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Editorial

Special Issue on “Sustainable Modellings, Processes and
Applications for Societal Development”

Jun Wei Lim 1,* and Worapon Kiatkittipong 2,*

1 HICoE—Centre for Biofuel and Biochemical Research, Institute of Self-Sustainable Building,
Department of Fundamental and Applied Sciences, Universiti Teknologi PETRONAS,
Seri Iskandar 32610, Perak Darul Ridzuan, Malaysia

2 Department of Chemical Engineering, Faculty of Engineering and Industrial Technology,
Silpakorn University, Nakhon Pathom 73000, Thailand

* Correspondence: junwei.lim@utp.edu.my (J.W.L.); kiatkittipong_w@su.ac.th (W.K.)

Global society has experienced a tremendous development since the institution of civi-
lization. Indeed, the societal development is further intensified together with the new-age
transformation associated with the Fourth Industrial Revolution [1]. The upward ascending
society development is encompassing greater levels of energy, efficiency, productivity, com-
prehension, creativity and innovation in order to spur the intrinsic accomplishments [2].
In particular, the societal development is a continuous unabated process, interlocking from
one generation to other generations. Although the development is necessary to achieve
a decent enjoyment, various sustainable approaches have been explored and exploited
recently in targeting the rapid transformation relevant to societal development. The ap-
proaches include modellings to deal with simulation, change of matters, time and space,
analytical and statistical analyses and real case studies for future prediction [3,4]. The en-
hancement of the overall processes is undoubtedly essential in accounting for the escalation
of various demands, stemming from the population growth to approximately 10 billion by
2050 [5]. The processes include physical, biological and chemical modes for sustainable
technicality, treatment, bioremediation, control, production and development [6]. Ahead
of all that, the advancement of applications corresponding to the feedstock and products,
new materials, operations, systems, theories to know how and managing tangible and
intangible resources are the indispensable prerequisites in attaining a sustainable societal
development [7,8]. Therefore, the prime intention of this Special Issue is to document a
novel “Sustainable Modellings, Processes and Applications for Societal Development”.
The gaps among societies would be eventually narrowed in creating a global harmony
whilst enriching the natural environment.

Author Contributions: Conceptualization, J.W.L. and W.K.; resources, J.W.L. and W.K.; writing—
original draft preparation, J.W.L. and W.K.; writing—review and editing, J.W.L. and W.K. All authors
have read and agreed to the published version of the manuscript.
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Abstract: Groundwater is the source of all tap water in Kumamoto City, Japan. However, the
concentration of nitrate nitrogen (NO3

−-N) tends to increase every year due to the influences of over-
fertilization, field disposal of livestock manure, and inflow of domestic wastewater. A heterotrophic
nitrification–aerobic denitrification (HN-AD) system is an attractive approach for nitrate-nitrogen
removal. In this study, Rhodotorula graminis NBRC0190, a naturally occurring red yeast that shows
high nitrogen removal performance in glucose, was immobilized on calcium alginate hydrogel beads.
NO3

−-N removal efficiency exceeded 98% in the region of NO3
−-N concentration below 10 mg/L in

the model groundwater. Even after the same treatment was repeated five times, the denitrification
performance of the R. gra immobilized alginate hydrogel beads was maintained. Finally, when this
treatment method was applied to actual groundwater in Kumamoto City, it was possible to make the
water of even higher quality.

Keywords: Rhodotorula graminis; nitrate nitrogen; groundwater; heterotrophic nitrification; aerobic
denitrification; nitrogen removal

1. Introduction

Kumamoto City, with a population of 0.7 million, uses groundwater as its water source
for all its tap water. The water quality of groundwater sources in the city is comparable
to commercial mineral water, except for nitrate nitrogen [1]. The concentration of nitrate
nitrogen in the groundwater tends to increase every year due to the influences of overfertil-
ization, field disposal of livestock manure, and inflow of domestic wastewater. The removal
of nitrate nitrogen from groundwater is an important issue to be solved from the perspec-
tive of maintaining sustainability. Excess organic nitrogen entering the soil decomposes
into ammonium, nitrite, and nitrate ions in the soil. These ions return to nitrogen molecules
and organic nitrogen through denitrification and assimilation, respectively. In this way,
the nitrogen cycle proceeds, but excess nitrate nitrogen pollutes groundwater. Various
treatments have been applied to remove nitrate nitrogen from water sources; i.e., biological
removal [2–5], ion exchange [6,7], reverse osmosis [8], and chemical reduction [9–11].

Biological nitrification and denitrification are widely applied because they do not
pollute the environment and have low maintenance costs. Traditionally, nitrification
reactions under aerobic conditions and denitrification reactions under anaerobic conditions
have been treated in independent processes. Robertson and Kuenen [12] reported that
Thiosphaera pantotropha, a heterotrophic bacterium, acts on the denitrification reaction even
under aerobic conditions. The heterotrophic–aerobic denitrification system using such
bacteria has attracted much attention because of their advantages such as high tolerance in
acidic condition, high growth rate, and simultaneous nitrification and denitrification [13].
Bacteria with the ability to remove nitrogen by HN-AD include Agrobacterium sp. LAD9 [14],
Acinetobacter junii YB [15], Pseudomonas stutzeri T1 [16], Pseudomonas tolaasii Y-11 [17], and

Processes 2021, 9, 1657. https://doi.org/10.3390/pr9091657 https://www.mdpi.com/journal/processes
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Sporidiobolus pararoseus Y1 [4]. These studies have focused on wastewater treatment, and
there have been no reports of denitrification reactions in the dilute concentration range of
nitrate nitrogen below 10 mg/L.

Rhodotorula species have been found in soil, air, and plant-associated organisms in a
variety of environments ranging from the deep sea to deserts [18,19]. Rhodotorula graminis
has properties suitable for the production of L-Phenylalanine ammonia-lyase [20] and
lipids [21]. However, water treatment using Rhodotorula graminis has not yet been studied.

In the previous research [22], we found that the environmental-friendly and naturally
occurring yeast Rhodotorula graminis NBRC0190 (hereinafter referred to as R. gra) has a
high nitrate assimilation performance. Evaluated by R. gra flask culture experiments, it
was found that the system could remove 97% and 99% of nitrate nitrogen from dairy well
water (nitrate-nitrogen concentration = 23 mg/L) and treated water of a water purification
center (nitrate-nitrogen concentration = 45 mg/L), respectively. For practical application,
the immobilization of R. gra on porous substrates is necessary. The advantages of the yeast
immobilization system include increased activity due to high accumulation, reduced risk
of coexisting bacterial contamination, and recycling of yeast. Calcium alginate hydrogel
beads are commonly used carriers for the immobilization of biocatalysts [23] due to their
advantages of low cost, high porosity, and simplicity of preparation.

In this study, R. gra was immobilized in calcium alginate hydrogel beads. A leakage
test of R. gra from R. gra-immobilized alginate beads was carried out. The immobilized
R. gra beads were added to model water containing 10 mg/L nitrate nitrogen and incubated
with shaking to evaluate the nitrate-nitrogen removal, ammonia-nitrogen removal, and
repeated removal performance. Finally, nitrate-nitrogen removal tests were conducted
using groundwater from two locations in Kumamoto City.

2. Materials and Methods

2.1. Materials

R. gra was used after thawing a lyophilized product purchased from the Biological
Resource Center of the National Institute of Technology and Evaluation (NITE), Japan.
Glucose was used as the carbon source due to the low concentration of organic carbon in
groundwater. First, 0.6 g of sodium nitrate and 2 g of glucose were dissolved in 200 mL of
Czapek liquid medium and sterilized in an autoclave at 110 ◦C for 10 min. After sterilization,
the inoculating loop of R. gra was dipped into this medium. Shaking the culture was
performed at 20 ◦C and 50 rpm for 3–4 days. The free organisms of R. gra were obtained
by repeatedly centrifuging the pre-cultured suspension at 3000 rpm for 15 min and then
added to the Czapek liquid medium. For immobilized yeast, R. gra suspension was washed
by centrifugation with sterilized water and added to 0.5, 1.0, 1.5, and 2.0% sodium alginate
solution, and then, 1% CaCl2·H2O solution was added dropwise. The beads solidified into
a spherical shape at all concentrations of sodium alginate except 0.5%. After the sample
was allowed to stand for 30 min, the immobilized yeasts were collected by filtering and
added to Czapek liquid medium.

Model water containing 10 mg/L nitrate nitrogen was prepared using ion-exchange
water and NaNO3. In the previous study [22], we used a nitrogen concentration of
25–200 mg/L and a glucose carbon concentration of 500–4000 mg/L to remove nitrate
nitrogen by R. gra yeast. In the process of removing nitrate ions while growing this yeast,
we confirmed that a C/N ratio of 20 was sufficient, and therefore, the glucose concentration
was set at 200 mg/L in this study. Two types of groundwater were collected from Ku-
mamoto city, Japan. These waters had been sterilized in an autoclave at 110 ◦C for 10 min
for use in the experiments.

2.2. Methods

R. gra suspension (1 mL) or immobilized yeast suspension (10 mL) was added to
100 mL of the water medium containing 10 mg/L nitrate nitrogen, and the nitrate assimila-
tion reaction was carried out. The turbidity of the medium was assessed using a UV-vis
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spectrometer at 660 nm. It was confirmed that there was a direct proportional relationship
between the value of turbidity and the number of R. gra yeast counted by the microscopic
method. The sample solution was centrifuged at 3000 rpm for 10 min, and the supernatant
liquid was filtered through a 0.45 μm membrane filter to measure the nitrate-nitrogen
concentration and ammonia-nitrogen concentration. Determination of nitrate nitrogen
was performed by ion chromatography (IA-100, DKK-TOA Corporation, Tokyo, Japan).
Ammonia nitrogen and residual sugar concentrations were determined using a UV-vis
spectrophotometer by the indophenol blue method (630 nm) and Somogyi–Nelson method
(660 nm), respectively.

3. Results

3.1. Leak of R. gra Yeast from Alginate Hydrogel Beads

Figure 1 shows the change in turbidity caused by R. gra leaked from alginate beads
during the nitrate assimilation reaction. At a sodium alginate concentration of 2.0%, the
turbidity was slightly higher than at 1.0 and 1.5%, suggesting that the leakage of R. gra
slightly increased due to the volume expansion during the preparation of alginate hydrogel
beads. However, the turbidity increased in the early stage of the nitrate assimilation
reaction, but it did not change significantly in the subsequent reaction period. This suggests
that the initial increase is due to the leakage of R. gra attached to the surface of alginate
beads. Compared to the turbidity of the free bacterial suspension, the increase in turbidity
of the alginate beads was about 5% or less. In the subsequent experiments, alginate beads
were prepared with a concentration of 1.5% sodium alginate and 1% calcium chloride.

 

Figure 1. Change of turbidity (absorbance at 660 nm) of the medium caused by R. gra leaked
from alginate hydrogel beads during the nitrate assimilation reaction: R. gra suspension (1 mL)
or immobilized yeast suspension (10 mL) was added to 100 mL of the water medium containing
10 mg/L nitrate nitrogen. Sodium alginate concentration in the preparation of alginate beads with
R. gra, red circle, 1.0%, green circle, 1.5%, blue circle, 2.0%, black circle free R. gra suspension.

3.2. Effect of Yeast Density on Nitrate-Nitrogen Removal

Figure 2 shows the effect of yeast density in alginate beads on nitrate-nitrogen removal.
The yeast density in the beads was adjusted by changing the volume of 1.5% sodium
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alginate solution and the volume of R. gra suspension during the preparation of alginate
beads. The yeast density in alginate beads prepared by adding 1 mL of R. gra suspension
to 10 mL of sodium alginate solution is equivalent to 1 × 107 cells/mL. To eliminate the
effect of yeast leakage, the alginate beads that were re-cultured after one week of nitrate
assimilation reaction were used for this experiment. As shown in Figure 2, there was
no change in the removal rate of nitrate nitrogen by changing the density in the alginate
beads. This suggests that the reaction might be conducted on the surface without diffusing
into the beads at low nitrate-nitrogen concentration. In all conditions, the nitrate-nitrogen
concentration was below 0.2 mg/L, the detection limit by the ion chromatography method,
after 24 h of incubation. There are no data on the growth of R. gra in alginate beads, but the
beads became darker in pink color due to R. gra as the reaction progressed. In this study,
the effect of yeast density on the nitrogen assimilation reaction was small. However, the
activity of R. gra tended to decrease gradually for the high yeast density in alginate beads
and might be affected by miscellaneous germs for the low yeast density. Therefore, as a
standard preparation condition for alginate beads, the liquid volume of sodium alginate to
be mixed with 1 mL of R. gra suspension was set at 10 mL.

 

Figure 2. Change in nitrate-nitrogen concentration at various yeast densities in alginate hydrogel
bead. The detection limit of nitrate nitrogen by the ion chromatography method is 0.2 mg/L: Red
symbols, Volume of R. gra suspension was varied from 1, 3, 5, and 10 mL to 1 mL of sodium alginate
of 1.5% concentration. Circular symbols, Volume of sodium alginate at a concentration of 1.5% was
varied from 3, 5, 10, and 15 mL to 1 mL of R. gra suspension.

Residual carbon in drinking water is undesirable because it is a precursor for tri-
halomethane formation [24]. In these experiments with a C/N ratio of 20, the glucose
concentration decreased from 200 mg/L to less than 10 mg/L, which is the qualitative limit
of the Somogyi–Nelson method, in 24 h. As a result, it was confirmed that the amount of
glucose at C/N ratio 20 was sufficient for R. gra immobilized alginate beads as well as for
the removal of nitrate nitrogen in R. gra suspensions [22].

Zen et al. [4] used a red yeast, Sporidiobolus pararoseus Y1, for the denitrification reaction
of nitrate nitrogen. The results showed that the nitrogen removal efficiency with glucose
was 92.2% at a nitrate-nitrogen concentration of 14 mg/L for 72 h, and the average removal
rate was 0.39 mg·L−1·h−1. The results shown in Figure 3 indicate that the immobilized R.
gra has a high performance in nitrogen removal efficiency and the removal rate of more
than 98% and 1.0 mg·L−1·h−1, respectively.
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Figure 3. Comparison of nitrogen removal between denitrification of nitrate nitrogen and nitrification
of ammonia nitrogen by alginate beads: red circle, nitrate-nitrogen concentration, green circle,
ammonia-nitrogen concentration. The detection limit of nitrate nitrogen by the ion chromatography
method is 0.2 mg/L. The alginate beads were prepared by adding 1 mL of R. gra suspension to 10 mL
of 1.5% concentration sodium alginate solution. The detection limit of nitrate nitrogen by the ion
chromatography method is 0.2 mg/L, and that of ammonia nitrogen by the indophenol blue method
is 0.8 mg/L.

3.3. Simultaneous Removal of Nitrate Nitrogen and Ammonia Nitrogen

Nitrate-nitrogen removal and ammonia-nitrogen removal experiments were per-
formed independently using R. gra-immobilized alginate beads prepared under standard
conditions (10 mL of 1.5% concentration sodium alginate solution and 1 mL of R. gra
suspension). As shown in Figure 3, ammonia nitrogen was removed at the same rate as
nitrate-nitrogen removal, and it reached 0.8 mg/L, the detection limit by the indophenol
blue method, in 8 h. In the ammonia-nitrogen removal experiment, no nitrite nitrogen could
be detected in the samples. Similar results have been obtained with ammonia-nitrogen
removal by the red yeast Sporidiobolus pararoseus Y1 [4]. In this study, the removal rate of
ammonia nitrogen was almost equal to that of nitrate nitrogen, suggesting that the removal
of nitrate nitrogen is the rate-determining step.

Figure 4 shows the performance of R. gra yeast in removing ammonia nitrogen and
nitrate nitrogen under coexisting conditions. In this case, the total concentration of am-
monia nitrogen plus nitrate nitrogen was 20 mg/L, but the elemental ratio of glucose to
nitrogen was set at C/N = 20. Comparing Figures 3 and 4, it was found that the removal
rate of ammonia nitrogen did not change much. The concentration of nitrate nitrogen
decreased simultaneously with ammonia nitrogen in the early stage of the reaction, but
it increased at 5 h of incubation due to the formation of nitrate nitrogen by nitrification
of ammonia nitrogen. Then, after the ammonia nitrogen reached the detection limit, it
gradually decreased and reached the detection limit of nitrate nitrogen in about 20 h. In
these experiments, the initial glucose concentration of 400 mg/L was reduced to less than
10 mg/L, the detection limit by the Somogy–Nelson method, after 24 h.
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Figure 4. Simultaneous nitrogen removal of nitrate nitrogen and ammonia nitrogen by alginate
beads: red symbols, nitrate-nitrogen concentration, green symbols, ammonia-nitrogen concentration,
Circle and square symbols indicate first run and second run, respectively. The detection limit of
nitrate nitrogen by the ion chromatography method is 0.2 mg/L, and that of ammonia nitrogen by
the indophenol blue method is 0.8 mg/L.

3.4. Repeated Use of Alginate Beads Immobilized with R. gra

To examine the durability of R. gra immobilized alginate beads, the nitrate assimilation
reaction was first carried out. The concentration of nitrate nitrogen reached below the
detection limit in 24 h, as shown in Figure 5, and then, the beads were left to stand for 1 week.
After one week, the immobilized beads were transferred to a new medium containing
nitrate nitrogen and glucose, and the nitrate assimilation reaction was performed again. In
total, five nitrate assimilation reactions were performed over a period of 5 weeks. Excess
glucose (2000 mg/L) was added for the first incubation, but 200 mg/L glucose concentration
was added for the second and subsequent incubations. As shown in Figure 5, there was no
significant difference in the removal rate of nitrate nitrogen even after five repetitions. Even
when excess glucose was added in the first reaction, the removal rate did not change. These
results showed that the activity of the R. gra-immobilized alginate gel was maintained even
after the glucose in the solution was completely consumed in one week.

 

Figure 5. Repeated denitrification properties of alginate hydrogel beads with R. gra.
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3.5. Denitrification of Ground Water

In the water treatment experiments of groundwater in Kumamoto City, glucose with
a mass ratio C/N = 20 was dissolved in 100 mL of the sterilized groundwater, and then,
5 mL of immobilized R. gra was added. The mixed solution was incubated at 20 ◦C
and 50 rpm for 5 days with shaking. The ion concentrations were measured after the
denitrification reaction.

Table 1 summarizes the ion concentrations in groundwater collected from two wells
in Kumamoto City and treated with immobilized R. gra. These groundwaters contain
relatively high concentrations of nitrate ions, 36.4 mg/L and 32.1 mg/L. These values
were converted to nitrate-nitrogen concentrations of 8.22 mg/L and 7.25 mg/L, which
are close to the equivalent Japanese environmental quality standard of 10 mg/L. Water
treatment with R. gra reduced the nitrate ion concentration to below the detection limit for
well #1 and to 0.60 mg/L for well #2 at a culture time of 120 h. In actual groundwater, more
than 98% of nitrate ions were removed. In the treatment of groundwater, the Ca2+ and
Cl− ion concentrations increased due to leaching from the alginate hydrogel beads after
5 days of treatment, but in the actual process, the increase in these concentrations could be
controlled by optimizing the denitrification time. In drinking water treatment plants that
use groundwater as their source of water, the addition of glucose does not significantly
affect the overall cost because the cost of coagulants and other chemicals required for
advanced treatment is not required.

Table 1. Changes in water quality due to denitrification of groundwater.

Well #1 (Tensuiko) a) Well #2 (Myoukensan) b)

Before Water Treatment After Water Treatment Before Water Treatment After Water Treatment

[NO3
−] [mg/L] 36.4 <0.2 32.1 0.60

[Cl−] [mg/L] 6.5 22.8 9.0 43.2
[SO4

2−] [mg/L] 14.6 13.9 24.0 22.6
[PO4

3−] [mg/L] <1 <1 <1 <1
[NH4

+] [mg/L] <0.1 0.15 <0.1 <0.1
[Na+] [mg/L] 10.5 10.4 17.4 17.1
[K+] [mg/L] 2.9 3.6 9.4 10.3

[Mg2+] [mg/L] 6.2 5.0 5.8 4.8
[Ca2+] [mg/L] 14.2 26.7 17.8 37.0

pH 6.7 6.9 6.5 6.8
a) Kawautimachi, Nishi-ku, Kumamoto, b) Mitsugumachi, Kitaku, Kumamoto, The alginate beads were prepared by adding 0.5 mL of
R. gra suspension to 5 mL of 1.5% concentration sodium alginate solution. Experimental condition (Shaking culture was performed at 20 ◦C
and 50 rpm for 5 days., groundwater 100 mL, R. gra immobilized alginate hydrogel beads 5 mL, C/N = 20).

4. Conclusions

The leakage of R. gra immobilized on alginate beads was evaluated by turbidity; the
leakage increased after 50 h of incubation, but thereafter, the change in turbidity was small,
indicating that R. gra was stably immobilized. The nitrate-nitrogen removal experiments
were conducted at an initial nitrate-nitrogen concentration of 10 mg/L, assuming ground-
water treatment. The density of R. gra in alginate beads was varied by changing the amount
of 1.5% sodium alginate solution and the amount of R. gra suspension. However, it had
little effect on the removal behavior of nitrate nitrogen. The immobilized R. gra showed
high performance in nitrogen removal efficiency and the removal rate of more than 98%
and 1.0 mg.L−1·h−1, respectively. Ammonia-nitrogen removal by R. gra immobilized in
the alginate beads alone in a solution with an initial ammonia-nitrogen concentration
of 10 mg/L showed almost the same nitrogen removal property as the nitrate nitrogen.
However, in a mixed solution containing 10 mg/L of both nitrate nitrogen and ammonia
nitrogen, the removal of ammonia nitrogen proceeded regardless of the presence of nitrate
nitrogen at the beginning of the reaction, and then, the concentration of nitrate nitrogen
slightly increased due to the nitrification reaction, and then the concentration decreased
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to the detection limit of nitrate nitrogen within 24 h. Even after the same treatment was
repeated five times, the denitrification performance of the R. gra immobilized alginate
hydrogel beads was maintained. Finally, when the treatment method of this study was ap-
plied to actual groundwater in Kumamoto City, the nitrate ion concentration was reduced
to below the detection limit for well #1 and to 0.60 mg/L for well #2 at a culture time of
120 h. In actual groundwater, more than 98% of nitrate ions were removed. In addition,
the Ca2+ and Cl− ion concentrations increased due to leaching from the alginate hydrogel
beads after 5 days of treatment.

In order to apply the removal of nitrate nitrogen by R. gra immobilized alginate beads
in a drinking water treatment plant, the removal rate of nitrate nitrogen in a packed bed
bioreactor must be considered. The post-treatment of treated water containing residual
R. gra, etc. by filtration, adsorption, or disinfection should be investigated in the future.
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Abstract: Drift deposition of emerging and carcinogenic contaminant dicamba (3,6-dichloro-2-
methoxy benzoic acid) has become a major health and environmental concern. Effective removal of
dicamba in aqueous medium becomes imperative. This study investigates the adsorption of a promis-
ing adsorbent, MIL-101(Cr) metal-organic framework (MOF), for the removal of dicamba in aqueous
solution. The adsorbent was hydrothermally synthesized and characterized using N2 adsorption-
desorption isotherms, Brunauer, Emmett and Teller (BET), powdered X-ray diffraction (XRD), Fourier
Transformed Infrared (FTIR) and field emission scanning electron microscopy (FESEM). Adsorption
models such as kinetics, isotherms and thermodynamics were studied to understand details of the
adsorption process. The significance and optimization of the data matrix, as well as the multivariate
interaction of the adsorption parameters, were determined using response surface methodology
(RSM). RSM and artificial neural network (ANN) were used to predict the adsorption capacity. In
each of the experimental adsorption conditions used, the ANN gave a better prediction with minimal
error than the RSM model. The MIL-101(Cr) adsorbent was recycled six times to determine the
possibility of reuse. The results show that MIL-101(Cr) is a very promising adsorbent, in particular
due to the high surface area (1439 m2 g−1), rapid equilibration (~25 min), high adsorption capacity
(237.384 mg g−1) and high removal efficiency of 99.432%.

Keywords: adsorption; dicamba; artificial neural network model; response surface methodology;
metal-organic framework

1. Introduction

Anthropogenic activities such as crop cultivation, industrial processes and sewage
discharge result in the contamination of surface and ground water resources [1]. Herbicides
such as dicamba (3,6-dichloro-2-methoxy benzoic acid) are widely used to selectively kill
broad leave weeds that affect crop areas, gardens and road sides [2]. When applied in
excess, their residue remains in the environment and can be transported from point source
to nonpoint sources through leaching, run-off, subsurface drainage and spray drift [3].
Drift deposition of dicamba to non-intended areas has become a major environmental
concern, as it directly affects vulnerable crops even at low concentrations [4]. In the United
States of America (USA), an estimate of 1.5 million hectares of non-target soybeans were
destroyed by dicamba herbicides in 2017 due to uncontrolled drift and extend to 2018. The
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US Environmental Protection Agency (USEPA) implemented restrictio on the application
of dicamba in 2018. In 2019 the USEPA canceled the registration of dicamba herbicide that
restrict farmers to buy and use the products legally (USEPA, 2020).

The US and European Community Environmental Protection Agencies have listed
dicamba as a priority pollutant with possible carcinogenic and mutagenic effects [5].
Dicamba is easily bioaccumulated and biomagnified in the tissues of plants and aquatic
animals, which poses a serious health risk to humans and the environment at large [6].
Despite the environmental and health consequences of dicamba, many countries still adopt
it as an alternative to pest control. Hence, the removal of this toxic contaminant from water
becomes imperative.

Over the years, several physical and chemical treatment techniques such as advanced
oxidation process, adsorption, bioremediation, membrane filtration have been applied for
the removal of toxic contaminants in water [7]. One promising method that has been singled
out and applied for the remediation of recalcitrant contaminants in water is adsorption,
due to its low cost, simple operations, high selectivity, environmental benignity, convenient
recycling and availability of alternative materials [8,9]. Adsorbents such as mesoporous
silica [10], polymer [11] and clay material [12] have also been tested for the removal of
dicamba in aqueous medium. Yet, the ideal adsorbent for real world application with high
surface area, large pore volume, good water and thermal stability, fast equilibration time
and easy regeneration remains elusive [13].

Recently, porous materials such as metal-organic frameworks (MOFs) have received
considerable attention from researchers for application in water treatment, catalysis, gas
sensing, biomedical imaging and drug delivery [14,15]. MOFs are a new class of advanced
and porous materials that consist of a cluster of transition metal ion and organic linkers. The
high surface area, porous nature, multifunctionality, tunable pore size make MOFs a unique
material of interest in wastewater remediation [16,17]. Among the several MOFs reported,
the MIL-101(Cr) is an exceptionally promising material that has been applied for the re-
moval of contaminants such as pharmaceuticals, dyes and heavy metals in wastewaters [18].
The MIL-101(Cr) is formed from a combination of chromium (III) oxide octahedral trimers
and dicarboxylate linker, resulting in a high class of hybrid supertetrahedron azeotypic
mesoporous material [19].

The majority of adsorption studies only vary one parameter at a time; however, it has
been recognized that several parameters often act simultaneously on the adsorption pro-
cess. This conventional ‘one-parameter-at-a-time’ optimization approach is not only time
consuming, costly for industrial applications, but the shared interactions and impacts of
other parameters working together are not considered. In this study, we introduce a mathe-
matical and intelligent algorithm that works like the structure of the human neurons using
the central composite design response surface methodology and artificial intelligence. This
is done to determine the effects and provide due consideration to the shared interactions of
the adsorption process between dicamba and MIL-101(Cr) MOF. Additionally, the kinetics,
isotherms and thermodynamic processes that affect the adsorption were also studied.

2. Materials and Methods

Chromium nitrate nonahydrate (Cr(NO3)3·9H2O, 99%), 1,4-benzene dicarboxylic acid
(H2BDC, 99%), hydrochloric acid (HCl), HF (98%), acetone (98%), N-dimethyl formamide
(DMF, 99%), ethanol (99.9%), methanol (99%), and sodium hydroxide were purchased from
Avantis Laboratory (Perak, Malaysia) and were used without further purification. Dicamba
was sourced from Sigma-Aldrich (St. Louis, MO, USA).

2.1. Synthesis of MIL-101(Cr) MOF

The adsorbent was synthesized hydrothermally based on a previously reported pro-
cess [20]. Cr(NO3)3·9H2O (8 g) and H2BDC (3.32 g) were put in a 100 mL volumetric flask
containing deionized water. The solution was stirred using a magnetic stirrer and sonicated
for 30 min, respectively, for it to be homogenized. HF (10 mmol) was gradually added
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to the mixture and stirred for 15 min. The solution was then placed in a stainless-steel
Teflon-lined autoclave, sealed, and inserted into a preheated electric oven at 483 K for 8 h.
Next, the autoclave was allowed to cool to room temperature and the product was filtered
and recovered. The as-synthesized product was further purified using deionized water,
DMF and ethanol to remove possible impurities in the pores. The purified product was
finally dried overnight, cooled to room temperature, and stored in a desiccator prior to use.

2.2. Characterization of MIL-101(Cr) Adsorbent

The BET surface area and pore size of the MOF were analyzed by Micrometric ASAP
2020 using the N2 adsorption–desorption isotherm. The crystallinity and structural prop-
erties of the adsorbent were recorded on a Bruker D8 advanced X-ray diffraction (XRD).
Perkin Elmer FTIR Spectrometer was used to ascertain the functional group of the ma-
terial, which was scanned from 400 to 4000 cm−1. The morphology of the MOF was
determined by field emission scanning electron microscopy (FESEM) using the Zeiss supra
55 VP instrument.

2.3. Batch Adsorption Studies

Adsorption studies were done by preparing a stock solution of dicamba (1000 mg L−1).
A total of 100 mg of the analyte was dissolved in a volumetric flask of 1000 mL and was
stored at a temperature of 0 ◦C in a refrigerator before use. From the prepared stock, solu-
tions containing different initial concentrations (5–50 mg L−1) were studied by dispersing
20 mg of MIL-101(Cr) adsorbent in 100 mL conical flask. The total volume of 50 mL was
maintained in the experiments. Next, the flask containing different concentrations were
then inserted into a temperature regulated (incubator ES 20/60, Biosan, Riga, Latvia) and
shaken at 150 rpm for 1 h. At an interval of 5 min, the 2 mL sample solution was taken
out and filtered using a 0.45 μm nylon syringe membrane. The absorbance of the analyte
solution was measured in a UV-vis spectrophotometer (Shimadzu Lamda 25, Waltham
MA, USA). The pH in which the adsorption took palace was studied by varying the pH
from 2 to 12, and the effect of temperature was studied from 25 to 50 ◦C. The dosage was
also studied by varying the quantity of adsorbent from 5 to 50 mg. All the adsorption data
were recorded in triplicates from which the average values were calculated. The quantity
of dicamba adsorbed at equilibrium (qe), percentage removal (% R) and quantity adsorbed
at a time interval (qt) were calculated using the following equations:

qe =
(Co − Ce)V

w
(1)

%R =
(Co − Ct)

Co
× 100 (2)

qt =
(Co − Ct)V

w
(3)

where Co is the initial concentration, Ct and Ce are the time and equilibrium dicamba con-
centration (mg g−1), V represents the solution volume (L), and w is the adsorbent weight (g).

2.4. Adsorption Kinetics Studies

Adsorption kinetics is an important model that describes the rate of adsorbate uptake,
adsorption mechanism and the equilibrium time for the adsorption process. It is used to
determine the effectiveness and efficiency of the adsorbent material as well as the mass
transfer, which explains the rate-limiting steps in designing the adsorption system [21].
The kinetics results were fitted using the pseudo-first order, pseudo-second order and
intraparticle diffusion model, as described in the equation below [21,22].

Pseudo-first-order model

qt = qe

(
1 − e−k1t

)
(4)
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Pseudo-second-order model

qt =
K2q2

et
1 + K2qet

(5)

Intraparticle diffusion model

qt = KPt0.5 + C (6)

where qt and qe are the amount of dicamba adsorbed at certain equilibrium and time,
t (mg g−1), K1 (min−1) is the pseudo-first-order rate constant, K2 (g mg−1 min−1) is the
equilibrium rate constant of the pseudo-second-order and the intra-particle diffusion rate
constant is represented as Kp (mg g−1 min−1).

2.5. Adsorption Isotherm Studies

The isotherm model is used to describe the interaction mechanism that exists between
the adsorbate molecules with the adsorbent surface. Three isotherm models (Langmuir,
Freundlich and Temkin isotherms) were used to evaluate the experimental data. The
Langmuir isotherm depicts a monolayer adsorption interaction. The following equation
was used to analyze the model [23].

Ce

qe
=

1
KLqm

+
Ce

qm
(7)

RL =
1

1 + CoKL
(8)

where Ce is the concentration at equilibrium (mg g−1), qe is the quantity of dicamba and
dicamba adsorbed at equilibrium (mg g−1), qm and KL are the constants representing
adsorption capacity and adsorption energy, respectively. RL depicts the favorability of the
adsorption process (RL > 1, unfavorable; 0 < RL< 1, favorable; RL = 1, linear).

The Freundlich model describes a multilayer interaction on multiple adsorption sites.

log
(
qe
)
= log KF +

1
n

log Ce (9)

where KF is the Freundlich constant of adsorption capacity, n is the adsorption intensity
and Ce is the equilibrium concentration of dicamba (mg g−1).

The Temkin model is represented by the following equation:

qe = BlnAT + BlnCe (10)

where B is the heat of adsorption (Jmol) and AT is the Temkin equilibrium binding constant
corresponding with the maximum binding energy (L g−1).

2.6. Thermodynamics Studies

Thermodynamic parameters such as Gibbs free energy change (ΔG◦), enthalpy change
(ΔH◦) and entropy change (ΔS◦) were studied to assess the feasibility of the adsorption
process based on temperature changes. This helps to determine whether the adsorption
process is spontaneous, exothermic, or endothermic. The equations are given [24]:

ΔG◦ = −RT In KC (11)

ΔG◦ = ΔH◦ − TΔS◦ (12)

where ΔG◦ is the free energy (JK mol−1), T (K) and R (JK mol−1) are the temperature and
universal gas constant for the adsorption, respectively, and Kc is the equilibrium constant.
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2.7. Optimization by Response Surface Methodology (RSM)

The mathematical optimization of the shared interactions between the independent
and dependent process parameters for the adsorption of dicamba onto MIL-101(Cr) was
modeled using the central composite design (CCD) [25]. The data matrix design for the
experimental and predicted values is expressed using a second-order polynomial equation,
as described in Equation (13). The selected independent variables comprise of pH, initial
concentration, temperature, contact time and adsorbent dosage, while dicamba adsorption
capacity was designed as the dependent variable. The accuracy and significance of the
fitted model was ascertained by the analysis of variance (ANOVA) based on the probability
value (p-value) and the Fischer’s test value (F-value) at 95% confidence level. In addition,
the coefficient of determination (R2), R2 adjusted (R2adj) and predicted R2 were used as
diagnostic analyses to test the model performance [26].

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

k

∑
j≥i

βijxixj + ε (13)

where β0 represents the constant term, βi and βij describe the linear and interactive coeffi-
cient, respectively. xi, xj define the independent variables, k is the number of factors, y is
the predicted response and ε is the noise or error detected in the reply.

2.8. Artificial Neural Network (ANN) Model

The ANN model for this study was designed using the multilayer-perceptron feed-
forward-artificial neural network (MLP-FF-ANN) with a back-propagation algorithm and
activation function [27] to determine the dicamba adsorption capacity onto the MOF
adsorbent material. The ANN model mimics the functionality of the biological system of
the brain in disseminating information. The model can be subjected to learning process that
can predict the pattern and correlate the experimental dataset during the training [28]. The
method can be used to ascertain the effect of critical adsorption variables in the behavior of
a given outcome. The designed model consists of multiple neurons that are structured in
layers. The amount of selected hidden neurons were arrived at by trial through a process
of weighted connections during the training process [29]. A total of 60% of the datasets
were used to train the network, 20% for testing the model and 20% were used to validate
the model. The training datasets were used to train the model by modifying the weight of
the network through learning, the testing subset was applied to estimate the generalization
ability of the network, and the network efficiency was determined using the validation
dataset. Using this model, the diagnostic criteria including the root mean square error
(RMSE) and Akaike information criteria (AIC), standard square error (SSE) were considered
as the best fit to judge the performance of the adsorption process by regression analysis.
The following equations were used:

R2 = 1 − ∑(xi − yi)
2

∑ y2
i − ∑ y2

i
n

(14)

R2adj = 1 −
(

1 − R2
)( n − 1

n − p

)
(15)

RMSE =

√
1
n ∑

n
i = 1

(xi − yi)
2 (16)

AIC = nln
(

SSE
n

)
+ 2np +

2np
(
np + 1

)
n
(
np + 1

) (17)

where xi is the data observation that was expressed experimentally, yi represents the data
predicted, n and p are the number of observations and parameters.
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2.9. Regeneration and Reuse of the Adsorbent

The potential of recycling the MOF material after use is an important index to deter-
mine the quality of the adsorbent. After the adsorption experiments, the adsorbent was
decanted, washed and filtered with water and acetone severally. The material was then
dried in a vacuum at 80 ◦C for 4 h and reused as adsorbent for the removal of dicamba in
water. This was repeated for six cycles.

3. Results

3.1. Characterization of the MOF

The BET surface area of the MOF is 1439 m2 g−1, as highlighted in Table 1 and
Figure 1a, which is typical of highly porous materials. The diffraction pattern of the MIL-
101(Cr) (Figure 1b) adsorbent indicates peaks that are in agreement with those reported in
previous studies [30,31], confirming a well-formed crystallite structure of the MOF. The
functional groups of the MOF are presented in the FTIR spectra in Figure 1c. The band
at 567 cm−1 can be ascribed to the Cr–O bond that represents the formation of a well-
structured material, and the peaks of 746 and 1287 cm−1 were attributed to the stretching
of C–H [32]. The sharp peak of 1384 cm−1 denotes a symmetric vibration that shows the
presence of the dicarboxylate group in the MOF [33]. The peak at 1581 cm−1 is attributed
to C=C stretching vibration [34] and the strong-broad band around 3433 cm−1 shows the
presence of the O–H group in the material [35]. The FESEM image of the MIL-101(Cr)
(Figure 1d) is similar to that of a previous study [32].

Table 1. Surface properties of MIL-101(Cr) metal-organic framework (MOF).

Properties MIL-101(Cr)

BET surface area (m2 g−1) 1439
Langmuir surface area (m2 g−1) 2124
Micropore surface area (m2 g−1) 182

Pore size (nm) 0.773
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(b) 

(c) 

 

(d) 

Figure 1. Characterization of the MOF (a) N2 adsorption−desorption isotherm, (b) XRD pattern, and (c) FTIR spectrum (d)
FESEM spectrum of MIL-101(Cr).
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3.2. Adsorption Kinetics Models

The rate of adsorption uptake and equilibration time were used to determine the
adsorption kinetics. Hence, the efficiency of the dicamba removal was ascertained at
different initial concentrations (5 to 50 mg L−1), varied time from 5 to 60 min, optimum
pH condition (pH 4), dosage (20 mg) and temperature (40 ◦C). The result is shown in
Figure 2. Rapid removal efficiency was recorded within the first 5 to 10 min of contact
time, and the adsorption reached equilibrium in ~25 min with high adsorption capacity
of 237.384 mg g−1 due to favorable interaction, large pores, as well as active and vacant
adsorption sites of MIL-101 (Cr). This coincides with the high surface area of the MOF
(1439 m2 g−1). The contact time was extended until 60 min to ensure the maximum interac-
tion of the molecule with the MOF after equilibrium was attained. The optimum condition
of the kinetics studies with the highest adsorption capacity was attained with concentration
of 50 mg L−1, pH 4, dosage 20 mg, contact time ~25 min and temperature 40 ◦C.

Figure 2. Effect of contact time on dicamba adsorption. Dosage: 20 mg; concentration, 5–50 mg L−1; temp, 40 ◦C; equilibrium
time, 25 min and 150 rpm.

The values obtained for the different kinetic models are displayed in Table 2. The
results show that the Pseudo-second order kinetics model best fit the experimental data with
the highest coefficient of determination (R2 = 0.999), R2adj = 0.997, lowest RMSE = 0.003
and the least AIC value of –133.8. The qe values calculated for the pseudo-second order
is in good agreement with the experimental findings. Hence, the Pseudo-second order
model is represented in Figure S1a. The intraparticle diffusion mechanism was also used
to describe the kinetics behaviors of the adsorption process based on the interaction and
movement of the molecules inside the particles of the MOF adsorbent. The model describes
a multiple linear relationship that follows a multistep mechanism. The multistage process
is described in Figure S1b that represents an external diffusion of herbicides to the surface
of the adsorbent from the bulk phase, and the transport of the molecules from the surface
inside the pore of the MOF.
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Table 2. Adsorption kinetics parameters for the removal of dicamba.

