.36 ± 0.46 38.61 ± 0.61

10
B-1L 76.54 ± 0.59 9.76 ± 0.07 5.52 ± 0.28 0.64 ± 0.01 7.54 ± 0.01 39.47 ± 0.34 50.61 ± 0.60

B-90L 75.06 ± 0.73 9.37 ± 0.09 5.39 ± 0.04 0.43 ± 0.04 9.74 ± 0.12 39.71 ± 0.40 36.77 ± 0.52

30
B-1L 77.52 ± 0.03 9.62 ± 0.12 5.43 ± 0.23 0.57 ± 0.10 6.86 ± 0.31 39.37 ± 0.26 49.11 ± 0.53

B-90L 75.29 ± 0.74 9.65 ± 0.07 5.42 ± 0.03 0.44 ± 0.11 9.20 ± 0.06 38.767 ± 0.37 41.98 ± 0.50

A significant decrease in the O amount was observed in all the biocrude phases with respect
to the starting biomass. The O content varied with time from 9.79% ± 0.20% to 6.86% ± 0.31% and
from 9.78% ± 0.10% to 9.20% ± 0.06% in the biocrudes obtained in the HTL of the B-1L and B-90L,
respectively, whereas this heteroatom content was 30.10% ± 0.05% and 37.29% ± 0.22% in the starting
biomass obtained in the same bioreactors. The O concentration was moderately higher for the biocrudes
from B-90L, particularly at longer HTL times. These results indicated the presence of decarboxylation
reactions during the HTL process that intensified while increasing the reaction time [69]. Furthermore,
these values were lower than the O contents in the biocrude obtained in the HTL with other species,
such as Tetraselmis (12.3%), Scenedesmus almeriensis (9.6%), Chlorella (30.38%), Nannochloropsis gaditana
(14.49%) [27] or Scenedesmus (10.5%) [70].

The N content in the biocrudes were very similar in all cases and lower (5.42% ± 0.03% to
5.39% ± 0.04%) than the corresponding N amount in the two initial biomasses (8.52% ± 0.01% and
7.50% ± 0.02% for the biomasses obtained in the reactors with 1 and 90 L, respectively) because of the
denitrogenation reactions during HTL [27]. These values were comparable to those obtained for the
same species at 325 ◦C (5.62%) [32].

The observed decrease in N and O amounts in the biocrudes is typical of the HTL
process of microalgae, which causes the contents of C (74.46% ± 1.41%–77.52% ± 0.03%) and H
(9.37% ± 0.09%–9.76% ± 0.07%) to increase with respect to the corresponding C and H amounts in the
raw biomass. The concentrations of C and H changed within the range 53.13% ± 0.06%–47.14% ± 0.22%
and 7.33% ± 0.01%–6.94% ± 0.03% for the 1 and 90-L cultivated microalgae, respectively. As noted
above, the composition of the initial biomass hardly interfered with the C and H contents in the
biocrudes, since these values were very similar. Interestingly, the amounts of C and H of the biocrudes
described herein were considerably higher than those recently reported for the same microalga [33],
where the biocrudes with slightly lower N percentages and appreciably higher concentrations of O
were obtained. However, the elemental composition indicates that the biocrudes cannot be directly
used as transport fuel, and, consequently, a subsequent hydrotreating stage would be required to
reduce the contents of N and O and, therefore, improve the chemical composition of the biocrudes to
fulfil the standard regulations concerning the presence of these heteroatoms in the commercial fuel.
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The calculated HHV values of the biocrudes for each of the HTL reactions of both biomasses
were similar (38.27 ± 1.52–39.71 ± 0.50 MJ/kg), within the range obtained from other microalgae
(30–43 MJ/kg) [28] and close to petroleum crude oil (43 MJ/kg) [71]. In addition, the values of HHV
were significantly higher with respect to the corresponding values in the initial microalgal biomass
(27.25–26.81 MJ/kg), due to the decrease in the O content and the increase of C and H contents in the
biocrudes. The calorific value obtained were higher than that found by López-Barreiro et al. (30.3 and
35.9 MJ/kg) for biocrude from HTL produced at similar temperatures with P. tricornutum cultured in
bubble columns of 25 L [33]. The presence of nutrients from the culture medium in HTL increased
the biocrude yields and the contents of C and O in comparison to the HTL of commercial microalga,
being responsible for the increase in calorific value [32]. Furthermore, the HHV achieved in the present
work were similar to those obtained by Christensen et al. [32] for temperatures around 400 ◦C.

The energy recovered in the biocrude obtained from the B-90L were lower (38.61–41.98%) than the
corresponding values for the B-1L (49.11–51.47%) because of the previously observed lower biocrude
yields in the HTL with the B-90L.

The biofuel properties were significantly affected by their H/C, N/C and O/C ratios, as it is well
known. The above ratios for the biocrudes, along with those of a petroleum diesel, a biodiesel and
a biocrude obtained from the microalgae N. gaditana [72], were plotted in Van Krevelen diagrams
(Figure 6) for comparison purposes. The results showed that the O/C and N/C ratios decreased
in our biocrudes with respect to the initial biomass, which were due to the denitrogenation and
decarboxylation reactions taking place during the HTL process [27].

 
Figure 6. Van Krevelen diagrams for biocrude from HTL at 320 ◦C using B-90L (circles) at different
times: 0 (•), 10 (•) and 30 min (•) and B-1L (squares) at different times: 0 (�), 10 (�) and 30 min (�).
For (a,b), values for B-90L (�) and b-1L (�), reference diesel (�), biodiesel from N. gaditana oil (�)
and biocrude from N. gaditana obtained through HTL at 320 ◦C and 10 min (�) [72]. B-1L and B-90L:
P. tricornutum biomass cultivated in 1-L and 90-L bioreactors, respectively.

The O/C ratios of the biocrudes decreased by 82.3% and 85.6% with respect to the initial biomass
cultivated in the 1 and 90-L photobioreactors, respectively. The O/C ratios obtained (0.066–0.099)
(Figure 6a) were, in all cases, within the usual range found in the literature (0.0–0.3) [73], being lower
than those obtained for biodiesel (0.11) and N. gaditana-derived biocrude (0.28). A decrease in O/C
ratio from 0.099 to 0.066 was observed with time in the HTL of the B-1L. Besides, the lowest O/C ratio
(0.066) and, therefore, the closest to the reference diesel (0.014) was achieved in the biocrude obtained
in the HTL at 30 min using the B-1L.

In the same way, the N/C ratios of the biocrudes (Figure 6b) were very similar to each other (~0.06),
regardless of the biomass used. Therefore, the scaling-up did not seem to affect the fuel properties
of the biocrudes significantly. A large decrease of 56.6% and 54.8% in the N/C ratios was observed
with respect to the raw biomasses obtained in the 1 and 90-L cultivations, respectively. The N/C of the
biocrudes decreased slightly with time, being lower than those found for the biocrude produced with
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the microalga N. gaditana (0.084) but far from the N/C values of the N. gaditana biodiesel (0.0004) and
the conventional diesel (0.0048) [72]. Furthermore, all the values obtained were between the limits
found in the literature (0.056–0.1) [73].

Based on the O/C and N/C ratios of the biocrudes, the biomass of P. tricornutum is a promising
feedstock for HTL compared to the microalga N. gaditana. However, the H/C ratio decreased from 1.70
for the initial microalga to a range between 1.48–1.56 for the biocrudes when using B-1L. A similar
decrease occurred with B-90L from 1.75 for the biomass to values around 1.5 for the biocrudes.
These decreases were due to the high yields obtained from the aqueous phases. The H/C ratios of
the P. tricornutum-derived biocrudes were higher than the H/C ratio for a biocrude from N. gaditana
(1.25) [72]. Therefore, the H/C values of the biocrude from P. tricornutum were closer to those of the
reference diesel (1.84). All these values were within the range 1.37–1.62 for biocrudes from microalgae
with high protein and lipid contents [7].

3.5. Analysis of the Aqueous Phase

The aqueous phase is one of the fractions of the HTL process that are part of the liquefied phase [74].
The elemental analysis of these fractions (data not shown) led to a C content between 7.93% ± 0.15%
and 7.99% ± 0.06% using the B-1L, whereas the C content was slightly higher (8.43% ± 0.16% to
9.48% ± 0.66%) with the biomass cultivated in the larger bioreactor. The relatively low amounts of
C in the aqueous layer were due to the breakdown of macromolecules into smaller ones that are
soluble in water. However the heteroatom (N and O) amounts were relatively high, mainly because of
the hydrolysis of carbohydrates and proteins and the subsequent decarboxylation and deamination,
which produced N and O compounds soluble in water media [28]. The N content in the aqueous
phase decreased with time using both microalgae, due to the fact that the deamination reactions are
promoted at longer times [27], but the values were lower in the case of the B-1L (11.57% ± 0.25% to
8.13% ± 0.04%) in comparison to those obtained with the B-90L (13.48% ± 0.66% to 12.56% ± 0.91%).
The opposite trend with time was observed in the O content in the aqueous phase due to the increased
decarboxylation of organic molecules [27]. Thus, the O content increased with the HTL time in both
cases, showing lower values (29.8% ± 0.7% to 33.6% ± 0.5%) when the B-1L was used as compared
with B-90L (37.5% ± 0.4% to 30.7% ± 0.4%).

The pH values obtained in the aqueous phase were, in all cases, around 8 (7.95–8.77), consistent
with the slightly alkaline values found in the literature [29,75], due to the formation of soluble basic
compounds in this phase. A slight increase in pH was observed over time for both biomasses,
being somewhat higher in the aqueous layer obtained in the HTL of the B-90L (8.33–8.77) than those
obtained in the same layer from the B-1L (7.95–8.35). This may be due to the higher amount of N in the
aqueous layer in the former, since nitrates were not completely consumed by the microalga cultivated
in the 90-L bioreactor. In this sense, the basic composition of the aqueous phase was mainly due to the
high portions of NH3 and N compounds [76].

Another key factor in this aqueous phase is the total organic carbon. These values indicated a
high formation of new organic compounds soluble in water. The TOC values obtained in this work
(880.4–956.2 ppm) were within the bibliographic range (300–1146 ppm) [77].

3.6. Analysis of the Gaseous Fraction

Gaseous fractions are also included in the liquefied phase. The gaseous phases obtained by
HTL from the different cultivated biomasses had a similar composition. These fractions were mainly
composed of CO2 (>80 mol%) in all conditions, as usually reported for the microalgal HTL [74].
The CO2 content of the gaseous fraction was higher than 98 mol% for the HTL reactions using the
biomass grown in a 90-L culture. Here, the gas fraction also contained small amounts of linear saturated
and monounsaturated light hydrocarbons (C1–C4) (<1 mol%), H2 (<2 mol%) and CO (<1 mol%). In the
HTL using B-1L, the CO2 content was lower (79.82–97.19 mol%). In this case, a methane concentration
within the range 8–17 mol% was obtained, which may be due to their high content of lipids. Christensen
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et al. reported a similar methane content when they performed the HTL at higher temperatures with a
biomass with lower concentration of lipids [32]. Additionally, the gas fraction contained small amounts
of linear saturated and monounsaturated light hydrocarbons (C2–C4) (<1 mol%), H2 (<2 mol%) and
CO (<1 mol%). The large concentration of CO2 of the gas fraction from HTL makes this stream suitable
for recirculation towards the cultivation stage in photobioreactors, providing the inorganic carbon
source necessary for its development [72].

3.7. Analysis of the Solid Fraction

Finally, the smaller phase was the solid residue. This phase consisted mainly of ashes, carbon-rich
compounds and minority elements present in the biomass (metals and phosphorous). Therefore,
this fraction has been used to obtain biochar from the thermochemical process or in use as a fertilizer [27].

4. Conclusions

The composition and productivity of the microalga P. tricornutum is affected by the variation in
daylight hours, the supply of CO2 into the culture and the availability of nutrients such as nitrate in
the culture media. Consequently, it is possible to direct the microalgal metabolism to increase the
biomass yield and accumulate specific compounds. For instance, microalgae with high biomass and
lipid productivities are adequate for the HTL process to obtain a high yield and quality biocrude.
The lab-scale culture of P. tricornutum produced a higher biomass and lipid productivities with the
daylight hours and a supplemental CO2 injection. In addition, the lab study confirmed that the initial
amount of nitrates was essential for efficient growth, achieving high biomass and lipid productivities.
The biomass generated during the scaled-up culture had a lower biomass and lipid productivities than
the corresponding biomass obtained at the lab scale, despite having carried out the experiments at
the same operating conditions. In any case, the values obtained are suitable for the following HTL
stage and similar to other works. Using high-volume photobioreactors, a greater shielding of the
microalga is frequent and was observed in this work, which prevents the light from reaching the
microalga cells, reducing the growth of the microalgae and the lipid accumulation. The biocrudes
obtained by HTL using B-90L exhibited somewhat lower yields than those obtained from the biomass
cultivated at the lab scale (B-1L), because the former biomass presented lower lipid and higher ash
contents. However, the heteroatom contents of the biocrudes were similar and lower than those in
the corresponding starting microalga in both cases. Nevertheless, the reduction in the heteroatom
content was not enough, and a biocrude post-treatment is required in order to reach the regulated
values as direct fuel in transport. In summary, both biocrudes had similar characteristics, although
the biomass generated during scale-up had a lower biomass and lipid productivities. In this sense,
the use of large-scale cultivated wet biomasses for P. tricornutum is recommended to make the overall
process more economical and to produce enough amounts of biocrude to be use as a biofuel after the
post-hydrotreatment stage.

Author Contributions: Conceptualization, F.G.W.-S., G.V. and L.F.B.; methodology, I.M.-H. and A.S.-B.; validation,
G.V., V.M., and M.S.-F.; formal analysis, G.V. and V.M.; investigation, I.M.H.; resources, I.M.H. and A.S.-B.; data
curation, G.V., L.F.B. and V.M.; writing—original draft preparation, I.M.H. and A.S.-B.; writing—review and
editing, G.V., L.F.B. and M.S.-F.; visualization, G.V., V.M. and M.S.-F.; supervision, G.V., V.M. and M.S.-F. and
funding acquisition, G.V. All authors have read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the support of project IND2017/IND financed by Comunidad de Madrid and
the company AlgaEnergy for collaborating in this Industrial Doctorate project. AlgaEnergy acknowledges AENA
for the concession of its land to locate the Technological Platform for Experimentation with Microalgae (PTEM).

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

203



Processes 2020, 8, 1072

References

1. Akhtar, J.; Amin, N.A.S. A review on process conditions for optimum bio-oil yield in hydrothermal
liquefaction of biomass. Renew. Sustain. Energy Rev. 2011, 15, 1615–1624. [CrossRef]

2. EU. Directive (EU) 2018/2001 of the European Parliament and of the Council on the promotion of the use of
energy from renewable sources. Off. J. Eur. Union 2018, L 328, 82–209.

3. Gambelli, D.; Alberti, F.; Solfanelli, F.; Vairo, D.; Zanoli, R. Third generation algae biofuels in Italy by 2030:
A scenario analysis using Bayesian networks. Energy Policy 2017, 103, 165–178. [CrossRef]

4. Amaro, H.M.; Guedes, A.C.; Malcata, F.X. Advances and perspectives in using microalgae to produce
biodiesel. Appl. Energy 2011, 88, 3402–3410. [CrossRef]

5. Gonzalez-Fernandez, C.; Sialve, B.; Molinuevo-Salces, B. Anaerobic digestion of microalgal biomass:
Challenges, opportunities and research needs. Bioresour. Technol. 2015, 198, 896–906. [CrossRef]

6. Elliott, D.C.; Biller, P.; Ross, A.B.; Schmidt, A.J.; Jones, S.B. Hydrothermal liquefaction of biomass:
Developments from batch to continuous process. Bioresour. Technol. 2015, 178, 147–156. [CrossRef]

7. Huang, Y.; Chen, Y.; Xie, J.; Liu, H.; Yin, X.; Wu, C. Bio-oil production from hydrothermal liquefaction of
high-protein high-ash microalgae including wild Cyanobacteria sp. and cultivated Bacillariophyta sp. Fuel
2016, 183, 9–19. [CrossRef]

8. Safi, C.; Zebib, B.; Merah, O.; Pontalier, P.Y.; Vaca-Garcia, C. Morphology, composition, production, processing
and applications of Chlorella vulgaris: A review. Renew. Sustain. Energy Rev. 2014, 35, 265–278. [CrossRef]
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Abstract: Generally, the compression ignition (CI) engine that runs with emulsified biofuel (EB) or
higher viscosity fuel experiences inferior performance and a higher emission compared to petro diesel
engines. The modification is necessary to standard engine level in order to realize its application.
This paper proposes a guide vane design (GVD), which needs to be installed in the intake manifold, is
incorporated with shallow depth re-entrance combustion chamber (SCC) pistons. This will organize
and develop proper in-cylinder airflow to promote better diffusion, evaporation and combustion
processes. The model of GVD and SCC piston was designed using SolidWorks 2017; while ANSYS
Fluent version 15 was utilized to run a 3D analysis of the cold flow IC engine. In this research, seven
designs of GVD with the number of vanes varied from two to eight vanes (V2–V8) are used. The
four-vane model (V4) has shown an excellent turbulent flow as well as swirl, tumble and cross tumble
ratios in the fuel-injected region compared to other designs. This is indispensable to break up heavier
fuel molecules of EB to mix with the air that will eventually improve engine performance.

Keywords: piston bowl; alternative fuel; vanes; emulsified biofuel; biofuel

1. Introduction

A diesel engine is one of the most indispensable power generation systems and is mainly
used in industrial, public transportation, power generation, heavy-duty machinery, and agricultural
applications due to their higher fuel-conversion efficiency, power output, torque and reliability
compared to gasoline engines [1]. Furthermore, the emissions such as carbon monoxide (CO),
hydrocarbon (HC) and carbon dioxide (CO2) from a diesel engine is much lesser compared to the
gasoline engine emissions. However, diesel engine remains to be an important source of pollution as
their usage leads to release of nitrogen oxides (NOx), black smoke, particulate matter (PM) and sulfur
oxides (SOx) that are detrimental to both environment and human health [2]. In fact, the emissions
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from diesel engines have been classified as carcinogenic by the International Agency for Research on
Cancer (IARC). It is based on sufficient evidence that high exposure to diesel emissions can be a risk of
lung cancer [3], soot emissions can cause cardiovascular diseases [4], while NOx emissions can cause
ground level ozone [5], smog [6] and acid rain [7].

On the other hand, fluctuating petroleum prices, fossil fuel depletion, energy demand escalations
and stringent emission regulations have intensified the look-out of the scientific community for
alternative renewable fuels in place of the existing fossil fuel. Therefore, non-conventional types of fuel,
made from biological resources such as biofuel and biodiesel, have been researched. These studied
aimed to tackle the problems that arise due to the comparable properties with that of fossil fuels.
However, this alternative fuel not only has high viscosity and boiling point, but also low volatility
and calorific values. Biofuel, particularly refined palm oil (RPO) is readily made, safe to be handled
and stored and is renewable [8]. However, direct use of this oil degrades the engine performance if
operated for a prolonged period due to their high viscosity and low volatility, which causes filters, fuel
lines and injectors to be clogged. In addition, engine problems such as piston ring sticking, carbon
deposit build-up and lubricating oil thickening were also observed [8], therefore it would be necessary
to overhaul, repair and replace some parts of the diesel engine.

The prominent factors that control and govern the combustion process depend on the air motion
within the engine, charge temperature, compression ratio, spray structure, burning rate, piston bowl
geometry, injection strategies, auto ignition fuels, and fuel molecular structure [9]. There is a significant
influence of piston bowl geometry with respect to the combustion and the amount of emission as
it strongly affects the mixing of air and fuel prior to the start of injection (SOI). Jing Li et al. [10]
investigated the effect of piston bowl geometry on combustion and emissions using a high viscous fuel
(biodiesel). The studies inferred that at low engine speed, the shallow depth re-entrance combustion
chamber (SCC) piston exhibited better engine performance. Using computational fluid dynamics
(CFD) analysis, Hamid et al. [11] discovered that the SCC piston had an ability to generate high swirl,
tumble and cross tumble ratios. They also observed that the turbulence kinetic energy was increased,
had a well-organized flow and a better air fuel mixture, especially for high viscous fuel applications.
Consequently, the combustion efficiency had been improved and reduced incomplete combustion. In
addition, the SCC piston is a preferable design since it can be run with high viscosity alternative fuel in
the diesel engine.

The inherent long carbon chains become a limitation to biofuels as their nature results in high
viscosity and density. The in-cylinder airflow rate was low and produced an adverse effect, as
previously mentioned, because of the physiochemical nature of the alternative fuel, that produced an
undesired injection profile which degraded cone angle and increased the length of penetration spraying
due to high viscosity. Several measures have been taken to lower the viscosity of the alternative fuel
for producing an injection profile closed to the diesel, e.g., blending alternative fuel with fossil fuel [12],
preheating the alternative fuel [13], emulsification of alternative fuel [14], nano-fluid additives [15],
mixing with low and high viscosity biofuel [16] and adjusting injection timing [17–19]. In general, these
techniques partially minimized those aforementioned issues, but are still lacking certain requisites
compared to the engines using petrol and diesel fuels.