Pseudo-First Order (mg L−1) qe, exp (mg g−1) qe, cal (mg g−1) K1 (min)−1 R2 R2adj RMSE AIC

5 24.860 10.432 0.152 0.08 0.744 0.753 −1.393
10 49.504 29.224 0.181 0.945 0.927 0.717 −1.395
20 98.011 57.512 0.205 0.803 0.737 0.723 −1.769
30 144.423 79.885 0.223 0.797 0.729 0.795 −0.853
40 190.903 133.499 0.235 0.832 0.776 0.686 −2.321
50 237.384 133.686 0.236 0.729 0.639 0.886 0.232

Pseudo-second order (mg L−1) qe, exp (mg g−1) qe, cal (g mg−1) K2 (g mg−1 min−1) R2 R2adj RMSE AIC

5 24.860 24.875 0.117 0.997 0.995 0.052 −74.97
10 49.504 49.751 0.041 0.998 0.995 0.027 −92.23
20 98.011 98.039 0.027 0.999 0.997 0.003 −110.5
30 144.423 144.927 0.023 0.996 0.995 0.009 −120.6
40 190.903 192.307 0.012 0.995 0.994 0.007 −127.8
50 237.384 238.095 0.016 0.995 0.994 0.005 −133.8

Intraparticle diffusion (mg L−1) Kp (mg−1 g−1 min1/2) C R2 R2adj RMSE AIC

5 2.048 8.736 0.579 0.438 5.232 1.211
10 4.147 16.375 0.616 0.488 7.977 3.211
20 8.099 33.913 0.588 0.45 9.949 4.493
30 11.883 51.503 0.571 0.428 11.961 5.773
40 15.837 65.345 0.59 0.453 14.848 9.951
50 19.363 86.049 0.57 0.458 15.016 11.122

3.3. Dicamba Adsorption Isotherms

The equilibrium data of the adsorption process was validated by the Langmuir, Fre-
undlich and Temkin isotherm models to study the surface properties and interaction
mechanism between the MOF and the adsorbate molecule. From the calculated results in
Table S1 and Figure 3, the Freundlich isotherm model best fits the adsorption process based
on the regression analysis with the highest R2 = 0.998, R2adj (0.997); lowest RMSE (0.023)
and the least AIC (−43.773) values. The Freundlich model shows a more linear curve that
implies an adsorption process with multilayer interaction on heterogeneous surfaces with
binding sites that are not equivalent [36].

Figure 3. Isotherm adsorption models of dicamba. (a) Langmuir, (b) Freundlich, and (c) Temkin. Dosage: 20 mg;
concentration of dicamba, 20 mg L−1; temperature, 40 ◦C; equilibration time, 25 min and rpm, 150.
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3.4. Effect of Temperature and Thermodynamic Studies

The thermodynamic studies were conducted by varying the temperature from 25 to
50 ◦C to understand the spontaneity of the adsorption process (Figure 4). An increase
in temperature leads to an increase in the adsorption of dicamba. As temperature rises,
the viscosity of the solution decreases, which accelerates the mobility of the adsorbate
molecules that facilitate the adsorption process [36]. The thermodynamic parameters are
described in Table 3. The continuous decrease in the values of the Gibbs free energy (ΔG◦)
due to an increase in temperature indicates a spontaneous process in the adsorption of
dicamba. The positive enthalpy change (ΔH◦ = 27.920 kJ mol−1) shows that the adsorption
of dicamba unto MIL-101(Cr) is endothermic. Also, the positive values of the standard
entropy change denotes the affinity and increased randomness at the liquid–solid interface
between the MOF and dicamba during the adsorption process [31].

Figure 4. Effect of temperature on the dicamba adsorption (concentration of dicamba, 20 mg L−1;
equilibration time, 25 min; rpm, 150).

Table 3. Thermodynamic parameters for the adsorption of dicamba onto MIL-101(Cr).

Temp (◦C) ΔG◦ (kJ mol−1) ΔH◦ (kJ mol−1) ΔS◦ (kJ mol−1 K−1)

25 −155.781 27.920 522.850
30 −158.395
35 −161.009
40 −163.624
45 −166.238
50 −168.852

3.5. Optimization of Process Parameters by Response Surface Methodology (RSM)

To study the interaction effect of the independent variables on the dicamba adsorption
capacity (qe mg g−1), the central composite design (CCD) was selected for the experimental
design data matrix for the statistical analysis. Thus, the significance of the data was
ascertained by the analysis of variance (ANOVA) in Table 4, containing the Model F-value
of 103.03 and p-values less than 0.05. The model signifies a minimum chance of 0.01% that
an F-value of this magnitude could exist by noise. The less p-values represent a statistically
significant model that can be used to predict the dicamba adsorption capacity. The second
order polynomial equation was developed using the data based on the coded factors as
shown in Equation (18). The coded levels and experimental input design are shown in
Table S2. The result obtained from the CCD-RSM multiple regression analysis gave a
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significant prediction with an R2 = 0.990, R2adj = 0.979 and R2 predicted = 0.955, which
indicate a positive relationship between the experimental and predicted response values.
Also, an adequate precision (AP) value of 37.738 that represents the ratio of response to
noise, further describes the significance of the model used. Using the RSM model, the
equation is represented as contact time (A), initial concentration (B), adsorbent dosage (C),
pH (D), and temperature (E).

Adsorption capacity of Dicamba (mg g−1) = 9.59 + 0.2910A + 2.58B + 0.0005C − 0.0093D + 0.0144E −
0.0135AB + 0.0991AC +0.0984AD − 0.0576AE + 0.0689BC + 0.0951BD − 0.1031BE − 0.0288CD + 0.0201CE +

0.0372DE − 0.0713A2 − 0.2494B2 + 0.0178C2 + 0.0061D2 + 0.0233E2
(18)

Table 4. Analysis of variance (ANOVA) for dicamba removal.

Source Sum of Square df Mean Square F-Value p-Value

Model 271.165 20 13.558 103.031 <0.0001
A-Contact time 2.800 1 2.800 21.279 <0.0001

B-Initial concentration 220.691 1 220.691 1677.078 <0.0001
C-Adsorbent dosage 9.130 1 9.126 6.940 0.993

D-pH 0.002 1 0.00284 0.021 0.0431
E-Temperature 0.006 1 0.006 0.052 0.0235

AB 0.005 1 0.005 0.044 <0.0001
AC 0.298 1 0.298 2.271 0.0354
AD 0.294 1 0.294 2.238 <0.0001
AE 0.111 1 0.111 0.849 0.3661
BC 0.151 1 0.151 1.148 0.2949
BD 0.287 1 0.287 2.188 0.1526
BE 0.338 1 0.338 2.569 0.1225
CD 0.026 1 0.026 0.200 0.6585
CE 0.012 1 0.012 0.097 0.7576
DE 0.044 1 0.044 0.335 0.5683

AÂ2 0.257 1 0.257 1.957 0.1750
BÂ2 2.744 1 2.744 20.858 0.0001
CÂ2 0.015 1 0.015 0.121 0.7310
DÂ2 0.001 1 0.001 0.014 0.9058
EÂ2 0.027 1 0.027 0.209 0.6516

Residual 3.026 23 0.131
Lack of Fit 3.026 22 0.137
Pure Error 6.121 1 6.124
Cor Total 274.192 43

R2 0.990
R2adj 0.979

R2pred 0.955

The multivariate interaction between the independent variables that determine the
dicamba adsorption capacity onto MIL-101(Cr) is depicted by the contour and 3D graph of
the RSM plots in Figure 5. The optimum adsorption condition is given as contact time is
25 min, initial concentration 50 mg L−1, adsorbent dosage 20 mg, pH 4 and temperature
40 ◦C. Hence, Figure 5a describes the shared interaction between initial concentration
(5-50 mg L−1) and contact time (5 to 60 min) with other parameters held at optimum
conditions. It can be seen that the adsorption capacity increases with increase in the
concentration of dicamba within a short time. The equilibration time of the adsorption is
reached in ~25 min and remain static with no further changes as the time extends to 1 h.
As the concentration increases, the force on the active and vacant pores of the adsorbent
will be intensified. These values are closely correlated with the experimental (qe) values
and calculated (qe) values of the kinetics model. The interaction between pH and time
was also studied by varying the pH from 2 to 12, as shown in Figure 5b. Hence, when
the pH is low (2 to 6), the solution of the herbicide will move to the anionic form, causing
it to be negatively charged due to deprotonation, resulting to a positively charged MIL-
101(Cr) surface [30]. This causes an electrostatic interaction to take place, resulting in a
high removal capacity due to the attraction of the negatively charged molecule with a
positive surface of the adsorbent. An increase in the solution pH value by varying the
range from 7 to 12 results in a negative charge surface of the MIL-101(Cr) thus, hindering
the electrostatic interactions to take place that lead to reduction in the adsorption capacity.
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This can be caused by the strong competition for active vacant sites between the –OH and
the herbicide molecules [37]. Also, when the pH of the solution is higher, some functional
groups comprising of carbonyl and hydroxyl will be in their protonated cationic form,
which retard efficient adoption. The influence of adsorbent dose and contact time on
adsorption capacity is described in Figure 5c. The adsorption increases as the adsorbent
dose increase from 5 to 20 mg. Further increase in the dosage above 20 mg did not result in
a significant change in the adsorption capacity. As such, 20 mg is selected as the optimum
dose for the effective removal of dicamba.

Figure 5. Multivariate interaction for adsorption capacity of dicamba (mg g−1), (a) initial dicamba concentration and contact
time, (b) solution pH and contact time (c) adsorbent dosage and contact time.
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3.6. Prediction Modeling by ANN

The ANN architecture for this study consists of five predictor variables (contact time,
initial concentration, adsorbent dosage, pH, and temperature), eight hidden neurons and
one output (dicamba adsorption capacity, qe (mg g−1)). Several topologies were trained,
tested, and validated based on the trial and error approach to learn the pattern of the data
for accurate prediction. The 5-8-1 topology developed after series of trial (Figure 6) gave
the best prediction with good correlation with the experimental values, and R2 = 0.999,
R2adj = 0.992 and RMSE = 0.053 as described in Table 5.

Figure 6. Artificial neural network architecture.

Table 5. Optimum conditions for designing the ANN prediction architecture.

Training Testing Validation

Numbers Neurons R2 R2adj RMSE R2 R2adj RMSE R2 R2adj RMSE

1 [3] 0.992 0.988 4.774 0.966 0.951 3.012 0.988 0.901 2.930
2 [4] 0.994 0.991 1.512 0.984 0.975 0.431 0.984 0.954 2.270
3 [5] 0.987 0.975 0.958 0.990 0.983 1.011 0.991 0.986 0.824
4 [6] 0.991 0.977 0.973 0.987 0.981 0.621 0.986 0.911 0.716
5 [7] 0.993 0.991 0.403 0.991 0.980 1.006 0.984 0.972 0.531
6 [8] 0.999 0.992 0.053 0.998 0.996 0.033 0.994 0.988 0.043
7 [9] 0.995 0.991 0.061 0.993 0.988 1.210 0.996 0.941 0.094
8 [10] 0.998 0.981 0.166 0.995 0.992 0.922 0.992 0.987 0.428
9 [5 5] 0.988 0.985 0.975 0.977 0.969 0.221 0.988 0.930 0.807

10 [5 7] 0.983 0.980 0.392 0.981 0.980 1.861 0.990 0.906 0.278
11 [6 7] 0.982 0.972 0.866 0.980 0.971 1.901 0.983 0.966 0.081

3.7. Evaluation of the Prediction Performance of RSM and ANN Model

The RSM and ANN were used to model and predict the dicamba adoption capacity
unto MIL-101(Cr). The results obtained from both models are in good agreement with the
experimental findings in Table 6, but the ANN model performs better in comparison with
the RSM. In every experimental condition selected in studying the adsorption process, the
ANN model showed a better prediction with a high level of significance as well as validated
the experimental results. The ANN has R2 = 0.999, R2adj = 0.992 and RMSE = 0.053, while
for RSM, R2 = 0.990 and R2adj = 0.979. Less error is observed in the ANN model than the
RSM. This is due to the fact that the ANN mimics the nervous system of the human by
understanding the data combination, as well as generalizes the multivariate correlation
between the experimental and the predicted variables.
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3.8. Reusability Studies

The feasibility for the repeated removal of dicamba in aqueous medium by MIL-
101(Cr) was evaluated to determine the possibility of regeneration and reuse (Figure 7).
High removal percentage was maintained by the adsorbent after the third cycle (~99.4%).
A small decline in the removal (2, 5, and 6%) is noticed after the fourth, fifth and sixth
cycles, respectively. Nevertheless, the MOF retain > 90% removal efficiency even after the
sixth cycle.

Figure 7. Reusability of MIL-101(Cr) adsorbent.

3.9. Comparison with Different Adsorbents

The adsorption characteristics of several adsorbent materials that were previously
reported for the remediation of dicamba from aqueous medium are summarised in Table 7.
MIL-10(Cr) adsorbent shows more superiority in terms of the surface area that is higher
(1439 m2 g−1), adsorption capacity (237.384 mg g−1), % removal efficiency (99.432%), as
well as fast equilibration time (~25 min). Comparison of reusability is not possible for the
other adsorbents as it is not mentioned in all the earlier studies (Table 7).

Table 7. Comparison of different materials reported for the remediation of dicamba from water.

Adsorbent
Surface Area,

(m2 g−1)
Concentrations (mg L−1) (%) R

Qe

(mg g−1)
Equilibrium Time (min) Reuse Ref.

Carbon
nanotubes 600 50 86 21 Not reported Not

reported [38]

Clay material 204 50 80 30 Not
reported [39]

Mesoporous
carbon 876 50 NIL 222 60 Not

reported [40]

Vinyl and
NH2@COF 336 92 13 Not reported Not

reported [41]

MIL-10(Cr) 1439 50 99 237 25 6 This work

4. Conclusions

A detailed evaluation of the optimization and adsorption of dicamba from aqueous
solution was successfully demonstrated by using MIL-101(Cr). The adsorption best fitted
the pseudo-second order kinetics and the Freundlich isotherm. The removal of dicamba
was spontaneous and was endothermic in nature. The RSM and ANN models were
used to optimize and model the adsorption process with a high level of significance.
The shared interaction of the adsorption parameters were studied to understand the
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multivariate impact on the removal process. ANN gave better prediction with the highest
coefficient of determination and minimum error for each studied experimental condition
when compared with RSM. The adsorption capacity of dicamba (qe mg g−1) is in good
agreement with the experimental and calculated qe kinetics values. The MIL-101(Cr)
displayed numerous advantageous features such as fast equilibration (~25 min), high
adsorption capacity (237.384 mg g−1), excellent percentage removal (99.432%) and high
surface area (1439 m2 g-1) when compared to other reported adsorbents. Furthermore,
prospects for reusability were good as the adsorbent retained removal efficiency of 93% even
after the sixth cycle. Commercial exploitation of this adsorbent must focus on production
routes that are not only cost-effective but also environmentally benign.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
717/9/3/419/s1, Figure S1: (a) Pseudo-second-order kinetics and (b) intraparticle diffusion model
kinetics for dicamba adsorption (Dosage: 20 mg; 40 ◦C; equilibrium time: 25 min, rpm: 150);
Table S1: Isotherm parameters for adsorption of dicamba onto MIL-101(Cr); Table S2: Coded range
for independent variables for the CCD-RSM design matrix.
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Abstract: Due to the substantial usage of fossil fuels, the utilization of lignocellulosic biomass as
renewable sources for fuels and chemical production has been widely explored. The dissolution of
lignocellulosic biomass in proper solvents is vital prior to the extraction of its important constituents,
and ionic liquids (ILs) have been found to be efficient solvents for biomass dissolution. However,
the high viscosity of ILs limits the dissolution process. Therefore, with the aim to enhance the
dissolution of lignocellulosic biomass, a series of new ether-functionalized ILs with low viscosity
values were synthesized and characterized. Their properties, such as density, viscosity and thermal
stability, were analyzed and discussed in comparison with a common commercial IL, namely 1-butyl-
3-methylimidazolium chloride (BMIMCl). The presence of the ether group in the new ILs reduces
the viscosity of the ILs to some appreciable extent in comparison to BMIMCl. 1-2(methoxyethyl)-3-
methylimidazolium chloride (MOE-MImCl), which possesses the lowest viscosity value among the
other ether-functionalized ILs, demonstrates an ability to be a powerful solvent in the application
of biomass dissolution via the sonication method. In addition, an optimization study employing
response surface methodology (RSM) was carried out in order to obtain the optimum conditions
for maximum dissolution of biomass in the solvents. Results suggested that the maximum biomass
dissolution can be achieved by using 3 weight% of initial biomass loading with 40% amplitude of
sonication at 32.23 min of sonication period.

Keywords: biomass; dissolution; ionic liquids; ultrasonic; optimization; RSM

1. Introduction

A rapid growth in world population has led to high demand in fuel and chemicals
supply [1]. The annual consumption of petroleum in 2007 was at 4.4 × 106 tons per year
with 10% utilization for petrochemical feedstocks [2,3]. High demand for raw materials
supplies in the chemical production industry has led to elevated prices of petroleum due
to its limited source. A statement provided by BP on World Energy Day in 2014 suggested
that the raw crude oil supply will only be able to last for 53.3 years [4]. Therefore, due to
this alarming situation, the search for new renewable feedstock has become the main target
for researchers.

Lignocellulosic biomass, an inedible portion of dry plant materials, contains cellulose,
hemicellulose and lignin, and this biomass is typically disposed of by combustion [5].
Since decades ago, lignocellulosic biomass has gain researcher interest as a new alternative
chemical feedstock as it is abundantly available and easily obtained through agriculture
activities [6,7]. This signifies a large supply with affordable cost for biofuel and chemical
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production [6,8]. Numerous studies have shown that all biomass constituents have the
potential to be converted into various simple chemicals such as fuel ethanol, furfural, lactic
acid, phenolic aldehydes and cyclohexane [9,10]. However, due to the high recalcitrance
of lignocellulosic biomass, mainly towards organic solvents, which is due to amphiphilic
properties of cellulose, the search for the suitable solvents for dissolution is a crucial
step prior to any conversion processes in order to extract all constituents and reduce the
biomass crystallinity thus, in turn, helps to improve cellulose accessibility [7,11]. Several
pretreatment methods have been developed, such as ammonia explosion, acid and alkali
pretreatment [12]. However, these processes suffer several drawbacks, such as the gen-
eration of a huge amount of wastes into the environment, the requirement of expensive
catalysts and the formation of undesirable compounds [13,14].

Ionic liquids (ILs) have been recognized as potential solvents for dissolving biomass
and extracting cellulose, hemicellulose and lignin. Generally, an IL is defined as a molten
salt, composed entirely of ions and has a melting point lower than 100 ◦C [15]. The avail-
ability of numerous anions and cations combinations allows ILs to be synthesized based on
applications of interest with tunable properties. In addition, ILs possess exceptional physi-
cal properties such as broad liquidus range, negligible vapor pressure and high thermal
stability [16,17]. As a large portion of lignocellulosic biomass consists of cellulose with the
amphiphilic property [18], ILs have been recognized as a potential pretreatment solvent to
dissolve lignocellulosic biomass. Nevertheless, ILs normally possess high viscosity values,
and this provides the main challenge in the application of ILs as solvents for lignocellulosic
biomass dissolution. Highly viscous ILs such as 1-butyl-3-methylimidazolium chloride
(BMIMCl) and 1-ethyl-3-methylimidazolium chloride (EMIMCl) cause a reduction in the
mass transfer of solute during dissolution, and this eventually leads to the decline of the
percentage of biomass dissolved in the ILs. The studies conducted by Fukaya et al. and
Zhang et al. have shown that ally-based ILs with lower viscosity values as compared to
alkyl-based ILs demonstrated better dissolution ability [19,20].

Therefore, the introduction of various functionalized groups has been explored to alter
the viscosity of ILs. In order to reduce the viscosity of ILs, an ether functional group has
been proposed to replace one of the methylene groups, CH2, in the alkyl chain structure of
the ILs. Unlike the carbon atom, which forms bonds with four atoms in the alkyl chain,
the oxygen atom in the ether functional group may only bond to another two atoms, and
this provides rotational flexibility to the structure of the ILs and consequently reduces the
viscosity of the ILs. However, this theory is vaguely discussed. The molecular dynamic
study done by Siqueira and Ribeiro has shown that flexible alkyl chain has resulted in
less effective structure assembly, which then caused a reduction in ILs viscosity [21].
Although the work related to low viscosity ILs as solvents for biomass dissolution has
extensively been done, the combination of ether-functionalized ILs with the implementation
of sonication has not yet been reported in detail. Previously, our group has reported a
comparison study between ether-functionalized and non-functionalized ILs for bamboo
biomass dissolution [22]. Therefore, to further explore the effect of ether-functionalized ILs
towards biomass dissolution, another three ether-functionalized, which include alkoxyethyl
and alkoxymethyl groups, ILs were synthesized. Additionally, the effect of two different
ether groups, which are methoxyethyl and methoxymethyl, towards melting point and
thermal stability, was also discussed.

In addition, the present work was carried out to determine the optimization condition
for biomass dissolution in newly synthesized ether-functionalized ILs assisted by sonica-
tion using response surface methodology (RSM). RSM is an empirical model involving
mathematical and statistical methods to analyze the proposed experimental condition
with an objective to obtain an alternative strategy for various processes and optimize
selected variables to find the best performance for the selected response [23]. The RSM
study normally involves multiple steps, which are (1) preliminary study for identifying
independent variables that affect the response, (2) the selection of suitable experimental
design and experimental works, (3) statistical analyses, (4) the evaluation of model fitness,
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(5) model verification, and (6) getting an optimum value for each variable [24]. In this work,
the preliminary study was performed at conditions that were predetermined during the
screening process of selecting the best IL for the optimization study. Further work focusing
on the optimization process using selected ether-functionalized IL and model validation
was carried out by using RSM.

2. Materials and Methods

2.1. Materials

Chemicals of analytical grade were used without further purification process for the
synthesis of ether-functionalized ILs and biomass dissolution. The CAS number, source
and grades of the chemicals used are as follows: 1-methylimidazole (616-47-7, Merck, 98%),
1-butylimidazole (4316-42-1, Merck, 98%), 2-chloroethyl methyl ether (627-42-9, Merck, 98%),
chloromethyl ethyl ether (3188-13-44, Sigma-Aldrich, 95%), 2-chloroethyl ethyl ether (628-34-2,
Sigma-Aldrich, 99%), dimethyl sulfoxide (67-68-5, Merck, 99.9%), dichloromethane (75-09-2,
Merck, 99.9%), diethyl ether (60-29-7, Merck, 99.9%), ethyl acetate (141-78-6, Merck, 99.9%),
1-butyl-3-methylimidazolium chloride (79917-90-1, Merck, 99%).

The bamboo biomass from species of Gigantochloa scortcheninii, a native plant of
Malaysia commonly known as “buluh semantan”, was obtained from the bamboo process-
ing industry in Seri Iskandar, Malaysia. The bamboo was ground into a powder and sieved
into particle sizes of <500 μm by Retsch Test Sieve, AS 200.

2.2. Synthesis of Ether-Functionalized ILs

The synthesis procedure for each ether-functionalized ILs is described in this section.
The structural confirmation of the synthesized ether-functionalized ILs was done by 1H
and 13C NMR (Bruker Advance III, 500 MHz) and DMSO-d6 was used as a solvent. The
1H and 13C chemical shifts are reported in part per million (ppm). The multiplicities are
abbreviated as singlet (s), duplet (d), triplet (t) and multiplet (m). The structures of the ILs
are shown in Figure 1, and the NMR results are also given in this section.

Figure 1. Structures of ether-functionalized ionic liquids (ILs).

2.2.1. 1-(2-Methoxyethyl)-3-Methylimidazolium Chloride (MOE-MImCl)

An equal molar of 2-chloroethyl methyl ether was added into a 50 mL round-bottomed
flask containing 0.05 mol of 1-methylimidazole. The mixture was refluxed at a temperature of
80 ◦C for 48 h with continuous stirring resulted in an amber color liquid. Then, 15 mL of ethyl
acetate was added into the IL, and the mixture was shaken several times to remove excess
reactants. Ethyl acetate was then removed under reduced pressure using a rotary evaporator.
This step was repeated five times to ensure complete removal of excess reactant.

1H NMR (500 MHz, DMSO-d6): δ 9.536 (s, 1H, (imi)), 7.887 (d, 1H, (imi)), 7.833 (d, 1H,
(imi)), 4.402–4.422 (t, 2H, CH2), 3.3661–3.681, (t, 2H, CH2), 3.902 (s, 3H, CH3), 3.240 (s. 3H,
CH3), 13C NMR (500 MHz, DMSO-d6): δ 137.43123.87, 123.05, 70.05, 58.48, 48.92, 36.16.

2.2.2. 1-Ethyoxymethyl-3-Methylimidazolium Chloride (EOM-MImCl)

0.05 mol of 1-methylimidazole was dissolved in 30 mL dichloromethane (DCM). The
reaction was stirred continuously at room temperature for a few hours. Then, the flask was
immersed in an ice bath. As the temperature reached 0 ◦C, 0.05 mol of chloromethyl ethyl
ether was added dropwise. The mixture was continuously stirred at room temperature
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for 6 h. DCM was then removed using a rotary evaporator. The resulting white solid was
washed with 20 mL diethyl ether three times to remove the unreacted reactant. Diethyl
ether was removed under vacuum.

1H NMR (500 MHz, DMSO-d6): δ 9.660 (s, 1H, (imi)), 7.943 (d, 1H, (imi)), 7.862 (d, 1H,
(imi)), 5.624 (s, 2H, CH2) 3.919 (s, 3H, CH3) 3.540–3.554 (m, 2H, CH2), 1.091–1.119 (t, 3H,
CH3), 13C NMR (500 MHz, DMSO-d6): δ 137.84, 124.41, 122.36, 78.14, 65.00, 36.37, 15.06.

2.2.3. 1-(2-Ethoxyethyl)-3-Methylimidazolium Chloride (EOE-MImCl)

0.05 mol of 2-chloroethyl ethyl ether was added into a 50 mL round-bottomed flask
containing 0.05 mol 1-methylimidazole. The reaction was stirred continuously for 96 h at
80 ◦C resulting in a yellowish color liquid. The IL was washed with 15 mL of ethyl acetate
five times to remove excess reactants. Ethyl acetate was then dried under vacuum pressure.

1H NMR (500 MHz, DMSO-d6): δ 9.530 (s, 1H, (imi)), 7.887 (d, 1H, (imi)), 7.833 (d, 1H,
(imi)), 4.402–4.422 (t, 2H, CH2), 3.3661–3.681, (t, 2H, CH2), 3.902 (s, 3H, CH3), 3.240 (s. 3H,
CH3), 13C NMR (500 MHz, DMSO-d6): δ 137.40, 123.86, 123.08, 68.01, 65.92, 49.18, 36.18, 15.33.

2.2.4. 1-(2-Methoxyethyl)-3-Butylimidazolium Chloride (MOE-BImCl)

An equal molar of 2-chloroethyl methyl ether was added into a 50 mL round-bottomed
flask containing 0.05 mol of 1-butylimidazole. The mixture was refluxed with continuous
stirring at temperature 80 ◦C for a week resulting in a viscous, yellowish liquid. Ethyl
acetate was added, and the mixture was shaken several times to remove an unreacted
reactant. Ethyl acetate was then discarded while the excess solvent was removed using a
rotary evaporator.

1H NMR (500 MHz, DMSO-d6): δ 9.362 (s, 1H, (imi)), 7.843 (d, 1H, (imi)), 7.812 (d, 1H,
(imi)), 4.367–4.385 (t, 2H, CH2), 4.192–4.221 (t, 2H, CH2), 3.682–3.702 (m, 2H, CH2), 3.261
(s, 3H, CH3), 1.1742–1.801 (m, 2H, CH2), 1.223–1.268 (m, 2H, CH2), 0.895–0.912 (m. 3H, CH3),
13C NMR (500 MHz, DMSO-d6): δ 137.02, 123.20, 122.74, 70.03, 58.43, 49.00, 48.90, 31.84,
19.21, 13.00.

2.3. Characterization of Ether-Functionalized ILs

The structural confirmation of the synthesized ether-functionalized ILs was done by
1H and 13C NMR (Bruker Advance III, 500 MHz) and DMSO-d6 was used as a solvent. The
1H and 13C chemical shifts are reported in part per million (ppm). The multiplicities are
abbreviated as singlet (s), duplet (d), triplet (t) and multiplet (m).

The thermal stability measurement of ether-functionalized ILs was done by using TGA
(PerkinElmer, STA 6000). An approximate 5.00 mg sample was loaded in a crucible pan,
and the measurement was carried out with a heating rate at 10 ◦C/min in the temperature
range at 50–650 ◦C under 20 mL/min nitrogen flow.

The calorimetric measurements were done by employing DSC (Mettler Toledo, DSC-1)
in the temperature range of −150 to 150 ◦C at a heating rate of 10 ◦C/min. Each sample
was weighed to approximately 10.00 mg and sealed in aluminum pans. The samples were
cooled to the temperature of −150 ◦C at the rate of 10 ◦C/min before heating to 150 ◦C at
the same rate. The data were collected at the second cooling heating scan.

The measurements of viscosity and density of ether-functionalized ILs were done
simultaneously by using SVM 3000 from Anton Parr. Then, 4–5 mL of samples were
injected by using a 5 mL syringe into the instruments, and the measurement was carried
out at atmospheric pressure in the temperature range of 293.15–363.15 K.

2.4. Dissolution of Bamboo in Ether-Functionalized ILs

Bamboo biomass (5 wt %) was added into a 16 mL vial containing 2.0 g of IL. The
dissolution of biomass was done using a direct 6 mm sonication probe couples with Sonic
Vibra Cell processor with power and frequency of 500 W and 20 kHz, respectively. The
probe sonicator was inserted into the mixture IL/biomass to a point about 1/3 of the total
height from the surface to ensure optimum acoustic power supply [25]. The performance
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of biomass dissolution was quantitatively measured based on the method suggested by
Sun et al. [26]. The mixture was added into a beaker containing DMSO and stirred for 30
min. The precipitate was separated under centrifugation (4000 rpm, 15 min) and washed
with distilled water a few times to remove excess ILs. The precipitate was dried in an oven
at 80 ◦C for 6 h. The calculation for the percentage of biomass dissolution in ILs is shown
in Equation (1):

Dissolution percentage = [(Wi − Wp) / Wi] × 100 (1)

Wi is the initial mass of sample loading, and Wp is the undissolved residue left after
the addition of DMSO. It must be noted that the addition of DMSO did not cause the
dissolution of biomass as biomass has a more complicated structure, which prevents it
from dissolving in DMSO. This was proven by functional group analysis done by Sun and
coworkers in which the collected undissolved residue spectra were in line with spectra of
biomass before undergoing dissolution [26].

Optimization of Bamboo Dissolution in Ether-Functionalized ILs

This part of the study investigates the effect of three independent variables towards
bamboo biomass dissolution in the selected ether–functionalized IL by employing Box–
Behnken (BB) design using Design Expert. The objective of the experimental design is to
optimize the response variables, which is the percentage of biomass dissolved. The IL chosen
is MOE-MImCl because it exhibits the best biomass dissolution performance during the initial
stage of the study. Three independent variables, which are ultrasonic amplitude (A, 20 to 40%),
the period of sonication (B, 10 to 60 min) and initial biomass loading (C, 2.0 to 8.0 wt %), were
studied at three levels for a total of 17 runs with five repetitions at the central point as shown
in Table 1, and the percentage of bamboo dissolved in ILs reported as the response.

Table 1. Experimental design for response surface methodology (RSM).

Variables Coding Unit
Coded Level Experiments Factor

−1 0 1

Ultrasonic amplitude A % 20 30 40
Period of sonication B minutes 10 35 60

Initial biomass loading C wt % 2 5 8

The lowest and highest points for each variable were selected based on the literature
review and preliminary studies. The experimental data obtained were analyzed for the
determination of significance level using one-way analysis of variance (ANOVA) [27].
Meanwhile, the model equation proposed by design was validated by carrying out experi-
ments based on the suggested solution for optimum conditions.

3. Results

3.1. Thermal Properties of Ether-Functionalized ILs
3.1.1. Thermal Stability

Various studies that have been carried out suggested that the introduction of ether
will alter the thermal properties of ILs by reducing their thermal stability and melting
point in comparison to imidazolium ILs without ether group [28–30]. Table 2 lists the onset
temperature (To) for synthesized ether-functionalized ILs, and the result was compared
with BMIMCl from a previous publication [31]. The incorporating of ether should have
reduced the To of ether-functionalized ILs as compared to BMIMCl due to the weak
electrostatic interactions between cation and anion caused by the electron-donating effect,
as can be seen in EOM-MImCl [32,33]. However, the opposite result was observed for
MOE-MImCl, EOE-MImCl and MOE-BImCl in which their To do not significantly differ
from BMIMCl at the same reaction rate. Besides this, EOM-MImCl with the substituent
group of alkoxymethyl showed a noticeable reduction in To. This may be due to the short

34



Processes 2021, 9, 261

space that exists between the alkoxy oxygen atom and quaternary nitrogen atom as it is
only separated by one methylene group in the cation’s structure as compared to ILs with
alkoxyethyl group [34].

Table 2. Onset, glass transition and melting temperature for ILs.

Ionic Liquids To (◦C) Tg (◦C) Tm (◦C)

MOE-MImCl 273.13 −86.45 -
EOM-MImCl 178.00 −83.84 -
EOE-MImCl 267.88 −91.43 -
MOE-BImCl 264.76 −69.09 -

BMIMCl 268.89 - 74.1

3.1.2. Phase Transition

The study on ILs phase transition behavior was done by DSC in the temperature
range of −150 to 150 ◦C. Table 2 shows the glass transition (Tg) and melting temperature
(Tm) of all synthesized ether-functionalized ILs. Based on the DSC measurement, all
ether-functionalized ILs displayed glass transition behavior instead of melting. These
phase transition behavior of ether-functionalized ILs were different as being compared
with IL without the presence of ether group, and this is supported by the presence of
Tm in the phase transition of BMIMCl as shown in Table 2 [31]. In general, this type of
behavior observed in ether-functionalized ILs indicates the formation of amorphous glass
compounds during the cooling process, and reformation of the liquid phase on the heating
stage without the crystallization process occurred [35]. The structural flexibility of ether in
the alkyl side chain of ether-functionalized ILs had increased the rotational freedom, thus
suppressing the ILs crystallization ability.

3.1.3. Density

The density and viscosity measurements were carried out for all ether-functionalized
ILs except for EOM-MImCl due to its solid appearance, which is not suitable for viscosity
measurement. The experimental density values for ether-functionalized ILs and BMIMCl
are given in Figure 2. In the ether-functionalized ILs family, the density of ILs reduced as the
alky chain increased from methyl to butyl group. Similar cases were observed in tetraalky-
lammonium, trialkyl sulfonium and 1,2,3-dialkyimidazolium-based ILs [36,37]. The cation
size becomes larger as the alkyl chain gets longer, thus leads to unfavorable packing in IL
structure, which in turn contributes to the high-density of ether ILs [37]. To highlight the
effect of ether in ILs density, a similar measurement was done for BMIMCl. According to
Zhang and coworkers, the presence of ether in ILs alkyl chain had increased the density of
ILs due to the better entanglement of the ether group caused by its flexibility [37].

Figure 2. Density of ILs.
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Additionally, the experimental density values can be plotted to form a straight line by
inserting the values according to empirical Equation (2) as follows:

lnρ ⁄ gcm−3 = b − αT ⁄ K (2)

where b is empirical constant, and α is a thermal expansion coefficient. Figure 3 shows
the empirical plot of ILs, while Table 3 lists the correlation coefficient (R2) and thermal
expansion coefficient (α) values of ILs.

Figure 3. Empirical plot of ILs density.

Table 3. The value for linear fitting parameters (R2), thermal expansion coefficient (α), molar volume (V),
lattice energy (UPOT) and standard molar entropy (S◦) for ILs.

Ionic Liquids R2 α V (nm3) UPOT (kJ.mol) S◦ (J.K. mol−1)

MOE-MImCl 0.9999 5.3 × 10−4 0.2512 475.6455 342.5681
EOE-MImCl 0.9999 5.4 × 10−4 0.2785 463.0592 376.6383
MOE-BImCl 1.0000 5.7 × 10−4 0.3327 442.3739 444.2305
[BMIM][Cl] 0.9999 5.2 × 10−4 0.26782 467.7663 363.3433

As the R2 value is more than 0.99, it was concluded that the experimental density val-
ues of ILs were well fitted with the proposed empirical linear equation. The values of α for
all ILs were in the range of 5.2 × 10−4 to 5.7 × 10−4, which is lower than common solvents.

Besides this, the standard molar volume (V), lattice energy (UPOT) and standard molar
entropy (S◦) at T = 298.15 K can be calculated based on experimental density values using
the following equations:

V = M ⁄ [(N·ρ)] (3)

S◦ = 1246.5 (V) + 29.5 (4)

UPOT = 1981.2 [(ρ ⁄ M)ˆ(1/3)] + 103.8 (5)

where M is molar mass, N is Avogadro’s constant (6.0221 × 1023) and ρ is the density. All
the data gained from those equations were also listed in Table 3.

3.1.4. Viscosity

The dynamic viscosity of the synthesized ether-functionalized ILs and commercial
BMIMCl as a comparison was carried out simultaneously with density measurement in the
temperature range of 293.15 K to 353.15 K by using Anton Parr SVM 3000. The dynamic
viscosities of ILs decreased exponentially with increasing temperature, as shown in Figure 4.
The viscosity values decreased in the order of MOE-BImCl > BMIMCl > EOE-MImCl >
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MOE-MImCl. Generally, the viscosity of ether-functionalized ILs increased as the alky
chain increased. To highlight the effect of the ether-functionalized group on the viscosity of
ILs, a comparison was made between MOE-MImCl and BMIMCl, which contain a common
ethyl chain in their structures. MOE-MImCl, which has an ether group, exhibited lower
viscosity at all temperatures studied than that of BMIMCl. The existence of an oxygen atom
with two lone pairs in the ILs alkyl chain causes an electron-donating effect that weakens
the electrostatic interaction that exists between cation and anion and thus contributing to a
reduction of MOE-MImCl viscosity [37].

Figure 4. Viscosity for ILs.

Figure 5 presents the Arrhenius plot of ILs dynamic viscosity, which were done
according to Equation (6):

ln η = ln A + En ⁄ RT (6)

where η is the dynamic viscosity, En is the activation energy, and R is the universal gas
constant (8.314 J/mol.K).

Figure 5. Arrhenius plot for ILs.

The values of En, A and linear fitting parameters (R2) were calculated and tabulated
in Table 4. The high R2 values for all ILs, which are >0.90, indicate all ILs were well
fitted with the proposed Arrhenius model. The En values generated based on constructed
Arrhenius plot represent the energy barrier that needs to be overcome by ion or mass
transport. Generally, the viscosity flow is influenced by the value of En owned by the fluid.
The changes in En will be constant with the changes in viscosity. Based on Table 4, by
comparing two types of ILs with the same number of alkyl length, namely BMIMCl and
MOE-MImCl, the incorporating of ether group in MOE-MImCl has reduced its En value as
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compared to BMIMCl. This indicates that the ether-functionalized group lowers the energy
barrier and thus causes a reduction in the viscosity of the IL [34].

Table 4. The value for R2 and activation energy (En) for ILs.

Ionic Liquids R2 En (kJ·mol−1)

MOE-MImCl 0.9945 37.08
EOE-MImCl 0.9926 47.18
MOE-BImCl 0.9949 53.58

BMIMCl 0.9955 52.60

3.2. Dissolution of Bamboo Biomass in Ether-Functionalized ILs

Generally, lignocellulosic biomass dissolution is a crucial step in the pretreatment
process in order to extract its important constituents, namely cellulose, hemicellulose and
lignin, which later can be converted into value-added chemicals. After a successful dis-
solution process, each constituent can be recovered by adding various solvents into the
mixture containing dissolved lignocellulosic biomass and IL [38,39]. Nevertheless, this
work is focusing on the improvement of the lignocellulosic biomass dissolution process
utilizing ILs. In this work, the dissolution of bamboo was carried out in the synthesized
ether-functionalized ILs to identify the best ether ILs for lignocellulosic biomass pretreat-
ment. All parameters for the dissolution process were predetermined during previous
studies [22]. Figure 6 shows the percentage of bamboo dissolved in all ILs. MOE-MImCl
recorded the highest dissolution percentage, which is more than 90%, as compared to other
ether-functionalized ILs. As shown in the viscosity data previously, MOE-MImCl recorded
the lowest viscosity values. Besides promoting the high mass transfer of solute during
dissolution, a low viscosity environment is also preferable for the sonication technique [40].
In a low viscous solution, the cavitation occurs rapidly to generate microbubbles that
later burst and provide higher energy for breaking down the cell wall of lignocellulosic
biomass [41]. This process enhances the amount of biomass dissolved in MOE-MImCl
within a shorter period. The lowest dissolution percentage of bamboo was recorded in
EOM-MImCl, which is less than 10%. EOM-MImCl exists in a solid state in which the
ultrasonic waves were unable to be properly transmitted, thus causing an immediate
reduction in power generated by ultrasonic.