Theoretically, when the in-cylinder airflow rate increased, the swirl, tumble, cross tumble ratios
and kinetic energy of turbulence also increases and accelerates the in-cylinder evaporation and diffusion.
These effects generally will enhance engine performance such as higher engine power and lower
brake specific fuel consumption (BSFC). To enhance and improve the in-cylinder airflow rate and its
characteristics, several strategies can be implemented, such as redesigning the airflow intake manifold,
modifying the piston bowl and guide vanes to guide the inlet airflow [20].

Therefore, this research will investigate numerically the effect of the numbers of GVD incorporated
with the SCC pistons to enhance and organize the in-cylinder airflow rate and its characteristics. Based
on the previous literature, the geometry of the guide vanes consists of four main parameters: vane
number, angle, height and length. Nevertheless, this research is limited to the numbers of GVD
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regardless of other parameters as including several parameters tend to make the analysis complex
and increases the computational time consumption. Therefore, the remaining parameters were
kept constant according to the previous researchers [21,22]. The design model of the SCC piston is
modification suited on the YANMAR L70 engine specifications. The details of the designs is described
in the following sections.

2. Methodology

2.1. Computer Simulation

There are four main steps in order to investigate the airflow rate and its characteristics, namely
to draw the SCC piston and GVD, mesh the parts, define their boundary condition and analyze the
cold flow IC engine. SolidWorks 2017 and ANSYS-FLUENT v15 software were utilized to prepare
the model and analyze the in-cylinder airflow in the transient engine cycle without combustion. The
complete details of the computer simulation setup is described in the following section.

2.2. Guide Vane Design (GVD)

GVD is designed specifically to enhance the air velocity due to swirling flow generated. The
geometry of GVD consists of vanes number (N), height (Hv), length (l) and angle (θ) which are
illustrated in Figure 1 and the specification of GVD is shown in Table 1. GVD dimensions play an
important parameter in generating optimized in-cylinder air flow characteristics. They will guide
the intake airflow into the combustion chamber, generate turbulence phenomena and sustain swirl
momentum until the end of the expansion stroke. The increasing swirl flow will produce high
convective heat transfer coefficient inside the combustion chamber [23]. Nevertheless, if the number of
vanes increases, it tends to obstruct the airflow and affect volumetric efficiency [24]. By considering
this, our research has a limit to eight guide vanes (V8) starting with a base (without vane). The vane
twist angle was fixed at 35◦ angle.

 
(a) (b) 

Figure 1. GVD design. (a) Front view; (b) Side view**.

Table 1. Specification of guide vane design (GVD).

No Parameter Value

1 Number of Vanes (N) Base, 2,3,4,5,6,7,8
2 Vane Length (l) 30 mm
3 Width of vane 0.5 mm
4 Vane Height (Hv) 0.6 R
5 Vane twist angle (θ) 35◦
6 Angle of incidence 90◦
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2.3. Shallow Depth Re-Entrance Combustion Chamber (SCC)

To improve the mixing of air and fuel, most of the important modifications were performed on the
engine design. The nature of formation of mixture in the engine cylinder is predominantly dependent
on the shape of the combustion chamber and the piston bowl design. Running the emulsified biofuel
with high viscosity will deteriorate the injection profile. Hwang et al. [25] carried out studies on
the injection profile using waste cooking oil biodiesel. They observed that the penetration length
was longer, and the cone angle was shorter compared to petrol and diesel fuels. To mitigate these
issues, many researchers [26] suggested that the piston bowl design needs to be modified for smooth
running with high viscosity fuel. They discovered that the SCC piston bowl design (as shown in
Figure 2) is recommended since it can organize the airflow well; swirl ratio (Rs), tumble ratio (RT),
cross tumble ratio (RCT) and break the penetration length of injection to facilitate enhanced mixing
with the surrounding air. Therefore, the effect of the GVD and SCC piston combination will be focused
on this research.

 
Figure 2. Schematic diagram for shallow depth re-entrance combustion chamber (SCC) piston bowl
geometry design (all in mm) [11]. Reproduced with permission from Hamid et al., (Renewable Energy);
published by (Elsevier), (2018).

2.4. Engine Model

The geometry of the engine model was adapted from the experimental Yanmar model type
L70AE-DTM CI generator with a four-stroke direct injection, vertical cylinder, one cylinder, one intake
valve and one exhaust valve. The technical specification of the engine is given in Table 2.
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Table 2. Technical specifications of Yanmar L70AE CI engine generator.

Engine Parameters Details

Engine Model Yanmar L70AE
Bore 78 mm

Stroke 62 mm
Compression ratio 19.1

Number of cylinder 1
Engine weight 36 kg

Type of injection Direct inject
Fuel injection pressure 19.6 Mpa

Displacement 0.296 L
High idle speed 3600 rpm

Max. rated power 4.9 kW @ 3600 rpm
Injection timing 14◦ ± 1◦ BTDC

Intake Naturally aspirated
Cooling Forced air

Lubrication Forced lubrication with trochoid pump
Direct of rotation Counter clockwise
Starting system Electric start/Recoil start

IVO, IVC 155◦, 59◦
EVO, EVC −59◦, 155◦

3. Simulation Setting

The engine geometry of Yanmar L70AE-DTM was modelled using SolidWorks 2017. The GVD,
intake runner, exhaust runner, cylinder, intake valve and the exhaust valve have been modelled
separately and assembled together as illustrated in Figure 3. The assembled model of the engine was
exported to the CFD software, namely ANSYS-FLUENT v15. The software was used to construct a
solver, comprising of mathematical computations that simulates and analyses cold flow. To compute
the parameters representing fluid flow, both valves were set as solid domains as in reality while the
others were set as a fluid flow domain. The moving boundaries were the main challenges in order to
simulate a 3D IC engine such as piston bowl, valve and cylinder. The moving grid and remapping
mesh were the common strategies used by many researchers [27,28]. The mesh generation on this
research was based on assembly level meshing technique. The CFD simulation setting was based
according to the cold flow IC engine published by ANSYS Inc. [29].

Figure 3. Schematic diagram of modelling engine Yanmar L70AE-DTM configuration.
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The equations governing the fluid flow which formed the basis for simulation are the conservation
of mass, momentum and energy (energy equation) [30,31]. The conservation of mass is derived based
on the control volume and the corresponding differential Equation [32]. It is written as:

∂p
∂t

+ ∇(ρU) = 0 (1)

ρ is the fluid density and U is three-dimensional flow velocities in the x, y and z directions.
The conservation of linear momentum is derived based on the Newton’s second law where

the surface forces are the control volumes and forces are the body of the control volume. It can be
written as:

∂(ρU)

∂t
+ ∇(ρU ×U) = ∇p−∇τ+ SM (2)

p is the fluid pressure, τ is the strain rate and SM is a momentum source. This equation is also
known as the Navier–Stoke equation [33].

The rate of energy change inside the fluid element is also known as the energy equation and it is
given by:

∂(ρhtot)

∂t
− ∂ρ
∂t
−∇(ρUhtot) = ∇(λ∇T) + ∇(U·τ) + U·SM (3)

htot and λ are the total enthalpy and thermal conductivity, respectively.
Shear Stress Transport (SST) is a two-equation eddy-viscosity model that was used in this

numerical study. This model is a combination of the k-ω and k-ε turbulence models. It is a low Reynolds
number model. It resolution has similar requirements to the k-ωmodel and the low Reynolds number
k-ε turbulence model, but its formulation abolishes some weakness displayed by pure k-ω and k-ε
turbulence models. While the k-ωmodel pertains to the inner boundary layer, the k-εmodel plays a
role in the outer region. The combinational model overcame the limitation of shear stress until 5%
turbulence intensity in the adverse gradient region, wherein it is sufficient to consider fully developed
flow turbulence. The conditions of temperature and pressure were set at 300 K and 1 atm respectively.
The detailed information on the setting used for the models and their limitations can be referred to
ANSYS FLUENT v15–Solver Theory Guide [26].

On the basis of the physical boundary conditions of the engine, the simulation was carried out in
two distinct phases of analysis; intake analysis and intake port analysis. Intake analysis is related to the
intake runner, while intake port analysis corresponds to the clearance volume prior to the downward
movement of the piston and intake runner in the y-direction and drawing of air into the cylinder. The
components that are not applicable in this analysis were suppressed since there was no contribution to
the results and to reduce the computation time during calculations.

The results of the intake analysis were transferred to the compression and expansion analysis for
further simulations. During the compression and expansion analysis, the intake and exhaust valves
remained closed while air was compressed during the upward movement of the piston towards the
top dead center (TDC) and expanded during the downward movement towards the bottom dead
center (BDC). The only domain applicable during this analysis was the cylinder volume, where the
volume changed due to the motion of the piston being progressed up and down via the moving mesh.
To retain the stability of the simulation progress, the time step must be small enough to simulate the
moving mesh.

4. Results and Discussion

The in-cylinder airflow rate and its characteristics are well-recognized such that they can enhance
the evaporation, diffusion and combustion process. As a result, it can be utilized for emulsified biofuel
to improve engine performance and reduce engine emissions. Results and discussion will focus on the
events taking place within the fuel injection period or ignition delay, the time difference between start
of injection (SOI) and start of combustion (SOC). Due to the default setting of Yanmar L70AE-DTM
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(manufacturer setting), the fuel injection is at 14◦ before TDC, therefore the results will be covered at a
crank angle (CA) from 346◦ SOI until 352◦ SOC.

4.1. Numerical Validations

The purpose of the experimental setup is to validate the numerical simulation, which was carried
out in the test rig of single a cylinder of Yanmar engine as shown in the Figure 4. During the experiment
setup, a high sensitivity water-cooled precision type sensor Kistler 7061B, magnetic pickup shaft
encoder and TDC position optical sensor were used to measure the in-cylinder pressure and crank
angle data. A sensor of type 7061B was screwed directly into the standard M14 hole. The position of the
sensor was mounted near the valve for better accuracy of the values. K-type thermocouple was used
to measure the boundary temperatures, at the intake and exhaust boundaries, and the thermocouple
was positioned as close as possible to the cylinder head. The SCC piston was used to validate the
experimental data.

 

Figure 4. The engine Yanmar L70 setup test rig.

Figure 5 shows the in-cylinder pressure against the crank angle (θ) diagram from the simulation
and experiment results without combustion at a rotational speed of 2000 rpm. The data measurement
for the intake temperature and pressure are 302 K and 1.02 bar, respectively. The graph shows the
variation of pressure between 0◦ to 540◦. Based on the figure, a reasonable agreement between
experimental and numerical results with a slight difference of about 7% peak pressure is witnessed.
This minor deviation might be due to the gas seepage from the cylinder into the crankcase.

4.2. Grid Independence Test (GIT)

Grid independence test (GIT) can be described as optimum estimation on the numerical accuracy
of the computed results that rely on a number of elements. The computational domain for the numerical
calculation covers the valves and intake port, cylinder head and piston-bowl. It is necessary to conduct
the test as it will affect the computation time and cost. The cell size typically ranges from coarse
to ultra and the number of elements was set in between 100–400 k, where about half of the cells
used to generate the mesh at the cylinder head and piston-bowl for the sake of grid sensitivity and
reasonable computation time. The hexahedral mesh has been adopted in this mesh generation because
of better accuracy and stability compared to the tetrahedral cells. Table 3 shows the summary of GIT
and it was found that case 3 had shown an appropriate meshing grid due to less nominal deviation.
Case 3 shows the optimum mesh number, if increase the elements of mesh number, the pressure
shows similar pressure value with case 3. Therefore, case 3 was chosen for further analysis. Figure 6
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depicts the dynamic mesh of SCC grid piston type during intake, compression and exhaust at different
crank angles.

Figure 5. In-cylinder pressure against crank angle (degree).

Table 3. Summary of grid independence test (GIT).

Case 1 2 3 4 5

Elements average cylinder 102,343 254,223 302,309 371,424 447,573
Pressure 2.082 × 106 3.099 × 106 3.153 × 106 3.153 × 106 3.153 × 106

  
(a) (b) (c) 

Figure 6. Computational domain during (a) intake CA at 45◦ (b) compression CA at 300◦ (c) exhaust
CA at 630◦.

4.3. Turbulence Kinetic Energy (TKE)

The simulation results of TKE are presented in Figure 7. TKE, a measure of turbulence, is defined
as the mean kinetic energy per unit mass associated with eddies in a turbulent flow. As can be seen
from the graph, before the piston reached TDC, TKE declined linearly along with the piston movement.
This is due to the reduction of the cylinder volume during the motion of the piston towards TDC.
This finding is well-agreed by Payri et al. [34]. Prasad et al. [35] studied by varying the design of
piston bowl using the AVL Fire CFD software and found that the TKE trend shows a consistent decline
due to the limitation of the in-cylinder airflow movement. Another trend that was noticed is TKE
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and the vane numbers had no linear relationship as the nature of relationship can be observed to be
mixed and inconsistent. It means that the increase of the vane numbers does not necessarily improve
TKE. However, this trend was already discovered by Miles [36] during his studies on the influence
of in-cylinder airflow on using a baffle-type swirl generator to choke the intake manifold. From the
graph, all of GVD’s models improved the magnitude of TKE compared to the base model. The V4
model had the highest TKE as compared to the others of vane numbers. The difference between the
base model and V4 were approximately 21%. The second highest TKE was the V2 model as it had an
improvement of approximately 16% compared to the base engine. This might be due to the airflow
obstruction; too many numbers of vanes unable to properly guide the airflow and possibly to limiting
airflow efficiency.

Figure 7. TKE against crank angle (θ).

4.4. In-Cylinder Swirl, Tumble and Cross Tumble Ratio

One of the key factors that determine the large scale mixing of air-fuel during the intake and
compression stroke is the in-cylinder airflow motion in the combustion chamber, especially in the
velocity streamline. The three main components that affect the in-cylinder airflow motion are RS, RT, RCT
are calculated from the crank angle engine stroke to the above mentioned designs. Figure 8 shows the
orientation diagram for the definition of RS, RT and RCT; their directions will be discussed accordingly.

Figure 9 shows the RS of in-cylinder for different numbers of GVD against the crank angle before
TDC. RS is defined as a rotation airflow around the swirl axis relative to the flow (around the cylinder
axis) [37] and used to promote rapid combustion. High-magnitude in-cylinder RS encourages better
air fuel mixing, breaks up more fuel molecules and improves engine performance. As can be seen
from the graph, the RS increases due to higher airflow acceleration and is proportional to the crank
angle; thus, the angular momentum is conserved at the time of compression before approaching TDC.
According to the graph, during the expansion process, the declining trend is due to the reversal flow
exiting from the piston and wall friction. However, the main focus was on SOI at 346◦ and SOC at
352◦. The results imply that the utilization of GVD had improved the swirl flow generally and 4 vanes
(V4) had shown about 35% swirl flow improvement compared to the original baseline in-cylinder
swirl flow. Kim et al. [38] illustrated that from their photographic results, the flame size without the
swirl control valve (SCV) was smaller than with SCV at 1.6◦ crank angle after SOI, due to strong swirl
flow. Therefore, it’s confirmed that enhancing the swirl flow will benefit engine operation and can be
manipulated for high viscous fuel, e.g., emulsified biofuel.
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Figure 8. Orientation diagram for swirl, tumble and cross tumble components.

Figure 9. Swirl ratio against crank angle (θ).

Figure 10 shows the RCT for different numbers of GVD against crank angle before TDC. RCT
is defined as a rotational ratio of airflow on the cross tumble axis relative to the other axes [39].
As in RS, the negative or positive value of RCT is neglected as it is arbitrary, and depends on the
magnitude obtained. It can be seen that the installation of GVD has increased the magnitude ratio
of RCT. Nevertheless, RCT has a close correlation between RS and RT. Khalighi et al. [40] noted that
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in order to maximize RCT and RS and RT need to be maximized. Rabault et al. [41] reported that
enhancing RCT assisted the premixed of air fuel mixture to become much better, indirectly achieve
good combustion. As previously mentioned, emulsified biofuel increases the penetration length and
shortens the cone angle. Therefore, with the correct number of vanes, RCT can significantly break
up the length of penetration; which becomes wider during injection into the combustion chamber.
Based on the figure, it can be clearly seen that the design of V4 is an appropriate GVD for producing
homogeneous mixture during compression thus, the lateral flow of air is improved within the cylinder.

Figure 10. Cross tumble ratio against crank angle (θ).

Figure 11 shows the RT for different numbers of GVD against crank angle before TDC. RT is
defined as a ratio of rotational airflow around the tumble axis (orthogonal to the cylinder axis) [42].
The function of RT is generally to aid the flow of the molecular fuel to the wider area of the combustion
chamber. RT also helps to maintain a uniform distribution of flow along the piston bowl. As can be
seen from the graph, the high-magnitude of tumbles is clearly visible on all GVD models compared
to the base model. Again, V4 and V3 of GVD show greater RT occurrence in the area of SOI and
SOC. Therefore, V4 and V3 are able to generate higher RT, which can enhance the mixing process and
improve engine operation which is fuelled with high viscous fuel. In addition, it also implies that
incorporating GVD and SCC piston facilitates a strong lateral flow of air within the cylinder. The role
of lateral flow function is to assist in spreading the atomization molecule fuel throughout the piston
bowl, thereby offering sufficient time to combust and avoid deposition of residual carbon deposit. This
has shown an agreement with the findings of Payri et al. [34], wherein it was inferred that the piston
geometry had little influence on RT during the compression stroke. However, the piston bowl design
and stronger in-cylinder lateral airflow had a significant effect; especially in the mean velocity field
and turbulent zone near TDC, approaching at the early stage of the expansion stroke.
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Figure 11. Tumble ratio against crank angle.

4.5. In-Cylinder Airflow Characteristics during Intake Stroke

The instantaneous streamline of the intake stroke at a crank angle of 10◦ and 90◦ after TDC is
presented in Figure 12. For intake stroke at a crank angle of 10◦, the airflow pattern was initially
induced through a piston bowl. The V4 design, which had guided the airflow via vanes, shows the
preliminary turbulent flow in the intake manifold before being induced into the combustion chamber.
It also demonstrates the ability of the fluid to develop rotational motion in the cylinder and benefit in
assisting the atomization of heavy molecules, i.e., emulsified biofuel. The intake stroke at crank angles
of 90◦ shows the RS phenomena due to the influence of tumble flow. However, the engine without
vanes (base) has shown low-velocity flow compared to the engine using vanes. These results were
supported by Heywood [43], who suggested the consideration of the vortex flow during intake process,
in order to enhance the turbulence intensity at the compression stage.

Figure 12. The computed streamline intake stroke crank angle at 10◦ (top) and 90◦ (bottom) showing
the swirl and tumble airflow structure.
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4.6. In-Cylinder Airflow Characteristics during Compression Stroke

Figure 13 shows the instantaneous streamline of the compression stroke at crank angles of 346◦ and
310◦. At the time of compression stroke, when the volume tends to change as a result of compression,
the density of air, temperature and pressure witnessed an increase. From Figure 11, a notable effect
on the amplification of turbulent flow and the acceleration of air can be seen. The velocity of air was
generally higher during cranking angle at a position of 310◦ for both the designs. However, the air
velocity decreased gradually when it reached TDC. The SCC piston with V4 design showed uniform
velocity in-cylinder flow on both sides at a crank angle of 346◦ (at SOI stage). It implied that the engine
using vanes in their operation can produce a strong velocity of air, high turbulent flow and be able to
transport heavy molecules of fuel, i.e., emulsified biofuel with the homogenous mixture. With the
abilities mentioned above, the flame speed and the reliability of combustion for a very low air fuel
ratio will be promoted.

Figure 13. The computed streamline compression stroke crank angle at 346◦ (top) and 310◦ (bottom).

4.7. In-Cylinder Pressure during Compression Stroke

The improvement of combustion efficiency is rely on the in-cylinder pressure inside the engine.
Higher in-cylinder pressure value will benefited to the fuel penetration during spraying and aids to
expend the cone angle which is necessary for application of higher viscous fuel. Figure 14 shows
the variation of in-cylinder pressure without vane and with GVD V4. From the figure can be seen
that, GVD model V4 produces an extra in-cylinder pressure compared to the without GVD. The area
that built up pressure in the V4 model is at the near injection port area and obviously produced more
pressure in the piston-bowl with the organized in-cylinder air flow throughout along the piston-bowl
area. With this result, the higher in-cylinder pressure will definitely give more resistance to the injected
fuel in term of friction to the air flow and consequently reduce the penetration length during injection.
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Figure 14. The in-cylinder pressure during compression stroke crank angle at 346◦ (top) and 310◦
(bottom).

5. Conclusions

Emulsified biofuel possesses a high potential to replace fossil fuel and to be used in the diesel
engine. The similar properties of emulsified biofuel and fossil fuel enable this fuel to be used in the
engine with minor modifications. However, emulsified biofuel is more viscous, less volatile and has
heavy molecules that restrict to maximum evaporation of spraying. This phenomenon eventually
deposits the carbon on the cylinder wall and piston head, piston ring sticking and resulted in incomplete
combustion. Therefore, introducing GVD can improve and generate more swirl and tumble airflow
to enhance the turbulent flow for extra-evaporating emulsified biofuel. The in-cylinder air flow
characteristics of (RS), (RT), TKE and RCT were investigate and compared between the 7 models of
GVD and base model of various vane numbers. Hence, based on the simulation result, the four
numbers of vanes (V4) in GVD have shown the best performance in terms of TKE, RS, RT and RCT. The
streamline compression stroke shows that V4 allows the air flow throughout piston-bowl to be more
recognized, which enhanced the in-cylinder air flow velocity that expected could break up the length
penetration during spraying process. For future work, the study will be extended and investigated
using the strategy of combination of GVD with SCC piston and their effect of injection profile, structure
of spraying and combustion characteristics using higher viscosity fuel such as emulsified biofuel
application in the diesel engine.
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Nomenclature

English Symbols Description Units

U Three dimensional flow velocities x,y and z directions m/s
P Pressure Pa
T Temperature K
t Time s
N Engine speed rpm
T Torque N·m
m Mass kg
L Litre l
htot Total enthalpy J/kg
v Velocity m/s
vmax Maximum velocity m/s
SM Momentum source N/m3

→
u Three-dimensional flow mm/s
R Radius mm
l Length mm
x,y,z Cartesian coordinates mm
Greek Symbols Description Units

ρ Fluid density kg/m3

ω Angular acceleration rad/s
λ Thermal conductivity W/m·K
θ Crank angle degree -
τ Strain rate 1/s
∇ Gradient operator -
Abbreviations Description

IVO Intake valve open
IVC Intake valve close
EVO Exhaust valve open
EVC Exhaust valve close
GVD Guide Vane Design
SCC Shallow depth re-entrance combustion chamber
IARC International Agency for Research on Cancer
RPO Refine Palm Oil
SM Momentum Source
RT Tumble Ratio
RS Swirl Ratio
RCT Cross Tumble Ratio
TKE Turbulence Kinetic Energy
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Abstract: To meet the increasingly strict emission limits imposed by regulations, internal combustion
engines for transport applications require the urgent development of novel emission abatement
systems. The introduction of biodiesel or other biofuels in the engine operation is considered to
reduce greenhouse gas emissions. However, these alternative fuels can affect the performance of the
post-combustion systems due to the variability they introduce in the exhaust particle distribution and
their particular physical properties. Bioceramic materials made from vegetal waste are characterized
by having an orthotropic hierarchical microstructure, which can be tailored in some way to optimize the
filtration mechanisms as a function of the particle distribution of the combustion gases. Consequently,
they can be good candidates to cope with the variability that new biofuel blends introduce in the
engine operation. The objective of this work is to predict the filtration performance of a wall-flow
particulate filter (DPF) made of biomorphic silicon carbide (bioSiC) with a systematic procedure
that allows to eventually fit different fuel inputs. For this purpose; a well-validated DPF model
available as commercial software has been chosen and adapted to the specific microstructural features
of bioSiC. Fitting the specific filtration and permeability parameters of this biomaterial into the
model; the filtration efficiency and pressure drop of the filter are predicted with sufficient accuracy
during the loading test. The results obtained through this study show the potential of this novel DPF
substrate; the material/microstructural design of which can be adapted through the selection of an
optimum precursor.

Keywords: internal combustion engine; biodiesel; particulate matter emissions; biomorphic silicon
carbide; vegetal waste; diesel particulate filter

1. Introduction

Emission levels for automotive engines are submitted to increasingly stringent limits.
From September 2015, all new European diesel cars must be compliant with the Euro 6 emissions
standards, which set a particle number emission limit of 6 × 1011 particles km−1 and a limit of
4.5 mg km−1 for the mass of particulate [1]. In the United States, the phase-in period of Tier 3
(2017–2025) applies at a federal level, and requires automakers in the US to certify an increasing
percentage of their fleet are complying with the new emissions standard (3 mg/mi of particulate
matter) [2]. US standards are led by the California low emission vehicle (LEV) legislation, which
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sets stricter emission limits to cope with its exceptional smog problems [3]. In the near future, new
standards will likely be developed for even stricter emissions. In 2017, a new worldwide harmonized
light-vehicle test procedure (WLTP) came into force, and it is compulsory for all new car registrations
from September 2018 [4]. Also, for non-road mobile machinery, the Stage V of the EU Regulation
2016/1628 will be effective from 1 January 2019, reducing the particles mass limit for all the engines
above 19 kW, and introducing a new limit for particle number emissions [5].

Different strategies to control emissions are developed by different manufacturers. New designs
on combustion chamber, injection and supercharging systems, and control are introduced in new
engines to reduce particle emissions, but they are not enough to ensure the compliance with current
regulation thresholds [6]. Switching to cleaner alternative fuels can be also an effective way to
reduce pollutant emissions in internal combustion engines (ICEs). The introduction of biofuels in the
automotive sector provide an all-inclusive solution to the dependence on fossil fuels, and the associated
environmental impact [7]. Although there are multiple biofuel formulations and many different studies
on the emissions derived from their application to ICEs [8–10], there is a general agreement in their
contribution to reduce gas emissions (CH, CO) and particulate matter (PM) [11–13] and overall life
cycle carbon dioxide (CO2) [14]. Some research suggests, nonetheless, that increasing the blending
rate of biofuel in an engine may increase particulate emissions depending on the engine design [15],
on the biofuel properties [16], on the engine operating conditions [17], and even on the measurement
method [18]. Despite the progress in the engine technology and the development of new biofuels,
complying with the current emissions standards requires highly effective aftertreatment systems in the
abatement of soot particles [6,19]. Nowadays, the most popular aftertreatment system for the abatement
of particulate emissions in ICEs is the wall-flow diesel particulate filter (DPF). The requirements for
the proper performance of a DPF are, mainly, high filtration efficiency, low pressure drop [20], and
high capacity to resist the regeneration processes [21]. With an appropriate design, and a suitable
substrate, the wall-flow DPF is able to comply with the current PM legislation [20]. The challenge for
a DPF is the correct balance between filtration efficiency and pressure drop for an adequate engine
performance. These parameters are generally closely related, an increase in filtration efficiency brings
an increase in pressure drop, and vice versa. Also, the quick saturation of the filter, and the thermal
stress produced by the regeneration cycles leads, in many cases, to the cracking and collapse of the
DPF structure [22], increasing engine backpressure and penalizing the engine operation.

The introduction of biodiesel or other alternative fuels in the engine operation brings a new variable
to the post-combustion systems. Biofuels alter the particle size distribution in the exhaust gases [23,24],
and this affects in turn the performance of the DPF [25]. The combustion of biodiesel reduces the
primary particle diameter [26] and shifts the distribution curve towards smaller particles [24,27].
The behavior of a wall-flow DPF is given by its geometry (diameter, length, wall thickness, cell density)
at the macroscopic scale [28], and by the properties of the material used as substrate (permeability,
porosity, pore size, tortuosity) at the microscopic scale [29]. For a given geometry, the microstructural
properties of the substrate define the filtration efficiency and the pressure drop of the filter. The soot size
has a significant influence on the initial deep-bed loading process [30]. The search for new materials
that improve DPFs permeability, thermal properties, and filtration performance is a recurrent research
topic today. The alterations that new biofuel blends introduce in vehicular PM emissions should be
also taken into account when designing or developing new substrates for DPFs.

Recent studies have presented biomorphic silicon carbide (bioSiC) as a viable candidate for use
as a substrate in hot gas filtration applications [31,32] and, specifically, as a substrate in DPFs for
automotive diesel engines [33]. BioSiC is a porous bioceramic material characterized by preserving
the hierarchical biological microstructure of the wood precursor from which it was made [34] so it is
considered a bio waste or biomass. In this sense, the microstructure of this material can be tailored, to
some extent, by the choice of the precursor to fit any application [35]. As opposed to traditional ceramic
granular media, bioSiC can be good candidate to optimize the pressure drop/efficiency balance of DPFs
while coping with the variability that new biofuel blends introduce in the engine operation. BioSiC
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can be manufactured from a wide variety of plant species or precursors, including vegetal waste or
biomass. Each precursor leads to a different microstructure. If the microstructural characterization of a
precursor is known, numerical simulation techniques can be applied to predict the performance of the
global filtration system and to identify the potential for its use at real scale with different fuel inputs.

Mathematical and physical models used for internal combustion engine particulates filter
performance prediction, evolve from the pioneering work of Bissett and Shadman [36,37], published in
1985. The original approach proposed by Bissett was one-dimensional model with two channels, based
on the basic principles of fluid-mechanics, and the application of an energy balance in the solid wall
and gas phase. A transient filtration model was implemented later by Konstandopoulos et al. [38],
who used exhaust conditions, including particle size distribution and wall microstructure properties,
to calculate filtration efficiency in discretized wall slabs. These models have been further refined by
Tandon et al. [29] who gave emphasis on the efficiency evolution during transition to cake filtration,
and Bollerhof et al. [39], who studied filtration in inhomogeneous wall structures. The latter model
and several variations are available in the commercial software package, named Axisuite [40], which is
employed in this work. A comprehensive review of DPF modeling is given in references [41,42]. In this
work, a numerical model of wall-flow DPFs has been adapted to the experimental microstructural
features of the bioSiC material, in order to establish a starting point in the generalized analysis of
different precursors, used for bioSiC generation. The objective is to predict the filtration performance
of a bioSiC wall-flow DPF with a systematic procedure that allows to eventually improve the system
performance and to fit different fuel/biofuel inputs through the identification of optimum precursors.
In this study, the experimental microstructural features of bioSiC made from medium density fiberboard
(MDF) were used. The validation of the model was made in a small prototype of bioSiC wall-flow
DPF. It was designed, manufactured, and tested under controlled conditions, with the aid of a soot
generator [33]. The resulting experimental measurements of filtration efficiency and pressure drop
were then used to calibrate the real scale model, with the adjusted microstructural parameters to
simulate the performance under NEDC driving cycle conditions. The same procedure might be used
in the future to fit the microstructure of any other non-granular substrate.

This paper is structured in four sections. In Section 1, the motivations and objectives of the work
are presented, and the general background of the model is introduced. Section 2 summarizes the main
aspects and equations of the numerical model. It will describe the calibration-validation process and
how the results of a small prototype were extrapolated to a full-size system. In Section 3, the main
results are reported and a prediction about the performance of the filter, compared to that of other
commercial systems, is presented. Finally, Section 4 summarizes the main results and conclusions.

2. Materials and Methods

The numerical model used for this work is applicable to any wall-flow DPF with constant
cross-section and straight channels. A large part of the governing equations in the model act at the
macroscopic scale and do not depend on the material the filter is made of, so these could be applicable
to any DPF with the same geometry regardless of the composition of its substrate. There is a group of
equations that model the walls of the filter and the passage of the gas through them, and here is where
the microstructural characteristics of the substrate may have an effect. This group of equations depend
on features of the porous material such as porosity, pore size, and permeability. Thus, to apply this
latter group of equations, a previous knowledge of the biomorphic substrate is needed.

2.1. Model Description

The numerical model used in this study is built in two levels. The first level is the ‘single channel
problem’. In the ‘single channel problem’, the spatial discretization is comprised of one inlet channel
and four quarters of outlet channels. Figure 1 presents the frontal area of the control volume, which
is marked with a dashed red line. The background image is a SEM micrograph of the MDF bioSiC
filter used for the calibration and validation of the model, as explained in Section 2.2. At this level, all
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the equations for a single channel are solved. The second level is the ‘multi-channel problem’, which
extrapolates the results of the single channel to the whole system, including the additional phenomena
associated with the physics of the complete monolith.

 

Figure 1. Front area of the control volume in the ‘single channel problem’ represented over a SEM
image of a real MDF-bioSiC filter.

The evolution of pressure and velocity in each single channel is described mainly through two
interrelated groups of equations. On the one hand, along the free path of the inlet or the outlet channels,
the behavior of the flux is governed by the mass and momentum conservation equations of fluid
dynamics. On the other hand, across the porous mediums, such as the walls of the filter or the soot
layer, the behavior of the flux is governed by Darcy’s law and the inertial effects (Forchheimer). Table 1
summarizes these equations. The full model is described in detail in [43].

Table 1. Summary of the governing equations of the flux in the single channel control volume.

Control Volume Equation

Along the free path of the channels
Continuity equation:
∂
∂z (ρivi) = (−1)i N

d ρwvw
Momentum conservation equation:

∂pi
∂z + ∂

∂z

(
ρiv2

i

)
= −α1μvi

d2

Through porous media
Across the soot layer:

Δpsoot =
� T
Mg p

μdρwvw

2kp(p)
ln
(

d
d−2wp

)
Across the substrate walls:

Δpwall =
μ ww

kw
vw + CE√

kw
ρwv2

w

Total pressure drop between the inlet and the outlet channel:
p1 − p2 = Δpsoot + Δpwall

In these equations, the subscript i is the identifier of the channel: 1 for inlet channels, and 2 for
outlet channels. N is the number of walls of the channel, 4 in this case, and d is their width. The pressure
drop through the substrate wall is set considering that the flow velocity vw is constant. The result is the
direct application of Darcy’s law with the Forchheimer’s extension. On the contrary, the pressure drop
through the soot layer is calculated, considering that the gas velocity varies along the soot layer, due
to changes in gas density and flow area. Taking into account the geometrical definitions shown in
Figure 2, the pressure drop through the soot layer is calculated by expressing v and ρ as a function of
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the coordinate w, and integrating along the thickness of the soot layer [43]. The result depends on the
permeability of the particulate deposit kp, and on the soot layer thickness wp, the value of which is
recalculated in every successive step with the accumulated amount.

Figure 2. Scheme of the channel with geometrical definitions used in the model [43].

Equations for the porous medium summarized in Table 1 depend on permeability values that
must be calibrated based on experimental results. The pressure drop across the soot layer depends
on the permeability of the particulate deposit kp, while the pressure drop across the substrate walls
depends on the permeability of the substrate wall kw. The permeability of the particulate deposit may
be expressed as a function of the local temperature and pressure, using the correlation of Pulkrabek [44]

kp = kp,0

⎛⎜⎜⎜⎜⎜⎝1 + C4
p0

p
μ

√
T

Mg

⎞⎟⎟⎟⎟⎟⎠ (1)

The local pressure p depends initially on the position w, but introducing this variable in the
analytical approach would extremely complicate the solution. Instead, a mean value of the pressure
p is considered, calculated as the average between the inlet and the outlet pressure. C4 and kp,0 are
characteristic parameters of the porous media and must be estimated based on experimental data.

Similarly, the permeability of the wall may be expressed as

kw =
1

1
kw,0

+ C1ρp + C2ρ2
p
·
⎛⎜⎜⎜⎜⎜⎝1 + C4

p0

p
μ

√
T

Mg

⎞⎟⎟⎟⎟⎟⎠ (2)

The permeability of the clean wall kw,0 is the permeability of the clean bioSiC for each particular
precursor under consideration. For calibration and validation purposes, this study has used a real
MDF-bioSiC DPF as a model, the main features of which are summarized in Section 2.2 including its
permeability in the clean stage. C1 and C2 are also characteristic parameters of the porous substrate
but they govern the behaviour of the medium as it becomes loaded with particles. The permeability
of the loaded wall is a function of the amount of soot trapped in the wall, ρp is the instantaneous
concentration of soot in the wall. Therefore, the values of C1 and C2 must also be estimated, based on
experimental data. In the next section, the calibration procedure is explained for both the soot layer
permeability and the wall permeability. With regard to the filtration model, the filtration efficiency of
a porous medium is the result of the behavior of its unit collectors at the micro-scale. In this work,
the model was specifically prepared to be applied to a bioSiC filter made from MDF. Thus, to model
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the filtration efficiency, the fiber microstructure of bioSiC made from MDF was taken into account.
The filtration efficiency of a clean fiber unit collector by diffusion and interception exposed to aggregate
particles is summarized in Table 2 [43,45].

Table 2. Single collector filtration efficiency by diffusion and interception for fiber unit collectors.

Filtration Mechanism Equation

Diffusion
Diffusional efficiency [46]:

ηD = ηclean,D 1.6
( εpore,0

Ku

)1/3
PenPeCd

Peclet number:
Pe =

uwd f ib,0

Dpart

Parameter in the diffusional efficiency [47]:

Cd = 1 + 0.388 Kn f ib

(
εpore,0Pe

Ku

)1/3

Direct interception
Direct interception efficiency [46]:

ηR = ηclean,R 0.6
( εpore,0

Ku

)1/3 R2

(1+R)Cr

Interception parameter:
R = 2Rc

d f ib,0

Parameter in the direct interception efficiency [47]:

Cr = 1 +
1.996 Knf ib

R

2.2. Experimental Validation and Model Calibration for a bioSiC DPF

In order to determine the value of the empirical parameters included in the model, calibrate it, and
validate it, the results of a previous experimental study were used. In that study, two small prototypes
of bioSiC wall-flow filters were manufactured from MDF, and tested under controlled conditions in
a laboratory test rig, with a soot laden gas stream. The description of the samples, the test rig, and
the experimental procedure, can be found in [33]. Here, only the parameters relevant to the model
are reported.

The prototypes of bioSiC wall-flow filters, with a square cross section of 9.2 × 9.2 mm and a
length of 31 mm, had a cell density of 57.59 cells cm−2 (371.6 cpsi). A soot generator (PALAS GFG
1000) was used to create a gas stream laden with a particulate distribution similar to that of an
ICE fueled either with fossil or biodiesel. In setting a pressure of 1.2 bar, and a spark frequency of
200 sparks s−1 at the soot generator, an argon flow rate of 5 L min−1 is obtained with a soot production
of 4 mg h−1. The experimental study performed by Rodríguez-Fernández et al. with one fossil fuel,
two paraffinic biofuels: an hydrotreated vegetable oil (HVO) and a gas-to-liquid biofuel (GTL) and one
biodiesel [48] was taken as a reference for the identification of a standard particle size distribution.
Figure 3 reproduces the particle size distributions obtained in this study; Table 3 summarizes the
composition and properties of the corresponding fuels.

Table 3. Main properties and composition of the fuels tested by Rodríguez-Fernández et al. [48].

Properties and
Composition

Diesel HVO Biofuel GTL Biofuel Biodiesel

Standard UNE EN 590 UNE EN 15940 UNE EN 15940 UNE EN 14214
Lower heating value (MJ/kg) 43.04 43.96 44.03 37.26

Sulfur (mg/kg) <10 <10 <10 <10
Water (mg/kg) 60 19.2 20 102

C (% w/w) 85.74 84.68 84.82 76.45
H (% w/w) 14.26 14.53 15.18 12.36
O (% w/w) 0 0 0 11.19

Density at 15 ◦C (kg/m3) 811 779.6 774 874.3
Viscosity at 40 ◦C (mm2/s) 2.02 2.99 2.34 4.5
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Figure 3. Particle size distributions obtained by J. Rodríguez-Fernández, M. Lapuerta, and
J. Sánchez-Valdepeñas from testing different biofuels in an internal combustion engine [48].

As mentioned before, the numerical model used in this study was solved with the aid of the
commercial software Axisuite [40]. The settings for the gas inlet and the DPF in the theoretical model
(Table 4) were established taking into account the real conditions under which the tests were carried
out. The soot particle size distribution, characterized by the mean particle diameter and the standard
deviation, was directly observed from the experimental particle size distribution curve of the soot
generator, as shown in Figure 4. The soot aggregate structure of the aerosol produced by the soot
generator, can be characterized by the following parameters [33]: fractal dimension D f = 2.1 [49], soot
primary particle radius r0 = 6× 10−9 m [50], and soot primary particle density ρ0 = 1700 kg/m3 [51].

Figure 4. Real particle size distribution of the soot generator and modeled curve.

For the resolution of the problem, a one-dimensional discretisation of the DPF domain was used.
As a result, a representative pair of channels, inlet and outlet, is used, instead of the complete square
cross-section. The substrate of the DPF was modeled according to the microstructural characteristics
of biomorphic silicon carbide made from MDF. For the porosity and the mean pore diameter, the
values reported by Gomez-Martin et al. [31], were considered. For the initial permeability of the clean
substrate, which may be dependent on the relative orientation of the wood fibers, with respect to
the direction of the gas flow, the value 4·10−14 m2 was taken, calculated in a previous experimental
study [33]. For the remaining physical or chemical parameters of the substrate, standard values for
silicon carbide, with 44% porosity, and 9 μm mean pore size, were selected [43].
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Table 4. Parameter settings in the theoretical model of the small prototypes.