Figure 6. Percentage of bamboo dissolved in ether-functionalized ILs.

3.2.1. RSM Study in Biomass Dissolution in ILs by Analysis on ANOVA

RSM is applied for the optimization condition determination to improve the response
to maximum or minimum [42,43]. In this case, RSM was employed to determine the
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optimum condition for bamboo dissolution in MOE-MImCl. The model proposed empirical
relationship as shown in Equation (7) as follows:

Y = 12.0658 + 2.58055A − 0.91528B + 3.20842C + 0.27320AB − 0.34650AC + 0.018367BC (7)

in which y is the percentage of bamboo, A is ultrasonic amplitude, B is period of dissolu-
tion, and C is initial biomass loading. Table 5 shows the actual and predicted value for
optimization experiments.

Table 5. Predicted vs. actual value for bamboo dissolution in 1-2(methoxyethyl)-3-methylimidazolium
chloride (MOE-MImCl).

Run
Amplitude

(%)

Period of
Sonication

(min)

Initial Biomass
Loading (wt %)

Dissolution
Percentage
(Predicted)

Dissolution
Percentage

(Actual)

1 40 10 5.0 64.72 69.7
2 20 35 8.0 26.14 23.11
3 30 60 2.0 71.57 70.54
4 30 35 5.0 53.42 59.89
5 30 35 5.0 53.42 57.78
6 30 60 8.0 35.07 36.64
7 40 35 2.0 101.48 95.63
8 30 35 5.0 53.42 53.78
9 40 60 5.0 78.19 84.11
10 30 10 2.0 74.52 74.43
11 20 10 5.0 42.30 41.84
12 30 10 8.0 32.50 35.02
13 30 35 5.0 53.42 48.62
14 30 35 5.0 53.42 50.87
15 40 35 8.0 41.43 32.97
16 20 35 2.0 44.61 44.19
17 20 60 5.0 28.45 28.93

Table 6 shows the analysis of variance (ANOVA) as the software has suggested a two-
factor interaction (2FI) to describe the desired response, which is the dissolution percentage
of bamboo. Generally, ANOVA provides information such as p-value, F-value and lack
of fit to evaluate the adequacy of the model for ensuring the tolerable fit is achieved. The
p-value is used to evaluate the significance of each variable while simultaneously determine
the effect of each factor in which as the p-value is <0.05 (also known as Prob > F-value), the
model can be considered as significantly fitted [44]. In this study, the model p-value was
<0.0001 with model F-value of 38.14 for dissolution percentage of bamboo indicates the
significance of the suggested model. Other than this, the p-value also determines which
variables provide a significant effect on the response. As shown in Table 6, the parameters
A, C, and interactive parameters, which are AB and AC, have p-values <0.05 suggesting
a significant effect towards response. The values of B and BC are >0.05, implying no
significant effect towards bamboo dissolution in IL. However, the insignificant variable
and interactive effect cannot be omitted in order to retain the model hierarchy as the other
variables are highly significant.

Meanwhile, lack of fit that is used for verifying whether systematic or random error
responsible for deviation of expected values from the measured one had a p-value of 0.3792,
which indicates the model also fits well with the experiments [45]. An adequate precision is a
signal-to-noise ratio that measures the range of predicted response relative to an associate error
with a value greater than four is desired. Our work displays the value of 22.354 confirmed an
adequate signal. The coefficient of determination (R2) is one of the main criteria to check the
adequacy of the model as it indicates the goodness of the data fit in the model. The closer the
value of predicted data by the model to experimental data, the closer the value of R2 into 1. In
this study, the value of R2 is 0.9581, which signage that 95.81% of the percentage of bamboo
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dissolution is attributed to the considered variables. A high R2 value also implies a strong
correlation between actual and predicted value, as shown in Figure 7. Moreover, the model
fitting can be discussed based on the values of adjusted coefficient determination (adj-R2) and
predicted coefficient determination (pred-R2), in which the difference between both values
should be within 0.2 for the model to be reasonable [45]. The values of adj-R2 and pred-R2,

which are 0.9330 and 0.84, also supported the previous R2 value.

Table 6. ANOVA table.

Source of Variations
Sum of
Squares

Degree of
Freedom

Mean
Square

F-Value p-Value

Model 6313.83 6 1052.30 38.14 <0.0001 significant
A—ultrasonic amplitude 2604.25 1 2604.25 94.39 <0.0001
B—period of dissolution 0.074 1 0.074 2.686 × 10−3 0.9597

C—initial sample-loading 3083.09 1 3083.09 111.74 <0.0001
AB 186.60 1 186.60 6.76 0.0265
AC 432.22 1 432.22 15.67 0.0027
BC 7.59 1 7.59 0.28 0.6114

Residual 275.91 10 27.59

Lack of fit 188.31 6 31.39 1.43 0.3792 Not
significant

Figure 7. Actual vs. predicted plot for response surface methodology (RSM) of bamboo dissolution
in MOE-MImCl.

3.2.2. Effect of Ultrasonic Amplitude, Period of Dissolution and Initial Sample-Loading
towards Bamboo Dissolution in MOE-MImCl

The highest percentage for bamboo dissolved, which is 95.63%, was recorded at 40%
amplitude with 2 wt % initial bamboo-loading at 35 min period of sonication. Meanwhile,
increasing the initial bamboo-loading to 8 wt % while sonicated at a minimum amplitude
of 20% reduced the percentage of dissolution to 23.11 within the same reaction time.
The contour plot in Figure 8 describes the relationship between each variable towards
lignocellulosic biomass dissolution.

In our work, the initial reaction temperature was recorded at 27 ◦C. As the mixture
of bamboo/ILs was exposed into sonication, the final reaction temperature has reached
about 80 ◦C and 120 ◦C at 20% and 40% of ultrasonic amplitude, respectively. Generally,
ultrasonic amplitude provides a significant effect on the reaction temperature. The reaction
temperature was found to be proportional to the ultrasonic amplitude, and this relationship
has been further elaborated in our previous publication [46]. As the temperature is highly
dependent on ultrasonic amplitude, thus in this work, we focus on varying the ultrasonic
amplitude. Table 5 indicates that the ultrasonic amplitude used in each reaction has a
significant influence on the dissolution percentage of bamboo in ILs. The maximum ampli-
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tude of 40% with 2 wt % of bamboo-loading at 35 min period of dissolution had resulted
in a high percentage of dissolved bamboo, which is 95.63%. However, the percentage of
biomass dissolved had been reduced to 44.19% as the ultrasonic amplitude decreased to
20% at the same initial loading and period of dissolution.

Figure 8. Contour plot for the effect of each parameter for bamboo dissolution in MOE-MImCl;
(a) plot of period of dissolution against ultrasonic amplitude, (b) plot of initial biomass loading
against ultrasonic amplitude and (c) plot of initial biomass loading against period of dissolution.

The relationship between the period of dissolution and the percentage of bamboo
dissolved in MOE-MImCl not showing a constant trend as different initial loading shown
different results. For example, at initial loading of 2.0 wt % with 30% amplitude and 10 min
of reaction time, the dissolution percentage of bamboo was 74.43%. As the reaction time
increased to 60 min, the percentage of bamboo dissolved slightly decreased to 70.54%. In
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the meantime, this trend was reversed for maximum initial bamboo-loading of 8.0 wt %
within the same ultrasonic amplitude. At 10 min of reaction time, 35.02% of bamboo
had been dissolved. As the reaction was extended to 60 min, the percentage of bamboo
dissolved had increased to 36.64%. Based on this study, it can be concluded that a longer
reaction time does not assure a higher dissolution percentage as amplitude and initial
sample-loading provide a more significant effect.

However, a negative correlation was observed between the initial biomass-loading
and the percentage of biomass dissolved. For example, 8 wt % of initial biomass-loading
had resulted in less than 35% of biomass had dissolved in ILs. Meanwhile, the minimum
initial biomass-loading of 2 wt % resulted in more than 90% of biomass dissolved in the IL
within the same amplitude of 40% and period of sonication at 35 min. The same result was
obtained by Muhammad et al. in which the lignin recovery decreased as the loading of
bamboo increased [47]. Cruz et al., indicated that an increase in initial biomass-loading
could cause an increase in the IL/biomass mixture’s viscosity [48]. This, in turn, contributes
to a low dissolution percentage due to the reduction of the ILs ion mobility, which restricts
the interaction of IL with biomass.

For the optimization process, the response was set at maximum while ultrasonic
amplitude was to be in the range while a minimum period of dissolution was chosen since,
in any dissolution process, a shorter period of dissolution with high biomass loading is
preferable. Although the maximum dissolution was achieved at the initial biomass-loading
at 2 wt %, 3 wt % of initial biomass-loading has been chosen due to a higher chance of
extracting biomass constituents. In order to further verify the model, another experiment
was conducted based on the optimization condition suggested by the software to calculate
the relative error. The relative error was 5.83, which is acceptable for model verification.

3.2.3. Comparison Study on Bamboo Dissolution in ILs

For comparison study, the bamboo was dissolved in BMIMCl based on optimum condi-
tion obtained in the previous RSM study. The result was then compared with MOE-MImCl.
Figure 9 shows the percentage of bamboo dissolved in both ILs. It was identified that ether-
functionalized ILs successfully dissolved 96.45% of bamboo compared to BMIMCl, which
recorded 78.35% of dissolution. Previous studies suggested that the lignocellulosic biomass
dissolution in ILs was caused by several factors such as temperature, the particle size of
biomass, time and viscosity of ILs [49,50]. The low viscosity property of MOE-MImCl
compared to BMIMCl was discussed in the previous section. Apparently, the low viscosity
of MOE-MImCl becomes a major contribution in improving the bamboo dissolution in
ILs. Low viscosity MOE-MImCl boosts the mass transfer of solute, thus leads to a higher
percentage of dissolution. The same results were obtained by Fukaya et al. in which low
viscosity of ally-based ILs displayed a better dissolution ability compared to alkyl-based
ILs [19]. Other than this, the dissolution of bamboo in ILs was done by implementing a
direct probe sonication technique. Generally, sonication is preferably done in a low viscous
medium in order to maximize cavitation during the process. In a highly viscous medium
such as BMIMCl, the shockwave will not be able to transfer properly, which leads to a
reduction in cavitation, thus causes low dissolution of bamboo.

Besides this, the lignocellulosic bamboo dissolution involves the disruption of the
hydrogen bonds network in cellulose. Numerous studies have shown that anions do play
a huge role in determining the ability of ILs to break chemical bonds in lignocellulosic
biomass. However, current works by Okushita et al. and Chang et al. have confirmed the
involvement of cation in the disruption of hydrogen bonds in lignocellulosic biomass based
on FTIR and solid-state NMR studies [51,52]. Apart from this, a simulation study by Liu
and coworkers had revealed the existence of hydrophobic interaction between imidazolium
cation with D-glucose in cellulose. This interaction also plays an important role in ensuring
lignocellulosic biomass dissolution occurred in ILs [53]. In the case of MOE-MImCl, the
oxygen atom of the methoxy group with two lone pairs acts as an electron-withdrawing
group, thus becomes an extra point for the formation of hydrogen bond compared with
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BMIMCl. However, the presence of ether group in MOE-MImCl also causes the IL to
become more sensitive towards the presence of moisture and consequently owns a higher
moisture content compared to BMIMCl. Besides this, the reaction was done in an open
system, which may increase the probability of ILs attracting moisture. The presence of
extra moisture is well known to reduce the dissolution ability of ILs [54]. Therefore, the
moisture in MOE-MImCl was dried under vacuum to ensure minimum content of moisture
to avoid any disturbance to the dissolution process.

Figure 9. Dissolution of bamboo in MOE-MImCl and [BMIM][Cl].

4. Conclusions

The presence of ether—the functionalized group—was proven to alter the thermal
and physicochemical properties of ILs. Further studies on the dissolution of bamboo
biomass have shown that the highest amount of bamboo dissolved was achieved in MOE-
MImCl, which has the lowest viscosity value as compared to other ILs. Furthermore, the
optimization study by using RSM has proven that the amplitude and the initial loading of
bamboo biomass play significant roles in the dissolution process. However, more research
works need to be carried out to extract constituents in lignocellulosic biomass with a more
effective technique to improve the dissolution.

Author Contributions: Conceptualization, A.H.A.R. and N.M.Y.; methodology, A.H.A.R., W.S.W.H.,
A.S. and N.M.; validation, N.M.Y.; writing—original draft preparation, A.H.A.R.; writing—review
and editing, N.M.Y.; supervision, N.M.Y. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Petroleum Research Fund, grant number 0153AB-A30.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings in the present study are available
from the corresponding author upon request.

Acknowledgments: Financial assistance and support from Universiti Teknologi PETRONAS and
Centre of Research in Ionic Liquids (CORIL), UTP, are greatly acknowledged.

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

References

1. Owusu, P.A.; Asumadu-Sarkodie, S. A review of renewable energy sources, sustainability issues and climate change mitigation.
Cogent. Eng. 2016, 3, 1–14. [CrossRef]

2. Carlsson, A.S. Plant oils as feedstock alternatives to petroleum—A short survey of potential oil crop platforms. Biochimie 2009,
91, 665–670. [CrossRef] [PubMed]

3. Roddy, D.J. Biomass in a petrochemical world. Interface Focus 2013, 3, 1–8. [CrossRef] [PubMed]

43



Processes 2021, 9, 261

4. Stastical Review of World Energy. June 2014. Available online: http://large.stanford.edu/courses/2014/ph240/milic1/docs/
bpreview.pdf (accessed on 15 August 2019).

5. Cai, J.; He, Y.; Yu, X.; Banks, S.W.; Yang, Y.; Zhang, X.; Yu, Y.; Liu, R.; Bridgwater, A.V. Review of physicochemical properties and
analytical characterization of lignocellulosic biomass. Renew. Sustain. Energy Rev. 2017, 76, 309–322. [CrossRef]

6. Dhyani, V.; Bhaskar, T. A comprehensive review on the pyrolysis of lignocellulosic biomass. Renew. Energy 2018, 129, 695–716.
[CrossRef]

7. Arevalo-Gallegos, A.; Ahmad, Z.; Asgher, M.; Parra-Saldivar, R.; Iqbal, H.M. Lignocellulose: A sustainable material to produce
value-added products with a zero waste approach—A review. Int. J. Biol. Macromol. 2017, 99, 308–318. [CrossRef]

8. Zhang, K.; Pei, Z.; Wang, D. Organic solvent pretreatment of lignocellulosic biomass for biofuels and biochemicals: A review.
Bioresour. Technol. 2016, 199, 21–33. [CrossRef]

9. Sun, Z.; Fridrich, B.L.; de Santi, A.; Elangovan, S.; Barta, K. Bright side of lignin depolymerization: Toward new platform
chemicals. Chem. Rev. 2018, 118, 614–678. [CrossRef]

10. Wendisch, V.F.; Kim, Y.; Lee, J.-H. Chemicals from lignin: Recent depolymerization techniques and upgrading extended pathways.
Curr. Opin. Green Sustain. Chem. 2018, 14, 33–39. [CrossRef]

11. Zhang, J.; Xu, L.; Yu, J.; Wu, J.; Zhang, X.; He, J.; Zhang, J. Understanding cellulose dissolution: Effect of the cation and anion
structure of ionic liquids on the solubility of cellulose. Sci. China Chem. 2016, 59, 1421–1429. [CrossRef]

12. Antunes, F.A.F.; Chandel, A.K.; Teran-Hilares, R.; Ingle, A.P.; Rai, M.; dos Santos Milessi, T.S.; da Silva, S.S.; dos Santos, J.C.
Overcoming challenges in lignocellulosic biomass pretreatment for second-generation (2G) sugar production: Emerging role of
nano, biotechnological and promising approaches. 3 Biotech 2019, 9, 1–17. [CrossRef] [PubMed]

13. Brodeur, G.; Yau, E.; Badal, K.; Collier, J.; Ramachandran, K.B.; Ramakrishnan, S. Chemical and physicochemical pretreatment of
lignocellulosic biomass: A review. Enzyme Res. 2011, 2011, 787532. [CrossRef] [PubMed]

14. Hassan, S.S.; Williams, G.A.; Jaiswal, A.K. Emerging technologies for the pretreatment of lignocellulosic biomass. Bioresour. Technol.
2018, 262, 310–318. [CrossRef] [PubMed]

15. Lei, Z.; Chen, B.; Koo, Y.-M.; MacFarlane, D.R. Introduction: Ionic liquids. Chem. Rev. 2017, 117, 6633–6635. [CrossRef] [PubMed]
16. Mahmood, H.; Moniruzzaman, M.; Yusup, S.; Akil, H.M. Pretreatment of oil palm biomass with ionic liquids: A new approach

for fabrication of green composite board. J. Clean. Prod. 2016, 126, 677–685. [CrossRef]
17. Sivapragasam, M.; Moniruzzaman, M.; Goto, M. Recent advances in exploiting ionic liquids for biomolecules: Solubility, stability

and applications. Biotechnol. J. 2016, 11, 1000–1013. [CrossRef]
18. Medronho, B.; Romano, A.; Miguel, M.G.; Stigsson, L.; Lindman, B. Rationalizing cellulose (in) solubility: Reviewing basic

physicochemical aspects and role of hydrophobic interactions. Cellulose 2012, 19, 581–587. [CrossRef]
19. Fukaya, Y.; Sugimoto, A.; Ohno, H. Superior solubility of polysaccharides in low viscosity, polar, and halogen-free 1, 3-

dialkylimidazolium formates. Biomacromolecules 2006, 7, 3295–3297. [CrossRef]
20. Zhang, H.; Wu, J.; Zhang, J.; He, J. 1-Allyl-3-methylimidazolium chloride room temperature ionic liquid: A new and powerful

nonderivatizing solvent for cellulose. Macromolecules 2005, 38, 8272–8277. [CrossRef]
21. Siqueira, L.J.; Ribeiro, M.C. Alkoxy chain effect on the viscosity of a quaternary ammonium ionic liquid: Molecular dynamics

simulations. J. Phys. Chem. B 2009, 113, 1074–1079. [CrossRef]
22. Rahim, A.H.A.; Yunus, N.M.; Man, Z.; Sarwono, A.; Hamzah, W.S.W.; Wilfred, C.D. Ultrasonic assisted dissolution of bamboo

biomass using ether-functionalized ionic liquid. In Proceedings of the International Conference on Applied Science and Technology,
Penang, Malaysia, 10–12 April 2018; Nifa, F.A.A., Chong, K.L., Hussain, A., Eds.; AIP Publishing: New York, NY, USA, 2018.

23. Tauler, R.; Walczak, B.; Brown, S.D. Comprehensive Chemometrics: Chemical and Biochemical Data Analysis, 2nd ed.; Elsevier: Amster-
dam, The Netherlands, 2020; ISBN 9780444641656.

24. Bezerra, M.A.; Santelli, R.E.; Oliveira, E.P.; Villar, L.S.; Escaleira, L.A. Response surface methodology (RSM) as a tool for
optimization in analytical chemistry. Talanta 2008, 76, 965–977. [CrossRef] [PubMed]

25. Sarwono, A.; Man, Z.; Muhammad, N.; Khan, A.S.; Hamzah, W.S.W.; Rahim, A.H.A.; Ullah, Z.; Wilfred, C.D. A new ap-
proach of probe sonication assisted ionic liquid conversion of glucose, cellulose and biomass into 5-hydroxymethylfurfural.
Ultrason. Sonochem. 2017, 37, 310–319. [CrossRef] [PubMed]

26. Sun, N.; Rahman, M.; Qin, Y.; Maxim, M.L.; Rodríguez, H.; Rogers, R.D. Complete dissolution and partial delignification of wood
in the ionic liquid 1-ethyl-3-methylimidazolium acetate. Green Chem. 2009, 11, 646–655. [CrossRef]

27. Behera, S.K.; Meena, H.; Chakraborty, S.; Meikap, B. Application of response surface methodology (RSM) for optimization of
leaching parameters for ash reduction from low-grade coal. Int. J. Min. Sci. Technol. 2018, 28, 621–629. [CrossRef]

28. Chauhan, V.; Singh, S.; Kamboj, R. Self-Assembly and thermal stability of ether-functionalized imidazolium ionic liquids. Ind. Eng.
Chem. Res. 2014, 53, 13247–13255. [CrossRef]

29. Chen, Z.; Huo, Y.; Cao, J.; Xu, L.; Zhang, S. Physicochemical properties of ether-functionalized ionic liquids: Understanding their
irregular variations with the ether chain length. Ind. Eng. Chem. Res. 2016, 55, 11589–11596. [CrossRef]

30. Tang, S.; Baker, G.A.; Zhao, H. Ether- and alcohol-functionalized task-specific ionic liquids: Attractive properties and applications.
Chem. Soc. Rev. 2012, 41, 4030–4066. [CrossRef]

31. Efimova, A.; Hubrig, G.; Schmidt, P. Thermal stability and crystallization behavior of imidazolium halide ionic liquids. Ther-
mochim. Acta 2013, 573, 162–169. [CrossRef]

44



Processes 2021, 9, 261

32. Chai, M.; Jin, Y.; Fang, S.; Yang, L.; Hirano, S.-I.; Tachibana, K. Ether-functionalized pyrazolium ionic liquids as new electrolytes
for lithium battery. Electrochim. Acta 2012, 66, 67–74. [CrossRef]

33. Zhang, Z.; Salih, A.A.; Li, M.; Yang, B. Synthesis and characterization of functionalized ionic liquids for thermal storage.
Energy Fuels 2014, 28, 2802–2810. [CrossRef]

34. Chen, Z.; Liu, S.; Li, Z.; Zhang, Q.; Deng, Y. Dialkoxy functionalized quaternary ammonium ionic liquids as potential electrolytes
and cellulose solvents. New J. Chem. 2011, 35, 1596–1606. [CrossRef]

35. Fredlake, C.P.; Crosthwaite, J.M.; Hert, D.G.; Aki, S.N.; Brennecke, J.F. Thermophysical properties of imidazolium-based ionic
liquids. J. Chem. Eng. Data 2004, 49, 954–964. [CrossRef]

36. Lee, C.-P.; Peng, J.-D.; Velayutham, D.; Chang, J.; Chen, P.-W.; Suryanarayanan, V.; Ho, K.-C. Trialkylsulfonium and tetraalkylam-
monium cations-based ionic liquid electrolytes for quasi-solid-state dye-sensitized solar cells. Electrochim. Acta 2013, 114, 303–308.
[CrossRef]

37. Zhang, J.; Fang, S.; Qu, L.; Jin, Y.; Yang, L.; Hirano, S.-I. Synthesis, characterization, and properties of ether-functionalized 1,
3-dialkylimidazolium ionic liquids. Ind. Eng. Chem. Res. 2014, 53, 16633–16643. [CrossRef]

38. Lan, W.; Liu, C.F.; Sun, R.C. Fractionation of bagasse into cellulose, hemicelluloses, and lignin with ionic liquid treatment followed
by alkaline extraction. J. Agric. Food Chem. 2011, 59, 8691–8701. [CrossRef] [PubMed]

39. Neubert, L.; Sunthornvarabhas, J.; Sakulsombat, M.; Sriroth, K. Delignification and fractionation of sugarcane baggase with ionic
liquids. Cell Chem. Technol. 2020, 54, 301–318. [CrossRef]

40. Wu, T.Y.; Guo, N.; Teh, C.Y.; Hay, J.X.W. Theory and fundamentals of ultrasound. In Advances in Ultrasound Technology for
Environmental Remediation; Springer: Berlin, Germany, 2013; pp. 5–12. ISBN 978-94-007-5533-8.

41. Kuna, E.; Behling, R.; Valange, S.; Chatel, G.; Colmenares, J.C. Sonocatalysis: A potential sustainable pathway for the valorization
of lignocellulosic biomass and derivatives. Top. Curr. Chem. 2017, 375, 1–20. [CrossRef]

42. Khuri, A.I.; Mukhopadhyay, S. Response surface methodology. Wiley Interdiscip. Rev. Comput. Stat. 2010, 2, 128–149. [CrossRef]
43. Myers, R.H.; Montgomery, D.C.; Anderson-Cook, C.M. Response surface methodology. In Response Surface Methodology: Process

and Product Optimization Using Designed Experiments, 4th ed.; John Wiley & Sons: Hoboken, NJ, USA, 2016; ISBN 978-1-118-91601-8.
44. Trinh, L.T.P.; Lee, Y.-J.; Lee, J.-W.; Lee, W.-H. Optimization of ionic liquid pretreatment of mixed softwood by response surface

methodology and reutilization of ionic liquid from hydrolysate. Biotechnol. Bioprocess Eng. 2018, 1–10. [CrossRef]
45. Houshmand, A.; Daud, W.M.A.W.; Shafeeyan, M.S. Tailoring the surface chemistry of activated carbon by nitric acid: Study using

response surface method. Bull. Chem. Soc. Jpn. 2011, 84, 1251–1260. [CrossRef]
46. Rahim, A.H.A.; Man, Z.; Sarwono, A.; Muhammad, N.; Khan, A.S.; Hamzah, W.S.W.; Yunus, N.M.; Elsheikh, Y.A. Probe sonication

assisted ionic liquid treatement for rapid dissolution of lignocellulosic biomass. Cellulose 2020, 27, 2135–2148. [CrossRef]
47. Muhammad, N.; Man, Z.; Bustam, M.A.; Mutalib, M.A.; Rafiq, S. Investigations of novel nitrile-based ionic liquids as pre-treatment

solvent for extraction of lignin from bamboo biomass. J. Ind. Eng. Chem. 2013, 19, 207–214. [CrossRef]
48. Cruz, A.G.; Scullin, C.; Mu, C.; Cheng, G.; Stavila, V.; Varanasi, P.; Xu, D.; Mentel, J.; Chuang, Y.-D.; Simmons, B.A. Impact of high

biomass loading on ionic liquid pretreatment. Biotechnol. Biofuel. 2013, 6, 1–59. [CrossRef] [PubMed]
49. Leskinen, T.; King, A.W.; Kilpeläinen, I.; Argyropoulos, D.S. Fractionation of lignocellulosic materials using ionic liquids: Part 2.

Effect of particle size on the mechanisms of fractionation. Ind. Eng. Chem. Res. 2013, 52, 3958–3966. [CrossRef]
50. Li, Y.; Wang, J.; Liu, X.; Zhang, S. Towards a molecular understanding of cellulose dissolution in ionic liquids: Anion/cation

effect, synergistic mechanism and physicochemical aspects. Chem. Sci. 2018, 9, 4027–4043. [CrossRef]
51. Okushita, K.; Chikayama, E.; Kikuchi, J. Solubilization mechanism and characterization of the structural change of bacterial

cellulose in regenerated states through ionic liquid treatment. Biomacromolecules 2012, 13, 1323–1330. [CrossRef]
52. Chang, H.-C.; Zhang, R.-L.; Hsu, D.-T. The effect of pressure on cation–cellulose interactions in cellulose/ionic liquid mixtures.

Phys. Chem. Chem. Phys. 2015, 17, 27573–27578. [CrossRef]
53. Liu, H.; Sale, K.L.; Holmes, B.M.; Simmons, B.A.; Singh, S. Understanding the interactions of cellulose with ionic liquids:

A molecular dynamics study. J. Phys. Chem. B 2010, 114, 4293–4301. [CrossRef]
54. Pang, Z.; Dong, C.; Pan, X. Enhanced deconstruction and dissolution of lignocellulosic biomass in ionic liquid at high water

content by lithium chloride. Cellulose 2015, 23, 323–338. [CrossRef]

45



processes

Article

Encapsulation of Lactoferrin for Sustained Release Using
Particles from Gas-Saturated Solutions

Kento Ono 1, Hiroki Sakai 1, Shinichi Tokunaga 1, Tanjina Sharmin 1,2, Taku Michael Aida 1,2

and Kenji Mishima 1,2,*

Citation: Ono, K.; Sakai, H.;

Tokunaga, S.; Sharmin, T.; Aida, T.M.;

Mishima, K. Encapsulation of

Lactoferrin for Sustained Release

Using Particles from Gas-Saturated

Solutions. Processes 2021, 9, 73.

https://doi.org/10.3390/pr9010073

Received: 8 December 2020

Accepted: 28 December 2020

Published: 31 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemical Engineering, Faculty of Engineering, Fukuoka University,
8-19-1 Nanakuma Jonan-ku, Fukuoka 814-0180, Japan; td206501@cis.fukuoka-u.ac.jp (K.O.);
td193008@cis.fukuoka-u.ac.jp (H.S.); td196501@cis.fukuoka-u.ac.jp (S.T.); sharmin@fukuoka-u.ac.jp (T.S.);
tmaida@fukuoka-u.ac.jp (T.M.A.)

2 Research Institute of Composite Materials, Fukuoka University, 8-19-1 Nanakuma Jonan-ku,
Fukuoka 814-0180, Japan

* Correspondence: mishima@fukuoka-u.ac.jp; Tel.: +81-92-871-6631 (ext. 6428); Fax: +81-92-865-6031

Abstract: The particles from gas saturated solutions (PGSS) process were performed to encapsulate
lactofer-rin, an iron-binding milk glycoprotein, using supercritical carbon dioxide (scCO2). A natural
en-teric polymer, shellac, was used as a coating material of lactoferrin carried out by the PGSS
pro-cess. Conditions were optimized by applying different temperatures (20–50 ◦C) and pressures
(8–10 MPa) and the particles were evaluated for particle shape and size, lactoferrin encapsulation
ef-ficiency, Fourier transform infrared (FTIR) spectroscopy to confirm lactoferrin entrapment and
in vitro dissolution studies at different pH values. Particles with an average diameter of 75.5 ± 7 μm
were produced with encapsulation efficiency up to 71 ± 2%. Furthermore, particles that showed
high stability in low pH (pH 1.2) and a sustained release over time (t2h = 75%) in higher pH (pH 7.4)
suggested an effective encapsulation process for the protection of lactoferrin from gastric di-gestion.

Keywords: enteric polymer; gastric digestion; PGSS; lactoferrin; shellac

1. Introduction

Lactoferrin (Lf) is an iron binding single-chain glycoprotein (MW~80 kDa, Figure 1a)
which is naturally found in the milk of many mammals including humans and cows,
as well as in the saliva, tears, and other secretions and in the secondary granules of
neutrophils [1–5]. Lf is abundantly present in the colostrum and milk and supports new
born immune defence mechanisms [6,7]. Lf also represents a powerful tool in adult host
defence mechanism to stimulate the immune system and enhance the body’s protection
against virus and bacteria [8–10]. Most recently, a lot of attention is being paid to Lf for its
in vitro antiviral activity against SARS-CoV, which is likely similar against SARS-CoV-2
as both viruses depend on the same angiotensin-converting enzyme 2 (ACE2) receptor
for cell entry [8]. Other physiological functions of Lf involve preventing tissue damage
related to aging, promoting healthy intestinal bacteria [11], maintaining vaginal acidity
by promoting growth of selected strains of probiotics [12], preventing cancer, etc. [13].
However, low availability during development and aging, Lf is often taken as an oral
supplement. In infants, Lf survives gastric digestion because of the immature state of the
neonatal gastrointestinal system, however, Lf is rapidly digested in the adult stomach due
to enzymatic hydrolysis and fails to reach the Lf receptors (hLfRs) present in the small
intestine. Therefore, protecting Lf from the gastric acidic environment and ensuring its
delivery to the targeted site is a crucial issue.

Microencapsulation is one of the promising techniques in protecting functional ingredi-
ents in food, cosmetic and pharmaceutical applications. Several encapsulation technologies
have been developed for the encapsulation of Lf such as calcium-alginate nanospheres via
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emulsification [14], or multilayer microcapsules via Layer-by-Layer assembly of bovine
serum albumin and tanic acid [15]. However, alginate is sensitive to gastric acid which
causes alginate to precipitate leading to pre-mature release of Lf which is supposed to be
released in the intestine. On the other hand, the amount of Lf absorbed by CaCO3 particles
is significantly low in multilayer capsules composed of Lf in bovine serum albumin and
tannic acid, performed through absorption of Lf by porous CaCO3 microparticles. There-
fore, a more effective encapsulation technique needs to be designed for optimal delivery
across the gastro-intestinal route that not only protects Lf from enzymatic degradation but
also enables sustained release to the targeted area.

 

(a) (b) 

Figure 1. (a) Crystal structure of diferric bovine lactoferrin, Lf, MW ~80 kDa (PDB entry 1BLF). The N-lobe and C-lobe
connecting α-helix is highlighted in light green (aa. 334–344), and the ferric irons are depicted as orange spheres; and (b)
Chemical structure of shellac, MW ~586.7 g/mol.

In this work, Lf encapsulation initiated with an alternative encapsulation technology,
particles from gas saturated solutions (PGSS) process, based on the use of supercritical
carbon dioxide (scCO2). By this technique, a gas saturated solution of the coating material is
expanded through a nozzle. This sudden depressurization promotes the rapid vaporization
of the gas dissolved, that together with the intense cooling due to the Joule-Thomson effect
that promotes CO2 expansion [16], enhances encapsulated particle formation. Shellac, a
kind of resin secreted by the female lac bug on trees in the forests of southeastern Asia,
is used in this work as a coating material. The chemical structure of shellac is shown in
Figure 1b. Shellac is widely used in colon drug delivery system (DDS) as a natural enteric
polymer because it cannot be dissolved with gastric acid [17].

Therefore, the aim of this work was to study the encapsulation of Lf with shellac using
particles from gas-saturated solutions (PGSS) process: first, conditions were optimized by
applying different temperatures (20–50 ◦C) and pressures (8–10 MPa) and the particles
shape, size and encapsulation efficiency were evaluated; and second, the in vitro studies of
dissolution of Lf encapsulated in shellac microcapsules at different pH values were studied
with the aim to evaluate the sustained release.

2. Methods

2.1. Materials

Lactoferrin, from bovine milk (>95.0 wt%, Iron (Fe) 0.005–0.035 wt%, FUJIFILM Wako
Pure Chemical Co, Ltd., Osaka, Japan), liquid Shellac (Shellac 10%, Ethanol 90%), CO2
(>99.9 vol.%, Fukuoka Sanso Co., Ltd., Fukuoka, Japan), were purchased and used as
received without further purification.
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2.2. Preparation of Shellac Microcapsules of Lactoferrin

The process flow diagram of the PGSS apparatus equipped with a high-pressure cell
(inner volume of 500 cm3, SCV500A, Akico Co., Tokyo, Japan) used to produce microcap-
sules of Lf is shown in Figure 2. At first, 0.2 g of Lf and 10 mL of shellac was loaded into
the pre-heated high-pressure stirred cell (max. 940 rpm) and sealed. The high-pressure
autoclave was kept under desired temperature (from 20 to 50 ◦C). CO2 was loaded into
the high-pressure autoclave to the desired pressure and mixed extensively for 5 min with
the pre-loaded materials to form CO2 saturated solution. CO2 saturated solution was then
charged through outer tube by opening valve V4 and expanded into a chamber with water
(100 mL) at atmospheric pressure leading to the formation of microcapsules by precipita-
tion. The recovered microcapsules were separated from water using centrifugation (10 min,
4000 rpm). The concentration of uncoated Lf dissolved in the water was measured by a
UV-vis spectrophotometer at 266 nm. Encapsulation efficiency (EE%) was expressed by the
following Equation (1).

Encapsulation efficiency (%) = (W1 − W2)/W1 × 100 (1)

The difference between the amount of loaded Lf in initial loading solution before
encapsulation (W1) and the amount of uncoated Lf remained in supernatant after centrifu-
gation (W2) divided by initial protein concentration is equivalent to the encapsulation
efficiency (Equation (1)).

 
Figure 2. Schematic diagram of apparatus used in PGSS process. 1: gas cylinder, 2: dryer, 3: cooling
unit, 4: filter, 5: pump, 6: pressure gauge, 7: safety valve, 8: preheater, 9: check valve, 10: high-
pressure cell, 11: agitator, 12: water bath, 13: pressure gauge, 14: safety valve, 15: thermometer,
16: depressurization tunnel, and 17: atmospheric collector vessel with water. V-1 indicates a back-
pressure regulator, and V-2 to 5: stop valves.

2.3. Study of Microcapsule Morphology and Size Distribution

The structure and morphology of the products were analyzed before and after the
PGSS process using a scanning electron microscope (SEM, JEOL JSM6060) and the parti-
cle size were investigated by using laser diffraction particle size analyzer (SALD-2000).
The release studies of Lf from shellac microcapsules were measured via a UV-vis spec-
trophotometer (JASCO, V-550, Tokyo, Japan). Fourier transform infrared (FTIR) spectra
of pure components, and the shellac microcapsules of Lf were recorded via attenuated
total reflectance FTIR spectrometer (FT/IR-4600, JASCO, Tokyo, Japan), and infrared mea-
surements were performed in transmission in the scanning range of 500–4000 cm−1 at
room temperature.
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2.4. Lf microcapsule In Vitro Release

The sustained release rate of Lf from shellac microcapsules was investigated via
in vitro release study using vertical Franz-type diffusion cells (VIDTEK, Iwaki, Fukuoka,
Japan) for 2 h in simulated gastric fluid (SGF) of pH 1.2 (representing stomach pH) followed
by simulated intestinal fluid (SIF) of pH 7.4 (representing small intestine pH) for 6 h. A
hydrophilic PTFE membrane (0.45 um pore size, thickness 65 μm, 47 mm diameter; Merck
Millipore, Tokyo, Japan) was placed between the upper donor chamber and the receptor
chamber of the diffusion cell. SGF of pH 1.2 was prepared by adding 2 g of NaCl and
7 mL of HCl in sufficient MilliQ water to make 1000 mL. SIF of phosphate buffer of pH
7.4 was prepared by dissolving 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4 and 0.24 g
of KH2PO4 in 800 mL of MilliQ water followed by adjusting the pH to 7.4 with HCl and
adding sufficient MilliQ water to make 1000 mL. Exactly 10 mg of shellac microcapsules
was placed on the membrane and filled up the receptor chamber with SGF followed by SIG
as required wetting the membrane and the microparticles. The top plate was tightly sealed
to avoid evaporation. At fixed intervals (0–480 min.), samples of release liquid were drawn
and, the UV absorbance of the microcapsule release medium was measured at 266 nm with
a UV-vis detector (JASCO, V-550, Tokyo, Japan). The release medium was returned back to
the receptor chamber after measurement.

2.5. Statistical Analysis

All analyses were performed in triplicate. The data were analyzed by one-way analysis
of variance (ANOVA) accompanied by Turkey’s post hoc. The level of significance was set
at p < 0.05.

3. Results and Discussion

3.1. Encapsulation of Lf in Shellac by PGSS

Lf encapsulation in shellac by the PGSS process was studied using varying pre-
expansion pressures (8–10 MPa) and pre-expansion temperatures (20–50 ◦C). Figure 3a,b
provides the SEM imaged of crude Lf and Lf encapsulated shellac microcapsules produced
by PGSS process of scCO2 solutions at 40 ◦C and 10 MPa, and Figure 3c provides the
particle size distribution (PSD) of the Lf encapsulated shellac microcapsules at 10 MPa and
40 ◦C. As shown in Figure 4, produced particles displayed very similar morphology with
irregular shapes which is a very common feature in PGSS.