Inlet Settings Value

Composition of the gas stream Pure Argon
Volume flow rate 5 L min−1 (0.1365 × 10−3 kg s−1)

Temperature Room temperature: ~30 ◦C
Pressure -

Soot mass flow 0.004 g h−1

Soot particle size distribution Log-Normal (μ = 140 × 10−9 m; σ = 1.7)

Soot aggregate structure
Fractal dimension: 2.1 [49]

Soot primary particle radius: 6.6 × 10−9 m
Soot primary particle density: 1700 kg m−3

DPF Settings Value

Substrate length 0.032 m
Plug length 0.001 m

Substrate equivalent diameter 0.00997 m
Cell density 370 cpsi

Wall thickness 0.00038 m (14.96 mil)

Substrate Properties Specific for bioSiC Value

Initial permeability (clean) 4 × 10−14 m2

Substrate pore diameter 15.7 × 10−6 m
Pore volume fraction 0.49

To calibrate the empirical parameters of the model, mentioned previously, the following sequence
was followed:

• The parameters related to the filtration efficiency are calibrated. The initial diffusion and
interception collection efficiencies (ηclean,D and ηclean,R), as well as the diffusion mechanism exponent
of the Peclet number (nPe), are adjusted by matching up the initial filtration efficiency of the real
filter, with the initial filtration efficiency of the modeled filter, for the different ranges of particle
diameters. The filtration of small particles is mainly governed by the diffusion mechanism, while
the filtration of larger particles is mainly governed by the interception mechanism. The exponent
of the Peclet number affects the gradient of the efficiency curve on the right-hand side of the curve
(from 10 to 100 nm). Then, the growth rate of the efficiency curve is adjusted by changing the
gradient parameter in wall filtration efficiency (ηload). Calibrating these parameters, the overlap
between the theoretical evolution curve of the filtration efficiency and the real curve is achieved.

• The parameters related to the pressure drop are calibrated. If the permeability of the clean
substrate is correct, the initial pressure drop resulting from the simulation should match with
the real drop. From then on, there are two consecutive filtration stages. The first stage, the wall
filtration stage, allows the calibration of the permeability of the loaded substrate (kw). Its value is
adjusted by matching up the pressure drop of the real filter with the pressure drop of the modeled
filter in the first growing part of the curves up to the transition phase. The second stage, the cake
filtration stage, allows calibrating the soot permeability (kp). The soot permeability directly affects
the gradient of the pressure drop during cake filtration, so the estimated value can be obtained by
matching the experimental curve’s slope. Calibrating these parameters, the overlap between the
theoretical evolution curve of the pressure drop and the experimental is achieved.

After calibrating the empirical parameters in the numerical model of the small 30-mm-long bioSiC
prototypes, the model is validated, and an extrapolation of the model to a real-size DPF can be made.

2.3. Extrapolation to a Real-Size Automotive DPF

The extrapolation to a real-size automotive DPF affected: (i) the external dimensions of the DPF;
(ii) the gas inlet conditions, corresponding in this case to the exhaust pipe of a real light-duty diesel
engine (gas composition, volume flow rate, soot concentration and properties, particle size distribution,
etc.); and, (iii) the thermal conditions (initial and boundary conditions of the DPF).
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A standard Ø5.66” × L6” (Ø0.144 × L0.152 m) long monolith was considered as target DPF,
representative of a commercial DPF. The same cell density (370 cpsi) and wall thickness (0.38 mm) of
the pilot-scale prototype were maintained. Table 5 shows the DPF settings in this case.

Table 5. Parameter settings in the theoretical model of a real-scale bioSiC DPF filter.

Inlet Settings—Simulating the Exhaust of a Real Engine (Light Duty) Fueled with Either Diesel or Biodiesel

Composition of the gas stream 78% N2, 10% O2, 5% CO2, 6% H2O, 0.1% CO
Volume flow rate 175 m3h−1 (0.035 kg s−1) [52]

Temperature 473 K (200 ◦C)
Pressure -

Soot mass flow 4.15 g h−1

Soot particle size distribution Log-Normal (μ = 80 × 10−9 m; σ = 1.41)

Soot aggregate structure
Fractal dimension: 2.07 [53]

Soot primary particle radius: 12 × 10−9 m [54]
Soot primary particle density: 2000 kg m−3

DPF Settings Value

Substrate length 0.152 m (6”)
Plug length 0.005 m

Substrate equivalent diameter 0.144 m (5.66”)
Cell density 370 cpsi

Wall thickness 0.00038 m (14.96 mil)

Substrate Properties Specific for bioSiC Value

Initial permeability (clean) 4 × 10−14 m2

Substrate pore diameter 15.7 × 10−6 m
Pore volume fraction 0.49

Simulating the real exhaust conditions of a light-duty diesel engine (passenger car) with the
following assumptions implied:

- A standard concentration of species (78% N2, 10% O2, 5% CO2, 6% H2O, 0.1% CO) was introduced
- The volume flow rate was 175 m3 h−1 (0.035 kg s−1.) accordingly to the size of the new DPF.

The estimation of the mass flow rate was derived from the engine map of a four-cylinder 1997 cc
diesel engine (PSA DW10ATED) operating at 1800 rpm and 100 Nm [52].

- The initial particle size distribution and concentration was set to the standard values of a
commercial automotive, light-duty diesel engine. The parameters used to characterize the
distribution curve were taken from a 90 CV four-cylinder 1248 cc diesel engine (General Motors
Z13DTH), belonging to the Department of Applied Science and Technology (DISAT) of the
Politecnico di Torino. Its particulate (PM) emissions were measured with a scanning mobility
particle sizer (SMPS), showing a log-normal distribution with mean particle diameter equal
to 80 nm and standard deviation equal to 1.41. From this distribution, multiplying by the
effective density of the particles in each size range, a soot production of 4.15 g h−1 was calculated.
The effective density was calculated with an empirical correlation [55]: ρ(d) = 7543.9 d−0.56.

- The soot aggregate structure was defined through the following parameters: the primary particle
radius was set to 12 nm according to [54]; the fractal dimension was set to 2.07 [53]; and, for the
primary particle density, the default value 2000 kg m−3 was left.

Table 5 also summarizes all these parameters used to simulate the real exhaust gases of a
diesel engine.

There are three fixed parameters throughout the whole study. These are the three microstructural
characteristics of the bioSiC substrate: permeability, porosity, and mean pore size. Also, the calibrated
parameters shown in the Results section for the filtration and pressure drop performance of the filter
were left unaltered, except for the soot permeability, as the permeability of real diesel soot may differ
from that of the graphite soot produced artificially in a soot generator. In the extrapolation process
to simulate a real-scale bioSiC DPF, the last step was to adapt the gas inlet temperature to simulate
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the real operating conditions of the DPF in the engine. Although the regeneration process was not
studied in this work, the thermal equations and the reaction scheme were activated in the model, so
the temperature of the gas raises the temperature of the substrate, slightly affecting the early stages of
soot oxidation. The temperature of the inlet gas was set to 200 ◦C.

3. Results

Equations presented in Tables 1 and 2 summarize the numerical model used to simulate the
performance of a bioSiC wall-flow filter. The validation of the model is achieved through the calibration
of the empirical parameters discussed in Section 2.2 based on experimental tests. Table 6 shows all the
resulting values.

Table 6. Calibrated values of the empirical parameters of the numerical model.

Filtration Efficiency-Based Parameters Pressure Drop-Based Parameters

ηclean,D = 0.72 kw(ρP) = 0.7× 10−14 m2 (2.2g/L)
ηclean,R = 11 kp(p) = 0.61× 10−15 m2

nPe = −0.57
ηload = 0.28

In adjusting these parameters, an overlap between the calculated (model) and the experimental
curves of filtration efficiency and pressure drop is sought. Figure 5 shows how these curves look after
the calibration process.

 
(a) (b) 

Figure 5. Comparison between the modeled and the experimental curves: (a) evolution of the pressure
drop of the small wall-flow bioSiC DPF prototype with the soot load; (b) evolution of the filtration
efficiency vs. time of the wall-flow bioSiC DPF prototype.

The real evolution of the pressure drop in the filter follows a very slow transition, from the
deep-bed filtration stage to the soot-cake filtration stage. Biomorphic silicon carbide has a high
soot storage capacity, so that the permeability of the loaded wall almost reaches (diminishing) the
permeability of the soot, in the last loading stages, before the cake starts forming. In the simulation,
this transition is a little sharper, as can be seen in Figure 5a. The filtration efficiency is high from the
beginning, at the clean stage, but the growing trend is slower. The gradient parameter in wall filtration
efficiency (ηload) is small, compared to a typical SiC substrate. The model shows a small gradient
change at the transition from the deep bed filtration to the soot cake filtration. The late transition time
point is a result of the high soot storage capacity of the substrate. In any case, after one hour of soot
load, the filtration efficiency reaches a value close to 100% (Figure 5b). All simulations were performed
in Axitrap [43].

The maximum deviation between the experimental pressure drop curve and the modeled curve is
8.7% and occurs in the transition point from deep-bed filtration to cake filtration (Figure 5a). For the
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rest of the points, the deviation remains below this limit, although a diverging trend can be noticed in
the last part of the curve (soot load > 4 mg). In Figure 5b, the maximum error between the experimental
filtration efficiency and that modeled, in averaged trends, is 4%. Higher local deviations (up to 9%) are
observed at some points, due to oscillations in the experimental curves. The authors attribute these
oscillations in the measured concentration of particles to the sudden release of particle agglomerations
from the filter substrate due to the dragging effect of the gas flow.

Filtration Efficiency and Pressure Drop of a Full-Size bioSiC DPF

Next, the results of simulating the model for the full-size DPF are presented. Figure 6 shows
the evolution of the pressure drop with the soot load, and the evolution of the filtration efficiency
with time, both for the Ø5.66” × L6.0” (Ø0.144 × L0.152 m) bioSiC DPF with 370 cpsi and 0.38 mm
wall thickness.

 
(a) (b) 

Figure 6. Expected performance of a full-size wall-flow bioSiC DPF (0.035 kg s−1, 473 K): pressure drop
(a), and filtration efficiency (b).

When the full-size filter is simulated, the resulting filtration efficiency is higher than that of the
original prototype. This may be explained based on the different particle size distributions at the inlet
and the dependence of the filtration efficiency on the particle diameter [56]. From 50 nm, the filtration
efficiency of an MDF-bioSiC DPF increases with the particle size. It may vary between 0.55 and 0.85 for
particles smaller than 100 nm, and between 0.7 and 0.95, for particles larger than 100 nm [33]. The soot
generator used for the laboratory tests had a mean particle diameter of 144 nm, while a standard diesel
engine has a mean particle diameter of 80 nm. Hence, when exposed to the particle distribution used in
the laboratory tests, the bioSiC DPF has lower filtration efficiency than in the case of using the particle
distribution of an engine.

4. Discussion

Results presented in Figure 6 cannot be directly compared to other published studies, due to
differences in the boundary conditions and filter design. For example, gas flow rate, temperature, cell
density, and wall thickness can significantly affect the results. In order to evaluate the performance of
the bioSiC DPF compared to other options available in the market, a comparative study was carried out,
adapting the bioSiC DPF geometrical features and test conditions to those reported in the literature.

4.1. Comparison with Commercial DPFs

In order to assess the performance of the bioSiC DPF as a particulate filter, and to compare it
with other reported specimens, a set of reference cases from the literature were selected. They are
summarized in Tables 7 and 8. Those values not given in the reference case were left unaltered as in
Table 5.
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For each reference case, the specific characteristics of the DPF and the test conditions were
maintained but leaving the microstructural features of a biomorphic substrate. When some data were
not provided in the reference, the value for the specific variable was estimated or approximated, based
on similar cases. The resulting filtration efficiency and pressure drop are then compared with those
presented in each reference for each DPF example.

The comparative study has focused both on the initial clean-state performance of the DPF, as well
as on the evolution during loading. The performance at clean state depends only on the characteristics
of the substrate, while the evolution also depends on the soot and its interaction with the microstructure
of the porous medium. Table 9 shows the results of the comparison study in terms of pressure drop at
the clean stage. It summarizes the initial pressure drop of a number of commercial DPFs found in the
literature, and, for each case, the calculated pressure drop that a bioSiC DPF would have if it had the
same geometrical features, and were tested under the same conditions.

Table 9. Initial pressure drop of a bioSiC DPF compared to a similar commercial DPF.

Bibliographic Source
Case from

Table 7

ΔP of the
Reference
DPF (kPa)

ΔP of a Similar
bioSiC DPF (kPa)

Deviation

Mizutani, 2007 [57] Soot load ΔP test 1.5 1.5 0%
Mizutani, 2007 [57] Initial ΔP test 5.3 5.8 +9.4%

Dabhoiwala, 2008 [58] Heavy Duty, 20% load 4.3 3.4 −20.9%
Dabhoiwala, 2008 [58] Heavy Duty, 60% load 8.0 6.0 −25.0%
Tsuneyoshi, 2011 [60] ΔP test 1.9 2.0 +5.3%

Wolff, 2010 [63] Lab test 2.5 4.2 +68.0%
Wolff, 2010 [63] Initial ΔP test SiC 4.9 9.0 +83.7%
Wolff, 2010 [63] Initial ΔP test XP-SiC 4.5 9.2 +104.4%

The permeability of bioSiC made from MDF depends on the flow direction. When the gas flows
in the compression direction of the panel (perpendicular to the fibres), the Darcian permeability is
around 1·10−12 m2 [31]. When the gas flows perpendicular to the compression direction (in the same
plane of the fibers), the Darcian permeability is around 4 × 10−14 m2 [33]. This latter permeability
better characterizes the substrate of the real DPF prototype, and is used in this work. This permeability
is relatively low compared to other commercial substrates for DPFs. As a result, the pressure drop of a
bioSiC filter is, for the reference cases, in general, higher than the pressure drop of the majority of the
other filters used for comparison. Only cordierite filters may have similar or higher pressure drops.

A similar comparison can be made with the initial filtration efficiency of the filters. Table 10
summarizes the initial efficiency of a number of commercial DPFs found in the literature, and, for each
case, the calculated efficiency that a bioSiC DPF would have if it had the same geometrical features
and were tested under the same conditions. The filtration efficiency of the bioSiC DPF is, in all the
cases, higher than the values obtained for the reference cases, with values always above 90%. They are
considerably high, taking into account that this represents only the clean stage, and that it will increase
as the DPF gets loaded with particles.
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Table 10. Initial filtration efficiency of a bioSiC DPF compared to a number of commercial DPFs.

Bibliographic Source Case from Table 7
Initial Efficiency
of the Reference

DPF (%)

Initial Efficiency
of a Similar

bioSiC DPF (%)
Deviation

Tandon, 2010 [29] 275 cpsi 38 98.5 +159%
Tandon, 2010 [29] 200 cpsi 50 98.2 +96%
Tandon, 2010 [29] 300 cpsi 77 98.9 +28%

Mizutani, 2007 [57] Stationary engine test 86 96.8 +13%
Wolff, 2010 [63] Engine test SiC 53 95.8 +81%
Wolff, 2010 [63] Engine test XP-SiC 60 96.5 +61%
Wolff, 2010 [63] Lab test 90 94.0 +4%

Bollerhoff, 2012 [39] Cordierite 60 96.6 +61%
Bollerhoff, 2012 [39] Improved SiC 45 97.8 +117%

Tsuneyoshi, 2011 [60] Engine test 55 94.7 +72%
Dabhoiwala, 2009 [59] Heavy Duty, 20% load 52 94.6 +82%

4.2. Behavior under a New European Driving Cycle (NEDC)

In order to evaluate the performance under transient conditions and assess its potential to fulfil
current regulation, the bioSiC wall-flow DPF was simulated under a standard driving cycle. A pre-set
NEDC (New European Driving Cycle) 2.2 L diesel Euro 4 scenario was used, which includes data
acquired from a Honda Accord, 2.2 i-CTDi, Euro 4 CI engine, tested on a roller bench. The NEDC
is established by the current European regulation for the homologation of passenger cars [64] and
comprises four identical ECE segments (urban cycles), followed by one EUDC segment (extra urban
cycle). The total distance of the combined cycle is 11,023 m, the total test time is 1180 s, and the average
speed is 33.6 km h−1. The NEDC standard has been recently replaced by the WLTP at experimental
level, but it is still necessary for computer model simulations [65].

In this scenario, soot emissions are automatically set as a log-normal distribution with μ = 60·10-9
m and σ = 1.8. The soot inlet concentration was set at 9.4·10-6 kg soot/kg exhaust, according to [66],
where an amount of soot of 16 mg km−1 of PM in a 2.2 L Euro 4 diesel vehicle without DPF, for the
NEDC cycle, is reported. The geometrical definition of the DPF was left as in Table 5: Ø5.66” × L6”
(Ø0.144 × L0.152 m) with 370 cpsi and 0.38 mm wall thickness. The substrate was characterized
as biomorphic silicon carbide in microstructural terms: porosity, pore diameter, and permeability.
The NEDC cycle was simulated with a time step of 1 s. The total particulate emissions produced during
the cycle were calculated summing up the PM concentration along the whole period. The simulation
of the MDF bioSiC wall-flow DPF under the NEDC cycle yields the graphs shown in Figure 7.

 
(a) (b) 

Figure 7. Simulated pressure drop (a) and particulate emissions (b) during a NEDC cycle with an MDF
bioSiC wall-flow DPF.
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In this case, the PM concentration at the outlet has been presented instead of the efficiency.
Focusing the attention on the first four ECE segments (urban), a gradual increase in pressure drop and
a gradual decrease in the particles release, can be observed. While the pressure drop peak in the first
cycle is around 23.5 mbar, the peaks in the fourth cycle are around 27 mbar. The maximum pressure
drop occurs in the extra-urban driving segment, due to the more severe operating conditions in this
segment. This segment accounts for the majority of accumulated soot, but also for the majority of
released particles. This is not only because the particles production in this segment is greater, but
also because the filtration efficiency at this point has grown, due to the soot accumulated within the
substrate in previous stages.

Summing up all the released PM emissions in the NEDC cycle, 8.75·108 particles km−1 and
0.129 mg km−1 are obtained. These values are significantly below the thresholds imposed by current
regulation: 6·1011 particles km−1 for the number of particles, and 4.5 mg km−1 for the mass. Although
Euro 4 engines are no longer in production in Europe, there are car markets (e.g., India) where this
technology can prove its efficiency regarding the pollutant emissions reduction. These results have
been obtained with a non-optimized precursor/geometry integration. In this work, a bioSiC made from
MDF has been used. It is characterized not only by having very good filtration efficiency, but also by
having lower permeability than other tested substrates. There is potential to optimize it to maintain
high filtration efficiency, reducing pressure drop, by choosing different precursors.

5. Conclusions

Internal combustion engines for transport applications require the urgent development of novel
emission abatement systems. In this work, the potential of bioSiC wall-flow DPFs as aftertreatment
systems in automotive engines is studied. These filters take advantage of the advanced microstructural
features of the substrate, which can be tailored through the selection of the initial precursors, to reduce
the pressure drop, and to optimize the filtration mechanisms as a function of the particle distribution
of the combustion gases. By using bioceramic substrates with tailored microstructure, the trade-off
between filtration efficiency and pressure drop may be overcome, and a better adaptation to new
biofuel particulate emissions may be achieved. Biomorphic ceramics offer this chance of choosing from
among a wide range of different microstructures: different combinations of porosity and pore size
distribution with an orthotropic behavior. Different plant precursors or wood wastes can be used for
generating the ceramic material, resulting in different microstructures and performance.

This work addresses, for the first time, the adaptation of a generic numerical model of wall-flow
DPFs to specific microstructural parameters of the biomorphic ceramic substrate, with the aim of
establishing a starting point in the generalized analysis of bioceramic precursors as automotive diesel
particulate filters. A numerical model has been adapted and used to simulate a real-scale wall-flow
particulate filter, made of biomorphic silicon carbide, and to predict its performance under different
scenarios. The model relies on specific microstructural features of MDF-bioSiC.

It has been validated upon experimental data with a small-scale real prototype and a gas stream,
laden with a distribution of laboratory generated particles with high accuracy.

Once calibrated and validated, the model was extrapolated to a real-scale DPF, in which the
operating conditions of a real engine exhaust were simulated. An exhaustive analysis was then carried
out to compare the predicted/modeled performance of the MDF-bioSiC DPF, and a number of DPF
reference cases reported in the literature. The bioSiC DPF with a MDF substrate shows improvements
in the filtration efficiencies in all cases. MDF-bioSiC DPFs show significantly high filtration efficiency,
always above the efficiency of any other reported DPF, with the same geometry, and under the same
testing conditions. The efficiency is around 95% at the clean stage in all the cases, and close to 100%,
after a short period of time.

The model was simulated under the New European Driving Cycle (NEDC) test to evaluate the
performance under transient and real driving conditions. The simulation of the bioSiC DPF under the
NEDC shows that particulate emissions can be achieved, with this aftertreatment system, that are well

242



Processes 2019, 7, 945

below the regulation limits. In particular, the simulation predicts the release of 0.13 mg of soot per km,
which is only 3% of the maximum mass of particles allowed by the Euro 6 standard. This shows the
high interest of advancing in the development of these systems.

The pressure drop introduced by the MDF-bioSiC DPF is typically high. It is usually higher than
the pressure drop introduced by other reference commercial DPFs, albeit not in all cases. This is due to
the low permeability of the chosen precursor. In future works, optimization of system design/substrate
integration with the engine will be developed, to improve pressure drop performance maintaining
very high performance.
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Nomenclature

C1 Parameter for wall permeability correction (m kg−1)
C2 Parameter for wall permeability correction (m4 kg−2)
C4 Slip correction factor (m s (kg mole K)−0.5)
CE Ergun coefficient (-)
Cd Parameter in the diffusional efficiency (-)
Cr Parameter in the direct interception efficiency (-)
d Channel width (m)

d f ib Fiber diameter (m)
D f Fractal dimension (-)

Dpart Particle diffusion coefficient (m2 s−1)
k Permeability (m−2)

Kn Knudsen number (-)
Ku Kubawara hydrodynamic factor (-)
Mg Molecular weight (kg mole−1)
N Number of walls (-)

nPe Exponent of the Peclet number for the diffusion mechanism (-)
p Pressure (Pa)

Pe Peclet number (-)
r0 Soot primary particle radius (m)
R Interception parameter
� Gas constant (J mole−1 K−1)
Rc Maximum radius of aggregate cluster (m)
T Temperature (K)
v Velocity (m s−1)
w Thickness (m)
z Axial dimension
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α1 Constant in the channel pressure drop correlation (-)
εpore Porosity (-)
μ Dynamic viscosity (Pa s)
η Filtration efficiency (-)
ρ Density (kg m−3)
ρ0 Soot primary particle density (kg m−3)

Subscripts

0 Initial (clean) state
D Diffusion
i Identifier of the channel: 1 for inlet channels, and 2 for outlet channels

f ib Unit fiber
p Particles deposit
R Interception

soot Soot layer
w Wall
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Abstract: Dual fuel engines using diesel and fuels that are gaseous at normal conditions are receiving
increasing attention. They permit to achieve the same (or better) than diesel power density and
efficiency, steady-state, and substantially similar transient performances. They also permit to deliver
better than diesel engine-out emissions for CO2, as well as particulate matter, unburned hydrocarbons,
and nitrous oxides. The adoption of injection in the liquid phase permits to further improve the power
density as well as the fuel conversion efficiency. Here, a model is developed to study a high-pressure,
1600 bar, liquid phase injector for liquefied natural gas (LNG) in a high compression ratio, high boost
engine. The engine features two direct injectors per cylinder, one for the diesel and one for the LNG.
The engine also uses mechanically assisted turbocharging (super-turbocharging) to improve the
steady-state and transient performances of the engine, decoupling the power supply at the turbine
from the power demand at the compressor. Results of steady-state simulations show the ability of the
engine to deliver top fuel conversion efficiency, above 48%, and high efficiencies, above 40% over the
most part of the engine load and speed range. The novelty of this work is the opportunity to use very
high pressure (1600 bar) LNG injection in a dual fuel diesel-LNG engine. It is shown that this high
pressure permits to increase the flow rate per unit area; thus, permitting smaller and lighter injectors,
of faster actuation, for enhanced injector-shaping capabilities. Without fully exploring the many
opportunities to shape the heat release rate curve, simulations suggest two-point improvements in
fuel conversion efficiency by increasing the injection pressure.

Keywords: compression ignition; direct injection; cryogenic gas; diesel engines; dual fuel engines;
natural gas; greenhouse gas emissions; particulate matter

1. Introduction

Renewable energy, that is practically ony wind and solar, cannot cover the world’s total primary
energy supply by 2050. The power needed by wind and solar, and the power and energy needed from
the storage, are impossible to be achieved. Hence, there is a need to valorize fossil fuel resources,
natural gas, oil, coal, as well as use uranium to better convert fossil fuel energy, and further reduce
the environmental impact of their use. Not many are working on engines anymore; despite this fact,
the world’s growing total primary energy supply is still covered—by more than 90%—by combustion
fuels, oil, coal, natural gas, biomass, and waste [1]. Since 1990, the contribution by combustion fuels
has not changed at all; their use is increasing, with a constant share of the growing total [1]. Solar and
wind, presently at 2% of the total primary energy supply, will not be able to satisfy the total primary
energy supply by 2050 in a growing world. In addition to the limited opportunities to grow their
installed capacity, there are even more limited opportunities to grow the energy storage needed to
compensate wind and solar intermittency and unpredictability [2,3]. Hence, it still makes a lot of
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sense to improve the fuel conversion efficiency of internal combustion engines (ICEs), and improve
their environmental friendliness, especially with alternative fuels. Under this reasonable perspective,
there are opportunities to make more efficient ICEs, either with traditional fuel, or even better, with
low carbon fuels (e.g., natural gas (NG)), or with zero-carbon fuels (e.g., hydrogen). As we still need
internal combustion engines, there is the opportunity to design more fuel-efficient engines, especially
for low carbon fuels. This could drastically improve CO2 emissions, while also improve the use of
natural resources. By replacing a conventional diesel engine with a higher efficiency, diesel-liquefied
natural gas (LNG) engine, there is the advantage of the C/H ratio of the fuel, the advantage of reduced
depletion of natural resources, the advantage of reduced emissions of pollutants, starting from PM,
the diversification of fuel sources, the security of the fuel sources, see references from [4–22], just to
mention a few. The starting point for this work is given in [4], which describes the advantages of
diesel-LNG engines. Here, the focus is on the better shaping of the heat release rate curve, thanks to
the use of very high injection pressures of 1600 bar.

The development of high-power density high-efficiency ICEs, fueled with fuels that are gas at
normal conditions, is becoming increasingly relevant. Some of the most promising designs are the
dual-fuel, diesel injection ignition, direct injection (DI), and the compression ignition (CI). Further
improvement of these engines calls for better-dedicated injectors, see references from [23–27]. These
injectors must work at high pressures, with cryogenic fluids, delivering substantial amounts of fuel flow
energy within brief time frames, with high speeds of actuation. The aim of this work is to investigate
the benefit that a higher pressure direct injector may offer in an ICE environment characterized by a
high boost and a high compression ratio, typical of the latest racing diesel ICEs. A high compression
ratio translates into high thermal efficiency, while a high boost translates into high power density. High
boost and high compression ratio are two requirements of today’s diesel engines—for passenger cars,
but especially for racing car applications. Diesel engines for passenger cars, such as the 3.0l V6 turbo
direct injection (TDI) engine developed by Audi for the VW Phaeton and Touareg, have a compression
ratio of 17, coupled to a high boost turbocharger to deliver a maximum torque of 500 Nm, which
translates into a brake mean effective pressure (BMEP) of 20.94 bar.

High-pressure DI injectors were proposed in the past to work with gaseous fuels up to 200
bar, delivering up to 23 g/s of methane with effective minimum passage areas of about 0.8 mm2.
The adoption of injection pressures of 1600 bar, coupled to the cryogenic delivery of the liquefied
natural gas (LNG) at 113 K, allows much larger flow rates per unit of effective flow area; thus, allowing
much larger fuel energy flows with smaller injectors, that are lighter and much faster actuating.
Simulations are presented for a dual fuel diesel-LNG engine, featuring two injectors per cylinder, one
for the diesel, and one for the LNG. The LNG injector is one of these new generation injectors. While
the coupling of a pilot/pre-injection of diesel with a main injection of LNG is straightforward; mixed
modes of combustion are also possible, injecting a part of the LNG before, and a part of the LNG
after the diesel injection ignition occurs, see again references from [23–27]. The LNG injected, prior or
contemporary to the diesel, then burns premixed, and the LNG injected after the diesel combustion
starts, then it burns diffusion controlled. The engine features a high boost and high compression ratio.
It has a super turbocharger, where the turbocharger shaft is connected to the crankshaft by gears and a
continuously variable transmission (CVT), to produce the required boost in any operating condition,
either steady or transient. The super turbocharger also allows the recovery of the extra energy at the
turbine, either steady or transient, references [28–31]. In a hybrid powertrain, the super-turbocharger
may also be replaced by an F1 style [32] electrically assisted turbocharger where the extra energy to the
turbocharger, or the extra energy from the turbocharger, is drawn from or delivered to the traction
battery via a motor-generator unit. In this case, the apparent steady-state efficiency of the engine is
larger, especially at low speeds and high loads, as the extra power at the compressor is delivered by the
electric motor. At high speed and loads, the apparent steady-state efficiency is otherwise marginally
smaller as the extra power at the turbine is delivered to the electric generator.
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One example of promising gas injectors that did not evolve to widespread products was
the Hoerbiger injector. This direct injection injector was developed as part of the BMW effort
towards improved hydrogen engines during the first decade of this century, see references [33–35].
The high-pressure direct injector GV1 had an equivalent flow area of 0.8 mm2, maximum inlet pressure
200 bar, nom. inlet pressure 150 bar. It was intended for operation with maximum cylinder pressure
150 bar. It was also operated at 300 bar of pressure. The steady-state flow rate with compressed
natural gas (CNG), i.e., gaseous methane, was 23 g/s. The operating temperature was −40 ◦C to 120 ◦C.
Internal leakage was <0.2%, and injection accuracy ±2%. The minimum injection duration was 1.0 ms
and response time ~0.5 ms. There was also a version of the direct injector with active closing (double
acting). The equivalent flow area was 0.7 mm2. The maximum inlet pressure was 200 bar and the nom.
inlet pressure 150 bar. The maximum cylinder pressure was 180 bar. The steady-state flow rate (CNG)
was 20 g/s. The operating temperature was −40 ◦C to 120 ◦C, the internal leakage <0.1%, the injection
accuracy ±2%, the minimum injection duration 0.5 ms and the response time ~0.1 ms. These injectors,
which had solenoid designs, were very far from delivering the same speed of actuation and energy flow
rates of highly atomized diesel fuel permitted by the latest 2850 bar piezo diesel injectors, extremely
helpful in shaping the heat release rate curve by shaping the fuel injection profile to match performance
and emission criteria within constraints of maximum pressure and rate of pressure build-up dp/dθ (p
pressure, θ crank angle).

It is also very well known, from the experience by Westport, references [36–42], to name a few
references, with thousands of heavy-duty trucks, diesel engines converted to diesel-LNG by using their
patented dual-fuel diesel-LNG injector; when replacing the main injection of the diesel with a main
injection of the LNG, there is no penalty in the fuel conversion efficiency, nor in the BMEP output. The
Westport results are supported by engine performance simulations, engine laboratory experiments,
and the experience of heavy-duty truck drivers.

The innovation proposed in this paper vs. prior studies, such as [4], is the opportunity to use
very high pressure (1600 bar) for the injection of liquefied natural gas (LNG) in a dual fuel diesel-LNG
engine. As demonstrated for the diesel, injection pressures matter. In the diesel, injection pressures
have dramatically increased during the 25 years between 1990 and 2015, from 1000 to almost 3000 bar.
This increment allowed the delivery of much better power densities and fuel conversion efficiencies,
while also reducing the pollutant formation within the cylinder, within constraints of peak pressure and
rate of pressure build-up, through the shaping of the heat release curve. For diesel engines designed for
the early 1990s, injection pressures were between 1000 and 1200 bar versus the pre-1990s level of 650 to
700 bar. In 2013, injectors using pressures up to 2850 bar were already considered. The increment of the
injection pressure has many benefits. The higher pressure allows the increase of the flow rate per unit
area; thus, permitting smaller and lighter injectors, of faster actuation, for enhanced injector-shaping
capabilities. Therefore, the paper is not just about a higher injection pressure, it is about the enhanced
capabilities of shaping the heat release curve thanks to higher injection pressure, in the case of LNG, as
it has been done for the diesel.

The sample simulations are based on a diesel racing engine studied in 2013 and 2014. The
numerical model for the diesel-LNG engine is obtained by only adding a second direct injector for
the LNG, to the numerical model for the diesel only. The proposed concept is applicable to engines
for passenger cars, light-duty trucks, racing cars, but mostly heavy-duty trucks. The limit of peak
pressure obviously changes according to the specific application, the same for the details of the injection.
Injection shaping is generally performed by targeting specific fuel conversion efficiency within the
specific constraints of peak pressure, the gradient of peak pressure, peak temperature, pollutants,
and others.

2. Materials and Methods

A numerical method is used to describe the operation of the engine featuring the proposed
high-pressure direct injector specific to LNG. This section describes the model. Then, the following
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section proposes the results. Engine performance simulations are performed using state-of-the-art
engine performance simulations. Details of the engine system are provided below, as well as the injector
modeling, and the modeling of the super-turbocharger, which are not conventional engine system
components. Engine performance simulations are performed by using state of the art computer-aided
engineering (CAE) computer codes modeling the steady-state operation of super-turbocharged diesel
and methane engines. Engine performance simulations were performed by using very well-known
commercial CAE software tools. As these codes have now been around for more than 40 years, with
well-known skills and limitations, their description is unnecessary. Pollutant emissions, as well as
transients, are disregarded in the present study.

The fuel flow rates per unit cross-sectional area, for natural gas, at normal temperatures and
different pressures, are considered first. Usually, compressed natural gas (CNG) is pressurized to
300 bar, but as Westport considers higher pressures of 600 bars for the injection of cryogenic fuel (LNG),
there is a column detailing the operation with CNG at 600 bar. Then, the injection of natural gas at
cryogenic temperatures (LNG) is considered, with injection pressures up to 1600 bar.

Gas and liquid injector flow equations are different. For gas, while the flow rate is independent of
backpressure if the flow is choked, it obviously depends on the upstream pressure (p0) and temperature
(T0) and the specific gas properties. The gas constant (R) and specific heat ratio (γ) of methane impact
on the choked flow conditions. The flow equation for a choked nozzle is the following [43]:

.
m =

A·p0√
T0
·
√
γ

R
·
(
γ+ 1

2

)−(γ+1)
2·(γ−1)

(1)

where A is the effective minimal area. For methane, the gas constant R is 518.28 J/kg K and the specific
heat ratio γ is 1.31. For 8 holes, 0.4 mm diameter holes’ injector, having a discharge coefficient of 0.8,
the geometric minimal area is 1.01·10−6 m2 and the effective minimal area A is 8·10−7 m2. Table 1
presents the mass flow rates for methane CH4 gas injected through an injector with a choked flow area
of 8·10−7 m2 at various pressures, and ambient temperature 300 K. As the latest injectors by Westport
for LNG are being developed for 600 bar [44], this option is also included in Table 1 for CNG. The table
provides a steady fuel flow rate (

.
m) and the fuel energy flow rate (

.
m·LHV), with LHV the lower heating

value. The lower heating value LHV is the amount of heat released by combustion of a kg of fuel and
returning the temperature of the combustion products to 150 ◦C. Opposite to the higher heating value,
the latent heat of vaporization of water in the reaction products is not recovered. As the combustion of
the fuel injected after the diesel injection ignition has occurred is limited by the diffusion of the quickly
vaporized fuel, and the mixing with air, the fuel energy flow rate is an important parameter in shaping
the heat release rate curve. In addition, the actuation speed is relevant. Clearly, moving from 200 to
300 and then 600 bar, there is a drastic increment of

.
m and

.
m·LHV.

Table 1. Injection of methane gas. By increasing the injection pressure of the compressed natural gas
(CNG) the fuel energy flow rate increases, but not enough.

A m2 8 × 10−7 8 × 10−7 8 × 10−7

p0 Pa 2 × 10+7 3 × 10+7 6 × 10+7

T0 K 300.0 300.0 300.0
γ 1.31 1.31 1.31
R J/kg K 518.28 518.28 518.28
ṁ g/s 26.70 40.04 80.09

LHV kJ/g 50 50 50
ṁ·LHV kJ/s 1335 2002 4004

To further increase the fuel flow rate, as well as the fuel energy flow rate, making the injector
smaller and much quicker to operate, there is the need to move to cryogenic injection temperatures,
113 K for methane. At this temperature, methane is liquid. Having high pressure and lower temperature

252



Processes 2020, 8, 261

allows the increase of flow rate per unit effective flow area; thus, making injectors smaller and faster
actuating, but delivering high flow with high atomization. Injection shaping is mandatory for building
high-efficiency, high power density, and dual fuel diesel injection ignition DI CI engines. Properties of
methane are given in Table 2. Data is from [45]. The Joule–Thomson effect represents the temperature
change of a real gas or liquid when forced adiabatically through a valve [46]. The inversion temperature
on methane expansion at a low temperature is a relevant phenomenon presently neglected in engine
models that should be otherwise accounted for. The isobaric properties of methane are available with a
minimum temperature limit. This is the highest of the following values 90.69 K, and the temperature at
which a density of 451.48 kg/m3 is reached. Additionally, there is a maximum value of the temperature
of 625 K. Concerning the isothermal properties, the acceptable range of temperatures is 90.7 to 625.0 K.
The pressure is limited to the value at which a density of 451.48 kg/m3 is reached [45], is not covering
the opportunity of having pressure 1600 bar and temperature 113 K. The minimum temperature
available with 1600 bar is 127 K. The maximum pressure available with 113 K is 900 bar. The properties
of LNG in the range of pressures and temperatures of interest, down from 1600 bar and up from 113 K,
are obtained by approximating the isothermal and isobaric curves of [45], extrapolated for the missing
values with polynomials and interpolating between them. Every parameter is given as a function of
pressure and temperature.

Table 2. Properties of cryogenic methane. Data from [45]. These data permit to set up the polynomial
fluid model in the simulations.

Temperature (K) 113 Temperature (K) 127
Pressure (bar) 900 Pressure (bar) 1600

Density (kg/m3) 473.6 Density (kg/m3) 487.94
Volume (m3/kg) 0.002112 Volume (m3/kg) 0.002049

Internal Energy (kJ/kg) −40.279 Internal Energy (kJ/kg) −17.178
Enthalpy (kJ/kg) 149.76 Enthalpy (kJ/kg) 310.73
Entropy (J/g·K) −0.44156 Entropy (J/g·K) −0.31288

Cv (J/g·K) 2.2275 Cv (J/g·K) 2.2706
Cp (J/g·K) 3.1545 Cp (J/g·K) 3.0968

Sound Speed (m/s) 1862.7 Sound Speed (m/s) 2057.8
Joule–Thomson (K/bar) −0.053094 Joule–Thomson (K/bar) −0.054012

Viscosity (Pa·s) 0.00024 Viscosity (Pa·s) 0.000252
Thermal Conductivity

(W/m·K) 0.25827 Thermal Conductivity (W/m·K) 0.29263

Phase liquid Phase liquid

For incompressible flow [43], the mass flow rate may be simply approximated as:

.
m = A·ρ·

√
2·(p0 − pc)

ρ
(2)

where ρ is the density and pc is the downstream chamber pressure. Again, A is the effective minimal
area, i.e., the geometric area multiplied by a discharge coefficient. By taking p0 = 600·105 Pa and
pc = 150·105 Pa, we have for methane a steady fuel flow rate

.
m of 162.81 g/s, and a similarly increased

fuel energy flow rate
.

m·LHV of 8141 kJ/s. By increasing the injection pressure to 1600 bar, mass and
energy flow rates further increase, see Table 3. This permits to drastically reduce the geometric flow
areas, for reduced weight, and faster actuation of the injector in a piezo or solenoid design. Another
relevant factor is the improved atomization of LNG with higher pressure, because of the smaller
diameters of the nozzles, and the larger injection pressure. The above approach provides values
for the mass flow rate to be used as an indication of the potentials of the cryogenic high-pressure
strategy. Actual injection parameters may be slightly different [47,48], because of the compressibility
of the liquid fluid and the vaporization across the injector. Modeling of diesel injectors is usually
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performed by considering a compressible liquid fuel that may change phase to a vaporized fuel, [49–52].
With methane liquid, compressibility and change of phase are extremely relevant for the way the fluid
leaves the injector and then vaporizes. The latent heat of vaporization (HVAP) is then 0.5 kJ/g with
methane. Other properties of methane are finally given in Table 4.

Table 3. Injection of methane liquid. By increasing the injection pressure of the liquefied natural
gas (LNG) to 1600 bar and reducing the injection temperature to 113 K the fuel energy flow rate
increases dramatically.