Table 1 presents a summary of the experimental conditions tested together with PSD
and encapsulation efficiency (EE%). As shown in Table 1, Lf encapsulated in shellac micro-
capsules successfully produced at different pre-expansion pressures (8–10 MPa) and 40 ◦C
pre-expansion temperature. At this condition, the particle size was significantly reduced as
the pressure increased from 8 to 10 MPa from 143.0 ± 4 to 75.4 ± 7, respectively, with rela-
tively narrow particle size distributions (d0.1 = 61.8 to 36.8 μm and d0.9 = 338.5 to 161.3 μm,
respectively). This trend can be related to the increase of the solubility of scCO2 in the
polymer, which increases as pre-expansion pressure is increased [18]. Polymer plasticity in-
creases with a higher amount of CO2 dissolved into the polymer at a higher pre-expansion
pressure, the Joule-Thomsone effect produced by the release of CO2 from the polymer
during the expansion is stronger, which produces significantly reduced particle size. It can
also be seen that encapsulation efficiency increased from 51 ± 5% to 71 ± 2% when expan-
sion pressure increased from 8 to 10 MPa, respectively at 40 ◦C. However, the solubility
of CO2 into the polymer decreased at lower temperatures (20 and 30 ◦C). This may occur
because of the lower saturation power of CO2 in liquid (at 20 ◦C) or sub-critical (30 ◦C)
conditions and caused polymer particles to precipitate and thereby, aggregated inside
the high-pressure cell upon depressurization (Figure S1a,b). On the other hand, particle
agglomeration was also noted at higher temperatures (i.e., 50 ◦C, Figure S1c) which may be
attributed to the susceptibility of Lf molecules to higher temperature [19] as fine particles
were successfully produced using only shellac (without Lf) at higher temperatures (50 ◦C,
Figure S1d).
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Figure 3. SEM images of (a) crude Lf; (b) Lf encapsulated shellac microcapsules produced by PGSS process of scCO2

solutions at 40 ◦C and 10 MPa. (c) Particle size distribution of the Lf encapsulated shellac microcapsules produced by PGSS
process of scCO2 solutions at 40 ◦C and 10 MPa.

  

  

Figure 4. Cont.
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Figure 4. Morphology of Lf loaded shellac microparticles produced at different P and T conditions of supercritical CO2 in
the PGSS process.

Table 1. Influence of process parameters on particle size distribution and encapsulation efficiency of Lf microcapsules.

Experimental Conditions
Avg. Particle Size [μm]

Particle Size Distribution (PSD)
EE [%]

P [MPa] T [◦C] Lactoferrin [g] Shellac EtOH Ratio d0.1 d0.5 d0.9 Span

8 40 0.2 1:10 143.0 ± 4 b 61.8 144.3 338.5 1.91 51 ± 5 a

9 40 0.2 1:10 132.6 ± 10 b 39.8 153.0 592.0 3.61
10 40 0.2 1:10 75.4 ± 7 a 36.8 77.2 161.3 1.61 71 ± 2 b

10 50 0.2 1:10 Agglomerated - - - - -
10 30 0.2 1:10 59.8 ± 2 a 5.09 59.9 559.8 9.92 -
10 20 0.2 1:10 71.4 ± 3 a 12.17 77.56 423.3 5.30 -

Here, d0.5 refers to the median particle size; whereas d0.1 and d0.9 refer to the maximum particle diameter below which 10% and 90% of
the sample volume exists, respectively; Span = d0.9 − d0.1/d0.5. Mean values in the same column with different letters are significantly
different at p < 0.05.

3.2. Fourier Transform Infra-Red Spectroscopy (FT-IR) Analysis

FT-IR analysis was conducted to confirm the entrapment of Lf in the shellac micropar-
ticles produced by PGSS process of scCO2 solutions at 40 ◦C and 10 MPa. Figure 5 presents
the FTIR spectra of Lf, shellac, and Lf encapsulated shellac microcapsules. The FTIR spectra
of Lf (Figure 5a) showed the stretching and bending vibrations of amide I (1637 cm−1),
amide II (1528 cm−1), and C-O-C stretch (1073 cm−1) which are the major characteristics of
Lf and sensitive to secondary structure.

The amide I is more commonly used for characterizing the secondary structure and
is due to C=O stretching vibrations of the peptide bonds, which are modulated by the
secondary structure (α-helix, β-sheet, etc.). The same pattern of stretching frequencies for
amide I (1637 cm−1), and amide II (1528 cm−1) were observed in the same position in the
shellac microparticles (Figure 5c) suggesting that there was no shift in stretching frequency
between Lf and shellac microcapsules. FTIR spectra of shellac (Figure 5b) showed strong
symmetric and asymmetric stretching vibrations of CH2 at 2855 cm−1 and 2927 cm−1,
respectively. The other strong vibrations peaked at 1710 cm−1 are attributed to the C=O
stretching vibration of esters. The large band in the range 3100–3600 cm−1 with a maximum
at about 3428 cm−1 is attributed to the O–H stretching vibration, while the O–H bending
vibration is identified at 1250 cm−1. The absorption bands at 1167 and 1042 cm−1 are
due to stretching vibrations of C–O and C–C bonds. The characteristic peaks of shellac
in microparticles can be observed at 2927 cm−1, 2855 cm−1, 1710 cm−1, and 1167 cm−1

(Figure 5c). Therefore, as the shellac microcapsules exhibited characteristic peaks of both Lf
(amide I and II at 1637 cm−1 and 1528 cm−1, respectively) and shellac (C=O at 1710 cm−1

and CH2 at 2855 cm−1 and 2927 cm−1), suggesting successful encapsulation of Lf without
any interaction within the polymer.
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Figure 5. FTIR spectra of (a) crude Lf; (b) shellac and (c) Lf encapsulated shellac microcapsules produced by PGSS process
of scCO2 solutions at 40 ◦C and 10 MPa.

3.3. In Vitro Release

The sustained release profiles of Lf from shellac microcapsules in SGF (pH 1.2) fol-
lowed by SIF (pH 7.4) are shown in Figure 6. The microcapsules provided a persistent
behavior in SGF environment with a very small percentage of Lf release, not more than 11%
over time (120 min) establishing that the shellac microcapsules have acidic environment-
resistant characteristics. On the other hand, a biphasic Lf release was recorded in the SIF
environment: an initial rapid Lf release phase (73% burst in 50 min) was followed by the
slow and prolonged phase. The initial burst effect which is frequently observed in protein
loaded microparticles because of their high solubility [20] was successfully delayed by the
encapsulation of Lf in shellac microcapsules produced by PGSS. The highly hydrophobic
nature of shellac in aqueous solution can be attributed to the delayed release observed
in the shellac microcapsules. The third-slower release phase was thought to involve the
diffusion of Lf entrapped within the inner part of the shellac matrix by means of ester
channels of a network of pores. Furthermore, the burst effect may be favorable because a
high initial release produces an instant effect which can be subsequently maintained for a
prolonged period by a sustained release.
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Figure 6. Sustained release profiles of Lf from shellac microcapsules produced by PGSS process of
scCO2 solutions at 40 ◦C and 10 MPa in simulated gastric fluid (SGF) (0–120 min in pH 1.2) followed
by simulated intestinal fluid (SIF) (120–480 min in pH 7.4).

4. Conclusions

Sustained release Lf microcapsules were successfully prepared by PGSS process
using natural enteric polymer shellac which can remain in the stomach for a long time.
Particles produced at 40 ◦C and 10 MPa showed the highest encapsulation efficiency
(71 ± 2%). In vitro release study revealed that shellac coated Lf microcapsules could be
resistant against acidic environment, and they would rapidly release Lf under mild alkali
conditions with an initial high followed by the slow and prolonged phase release. It could
be concluded that shellac coated Lf microcapsules could be a good way to enhance the
stability and sustained release of Lf favorable for targeting colon-specific drug delivery
system. This study provides the basis for the application of shellac as a potential sustained
drug delivery vehicle.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-971
7/9/1/73/s1, Figure S1. Images of Lf loaded shellac microparticle-agglomeration by PGSS process at
(a) 20 ◦C, (b) 30 ◦C, and (c) 50 ◦C, at 10 MPa. SEM images of shellac (sole) microparticles produced
by PGSS process at 10 MPa and at 50 ◦C (d).
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Abstract: This study investigated the use of brewing wastewater (BW) as the primary carbon source
in the Postgate medium for the optimisation of sulphate reduction in acid mine drainage (AMD).
The results showed that the sulphate-reducing bacteria (SRB) consortium was able to utilise BW
for sulphate reduction. The response surface methodology (RSM)/Box–Behnken design optimum
conditions found for sulphate reduction were a pH of 6.99, COD/SO4

2− of 2.87, and BW concentration
of 200.24 mg/L with predicted sulphate reduction of 91.58%. Furthermore, by using an artificial
neural network (ANN), a multilayer full feedforward (MFFF) connection with an incremental
backpropagation network and hyperbolic tangent as the transfer function gave the best predictive
model for sulphate reduction. The ANN optimum conditions were a pH of 6.99, COD/SO4

2− of 0.50,
and BW concentration of 200.31 mg/L with predicted sulphate reduction of 89.56%. The coefficient
of determination (R2) and absolute average deviation (AAD) were estimated as 0.97 and 0.046,
respectively, for RSM and 0.99 and 0.011, respectively, for ANN. Consequently, ANN was a better
predictor than RSM. This study revealed that the exclusive use of BW without supplementation with
refined carbon sources in the Postgate medium is feasible and could ensure the economic sustainability
of biological sulphate reduction in the South African environment, or in any semi-arid country with
significant brewing activity and AMD challenges.

Keywords: acid mine drainage; artificial neural network; brewing wastewater; response surface
methodology; sulphate reduction; optimisation

1. Introduction

Of the numerous wastewaters from different food and beverage industries, malting and brewing
wastewaters are especially nutrient-rich. In South Africa alone, the brewing industry’s capacity
is more than 3.1 billion litres of beer per annum [1], which culminates in an industry which is
potable-water-intensive with up to 10 litres of water being used to produce 1 litre of beer [2].
The composition and characteristics of brewery wastewater (BW) vary, albeit with high concentrations
of crude protein (up to 754 mg/L), BOD5 (up to 3980 mg/L), CODtotal (up to 8926 mg/L), and total
nitrogen (up to 1305 mg/L) with minute traces of heavy metals such as lead, nickel, iron, manganese,
and copper; all of these are suitable for effective biomass growth and to support other beneficial
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biological processes [3,4]. Some of these nutrients are from extracts of spent biowaste, as for 1 hectolitre
(hl) of beer produced, approximately 20 kg of spent bio-waste in the form of grains, excess yeast,
and hops ends up in the wastewater. This is equivalent to 85% of all by-products; hence, 15% of the
bio-waste is attributed to surplus hops and yeast [5]. Overall, malting and beer racking have been
determined to contribute the largest CODtotal (up to 3000 mg/L) to BW [6]. Therefore, the disposal
of such nutrient-rich wastewater into municipal wastewater treatment plants (MWTPs) increases
nutrient loading, which can negatively affect the operation of such works. It is advisable to repurpose
such wastewater as a bio-waste-type medium for the remediation of other environmental challenges,
while others prefer that the water be treated—an undertaking which can result in additional costs
to plant operations. Redirecting such wastewater to low-performance and passive processes as a
medium could provide a sustainable mitigation strategy for the bio-waste-containing wastewater
while providing for an environmentally benign approach to remediate significant environmental
pollution [7–9]. A recent example was when BW was used as a fertiliser treatment for crop production,
resulting in yields that resembled those under inorganic fertiliser [10]. This means that BW can provide
an alternative sustainable nutrient source to passively support biological and environmentally benign
processes in other industries while providing remedial action for other unrelated brewery operation
challenges. It was further suggested that BW, when at ambient temperature, has high biodegradability;
however, this assertion was made for aerobic conditions [6].

South Africa is a semi-arid country with limited water resources, with increasingly reduced
rainfall and number of rainy days during autumn, a season associated with high rainfall [11];
current groundwater-sourced acid mine drainage (AMD) water production is high due to previous
mining activity, with an example being the 2500 m3 AMD/day draining into the West Rand
Goldfields [12]. Instead of disposing of the BW into MWTPs, it can be redirected to support the
passive treatment of AMD for the effective removal of sulphates. Current technologies and research
studies in the nexus of BW and AMD are largely focusing on (1) the use of sludge containing
sulphate-reducing bacteria treating BW for the anaerobic treatment of AMD in bioreactors [13] and
(2) mine tailing treatment in bioreactors supported by anaerobic sludge generated using BW [14],
with no studies focusing on the BW being used directly to support a passive system for the treatment
of AMD—in particular, sulphate reduction using bacteria supported on BW while remediating AMD
for water recovery to be used elsewhere, of which the primary step is sulphate removal. Furthermore,
optimising such treatment systems adapted for local conditions, i.e., taking into account the unique
characteristics of the AMD in South Africa, has never been attempted. For biological system model
development, artificial neural networks (ANNs) and response surface methodology (RSM) have been
reported as effective tools for process optimisation [15,16]. Therefore, an artificial neural network and
a Box–Behnken design RSM were used to determine the better predictor of the performance of an
anaerobic bioreactor designed specifically to treat South African AMD using BW as the primary carbon
source in the Postgate medium. Furthermore, the novelty of using BW lies in the fact that it is usually
discarded and not used for AMD remediation.

2. Materials and Methods

2.1. Chemical Reagents

Postgate medium B, herein referred to as Postgate medium, constitutes monopotassium phosphate
(0.5 g/L), ammonium chloride (1.0 g/L), sodium sulphate (1.0 g/L), calcium chloride dihydrate
(0.1 g/L), magnesium sulfate (2.0 g/L), yeast extract (1.0 g/L), ascorbic acid (0.1 g/L), thioglycolic
acid (0.1 g/L), ferrous sulphate heptahydrate (0.5 g/L), sodium chloride (26 g/L), and sodium lactate
(5 mL). The medium pH was 7–7.5. Sodium bromoethane sulphonate (98%, Merck, Modderfontein,
South Africa) and sodium DL-lactate solution (60% w/w, Sigma-Aldrich, Modderfontein, South Africa)
were used as received from the suppliers.
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2.2. Bacterial Inoculum

The AMD sample was collected using a previously described procedure from a mining facility in
South Africa [17]. The sulphate-reducing consortium was activated using selective modified Postgate
isolation medium for the propagation of sulphate-reducing bacteria (SRB) at 35 ◦C and pH of 7 ± 0.2 in
an anaerobic reactor. The constituents of the modified Postgate medium were as described earlier [17].
The black-grey colour of the medium signified positive growth of the sulphate-reducing consortium.
The experiments were conducted in triplicate.

2.3. Carbon Source Limiting Growth Test

A sterile bioreactor containing 100 mL AMD (8080 mg SO4
2−/L) was inoculated with 20% (v/v)

SRB consortium in the Postgate medium. The characteristics of the AMD were as described in
Akinpelu et al. [17]; i.e., the AMD had an E0 value of 229.5 mV, which is high, a fairly acidic pH of 2.98,
and electrical conductivity of 7.84 mS/cm. SRB growth was observed on both the lactate (L) and BW, used as
carbon sources at a feed rate of 0.05 g/L h in the Postgate medium. To minimise methanogenic activities,
sodium bromoethane sulphonate (3.2 g/L) was added to the bioreactors. The bioreactors were incubated
anaerobically at 35 ◦C, pH of 7 ± 0.2, in a rotary ZHICHENG shaker (model ZHYWY-1102) at 160 rpm
(ZHICHENG Analytical Instruments Manufacturing Co. Ltd, Shanghai, China). The bioreactors were
purged with nitrogen gas to displace the dissolved oxygen and then sealed with Parafilm tape to sustain the
anaerobic conditions. Bioreactors without inoculum served as a control. The BW, collected from a beer plant
in South Africa, contained protein (3.3 ± 0.01 mg/mL), glucose (5 ± 0.02 mg/mL), fat (2.6 ± 0.03 mg/mL),
lactose (5 ± 0.02 mg/mL), maltose (5 ± 0.03 mg/mL), sucrose (5 ± 0.02 mg/mL), fructose (5 ± 0.03 mg/mL),
and dry matter (4.2 ± 0.02 mg/mL), as measured using a high-performance liquid chromatograph
(HPLC, Agilent 1290 Infinity) (Chemetrix Export (Pty) Ltd, Johannesburg, South Africa); equipped with a
300 m × 7.8 mm Aminex HPX-97H column. The HPLC columns used isocratic conditions with water as the
mobile phase at 0.6 mL/min and temperature as the main variable for control of the resolution (60–70 ◦C),
according to the manufacturer’s manual for the separation of carbohydrates. Samples were taken at
predetermined intervals for turbidity measurement in a GENESYSTM 10S UV/Visible spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) at a wavelength of 600 nm. All procedures were performed
in triplicate. Experimental errors were estimated as the standard deviation of a set of data (n = 3).

2.4. Experimental Set-Up

The experiments were done in 250 mL anaerobic bioreactors (35 ◦C, 160 rpm, N2 purged) and were
initiated with 20% (v/v) inoculum in 100 mL Postgate medium for 48 h. Sodium bromoethane sulphonate
(3.2 g/L) was added to the bioreactor to minimise methanogenic activity. Subsequently, 50 mL of AMD
(8080 mg SO4

2−/L) was added, and the bioreactor was operated for 72 h at various pH, COD/SO4
2−,

and BW levels specified by the Box–Behnken design in Table 1. All bioreactors, with or without inoculum,
were conditioned to the various specified pre-set testing variables, and the pH of the cultures was
adjusted using 0.1 M HCl (Lasec SA, Cape Town, South Africa); or 0.1 M NaOH (Lasec SA, Cape Town,
South Africa); accordingly. The sulphate removal efficiency was estimated using Equation (1):

Removal (%) = [(Ci − Cf)/Ci)] × 100, (1)

where Ci and Cf are concentrations of sulphate (mg/L) in the initial and treated AMD, respectively.

Table 1. Experimental design variables.

Variable Code Unit
Coded Factor Level

1 0 −1

pH A - 7 5 3
COD/SO4

2− B - 3 1.75 0.5
Brewing wastewater C mg/L 500 350 200
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2.5. Design of Experiment—Box–Behnken

To optimise the process and investigate the dynamics among the key process parameters for
biological sulphate reduction, RSM was used. It has been previously used in optimising numerous
environmental processes, having been determined to be superior in the extended optimisation of such
processes [18]. RSM is a collection of statistical methods for the design of an experiment involving
several variables, leading to peak system performance at minimal cost to establish the optimum
response [19,20]. Amongst the numerous RSM designs, there is the Box–Behnken design (BBD),
which is an efficient quadratic design where variable combinations are at the lower, centre and higher
levels, usually coded as −1, 0, and +1, respectively, to give a minimum number of experimental
runs. The centre points are used to calculate the experimental deviations [21,22]. Three operational
parameters (pH, COD/SO4

2−, and BW concentration) were designated as input variables, and the
sulphate removal efficiency after 120 h was the dependent parameter. The ranges of the variables
(pH and COD/SO4

2−) were determined based on the optimum values reported for most biological
sulphate-reducing systems [19,23]. The concentration of brewing wastewater was chosen based on the
exponential phase in substrate limitation of the SRB consortium. Design-Expert® software version 12
(Stat-Ease Inc., Minneapolis, MN, USA, 2019) was used for the design of experiments (DoE) and data
analysis. Seventeen points, comprising 5 centre points and 12 factorial points, were examined, and
bioreactors without inoculum served as controls at various specified conditions (see Table 2). A COD
meter and Multiparameter Bench Photometer HI 83,099 (Hanna Instruments Inc., Woonsocket, RI,
USA) were used to measure both the COD and sulphate concentration in the AMD samples. This was
done via a photometric chemical procedure that is based on the absorption of a compound using special
subminiature tungsten lamps and a narrow bandwidth from a specific chemical reaction between
the sample and reagents, so that high performance and reliable results can be guaranteed. Based on
the Lambert–Beer Law, the molar concentration of the sample can be estimated. All reagents were
of analytical grade. The COD and sulphate were measured using Hanna’s reagents HI 93754C-25
and HI 93751-01, respectively. All experiments were performed in triplicate, and the mean values of
experimental data were fitted into the following polynomial quadratic model (Y):

Y = βo +
∑
βixi +

∑
βiix2

ii +
∑
βi jxixj + ε, (2)

where xi, xj, and xii are independent coded factors; βo is the offset term; βi, βii, and βij are linear, square,
and interaction effects, respectively; and ε is the error.

Table 2. Design matrix with actual and predicted response values via response surface methodology
(RSM) and artificial neural network (ANN).

Run

Variables Sulphate Removal (%)

A B C Actual RSM Predicted ANN Predicted

1 1 1 0 77.80 80.56 79.27
2 −1 −1 0 30.70 27.94 29.40
3 0 1 −1 68.80 68.43 68.81
4 0 1 1 61.60 64.25 60.02
5 1 0 1 84.60 79.19 84.94
6 1 0 −1 87.90 85.51 87.58
7 −1 0 −1 25.70 31.11 25.63
8 0 0 0 51.62 51.62 51.95
9 0 0 0 51.62 51.62 51.93

10 −1 1 0 42.90 37.86 42.95
11 0 −1 1 63.50 63.88 63.21
12 0 0 0 51.62 51.62 51.93
13 0 0 0 51.62 51.62 51.93
14 −1 0 1 35.60 37.99 37.19
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Table 2. Cont.

Run

Variables Sulphate Removal (%)

A B C Actual RSM Predicted ANN Predicted

15 1 −1 0 75.80 80.84 75.82
16 0 0 0 51.62 51.62 51.93
17 0 −1 −1 61.80 59.15 62.08

ANN training set: normal numbers, ANN testing set: bold numbers.

2.6. Artificial Neural Network (ANN) Analysis

Neural Power (CPC-X Software, version 2.5, Carnegie, PA, USA, 2019) was used for the neural
network analysis in this study. This software is a Windows-based package that supports several types
of training algorithms. The optimum artificial neural network conditions reported by Betiku and
Taiwo [16] were used to predict the percentage of sulphate reduction in the treatment of South African
AMD. The ANN training algorithm chosen in the present study was a multilayer full feedforward
(MFFF) connection with an incremental backpropagation network and hyperbolic tangent (tanh) as the
transfer function. The ANN framework consisted of three input layers, three hidden neurons, and one
output layer, forming a 3-3-1 topology (Figure 1). After several trials, an optimal network topology,
with only one hidden layer, three hidden neurons with tanh as the transfer function, and an output layer
with Linear as the transfer function, was iteratively used in training the network. The neural network
was trained until the root-mean-square error (RMSE) was less than 0.0001, with the average correlation
coefficient (R2) and the average determination coefficient (DC) tending towards unity (1). Other ANN
parameters were chosen as the standard settings of the software. In this study, data generated from
the BBD (Table 1) were deployed in ANN model development. Experimental data sets from the
Box–Behnken design (BBD) were split into training and testing sets. The data were divided in a ratio
of 1 to 5 with training sets comprising 14 data sets (70%) and testing sets (30%) comprising 3 data
sets, making a total of 17 experimental runs. The details of all other conditions and techniques used
in the ANN analysis for prediction and optimisation in bioprocessing have been reported in detail
elsewhere [16].

Figure 1. Artificial neural network (ANN) architecture for the estimation of sulphate reduction in the
treatment of acid mine drainage (AMD) using brewing wastewater (BW) as carbon source.
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2.7. Appraisal of Artificial Neural Network Predictability

To measure the model fit for predictability in the ANN, it was necessary to do a controlled training
for estimation of the ANN output error between the actual and predicted outputs. Equations (3)–(6)
show the predictive measures used for the model evaluation: the mean squared error (MSE), root mean
square error (RMSE), R2, and absolute average deviation (AAD) [24]. The predicted and actual
responses are denoted yi and ydi, respectively. The number of the experimental runs is n, and ym is the
average of the experimental values. The network having minimum errors (MSE, RMSE, AAD) and R2

closest to unity was taken as the best neural network model [25–27].

MSE =
1
n

n∑
i=1

(
yi − ydi

)2
(3)

RMSE = MSE1/2 (4)

AAD =

⎧⎪⎪⎨⎪⎪⎩
⎡⎢⎢⎢⎢⎢⎣

n∑
i=1

(∣∣∣yi − ydi
∣∣∣/ydi

)⎤⎥⎥⎥⎥⎥⎦/n

⎫⎪⎪⎬⎪⎪⎭ (5)

R2 = 1−
n∑

i=1

⎛⎜⎜⎜⎜⎝ (yi − ydi)
2

(ydi − ym)
2

⎞⎟⎟⎟⎟⎠ (6)

3. Results and Discussion

3.1. Effect of Carbon Substrate Limitation on the SRB Consortium

The SRB consortium’s growth increased with increasing substrate concentration up to a saturation
point of 0.3 g/L for both lactate and BW used as a carbon source. Nevertheless, the maximum biomass
growth in BW was greater than the growth in lactate (Figure 2). Although previous reports have shown
that lactate shows superior biomass growth when compared to other carbon sources, the scenario in
this study can be attributed to the several readily available reducible sugars in the BW for sustained
microbial growth [19,28]. Hence, BW was assessed as being important for its interaction and ability in
combination with other factors and environmental conditions in the optimisation of sulphate removal
in AMD.
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Figure 2. Effect of carbon substrate limitation on the sulphate-reducing bacteria (SRB) consortium’s growth.
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3.2. RSM Modelling: Box–Behnken Design

The result of individual factors and their interactive effects on the biological sulphate removal
is given in Table 2. The responses demonstrated random variations in the results measured that
indicated the effect of operational parameters on the SRB consortium’s metabolic activity and, perhaps,
process instability. The highest sulphate removal was observed at a factorial point (Run 6), at pH of 7,
COD/SO4

2− of 1.75, and BW of 200 mg/L, where sulphate removal of 87.9% from an initial sulphate
concentration of 8080 mg SO4

2−/L was observed 72 h after introducing the AMD. The residual sulphate
concentration of 978 mg SO4

2−/L was well below the discharge standard (1500 mg SO4
2−/L) for South

Africa. This is also within the range reported for sulphate reduction by diverse carbon sources in
Postgate medium, including cheese whey supplemented with calcite tailings, which resulted in 80%
sulphate removal [23,29]. Most of the peak performance (removal percent > 75%) corresponds to a
neutral pH, and the BW concentration was within the exponential phase of the consortium’s growth,
as shown in Figure 2. Studies have shown that optimum sulphate reduction can only be achieved when
the pH is >5 in an anaerobic environment [23,29]. Since the pH criterion was met, it created amiable
conditions for SRB activity, allowing consumption of the carbon source, i.e., BW and sulphate reduction.
However, some runs (2, 7, 10, and 14) displayed extremely low sulphate reduction, a confirmation of
slow microbial activity as a result of low-pH conditions.

Statistical analysis of the data was performed using analysis of variance (ANOVA) to assess the
significance of each variable in the model developed (Table 3). The quadratic polynomial model of
sulphate removal in terms of coded values was as follows:

Y = 51.62 + 23.9A + 2.41B + 0.14C− 0.15A2 + 5.33B2 + 6.89C2 − 2.55AB− 3.3AC− 2.23BC (7)

where A, B, and C are coded values for pH, COD/SO4
2−, and brewing wastewater concentration, respectively.

Table 3. ANOVA of the sulphate removal response quadratic model.

Source Sum of Squares df Mean Square F-Value p-Value

Model 5048.90 9 560.99 26.12 0.0001 significant
A—pH 4569.68 1 4569.68 212.78 <0.0001 significant

B—COD/SO4 46.56 1 46.56 2.17 0.1844
C—BW 0.1512 1 0.1512 0.0070 0.9355

AB 26.01 1 26.01 1.21 0.3075
AC 43.56 1 43.56 2.03 0.1974
BC 19.80 1 19.80 0.9221 0.3689
A2 0.0916 1 0.0916 0.0043 0.9498
B2 119.50 1 119.50 5.56 0.0504
C2 204.99 1 204.99 9.55 0.0176 significant

Residual 150.33 7 21.48
Lack of Fit 150.33 3 50.11
Pure Error 0.0000 4 0.0000
Cor Total 5199.23 16

The R2 (0.9711), adjusted R2 (0.9339), predicted R2 (0.5374), and adequate precision (16.199), including the low
standard deviation (4.63). “Prob > F” of less than 0.05 indicated model terms that were significant, with any values
greater than 0.1 indicating model terms that were not significant.

Similarly, the coefficient of interaction was estimated from the mean of the two confidence
levels. Since the predicted R2 was not close to the adjusted R2, a model reduction was considered,
i.e., removal of terms with p-values of >0.1, to improve the model to the following:

Y = 51.62 + 23.9A + 5.33B2 + 6.89C2. (8)

61



Processes 2020, 8, 1485

The p-value and the F-value of 26.12 implied that the model was significantly relevant, and there
was only a 0.01% probability that an F-value this large could occur due to noise. The R2 further showed
the precision of the fitted model to the data, as a model with R2 > 0.8 is considered to be well fitted to
the experimental data [30]. In this study, the R2 of 0.9711 implies that 97% of variations in the predicted
and actual values are clarified by the model. This indicated the applicability and accuracy of the
model for forecasting biological sulphate removal using BW. The adequate precision ratio of 16.199 is a
sufficient signal that can be used to explore the design space in this model. The non-significance of the
F-value of lack of fit further supported the suitability of the model. The diagnostic investigation of
the model showed a normal distribution of errors, shown in Figure 3a, with an average value of zero.
Similarly, a study of the residual showed evenly distributed scatters above and below the horizontal
axis, validating the sufficiency of the model (Figure 3b). Also, the plot of predicted values against the
actual experimental value showed clustering of points around the diagonal line, an indication of the
high correlation and robustness of the model (Figure 3c). To validate the model, a plot of the standard
error in sulphate removal as a function of the pH and COD/SO4

2− is shown in Figure 3d. The shape of
the standard error plot was well fitted on the design points, as well as presenting symmetrical shapes
and circular contours around the centre point, signifying ideal conditions. The standard error value
around the centre point was 0.5 and increased away from the optimisation point.
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Figure 3. (a) Normal probability plot of residuals, (b) residuals vs. predicted, (c) predicted vs. actual
output of the model, and (d) 3-D standard error plot for sulphate removal.

3.3. Graphical Representation of the Model

The effects of changes in all the three variables on sulphate removal are shown in the perturbation
diagram (Figure 4a). The effect of Parameter A on sulphate removal was shown to be close to linear
and deviate farther from the centre point, though predictably. The influence of Parameters B and C is
non-linear, and their values are similar and of the same order of magnitude; however, the effect of
Parameter C is more notable in lower values. Besides this, for ease of clarification of these results and
the forecasting of optimal conditions, 3-D plots of the system response were analysed by comparing any
two factors while keeping the third factor constant, which allowed for the analysis of any interactive
effects the three independent factors have on the system’s response. For the pairs involving pH,
the sulphate removal increased with increasing pH value, while for the two other factors, sulphate
removal increased away from the centre point (Figure 4b–d). The pair pH and BW at constant
COD/SO4

2− resulted in the highest sulphate removal.
In certain instances, RSM was determined to have a lesser prediction ability of biologics, with ANN

models presenting higher predictive coefficient of determination and minor RMSE and mean absolute
deviation (MAD), thus having a higher model resolution than RSM [31]. Therefore, ANN analysis
of sulphate reduction is warranted, particularly if BW in AMD remediation is to be used on an
industrial scale.
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Figure 4. Perturbation of factors as a function of coded values (a) and 3-D plots (b–d) showing the
effect of independent variables on sulphate removal.

3.4. Artificial Neural Network Analysis of Sulphate Reduction Using Brewery Wastewater

The multilayer full feedforward (MFFF) interaction with an incremental backpropagation network
and hyperbolic tangent (tanh) as the transfer function used for the ANN modelling proved to be
effective, with the coefficient of determination being close to unity. ANN analysis showed that the
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percentages of controlled variable contributions for sulphate removal in the treatment of the South
African AMD were 44.3, 32.09, and 23.61%, for BW, pH, and COD/SO4

2−, respectively. This shows
that BW was the most impactful variable in the experimental studies. Table 4 shows that all the
error measurements (MSE, RMSE, and AAD) for both the training and testing datasets were less than
1, while R2 for the model fitness neared unity for both datasets. A comparison of the actual and
predicted values showed the competency of the ANN in the prediction of unknown data [16] (Figure 5).
This suggests that the model generated by the ANN can sufficiently explain the relationship between
the operating parameters and sulphate reduction.

Table 4. ANN model predictive measurements for model fit in the training and testing sets.

ANN Model Predictive Tool Training Set Testing Set

MSE 0.53 0.76
RMSE 0.73 0.87
AAD 0.011 0.0093

R2 0.99 0.99

Figure 5. Parity plots of RSM and ANN predictions for sulphate removal in the treatment of South
African acid mine drainage.

3.5. Optimum Comparison of RSM and ANN

For RSM, numerical analysis in Design-Expert® version 12 software was deployed for the
optimisation of the sulphate removal. Independent variables COD/SO4

2− and BW were set within range,
with pH being set between 5 and 7 for a maximum outcome, i.e., sulphate removal. Design-Expert®

generated a set of 89 solutions that matched the criteria from most to least desirable. The optimum
point with maximum sulphate reduction of 91.59% was found at a pH of 6.99 (which is within the
South African discharge standards), COD/SO4

2− of 2.874, and BW concentration of 200.24 mg/L.
The experiment conducted at this optimum culminated in the reduction of the sulphate concentration
by 90%.

Table 5 shows the statistical tool used in model evaluation between the actual and predictive
data sets for both RSM and ANN. Although both models performed well with respect to the R2

and AAD values, with stable responses, the ANN-based approach was superior in terms of data
estimation and fitting when MSE and RMSE were considered. This was also confirmed by the parity
plots between the predicted and actual values (Figure 5). Genetic optimisation (GA) was used as the
optimal algorithm in the ANN analysis, while RSM optimisation was carried out as embedded in
the BBD design. The optimal results, presented also in Table 5, show about a 2% difference in the

67



Processes 2020, 8, 1485

percentage of sulphate reduction in RSM when compared to the ANN. However, it is worth noting
that there was a 2% decrease in the optimal value of COD/SO4

2− in the ANN optimisation variables.

Table 5. Statistical measurement of the RSM and ANN data sets for model fitting.

Statistical Tool RSM Whole Data Set ANN Whole Data Set Optimisation Variable RSM ANN

MSE 8.84 0.57 Sulphate reduction (%) 91.59 89.56
RMSE 2.97 0.75 pH 6.99 6.99
AAD 0.046 0.011 COD/SO4

2− 2.87 0.50
R2 0.97 0.99 BW (mg/L) 200.24 200.31

3.6. Overall Effect of Individual Parameters

The effect of pH can be seen in both Table 3 and Figure 4. An increase in pH increased the sulphate
removal efficiency, and the maximum removal rate was observed at pH around 7. This aligns with the
available data in the literature showing that most SRB grow optimally at pH values between 6 and
8 [29,32], as a reduced level of removal was observed in low pH. This may be attributed to acidotolerant
and acidophilic SRB that have been reported [33–35], which made it possible to treat AMD without
prior neutralisation. Similarly, at low pH, there are more protons than at neutral pH, which causes
diffusion pressure on the cell membrane due to higher Gibbs free energy at low pH during sulphate
reduction; hence, growth can be achieved at low pH [36]. However, a higher retention time is required
to achieve substantial sulphate removal at low pH.

The COD/SO4
2− plays a major role in the oxidation–reduction reactions during sulphate removal.

The SRB oxidise the BW, and the released electron is used to reduce the sulphate. Hence, the number
of electrons transferred between the two reactions determines the sulphate removal efficiency [37].
In this study, the sulphate removal increased away from the centre point for both COD/SO4

2− and
BW. Although there are reports that have indicated that COD/SO4

2− should not be greater than
2.72 to prevent methanogenic activity [38,39], sodium bromoethane sulphonate was added to the
reactor, and the COD/SO4

2− corresponding to optimum sulphate reduction in this study was 1.75.
Since the carbon source determines bacterial proliferation, irrespective of the carbon source selected,
the minimum amount of organic compound needed for reducing sulphate should be a little more than
the theoretical stoichiometric ratio since a portion of the energy dissipates into microbial maintenance
and growth [40]. The BW amount (carbon source) for optimum sulphate reduction in this study was
200 mg/L.

4. Conclusions

The SRB consortium growth on BW containing Postgate medium showed that BW is a suitable
carbon source that can be deployed in a system designed for environmental remediation of AMD
and the recovery of such water for other purposes. The analysis of response from Box–Behnken RSM
showed that pH is the most significant factor, while ANN analysis indicated carbon source (BW) as
the most significant factor. The optimised conditions for BBD in RSM were pH of 6.99, COD/SO4

2−
of 2.87, and BW concentration of 200.24 mg/L with sulphate reduction of 91.58%, while those for
ANN were pH of 6.99, COD/SO4

2− of 0.50, and BW concentration of 200.31 with sulphate reduction
of 89.56%. The performance of both models was very good with respect to the R2 and AAD values,
with stable responses; nonetheless, the ANN-based approach was superior in terms of data estimation
and fitting. The residual sulphate concentration (680 mg SO4

2−/L) of the optimised conditions is within
the discharge limit in South Africa. This study recognises that BW could function as a suitable feedstock
in biological sulphate reduction in South Africa and in semi-arid regions with high BW production
and AMD challenges.
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Abstract: Monitoring the evolution of hydrogen gas on carbon steel pipe using acoustic emission (AE)
signal can be a part of a reliable technique in the modern structural health-monitoring (SHM) field.
However, the extracted AE signal is always mixed up with random extraneous noise depending on
the nature of the service structure and experimental environment. The noisy AE signals often mislead
the obtaining of the desired features from the signals for SHM and degrade the performance of the
monitoring system. Therefore, there is a need for the signal denoising method to improve the quality
of the extracted AE signals without degrading the original properties of the signals before using them
for any knowledge discovery. This article proposes a non-decimated stationary wavelet transform
(ND-SWT) method based on the variable soft threshold function for denoising hydrogen evolution AE
signals. The proposed method filters various types of noises from the acquired AE signal and removes
them efficiently without degrading the original properties. The hydrogen evolution experiments on
carbon steel pipelines are carried out for AE data acquisition. Simulations on experimentally acquired
AE signals and randomly generated synthetic signals with different levels of noise are performed
by the ND-SWT method for noise removal. Results show that our proposed method can effectively
eliminate Gaussian white noise as well as noise from the vibration and frictional activity and provide
efficient noise removal solutions for SHM applications with minimum reconstruction error, to extract
meaningful AE signals from the large-scale noisy AE signals during monitoring and inspection.

Keywords: acoustic emission; hydrogen evolution; denoising; stationary wavelet transform; SHM

1. Introduction

Acoustic emission (AE) signal is a phenomenon of transient elastic waves caused by a change
in external conditions (stress, temperature, etc.) on the part of a structure [1]. The technique
of acquiring and analyzing AE signals to determine the level of internal and external damages
in a composite structure is called AE sensor detection technology, which is currently applied for
monitoring mechanical and aerospace engineering structure [2,3]. The AE signals are the elastic waves
released by energy within a composite material, which can assess the physical phenomena essence of
hydrogen-related damage generation (stress corrosion cracking (SCC), hydrogen embrittlement (HE)
and hydrogen-induced cracking (HIC)), especially to the metallic structure. Severe hydrogen evolution
and absorption may lead to the failure of the structure itself [4–7]. Since the AE signals are released
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by many other sources such as vibration, friction and temperature, the actual collected hydrogen
evolution AE signals have overlapping frequency bands and weak features under a complex noise
background [8]. To provide online detection of hydrogen-related damages, it is essential to extract the
AE signal of a corrosion cracking source under a complicated noise background. Thus, the denoising
of AE signals during the hydrogen evolution process on the welded structure is the key to acquiring
the AE detection of hydrogen evolution-related corrosion cracking.

Several noise-reduction techniques have been explored and used outside the data acquisition
system as preprocessing tools in the literature [2,9–11]. Fast Fourier Transform (FFT) is one of the
most common conventional noise-reduction methods which is usually employed in much commercial
AE data acquisition equipment. The FFT represents the AE signals into the time-frequency domain
to extract the frequency components and discriminate the unnecessary signals. Though FFT is very
effective for noise reduction, it has a low signal resolution, and cannot perform the time domain
and frequency domain analysis simultaneously [9]. It is also less suitable for non-stationary and
transient signals [9]. On the other hand, wavelet transform (WT) is a linear transformation of a signal
in which the fundamental functions are shifted and changed based on the scaling function of a “mother
wavelet” [12]. Khamedi et al. in [10] introduced a denoising method named wavelet packet transform
(WPT) to eliminate the noise of the AE signals that originated from the fracture events on composite
materials. The WPT is an extended model of the conventional wavelet transform, which provides
a complete level-to-level resolution for the AE signal. A significant amount of noise reduction of
non-stationary signals was achieved using multi-resolution characteristics [2]. Another approach for
noise reduction of the AE signal is the Empirical Mode Decomposition (EMD), which decomposes the
AE signal into multiple components based on the frequency-amplitude of the signal. By selecting the
important components, an amount of noise reduction was performed. However, it does not interpret
stationary signals, which often lead to false signals and redundant signals [11]. The work in [2]
has been combined with EMD and WPT to denoise the AE signal by enhancing the aliasing mode
occurrence. The AE signal for each application is unique and subjective to their nature, including
random noise involved. The AE events are a more acoustical active mechanism of hydrogen evolution
monitoring because of bubble friction noise along the structure [13]. Various types of noise, including
mechanical, external environmental, friction, and Gaussian white noise are usually induced to the AE
signals during acquisition. These may hinder discovery of the information from the signals. Thus,
the noises should be removed before performing the information-discovery technique.