A m2 8 × 10−7 8 × 10−7 8 × 10−7 8 × 10−7 3.56 × 10−7

p0 Pa 3 × 10+7 6 × 10+7 1.6 × 10+8 1.6 × 10+8 1.6 × 10+8

T0 K 113 113 127 113 113
pc Pa 1.5 × 10+7 1.5 × 10+7 1.5 × 10+7 1.5 × 10+7 1.5 × 10+7

ρ kg/m3 443.53 460.2 487.94 500 500
ṁ g/s 92 163 301 305 135

LHV kJ/g 50 50 50 50 50
ṁ·LHV kJ/s 4614 8141 15,047 15,232 6770
HVAP kJ/g 0.4806 0.4806 0.4806 0.4806 0.4806

ṁ·LHV* kJ/s 4570 8062 14,902 15,085 6705

Table 4. Other properties of methane. Data from [45,53]. Opposite to the diesel, methane needs ignition.
Methane is much easier to vaporize, mix with air, and burn than the diesel once combustion is started.

Critical temperature (Tc) (K) 190.564 Flashpoint (K) 85
Critical pressure (Pc) (bar) 45.992 Flammabilityin air (%) 5.3–15

Critical density (Dc) (kg/m3) 162.66 Auto-ignition temp.(K) 813
Normal boiling point (K) 111.667 Octane number 125

Molecular Weigh 16.04 Heat (latent) of vaporization (kJ/kg) 511
Energy Content (higher
heating value) (MJ/kg) 55.5 Energy Content (lower heating value) 50

Air-to-fuel ratio (by mass) 17.2:1 Stoichiometric percentage fuel (by mass) 5.8%

The fuel pump power, needed per unit of fuel flow rate, is roughly Δp/(ρ·ηp), where Δp is the
pressure rise, ρ is the density, and ηp the pump efficiency, typically 0.85. This has to be compared
with the power produced by the engine per unit fuel flow rate, that is LHV·ηe, where ηe is the engine
efficiency, that is approaching 50%. If Δp = 1.6·108 Pa and ρ = 500 kg/m3, since LHV = 50·106 J/kg,
the ratio of the pump power to engine power is a considerable, but still accepTable 1.51%. This is
less than the power requirement of a 2850 bar diesel injector, where Δp = 2.85·108 Pa ρ = 846 kg/m3

and LHV = 42.6·106 J/kg, translating in a ratio of the pump power to engine power of 1.86% (the
efficiency of the diesel is also slightly less, further increasing this ratio).

To be precise, as the engine is dual fuel, the total fuel pump power to engine power is the sum
of the fuel pump power to engine power of the LNG pump, plus the fuel pump power to engine
power of the diesel pump, where, however, both fuels contribute to the total fuel energy. Thus, if α
is the fuel energy replacement by LNG, typically 0.95, then the ratio of LNG fuel energy to diesel
fuel energy is 1/(1-α), or about 20, and the ratio of LNG mass flow rate to diesel mass flow rate is
LHVdiesel/LHVLNG/(1-α), or about 17.44. Hence, the actual ratio of the pump power to engine power is
a linear interpolation of the values for LNG only and diesel only weighted by the relative mass fraction,
thus an intermediate number much closer to 1.51% than 1.86%, at about 1.53% in the case of α = 0.95.

The engine considered is a 3.7-L TDI V6. The main parameters are proposed in Table 5. The V6
has a V-angle of 120 degrees.
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Table 5. Main Engine Geometrical Parameters.

Bore [mm] 93.0 Compression Ratio 17.50
Stroke [mm] 90.7 Bore/Stroke 1.025

Connecting Rod Length [mm] 180.0 intake valve closure [CA] −123
Piston Pin Offset [mm] 0.00 exhaust valve opening [CA] 147

Displacement/Cylinder [liter] 0.616 intake valve opening [CA] 329
Total Displacement [liter] 3.697 exhaust valve closure [CA] 407

Number of Cylinders 6 Layout V120
Number of Intake Valves 2 × 6 Number of Exhaust Valves 2 × 6

Intake Valve Ref. Diameter [mm] 50 Exhaust Valve Ref. Diameter [mm] 45
Intake Valve Max. Lift [mm] 12.6 Exhaust Valve Max. Lift [mm] 12.5

This engine model was developed as part of a study for the engine of a Fédération Internationale de
l’Automobile (FIA) world endurance championship, Le Mans Prototype class 1 hybrid car powered by
a diesel engine. The target performances were those expected from the Audi LMP1-H [54]. The research
and development activities were performed in 2013 and 2014. The modeling studies were performed
by using Gamma Technologies GT-Power as well as Ricardo Wave. GT-Power and Wave have many
similarities, with minimal differences in the physics being represented. The major difference for the
specific application is the opportunity for GT-Power to connect the turbocharger shaft to the crankshaft,
which is not permitted in Wave. Wave is, however, much simpler and less demanding in terms
of computer requirements. The problem was solved in Wave through post-processing, correcting
the engine outputs. The models were used to simulate super-turbocharging, with the gears and a
continuously variable transmission (CVT) toroidal mechanism, connecting crankshaft and turbocharger
shaft, as well as a motor-generator unit connected to the turbocharger shaft of electrically assisted
turbocharging. In the latter case, the crankshaft power output had to be depurated of the power
from/to the turbocharger shaft during post-processing. Through the motor/generator unit (MGU-H), in
this case, the extra power is delivered to, or extracted from, the traction battery, which is also used by
the kinetic motor generator unit (MGU-K) delivering power to the wheels, or recovering the braking
energy. Figure 1 presents a sketch of the 2014 GT Power model.

Figure 1. Sketch of the engine model featuring two direct injectors per cylinder, and a super-turbocharger.
The superturbocharger is modeled by connecting the crankshaft and turbocharger shaft with a junction
prescribing speed ratio and mechanical efficiency.
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Worthy to note, this model adopts two injectors per cylinder. The turbocharger shaft is connected
to the crankshaft through a simple gears pair. The speed ratio across this gears pair and the efficiency
is prescribed at every speed and load. This V6 TDI CAE model allows simulation of the operation
of super-turbocharged engines, for compression ignition (CI) operation, with diesel or dual fuel
diesel-alternative fuels. The intake and exhaust systems are represented through pipes and junctions
where the 1D conservation equations of mass, momentum, energy, and species are solved. Complex
elements, such as engine cylinders, are represented by special junctions. Single or multiple zones 0D
models are used to describe the in-cylinder space that receives intake flows and distribute outflows
through the intake and exhaust valves, represented as orifices, and fuel injectors, by solving conservation
equations for mass and energy. Ambient junctions are used at the start of the intake system and at
the end of the exhaust system. Turbines and compressors are also modeled through special junctions.
The model returns the indicated mean effective pressure IMEP. By computing the friction mean effective
pressure (FMEP) through a correlation, the brake mean effective pressure is finally computed.

Regarding the super turbocharger, the mechanical efficiency of the connection to the crankshaft is
taken as shown in Figures 2 and 3. This efficiency only impacts on the extra energy to or from the
turbocharger. The speed of the turbocharger is usually kept at the equilibrium value, i.e., the speed
where the turbine power is equal to the compressor power. Apart from selected engine high speeds
and loads, and low speeds high loads points, the result is not affected by the value of the transmission
efficiency. It is assumed here to use a full toroidal CVT, of the spread of speed ratios 7.930, same as
the Torotrack V-Charge described later, that however differs for the external overdrive, and for the
fact it connects a compressor shaft rather than a turbocharger shaft to the crankshaft. The CVT works
with speed ratios from 0.355:1 (underdrive) up to 2.816:1 (overdrive, 2.816 = 1/0.355). The spread
of speed ratios is thus 2.816/0.355 = 2.8162 = 1/0.3552 = 7.930. The external overdrive is here 21.275.
The maximum value of the ratio between the speed of the turbocharger and the speed of the engine is,
thus, 60, while the minimum ratio is 7.566. The speed of the turbocharger can, thus, be adjusted in
between these two values at any speed and load of the engine. Opposite to the Torotrack V-Charge
that transmits the full power required to the compressor, this transmission only transmits to or from
the turbocharger the difference between compressor and turbine powers, which is usually much less.

 

Figure 2. Reference efficiency map η(τ, T1) of the continuously variable transmission (CVT) based
transmission. Image reproduced from [30]. Creative Commons Attribution Non-Commercial 4.0
International (CC BY-NC 4.0) License.
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Figure 3. Speed coefficient map (τ, T1) of the CVT based transmission. Image reproduced from [30].
Creative Commons Attribution Non-Commercial 4.0 International (CC BY-NC 4.0) License.

The design of the super-turbocharger has been recently discussed in [30], and the reader is referred
to this work for better details. The proposed toroidal CVT based transmission is a variant of the
Torotrack variable-speed supercharging technology [55]. This is a centrifugal compressor linked to the
crankshaft through a CVT based mechanism. Here, the toroidal CVT based transmission is used to
connect the crankshaft to the turbocharger shaft. The Torotrack V-Charge comprises a traction drive
variator the same as the one adopted here from 0.355:1 (underdrive) up to 2.820:1 (overdrive). It is,
however, preceded by a 3:1 overdrive from the engine and followed by a 12.67:1 overdrive through
traction drive epicyclic, for a total overdrive of 38.010 vs. the 21.575, here considered. The maximum
value of the ratio between the speed of the compressor and the speed of the engine is, thus, 107 (vs. 60),
while the minimum ratio is 13.50 (vs. 7.566). The Torotrack V-Charge is used for a gasoline engine,
having a larger range of engine speeds, and a compressor that also works up to much higher speeds
than the turbocharger here used.

With a full-toroidal design, the spread of the CVT speed ratios is limited to around eight. With a
half-toroidal design, the spread of the CVT speed ratios is limited to around four [54]. In the case of a
diesel engine, the spread of speed is reduced in both the engine (4500 rpm max engine speed) and the
turbocharger (150,000 rpm maximum turbocharger speed), and a single full-toroidal CVT may be used.
Here, the maximum speed of the engine is 4500 rpm and the maximum speed of the turbocharger
is 150,000 rpm. A clutch can be added to prevent the engine crankshaft to run the turbocharger at
excessive speeds when reducing the loads. This is not a problem with racing engines, and this is not a
problem with a diesel engine. If a larger spread of speed ratio is needed, the option of two half toroidal
CVT in series can be considered [30].

Design and analysis of half-toroidal and full-toroidal single-roller CVT are covered in [30],
and [56–60].These designs are based on multiple single-roller. Multiple double-roller is considered
in [56], and [60–62].Thus, [60] computes the efficiency as a function of speed ratio, load torque, and
input speed. By moving from this approach and using similarity, [30] defines for the single-roller,
full-toroidal CVT the efficiency map η(τ, T1) of Figure 2, and the speed correction factor map k(τ,
T1) of Figure 3; [30] also assumes that the same η apply for transmission of power to, and from,
the super-turbocharger, obviously with entry conditions on one side or the other of the single-roller
full-toroidal CVT. A good design with enhanced clamping control may deliver an area of operating
points well above 90%, albeit with efficiencies still dropping below 90% when seal and parasitic losses
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will dramatically increase at very low torques. The design certainly requires specific research and
development with prototyping and testing. The design, and consequently the efficiency map, is very
application-specific, not generic. From Figures 2 and 3, it is then

η(τ, T1, N1) = k(τ, T1)·(N1 − Nref ) + ηref (τ, T1) (3)

with N speed, T torque, and τ the speed ratio.
The transmission for the super-turbocharger is made up of overdrive, the CVT and another

overdrive. The transmission is about the same of the Torotrack V-Charge [55], with differences the
different speed ratios for the first and last overdrives, and the fact that the Torotrack V-Charge connects
a compressor shaft to the crankshaft, and the super-turbocharger in this paper connects a turbocharger
shaft to the crankshaft. As written before, thanks to a different external overdrive, the Torotrack
V-Charge works between 13.50 and 107-speed ratios to run the compressor of a gasoline engine.
The transmission used here works between 7.566 and 60-speed ratios to run the turbocharger of a
diesel engine. The reason for the different range of speed ratios is the different engine—diesel vs.
gasoline—and different maps of the turbocharger—the reduced maximum speed here. Better details of
the Torotrack V-Charge, including drawings, are proposed in [55] and references there cited.

As shown in Figure 1, this transmission is modeled as a simple connection where a speed ratio
and an efficiency of transmission is prescribed. The speed ratio is free to vary between the maximum
and minimum, which are 60 and 7.566. It is prescribed close to the maximum value for the close to
full load operation, and close to the minimum value approaching idle. Over the most part of the load
range, it is equal to the value that provides a balance between turbine power and compressor power.
The efficiency of transmission is obtained from Equation (3) and Figures 2 and 3.

Preliminary combustion results are obtained by coupling an empirical diesel Wiebe function to
the above-defined injection profile. The diesel Wiebe function prescribes the ignition delay from the
start of the first fuel-injected, i.e., the delay in crank-angle degrees between the earlier start of injection
of one of the two injectors, and the start of combustion. The diesel Wiebe function then prescribes the
premixed fraction, i.e., the fraction of fuel that mixes before the start of combustion and burns in the
“premix” portion of the Wiebe function, and the premixed duration, i.e., the duration in crank-angle
degrees of the premixed burn. Then, the model also prescribes main and tail fractions, duration,
and exponents.

The Wiebe combustion model uses functions similar to the correlations for pre-mixed and diffusion
burn regimes as described in [63]. An additional third function has been added to represent the tail,
slow late burning at the end of the diffusion burning. The normalized mass fraction burned, starting
at 0 and progressing up to the value of the combustion efficiency ηc, that is typically 1, is given as a
function of the crank angle θ as follows:

w = ηc·βp·
{
1− e[ϕp·(θ−SOI−τ)Ep+1]

}
+ ηc·βm·

{
1− e[ϕm·(θ−SOI−τ)Em+1]

}
+ ηc·βt·

{
1− e[ϕt·(θ−SOI−τ)Et+1]

}
(4)

where SOI is the Start of Injection, τ the Ignition Delay, EP the Premix Exponent, EM the Main Exponent,
ET the Tail Exponent, βP the Premix Fraction, and βT the Tail Fraction. The Main Fraction βM = 1
− βP − βT. The Wiebe Premix, Main and Tail Constants ϕP, ϕM and ϕT are expressed as a function
of the Premix Duration δP and the Premix Exponent, the Main Duration δM and the Main Exponent,
and the Tail Duration δT and the Tail Exponent. The first term represents the premixed burning, the
second term the diffusion burning, and the third term the tail burning. The Ignition delay is also
computed based on [63]. These Wiebe functions only approximate the typical shape of a direct injection
compression ignition, single main injection burn rate engine, which was the design prior to the Fiat
Unijet common rail era.

Since at any instant the specified cumulative combustion cannot exceed the specified injected fuel
fraction (the combustion rate is limited by the amount of fuel available) the injection events and the
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combustion events are interrelated. Figure 4 presents a typical normalized burn rate result. The start
of combustion follows by the ignition delay the start of the first injection. The premixed combustion is
progressing at about a linear rate and it is identified by the sharp increment of the burn rate. Then,
there are the main combustion and the tail phases. With reference to old fashion diesel direct injection,
the premixed phase is not a very large peak followed by a much less intense burn rate during the main
combustion rate. Injection shaping permits a much better heat release rate that maximizes performance
and minimizes emissions within the due constraints for maximum pressure and maximum pressure
gradient. The major issue of this approach, which is based on the empirical evidence for the diesel-only
engine, is the inability to cope with a large amount of methane injected prior to the diesel injection
ignition at the actual rate, as an “equivalent” much shorter injection is needed.

Figure 4. Sample non-dimensional burning rate. The relative weight of the “premixed” and “diffusion”
combustion phases may be changed significantly in the engine, from basically a “premixed” only
combustion of the LNG, which resembles jet ignition or controlled HCCI operation, to a “diffusion”-only
combustion of the LNG.

The sample burning rate profile of Figure 4, is obtained by using the diesel Wiebe function. The
premixed, main (diffusion) and tail combustion phases are clearly evidenced. This model is applicable
to multiple injections of diesel, such as those of Figure 5. However, the model cannot be applied
directly to multiple injections of diesel and methane as those depicted in Figure 6. The model refers,
in the various sections of the combustion event, premixed, main and post, to the total mass of fuel
that may be unavailable at every given time, from every injector. The ignition delay is computed from
the first injection. The complex situation of multiple injections of diesel and methane, Figure 6, is
therefore impossible to be directly represented, and they may only be represented through “equivalent”
injection events.

The heat release rate of Figure 4 is theoretically suitable for a single injection of the diesel, and not
for a complex injection of the diesel, such as the one of Figure 5, or a complex injection of the diesel
and the LNG, such as the one of Figure 6. Modern diesel engines designed following the Fiat Unijet
common rail revolution use injection shaping to shape the heat release rate curve targeting performance
and emission parameters within given constraints. The “premixed” injection of the methane may start
at any time. With flow rates high enough, the methane will be concentrated at the center of the chamber
where the diesel injection ignition will occur. This will then start the combustion of the diesel and
the methane in the chamber. This combustion pattern is similar to jet ignition. Then, the “diffusion”
injection of the methane will sustain the combustion rate. High flow rates are needed especially during
this phase. Westport, [36] to [42,44], has traditionally used a main injection of the LNG following a
pilot injection of the diesel, but more recently has also explored the opportunity to inject part of the
LNG before, and part of the LNG after the diesel, [39,41,42,44]. This latter activity is both experimental
and computational. Westport has also explored the opportunity to have a larger injection pressure for
the LNG [44], but only 600 bar. The remarkable difference vs. the Westport studies is the opportunity,
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thanks to the use of two much higher pressure, smaller and faster injectors, one for the diesel and one
for the LNG, to enhance the injection and thus heat release rate shaping capabilities. It is a logical
assumption that, having better injectors, the shaping of the heat release rate can be improved. It has
been proven with the diesel only, and Westport has partially proven with the diesel and LNG.

Figure 5. Sample injection strategy diesel-only. The post-injection of the diesel is mostly used for
particle trap regeneration. The diesel pre-injection typically amounts to less than 5% of the total fuel
energy injected, with reduced values reducing with the load and the speed.

 

Figure 6. Sample injection strategy diesel-methane. The time of the start of combustion is dictated by
the ignition delay of the first diesel injection. The post-injection of the diesel is used for particle trap
regeneration. The diesel pre-injection typically amounts to less than 5% of the total fuel energy injected,
with reduced values reducing with the load and the speed.

Figure 4 is the normalized burning rate. This is the mass of fuel that burns over 1 degree of the
crank angle divided by the total mass of fuel injected in a cycle. The integral in dθ gives a result of
1 if all the fuel burns. An average normalized burning rate of 0.04 1/degrees crank angle. Over a
combustion duration of 25 degrees, crank angle returns a total normalized fuel burned of 1. Similarly
in Figures 5 and 6 is the normalized energy of fuel injected. This is the fuel energy inflow over 1 degree
of the crank angle divided by the total energy of the fuel injected in a cycle.
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Post injection was originally developed (see, for example, the Fiat Multijet) for particulate trap
regeneration, i.e., it was never used in steady-state map points, but only used sometimes during
transients. Other uses have been proposed, for example, reduction of engine-out soot emissions. Post
injections are not relevant for performance simulations.

The opportunity of having two separate injections for the diesel and the methane translates in
the opportunity to have nearly isochoric combustion about the top dead center of the pilot/pre diesel
and the premixed methane-air mixture. This is something like homogeneous charge compression
ignition (HCCI) in terms of burning rate, but with the advantages of (1) being controlled, and (2)
occurring at the center of the combustion chamber; thus, having reduced heat losses, since a cushion of
air surrounds the region where combustion occurs. This rapid premixed combustion phase can be
optimized for a trade-off between fuel conversion efficiency and constraints, such as the maximum
pressure build-up gradient dp/dθ (θ) and the maximum peak pressure and its location, which also
depends on the “diffusion” combustion phase. The following combustion phase is then characterized
by a rate controlled by the fuel flow rate, as the methane injected in an environment characterized by
extremely high temperatures and pressures with ongoing combustion, vaporizes quickly, and burns
as soon as oxygen is found. As the engine is now undertaking the expansion stroke, the pressure
and temperature may peak at full load operation, about 14–16 degrees crank angle after the top dead
center, then it decreases. Since pressure and temperature reduce during the expansion, and also the
availability of oxygen reduces because of the combustion already occurred, the combustion rate is then
characterized by a tail following a declining rate main phase.

The injector is modeled through an effective area, opening and closing times with multi-event
capability, and a pressure profile. The mass of fuel injected is then adjusted to match the desired brake
mean effective pressure (BMEP) output. A trial and error procedure is needed to produce realistic
injection and combustion profiles. The fluid is considered a compressible liquid with the option to
change the phase to a gas. Polynomial approximations as a function of pressure and temperature are
used for all the parameters describing the liquid and gas fluids. While data for the gas methane are
available in the template library, the data for the liquid methane need to be defined. This is done by
using the data of [45].

For what concerns the detailed model of the injection system, not included in the present work,
the approach to follow is to use compressible liquid fuel and vapor fuel models. This permits the
dimensioning of all the major components of the injectors with computer-aided engineering (CAE)
software tools, similar to those used for engine performance simulations shown in the following sections.