Several studies have attempted to use the clustering technique as a tool to remove the noise of
the hydrogen evolution AE signals [14]. The method managed to classify more than 60% of detected
signals as noise with a classification of accuracy around 65%. However, the proposed technique is
not considered to be universal for all types of AE data. Another study has also been identified as the
useful information of the AE signal from the evolution of gaseous hydrogen events by using statistical
procedures [15]. Since an AE signal is a non-linear and non-stationary signal, the conventional
noise-reduction methods are based on linear and stationary assumptions which are unable to fully
extract the necessary information. The conventional wavelet decomposition can denoise non-stationary
signals with multi-resolution characteristics. However, it aims at only a low-frequency signal part
which is unable to satisfy both the low- and high-frequency resolutions. The actual hydrogen evolution
AE signal under complex background noise has an overlapping high-frequency band and different
characteristics of information. Thus, there is a necessity to incorporate a new multi-resolution denoising
method to effectively extract the hydrogen evolution AE signals from the complex noise background.
In this paper, we propose a non-decimated stationary wavelet transform (ND-SWT) method based
on the variable soft threshold function for denoising hydrogen evolution AE signals. The proposed
method will concentrate on both low- and high-frequency resolutions and use to suppress the various
types of noises from the acquired AE signal efficiently without degrading the original properties.
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2. Background Concepts of the Denoising Methods

The fundamentals of the denoising methods that have been adopted in this research are discussed
as follows:

2.1. Empirical Mode Decomposition (EMD)

The Empirical Mode Decomposition (EMD) was introduced by Huang et al. [16]. EMD is an
adaptive time-frequency decomposition technique using the Hilbert–Huang Transform (HHT) for
non-linear and non-stationary time-series data. The main principle of using EMD is to decompose a
given time-series signal x(t) into a sum of oscillatory functions, called intrinsic mode function (IMF).
The IMF can be obtained by using the sifting process. In the EMD, an IMF should satisfy the following
two conditions: (i) the difference between the extrema which is the sum of maxima and minima, and
the number of zero crossings must be 1; and (ii) the local average or mean from the maxima and
minima should be 0. According to the time scale characteristics, the signal is decomposed into several
IMFs. The given original signal x(t) is decomposed by EMD [2] as in Equation (1):

x (t) =
n

∑
i=1

IMFi (t) + rn (t) , (1)

where IMFi(t) represents the series of IMF components and rn(t) refers to the residual component.
The first IMF retains the high-frequency impact, and it decreases accordingly for the rest of the IMFs
until the signal is not smooth. Selecting the good IMFs with high-frequency and residual components,
the signal can be reconstructed, which refers to a denoised signal.

2.2. Wavelet Transform (WT)

The wavelet transform (WT) plays a significant role for various SHM applications in the
preprocessing of stationary and non-stationary signals. The preprocessing of the signals includes
the removal of noises from the signals, detection of abrupt discontinuities, and compression of
large amounts of data. This research emphasizes the wavelet denoising method which provides a
significant outcome for noise removal for a broad class of signals of varying degrees of smoothness [17]
encountered in a diversity of applications. Wavelet denoising method is of a disarming simplicity,
yet it achieves many objectives simultaneously, such as removing the noise without significant signal
degradation. Wavelet denoising method offers all that we might desire of a technique, from optimality
to generality [17].

2.2.1. Discrete Wavelet Transform (DWT)

The DWT is a conventional method of the WT family which discretizes a signal based on
downsampling and represents it in a different level of tree-structure manner. The DWT provides an
important advantage over the traditional Fourier Transform (FT) method [18]. The DWT transforms a
signal into various scales representing different frequency components. At each scale, the position
of the WT can be determined as the vital time characteristic that provides the facility to identify
the noises and remove them effectively. The general procedures of the DWT-based signal denoising
method used in the literature are divided into three steps. Initially, the signal is transformed up
to a predefined decomposition level of j to obtain the detail coefficients. Afterwards, the threshold
function is performed on the j signal details using different threshold selection rules, either soft or
hard threshold functions, by considering a basic noise model. Finally, the signal is reconstructed using
the original approximation coefficients of the jth level and the modified detail coefficients of all levels.

2.2.2. Wavelet Packet Transform (WPT)

The WPT is a generalization of wavelet decomposition, which offers better signal preprocessing
and analysis functions than the conventional WT methods [2,19]. The WPT introduces the effects
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of transformation parameters for denoising effect of a signal, such as the effects of mother wavelet,
wavelet packet bases, decomposition level, and threshold function selection. The WPT divides the
frequency band into multiple decomposition levels and further transforms the high-frequency part that
is not subdivided by wavelet analysis. The WPT selects adaptively the corresponding frequency band
to match the spectrum characteristic of the signal, which provides better time-frequency resolution.
The wavelet packet transforms a signal into the corresponding frequency band components according
to the random time-frequency resolution. In wavelet packet analysis, the noise-reduction algorithm of
the signal was basically the same as that of the wavelet analysis. The difference is that wavelet packet
analysis decomposed the low and high-frequency part at the same time, which had more accurate
local analysis ability.

2.2.3. Stationary Wavelet Transform (SWT)

Stationary Wavelet Transform is more flexible in denoising signals compared to the traditional
wavelet transform, which is also known as a non-decimated Wavelet Transform. The SWT is slightly
different from the standard DWT because of its up-sampling characteristic of filters at various levels [20].
The SWT preserves the invariance property of a translation of the original signal, whereas the
translation invariance in DWT is not preserved because of the sub-sampling operations in the
pyramidal method. The SWT uses recursively dilated filters instead of sub-sampling operations
to divide the bandwidth from one level to another level. There is no requirement to imply a translation
of the corresponding wavelet coefficients. The SWT can maintain the same number of coefficients
to all levels, while the traditional wavelet transforms lose the coefficients at each level. Thus, the
length of approximations and coefficients is the same at each level, which also corresponds with the
original signal.

3. Materials and Methods

This section explains the various features and characteristics of the given specimens. The details
about the experimental tests for mechanical and AE data acquisition are discussed.

3.1. Hydrogen Evolution System

A portion of a long carbon steel pipe was used in this test. An exposed area approximately
800 mm2 was made on the segmented pipe (artificial defect). The electrolyte used in this work is
3.5 wt.% of sodium chloride. The cathodic hydrogen charging was done by inducing 3.15 A current
using power supply at 25 V to create the hydrogen evolution mechanism on the exposed area through
the test. The counter electrode (CE) is a stainless-steel rod, which is used to complete the electrochemical
system. The schematic diagram in Figure 1 shows the cathodic hydrogen charging setup, attached with
the sensors and location of the active area.

Figure 1. The schematic diagram for (a) cathodic hydrogen charging setup and (b) cross section pipe
with location of sensors.
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3.2. Acoustic Emission Signal Acquisition

AE signals were continuously acquired during the test. Signals were monitored via four channels
of data acquisition environmental noise test. The sensors are attached to the specimen using the
magnetic clamp. A coupling agent was applied between sensors and the specimen to greatly increase
the acoustic energy transmission from specimen to the sensor. The whole system, including sensors,
are supplied by Physical Acoustics Corporation (USA). Pencil lead-break procedure was used prior to
the data acquisition for calibration and to ensure all the sensors were receiving the optimum amplitude
from the lead break. Values for peak definition time (PDT), hit definition time (HDT) and hit lockout
time (HLT), threshold value, and sample rate were employed in the acquisition setting, as shown in
Table 1. The sensors were positioned at 12, 3, 6, and 9 o’clock relative to the pipe specimen as shown in
Figure 1b by following the recommended configuration for the cylinder-type structure.

Table 1. AE parameters.

Parameter Value

Hit definition time (HDT) 2000 μs
Peak definition time (PDT) 1000 μs

Hit lockout value (HLT) 500 μs
Threshold value 40 dB

Sample rate 1 μs per sample

In this work, R6I-AST sensors are used to acquire the AE signal and provide high-sensitivity
data acquisition and data recording components. The sensor specification is summarized in Table 2.
The normal (ground-truth) and abnormal (cathodic charging) AE signal data were taken before
and during the experiment, respectively. The total duration of charging and data acquisition is
approximately 146 s, recorded at a sampling rate of 1 μs per sample. Thus, every AE hit was producing
a 1024 line of data points. The data were acquired and recorded by AEwin software, including all the
waveform features. The AE features were analyzed and processed using the wavelet packet transform,
empirical mode decommission, and other methods.

Table 2. Specifications of R6I-AST sensor.

Parameter Value

Peak sensitivity, ref (V/(m/s)) 117 dB
Operating frequency Range 40–100 kHz

Resonant Frequency, ref (V/(m/s)) 55 kHz

3.3. Denoising of a Signal Based on ND-SWT

Non-decimated stationary wavelet transform is adopted for denoising signals which are the
foundation of the orthogonal wavelet transform. The basic decomposition tree of ND-SWT is presented
in Figure 2, where x[n] is an original signal with noise, H, and L are the high-pass and low-pass filters
as well as c is a constant, Di and Ai are the details of coefficients and approximations respectively.
This method avoids using decimators because it decreases the length of the approximation and
coefficient sequences with the increment of the iteration index in traditional DWT. The ND-SWT uses a
series of low-pass and high-pass filters at each iteration level, and the filters are upsampled from the
corresponding filters of the previous level. Therefore, the main difference between the SWT and DWT
is the filters are upsampled at each decomposition level in SWT instead of sub-sampled. The ND-SWT
is an inherently redundant method as each sequence of coefficients contains an equal number of
samples as the number of samples in the original signal. For example, the length of the approximations
and coefficients is 2l j, where l = 1, 2, · · · , n is the length of the approximations or coefficients, and j is
the number of levels.
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Figure 2. The ND-SWT decomposition tree.

Basic Steps of a Signal Denoising by ND-SWT

A time-series, non-stationary signal with noise is assumed, and one-dimension signal model is
described as in Equation (2).

xl = f (tl) + ωzl (2)

where f is an unknown function, tl = l/n, zl
iid∼= N (0, 1) is a Gaussian white noise and ω is a noise level.

The ND-SWT-based denoising operations can be performed according to the following steps:
Step-1: Wavelet decomposition process is performed on an original one-dimensional signal with

noise. This process is also known as multi-resolution analysis of a signal with noise. The original signal
is decomposed into jth levels varying the wavelet scale and each level carries the different frequency
components of the signal. At each level of decomposition, the signal is divided into two parts—details
of coefficients with high-frequency information of the signal and approximations with low-frequency
information of the signal. Hence, more decomposition steps provide the depth frequency information
of the signal as in Figure 2. Suppose, A1 (l) =< ψ, φ−1,l > and D1 (l) =< φ, φ−1,l >, where φ is the
scale function and ψ is the wavelet function. The non-decimated SWT-based wavelet decomposition
can be expressed as in Equations (3) and (4).

Dj,k = ∑
l

Hj
↑2 (l − 2k) Dj−1,l (3)

Aj,k = ∑
l

Lj
↑2 (l − 2k) Aj−1,l (4)

where Aj,k denotes the scale coefficients of the approximation part, Dj,k denotes the wavelet coefficients

of the details part. H↑2
j and L↑2

j refer to the interpolation of Aj−1 and Dj−1 respectively.
Step-2: Threshold functions are performed on the wavelet coefficients at each decomposition

level to de-noise the signal without degrading the signal quality. There are two threshold functions,
including hard threshold and soft threshold most commonly used in the wavelet transformation-based
signal denoising methods [2]. However, one of the main limitations of a hard threshold function
is to interrupt the signal continuity and provide a poor smoothness reconstructed signal. On the
other hand, the soft threshold function may discard the important characteristics of the decomposed
signal resulting may distort the reconstructed signal. Therefore, this paper adopts a dynamic soft
threshold function which is computed based on the correlation factor of the wavelet coefficients and
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it regulates in between 0 to 1, to remove all wavelet coefficients that are greater than or equal to the
set threshold value causing the reconstructed signal to be smooth are clean. Different categories of
threshold functions are mathematically expressed in Equations (5)–(7).

η (d, λ) =

{
(d) |d| ≥ λ

0 |d| < λ
{Hard thresholding} (5)

η (d, λ) =

{
sign (d) (|d| − λ) |d| ≥ λ

0 |d| < λ
{Soft thresholding} (6)

η (d, λ) =

{
sign (d) (|d| − αλ) |d| ≥ λ

0 |d| < λ
0 ≤ α ≤ 1 {Dynamic soft thresholding} (7)

where d is a wavelet coefficient, λ, is a threshold value, and α is the quantified threshold value
in between 0 to 1. After applying the ND-SWT, the wavelet coefficients at each decomposition
level are the combination of noise-free and noisy characteristics coefficients in the wavelet domain.
The noise-free coefficients are coherent and their energy concentration property is a high magnitude of
coefficients, whereas the noisy coefficients are incoherent and presented by many coefficients with
small magnitudes. Denoising of a signal is complemented by setting the noisy coefficients to near zero
or comparatively small while the threshold function is performed.

Step-3: Reconstruction of the decomposed signal. Based on the nth low approximation coefficients
and nth high wavelet detail coefficients, the reconstruction process of the decomposed signal is
performed. Reconstruction process can be expressed as in Equation (8).

Aj−1,l =
1
2 ∑

k

[
L
′
j (l − 2k) + L

′
j (l − 2k − 1)

]
Aj,k +

1
2 ∑

k

[
H

′
j (l − 2k) + H

′
j (l − 2k − 1)

]
Dj,k (8)

where L
′
j and H

′
j are the dual base of Lj and Hj respectively.

To evaluate the denoising effect of the reconstructed signal based on ND-SWT,
the Root-Mean-Square Error (RMSE), Signal-to-Noise Ratio (SNR), Peak Signal-to-Noise Ratio (PSNR)
and cross-correlation evaluation criteria have been used. The definitions with the mathematical
expressions are stated as follows:

RMSE: It is used to compute the reconstruction error after denoising a signal which can be
calculated by root of the ratio of the total number of samples of a given signal and the mean-square
difference between original given signal x(l) and denoised signal x (l). The RMSE is defined as follows:

RMSE =

√
1
n

n

∑
l=1

[x (l)− x (l)]2 (9)

SNR: It is a measure that compares the level of a desired signal x (l) to the level of signal noise.
The SNR is calculated as the ratio of mean signal power to the mean noise power and expressed
as follows:

SNR = 10log10

⎡
⎢⎢⎣

n
∑

l=1
x2 (l)

n
∑

l=1
[x (l)− x (l)]2

⎤
⎥⎥⎦ (10)

PSNR: It is a measure which can be computed by the ratio between the maximum possible
power of a given signal x(n) and the power of corrupting signal noise that affects the fidelity of its
representation. The PSNR is defined as follows:

PSNR = 20log10

[
max (x (n))

RMSE

]
(11)
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Cross-Correlation (xcorr): The similarity between two discrete time sequences is measured. If the
value of cross-correlation xcorr is close to 1, then the cleaned signal and the signal with noise closely
resemble each other. The cross-correlation can be expressed as:

xcorr =
[

E (x (n)− μx) (x (n)− μx)

δxδx

]
(12)

where μx and μx are the mean values of the denoised signal x (n) and the signal with noise x(n)
respectively and δx and δx are denoted as the respective standard deviations of that two signals.
The operator E() is referred to the statistical expectation or mean function.

4. Results and Discussion

The description of the datasets, simulation environment, and used parameters are presented in
this section. Moreover, the performance of the proposed work in denoising AE signals is analyzed
based on several performance metrics.

4.1. Datasets and Simulation Setup

The experimental corrosion dataset acquired from hydrogen evolution on the carbon steel
pipeline and synthetic datasets with the addition of different levels of Gaussian white noise were
used to evaluate the performance of our proposed denoising method. The hydrogen evolution
corrosion dataset was collected using four AE sensors deployed on the carbon steel pipeline at 12, 3,
6, and 9 o’clock positioning manner for a duration of approximately 146 s. There is a single type of
measurement (AE signal amplitude in mV), which is recorded as waveforms in every microsecond
interval, and each waveform duration is one millisecond. Our proposed method has been applied to
the first 1000 waveforms of a single AE sensor and a total of 1,024,000 data points. On the other hand,
the synthetic datasets were generated randomly with the addition of SNR 5 dB, 10 dB, 15 dB, 20 dB and
25 dB. Each sample was recorded every microsecond and a total of 1 millisecond duration. Apart from
this, the simulations on the datasets were carried out using the Matlab environment to evaluate the
performance of the proposed method. The three-layer ND-SWT method was adopted to decompose
the given datasets based on Shannon entropy structural function. The four different mother wavelets
(haar, db, sym and coif) were selected to compute the wavelet coefficients. The threshold function α

was varied to remove the unnecessary wavelet coefficients to achieve noise reduction.

4.2. Denoising of Synthetic Datasets Added with Gaussian White Noise Based on ND-SWT

The randomly generated sinusoidal clean signal and the addition of SNR 5 dB, 10 dB, 15 dB,
20 dB and 25 dB Gaussian white noise signals are presented in Figure 3. In the graph, the vertical axis
displays the amplitude of a signal, whereas the horizontal axis represents the time. Here, the clean
signal is used as a reference signal and our proposed denoising method is applied to the generated
noisy signals to evaluate the performance in terms of accuracy in denoising without distorting the
original properties of the reference signal. The synthetic clean signal and denoised signals by the
ND-SWT are visualized in Figure 4 to observe the effectiveness of the ND-SWT method in denoising
different levels of Gaussian white noise. It can be observed that even if there is a small effect on
amplitude of the denoised signals only in the case of severe noisy signals, the rest of the properties of
the denoised signals are almost similar to the clean signal. The performance comparison among the
properties of the clean signal, the properties of the different levels of noisy signals, and the properties
of the ND-SWT-based reconstructed denoised signals are presented in Table 3. It can be clearly seen
from the table that all properties of the clean signal are influenced by the different levels of Gaussian
white noise except the “Max Peak Frequency” property. However, the ND-SWT method suppresses the
several degrees of noise effectively and the properties of the reconstructed denoised signals are almost
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similar to the properties of clean signal. Hence, it can be claimed that the ND-SWT is an effective
method in denoising severe noisy signals without degrading the original properties of the signal.
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Figure 3. Synthetic clean signal and the signals with the addition of several degrees of Gaussian white noise.
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Figure 4. Synthetic clean signal and the ND-SWT-based denoised signals.
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Table 3. Comparison among the properties of synthetic clean signal, different degrees of noisy signals
and the ND-SWT-based denoised signals.

Properties Clean Signal 25 dB 20 dB 15 dB 10 dB 5 dB

Number of Peaks 21 209 209 209 273 338
Max Peak Frequency (Hz) 19.53 19.53 19.53 19.53 19.53 19.53

Mean Frequency (Hz) 19.80 20.53 22.01 26.58 41.27 71.47
Angular Frequency (Hz) 125.54 1291.41 1291.41 1690.43 1970.83 2082.04
RMS Bandwidth (kHz) 0.87 60.24 60.24 110.20 107.47 101.97

Mean Frequency Power (dB) −6.01 −5.97 −5.86 −5.80 −5.30 −4.26
RMSE 0.00 0.04 0.07 0.12 0.23 0.38

SNR (dBc) 24.49 20.91 15.66 9.29 6.04
xcorr (%) 100.00 99.84 99.52 98.48 95.17 87.76

ND-SWT-Based Denoised Signals

Number of Peaks 21 21 21 21 21 21
Max Peak Frequency (Hz) 19.53 19.53 19.53 19.53 19.53 19.53

Mean Frequency (Hz) 19.80 19.68 19.68 19.69 19.56 19.50
Angular Frequency (Hz) 125.54 125.79 125.79 125.79 125.79 125.92
RMS Bandwidth (kHz) 0.87 0.98 0.98 0.98 0.96 0.94

Mean Power (dB) −6.01 −6.37 −6.37 −6.47 −6.55 −6.81
RMSE 0.00 0.03 0.04 0.05 0.07 0.11

SNR (dB) 50.89 55.84 54.78 48.29 54.96
xcorr (%) 100.00 99.91 99.83 99.74 99.56 98.91

4.3. Denoising of AE Signal Added with Friction Noise Using ND-SWT Method

In this section, the AE signals from frictional source measured by rubbing a plate of steel on
the same test specimen and other parameters as mentioned in Section 3.2 to create an external noise
during hydrogen evolution activity are extracted. Afterwards, The ND-SWT with coif3 wavelet
method is used to suppress the frictional noise of acquired AE signal and evaluate the denoising
performance. In Figure 5, a comparison of original frictional noisy AE signal, ND-SWT-based denoised
signal and estimated noise are presented. It can be seen from the original AE signal that the AE
frictional noise is proportional to the movement pattern and the force applied on the test specimen.
The denoised signal in Figure 5 shows that the ND-SWT method effectively eliminates the frictional
noise or overlapping frequency properties and retains the necessary hydrogen evolution AE features.
Hence, the ND-SWT method can be used for the acquisition of friction noise-free AE signals which
provide original frequency components for damage assessment in SHM applications.
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Figure 5. Comparison among frictional noisy AE signal generated from hydrogen evolution experiment,
the signal after denoising and estimated noise.
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4.4. Denoising of AE Signal Added with Friction and Vibration Noise Using ND-SWT Method

In this section, the AE signals measured on the same test specimen’s other parameters are
examined as discussed earlier in Section 3.2 by introducing both the external vibration and frictional
and vibration noisy signal. The test specimen is rubbed and knocked randomly along the test specimen
during a hydrogen evolution experiment for a certain duration to generate friction and vibration
noise. The ND-SWT with coif3 wavelet method is applied to the acquired noisy AE signal for
multi-scale decomposition to suppress both noises and evaluated for denoising performance. In
Figure 6, a comparison of frictional and vibrational noisy AE signal, ND-SWT-based denoised signal
and estimated noise are displayed. It can be seen that each cycle of the original AE signal has a burst
type of emission wave which may contain the hydrogen evolution AE features whereas the rest of the
signal is dominant with the continuous modulation due to knocking activity. The denoised signal in
Figure 6 shows that the ND-SWT method effectively removes both the friction and vibration noise and
retains the necessary AE information. Hence, the ND-SWT method can be used not only for removing
friction noise but also eliminating vibrational noise of generated AE signals from SHM applications.
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Figure 6. Comparison among frictional and vibrational noisy AE signal, the signal after denoising and
estimated noise.

4.5. Frequency Spectrum of the Noisy AE Signals and ND-SWT-Based Denoised Signals

In this section, the hydrogen evolution-based normal AE features are explained. Based on the
literature in [21], the normal frequency components of an AE signal concentrate the range between
30 kHz to 150 kHz during hydrogen evolution.

This range mainly depends on several bubbles generated during hydrogen evolution and the
level of induced potential. Figure 7 shows a comparison of the frequency components for original
frictional and vibrational noisy AE signals with the frequency components of the ND-SWT-based
denoised AE signals. From Figure 7, it can be seen in the case of original frictional noise that it
mainly influences the overlapping frequency band as well as having a small effect on the amplitude.
The ND-SWT-based denoised signal contains the original frequency components by removing the
overlapping frequency band and unnecessary amplitude. On the other hand, it can be observed that
both friction and vibration noises concentrate on both amplitude overlapping frequency band features
of AE signal which increases due to these noises. However, the denoised signal by the ND-SWT
retains the original frequency components according to the literature by removing the unnecessary
frequency bands.
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Figure 7. Comparison between the frequency components of the Original noisy AE signals and
ND-SWT-based denoised signals.

4.6. Comparison of the Performance in Denoising AE Signal Based on Different Methods

In this section, the performance of various denoising methods on AE signals acquired from the
hydrogen evolution experiments using different mother wavelets is analyzed. The performance of the
proposed method in terms of denoising for “haar3”, “db3”, “sym3” and “coif3” wavelets is shown in
Figure 8.
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Figure 8. Noise reduction by ND-SWT using haar3, db3, sym3 and coif3 wavelets.
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The plot illustrates the comparison between the original AE signal and the denoised AE signal
along with the estimated suppressed noise for various types of wavelets. It can be observed that the
proposed denoising method suppresses the highlighted friction noise generated from the mechanical
or experimental environment and reconstructs the denoised signal with less distortion of the original
signal for all types of wavelets. Please note that the “coif3” wavelet yields the lowest distortion after
noise reduction of AE signal as compared to others. Moreover, Figures 9–11 represent the performance
comparison of the most popular existing denoising methods between the original AE signal and the
denoised AE signal along with the eliminated amount of noise for different wavelets. It can be observed
that the existing methods yield poor performance in terms of denoising the AE signal as compared to
the proposed methods. Even the “coif3” wavelet yields better performance in denoising for all existing
methods, it still yields the poor noise suppression performance compared to the performance of the
proposed method’s “coif3” wavelet.
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Figure 9. Noise reduction by DWT using haar3, db3, sym3 and coif3 wavelets.
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Figure 10. Noise reduction by WPT using haar3, db3, sym3 and coif3 wavelets.

4.7. Performance Comparison of Different Methods Using Various Performance Metrics

In this section, the performance of various denoising methods is evaluated using different
performance metrics, including RMSE, SNR, PSNR, and cross-correlation. All performance metrics
have been measured by comparing the properties of the original AE signals and noise-free
reconstructed signals. Figures 12–15 present the performance of the proposed method on various
metrics while denoising the AE signal with respect to the four different wavelets and compare it with
the performances of the existing denoising methods. It can be clearly seen in the case of all performance
metrics that the mother wavelet named “coif3” performs better in terms of denoising AE signals for all
simulated methods than the performances of “haar3”, “db3” and “sym3” wavelets. The main reason is
that the “coiflets” uses high windows overlapping and six scaling wavelet function coefficients so that
it increases adjacent samples in both averaging and differencing leads to a smoother wavelet. Hence,
it is more capable of denoising AE signals. Apart from this, it can be observed from the graphs that
the ND-SWT yields the optimum results in terms of accuracy in denoising AE signals, as it yields the
lowest value of RMSE and highest values of SNR, PSNR, and cross-correlation as compared to the other
existing DWT, WPT, and EMD-WPT methods. This is due to its functional characteristics, including
revolving, multi-scale invariable, translation, translation invariability, and redundant properties.
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Figure 11. Noise reduction by EMD-WPT using haar3, db3, sym3 and coif3 wavelets.
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Figure 12. Comparison on RMSEs of the simulation AE signal with respect to four methods using four
different wavelets.
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Figure 13. Comparison on SNRs of the simulation AE signal with respect to four methods using four
different wavelets.
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Figure 14. Comparison on PSNRs of the simulation AE signal with respect to four methods using four
different wavelets.
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Figure 15. Comparison on cross-correlations of the simulation AE signal with respect to four methods
using four different wavelets.
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4.8. Frequency Spectrum Analysis of AE Signal after Noise Reduction

The frequency spectrum analysis explains the frequency of a signal or distributed frequency over
a time-series. Figure 16 presents the frequency spectrum of the original AE signal, where the original
signal has been transformed using FFT and displayed the magnitude in (mV) with respect to the
frequency in (kHz) over time-series.
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Figure 16. Frequency spectrum of AE signal after noise reduction by DWT, WPT and EMD-WPT and
ND-SWT Methods.

The frequency spectrum illustrates a concentration of power at low frequencies, and it varies in
amplitude and slope. Figure 16 also shows the frequency spectrum of the reconstructed denoised
AE signal by the proposed and existing denoising methods. It can be clearly seen that the
frequency spectrum of the ND-SWT-based denoised signal yields better originality in terms of the
original frequency spectrum properties of the signal compared to the other existing methods. Thus,
the ND-SWT method provides the accurate damage characterization facility in SHM using accurate
frequency components of cleaned AE signals.

5. Concluding Remarks

Our findings and analysis confirm the fact that denoising method is very useful to clean noises
from the AE signals in order to improve the quality of the AE signals and use them effectively for
different applications in monitoring carbon steel structure, suffered from the hydrogen-induced
damage reaction. The adopted ND-SWT provides efficient noise reduction of AE signals generated by
hydrogen evolution experiments with the minimum reconstruction error hence, making it useful for
large-scale noisy AE signals generated from various monitoring applications in SHM. The simulation
results of the proposed method have proven that the SNR, PSNR, and cross-correlation performances
are maintained high with the minimum RMSE compared to the performances of the recent existing
denoising methods in SHM. The ND-SWT method can be applied to acquire AE clean signals during
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SHM inspection in real environments. However, the preliminary analysis should be carried out
in order to identify the setting parameters during acquisition including threshold value, length of
wave, the accurate AE sensor and wave velocity for a specific structure. The selection of appropriate
parameters can play a role of removing the reflected wave and other noise. The performance of the
ND-SWT method in real practice can vary due to the influence of other external and internal factors
such as temperature, humidity, load, pressure and so on which are unable to be considered in this
work. The further study can be carried out on real-world SHM application including these factors to
investigate the denoising performance of ND-SWT method.
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Abstract: Eco-innovation has gained considerable attention in academia as well as in industry due to
its potential in mitigating environmental challenges and its positive correlation with firm performance.
However, there are limited studies which have investigated the moderating relation of International
Organization for Standardization (ISO) 14001:2015 between eco-innovation and firm sustainability
in their contribution to societal development. This research is supported by a resource-based
theory which explores the core-competencies of firms and challenges the resources creating the
competitive advantage of the firm without compromising on the social responsibility aspect of the
firm. This study proposes a fishbone eco-innovation business model, which includes production
(product, process, and technology) and non-production (organization and marketing) business
activities mapped with the 17 Sustainable Development Goals (SDGs) for societal development.
This fishbone eco-innovation business model signals to the stakeholders about the organization’s
innovation in their green implementation, which goes beyond mere compliance. The contribution of
the fishbone eco-innovation business model to societal development will create a unique competitive
edge and green goodwill amongst the external stakeholders, which will attract sustainably responsible
investors for investment. This article draws propositions and develops a conceptual model for future
empirical research on eco-innovation and societal development.

Keywords: eco-innovation; firm sustainability; fishbone diagram; societal development;
ISO 14001:2015; environment management system

1. Introduction

Weapons of mass destruction, life-threatening weather, natural catastrophes, climate change,
and clean water crises are the topmost five risks that will have significant impacts in the next 10 years
in the world [1]. Surprisingly, all five risks are directly and indirectly related to the environment and
society, where these environmental risks are the central strategic issues for corporations and societal
development. However, in the recent lockdown, steps taken by most countries in the worldwide
Covid-19 pandemic ironically minimizes the environmental risk by improving the air quality and
temperature around the world within a short period of time. This is primarily because carbon dioxide
gas emissions into the atmosphere are reduced based on less industrial activities. This issue is noticeable
but not enough for environmental sustainability [2–6]. The Covid-19 pandemic not only affects the air
quality index but also affects social mobility during the lockdown because the lockdown demotivates
social gatherings. Because of social gathering restrictions, societal expansions and growth are trapped
in a cartage stage. As a result, business corporations face different issues regarding this pandemic
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in relation to sustainable societal development, such as health, supply chain, labor force, and cash
flow [7,8], where most situations demand that environmental risk and societal growth issues be
reconsidered post-COVID-19 pandemic in their sustainable business model to grab the full phase of
sustainability for society.

Besides the COVID-19 pandemic, the imperativeness of environmental and societal development
issues can also be understood by referring to the United Nations 17 sustainable development goals
(UNSDG), in which the environmental loss is at US $2.2 trillion in the year 2018. However, the amount
is still increasing due to traditional innovation approaches and GDP (Gross Domestic Product)
investment and initiatives towards protecting the environment. The amount of global GDP financed
in research and development (environment) increased from 1.52 percent to 1.68 percent from 2000
to 2016 [9], which does not match up to environmental losses. Hence, business corporations need
to screen investment not only for sustainable business but also for innovative practices towards
environmental challenges that lead to a competitive edge for the company and contribution towards
societal development.

The motivations of this study are divided twofold. Firstly, due to the rapid boost in climate change
and global warming, the whole world is undergoing a severe environmental problem, which creates
a hindrance to social development. According to [10], 2.7 billion people are at risk due to climate
change. Secondly, in the era of the Internet of Things, artificial intelligence, and the information age,
organizations are still following traditional business models and end up emitting 36.83 billion tons of
CO2 and 7.70 million tons of solid waste, as well as seeing an increase in energy demand by 2.3% in the
year 2018. Therefore, the current business model needs to be replaced with sustainable practices to
boost the existing societal development velocity, which is another motivation for this research.

There is evidence that the fourth industrial revolution plays a crucial role in sustainability and
societal development. It is claimed that the fourth industrial revolution has been initiated by vast
scientific research and sustainable technological developments. These sustainable technological
developments attempt to mitigate environmental risk and accelerate societal development through
different techniques. A study of [11] stated that business corporations require environmentally friendly
innovations to control environmental risks and promote societal development. On the other hand,
the United Nations also supports environmentally friendly innovations through the Sustainable
Development Goals (SDGs) 2030 plan to protect the environment and society through sustainability
from current and future threats.

There is a growing body of studies that identify the importance of different forms of innovations
relating to the environment and social development—namely, general innovation, green innovation,
eco-innovation, and social innovation. Amongst all, the existing literature claims that eco-innovation
has emerged as one of the utmost dynamic innovations for firm sustainability [12–14], whereas social
innovation has emerged as a vital player in societal development [15]. The objective of this study is to
investigate the effect of eco-innovation on societal development, including a firm’s sustainability.

Eco-innovation depends on several determinants, such as green demand and supply, green
regulation, green collaboration, green resources, and capabilities. These predeterminants accelerate the
reduction in materials, improve energy efficiency, minimize emission, improve biodiversity, and raise
living standards [16,17], as well as providing competitive advantages for the firm. These factors
promote the three pillars of sustainability: sustainable competitive advantages, reduction in cost,
and savings in energy. Improving emissions, biodiversity, and energy efficiency are related to the
environmental pillar of sustainability, but the reduction in materials, improvement in energy efficiency,
minimizing of emissions, and improvement of biodiversity are directly related to the social pillar
of sustainability. Therefore, this study draws an argument that eco-innovation accelerates not only
a firm’s sustainability but also social development.

On the other hand, there are some other external factors that moderate eco-innovation.
Among them, International Organization for Standardization (ISO) 14001:2015 is the most accepted
standard which promotes environmental management. According to ISO’s recent statistics, this is the
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second most popular business certification, and is implemented by approximately 200 countries all
over the world. In addition to that, this business certification has improved 8% of the annual growth of
companies around the globe [18–21]. This situation clearly demonstrates the certification’s benefit,
as it accelerates the firm’s sustainable practices [22] and cost-saving through waste management, water
management, the identification of environmental risks and opportunities, environmental compliance,
employee engagement, and the promotion of safety practices. The said factors enhance trust amongst
stakeholders, create green intentions, and help to portray the firms as responsible firms towards
society. Therefore, this study claims that the ISO 14001:2015 certification moderates the nexus between
eco-innovation and firm sustainability to enhance societal development. The following table gives
a summary of the study of eco-innovation, firm sustainability, ISO 14001:2015, and societal development.

Table 1 highlights the gap from previous studies on eco-innovation concerning the business
production process, which highlights the role of products, processes, technology, organization,
and marketing with positive and negative correlations with sustainability. On the other hand,
numerous studies have been conducted in the last few decades on firms’ sustainable practices,
innovation, social innovation, and environmental innovation in relation to stakeholders’ contributions.
Those researches argued the positive impact of eco-innovation on societal developments. However,
there is still limited research being conducted on predicting the role of corporate eco-innovation
practices on societal development.

Table 1. Summary of past studies on eco-innovation, firm sustainability, societal developments, and
International Organization for Standardization (ISO) 14001:2015.

Reference
Eco-Innovation

Dimension
Firm Sustainability

Dimensions
Societal

Development
ISO 14001:2015 Theory Methodology Findings

[23] Technology Environment No focus - Resource-based view Quantitative Negative
association

[24–28] Marketing Environmental,
economic and social

Focus on social
value addition - Resource-based view Quantitative Positive

association

[29] Organization Social and
environmental

Focus on employees’
living standards - Resource-based view Quantitative Positive

association

[30] Product Social and economic Focus on product
social value - Resource-based view Quantitative Negative

association

[23,31–33] Process Environmental and
economic No focus - Resource-based view Quantitative Positive

association

[34] Technology Environment,
economic and social

Focus on
sustainable social

consumption
patterns

- - Qualitative Positive
association

[35] Technology Environment,
economic and social

Focus on societal
natural resource
allocations and

utilization

- - Qualitative Positive
association

[34] Organization Social

Focus on polices
and principles

for societal
transparency

- - Mixed Positive
association

[36] Organization
and technology

Social and
environmental

Focus on social
policy in the
E.U. context

Considered as
an independent
variable in the

framework

- Quantitative No association

[37] Product and
process

Social and
environmental

Focus on the
product social life
cycle perspective

Considered as
an independent
variable in the

framework

- Quantitative Positive
association

[38] - Social
Focus on higher

education
institutions

Considered as
a factor of

sustainability
practices

- Qualitative Negative
association

[39] Processes in
eco-innovation

Social and
environment

Focus on
sustainable

industrial process
management

and SDGs

Considered
a sustainable

effect on society
- Qualitative Positive

association

[40] Organizational
eco-innovation Social

Focus on employee
sustainability
through the
social aspect

Considered as
a factor that

promotes social
sustainability

- Qualitative Positive
association
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Table 1. Cont.

Reference
Eco-Innovation

Dimension
Firm Sustainability

Dimensions
Societal

Development
ISO 14001:2015 Theory Methodology Findings

[17] Overall
eco-innovation

Environment, social
and economic

Focus on economic
performance, cost

performance,
resources savings,

pollution
prevention,

and recycling

- - Quantitative Positive
association

[16] Technology
eco-innovation Economic

Focus on lean
management

principles

Discussed it. Not
considered in

their study
- Quantitative Positive

association

[41] Overall
eco-innovation

Organizational
performance

Focus on
eco-innovation
performance

-
Resource-based and

stakeholder
perspectives

Qualitative -

A limited number of studies have been published on the association between eco-innovation and
firm sustainability that highlight the three pillars of sustainability. Additionally, there is a scarcity of
studies on visual or graphical diagrams specifically related to eco-innovation [42,43], firm sustainability,
and societal development. This study propounds the fishbone eco-innovation framework model with
the moderating role of the environmental management system (ISO 14001:2015) on firms’ sustainability
and societal development [42,43].

The problem of the research is that most of the firms are still following traditional and conventional
approaches to the environment and innovation, which results in an unsustainable environment that
affects the society. On the other hand, there are few firms that concentrate on eco-innovation. However,
there are also firms which are not aware of the cause and effect relationship of eco-innovation on societal
development. This study also highlights the following questions: “Does eco-innovation affect firm’s
sustainability? How does the fishbone diagram associate with eco-innovation and firm’s sustainability?
How does eco-innovation affect sustainability and societal development? How does ISO 14001:2015
moderates the relationship between eco-innovation and firm’s sustainability in the development of
society?”

Eco-innovation has been gaining a considerable amount of attention from academicians as well as
corporate sectors due to its potential in firms’ sustainability [44] and societal development. At the
micro-level, this research assists firms in taking precautionary steps in scaling up eco-innovation to
formulate their business strategies and develop future plans. Besides that, this research can also
assist top-level management to promote green and social goodwill, which will influence stakeholders’
positive decisions, which could possibly lead the firm’s community investment in social development.
As a result, firms can build better relationship between internal and external stakeholders, thereby it is
also expected to bring a positive nexus on the firm’s bottom line.

The remaining section of this study will be discussed as follows: In the next section, the literature
will be discussed. In Section 3, there will be a discussion on the proposed conceptual framework,
followed by a discussion on future research directions. The conclusion is set out in the final section.

2. Literature Review

The definition of eco-innovation was first introduced by Fussler and James in 1996, where it is
described as reducing negative environmental impacts while offering new products and processes to
consumers and businesses. Eco-innovation also leads to sustainable protection and development by
the introduction of innovative ideas, practices, and technologies. Eco-innovation can be described as
a modern or substantially changed product, procedure, or business practice that seeks to minimize
environmental costs, emissions, and the adverse consequences of resource usage instead of using
existing approaches that do not take into consideration the environmental impact.

Many countries have acknowledged that eco-innovation is an impactful way to solve the ecological
problems of today, including climate change and energy saving. Moreover, many countries perceive
eco-innovation products and services in the market as a source of competitive advantage. Enterprises are
seeking eco-innovation as an opportunity to curb negative impacts on the environment while building
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a decisive competitive edge and green goodwill in stakeholders’ eyes. In addition to that, academic
researchers believe that eco-innovation is one of the prime sources to achieve a firm’s sustainability
and societal development [24,45].

Sustainability can be defined as satisfying needs without compromising the resource capability
for future generations’ needs. Sustainability literature stands on three pillars—namely, economic,
environmental, and social. Therefore, to attain sustainability, the firm needs to contribute on
these three pillars. To explore firms’ sustainability, this study conducts a detailed review of
eco-innovation dimensions.

2.1. Dimensions of Eco-Innovation and a Firm’s Sustainability

Research organizations such as [46,47] together with researchers—namely, [24,45]—identified
five dimensions of eco-innovation, such as product, process, technology, organization, and marketing.
The following section will highlight the five dimensions of eco-innovation and a firm’s sustainability.

2.1.1. Product Eco-Innovation

Product eco-innovation is designing or improving a product that is new or beneficial in curbing
environmental risk in order to enhance sustainability. Product eco-innovation refers to the materials
used to produce products that can lower the impact on the environment [24]. Eco-innovation is used
to improve the quality of products, services, and sustainability [24,46]. These goods and services
emphasize eco-design to diminish the total effect on the environment through their production. [47]
defined product eco-innovation by emphasizing its potential users. The introduction of goods or
services which are new or significantly better quality concerning their intended uses is known as
product eco-innovation [47,48] together with [24], claimed that product eco-innovation is positively
associated with a sustainable firm’s performance. The studies also pointed out seven specific indicators
that are related to increasing a firm’s value which focus on the sustainability issue. The indicators
are: the usage of new cleaner material or a new input with a lower environmental impact, the usage
of recycled materials, a reduction in the use of raw materials, a reduction in the number of product
components, the elimination of dirty components, a product with a longer life cycle, and a product’s
ability to be recycled. It can be argued that product eco-innovation can accelerate competitive
advantages and sustainability [48]. In contrast, a study from [30] stated that eco-product innovation
negatively correlated with a substantial firm’s performance due to the reactive approach of the firm.

This research advocates that product eco-innovation not only helps to curb the environmental
risk but also promotes social development. [30] found that the environmental issue is correlated to
social challenges. The improvement and reinforcement in the environment will positively minimize
the social risk, which leads to achieving the societal development of the economy.

2.1.2. Process Eco-Innovation

According to [30], process eco-innovation is defined as the employment of new or significantly
better-quality production or distribution methods which help to reduce environmental impact through
significant variations. A study from [47] identified several traits, such as the reduction in material used,
lower risk, and cost savings, which improve and strengthen the clean production of the firm.

Cleaner production in the manufacturing process and end of pipe technologies in the production
line are the most commonly used terms in process eco-innovation, as claimed by [49]. In accordance
with [50], process eco-innovation is no longer confined to explicit environmental performance,
but additionally encompasses tacit environmental improvement and sustainable performance.

Several attempts from different researchers [30–33,47,49,51] have been made to identify the nexus
of process eco-innovation and sustainable firm’s performance. Among them [31–33] stated that process
eco-innovation is positively related to a sustainable firm’s value. [24] identified 11 specific factors that
contribute to an increase in the firm’s value. These factors are as follows: a reduction in chemical
wastage, a reduction in water usage, a reduction in energy usage, the minimization of wastage,
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the recycling of components, the recycling of wastage, innovative environment-friendly technologies,
renewable energy for the production process, R&D investment, the acquisition of machinery, and the
acquisition of patents [52].

The adoption of eco-friendly factors in the process will maximize the resource efficiency based on
the fact that firms and nations which are able to save their limited resources and conduct activities to
save their resources will boost their societal development [53]. Therefore, this research advocates that
eco-innovation has the potential for sustainable and societal development, which can be verified by
the finding from [54] that innovation enhances and strengthens sustainable societal development.

2.1.3. Technological Eco-Innovation

In the ear of industrial revolution 4.0, the rapid development of technology changes the world
constantly. Technological eco-innovation is defined as investments in green equipment and the
installation of unconventional green production technologies in an organization. According to [55],
technological eco-innovations play a crucial role in providing information to comprehensive
material-saving plans and in managing credentials and statistics. The literature claims that firms
require huge tangible resources and internal capabilities to implement technological eco-innovation.
The study of [23] explained that the complex nature of technological eco-innovation necessitates firms
to implement it through specific resources and green capabilities.

Several researchers, such as [44,56], have conducted studies on technological eco-innovation with
the nexus of a firm’s sustainability performance, with the findings that technological eco-innovation and
a firm’s sustainability are positively correlated. It is still debatable whether adopting eco-technology
operational investments will enhance the efficiency of the production process, minimize the production
time, or maximize the output with the same limited resources along with the health and safety
of the operational employees. However, due to the capability of maximizing resource efficiency,
this research believes that the invention and adoption of technological eco-innovation will help in
societal development.

This research advocates that technological eco-innovation can play an enabling role in social
development. There are various real-life examples where technologies play roles in social development,
such as the case of mobile connectivity and the role of technology in the stock exchange. In a recent
example, during the COVID-19 pandemic the whole world became dependent on technology in order to
boost economic and social activity and effectuate governing activities. During the COVID-19 pandemic,
social development is still progressing in the frozen and melting economy due to the role played by
technology. Likewise, it has been evidenced by previous studies that technological eco-innovation not
only plays an imperative role in enhancing sustainability but also in societal development as well.

2.1.4. Organizational Eco-Innovation

According to [46], organizational eco-innovation is the introduction of a new organizational system
in a company’s management processes, work-place of a organization, or external relations to delegate
roles and decision-making to employees or manage the distribution of work within and amongst client
activities. The organizational eco-innovation of the firm involves implementing several environmental
policies and directions in motives to curb the environmental impact and boost sustainability.

In the existing literature on organizational eco-innovation, there are several supporting
proofs [29,31–33,57,58] in support of the positive association between organizational eco-innovation
and firm sustainability. There are several factors primarily responsible for a positive association
between a sustainable firm’s value and organizational eco-innovation—namely, green human resources,
pollution prevention plans, environmental objectives, environmental audits, environmental advisories,
investments in research, cooperation with stakeholders, new systems, and new markets [24]—which
help firms to contribute to achieving sustainability and social development [29,57].

Organizational eco-innovation and social development have a direct relationship, as the
organization establishes the innovation culture and continuously improves its innovation capability.

96



Processes 2020, 8, 1152

Apple is an example of a most innovative company, due to the organization’s structure and innovation
practices. For an example, Apple approved work from home concepts for its employees. This project
saves both fuel energy as well as travelling time for employees, which improves societal living
standards. Apple organization’s structure, innovation, and products have changed the world of
modern society, which leads to social development. This research aims to prove that organization
eco-innovation is directly linked to societal development, without compromising the sustainability of
the firm.

2.1.5. Marketing Eco-Innovation

According to [46], marketing eco-innovation is the employment of new marketing techniques
relating to significant changes in product design or packaging, product placement, product promotion,
or product pricing. These significant changes help to reduce harmful ecological impacts on society.
In addition to that, these significant changes are also aligned with sustainability. To maintain this
sustainability of firms, research organizations such as [47] attempted to identify significant marketing
techniques that motivate consumers to purchase. According to them, marketing eco-innovation inclines
to trace which marketing practices can be employed to inspire people. Hence, it can be in various forms,
such as product design or packaging, product placement, product promotion, pricing, and eco-labelling.
These forms of marketing eco-innovation are supported by a few researcher, such as [46,47].

In the existing literature on marketing eco-innovation, [24–28] argued that marketing
eco-innovation received less consideration than any other dimensions of eco-innovation. However,
several researchers such as [24–28] considered marketing eco-innovation in their studies and found
a positive association between marketing eco-innovation and a firm’s sustainability through the
three pillars of sustainability to achieve societal development. According to [24,59], marketing
eco-innovation is connected with three perspectives of sustainability, such as environmental, economic,
and social. These studies claimed that there are three specific indicators, such as quality certifications,
green design packaging, and reusable packaging. These three factors contribute towards sustainability,
which is also responsible for the positive association between eco-innovation marketing and a firm’s
sustainability. In contrast, a study from [60] found a negative association between marketing
eco-innovation and a firm’s sustainability.

There are also researchers [60] that found a negative association between marketing eco-innovation
and a firm’s sustainability. On the other hand, there are contradicting arguments that find marketing
eco-innovation improves the sustainability for the organization too [24,59]. In addition, marketing
eco-innovation can be linked with societal developments. P&G is the perfect example of marketing
eco-innovation, as they removed plastic packaging from their marketing concepts. They initiated
a project called “alliance to end plastic waste” through their marketing research teams, and they
promised society that their company’s plastic packaging will be not found in the ocean in future.
They contribute to societal developments as well as safeguarding sustainability.

2.2. Three Pillars of Sustainability for Firm

Sustainability stands on three pillars. The pillars are economic, environmental, and social.
The three pillars of sustainability are also known as the Triple Bottom Line (TBL) framework in
sustainability [61]. In addition to that, the three pillars of sustainability are associated with “three Ps.”
The three Ps stand for Profit for the economic pillar, Planet for the environment pillar, and People for
the social pillar.

It was inferred from the previous studies of [34,61,62] that eco-innovation can affect the three pillars
of sustainability. According to the study of [23,30–33], due to eco-innovation practices firms can gain
economic profit from cost savings from the manufacturing process, which is connected to product
eco-innovation and process eco-innovation. In addition to that, it was argued that environmentally
friendly technology, which is linked to technology and the marketing dimensions of eco-innovation,
would accelerate the environmental benefits of a firm by introducing new approaches to waste
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management and eco-marketing [23–28,44,56]. Furthermore, eco-innovation can accelerate the social
pillar of sustainability through promoting green human resource management, which is associated with
organizational eco-innovation [29,34]. Therefore, these three pillars of sustainability accelerate societal
developments through firms’ sustainable economic performance, firms’ sustainable environmental
performance, and firms’ sustainable social performance. The following Figure 1 demonstrates this
graphically, and is supported by the previous studies of [62–64].

Figure 1. Sustainability and societal development through eco-innovation.

2.3. Societal Development

Social or societal development is the process of improving individual well-being within society.
Societal development is linked with the three pillars of sustainability [40]. Societal development means
investing in people [40]. It is also assumed that there would be no barriers to reach the dreams of
every individual within the society with dignity and confidence [34,36,40]. In addition to that, a few
studies [34,36,38] have claimed that societal development is important in the sustainable utilization
and allocation of societal resources.

The sustainable utilization and allocation of limited resources within society largely depends
on firms’ management activities, as firms possess a significant portion of social resources [40].
The eco-innovation and sustainability practices of firms are part of modern firms’ management
activities. These activities, such as eco-innovation and sustainability practices, can be a great solution
to accelerate societal development [34,36,38,40].

According to the studies of [29,34], societal development is linked with organizational
eco-innovation. In addition to that, a study from [40] illustrated that worker’s health, employee turnover,
employee training, employee involvement in local community activity, and working conditions are the
top five most favorable factors in the social dimensions of sustainability. These five factors represent
more than 50% of the social dimensions of sustainability factors. Surprisingly, these five factors are
also connected with organizational eco-innovation. Therefore, it has been established from previous
literature that eco-innovation and firms’ sustainability practices help to accelerate societal development.

2.4. The Moderating Role of ISO 14001:2015

The Environmental Management System (EMS) or ISO 14001:2015 is a set of rules, regulations,
and guidance for businesses to be followed during operational and non-operational activities [65].
It has been adopted by businesses all over the world since the introduction of EMS. Recently, in the year
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2015, EMS (1SO-14001) added risk and opportunity, which include the environmental dimensions of
a product and the product development cycle [21]. The prime focus of EMS-14001:2015 is to improvise
the environmental performance by implementing the sustainable and efficient use of resources
and reducing waste. Various studies have revealed similar sets of research results, showing that
ISO 14001:2015 enables a business corporation to reduce the environmental impact of their operational
and non-operational activities [21,66,67].

The growth in the number of certified organizations around the world is increasing at the rate
of 10 percent annually, which is a clear proof of the popularity of gaining the certification among
investors and organizations. Several studies have identified that the ISO 14001:2015 standard has
a positive impact on various aspects, such as the company’s brand [68], which conform with laws
and the minimization of pollution [69]. Despite that, there are also reports which have disputed
that the standard provides beneficial effects on environmental sustainability [70], arguing that the
implementation of ISO 14,001 does not contribute to substantial changes.

However, based on previous studies that have proved the fact that the implementation of
the environmental management system affects a firm’s eco-innovation, sustainability, and societal
development, this research highlights that the moderating effect of ISO 14001:2015 is also directly in
a nexus with societal development, as ISO 14001:2015 supports all five capital (environmental, social,
human, technology, and finance) needs for the firm’s operational and non-operational activities which
contribute towards the social development of the nation.

3. Fishbone Chart of Eco-Innovation, Firm’s Sustainability, and Societal Development:
Conceptual Framework

This research proposes a conceptual framework in the eco-innovation fishbone model in order to
enhance a firm’s sustainability and the societal development of the economy. The fishbone chart in
Figure 2 illustrates the five dimensions of eco-innovation (product, process, technology, organizational,
and marketing). These dimensions are discussed as a critical analysis in the literature review inferred
from previous studies that each dimension of eco-innovation is positively correlated with the firm’s
substantiality and societal development.

Figure 2. Conceptual framework on eco-innovation, firm sustainability, societal developments,
and ISO 14001:2015 (authors’ own elaboration).

Firstly, the product eco-innovation and eco-designed products can increase the effectiveness of
resources, whereby product eco-innovation can be designed through highlighting the ISO certification,
product disassembly/disposal, product lifecycle, and continuous improvement product. This parameter
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of eco-designed products contributes not only towards the environmental pillar but also towards two
other sustainable pillars, which are the social and economic components of the firm.

The second variable of the eco-innovation fishbone model is “process”, which advocates a clean
process adoption that helps firms to monitor and curb the emission of pollution from the firm’s
production and service processes. The process of eco-innovation includes green material, process
certification, renewable energy consumption, employee environmental training, waste recycle/disposal,
and water eco-consumption.

The third variable of the fishbone model is “eco-innovative technology”, which promotes the
development or adoption of green technology in production and non-production activities to utilize
limited resources effectively. Although several previous research findings have suggested that green
technology is more expensive than normal technology [23], there are other researchers that have
supported and provided evidence on its financial benefits to firms in the long run [44,56].

Fourthly, “organizational eco-innovation” is another element of the fishbone eco-innovation
model, and highlights green human resources, pollution prevention plans, environmental audits,
and environmental advisory boards in the firm.

Lastly, “marketing eco-innovation” is considered another potential cause of a firm’s sustainability.
Eco-marketing, eco-labeling, and eco-packaging are some of the examples of marketing eco-innovation.
It was claimed that eco-marketing could accelerate the financial and non-financial value of a firm.
These causes affect the sustainability of the firm. In addition to that, reusable packaging also helps the
environment. As a result, it also improves the sustainability of the firm.

This fishbone research framework model of eco-innovation and the parameters of every element
directly contribute towards building a green economy [71]. The eco-innovation fishbone model helps
firms to move forward and achieve sustainability, which minimizes material wastage and utilizes
resources effectively. The effective and efficient utilization of limited resources without emitting
pollution shows the commitment of the individual firm, which then results in enabling conditions
and strategies to meet the requirement of people of the nation without creating an extra burden for
the future generation. The commitment of eco-innovation also minimizes the direct environmental
effect not only on the public but also on other creatures of the world, which leads to a positive effect on
social life. Therefore, this research presses the need to improve eco-innovation practices and strong
commitments to ISO 14,001 by firms towards sustainability and societal development.

This proposed conceptual framework is backed by the resource-based view theory (RBV).
Resource-based view theory is the most applicable theory to enlighten the association between
eco-innovation and firms’ sustainability [23]. According to the study of [72], RBV is based on
four empirical indicators, which are valuable, rare, imperfectly imitable, and (non) substitutability.
These four empirical indicators are used by firms to generate a higher rate of performance. The RBV
theory also concentrates on managerial capability to identify the firm’s internal resources, such as
assets, unique capabilities, and core competencies, that can deliver higher performance and sustainable
competitive advantages compared to the firm’s rivals.

Likewise, eco-innovation is one of the firm’s internal resources, capabilities, and competencies,
and has four empirical indicators [23,72]. It accelerates higher rates of firms’ sustainability performance.
Moreover, a firm’s sustainability stands on three pillars, named the economic, social, and environment
pillars. Likewise, these three pillars of a firm’s sustainability accelerate the high rate of societal
development. RBV theory enlightens the nexus of the fishbone model of ISO 14001:2015 as
an environmental management system that enhances a firm’s sustainability and societal developments.
The firm acquires ISO 14001:2015 certification by investing its internal resources, capabilities,
and competences. This certificate accelerates the rate of a firm’s sustainability, which also enhances
societal development.

100



Processes 2020, 8, 1152

4. Discussion

This research highlights the increasing rate of environmental challenges and effects on society due
to current business innovation practices. This study propounds the eco-innovation fishbone model to
assist the enterprises in their sustainable practices towards societal development. The eco-innovation
fishbone model also highlights the imperative role of ISO 14001:2015 in firm operation, leadership,
planning, and improvement in business eco-innovation activities. This research advocates that
the eco-innovation fishbone model be adopted in firms’ operational and non-operational activities,
enhancing firms’ sustainability practices. Furthermore, the adoption of fishbone eco-innovation in
business activities fulfills the firms’ responsibility towards societal development. The following
five paragraphs enlighten more on the results gained from each dimension of eco-innovation that are
expected from the proposed conceptual model.

The eco-innovation of products highlights eco-design concepts which contribute to a firm’s
sustainability [43]. According to the study of [73], eco-design is a renovation approach towards
product which considers the environmental impacts of its entire life cycle. Eco-design not only
lowers environmental impact but also focuses on resource effectiveness [74]. Other major elements
that need to be considered while developing or innovating the eco-product are reducing material
intensity, renewable energy intensity, product climate change, product recyclability, and durability.
These essential elements help a firm’s product to be eco-labeled, which leads to achieving a positive
effect on the firm’s triple bottom line. Further to that, it also helps the firm in the effective utilization of
limited resources, which boots the firm’s contribution towards societal development.

Another element of the eco-innovation fishbone model is that the process of eco-innovation
illustrates cleaner production during the manufacturing process without compromising sustainability
and societal development [39,75]. Cleaner production is a strategy that combines various production
factors, such as curbing greenhouse emission intensity, water intensity, waste intensity, and energy
consumption. On top of that, it also promotes the recycling as well as the reusing of materials [39,75].
Other important elements in cleaner production are rainwater consumption and renewable energy
increment. Self-generated renewable energy in the production process can minimize the production
cost, which can affect the firm’s triple bottom line. Apart from that, sustainability also contributes
towards the 17 SDGs by modifying their production processes, which will lead to the firm’s contribution
towards societal development.

The third element of the fishbone eco-innovation model is eco-innovation technology, which refers
to green technology innovation and adoption in the firm’s operational and non-operational activities.
The fishbone eco-innovation model uses eco-innovation technology due to the capability of green
technology, which curbs material consumption, energy consumption, water consumption, waste,
and production time, and provides a safer working environment for employees. The adoption or
invention of green technology is also promoted by a European policy named the Environmental
Technology Action Plan (ETAP) [76], with the objective of utilizing full green technology in industries to
protect the environment as well as accelerating economic growth [76]. This technological eco-innovation
adoption enhances the production process and contributes directly to the firm’s triple bottom line.
An example of this is Green Electric Cars, which is an alternative solution for minimizing energy
usage [76]. Therefore, it can be argued that fishbone technology eco-innovation is able to enhance a firm’s
sustainability and societal development if the firm adopts green technology in their production process.

The non-operational element of fishbone-eco-innovation is organization eco-innovation,
which highlights different environmental factors such as green human resources, pollution prevention
plans, environmental objectives, climate change risks and opportunities, as well as environmental
advisories. There are other operational supporting activities, such as green human resource
management [40], which includes employee health, employee turnover, environmental employee
training [40], employee community engagement, and incident-free working conditions [77,78].
These determinants are also enhanced by being certified with ISO 14001:2015, which is widely
accepted for the environmental management system. The certification of ISO 14001:2015 and the
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implementation of non-operational elements enhance the firm’s sustainability and fulfill the firm’s
responsibility for societal development [18–21].

The last element of the fishbone eco-innovation model is marketing eco-innovation, which embarks
on green packaging, reusable packaging, green design marketing, eco-marketing, and eco-labeling,
which highlights the eco-innovativeness of the firm to the company’s stakeholder. The marketing
eco-innovation raises awareness; attracts stakeholders; and creates green goodwill, which attracts
future investment and revenue for the firm. This way, marketing eco-innovation manages balance the
three bottom lines, namely the economic factor, without compromising on the environment and social
well-being, which attract and retain sustainable consumers. As such, fishbone marketing eco-innovation
fulfills the triple bottom line that will guide towards social and sustainable development.

There are several positive and negative findings of eco-innovation on a firm’s performance
(financial and non-financial). This research highlights the important role of ISO-14001:2015 in
enhancing the fishbone eco-innovation business through green leadership, green planning, operation,
performance evolution, and the improvement of business activities. The serious implementation of
eco-innovation and ISO 14001:2015 will maximize resource efficiency and curb the waste generation,
which will affect the firm’s triple bottom line. The implementation of eco-innovation can also be
enhanced by employing green mindset employees in business operational activities that promote
green culture and resource efficiency. The effective utilization of resources and maximization of the
output from business activities directly contribute to the United Nations’ sustainable development
goals. Therefore, it can be claimed that this model has practical applicability in the industry.

The practical applicability of the proposed conceptual fishbone eco-innovation model is applicable
in different industries, such as oil and gas, consumer manufacturing goods, the chemical industry,
and other industries. In the oil and gas industry, common challenges are oil spills, whereby to control
the oil spill chemical engineers have proposed different traditional physical and biological techniques
with limitations in expelling the oil totally. The emerging sorption method to expel the oil spill in the oil
and gas industry is an exemplary technique of eco-innovation by employing biomass (leaves and husk)
for cleaning the oil spill. These eco-innovation methods protect the firm from having environmental
fines imposed that affect the firm’s bottom line and sustainability [78].

The fishbone eco-innovation model is widely applicable to the consumer manufacturing goods
industry, which involves product eco-innovation and process eco-innovation, which are directly allied
with the utilization of green materials, waste recycling, and sustainable energy (air, wave, solar,
biomass) to reduce the CO2 emission intensity, which reduces the material consumption intensity
(per-product), energy intensity, and water intensity without compromising the product quality [50].

These factors positively minimize the production cost and increase the revenue of the firm.
The other non-operational element of the fishbone eco-innovation model (organizational and marketing
eco-innovation) is to minimize further supporting production cost by fulfilling the environmental
norms of the country as well as raising the awareness of responsible production and sustainable
consumption amongst stakeholders. Therefore, the adoption of the fishbone eco-innovation model in
the consumer manufacturing industry not only generates revenue but also saves the limited resources
for future generation needs, leading to firm sustainability and societal development.

The fishbone eco-innovation model is also practically applicable to the chemical industry;
eco solvents (ionic liquids) possess excellent eco-friendly properties, including that they are less toxic,
easily renewable, can be used for regeneration, and are recyclable. There are wide applications in
the production and purification processes in chemical industries, such as pharmaceuticals, polymers,
food processing, and others. Another important application of eco-solvents is in the separation and
recovery process from industrial waste effluents and curbing harmful emissions, such as CO2, SO2,
as well as H2S [78]. These eco-solvents help in achieving a low carbon society and social development
by minimizing the environmental effects on human and aquatic life, which will be achieved with
a well-structured firm production, process quality, and revenue generation for firm sustainability.
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Lastly, this research intends to extend eco-innovation literature from the lens of fishbone
eco-innovation from firm sustainability towards contributing to societal development. In addition to
that, policymakers can formulate and amend their environmental regulation, as this study establishes
the linkage between eco-innovation business capability and the societal development of the nation.

5. Future Research Direction

The future research of the proposed fishbone eco-innovation model can be validated by primary
data with large sample size and a meta-analysis on the literature review, which will accelerate
sustainability and promote business activities towards the United Nations 17 SDGs for societal
development. The fishbone eco-innovation model can also be tested with different manufacturing
processes, different service sectors, and different nations. The proposed model can also be used to
conduct a comparative study of developed nations, developing nations, and emerging developing
nations. The fishbone eco-innovation can also be tested on the role of top-level female employees in
achieving firm sustainability and societal development using qualitative and quantitative approaches.

6. Conclusions

Eco-innovation has gained considerable attention among academics as well as corporate sectors
due to its potential in mitigating environmental issues in addition to having a positive correlation with
firm performance. However, there are limited studies that have monitored the moderating relation of
ISO 14001:2015 between eco-innovation and firm sustainability, contributing to societal development.
This research is supported by resource-based theory, which explores the core-competencies of
enterprises and challenges resources in creating the competitive advantage of the firm without
compromising the social responsibility of the firm. This study proposed a fishbone eco-innovation
business model that includes production and non-production business activities towards the 17 SDGs
for societal development.

This fishbone eco-innovation business model is expected to signal to the stakeholders about the
organization’s innovative ideas that go beyond mere compliance. The contribution of the fishbone
eco-innovation business model towards societal development is to create the unique competitive
edge of green intention amongst external stakeholders, which will attract investors for investment.
Sustainably responsible investors will be inspired to invest by considering the practical applicability
of this proposed model, such as energy efficiency, recycling materials, reduction in energy, reduction
in carbon emission, green human resource management, zero waste from packaging, and reusable
packaging. In addition to that, this proposed model will enhance more sustainable competitive
advantages over the firm’s rivals, which will also create an impact on the bottom-line performance
of the firm. This article draws propositions and develops a conceptual model for further empirical
research on eco-innovation and societal development.
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Abstract: The torrefaction of three representative types of biomass—bamboo, and Douglas fir and
its bark—was carried out in a cylindrical-shaped packed bed reactor under nitrogen flow at 573 K
of the reactor wall temperature. As the thermal energy for the torrefaction was supplied from the
top and the side of the bed, the propagation of the temperature profile of the bed is a crucial factor
for discussing and improving the torrefaction reactor performance. Therefore, the temperature and
gas flow rate (vector) profiles throughout the bed were calculated by model simulation so as to
scrutinize this point. The measured temperature at a certain representative location (z = 30 mm and
r = 38 mm) of the bed was well reproduced by the simulation. The volume faction of the bed at
temperatures higher than 500 K at 75 min was 0.89, 0.85, and 0.99 for bamboo, and Douglas fir and its
bark, respectively. It was found that the effective thermal conductivity is the determining factor for
this difference. The heat of the reactions was found to be insignificant.

Keywords: biomass torrefaction; packed bed reactor; biomass major components; reaction enthalpy;
numerical simulation

1. Introduction

Biomass is one of the representative renewable energy sources, and is one of the only energy
sources that is tangible, as it consists of carbon, hydrogen, oxygen, and some minor atoms. Therefore,
one of the near-future applications for biomass is the production of solid fuels. Torrefaction is a
promising and simple technology for producing high-quality solid fuels from biomass [1–8]. Heat
transfer within biomass is an important factor for determining the performance of torrefaction, as the
size of biomass in the torrefaction reactor is larger than that for the other conversion technologies,
such as gasification or liquefaction.

Kinetic studies of heat and mass transfer are also being conducted experimentally and numerically
regarding how much production can be expected and how much heat is required by torrefaction.
A two-step parallel successive reaction model for all major components during pyrolysis, when the
temperature was higher than 400 ◦C, has been reported by Miller et al. [9]. Their model, which was
suggested by Di Blasi (1994) [10] for cellulose pyrolysis, was extended to hemicellulose pyrolysis and
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lignin pyrolysis on the basis of previous experimental data. It has also been reported by Kawamoto that
the cellulose of biomass is composed of crystalline (long block) and amorphous (short block) alternately,
like a block co-polymer [11]. Decomposition starts at around 200 ◦C in the amorphous state, and the
crystalline hardly decomposes at that temperature. At around 300 ◦C, amorphous decomposition is
transmitted to the crystalline material, and the decomposition progresses rapidly.

The heat of the reactions during pyrolysis or torrefaction have been summarized in relation to the
char formation [12–17]. In particular, the heat of the reactions during pyrolysis were measured directly
using DSC (Differential Scanning Calorimetry), and it has been suggested that, firstly, an endothermic
reaction will occur, and then an exothermic reaction will successively occur [12,14–16]. The heat of
the pyrolyses of all of the major components have been reported qualitatively using DTA (differential
thermal analysis) [18]. Although direct measurement by DSC for the heat of a reaction during cellulose
pyrolysis was reported by Mok et al. [12], there are no data by DSC for the heat of reaction during
hemicellulose pyrolysis and lignin pyrolysis. As heat and mass transfer during pyrolysis were reviewed
by Di Blasi (2008) [19], it has been studied using a chemical reaction model suitable for the heat
and mass transfer experimental results [20–26], and an analysis using the heat of chemical reaction
commensurate with temperature change has also been conducted [20–23].

In addition, the effect of inorganic materials in biomass feedstock on torrefaction has been
investigated by S. Zhang et al. [27]. They found that when the torrefaction temperature was 270 ◦C,
the product yields for raw rice husk were 55% in char, 23% in liquid, and 21% in gas, while the
product yields for rice husk with a reduced potassium concentration of less than 1 wt% of all inorganic
compounds were 60% in char, 23% in liquid, and 17% in gas.

There are many varieties of biomass, but few reports have been generalized and analyzed for the
thermochemical reaction of the thermal decomposition behavior, and it is not clear about heat and
mass transfer in low temperature regions, like torrefaction.

In this study, we aimed to generalize the biomass torrefaction behavior using the concentrations
of the major constituents of cellulose, hemicellulose, and lignin. Specifically, as shown in Figure 1,
the heat of the reaction for the major components of the biomass during pyrolysis was measured. We
also experimentally investigated the biomass torrefaction process on a packed bed of small particles of
biomass, because a big chunk of a biomass slab is difficult to handle and has no assurance for spatial
uniformity. Furthermore, the heat and mass transfer simulation during torrefaction in the biomass
packed bed were performed using the heat of the chemical reaction and the pyrolysis model by Miller
et al. [9]. The validity of the numerical simulation model was compared with that of the biomass
torrefaction process experiment.

Figure 1. Concept of this work to investigate the biomass torrefaction processes.
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2. Materials and Methods

2.1. Sample Preparation

Bamboo powder, Douglas fir powder, and the bark powder of Douglas fir were selected as
representative biomass species. They were pulverized and sieved into #3.35 mm, #1.68 mm, #1.00 mm,
and #500 μm using a motorized sieve (ANF-30, Nitto Kagaku Co., Ltd., Nagoya, Aichi, Japan). The size
of about 400 particles for 500 μm or less was measured using a microscope. The constituent sugars
and lignin in the bamboo and Douglas fir samples were analyzed using a modified method based
on the technical report NREL/TP-510-42618 [28]. Table 1 shows the mass percentages in the major
components of biomass.

Table 1. Mass percentage of major components in the biomass powder.

Biomass Species

Component (wt%)

Cellulose
Hemicellulose

Lignin Others
Xylan Arabinan Mannan

Bamboo 34.1 25.2 2.3 0.2 24 14.2
Douglas fir 42.5 2.8 1.1 14 22 17.6

Bark of Douglas fir 25.4 3.3 0.9 3.9 51 15.5

Bamboo has three major components of cellulose, xylan in hemicellulose, and lignin, while Douglas
fir consists of cellulose, mannan in hemicellulose, and lignin. On the other hand, there are only two
major components of cellulose and lignin for the bark of the Douglas fir.

The effect of the potassium concentration in the biomass on torrefaction was also investigated,
but no significant difference was found in the product yield [27]. Therefore, in this study, we investigated
the effect of the cellulose, hemicellulose, and lignin concentrations on the heat and mass transfer during
the biomass torrefaction.

2.2. Thermogravimetric (TG) Analysis and Differential Scanning Calorimetry (DSC)

In order to measure the heat of the reaction during the torrefaction of biomass, thermogravimetry
analysis and differential scanning calorimetry analysis of pure cellulose powder (CAS RN 9004-34-6,
Sigma Aldrich, Meguro-ku, Tokyo, Japan), pure xylan powder (CAS RN 9004-34-6, FUJIFILM Wako
Pure Chemical Corporation, Osaka, Osaka, Japan) and pure dealkaline lignin powder (CAS RN
8068-05-1, Tokyo kasei, Chuo-ku, Tokyo, Japan) were conducted. For DSC (DSC3100s, MAC science,
Chuo-ku, Tokyo, Japan) and TG (TG/DTA6300, Hitachi High-Tech Science Corporation, Minato-ku,
Tokyo, Japan), the heating rate, nitrogen gas flow rate, and input mass were 10 K/min, 0.5 L/min,
and 5 ± 0.25 mg, respectively. The sample sizes of the cellulose, xylan, and lignin powder were 30,
45, and 64 μm, respectively. Figure 2 shows the mass decrease profile from 300 K to 700 K from the
TG analysis, as well as the relationship between the heat flow and temperature obtained by the DSC
analysis for (a) cellulose, (b) xylan, and (c) lignin. The heat of reaction for these components was
obtained by the following procedure.

(1) The time or temperature of the reaction start point tRS,i (TRS,i) and reaction end point tRE,i (TRE,i)
were decided using the trend of the DSC and TG curves.

(2) The base line between tRS,i and tRE,i was linearly drawn in the DSC diagram.
(3) The cross point tshift,i (Tshift,i) between the DSC curve and the base line was defined as the shifted

point from the endothermic chemical reaction to the exothermic chemical reaction.
(4) The endothermic and exothermic heats of reactions were given by Equations (1) and (2).
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(a) (b) (c) 

Figure 2. Results of thermogravimetory (TG) and differential scanning calorimetry (DSC) experiments.
(a) Cellulose powder; (b) xylan powder; (c) lignin powder.
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Table 2 shows the obtained heat of the reaction for cellulose pyrolysis, xylan pyrolysis, and lignin
pyrolysis. From Table 2, the absolute value of the endothermic heat of the reaction was higher than that
of the exothermic heat of reaction during cellulose pyrolysis, while the absolute value of the exothermic
heat of reaction was higher than that of the endothermic heat of reaction during xylan pyrolysis and
lignin pyrolysis.

Table 2. Results for heats of reaction during pyrolysis of major components of biomass by DSC and TG.

Component i TRS,i (K) TRE,i (K) Tshift,i (K)
−ΔHR,endo.,i

(kJ/kg)
−ΔHR,exo.,i

(kJ/kg)

Cellulose 560 638 607 −125.8 22.6
Xylan 371 602 477 −56.4 245.0
Lignin 491 682 549 −62.9 127.1

2.3. Experimental Apparatus and Procedure

The experimental apparatus is shown in Figure 3. The apparatus consisted of anitrogen gas
supply, a tubular reactor, furnace, data logger, thermocouples, cold trap for tar and water, and a
wet-type gas flow meter. First, 150 g of biomass powder was placed into the reactor, of which the
diameter and height were 108 mm and 230 mm, respectively. N2 gas of 0.5 standard liter per minute
(SLM) was fed into the reactor so as to avoid oxidation. In addition, the temperature in the packed
bed and temperature at the reactor wall were measured throughout the experiment using twelve
thermocouples, and were recorded in the hard disc of a computer through a data logger. During
pyrolysis, the generated moisture and tar were condensed thorough the stainless-steel bend pipe with
a silicon tube for water cooling by the aspilator, and were trapped by the egg-plant shaped flask.
The amount of generated gas during torrefaction was measured by the wet type gas meter and was
recorded by the video camera. The temperature at the reactor wall was set at 573 K. Table 3 shows
the experimental conditions for the biomass packed bed. Although the particles were pulverized
and sieved using four sieves (#3.35mm, #1.68 mm, #1.0 mm, and #0.5 mm), the particle size differed
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depending on the biomass species. In our previous research [20], we investigated the effect of the
particle size on gas generation, and the maximum gas generation error was 2.4% at Dp = 0.74 mm
and Dp = 0.34 mm. Therefore, for these biomass samples, this work proceeded on the assumption
that the particle size dependence of the gas generation amount could be small. The biomass particles
that were used were those that had been dried at 110 ◦C for 12 h. The bulk density depended on
the type of biomass. So, the heights of the packed bed HB were also different. In consideration of
the reproducibility of the total generated gas volume during the biomass torrefaction, experiments
were conducted twice or more. The experimental coefficient of the validation for the total gas volume
during biomass torrefaction was less than 2%.

Figure 3. Experimental apparatus for measuring heat and mass transfer during the torrefaction
of biomass.

Table 3. Experimental conditions of the biomass packed bed.

Biomass Species Particle Size (μm)
Bulk Density

(kg/m3)
Height of Biomass

Packed Bed, HB (mm)

Bamboo 196 254 85
Douglas fir 317 311 68

Bark of Douglas fir 222 122 170

2.4. Numerical Simulation

The numerical simulation during pyrolysis was conducted in a two-dimensional cylindrical
coordinate. Table 4 shows the governing equations for the numerical simulation. Figure 4 shows
the calculation domain and boundary conditions. Although the cellulose of biomass is composed
of crystalline (long block) and amorphous (short block) alternately, like a block co-polymer, as has
been reported by Kawamoto [11], the co-polymer’s effect of cellulose on kinetics during pyrolysis has
not been investigated. In this paper, Miller’s chemical reaction model and kinetic parameters during
pyrolysis [9] were adapted to take into account the effect of the major components of the biomass.
The pressure equation was derived from the mass balances, Ideal gas law, and Darcy’s equation.

These governing equations and boundary conditions were discretized by the control volume
method. In order to stabilize the numerical simulation, a hybrid scheme was adopted for the convection
terms in the heat transfer and mass balances. The temperature and pressure were solved by the Euler
implicit method. The material balances were solved by the fourth-order Runge–Kutta method.
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The dependence of all of the physical properties on temperature was described in our previous
report [24]. The change of the porosity [24–26] during torrefaction was adopted. Grid sensitivity on
the time course of the temperature and generated gas flow rate were investigated using (Nr, Nz) =
(68, 102), (86, 128), (100, 149), and (114, 170), where Nr and Nz show the mesh number along the r
component and along the z component, respectively. The maximum relative error of the growth rate
distributions between (Nr, Nz) = (100, 149) and (Nr, Nz) = (114, 170) was about 1.6%. Therefore, (Nr,
Nz) = (100, 140) was adopted for the bamboo torrefaction. As the heights of the packed beds were also
different from the species of the biomass, (Nr, Nz) = (100, 119) and (Nr, Nz) = (100, 342) were adopted
for the Douglas fir torrefaction and bark torrefaction, respectively.

Table 4. Chemical reaction model and governing equations of the numerical simulation during the
biomass torrefaction.

Chemical Reaction Model [9]

Energy balance

∂
{
((ρC)S+ε(ρC)G)T

}
∂t + 1

r
∂
∂r

(
r(ρC)GUT

)
+ ∂
∂z

(
(ρC)GWT

)
= 1

r
∂
∂r

(
rλeff

∂T
∂r

)
+ ∂
∂z

(
λeff

∂T
∂z

)
+

3∑
i=1

3∑
j=1

(
Rj, i

)
(−ΔHi)

where,

(ρC)S =
3∑

i=1

(
ρiCi+ρIM, iCIM.i+ρChar, iCChar, i

)
(ρC)G= ρN2

CN2 +
3∑

i=1

(
ρTar, iCTar, i+ρGas, iCGas, i

)
R1, i= k1, i ρi, R2, i= k2, i ρIM, i, R3, i= k3, i ρIM,i

Mass balance for component i dρi
dt = −k1, i ρi

Mass balance for intermediate material
of component i

dρIM, i
dt = k1, i ρi−k2, i ρIM, i−k3, i ρIM, i

Mass balance for char i dρChar, i
dt = βi k3, i ρIM, i

Mass balance for tar i ∂(ερTar, i)
∂t + 1

r
∂
∂r

(
rρTar, iU

)
+ ∂
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(
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)
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Mass balance for gas i
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r
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)
+ ∂
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(
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Pressure equation

∂(ε P
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T
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(
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T

)
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)
Darcy’s law U = − κμ ∂P∂r , W = − κμ ∂P∂z
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Figure 4. Boundary conditions of the numerical simulation during the biomass torefaction.