The liquid compressible fuel object describes a compressible liquid that may also undergo a change
to the vapor phase for cavitation or boiling. It specifies a vapor fluid object describing the properties of
the liquid after it vaporizes and the heat of vaporization. Polynomial functions are describing density
and enthalpy as a function of pressure and temperature. The saturation liquid-vapor pressure of the
liquid is determined as a function of temperature by integrating the Clausius–Clapeyron equation.
Finally, transport properties are also given as a function of pressure and temperature. Properties are
approximated as a function of p and T, for example

ρ(p, T) =
∑n

i=1
Ai·pαi ·Tβi (5)

where A, α, and β are empirical constants. The gas phase of the liquid is described based on the
molecular weight, composition, lower heating value, critical pressure, and temperature and reference
entropy, plus polynomial approximation of enthalpy and transport properties function of pressure
and temperature. While the gas phase of methane is available in the template properties, the liquid
compressible properties require attention. At very high pressures, there are no data in the literature.
The injection and combustion models need a better definition for the specific application, based on
an experimental campaign. There is a need for novel specific models, as well as for the experimental
determination of the parameters embedded in these models. The injector nozzle parameters also
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impact on the combustion result, through their effect on the injection pressure and velocity. The DI
Wiebe combustion model is affected by the values of the injection pressure and velocity. The nozzle
discharge coefficient required to achieve the specified injected mass is calculated using the diameter of
an individual nozzle hole and the number of holes. A trial-and-error procedure is needed to compute
realistic profiles for the injected fuel, and then the combustion. Methane is injected at cryogenic
temperatures and high pressure, with high flow rates and high atomization. The methane expands
absorbing heat and it quickly mixes with the air. The methane that is injected after the combustion has
started vaporizes and mixes even quickly.

3. Results

Reference [4] presents the results for the baseline engine and the dual fuel diesel LNG engine
with a lower pressure direct injector. The substitutional energy by LNG is proposed there. Here we
present the results only for the higher pressure injector (1600 bar), permitting an increased flow rate
and thus shorter injection timings. Unfortunately, the present injection and combustion model only
works to provide an empirically based estimation of the fuel conversion efficiency. It does not permit
to compute the detailed injection, combustion, and pollutant formation processes that may benefit
even more from high-pressure fast actuation injection. Better models and the support of dynamometer
experiments are needed to fully progress the concept.

Figures 7 and 8 present the fuel conversion efficiency and λ maps for the diesel-LNG engine
operation, while Figure 9 presents the ratio of the turbocharger speed to the engine speed. Figures 10
and 11 then propose the maximum pressure and the crank angle of maximum pressure. Figure 12
finally presents the substitutional methane energy. It is a design constraint to have peak pressures
below 300 bar.

The opportunity to use much higher injection pressures translate into the opportunity to have a
much lighter and smaller injector, faster to be actuated, that also delivers a larger flow rate with better
atomization. It is unfortunately not possible to fully explore the heat release shaping capabilities of
such injectors, because the combustion model, Figure 4 and Equation (4), in theory, is only valid for one
simple single injection of the diesel. From the measured pressure curves of one latest diesel, adopting
complex injection strategies, there is the opportunity to compute the Wiebe function parameters and
an equivalent simple diesel injection to provide about the same heat release rate. The only aspect that
can be simulated with the present model for LNG is a faster or slower injection of a given amount of
fuel. From Table 3, moving from 300 bar to 1600 bar, ṁ·LHV increases from 4614 to 15,232 kJ/s if the
cross-sectional area remains unchanged. This means that the LNG could be injected during a single
main injection phase of length 32% less, while also reducing the injector holes’ diameter of 33%, or the
cross-sectional areas of the injector of 56%.

A comparison between operation with 300 and 1600 bar injectors is provided. Results obtained
by using a 300 bar injector have been recently published in [4]. Peak fuel conversion efficiency there
is less than 48%. Peak fuel conversion efficiency here is 50%. Peak fuel conversion efficiency there
is obtained with λ = 1.67. Peak fuel conversion efficiency here is obtained with λ = 1.74. The BMEP
can be further increased simply working richer with the LNG, which is much easier to vaporize, mix
with air and burn than the diesel. However, this impact peak pressure. What is done in the model
is to simulate a quicker injection and combustion, with the higher injection pressure. The injection
and combustion events are differently phased, to avoid excessive peak pressures, while permitting
better fuel conversion efficiency, i.e., less fuel for the same BMEP output. No attempt has been
made to increase the maximum BMEP for any given speed. Higher injection pressure permits faster
actuation, larger flow rates, better atomization, and thus much quicker combustion. The enhanced
heat release shaping opportunities are not explored due to the limitations of the combustion model.
By only considering a faster main injection of the LNG and quicker combustion, the fuel conversion
efficiency increases about two percentage points, and the fuel-to-air ratio similarly reduces for the
same BMEP output. The computational model is not optimized, due to the limitations of the injection
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and combustion model that differs considerably far from the real-world operation. Improvements
in real-world engine experiments through appropriate shaping of the heat release rate curve may
be larger.

The turbocharger is accelerated to higher speeds at low engine speed and high loads, up to the
maximum permitted ratio of 60. The most part of the operating points, far from top loads, is obtained
by taking the turbocharger speed as the speed of equilibrium between turbine and compressor powers.
Top loads are obtained by using different speeds, with higher compression power at low speeds, and
higher turbine powers at high speeds.

Regarding fuel conversion efficiency and λ, these results are constrained by the use of heat release
rate profiles, such as the one of Figure 4, which limits the possibilities. The maps of Figures 7 and 8
are computed by assuming the dual-fuel diesel-methane engines have roughly the same combustion
behavior of diesel-only engines, that it is not the case. These results are therefore an underestimation
of the actual potentials of the proposed solution. It is worth to note the top fuel conversion efficiency,
about 48%, is marginally better than the diesel, and also similar to diesel λ values.

 
(a) 

 
(b) 

Figure 7. Diesel-methane engine steady-state fuel conversion efficiency map; (a) 1600 bar injector; (b)
300 bar injector. Image (b) from [4]. Creative Commons Attribution (CC BY) license 4.0.
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(a) 

(b) 

Figure 8. Diesel-methane engine steady-state λ map; (a) 1600 bar injector; (b) 300 bar injector. Image
(b) from [4]. Creative Commons Attribution (CC BY) license 4.0.

 

Figure 9. Diesel-methane engine steady-state speed ratio (turbocharger speed to engine speed).
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Figure 10. Diesel-methane engine steady-state peak pressure.

 

Figure 11. Diesel-methane engine steady-state crank angle of peak pressure.

 
(a) 

Figure 12. Cont.

265



Processes 2020, 8, 261

 
(b) 

Figure 12. Diesel-methane engine steady-state substitutional energy of methane; (a) 1600 bar injector;
(b) 300 bar injector. Image (b) from [4]. Creative Commons Attribution (CC BY) license 4.0.

It must be added that while the baseline diesel engine model was validated, the diesel-methane
model is not. Both dp/dθ and peak pressure are limited, the same as the diesel. The flow rate in the
diesel was also limited in the area of high speeds and top loads by the racing rules, and this is also
done in the dual-fuel engine. The full load BMEP of the diesel is set as the full load BMEP of the
diesel-methane engine. As in the same BMEP points, the methane-diesel engine works with similar
and possibly slightly larger λ and η, and the methane-diesel may work λ than the diesel-only, thanks
to the lower injection temperature and the faster vaporization and mixing of the methane, there is
certainly the opportunity to also deliver better power densities with methane.

In the simulations, it is assumed LNG has an LHV of 50 MJ/kg fuel, and an A/F stoichiometric of
17.2. This translates into an energy content per unit mass of the mixture of 2.78 MJ/kg mixture. In the
case of diesel, LHV is 42.6 MJ/kg, A/F stoichiometric is 14.5, and the energy content per unit mass of
mixture is a very close, slightly smaller 2.75 (only 1% difference). For the same λ, thus, there is 1% more
energy with the LNG, and a (slightly) larger λ can be adopted for the same MJ/kg. λ may be larger (for
the same BMEP point) because η also slightly increases. LNG is injected at 113 K rather than 300 K.
However, immediately after injected in an environment characterized by hot partially combusted
gases, it vaporizes almost instantaneously, and it quickly mixes with air and burns. Methane is much
easier to burn than a heavy hydrocarbon such as diesel fuel.

With reference to a traditional turbocharged engine, the super-turbocharger permits much larger
BMEP values in the low-speeds range, an increment from about 10 to about 20 bar BMEP at 1000 rpm,
while working with about the same λ. At high speeds and loads, the benefits are up to about one
percentage point of better fuel conversion efficiency, working with about the same λ.

It must be mentioned that the opportunity to improve the steady-state output and efficiency
with the super-turbocharger depends on the specific engine load and speed. At high engine loads
and speeds, the energy, otherwise waste-gated, may often be converted to extra power at the turbine
to increase, albeit to a small extent, both engine efficiency and output. At low engine speeds, the
compressor can be run at higher speeds to increase the engine output thanks to the increased boost.
However, this requires power from the crankshaft.

Concerning the after treatment, the diesel after treatment is obviously maintained. One advantage
of the two injectors per cylinder is that the engine may work diesel-only, or diesel-methane. The post
injections of the diesel for the regeneration of the particulate filter are maintained. The opportunity
to run the engine diesel only, or diesel-LNG, depending on the needs, is a significant advantage
during transition periods, where the recharging infrastructure for the LNG cannot be widespread.
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To have a particulate filter is relevant to the opportunity to clean up the air of urbanized areas where
the ambient concentration of particulates largely exceeds the value at the tailpipe of a diesel or a
diesel-methane vehicle.

A validated diesel engine model, developed by using very well-known XAE software tools,
extensively used within engine departments for many years, is modified to only accept an additional
injector for a second fuel, LNG. The experience by Westport proves dual fuel diesel-LNG engines
work very close to diesel-only engines. The proposed results, detailing the benefits of higher injection
pressures, fast actuation and enhanced injection shaping capabilities of the LNG and the diesel, are
extremely logical, and thus trustworthy.

As higher injection pressures, fast actuation and enhanced injection shaping capabilities have
permitted to dramatically improve the diesel engine, there is no reason why similar improvements in
the injection of the LNG and the diesel should not be beneficial.

By replacing the Westport dual fuel injector, of limited injection pressure, low rates of actuation,
and limited injection shaping capabilities, with two dedicated injectors, one for the diesel, the other
for the LNG, both featuring high injection pressures, fast actuation and enhanced injection shaping
capabilities, there are certainly significant complications, as the solution is more appropriate for novel
engines rather than the conversion of existing engines, but there is really no logical downfall under the
aspect of performance.

4. Conclusions

Thanks to the super turbocharging, and the use of two dedicated injectors per cylinder, a latest
2850 bar piezo diesel direct injector, and the studied 1600 bar liquid methane (LNG) direct injector,
the proposed engine has an excellent steady-state map, with maximum fuel conversion efficiency
approaching 50%, and high fuel conversion efficiencies in excess of 40% over the most part of the load
range at any speed. Above 2000 rpm, the full load brake mean effective pressure (BMEP) values are in
excess of 30 bar. Maximum values are close to 38 bar, and they are only limited by peak pressure and
gradient of pressure rise constraints. The engine also has outstanding low-speed torque, and improved
high-speed efficiency, thanks to the super-turbocharger. Not shown here, the super-turbocharged
engine also has first-rate transient behaviors, in decelerations (energy recovery) as well as accelerations
(no turbo-lag). The design of the injector must progress by using experiments and simulations.
These latter require a compressible liquid treatment for the LNG, with a further refined description
vs. the one here proposed. Regarding the complexity of the two injectors, per cylinder, this is more
than compensated by the advantages, and it is definitively not an issue when designing novel engines
(positive ignition jet ignition engines accommodate one injector and one jet ignition device per cylinder,
compression ignition diesel engines have accommodated one injector and one glow plug per cylinder
until very recently). Injection pressures of 2850 bar were already proposed for the diesel almost 10
years ago. The maximum injection pressure proposed so far for the dual fuel diesel-LNG injector is
600 bar. The dual-fuel diesel-LNG injector is large, heavy, and difficult to be actuated. The proposed
innovation is the use of two extremely high-pressure injectors, one for the diesel, and one for the LNG,
2850 bar the first, 1600 bar the second, to achieve much faster actuation, much larger flow rates, and
much better atomization of the injected fuel for enhanced shaping of the heat release rate, translating
in better fuel conversion efficiency.
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Abstract: In recent years and with the increasing rigor of the International Maritime Organization
(IMO) emission regulations, the shipping industry has focused more on environment-friendly and
efficient power. Low-pressure dual-fuel (LP-DF) engine technology with high efficiency and good
emissions has become a promising solution in the development of marine engines. This engine
often uses pre-combustion chamber (PCC) to ignite natural gas due to its higher ignition energy.
In this paper, a parametric study of the LP-DF engine was proceeded to investigate the design
scheme of the PCC. The effect of PCC parameters on engine performance and emissions were
studied from two aspects: PCC nozzle diameter and PCC nozzle angle. The results showed that the
PCC nozzle diameter affected the propagation of the flame in the combustion chamber. Moreover,
suitable PCC nozzle diameters helped to improve flame propagation stability and engine performance
and reduce emissions. Furthermore, the angle of the PCC nozzle had a great influence on flame
propagation direction, which affected the flame propagation speed and thus the occurrence of
knocking. Finally, optimizing the angle of the PCC nozzle was beneficial to the organization of the
in-cylinder combustion.

Keywords: Computational Fluid Dynamics; two-stroke; dual-fuel engine; simulation; pre-combustion
chamber

1. Introduction

Since January 1, 2016, the Tier III emission standard have been implemented by the International
Maritime Organization (IMO) [1,2]. With the fuel Sulphur global limit of 0.5% entering into force
on January 1, 2020, the liquefied natural gas (LNG) has gradually become a promising alternative
fuel for vessels sailing inside and outside the Emission Control Areas (ECAs) [3,4]. Natural gas, as a
clean energy source, has the advantages of higher heating value and lower price—making the marine
2-stroke low-speed gas engines which use it as a fuel significantly economical [5,6]. In addition, the
natural gas is free of sulfur, which means that there is almost no formation of Sulfur Oxides (SOx) [7].
However, when natural gas is used as the only fuel of the engine, the power of the gas engine will
decrease compared to the same size diesel engine [8]. Using diesel-ignited natural gas is considered
as an effective way to solve the power reduction problem [9]. Under such measures, the problem of
power reduction when using natural gas can be better solved, and the latest emission regulations can
be fulfilled [10].

The marine low-pressure dual-fuel engine uses the low-pressure injection technology in which
the natural gas is injected into the cylinder at a low-pressure after the scavenging port is closed. After
that, a small amount of diesel fuel is sprayed in the pre-chamber when the piston reaches the top
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dead center (TDC), which is used to ignite the gas/air mixture. In addition, this engine uses the Otto
cycle principles to reduce the peak in-cylinder combustion pressure and temperature—resulting in low
Nitrogen Oxides (NOx) emissions [11]. The main advantages of this engine include high efficiency at
high load, high mean effective pressure, and low NOx emissions [12].

At present, the marine low-pressure dual-fuel engine is represented by WinGD’s RT-Flex50DF
engine. Compared with traditional low-speed 2-stroke diesel engines using heavy fuel oil (HFO) or
Light Fuel Oil (LFO), the LP-DF engine reduced the particulate matter (PM) to almost 98% and the SOx
emissions by nearly 99% [13]. Besides, this engine decreased the NOx emissions by about 90%, which
means that the IMO Tier III emission standard can be fulfilled without the use of after-treatment devices.
The power and the thermal efficiency of the dual-fuel engine are close to those of conventional low-speed
marine engines, but its emissions performance has been significantly improved. Furthermore, the
marine DF engine can easily switch between the gas mode and the diesel mode to achieve smooth
operation under full working conditions. Therefore, the DF engine technology is gradually gaining
attention from various shipping companies due to its huge advantages and potential [14].

Papagiannakis et al. used experimental methods to study the effect of air/fuel ratio on the thermal
efficiency and the emissions of a DF engine. They reported that the engine efficiency was lower than
that of the diesel engine in the DF mode after decreasing the air/fuel ratio (λ). Besides, the engine
efficiency improved at medium and low load with the increase of the diesel injection quantity [15].

The pre-ignition caused by lubricating oil has become more apparent with the increase in the
engine mean effective pressure, which considers one of the critical issues nowadays affecting most
of the premixed combustion engines. Hirose et al. observed the pre-ignition of a 2-stroke low-speed
premixed gas engine through experimental methods. He determined the effect of lubricating oil on
pre-ignition through visualization techniques and high-speed cameras. He found that the self-ignition
temperature of lubricating oil was different from the ignition temperature of pilot fuel. Only by
reducing the temperature to avoid pre-ignition, the proper premixed gas equivalent ratio played an
important role in the stability of 2-stroke premixed combustion [16].

The pilot fuel injection parameters are important for the DF engines. Alla et al. carried out
experimental work on a single-cylinder machine to study the effect of fuel injection timing and pilot fuel
injection quantity on the performance of DF engines through experiments on a single cylinder machine.
They reported that that by increasing the injection time of the pilot fuel significantly improved the
efficiency and decreased the emissions at low loads. However, increasing the fuel injection amount
under high load caused knocking [17].

Duan et al. studied the performance, the knock characteristics, and the combustion of a high
compression ratio and lean-burn heavy-duty spark ignition (SI) engine fueled with n-butane and
liquefied methane gas blend. Results indicated that the heat release rate, the in-cylinder pressure, and
the cumulative heat release amount increased with the increased n-butane energy share. Once the
n-butane energy ratio exceeded 5% at 1400 r/min and full-load, light knock occurred at this operating
condition [18].

In recent years, computational flow dynamic (CFD) technology has developed rapidly. Numerical
simulation methods can effectively reduce costs and shorten the research and development cycle of
new engine [19,20]. Yousefi et al. simulated the combustion and emission characteristics of a premixed
natural gas DF engine by coupling the CFD software with chemical reaction kinetics. They found that
the use of PCC structure reduced the unburned methane emissions by an average of 46% compared to
dual fuel engines without PCC [21]. Cernik et al. proposed a quasi-dimensional combustion model for
a large-bore two-stroke dual-fuel marine engine. The diffusion combustion of the pilot fuel and the
propagation of the premixed gas flame front were described in detail [22].
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Moreover, the pilot fuel affects the power and emissions of the 2-stroke DF engine, which
prompted some researchers to study its impacts such as Amin et al. who simulated the in-cylinder
combustion process of a 2-stroke DF engine through the coupling of 3D CFD and chemical kinetics.
They reported that increasing the amount of pilot fuel increased the ignition delay and the peak
in-cylinder pressure and when the amount of pilot fuel is high, the emissions of NOx and Carbon
Monoxide (CO) increase [23].

The PCC design features such as the volume ratio, the nozzle length/diameter ratio, and the pilot
diesel spray direction influence the DF engine combustion and emissions. Liu et al. used the traditional
CFD tool STAR-CD to study the LP-DF engine and the relevant numerical model was validated by
experimental data. The results showed that increasing the PCC volume and shortening the nozzle
length was beneficial to the combustion process. Besides, NO emission was mainly formed from the
combustion in the PCC while shortening the nozzle length caused the No emissions to increase [24].

Maghbouli et al. established a model of the dual-fuel engine by integrating CHEMKIN chemical
solver with KIVA-3V. He studied the combustion process of the DF engine under knocking conditions
and introduced a new knock intensity factor. He reported that the exhaust gas recirculation technique
could effectively reduce knocking [25]. Jha et al. used CFD software to simulate the effect of in-cylinder
swirl on the combustion of the DF engine. The study showed that increasing the in-cylinder swirl ratio
from 0 to 1.5 increased the in-cylinder pressure and the heat release rate [26]. Furthermore, optimizing
the eddy current is a feasible strategy to improve the combustion efficiency and reduce the engine’s
Hydrocarbon (HC) and CO emissions at low load [27].

In a large 2-stroke marine engine, it is difficult to organize a strong swirl in the cylinder due to the
large bore [28]. Therefore, this study aims at improving the airflow movement and the combustion
efficiency in a marine DF engine by optimizing the PCC parameters. GT-SUITE and CONVERGE were
selected as the simulation software to establish an effective one-dimensional (1D) and three-dimensional
(3D) simulation model of a marine LP-DF engine (Section 2). The effect of PCC parameters on the
engine performance and emissions were studied from two aspects: PCC nozzle diameter and PCC
nozzle angle (Section 3). It is hoped that the conclusions and contents can provide reference information
for subsequent work.