3. Results and Discussion

3.1. Time Course of Temperature and Gas Flow Rate during Torrefaction

Figure 5 shows the time course of the temperature at r = 38 mm and z = 30 mm in the biomass
packed bed and the generated gas flow rate during the biomass torrefaction. The keys and lines
show the experimental results and calculation results, respectively. In Figure 5a, for the Douglas fir
powder, the temperature at r = 38 mm and z = 30 mm in the bed gradually increased with time. After
that, the temperature approached a constant temperature of about 573 K. The calculation temperature
agreed well with the experimental one. The gas started generating at about 30 min. At t > 40 min,
the generated gas flow rate increased adequately and had a maximum at t = 50 min. At this time,
the temperature was T = 450 K, where the gas generated could be from the thermal decomposition of
the mannan. After that, the gas flow rate decreased gradually with time. Although the calculation
gas flow rate of the black solid line was higher than that of the experimental one, the tendency of
the time course agreed quantitatively. Firstly, gas generation could be started by the hemicellulose
decomposition of the green line, and had the maximum gas generation. Then, the decomposition of
the lignin and the cellulose occurred. For the bamboo powder in Figure 5b, the experimental results
for the time course of the temperature also agree well with the calculation results. The gas generation
during the bamboo powder torrefaction was higher than that during the Douglas fir torrefaction,
and could be started by the hemicellulose decomposition. Then, as the decomposition of the lignin and
cellulose occurred, the gas generation had a quasi-state value and decreased with time. For the bark of
the Douglas fir powder in Figure 5c, the experimental results for the time course of the temperature
also agree well with the calculation results. The maximum gas generation during the bark of the
Douglas fir powder torrefaction was higher than that during the Douglas fir torrefaction, and could be
started by the lignin decomposition. Then, as the decomposition of the hemicellulose and cellulose
occurred successively, the gas generation had a quasi-state value and decreased with time. The total
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generated gas of the bark of the Douglas fir torrefaction was lower than that of the bamboo powder
torrefaction. Therefore, it was found that the time course of the temperature and gas generation during
the torrefaction of the biomass depended strongly on the mass percentage of the major components.

From Figure 5, the numerical calculation result of the gas generation flow rate during torrefaction
was higher than the experimental one for all of the biomass species. Although the Miller model has
been compared with the experimental results of several biomasses in a temperature range of 400 ◦C
or higher [9], there are no data using Miller’s reaction model in the low temperature range of 300
◦C. It is also necessary to study the heat transfer and gas generation behavior of cellulose, lignin,
and hemicellulose, which are the major components of biomass at around 300 ◦C. Furthermore, it is
necessary to reexamine the pyrolysis model with reference to Di Blasi’s experiment [29], regarding the
reaction rate constants k2 and k3 of the second step in the Miller model [9].

Figure 5. Time course of the temperature and generated gas flow rate during the biomass torrefaction.

3.2. Heat and Mass Transfer during Torrefaction of Biomass

Figure 6 shows the calculation results for the special profile of the temperature, gas flow velocity
vector (left), and the solid density (SD, right) at different reaction times. The rectangular blank at the top
center in the right figure represents a stainless-steel pipe. The temperature of the bed rose from the top
and left, which means the side wall, with the torrefaction time. The zone for temperatures higher than
540 K started prevailing (volume faction = 0.83) at 180 min. Together with the high temperature zone
propagation, the local SD of the bed became smaller with a similar profile. Surprisingly, the decrease
in SD propagation was not as significant as the temperature propagation in the bed. In other words,
the decrease in SD propagation showed a certain time delay of 60 to 90 min in comparison with the
temperature profile propagation. This may be related to the sweep gas flow profile, time required
for completing the reaction, or the difference between primary decomposition (k1) and secondary
decomposition (k2 and k3) in the bed. In order to clarify this point of “what caused this delay?”, further
investigation is required. At t = 30 min, the heat transfer due to the thermal conduction occurred from
the reactor wall, and at the top surface of the backed bed, the temperature at the center and bottom
region was less than 400 K. No torrefaction occurred at 30 min. At t = 60 min, as the temperature at the
wall and top surface of the packed bed was higher than 500 K, decomposition started from the corner
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of the top surface. With the passing of time, the temperature near the region of the packed bed was
higher than 500 K, the decomposition was propagated. At t = 180 min, the Douglas fir packed bed at
the region of the top and near the wall decomposed to about 70% of the initial packed bed, while the
Douglas fir packed bed at the other region could not be pyrolyzed.

Figure 6. Calculation results for the time course of the temperature, velocity vectors, and total solid
distribution during Douglas fir powder torrefaction. ρinit = 353 kg/m3.

Figure 7 shows the calculation results for the heat and mass transfer at 75 min during various
biomass torrefactions. As shown in Figure 6b for the bamboo powder torrefaction, the temperature
in the packed bed was higher than that for the Douglas fir torrefaction, due to the bulk density.
Furthermore, as the highest mass percentage of the major component in the bamboo was xylan, the
decomposition rate in the bamboo packed bed was higher than that in the Douglas fir packed bed. As
shown in Figure 6c for the bark of the Douglas fir powder torrefaction, the temperature in the packed
bed was also higher than that for the Douglas fir torrefaction, because of the bulk density. However,
as the most greatest percentage of the major component in the bark of Douglas fir was lignin, the
decomposition rate was higher than that in the Douglas fir packed bed. The volume faction of the bed
at temperatures higher than 500 K at 75 min was 0.89, 0.85, and 0.99 for bamboo, and Douglas fir and
its bark, respectively. It was found that the effective thermal conductivity was the determining factor
for this difference, because the effective thermal conductivity of the bed at temperatures higher than
540 K at 75 min was 0.0254, 0.0252, and 0.0303 W/(m2 K) for bamboo, and Douglas fir and its bark,
respectively. Overall, the bamboo torrefaction was the highest in this study.
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Figure 7. Calculation results for temperature, velocity vectors and solid distributions at 75 min during
torrefaction for various kinds of biomass.

4. Conclusions

In this study, the torrefaction of three representative types of biomass, namely, bamboo,
and Douglas fir and its bark, was carried out experimentally and numerically, paying attention to the
concentrations of the major constituents of cellulose, hemicellulose, and lignin in a cylindrical-shaped
packed bed reactor under a nitrogen flow at 573 K of the reactor wall temperature. The following
conclusions were obtained.

(1) From DSC experiments, the cellulose pyrolysis was progressed mainly by endothermic reaction
(s) while xylan pyrolysis and lignin pyrolysis were proceeded mainly by exothermic reaction (s).

(2) Hemicellulose decomposition could be occurred firstly during Douglas fir torrefaction and
bamboo torrefaction. And then lignin and cellulose decomposition would be occurred. So,
a quasi-state gas flow rate could be observed. On the other hand, bark of Douglas fir torrefaction
depends strongly on the lignin decomposition.

(3) The time course of the temperature in the packed bed agreed well with that of the calculation by
taking into account the heat of reaction for not only the Douglas fir, but also for bamboo and the
bark of Douglas fir. On the other hand, the numerical calculation result of the gas generation
flow rate during torrefaction was higher than the experimental one for all of the biomass species,
because there are no data using Miller’s reaction model [9] in the low temperature range of 300 ◦C.
It is also necessary to study the heat transfer and gas generation behavior of cellulose, lignin,
and hemicellulose, which are the major components of biomass at around 300 ◦C. Furthermore,
it is necessary to reexamine the pyrolysis model with reference to Di Blasi’s experiment [29]
regarding the reaction rate constants k2 and k3 of the second step in the Miller model [9].

(4) The zone at temperatures higher than 540 K prevailed (volume faction = 0.83) at 180 min. Together
with the high temperature zone propagation, the local SD of the bed became smaller with a
similar profile. Surprisingly, the decreased solid density (SD) propagation was not as significant
as the temperature propagation in the bed. In other words, the SD decrease propagation showed
a certain time delay of 60 to 90 min in comparison with the temperature profile propagation.
This may be related to the sweep gas flow profile, time required for completing the reaction,
or the difference between primary decomposition (k1) and secondary decomposition (k2 and k3)
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in the bed. In order to clarify this point of “what caused this delay?”, further investigation is
required. As the temperature at the wall and top surface of the packed bed was higher than
500 K, the decomposition started from the corner of the top surface. With the elapsed time,
the temperature near the region of the packed bed was higher than 500 K, and the decomposition
was propagated. At t = 180 min, the Douglas fir packed bed at the region of the top and near the
wall decomposed to about 70% of the initial packed bed, while the Douglas fir packed bed at the
other region could not be pyrolyzed.

(5) For the bamboo powder torrefaction, the temperature in the packed bed was higher than that
for the Douglas fir torrefaction because of the bulk density. Furthermore, as the greatest mass
percentage of the major component in the bamboo was xylan, the decomposition rate in the
bamboo packed bed was higher than that in the Douglas fir packed bed. As the greatest mass
percentage of the major component in the bark of Douglas fir was lignin, the decomposition rate
was higher than that in the Douglas fir packed bed. The volume faction of the bed at temperatures
higher than 500 K at 75 min was 0.89, 0.85, and 0.99 for bamboo, and Douglas fir and its bark,
respectively. It was found that the effective thermal conductivity was the determining factor for
this difference, because the effective thermal conductivity of the bed at temperatures higher than
540 K at 75 min was 0.0254, 0.0252, and 0.0303 W/(m2 K) for bamboo, and Douglas fir and its bark,
respectively. Overall, the bamboo torrefaction was the highest in this study.
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Nomenclature

C Heat capacity (J/(kg K))
e Emissivity
HB Height of biomass packed bed (m)
h Heat transfer coefficient between biomass and gas (W/(m2K))
ΔHR,endo.,i Endothermic heat of reaction during pyrolysis of biomass major component i (J/kg)
ΔHR,exo.,i Exothermic heat of reaction during pyrolysis of biomass major component i (J/kg)
i Major component i of biomass (i = cellulose, hemicellulose, and lignin)
k1,i, k2,i, k3,i Reaction rate constant in Miller’s chemical reaction model for component i [9] (1/s)
MTar Molecular weight of tar (= 0.11 kg/mol [22])
MGas Molecular weight of gas (= 0.38 kg/mol [22])
m0 Input mass of TG and DSC experiments (kg)
N Maximum grid number
P Pressure (Pa)

qbase
Heat flow of the base line from the endothermic chemical reaction to the exothermic
chemical reaction (J/s)

qDSC Heat flow in DSC curve (J/s)
Ri Reaction rates in Miller’s chemical reaction model for component i [9] (kg/(m3s))
R0 Universal gas constant (= 8.314 J/(mol K)) (J/(mol K))
r r coordinate in the packed bed (mm)
STar Reaction rate of tar for component i (kg/(m3s))
SGas Reaction rate of gas for component i (kg/(m3s))
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T Temperature (K)
TRS,i Temperature at reaction start time in TG curve for component i (K)
TRE,i Temperature at reaction end time in TG curve for component i (K)

Tshift,i
Temperature at the shifted time from the endothermic chemical reaction to the
exothermic chemical reaction in TG curve for component i (K)

tRS,i Reaction start time in TG curve for component i (s)
tRE,i Reaction end time in TG curve for component i (s)

tshift,i
Shifted time from the endothermic chemical reaction to the exothermic chemical
reaction in the TG curve for component i (s)

U Volume averaged Darcy’s velocity along the r-axis in the packed bed (m/s)
W Volume averaged Darcy’s velocity along the z-axis in the packed bed (m/s)
z z coordinate in the packed bed (mm)
Greek symbol

βi kinetic parameter in Miller’s chemical reaction model for component i [9]
ε Porosity in the packed bed
κ Permeability in the packed bed (m2)
λ Thermal conductivity (W/(mK))
μ Viscosity (Pa s)
ρ Density (kg/m3)
σ Stefan–Boltzman constant (= 5.669 × 10−8 W/m2K4) (W/m2K4)
Subscript
a Atmosphere
Char Char
eff Effective
Gas Gas
im Intermediate material
init Initial value
N2 Nitrogen
r r component
s Solid
Tar Tar
v Volatile
wall Wall of the stainless-steel tube
z z component
∞ Environmental condition on the wall of the stainless-steel tube
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Abstract: The hybrid photovoltaic/thermal solar collector has attracted research attention for more
than five decades. Its capability to produce thermal energy simultaneously with electrical energy is
considered attractive since it provides higher total efficiency than stand-alone photovoltaic or thermal
systems separately. This paper describes theoretical and experimental studies of a finned single pass
air-type photovoltaic/thermal (PV/T) solar collector. The performance of the system is calculated based
on one dimensional (1D) steady-state analysis using one dimensional energy balance equations, where
simulation was carried out using MATLAB. Experiments were carried out to observe the performance
of the solar collector under changes in air mass flow rate. Experimental values on photovoltaic panel
temperature and air temperature on both air inlet and outlet, together with the ambient temperature
and solar radiation were measured. The simulation results were validated against the results obtained
from experiments using the error analysis method, Root Mean Square Error. At a solar irradiance
level of 800 to 900 W/m2, the thermal efficiency increases to 20.32% while the electrical efficiency
increases to 12.01% when the air mass flow rate increases from 0.00015 kg/s to 0.01 kg/s. The error
analysis shows that both experimental and simulation results are in good agreement.

Keywords: photovoltaic/thermal; solar collector; single pass; 1D steady-state

1. Introduction

The photovoltaic/thermal PV/T solar collector is a system of heat exchanger that is capable to
harness not only electrical energy, but also thermal energy from the solar radiation absorbed with no
noise, pollution or moving parts. PV/T is used to describe a solar thermal collector with integrated
PV cells that can produce electrical and thermal energy at the same time [1]. Solar energy could be
produced more effectively compared to operating individually, as the simultaneous operation of PV
and solar thermal collector offers higher solar conversion rates [2]. By combining both systems in the
same frames and brackets, PV/T also offers a smaller size collector that requires a smaller area and
lower equipment cost than having two collectors with different systems [3]. Therefore, researchers
have shown increasing interest in PV/T technology, wherein solar energy is predicted to be deeply
exploited and utilized.

Heat and electrical energy collection is the main consideration in the related factors that affect
the overall performance of the PV/T system [4]. The process of harnessing solar energy produces
thermal energy, which increase the temperature of the solar cells. This is because, in a conventional
PV solar collector, only photons with energy greater than or equal to the band-gap energy of the cells
will create electron-hole pairs and produce electricity [5]. The rest will be wasted in the form of heat.
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Many studies showed that the open circuit voltage of a PV system is reduced if there is increase in
temperature, which could produce lower electrical efficiency. Therefore, it has been proposed and
proved that the overall PV system efficiency can be improved by the addition of a cooler, which could
reduce the temperature of the PV panel [6]. Working fluid, such as water and air, are usually chosen
as the medium of heat removal [7]. The role of the fluid is crucial to help reduce the temperature of
the PV module and increase its photovoltaic efficiency by removing excess heat [8]. Studies carried
out in previous years have investigated the effect of heat removing fluid. Water-typed PV/T collectors
have common parts. What makes them different is that while the flat plat collector has the transparent
glass on top, it is replaced with a plank PV for the water PV/T collector. Since the demand for clean
water, as well as thermal and electrical energy, increases day by day, solar distillation is often chosen to
convert contaminated water to clean water [9].

The studies in theoretical and experimental analysis of photovoltaic/thermal (PV/T) solar collectors
have been conducted by researchers since the mid-1970s and have evolved overtime [3]. Wolf [10]
carried out some of the earliest analysis of the performance of combined solar photovoltaic and heating
systems for a single residence, while Florschuetz [11] extended the famous Hottel–Whillier model
to analyze the performance of the PV/T flat plate solar collector. The technology of air-based PV/T
innovation (PV plus thermal) is widely used and its known general operation efficiencies range from
20–40%. Since the efficiency of crystalline silicon cells range from 10–12%, the thermal part provides
the rest of the efficiency [12]. There are several designs of air passage for a solar PV/T that have been
used previously. Hegazy [13] performed a further study of the thermal, electrical, hydraulic and
overall performances of flat plate photovoltaic/thermal (PV/T) air collectors. Four of the most preferred
designs are considered in this study. The models represent where the air is flowing, either over the
absorber (Model I) or under it (Model II) and on both sides of the absorber in a single pass (Model
III) or in a double pass fashion (Model IV). The effects of air-specific flow rate and the selectivity of
the absorber plate and PV cells on the performances have been examined. It has been found that
Model III has the highest efficiency in higher radiation, while Model I has the lowest performance.
Saygin et al. [14] proposed a modified photovoltaic/thermal (PV/T) solar collector where, in the study,
air passes through a slot at the middle of the glass cover in the solar collector. They investigated the PV
system with no cooling and compared the PV/T collector with different distances between the panel
and glass cover (3 cm, 5 cm and 7 cm). In their research, they found that when the distance between
PV module and cover was 3 cm, the highest thermal performance was obtained while a 5 cm gap
between them gives out the highest electrical efficiency. Kumar and Rosen [15] investigated a double
pass photovoltaic/thermal (PV/T) solar air heater attached with vertical fins in the lower channel.
Their findings showed that the solar cell temperature is reduced significantly from 82 ◦C to 66 ◦C.
It is also stated that one of the crucial parameters in designing PV/T collectors is the packing factor.
Dubey et al. [16] analyzed two types of PV module, glass-to-glass and glass-to-tedlar, with and without
duct (air pass way) and found that the first PV module type with duct produces higher efficiency than
second type of PV module. This occurred because the radiation that falls on the non-packing area of
the glass-to-glass PV module is transmitted through the glass cover, while in the other type of module,
all radiation is absorbed by the tedlar. The heat transfer occurs through conduction, causing higher
temperature of solar cells in glass to the tedlar-type, resulting in lower efficiency.

The researchers also show their interest in investigating the operation of water-type PV/T solar
collectors. Kiran and Devadiga [17] studied the performance of a PV/T system with water as a cooling
agent. It is found that without cooling, the electrical efficiency of the system is lower as compared to
when cooling is added. The total efficiency of PV/T system was found to be higher than the individual
stand-alone PV panel and currents solar water collector. Azad [18] has conducted a study comparing
the experimental analysis of two heat pipe solar collectors with different numbers of heat pipes and
a flow-through collector. Three collectors with six pipes, 12 pipes and one-flow through type have
been constructed and tested simultaneously. It is concluded that to increase the efficiency of heat
pipe collectors, the number of heat pipes and the effective absorber area need to be increased by the
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proper design of the heat pipe condenser. However, as water-type PV/T collector is costly and hard to
maintain, the air-type PV/T collector is often preferred.

It is known that the PV cell temperature change affects the electrical efficiency of the PV module.
Therefore, it is crucial to note the parameters that could affect the PV cells temperature; most importantly,
the PV cell encapsulation and material properties. The effects of external factors such as the solar
irradiance, ambient temperature and wind speed must also be considered [19]. A study has been
completed that proved the accumulation of dust, shading, and bird fouling has a significant effect on
PV current and voltage, and consequently, the harvested PV energy [20]. The changes in surrounding
conditions or atmospheric phenomena could be considered as the most affecting factors contributing
to the performance of a PV/T collector. An analytic expression for solar radiation can be defined on a
clear sunny day, however it is not possible during cloudy days. Hence, there has been a study on a
statistical tool to detect abnormal operating conditions that affect the performance of the PV panel
effectively for PV plants that are not equipped with a weather station [21].

The common method used to simulate a performance of a PV/T solar collector is a one-dimensional
(1D) energy balance equation representing the heat transfer occurring in the collector. Sathyamurthy et
al. [22] studied a one-dimensional energy balance equation and wrote a review on the enhancement
techniques of solar still, including flat plate collectors, pulsating heat pipes, concentrating collectors,
evacuated tube collectors, parabolic trough, thermoelectric effect, solar water heater and PV/T still.
Zondag et al. [23] used this method to investigate and compare the performance of seven different
design types of PV/T collectors to study the electrical and thermal efficiency of collectors of each
design which can be grouped into four; sheet-and-tube PV/T collector, channel PV/T collector, free
flow PV/T collector and two-absorber PV/T collector. It is concluded that the highest efficiency is
produced by channel-below-transparent-PV design. In [5], the researchers improved the PV/T solar
collector design which integrated a PV panel with a water heating component; a serpentine-shaped
copper tube and air heating component which is a single pass air channel. The simulations using
1D energy balance equations showed that when both fluids are operated alone, the total thermal and
electrical performances are only satisfactory, and higher when operated simultaneously. Tiwari and
Sodha [24] evaluated the overall performance of hybrid PV/thermal (PV/T) air collectors with different
configurations; unglazed and glazed PV/T air heaters, with and without tedlar. It is found that in
the unglazed PV/T module, there is no difference in the solar cell temperature of with and without
tedlar, except there is a slight increase in outlet air temperature in the model due to absence of tedlar.
Sarhaddi et al. [25] presented a detailed thermal and electrical model developed to calculate the thermal
and electrical parameters of a typical PV/T air collector which includes the parameters such as solar
cell, temperature, back surface temperature, outlet air temperature, open-circuit voltage, short-circuit
current, maximum power point, voltage, maximum power point current, etc.

In this study, a 1D mathematical model of energy balance equations was uniquely developed
representing the heat transfer in the solar collector system built. The simulation is used to represent
the solar collector system to better understand the effect of the parameter changes on the its
performance. Since the operation of the PV/T solar collector involves uncertainty of the weather
changes, the simulation is extensively used to carry out a comprehensive study. The unique design of
the solar collector that is used to develop the model in this study is a single pass air PV/T solar collector
attached with fins. The objective of this paper is to present a comprehensive mathematical model with
a focus on the simulation description details. The results of the simulation are then verified with actual
data collected from the experiment carried out. This paper is structured as follows. The design of
the solar collector fabricated specifically for this study is explained in Section 2. The mathematical
modelling representing the solar collector system is discussed in Theoretical Analysis in Section 3
and its solution in Section 4; while in Section 5, the experimental results obtained are presented as a
validation to the simulation results. The results and discussion are presented in Section 6, and the last
section is dedicated for the conclusion of the study.
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2. Design of Solar Collector

Based on the literature review, a design of a solar collector consists of a PV module and a single
pass air channel below the module as shown in Figure 1. This configuration has been widely used by
previous researchers, however, the system built in this study focuses on a compact design of an air
PV/T solar collector. The PV panel used is a commercial 50 W monocrystalline silicon CG-M050 panel
of dimension 69 cm × 54 cm × 3 cm. The PV panel is a three-layer panel with a tempered glass on
top and an absorber plate at the bottom, comprised of solar cells encapsulated by a thin adhesive
layer called ethylene-vinyl acetate (EVA). Fins are added parallel to the air flow direction as a heat
transfer rate enhancement factor by providing augmented heat transfer area. The gap between the
absorber plate and the back plate created an air passage for the heat transfer. The system operated
with air is forced in and out of the collector by two 12 V DC fans to extract the excess heat from the
PV module to be converted into useful heat in other energy applications. Aluminium is selected to
fabricate the backplate and the fins attached on it by taking into account its ability absorb and transfer
heat from solar cell, as well as the density of the material and its economic viability [26]. The fabrication
of the PV panel into a solar collector was carried out by a collaboration with a local manufacturer.
All data from the experiment are collected through a data logger connected to a PC. The temperature,
air mass flow rate and solar irradiance are measured using temperature sensors, flowmeters and a
pyranometer respectively.

 
Figure 1. Exploded view of the photovoltaic/thermal (PV/T) solar collector.

Figure 1 shows the exploded view of the designed air PV/T solar collector where the set of fins
can be seen attached to the backplate of the collector. The aluminium panel acts as a frame to support
the collector system, while Figure 2 shows the cross-sectional view of the collector.

 
Figure 2. Cross sectional view of the PV/T solar collector.
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3. Theoretical Analysis

In this study, a steady-state one dimensional analysis is obtained. The governing equations are
obtained which involve steady-state energy balance equations at various points of the solar collector.
The thermal schematic model of the collector is shown in Figure 3.

 
Figure 3. The thermal schematic model of a finned single pass PV/T air solar collector.

To simplify the analysis, the following assumptions were made:

1. Steady state of energy transfer was achieved.
2. Heat capacity effects of the solar cells and back plate were neglected.
3. The temperatures of the glass cover, solar cells and plates vary only in the direction of air flow.
4. The side losses from the system are negligible.

Following the work by [23,27,28], the energy balance equations for each temperature nodes can
be written as follows:

1. For the nodes of the solar cells of the PV module;

1︷������������︸︸������������︷
τgαp(1− PF)G +

2︷��������������������︸︸��������������������︷
τgαpv(PF)

(
1− ηpv

)
G =

3︷����������︸︸����������︷
hcp f

(
Tp − T f

)
+

4︷�����������������︸︸�����������������︷
hrpbp

Ac

Aab

(
Tp − Tbp

)

+

5︷���������︸︸���������︷
hrps

(
Tp − Ts

)
+

6︷�����������︸︸�����������︷
hcpw

(
Tp − Tw

)
(1)

2. For the air temperature nodes;

.
mC f

W

dT f

dx
=

3︷����������︸︸����������︷
hcp f

(
Tp − T f

)
+

7︷���������������������︸︸���������������������︷
hcbp f

Aab
Ac
ηp
(
Tbp − T f

)
(2)

where fin effectiveness, ηp = 1− A f in
Aab

(
1− η f in

)
fin efficiency, η f in =

tan hmh f in
mh f in

and m =
(

2hcbp f
k f inw f in

) 1
2
.

3. For the nodes of the surface of back plate with fins;

8︷����������︸︸����������︷
Ubp

(
Tbp − Ta

)
+

7︷���������������������︸︸���������������������︷
hcbp f

Ac

Aab
ηp
(
Tbp − T f

)
+

4︷�����������������︸︸�����������������︷
hrpbp

Aab
Ac

(
Tbp − Tp

)
= 0 (3)

The heat transfer terms involved in the equations above are defined as follows:

1. The rate of the solar energy absorbed by the absorber plate of the PV module per unit area.
2. The rate of the solar energy received by solar cells of the PV module after transmission and the

rate of electrical energy available per unit area.
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3. The rate of heat transfer to the air flow per unit area.
4. The rate of energy radiated to the surface of the back plate and fins per unit area.
5. The rate of energy radiated to the sky per unit area.
6. The rate of heat transfer to the wind per unit area.
7. The rate of heat transfer to the air flow per unit area.
8. The rate of heat lost to ambient through back plate per unit area.

Equation (1) can be rearranged into:

X1 = A
(
Tp − T f

)
+ B

(
1
γ

)(
Tp − Tbp

)
+ C

(
Tp − Ts

)
+ D

(
Tp − Tw

)
(4)

The heat transfer coefficients are defined as

A = hcp f , B = hrpbp, C = hrps, D = hcpw

X1 = τgαp(1− PF)G + τgαpv(PF)
(
1− ηpv

)
G,

γ =
Aab
Ac

Equation (2) can be rearranged into:

X2
dT f

dx
= A

(
Tp − T f

)
+ Eγηp

(
Tbp − T f

)
, (5)

where the heat transfer coefficients are defined as

E = hcbp f ,

X2 =

.
mC f

W
Equation (3) can be rearranged into:

Ubp
(
Tbp − Ta

)
= Eγηp

(
T f − Tbp

)
+ Bγ

(
Tbp − Tp

)
. (6)

From Equations (4) and (6), the expression for temperature of absorber plate and backplate can be
written as Equations (7) and (8), respectively:

Tp =
H17 − T f H15

H16
(7)

Tbp =
TpH12 − T f hcp f −H11

hrpbp
(8)

The variables Tp and Tbp can be eliminated from Equation (5) by substituting Equations (4) and (6)
into it. The following linear first order differential equation with boundary condition is obtained.

dT f

dx
= A0 −A1T f (9)

T f
∣∣∣
x=0 = Tin = Ta
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A0 and A1 are the constants obtained through algebraic manipulations where

A0 =
H17H18 −H11H16hcbp fγ

2ηp
.

mC f
W H16hrpbp

A1 =
H15H18 + H16H19

.
mC f
W H16hrpbp

H11 = τgαp(1− PF)G + τgαpv(PF)
(
1− ηpv

)
G + hrpsTs + hcpwTw

H12 = hcp f +
hrpbp

γ
+ hrps + hcpw

H14 = Ubp + hcbp fγηp +
hrpbp

γ

H15 = hcp f H14 + hcbp f hrpbpηp

H16 =

(hrpbp

γ

)2

−H12H14

H17 = −H11H14 − TaUbp
hrpbp

γ

H18 = hcp f hrpbp + hcbp fγ
2ηpH12

H19 = hrpbpH13 + hcp f hcbp fγ
2ηp

Solving the first order linear differential equation in Equation (9) gives the solution as expressed
in Equation (10) below:

T f (x) =
A0

A1
+ Tae−A1x − A0

A1
e−A1x (10)

The average temperature of the PV is calculated using numerical integration rule as in Equation (11)
to obtain Equation (12).

Tpv = Tp =
1
Lc

∫ Lc

0
Tpdx (11)

Tpv = Tp =
1
Lc

∫ Lc

0
Tpdx =

[
H17

H16

]
−
[

H15

H16Lc

]⎡⎢⎢⎢⎢⎣− Ta

A1
e−A1Lc +

A0

A1
Lc +

A0

(A1)
2 e−A1Lc +

Ta

A1
− A0

(A1)
2

⎤⎥⎥⎥⎥⎦ (12)

Following are the heat transfer coefficients employed in the above equations. The radiative heat
transfer coefficient between the absorber plate of the PV panel and the sky is given by Equation (13) [25].

hrps = σεg
(
Tp + Ts

)[
Tp

2 + Ts
2
]

(13)

where Ts is equivalent sky temperature represented by Swimbank’s formula [29] given by Equation (14).

Ts = 0.0552
(
Ta

1.5
)

(14)

The radiative heat transfer coefficient between the absorber plate and the backplate is obtained
from Equation (15).

hrpbp =
σεg

(
Tp + Ts

)[
Tp

2 + Ts
2
]

(
1−εpv
εpv

)
+ 1

Aab/Ac
+
(

1−εbp
εbp

)
Aab
Ac

(15)
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The wind convective heat transfer coefficient is calculated by Equation (16) (in Mac Adam (1954)
as cited in [30]).

hw = 5.7(3.8v) (16)

The convective heat transfer coefficient between air and absorber plate is evaluated by Equation (17),
and between air and backplate by Equation (18).

hcp f =
Nuk f

Dh
(17)

hcbp f =
Nuk f

Dh
(18)

in which Dh is the cross-section area of the collector and k f is thermal heat conductivity in the air
channel given by Equation (19).

k f =

[
1.0057 + 0.000066

(Tp + Tbp

2
− 300

)]
1000 (19)

Nu, the Nusselt number is determined based on the flow of the air (laminar, transition and
turbulent) as determined in Equations (20)–(22) (Heaton (1964) as cited in [31]).

For Re < 2300 (Laminar flow),

Nulam = Nure f +
a
(
(Re)(Pr)Dh

Lc

)m
1 + b

(
(Re)(Pr)Dh

Lc

)n (20)

where
Nure f = 5.3, a = 0.00190, b = 0.00563, m = 1.71 and n = 1.17

For 2300 < Re < 6000 (Transition flow) (Hausen (1943) as cited in [32]),

Nutran = 0.116
(
Re

2
3 − 125

)
Pr

1
3

⎡⎢⎢⎢⎢⎣1 + (Dh
Lc

) 2
3
⎤⎥⎥⎥⎥⎦
( vis f

vispv

)0.14

(21)

For Re > 6000 (Turbulent flow) [33],

Nuturb = 0.018Re0.8Pr0.4 (22)

4. Solution to the Equations

The model explained in Section 3 is used to perform simulation by using MATLAB to analyze
the performance of the solar collector. The proposed algorithm built for the simulation is shown in
the flowchart in Figure 4. The program is initiated with the setting up of the values of parameters
(Table 1) and estimated temperatures of the absorber plate, Tp and the temperature of the back plate,
Tbp which are then used to calculate the temperature of air and thermophysical properties of the fluids.
Then, the simulation runs to calculate the values of the temperature of air, T f to be used to compute the
new value of Tp and Tbp. The process continues by calculating the difference between the estimated
temperature and the computed temperature. If the difference calculated is less than 0.01 ◦C, the process
stops iterating, and the new computed values of the temperature will replace the old ones.
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Begin 

Set the parametric values such as , , , ,   

and all heat transfer coefficients 

Calculate  using the initially guessed temperatures 

Substitute  into the energy balance equations to 

compute new values of and  

Calculate the difference between the guessed temperature and 

new computed temperature of and  

Check if the temperature 

difference is less than 0.01  

Estimate initial temperature for and  

End of iteration. Replace the old temperature of and  with the new 

computed ones. Calculate the electrical, thermal and total efficiency 

End 

Figure 4. Flowchart for the MATLAB algorithm.
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Table 1. Values of coefficients and ambient conditions used in the simulations.

Parameter Value Parameter Value

Width of collector Wc 0.54 Height of fin h f in 0.01905
Length of collector Lc 0.69 Width of fin w f in 0.001
Depth of collector Dc 0.02 Distance between fins d f in 0.05
Absorptivity of PV αpv 0.938 Number of fins n f in 9

Absorptivity of absorber plate αp 0.951 Ambient temperature (K) Ta 303
Absorptivity of glass αg 0.06 Wind speed v 2.0

Emissivity of PV εpv 0.8 Irradiance G 800

Emissivity of glass εg 0.94 The solar cell temperature at reference
condition Tre f 298

Emissivity of back plate εbp 0.96 PV panel power temperature coefficient βre f 0.005444

Electrical conductivity α 5.67 × 10−8 Electrical efficiency at the reference
temperature ηre f 0.14

Energy Analysis

The thermal efficiency is calculated by simplifying the equations by [23]:

ηth =

.
mC f (T0 − Ti)

AcG
(23)

The efficiency of crystalline silicon cells decreases with increasing temperature, since the open
circuit voltage and fill factor decreases, but the short circuit current slightly increases. The electrical
efficiency of the collector written as a function of temperature based on [23,34] is as follows:

ηele = ηre f
(
1− βre f

(
Tpv − Tre f

))
(24)

Since there is difference in the nature of the electrical and thermal energy, the total overall thermal
equivalent efficiency of a PV/T solar collector, as referred to [11] is calculated as:

ηtotal = ηth + ηele (25)

5. Experimental Validation

The PV/T solar collector is set up (see Figure 5) for data collection in the compound of Universiti
Teknologi PETRONAS (UTP). The set-up is based on the following conditions. To simplify the analysis,
the following assumptions were made:

1. Mounting Location—PV modules can be mounted on ground, where a power source is available,
while heat capacity effects of the solar cells and back plate were neglected.

2. Shading—Photovoltaic arrays are adversely affected by shading. A well-designed PV system
needs clear and unobstruct access to the sun’s rays from 9 a.m. to 3 p.m. Even small shadows,
such as the shadow of a single branch of a leafless tree can significantly reduce the power output
of a solar module. Keep in mind that an area may be unshaded during one part of the day but
shaded at another part of the day.

3. Orientation—PV modules are ideally oriented towards true south.
4. Tilt—The PV modules need to be installed according to the latitude angle of the location where

it is placed. For the compound of UTP where the collector system is installed, the tilt angle is
approximately 4.3590◦.
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Figure 5. Experiment set-up for data collection of the PV/T solar collector.

Validation methods were performed by comparing results obtained experimentally and
theoretically based on the trend shown on the related graphs. In this study, the error analysis
performed was Root Mean Square Error (RMSE) [25];

RMSE =

√√
1
n

n∑
i=1

(
xsim,i − xexp,i

)2
(26)

6. Results and Discussion

The mathematical model that was developed is used to carry out the simulation in MATLAB and
the data collected from the experiment were used to calculate the performance of the solar collector.
The algorithm in Figure 4 is used in predicting the values of parameters in the simulation, which are
validated using the experimental results. The developed model is said to be valid if the results of both
theoretical and experimental curves show good agreement. The results obtained from the simulation
and experiment carried out are shown graphically in the figures below.

As the mass flow rate is set higher, the PV and outlet temperature drops. This can be seen in the
graph of temperature rise (difference between inlet air temperature and outlet air temperature) against
the air mass flow rate (Figure 6). The temperature rise decreases with the increase in air mass flow rate
since heat was transferred away by the moving air.
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Figure 6. Comparison between the theoretical and experimental results on the effect of air mass flow
rate to the temperature at G = 800–900 Wm−2 and Ta,avg = 310 K.

Figures 7 and 8 show the effects of an increase in air mass flow rate on the collector efficiencies;
electrically and thermally. At a solar irradiance level of 800 to 900 W/m2, the thermal efficiency increases
to 20.32% while electrical efficiency increases to 12.01% when the air mass flow rate increases from
0.00015 kg/s to 0.01 kg/s. It can be concluded that the solar collector system achieved an optimum
thermal efficiency when the air mass flow rate approached 0.01 kg/s, while optimum electrical efficiency
was achieved at an air mass flow rate of 0.02 kg/s. In connection with Figure 6, it can be seen that when
mass flow rate increases, the thermal efficiency increases since the average temperature of the collector
drops, until a certain point. The increase in mass flow rate increases the heat transfer coefficient
between the air and the air channel; which leads to a decrease in photovoltaic cells. This caused
the electrical efficiency to increase, although the increase is comparatively small to the increase in
mass flow rate. In spite of that, it is shown in Figure 5 that the electrical efficiency increases with
the mass flow rate. In the simulation carried out, the environmental parameters are set such that
ambient temperature is at 310 K, solar irradiance at 850 W/m2, and wind speed at 2 m/s. While the
high flow rate produced thermal efficiency for the collector, it also increased the unnecessary electricity
demand to operate the fans. However, if the air mass flow rate is too low, the collector temperature
increases which leads to lower electrical efficiency. Hence, it will only be beneficial if the mass flow
rate is kept at an optimum point because the significant increase in efficiencies is only at a low flow
rate and approaches a plateau at higher flow rates. While thermal efficiency showed good agreement
between simulation and experimental results, the slight difference between the simulated value and
actual electrical efficiency is due to the fact that the data are collected under natural Malaysian weather
conditions. The uncertainty of weather is a challenge faced during the data collection process since any
atmospheric changes could affect the performance of the solar collector. However, due to the chaotic
nature of weather to be simulated, the model is highly sensitive to the initial conditions which could
lead to a very different realization of the simulated weather [35]. Therefore, since the results obtained
in this study are of a similar trend presented in previous studies, it could be said that the simulation
and experimental results are in good agreement.
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Figure 7. Comparison between the theoretical and experimental results on the effect of air mass flow
rate to the thermal efficiency at G = 800–900 Wm−2 and Ta,avg = 307.5 K.

 
Figure 8. Comparison between the theoretical and experimental results on the effect of air mass flow
rate to the electrical efficiency at G = 800–900 Wm−2 and Ta,avg = 310 K.

Figure 9 shows the relationship between current production and solar irradiance. Both are directly
proportional and it is shown in the figure that the higher the solar radiation, the higher the current
produced. In a silicon solar panel, the electron band, Eg, decreases with increasing temperature and it
enabled the absorption of additional photons [36]. These additional photons consequently slightly
increase the short-circuit current, Isc (photocurrent), produced. The graph in Figure 10 depicts a
bell-curved shape which shows the solar radiation reading captured by the pyranometer throughout a
day of the experiment carried out. The radiation increases when it approaches noon, and decreases
when the sun sets. The ambient temperature that was recorded during the day increases from 30.64 ◦C
in the morning to 38.85 ◦C during noon and later decreases to 33.53 ◦C in the evening.
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Figure 9. Direct relationship between current produced by the PV panel and the solar irradiance.
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Figure 10. Reading of solar irradiance throughout a day (6 November 2019) during experiment.

The results of the error analysis performed on the data collected experimentally and theoretically
are summarized in Table 2. When the ambient temperature is at 301–304 K, the values of RMSE for
the thermal efficiency, ηth when solar irradiance are 100–200 W/m2, 300–400 W/m2 and 500–700 W/m2

are 0.07%, 0.10% and 0.02% respectively. Meanwhile, for electrical efficiency, ηele, when ambient
temperature is at 301–304 K, the RMSE values are 0.02%, 0.03% and 0.02%. On average, the values of
RMSE for Tpv, T f , ηth, ηele and Trise are 5.99%, 7.74%, 0.07%, 0.02% and 5.38% respectively.
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Table 2. Values of coefficients and ambient conditions used in the simulations.