2. Model Description

2.1. LP-DF Engine Basic Parameters

In this study, the RT-Flex50DF 2-stroke engine (WinGD) was investigated. It is a camshaft-less
low-speed 2-stroke engine consisting of five cylinders connected in an in-line arrangement, one air
cooler unit, one turbocharger unit, and two auxiliary blowers. The PCC nozzle diameter of this engine
is normally 16 mm with an angle of 65◦. Natural gas with an injection pressure lower than 1.6 MPa
is admitted to the cylinders right before the air inlet valve. Besides, the gas admission valves are
electronically actuated and controlled by the engine control system to give exactly the correct amount of
gas to each cylinder-thereby, the combustion in each cylinder can be fully and individually controlled.

Since the premixed lean-burn combustion of the Otto cycle is realized in the cylinder, the
RT-flex50DF engine is fully compliant with the IMO Tier III NOx emissions limits without requiring
the use of any after-treatment systems. Simultaneously, three technologies are used to reduce the HC
emissions including the pre-chamber technology for best ignition and combustion stability, the valve
timing optimization to avoid the escape of natural gas, and the combustion chamber shape adjustment
to avoid flameout. The basic parameters of the RT-Flex50DF engine are shown in Table 1 [29].
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Table 1. WinGD RT-Flex50DF engine dimensions.

Parameter Value

Bore 500 mm
Stroke 2050 mm

Cylinder Number 5–8
Speed 124 r/min
Power 8640 kW

Compression Ratio 12
Brake Specific Pilot Fuel Consumption

(BSPC) (DF Mode) * 1.8 g/kWh

Brake Specific Gas Consumption
(BSGC) (DF Mode) * 142.7 g/kWh

* All other reference conditions refer to ISO standard (ISO 3046-1). The following tolerances for BSPC and BSGC are
taken into account: +5% for 100–85% engine power.

The GT-Suite software, which is a renowned 1D simulation program for engine analysis and
modelling, was employed for the LP-DF engine simulation. As shown in Figure 1, the developed 1D
model of the LP-DF engine includes blocks for the scavenging receiver, the cylinders, the scavenging
ports, the intake and exhaust valves, the intake and exhaust ports, the waste gate, the turbocharger, the
crank train, the combustion chamber, and the natural gas nozzles. The 1D GT-Suite model was built
to simulate the steady-state conditions of the 5RT-Flex50DF, which helped to obtain more accurate
boundary conditions and initial conditions for the 3D simulation. This GT model uses the user
defined combustion heat release rate to simulate the DF engine combustion. The heat release rate
was determined from the experimental data under 75% engine load, which can accurately predict
the performance of the LP-DF engine. Moreover, the required boundary conditions and the initial
conditions for the 3D CFD calculation were obtained based on the verified model.

Figure 1. The 1D model of the 5RT-Flex50DF engine.

As shown in Figure 2, the LP-DF engine optimization analysis requires 1D and 3D simulation
coupling. First, the computer-aided design (CAD) software Catia was used to design different PCC
model schemes and the 3D model was imported into the CFD simulation software CONVERGE. The
adaptive mesh refinement of the CFD domain was applied on the model with focusing on the PCC
mesh, the natural gas nozzles, the pilot fuel injection nozzles, and the flame front surface. After that,
the initial conditions and the boundary conditions in the 3D simulation were given by the GT-power
simulation results. Finally, the efficient and stable working range of the LP-DF engine was studied
based on the 3D and 1D simulation results.
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Figure 2. Calculation simulation flow chart.

2.2. CFD Model Verification

As shown in Figure 3, the CAD software Catia is used for 3D modeling. The PCC was arranged
on both sides of the main combustion chamber (MCC) in the LP-DF engine model while the pilot fuel
injection nozzles were installed on the top of the PCC. When the pilot fuel was injected into the PCC, a
high-speed jet flame was formed by rapid spontaneous combustion under high temperature and high
pressure at TDC. After that, the flame passed through the PCC nozzle to ignite the lean gas mixture in
the MCC. The two small ellipsoidal structures on the top of the MCC are pre-combustion chambers.
Furthermore, two natural gas admission valves (GAV) were symmetrically distributed in the lower
middle of the DF engine cylinder. Furthermore, the Natural Gas composition used during the CFD
simulations mainly included 95.1% methane, 2.53% ethane and other gases while the natural gas fuel
lower calorific value was 47.64 MJ/kg.

Figure 3. 3D analysis domain of a low-pressure dual-fuel (LP-DF) engine.

After the mesh adaptive refinement processing, the maximum number of 3D calculation domains
was about 630,000. The KH-RT model was used as the breakup model in the spray model while the
NTC model was selected as the pilot oil droplet collision model. Besides, the standard K-ε model was
chosen as the turbulence model selected for the CFD. Moreover, the chemical reaction kinetic model of
SAGE was used as the combustion model and the extended Zeldovich NOx emission model was used
as the emission model [30].
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As shown in Figure 4, the calculation results are compared with the measured data and the
simulation error is less than 3.6%, which meets the accuracy requirements of the CFD numerical
calculation. From Figure 4, the NOx emissions calculation results under different working conditions
are in good agreement with the measured data. Moreover, the accuracy of the simulation model and
the related parameters are verified, which can be used for the following performance and combustion
simulation work.

Figure 4. Marine DF engine model verification.

3. Results and Discussion

3.1. Performance Characteristics of A Marine LP-DF Engine

The marine 2-stroke LP-DF engine can change its working mode freely, as it can switch from
diesel mode using HFO or LFO as fuel to dual-fuel mode using natural gas as fuel. These two modes
have their working characteristics. The limitation of knocking is not considered during the operation
of the engine in the diesel mode. During the dual-fuel mode, the engine uses Otto cycle combustion
and the high-speed flame jet from the PCC easily ignites the pre-mixture, which limits the problems of
knocking and misfire.

In WinGD RT-Flex50DF lean-burn engine, the excess air ratio can be very high (typically 2.2).
As shown in Figure 5, the stable working window of the dual-fuel engine is very narrow [31]. Once the
mixture is too lean, the engine is prone to misfire whilst the mixture is prone to self-ignition when it is
too rich [32]. Therefore, the in-cylinder excess air ratio must be precisely controlled by adjusting some
parameters such as the valve timing and the fuel injection timing to ensure the efficient and stable
operation of the LP-DF engine. Since the same specific heat quantity released by combustion is used to
heat a large mass of air, the peak temperature and consequently the NOx emissions are lower.

Figure 5. Lean-burn DF engine Otto combustion limits.
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Figure 6 depicts that the compression pressure of the LP-DF engine in dual-fuel mode is lower than
that of the diesel mode, which reduces the compression ratio in order to avoid knocking. In addition,
the opening timing of the exhaust valve in dual-fuel mode is adjusted. From Figure 6, the maximum
combustion pressure in diesel mode is about 4.8 MPa lower than that in the dual-fuel mode because of
the IMO TierII NOx emission limit requirement, which delays the diesel injection timing.

Figure 6. Comparison of dual fuel mode and diesel mode.

As shown in Figure 7, the average in-cylinder combustion temperature in the dual-fuel mode is
higher than that in the diesel mode and the peak combustion temperature is about 283 K higher. Besides,
the peak combustion temperature occurs earlier in the dual-fuel mode. Moreover, the combustion
duration of the dual-fuel mode is longer due to the lower flame propagation speed of natural gas.
Based on the above analysis, the primary task of the diesel mode design is to reach the IMO NOx
emission limit and for this reason, the power performance under high load has been reduced. Due to
the limitation of knocking, the primary task of the DF mode in the LP-DF engine is to ensure the stable
operation of the engine.

Figure 7. Comparison of pressure and temperature in different working modes.

3.2. The Effect of PCC Nozzle Diameter

To study the influence of the diameter of the PCC nozzle on the performance and emissions of the
dual-fuel engine, three schemes with a different PCC nozzle diameter of 10 mm, 16 mm, and 24 mm,
respectively were set for comparison. As shown in Figure 8, the boundary condition parameters of the
LP-DF engine are kept the same while the diameter of the PCC is changed to set the simulation cases.
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Figure 8. Different schemes of pre-combustion chamber (PCC) nozzle diameter.

3.2.1. Influence on Combustion

The diameter of the PCC nozzle not only affects the fuel mixing and the combustion in the
pre-chamber but also the flame propagation in the main combustion chamber. Figure 9 shows the
temperature distribution in the combustion chamber at different nozzle diameters. By studying the
temperature distribution of these three groups of combustion processes, it can be seen that the time at
which the flame propagates throughout the combustion chamber varies with different nozzle diameters.
When the nozzle diameter is D = 10 mm, the flame propagates throughout the entire combustion
chamber at 9◦CA after Top Dead Center (aTDC) while for D = 24 mm, the time at which the flame
propagates throughout the combustion chamber is 11◦CA aTDC. In addition, the flame front spreads
to the bottom of the combustion chamber earlier when the flame jet speed is higher. Conversely, the
flame front does not propagate to the bottom of the combustion chamber for the PCC nozzle with a
small diameter when the flame jet speed is slow, which indicates that the flame is more easily affected
by the in-cylinder airflow. Moreover, the flame propagates throughout the entire combustion chamber
at 6◦CA aTDC for the PCC nozzle diameter of D = 16 mm. Since the starting time of combustion are
the same in the three cases, the flame propagation speed in the cylinder is the fastest at D = 16 mm.

In Figure 9, the jet flame gradually becomes stronger as the diameter of the PCC nozzle increases
at −4◦CA before Top Dead Center (bTDC). Comparing the flame distributions of the three diameters,
the flame distribution is asymmetrical under the action of turbulence when the nozzle diameter is
small at −3◦CA bTDC. Besides, the flame jet is too thin to withstand the effects of in-cylinder gas
turbulence. Under the same pilot fuel injection conditions, the flame basically propagates to the bottom
of the combustion chamber when the nozzle diameter is 16 mm at −3◦CA bTDC but does not reach the
bottom of the combustion chamber for the other two diameters.

Figure 10 presents the flame velocity vector distribution under different PCC nozzle diameters
at −3◦CA bTDC. From Figure 10, the jet flame speed is large at D = 16 mm and relatively small at
D = 20 mm. At D = 10 mm, the flame is greatly affected by the turbulence, which means that the flame
intensity is the weakest in the three simulation cases.
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Figure 9. Temperature distribution in the combustion chamber.

Figure 10. Flame velocity vector distribution.

3.2.2. Influence on Performance

Figure 11 shows the calculated in-cylinder pressure under different PCC nozzle diameters at
100% load. It can be seen that the peak in-cylinder pressure gradually decreases as the diameter of the
nozzle increases while the crank-angle location of the in-cylinder pressure is substantially unaffected
by the PCC nozzle diameter. This is because when the diameter of the nozzle is too large, the jet flame
velocity from the pre-combustion chamber decreases, which means that the flame needs more time to
distribute inside the combustion chamber—making the combustion duration longer. Therefore, peak
pressure decreases with the increase of the PCC nozzle diameter.

The Rate of Heat Release (ROHR) curves are also depicted in Figure 11 under different nozzle
diameters. From Figure 11, the heat release rate is essentially the same at D = 10 mm and D = 16 mm.
Besides, the peak heat release rate is relatively lower, and the combustion duration is relatively long at
D = 24 mm—indicating that the combustion is relatively poorer inside the cylinder.
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Figure 11. Pressure and heat release rate at different PCC nozzle diameters.

Figure 12 illustrates the mean temperature in the cylinder under different PCC nozzle diameters.
From Figure 12, the peak in-cylinder temperature is the highest at D = 16 mm and there are no many
differences between the in-cylinder temperatures values for D = 10 mm and D = 16 mm. Moreover,
the peak in-cylinder temperature is the lowest for the nozzle with the large diameter D = 24 mm and
the peak temperature appears later than the other two cases (D = 10 mm and D = 16 mm). When the
fuel injection conditions are kept unchanged, the pre-chamber nozzle has an important influence on
the flow of the in-cylinder mixture and the combustion in the MCC. This is because after the same
quality of the pilot fuel is ignited, the jet flame enters the MCC through the pre-chamber nozzle and
the parameters such as the diameter and the angle of the pre-chamber directly affect the angle, the
position, and the speed of the flame.

Figure 12. Mean in-cylinder temperature at different PCC nozzle diameters.

Figure 13 depicts the effects of different PCC nozzle diameters on the amount of NOx emissions.
From Figure 13, NOx emissions are the lowest at D = 16 mm because the flame propagation speed
is the fastest and the combustion duration is the shortest for this diameter as can be seen from the
temperature distribution in Figure 9. Conversely, the NOx emissions are the highest at D = 24 mm
compared to the other cases because of the longer combustion duration and the slower flame spread,
which increases the formation of NOx emissions. The high-temperature environment has a great
influence on NOx emissions.
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Figure 13. NOx and HC emissions under different PCC nozzle diameters.

The HC emissions of the LP-DF engine under different PCC nozzle diameters are shown in
Figure 13. It can be seen from Figure 13 that the HC emissions at D = 16 mm are slightly higher than
those for D = 10 mm and D = 24 mm. This is because the flame propagation speed is relatively slow, the
combustion duration is longer, and the combustion is more complete when the PCC nozzle diameter is
D = 10 mm and D = 24 mm, thereby the HC emissions are relatively less.

The diameter of the pre-chamber nozzle affects the velocity of the flame jet and the propagation of
the flame in the combustion chamber. The changes in the in-cylinder pressure and the heat release
rate are the same when the nozzle diameters are D = 10 mm and D = 16 mm, which indicates
that the diameter of the PCC nozzle influences the engine performance and emission characteristics
when it changes within a certain range. However, the large nozzle diameter affects the heat release
duration of the mixture and the propagation speed of the flame in the combustion chamber, which is not
conducive to the rapid combustion of the mixture and affects the LP-DF engine emissions characteristics.
Appropriate PCC nozzle diameters can improve engine performance and reduce emissions.

3.3. The Effect of PCC Nozzle Angle

In order to study the effects of the PCC nozzle angle on the performance and emissions of
the LP-DF engine, the engine boundary condition parameters were assumed to remain unchanged.
As shown in Figure 14, four geometric schemes are designed for the PCC nozzle angles of 60◦, 65◦, 70◦,
and 75◦ (the angle between the PCC nozzle and the vertical direction). The current PCC nozzle angle
of the LP-DF engine is 65◦.

Figure 14. Different schemes of PCC nozzle angles.
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3.3.1. Influence on Combustion

The flame propagation process in the MCC under different PCC nozzle angles was simulated.
Because of the same injection conditions of pilot oil, the combustion in the PCC under different
nozzle angles was the same, only the propagation of the flame after entering the MCC was studied.
Figure 15 shows the temperature distribution in the combustion chamber of four PCC nozzle angles.
By comparing the four cases of the temperature distribution, it can be seen that the time at which the
flame propagates throughout the combustion chamber is different. When the angle between the PCC
nozzle and the vertical direction is 65◦, the flame propagates throughout the combustion chamber
at 6◦CA aTDC and the flame propagation speed is the fastest. At 60◦ PCC nozzle angle, the flame
propagates throughout the chamber at 8◦CA aTDC and when the PCC nozzle angle increases to 70◦
and 75◦, the flame propagates throughout the combustion chamber at 10◦CA aTDC.

Figure 15. Flame distribution in the combustion chamber.

From Figure 15, the direction of flame propagation is consistent with the nozzle angle when the
nozzle angle is 60◦ and 65◦ and the jet flame is symmetrically distributed in the cylinder. Besides, the
flame propagation direction does not propagate along with the direction of the PCC nozzle at 70◦ and
75◦ nozzle angle and the flame is distributed asymmetrically in the cylinder. This indicates indicated
that when the angle between the PCC nozzle and the vertical direction is too large, the flame passing
through the nozzle is affected by the turbulence of the mixture and cannot maintain propagation in the
same direction as the PCC nozzle. Moreover, the flame spreads throughout the whole combustion
chamber at 60◦ slightly later than when the nozzle angle is 65◦, which means that the small nozzle angle
is not conducive to the flame propagation in the combustion chamber and affects the burning speed.

Figure 16 shows the flame velocity vector distribution under different PCC nozzle angles at 3◦CA
bTDC. It can be seen that the velocity distribution is uniform and the flame is relatively less affected by
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the in-cylinder turbulence when the nozzle angle is 60◦ and 65◦. In addition, the flame propagation
velocity is large at 65◦ PCC nozzle angle comparing to that of other PCC nozzle angles.

Figure 16. Flame velocity vector distribution.

3.3.2. Influence on Performance

Figure 17 shows the in-cylinder pressure for different pre-chamber nozzle angles. From Figure 17,
the maximum in-cylinder pressure increases first and then decrease as the nozzle angle increases.
The highest combustion pressure in the cylinder occurs at 65◦ nozzle angle and the peak pressure
appears slightly earlier than the peak pressure at other angles. The change in heat release rate at
different nozzle angles is shown in Figure 17. It can be seen from Figure 17 that the peak of the heat
release rate obtained at 65◦ PCC nozzle angle is significantly higher than the heat release rate of the
other three angles. Besides, the slope of the heat release rate curve is large and the heat release time of
the mixture gas is relatively short at 65◦, which means that the mixture burns more quickly at this
nozzle’s angle.

Figure 17. In-cylinder pressure and heat release rate at different nozzle angles.

As can be seen from Figure 18, the maximum in-cylinder temperature first increases and then
decreases as the angle of the PCC nozzle increases. At 65◦ nozzle angle, the average temperature
in the cylinder is the highest and the temperature peak occurs slightly earlier than other conditions.
Consequently, the angle of the pre-chamber nozzle determines the direction of flame propagation
when the flame enters the main combustion chamber, and the difference in the direction of propagation
affects the combustion rate of the mixture.
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Figure 18. Mean in-cylinder temperature at different PCC nozzle angles.

Figure 19 shows the variation of the amount of NOx emissions under different PCC nozzle
angles. From Figure 19, the NOx emissions under the four PCC nozzle angles do not change too much.
The amount of NOx emissions generated at a 60◦ nozzle angle is slightly lower than that of the other
conditions. Although the combustion condition at 65◦ PCC nozzle angle is better than the other three
cases, the in-cylinder temperature is slightly higher. Therefore, the amount of NOx emissions is higher.
Nevertheless, the NOx emissions are not significantly affected by the angle of the pre-chamber nozzle.
Furthermore, the HC emissions generated at the nozzle angles of 60◦, 70◦, and 75◦ are relatively lower
than that formed at 65◦. This is can be explained by the fact that the flame propagation speed is
relatively slow and the combustion is more complete and lasts longer at these three angles, thereby the
HC emissions are relatively small.

Figure 19. NOx and HC emissions at different PCC nozzle angles.

Through the above analysis, the direction of jet flame propagation was affected by the angle of the
PCC nozzle while different flame propagation directions affected the flame diffusion and combustion
speed. Besides, the flame propagation was easily influenced by the turbulence of the in-cylinder
mixture when the angle of the PCC nozzle was too large and the PCC nozzle could not maintain the
flame propagation—resulting in the instability of flame propagation. Furthermore, the velocity of the
jet flame was affected by the small nozzle angle, which was not conducive to the rapid combustion of
the mixture.
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4. Conclusions

In this paper, the effect of different PCC chamber parameters on the performance and emissions
of a marine LP-DF engine was investigated using the 3D CFD simulation: PCC nozzle diameter and
PCC nozzle angle. The main conclusions are listed as follows:

(1) The pre-combustion chamber effectively organized the airflow in the cylinder and increased the
flame propagation speed to achieve efficient lean combustion. The diameter of the PCC nozzle
affected the propagation of the flame in the combustion chamber. Suitable PCC nozzle diameters
helped to improve the flame propagation stability and engine performance and reduce emissions.

(2) The angle of the PCC nozzle affected the direction of the flame propagation, which affected the
flame propagation speed and thus the occurrence of knocking. Optimizing the angle of the PCC
nozzle was beneficial to the organization of the in-cylinder combustion and helped to increase
the flame propagation speed.

(3) The 3D CFD simulation could be a powerful tool for LP-DF engine design. Future studies could
include other aspects such as the PCC volume ratio, the PCC nozzle length, and the variable
exhaust valve timing.
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Abbreviations

IMO International Maritime Organization
ECAs Emission Control Areas
NOx Nitrogen Oxides
SOx Sulfur Oxides
CO Carbon Monoxide
PM Particulate Matter
HFO Heavy Fuel Oil
LFO Light Fuel Oil
LP-DF Low-Pressure Dual-Fuel
HC Hydrocarbon
ISO International Organization for Standardization
CFD Computational Fluid Dynamics
1D One-Dimensional
3D Three-Dimensional
BSPC Brake Specific Pilot Fuel Consumption
BSGC Brake Specific Gas Consumption
CAD Computer Aided Design
PCC Pre-Combustion Chamber
MCC Main Combustion Chamber
GAV Gas Admission Valve
λ Air-Fuel Ratio
ROHR Rate of Heat Release
TDC Top Dead Center
◦CA Crank Angle Degree
bTDC Before Top Dead Center
aTDC After Top Dead Center
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