Ambient
Temp. (K)

Solar Irradiance
(W/m2)

Root Mean Square Error (RMSE) (%)

Tpv Tf ηth ηele Trise

301–304
100–200 5.22 1.56 0.07 0.02 5.46
300–400 5.31 4.00 0.10 0.03 6.68
500–700 4.69 9.96 0.02 0.02 2.93

305–306

100–200 5.40 0.98 0.18 0.02 6.15
300–400 3.26 5.15 0.08 0.02 5.16
500–600 3.86 9.74 0.02 0.02 3.34
700–800 5.68 14.01 0.02 0.02 3.62

307–308

100–200 8.09 0.92 0.17 0.02 8.66
300–400 5.54 5.67 0.08 0.04 6.92
500–700 4.69 12.03 0.02 0.02 3.92
800–900 7.20 16.72 0.01 0.02 3.96

309–311
100–400 9.12 3.10 0.09 0.03 11.17
800–900 9.83 16.76 0.00 0.02 1.98

7. Conclusions

A PV/T solar collector integrating a PV module and a single pass air channel with a compact size
design is discussed in this paper. As an enhancing factor of the heat transfer, a set of fins parallel to the
air flow was attached to the back plate. A set of one-dimensional heat transfer equations representing
the collector system was developed by constructing the temperature nodes at various points; on the PV
module, back plate, air inlet and air outlet. The developed model was used to simulate the performance
of the PV/T solar collector in MATLAB. A focus on comprehensive mathematical modelling and a
detailed description of the simulation process was presented to provide a clear understanding of the
model developed. From the experiment that was carried out, the following conclusions are made in
this study; the developed model portrayed the performance of the solar collector since the results of
both simulation and experiment are in good agreement. Hence, the model developed for the solar
collector could contribute to the further analysis on the performance of the PV/T solar collector with
different configurations, under different parameters.

Author Contributions: All authors contributed for this study. Conceptualization, N.N.W.K., M.O., M.N.A.B.
and L.A.; methodology, N.N.W.K., M.O. and M.N.A.B.; validation, M.O., M.N.A.B. and L.A.; formal analysis,
N.N.W.K., M.O. and M.N.A.B.; resources, N.N.W.K. and M.N.A.B.; software, N.N.W.K., M.N.A.B.; supervision,
M.O., M.N.A.B. and L.A.; writing—original draft preparation, N.N.W.K. and M.O.; writing—review and editing,
M.O., M.N.A.B. and L.A.; funding acquisition, M.O. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Yayasan Universiti Teknologi PETRONAS, grant number 0153AA-H27.

Acknowledgments: This research was supported by Universiti Teknologi PETRONAS, Malaysia. The authors
would like to convey their gratitude to the reviewers for their significant remarks and suggestion for this paper.

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

135



Processes 2020, 8, 763

Nomenclature

Aab total exposed surface area (m2) bp back plate
Ac solar collector surface area (m2) c convection
C f specific heat capacity of fluid (J/(kg K)) f fluid
h heat transfer coefficient g PV panel tempered glass
.

m air mass flow rate (kg/s) i input
T temperature (K) o output
U overall heat loss coefficient (W/(m K2)) pv PV
vis f fluid viscosity r radiative
w f in fin thickness (m) s sky

w wind
Greek Letters
η efficiency Abbreviations

ele electrical
Subscripts PF packing factor
a ambient th thermal
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Abstract: Ionic liquids which are often classified as low melting point salts have received significant
attention from research groups and industries to be used in a wide range of applications. Many of
these applications require thorough knowledge on the thermophysical properties of the ionic liquids
before utilizing their full potentials in various fields. In this work, a series of alkylammonium
cation and carboxylate anion-based room temperature protic ionic liquids (PILs) were synthesized
by varying length of alkyl chain of the cation from diethyl to dibutyl combined with pentanoate,
hexanoate and heptanoate anions. These ammonium-based PILs named as diethylammonium
pentanoate [DEA][C5], diethylammonium hexanoate [DEA][C6], diethylammonium heptanoate
[DEA][C7], dibutylammonium pentanoate [DBA][C5], dibutylammonium hexanoate [DBA][C6] and
dibutylammonium heptanoate [DBA][C7] were characterized using Nuclear Magnetic Resonance
(NMR) spectroscopy. The thermophysical properties of the PILs namely density, dynamic viscosity and
refractive index were measured and analyzed. Density, ρ and dynamic viscosity, ηwere determined at
T = (293.15 to 363.15) K and refractive index, nD was measured at T = (293.15 to 333.15) K. The fitting
parameters are proposed for the empirical correlations of density, dynamic viscosity and refractive
index. The values of thermal expansion coefficient, αp, molecular volume, Vm, standard entropy, S◦
and lattice potential energy, Upot also have been calculated by using the specified equations. The
thermal decomposition temperature, Td was also determined using a thermogravimetric analyzer
(TGA) while the differential scanning calorimetry (DSC) technique provided the glass transition, Tg,
melting point, Tm and crystallization, Tc temperatures of the PILs. The experimental results revealed
that the dependency of the experimental values namely the ρ, η, nD, and Td on the alkyl chain of the
anion, size of the cations and the temperature of measurement.

Keywords: protic ionic liquids; density; viscosity; refractive index; phase transition; thermal
expansion coefficient; standard entropy; lattice potential energy

1. Introduction

Ionic liquids (ILs) are molten salts generally made from large organic cations and organic
or inorganic anions. These ions interact poorly with each other which causes the salts to exist
in liquid forms at room temperature or below 100 ◦C. ILs possess unique properties such as low
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flammability, high specific solubility, wide liquid range, high electrical conductivity and good
thermal and chemical stability [1–5]. These attractive properties have driven researchers to utilize
ILs, particularly imidazolium-based ILs, as alternative solvents in various applications such as in
membrane separation, gas absorption and organic reactions [6–10]. Recently, protic ionic liquids (PILs)
have emerged as promising candidates of alternative solvents due of their low cost of production and a
simple one-step synthesis procedure. Besides that, over the past few years, PILs have attracted greater
attention from researchers and quite a few works have been done to reveal several potential applications
using PILs. Since PILs can be synthesized by the transfer of protons from Brønsted acids to Brønsted
bases, PILs can be useful solvents for acid catalyzed reactions such as Diels–Alder reaction [11–13].
Besides that, the presence of active protons in PILs will allow PILs to be suitable electrolytes in fuel
cells [14–16]. In addition, PILs are generally more hydrophilic and able to dissolve metals to larger
extents than counter aprotic ionic liquids, AILs [14,17]. Ohno and co-workers provided the description
of the modern type of protic ionic liquids [18] while Greaves and Drummond wrote an extensive review
on the properties and applications of protic ionic liquids [19]. Furthermore, the ionicity of protic ionic
liquids is of particular interest due to the possibility of incomplete proton transfer between the acid and
base which may contribute to the presence of a neutral acid and base mixture [17,19,20]. A limit of 1%
neutral species presence in an ionic liquid was proposed for the acid-base neutralization product to be
called ‘pure ionic liquid’ [21]. Nevertheless, in recent years, ammonium-based PILs have been widely
synthesized and used in a wide range of research’s applications such as in organic synthesis, oxygen
reduction reaction, polymer dissolution, CO2 absorption and separation processes [22–27]. In view
of this, proper designing of new PILs, whether by tuning the combination or structures of cations
and anions or introducing some special functional groups, is very essential to ensure the PILs meet
the standard requirement and physiochemical properties needed by the applications. Furthermore,
the measurement of relevant physical properties within the ILs area is one of the most outstanding
fields of study as understanding the thermophysical properties of pure ILs and their mixtures in the
wide pressure and temperature ranges is essential to determine their potential applications [28]. For
example, experimental density, viscosity, and their derived property such as molar volume data of ILs
may be of great information in mass and heat transfer processes of working fluids [29]. Therefore, there
is a need for systematic thermodynamic and thermophysical measurements for ILs to highlight their
availability for use at the industrial processes level. Furthermore, these experimental thermophysical
properties of ILs would allow the improvement of overall quality and reliability of the ILs in any
applications [30].

This work is a continuation of our previous work to produce ammonium-based PILs as solvents
for CO2 absorption. The interest rises from the fact that this type of PILs has demonstrated promising
ability to absorb CO2 under experimental conditions, in addition to their simple synthesis procedure i.e.,
a one-step neutralization reaction [22,31,32]. On different note, this type of PILs may find applications
in the areas of lubrication and lead-acid battery modification [33,34]. Previously, we have reported the
synthesis, characterization, thermophysical properties and CO2 absorption of ammonium-based PILs
utilizing bis (2-ethylhexyl) ammonium, tributylammonium and ethanolammonium cations with acetate
and butyrate anions [22]. The results of the work have motivated us to further explore the synthesis
and CO2 absorption of ammonium-based PILs by using systematic combinations of simple amines
and carboxylic acids. In this work, we report the synthesis of six new ammonium-based PILs, namely
diethylammonium pentanoate [DEA][C5], diethylammonium hexanoate [DEA][C6], diethylammonium
heptanoate [DEA][C7], dibutylammonium pentanoate [DBA][C5], dibutylammonium hexanoate
[DBA][C6] and dibutylammonium heptanoate [DBA][C7] using one-step neutralization reaction as
available in literature [35,36]. The purity of all these new ammonium-based PILs were checked by 1H
and 13C NMR. The water content of these PILs was determined prior studying various thermophysical
properties. The thermophysical properties namely density, viscosity and refractive index were
measured and discussed in this study. The thermal decomposition, glass transition, crystallization
and melting point temperatures of the new ammonium-based PILs were determined. The important
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parameters such as molecular volume, standard molar entropy and lattice energy were estimated by
empirical equations. Further, the experimental values of density, viscosity and refractive index analysis
were fitted using several empirical equations.

2. Materials and Methods

2.1. Chemicals

All six ammonium-based PILs were synthesized using two amines and three organic acids
from Merck, Darmstadt, Germany. All chemicals with analytical grade were used in this work.
The amines and acids CAS numbers, abbreviations and grade percentage are as follows: diethylamine
(109-89-7, 99.0%), dibutylamine (111-92-2, 99.0%), pentanoic acid (109-52-4, 98.0%), hexanoic acid
(142-62-1, 98.0%) and heptanoic acid (111-14-8, 99.0%).

2.2. Synthesis of PILs

The PILs were synthesized using a 1-step neutralization reaction. An equimolar amount of acid
was added to an equimolar amount of base in 1:1 mol ratio. The organic acids were added dropwise to
the flask under stirring with a magnetic bar. The mixtures were constantly stirred for 24 h at room
temperature. In order to remove traces of water that might be coming from surrounding atmosphere
or from the starting reagents, the synthesized PILs were heated at 70 ◦C under vacuum approximately
for 8 h upon the completion of the reaction [35]. The dried samples were sealed and kept until
further analysis. There was no noticeable solid crystal or precipitation formed when the PILs were
purified after synthesis [36]. The proton transfer reaction results in carboxylate salt namely pentanoate,
hexanoate and heptanoate of diethyl or dibutylamine. Generally, the reaction can be expressed as
follows:

(Rx)2NH + HOOC(RY)→ (Rx)2NH2
+ −OOC(RY)

where RX is the alkyl substitutions into the amine compound (ethyl or butyl). Meanwhile, RY is the
alkyl substitution into the acid compound (pentyl, hexyl or heptyl). For example, diethylammonium
pentanoate is formed when RX is ethyl and RY is pentyl. In this work, diethylamine [DEA] and
dibutylamine [DBA] were used as the sources of the cations while carboxylate acids with alkyl chain
length of pentyl, [C5], hexyl, [C6] and heptyl [C7] were utilized to provide the anions of the PILs. The
combinations of the acids and the amines resulted in six PILs as tabulated in Table 1.

2.3. Structural Characterization and Water Content

The structural confirmation of the PILs was done by using Nuclear Magnetic Resonance (NMR)
spectroscopy (Bruker, Billerica, MA, USA). In this work, 100 μL sample was dissolved in 600 μL solvent
(CDCl3) for each analysis. Both 1H and 13C spectra were recorded using Bruker Ascend TM 500 from
Bruker, Billerica, MA, USA. The spectra are reported in parts per million and the multiplicities are
abbreviated as s (singlet), d (doublet), t (triplet) and m (multiplet). Meanwhile, Volumetric Karl Fisher
and Stromboli Oven (Model: V30 Mettler Toledo, Columbus, OH, USA) was used to analyze the water
content in the synthesized PILs.

2.4. Thermophysical Properties Characterization

The density and viscosity of PILs were measured simultaneously via scanning preset at
temperatures from 293.15 to 363.15 K using Anton Paar Stabinger Viscometer SVM3000 (Graz, Austria).
The measurements were done in three replications and the average value was taken for further study.
The viscometer was calibrated using a standard fluid provided by the supplier and a validation test
was also conducted using a commercial imidazolium IL with known density and viscosity values.

The refractive index values of the PILs were determined using ATAGO RX-5000 Alpha Digital
Refractometer from Tokyo, Japan in the temperature range of 293.15 to 333.15 K. Several standard
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organic solvents provided by the supplier were used to calibrate the instrument. A validation test
was also conducted using a commercial imidazolium IL and the result was compared with the values
available from literatures.

The decomposition temperatures of the PILs were determined by using thermogravimetric analyzer
(TGA) (Simultaneous Thermal Analyer (STA) 6000 from Perkin Elmer, Walthan, Massachusetts, United
States). In this study, Simultaneous Thermal Analyzer (STA) 6000 from Perkin Elmer (Waltham, MA,
USA) was used to complete the thermal stability analysis. An approximate 10 mg of sample was
weighted in a crucible pan and the analysis was performed in the temperature range of 30–650 ◦C
under 20 mL/min nitrogen flow with a heating rate of 10 ◦C·min−1.

The phase transition and melting point analyses were carried out by using Differential Scanning
Calorimeter (DSC) 1 Star system, Mettler Toledo (Columbus, OH, USA). About 10 mg of samples was
weighted in aluminum pans and sealed. The reaction was conducted in the temperature range of 80 to
−150 ◦C with a heating rate of 10 ◦C·min−1. The data were collected in the second cooling plot.

Table 1. List of acids, bases and new ammonium-based protic ionic liquids (PILs) synthesized in
this work.

Base Acid Name of Synthesized PILs Abbreviation

 
Diethylamine

 
Pentanoic acid

 

Diethylammonium pentanoate

[DEA][C5]

 

Hexanoic acid

 
Diethylammonium hexanonate

[DEA][C6]

 
Heptanoic acid

 
Diethylammonium heptanoate

[DEA][C7]

 
Dibutylamine

 
Pentanoic acid

 
Dibutylammonium pentanoate

[DBA][C5]

 
Hexanoic acid  

Dibutylammonium hexanoate

[DBA][C6]

 
Heptanoic acid  

Dibutylammonium heptanoate

[DBA][C7]

3. Results and Discussion

3.1. Structural Characterization and Water Content Analysis

All six ammonium-based PILs synthesized in this work exist as liquids at room temperature.
The NMR and water content results of each of these six ammonium-based PILs; diethylammonium
pentanoate [DEA][C5], diethylammonium hexanoate [DEA][C6], diethylammonium heptanoate
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[DEA][C7], dibutylammonium pentanoate [DBA][C5], dibutylammonium hexanoate [DEA][C6] and
dibutylammonium heptanoate [DBA][C7] are presented accordingly as follows as well as in the
Figures S1–S12 in the Supplementary Materials:

[DEA][C5]: 1H NMR (500 MHz, CDCl3): δ 0.86 [t, 3H (R-CH3)], δ 1.29 [m, 8H (R-CH3, R-CH2), δ 1.51
[m, 2H (R-CH2)], δ 2.19 (t, 2H (COOH-CH2)], δ 2.89 [m, 4H (NH2-CH2)]. 13C NMR (125 MHz, CDCl3):
δ 179.43, 41.94, 35.47, 27.60, 22.38, 13.73, 11.10. Water content: 0.93%.

[DEA][C6]: 1H NMR (500 MHz, CDCl3): δ 0.88 [t, 3H (R-CH3)], 1.29 [m, 8H (R-CH3, R-CH2)], 1.58 [m,
4H (R-CH2)], 2.19 [t, 2H (COOH-CH2)], 2.89 [m, 4H (NH2-CH2)]. 13C NMR (125 MHz, CDCl3): δ

180.14, 41.76, 37.27, 31.78, 25.92, 22.49, 13.98, 11.24. Water content: 6.45%.

[DEA][C7]: 1H NMR (500 MHz, CDCl3): δ 0.87 [t, 3H (R-CH3)], 1.27 [m, 8H (R-CH3, R-CH2)], 1.58 [m,
6H (R-CH2)], 2.22 [t, 2H (COOH-CH2)], 2.92 [m, 4H (NH2-CH2)]. 13C NMR (125 MHz, CDCl3): δ

180.16, 41.77, 37.38, 31.69, 29.26, 26.24, 22.56, 14.02, 11.26. Water content: 3.43%.

[DBA][C5]: 1H NMR (500 MHz, CDCl3): δ 0.847 [m, 9H (-CH3)], 1.28 [m, 6H (-CH2, -CH3)], 1.478 [m,
2H (-CH2)], 1.609 [m, 4H (-CH2)], 2.106 [t, 2H (CH2-COO-)], 2.721 [t, 4H (CH2-NH)]. 13C NMR (125
MHz, CDCl3): δ 180.16, 47.36, 37.65, 28.69, 28.24, 22.70, 20.12, 13.92, 13.58. Water content: 5.70%.

[DBA][C6]: 1H NMR (500 MHz, CDCl3): δ 0.846 [m, 9H (-CH3)], 1.289 [m, 8H (-CH2, -CH3)], 1.511 [m,
2H (-CH2)], 1.615 [m, 4H (-CH2)], 2.095 [t, 2H (CH2-COO-)], 2.724 [t, 4H (CH2-NH)].)]. 13C NMR (125
MHz, CDCl3): δ 180.11, 47.33, 37.92, 31.86, 28.21, 26.22, 22.52, 20.09, 13.93, 13.54. Water content: 5.56%.

[DBA][C7]: 1H NMR (500 MHz, CDCl3): δ 0.800 [m, 9H (-CH3)], 1.275 [m, 10H (-CH2, -CH3)], 1.501
[m, 2H (-CH2)], 1.067 [m, 4H (-CH2)], 2.110 [t, 2H (CH2-COO-)], 2.721 [t, 4H (CH2-NH)].)]. 13C NMR
(125 MHz, CDCl3): δ 180.19, 47.39, 37.99, 31.76, 29.35, 28.31, 26.52, 22.55, 20.13, 13.99, 13.58. Water
content: 4.39%.

Six protic ionic liquids with the ammonium cation, [DEA] and [DBA], were synthesized through
acid-base neutralization reactions with different alkyl chain length of ammonium-based cation and
the corresponding organic acid. The reported water content is between 0.93% and 6.45% for the
synthesized PILs. The water traces may come from the starting materials or from surrounding
atmosphere during the synthesis process [35]. Besides, Chen and his team conducted investigations on
water sorption in PILs at ambient environment and revealed that PILs are highly hygroscopic and have
higher hydrophilicity compared to aprotic ionic liquids [37]. Meanwhile, other researchers concluded
that the anion was the key factor influencing water sorption [38]. Furthermore, several researchers
indicate that the presence of water molecules reduces the electrostatic attractions between the ions and
consequently lowers the viscosity of ILs as the overall cohesive energy of the system is decreased [39].
Nevertheless, the thermophysical properties of our ammonium-based PILs are solely reported by using
these water contents.

3.2. Thermophysical Properties Analysis

All instruments used for measuring the density, viscosity and refractive index were calibrated
using standard solutions provided by the supplier. In addition, a commercial IL namely
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [HMIM][Tf2N], (Merck, 382150-50-7,
98%) with readily available physical property data was tested using these instruments so as to validate
the experimental data. From the measurements, the experimental values of density, viscosity and
refractive index at 298.15 K displayed a very good agreement with the values from the literatures as
shown in Table S1 in the Supplementary Materials.
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The density values of the PILs were recorded as a function of temperature from 293.15 to 363.15
K. The plots of the experimental density of PILs are shown in Figure 1 and the experimental data is
available Table S2 in the Supplementary Materials. Generally, based on the results, the densities for all
six ammonium-based PILs decreased linearly as the temperature increased despite the difference in the
alkyl length of the anions. At higher temperatures, the intermolecular forces between the constituted
ions are weakened and therefore increased the mobility of the ions. Consequently, the unit volume for
these ions increased as well [22,40,41]. On the other hand, from the experimental results, [DEA][C5]
has the highest density values compared to the rest of ammonium-based PILs. This observation can be
explained by the change of local packing of the PIL structure due to the smaller size of the [DEA] cation,
in comparison to [DBA] cation [22,42]. Several researchers reported the similar behavior using other
PIL with ethylammonium cation, which increasing trending packing efficiency with the decreasing of
molecular weight [43]. Other than that, [DBA][C7] showed the lowest density value at all temperatures.
As the alkyl chain increases in both cation and anion of the PIL, the structure gets bigger and bulkier
which in turn promoting steric hindrance and asymmetric nature in the PIL structure and thus result
in a lower density value for the PIL [41,42].
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Figure 1. (a) Density (ρ) values of diethylammonium pentanoate [DEA][C5], diethylammonium
hexanoate [DEA][C6], and diethylammonium heptanoate [DEA][C7] as a function of temperature.
(b) Density (ρ) values of dibutylammonium pentanoate [DBA][C5], dibutylammonium hexanoate
[DEA][C6] and dibutylammonium heptanoate [DBA][C7] as a function of temperature.

Viscosity is a key parameter that helps to designate the potential applications of any ILs and it is
greatly influenced by intermolecular interactions namely hydrogen bonding, dispersive forces and
columbic interactions [44]. Figure 2 and Table S3 in the Supplementary Materials show the dynamic
viscosity data of the ammonium-based PILs which have been measured in the temperature range of
293.15 to 363.15 K.

From Figure 2, analysis of the results revealed that the viscosity of all ammonium-based PILs
decreased exponentially with increasing temperature in the range of temperature studied. It was
found that the PILs with [DBA] cation display higher viscosity value than PILs with [DEA] cation.
The increase of viscosity with increasing alkyl chain length in the ILs structure is due to the increase in
van der Waals attraction between the aliphatic alkyl chain [40,45]. PILs with [DBA] cation, however
show marginal increment in the viscosity values as the anion alkyl chain increases. Nevertheless, the
increment of alkyl chain length on anion structure depicted the same trend for both [DEA] and [DBA]
cation as the viscosity is increasing in the order of [C5] < [C6] < [C7]. On the other hand, Iglesias
et al., investigated the viscosity of 2-hydroxy ethylammonium propionate (2-HEAPE), 2-hydroxy
diethylammonium propionate (2-HDEAPE) and 2-hydroxy triethylammonium propionate (2-HTEAPE)
and found that the viscosity value decreases with the increasing number of ethyl group at the cation [36].
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This behavior might be affected by the increase of the cation structure due to the replacement of
hydrogen atoms with an ethyl group.

The refractive index, nD estimates the electronic polarizability of the molecules and shows the
dielectric response to an external electric field produced by electromagnetic waves (light) [46]. Generally,
it describes how fast light travels through the material. The refractive index of ammonium-based
PILs was measured at temperatures of 293.15 to 333.15 K and the experimental data is available in
Table S4 in the Supplementary Materials. The nD decreased in a very narrow window with increasing
of temperature as shown in Figure 3. On the other hand, the values of refractive index increased with
the increase in cation and anion chain length of PILs. The increment of the refractive index in line with
the increment of the alkyl chain in the PILs structures is believed to occur due to the influence of higher
intermolecular interaction such as the van der Waals forces of the PILs [41].
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Figure 2. (a) Viscosity (η) of [DEA][C5], [DEA][C6] and [DEA][C7] as a function of temperature.
(b) Viscosity (η) of [DBA][C5], [DBA][C6] and [DBA][C7] as a function of temperature. (c) Viscosity (η)
of all six ammonium-based PILs as a function of temperature.
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Figure 3. (a) Refractive index (nD) values of [DEA][C5], [DEA][C6] and [DEA][C7] as a function of
temperature. (b) Refractive index (nD) values of [DBA][C5], [DBA][C6] and [DBA][C7] as a function
of temperature.

3.3. Thermophysical Properties Correlations

The density, ρ dynamic viscosity, η and refractive index, nD experimental values were fitted using
the following equations [40,47]:

ρ = A1 + A2T, (1)

lgη = A3 + A4/T, (2)

nD = A5 + A6T, (3)

where ρ is the density, η is dynamic viscosity and nD is refractive index of the ammonium-based PILs,
T is temperature in K, and A1 through A6 are correlation coefficients using the least square method.
Tables 2–4 represent the estimation of values of correlation coefficients and the standard deviations, SD
calculated using the equation from the literature [40].

Table 2. Fitting parameters of Equation (1) to correlate density (ρ) of synthesized PILs and calculated
standard deviation (SD).

Ionic Liquids A1 A2 SD

[DEA][C5] 1.1456 −0.0007 0.0010
[DEA][C6] 1.1519 −0.0007 0.0068
[DEA][C7] 1.1168 −0.0007 0.0076
[DBA][C5] 1.1331 −0.0008 0.0027
[DBA][C6] 1.1345 −0.0008 0.0027
[DBA][C7] 1.1269 −0.0008 0.0008

Table 3. Fitting parameters of Equation (2) to correlate viscosity (η) of PILs and calculated standard
deviation (SD).

Ionic Liquid A3 A4 SD

[DEA][C5] −2.9587 1312.0 0.0106
[DEA][C6] −2.9597 1312.4 0.0108
[DEA][C7] −3.4058 1518.0 0.0133
[DBA][C5] −5.4771 2219.3 0.0207
[DBA][C6] −5.4156 2203.9 0.0179
[DBA][C7] −5.3421 2186.0 0.0176
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Table 4. Fitting parameters of Equation (3) to correlate refractive index (nD) of PILs and calculated
standard deviation (SD).

Ionic Liquid A5 A6 SD

[DEA][C5] 1.5326 −0.0003 0.0132
[DEA][C6] 1.5335 −0.0003 0.0081
[DEA][C7] 1.5376 −0.0003 0.0120
[DBA][C5] 1.5557 −0.0004 0.0265
[DBA][C6] 1.5583 −0.0004 0.0276
[DBA [C7] 1.5623 −0.0004 0.0309

3.4. Thermal Expansion Coefficient, Standard Entropy, Lattice Potential Energy, Water Content and
Thermal Study

For further understanding of the intermolecular interaction, the thermal expansion coefficient can
be calculated from the experimental values of density, ρ and the data is tabulated in Table 5. Thermal
expansion coefficients, αp for the synthesized PILs can be defined as [22,40,48]:

αp = −1/ρ. (δρ/δT) = −(A2)/(A1 + A2T) (4)

The calculated values in Table 5 show that the thermal expansion coefficients increase with the
total C-numbers in the structure of PILs. This indicates that the thermal expansion coefficient is
dependent on the cation symmetry and the length of alkyl substituent [49]. In view of the result
obtained, thermal expansion coefficients of PILs with [DBA] cation are higher than that of PILs with
[DEA] cation. Meanwhile, the behavior of thermal expansion coefficient is almost the same for all PILs
with the same cation group in which the calculations show very small deviations of αp values with
temperature. Thus, thermal expansion coefficient can be considered as temperature independent as it
shows similar result over the temperature range studied. Yunus et al., also reported the similar trend
of variation of thermal expansion coefficient for different group of PILs [22].

Molar volume, Vm can be defined as the volume occupied by one mole of a compound at a
given temperature and pressure [50]. The molar volume, Vm was obtained by the following empirical
equation according to the experimental densities [45,51–53]:

Vm =M/(ρ. NA), (5)

where Vm is the molecular volume, M is molar mass of PILs, ρ is density of PILs at 303.15 K and NA is
the Avogadro’s number.

Table 5. Thermal expansion coefficients (αp) of the PILs calculated using Equation (4).

T/K
10−4 α/K−1

[DEA][C5] [DEA][C6] [DEA][C7] [DBA][C5] [DBA][C6] [DBA][C7]

293.15 7.4 7.4 7.7 8.9 8.9 9.0
303.15 7.5 7.4 7.7 9.0 9.0 9.1
313.15 7.6 7.5 7.8 9.1 9.1 9.2
323.15 7.6 7.6 7.9 9.1 9.2 9.2
333.15 7.7 7.6 7.9 9.2 9.2 9.3
343.15 7.7 7.7 8.0 9.3 9.3 9.4
353.15 7.8 7.7 8.0 9.4 9.4 9.5
363.15 7.9 7.8 8.1 9.5 9.5 9.6

Molar volume for all ammonium-based PILs were calculated at temperature of 303.15 K. As
shown in Table 6, the molar volume, Vm is proportional to the length of the alkyl chain of the anion as
well as the size of the cation. The former is caused by the addition of CH2 group in the anion of the
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PILs and similar findings have been observed in other studies, while the latter is due to the bigger size
of [DBA] as compared to [DEA] [5,22].

Table 6. Molar volume, Vm; standard entropy, S◦; lattice potential energy, Upot; thermal decomposition,
Td; glass transition, Tg; melting point, Tm; crystallization point, Tc. Vm, S◦ and Upot were calculated at
303.15 K.

Ionic Liquids Vm S◦ Upot Td Tg Tm Tc

nm3 J·K−1·mol−1 kJ·mol−1 K ◦C ◦C ◦C
[DEA][C5] 0.3120 418.4 449.8 412.82 −100.4 −9.7 −58.8
[DEA][C6] 0.3369 449.4 441.1 419.24 −99.5 −6.3 −62.8
[DEA][C7] 0.3704 491.2 430.6 442.00 −99.6 0.8 −60.2
[DBA][C5] 0.4302 565.8 414.7 404.78 - −20.9 -
[DBA][C6] 0.4570 599.1 408.5 425.33 - −12.8 -
[DBA][C7] 0.4886 638.5 401.8 435.65 - −8.1 -

Entropy is the measurement of randomness of molecules. Generally, entropy increases with
the increase in molar volume [5]. In order to study the relationship between molecular volume and
standard entropy for both ionic liquids and organic acids, Glasser [54] had provided a standard
equation as follows:

S◦ = 1246.5 Vm + 29.5, (6)

in which Vm is the molecular volume in nm3 and S◦ is standard entropy.
The results in Table 6 clearly show that the standard entropy (S◦) of ammonium-based PILs

increased with the molar volume for all ammonium-based PILs at the studied temperature. This
increment in the S◦ values could be related to increasing the number of carbon atoms in alkyl chain of
carboxylate anion [38]. In this work, the Vm increases in the sequence of [C5] < [C6] < [C7] for both
[DEA] and [DBA] cations.

Besides standard entropy, Glasser [54] also proposed a method for calculating lattice potential
energies (Upot) of ILs in order to predict the relative stabilities of ILs by using Equation (7) where γ

and δ are fitting coefficients with values of 1981.9 kJ·mol−1 and 103.8 kJ·mol−1, respectively.

Upot = [γ (ρ/M)1/3] + δ (7)

There is no obvious influence of structural properties in lattice potential energy. However,
electrostatic or columbic interaction is the main factor that contributes to lattice energy which is
inversely related to the volume of ions [5,41,44]. Table 6 shows the calculated lattice potential energy
of the studied PILs at 303.15 K. In this work, we observed that the lattice potential energy decreased
with increasing carbon chain length of the carboxylate anions. This can be explained by the fact that
adding a methylene group in the alkyl chain of the ammonium-based PILs will increase the entropy
and consequently cause a reduction of the packing efficiency in the PILs. Thus, as a result, lattice
potential energy will decrease with the increase in the alkyl chain length of the PILs.

The study of thermal analysis of a substance is crucial as it will provide information on how
PILs behave as heat flows. The thermal stability of the PIL was examined by thermogravimetric
analysis (TGA) and the data are tabulated in Table 6 while TGA profiles are graphically presented
in Figure 4. The TGA for studied PILs was performed at scanning rate of 10 ◦C·min−1. In the TGA
study, the main factor of thermal stability is dependent on the strength of the heteroatom–carbon and
heteroatom–hydrogen bond [44].
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Figure 4. (a) Thermal decomposition curve of [DEA][C5], [DEA][C6] and [DEA][C7] at a heating rate
of 10 ◦C·min−1. (b) Thermal decomposition curve of [DBA][C5], [DBA][C6] and [DBA][C7] at a heating
rate of 10 ◦C·min−1.

The studied PILs showed thermal stabilities in the range of approximately 404 to 442 K. The TGA
profiles of the studied PILs indicate a one-step decomposition temperature for all ammonium-based
PILs. As can be seen from Figure 4 and Table 6, the thermal decomposition (Td) increases as the
alkyl chain length in anion increases within the same cation and the order of thermal stability of the
ammonium-based PILs can be listed as [DEA][C5] < [DEA][C6] < [DEA][C7]. A similar order was also
observed in PILs with [DBA] cation in which the decomposition steps of anion with [C5] occurred
faster than anion with [C6] and [C7]. Generally, this thermal stability trend can be related to the strong
intermolecular forces present in a higher alkyl chain [C7], which requires a high amount of energy to
cleave the neighboring bonds. More energy is required to destruct the C–C bond as it involves a series
of competitive intramolecular and intermolecular process [45,55].

DSC is a thermo-analytical technique that measures the difference in amount of heat required to
increase the samples’ temperature. The thermogram values of the ammonium-based PILs were recorded
as a function of temperature and the extracted data were shown in Table 6. Examples of DSC curves
for the ammonium-based PILs synthesized in this study are shown in Figure 5. From the DSC analysis,
only PILs with [DEA] cation exhibited a glass transition temperature (Tg) under the experimental
conditions. This indicates that only PILs with [DEA] cation experience heat flow on heating from
amorphous glass to liquid state [5]. Tg represents the cohesive energy of the sample. Liquids with low
cohesive energies possess Tg values which in turn contribute to desirable physiochemical properties
such as low viscosity and high ionic conductivity [56]. There is a marginal difference in the Tg values
with respect to the size of the PILs and similar trend is also observed in the literature [29,56]. Further
analysis of the DSC thermograms indicates that only ammonium-based PILs with [DEA] cation possess
crystallization temperature (Tc) with no obvious trend and results show that [DEA][C5] exhibits a Tc

value of −58.78 ◦C. All ammonium-based PILs in this study show the presence of melting temperature
(Tm). The Tm of PIL is largely depending on the crystal lattice strength of the PIL itself. The poor
packing efficiency of the counterions destabilizes the crystal lattice of the PILs and this causes the crystal
lattice energy to decrease and consequently contributes to the low Tm of the PILs [29,57]. Generally,
the melting point of PILs with [DEA] cation is higher than that of PILs with [DBA] cation suggesting a
better packing of the counterions in the PILs of [DEA] cations. On the other hand, all reported ILs in
this paper exhibit low Tm compared to common ILs such as 3-butyl-1-methylimidazolium chloride,
BMIMCl [58–60].
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Figure 5. Differential scanning calorimetry (DSC) curves of [DEA][C7] (a) and [DBA][C6] (b) at heating
rate of 10 ◦C.min−1.

4. Conclusions

In this work, six ammonium-based protic ILs with [DEA] and [DBA] cations and combination of
three alkyl length of anions (pentyl [C5], hexyl [C6], heptyl [C7]) have been successfully synthesized and
characterized. The important thermophysical properties namely density and viscosity were measured
from 293.15 to 363.15 ◦C, while the refractive index was examined from 293.15 to 333.15 K. The water
contents of the PILs might have some effects on the measured thermophysical properties. The fitting
parameters were proposed for the empirical correlations of density, dynamic viscosity, and refractive
index. In addition, the experimental values of densities have been used to calculate the thermal
expansion coefficient (αp) and molecular volume (Vm) of the ammonium-based PILs. The standard
entropy (S◦) and lattice potential energy (Upot) have also been calculated using equations available from
the literature. Furthermore, the thermal stabilities and behaviors of the ammonium-based PILs were
investigated resulting in the determination of thermal decomposition temperature (Td), glass transition
temperature (Tg), crystallization temperature (Tc) and melting point (Tm) of the ammonium-based
PILs studied. All results indicate the effects of temperature, anion, alkyl chain length and size of the
ammonium-based PILs towards the thermophysical properties of the newly synthesized PILs. These
results can further be utilized prior to the usage of the PILs in any applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/6/742/s1,
Table S1: Data used for the validation of equipment for physical property measurements using [HMIM] [Tf2N] at
T = 298.15 K, Table S2: Density (ρ) values of PILs at temperatures (293.15–363.15) K, Table S3: Dynamic viscosity
(η) values of PILs at temperatures (293.15–363.15) K, Table S4: Refractive index (nD) values of PILs at temperatures
(293.15–333.15 K), Figures S1–S12: NMR analysis of the PILs.
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Abstract: The problem of current agricultural practices is not limited to land management but also
to the unsustainable consumption of essential nutrients for plants, such as phosphorus. This article
focuses on the valorization of wood ash and anaerobic digestate for the preparation of a slow-release
fertilizer. The underlying chemistry of the blend of these two materials is elucidated by analyzing
the applications of the mixture. First, the feasibility of employing low doses (≤1 g total solids (TS)
ash/g TS digestate) of wood ash is explained as a way to improve the composition of the feedstock of
anaerobic digestion and enhance biogas production. Secondly, a detailed description concerning high
doses of wood ash and their uses in the downstream processing of the anaerobic digestate to further
enhance its stability is offered. Among all the physico-chemical phenomena involved, sorption
processes are meticulously depicted, since they are responsible for nutrient recovery, dewatering, and
self-hardening in preparing a granular fertilizer. Simple activation procedures (e.g., carbonization,
carbonation, calcination, acidification, wash, milling, and sieving) are proposed to promote immobi-
lization of the nutrients. Due to the limited information on the combined processing of wood ash and
the anaerobic digestate, transformations of similar residues are additionally considered. Considering
all the possible synergies in the anaerobic digestion and the downstream stages, a dose of ash of 5 g
TS ash/g TS digestate is proposed for future experiments.

Keywords: anaerobic digestion; greenhouse gas mitigation; phosphate leaching; ammonia stripping;
sorption activation; acid surfactants; dewatering; self-hardening; maturation; biofertilizer

1. Introduction

The growth of the human population and the change in their diet (e.g., more con-
sumption of animal products) imply devoting more land to food production at an alarming
rate [1]. The problem of our current agricultural practices is not limited to land manage-
ment but also to the unsustainable consumption of essential nutrients for plants, such as
phosphorus [2,3]. The fluctuation in prices helps preserve the long-term availability of these
mineral resources [4]. In the present situation, the development of profitable strategies for
utilizing the waste materials is the only way to achieve sustainable development of the soci-
ety [5]. Once a material is regarded as waste, its utilization is constrained by regulations [6].
In Europe, all waste-derived products must comply with Directive 2018/851, but there are
shortcuts to achieve end-of-waste (EoW) status. Generally, when a residue is produced in
large amounts and has a composition suitable for a particular application, the European
parliament applies EoW regulations that do not need to be transposed by the governments
of each member state [7].

The production of digestate was around 180 million tons per year in the EU28, be-
fore the UK withdrawal in 2020 [8]. In the UK, 7.5 million tons of anaerobic digestate
and 2.7 million tons of compost were produced in 2018 [9]. A common policy is being
developed to improve the management of all nitrogenous materials employed as soil
amendments [10,11]. In 2009 [12], the EU27 produced 256 million tons of municipal solid
waste (MSW). Much more animal manure is applied to land as a soil amendment than
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anaerobic digestate because of the high CAPEX and OPEX associated with implementing
anaerobic digestion (AD) in the farms [13]. The biological treatment of organic residues
via AD is a promising technology for energy recovery in the form of biogas and the pro-
duction of fertilizers [14]. The AD was first applied to deal with the sewage sludge (SS)
produced during the primary and secondary treatment of wastewater, but its use to deal
with agro-waste and the MSW with around 70% of organic material has been subsequently
encouraged [15,16]. The AD technology fits with the current trends of using the biorefinery
to sustainably satisfy the needs of society, which used to be covered by the petrochemical
industry [17].

Vassilev et al. [18] estimated that approximately 476 million tons of biomass ash could
be generated worldwide annually if the average ash content is 6.8% and the burned biomass
is assumed to be 7 billion tons. This amount resembles the 780 million tonnes of coal ash
generated every year [18]. According to Pitman [19], the wood ash (WA) production could
be estimated by considering that 1% of the wood incinerated is left as ash. According to
the UK Forestry Commission [20], 2.68 million tons of wood fuel were used in 2016. Even
considering the combustion of other types of biomass, the amount of biomass ash currently
produced in the UK is lower than that coming from the coal power plants. In 2016, the
amount of coal ash produced in the UK was around 6 million tons [21]. However, this
scenario is changing, and by 2025 the amount of biomass ash is expected to be greater than
that of coal ash [22]. In 2007, Sweden produced 0.3 million tons of WA, and most of this
material was disposed of in landfills [23]. The preparation of a blend of organic manure
and ash to enhance the circular economy has been addressed in the literature from several
points of view:

• To enhance the AD process [24].
• To improve the properties of the soil [25].
• To promote crop growth [26].
• To control the release of the nutrients [27].
• To achieve better dewatering of the digestate [28].
• To promote the self-hardening and granulation of the digestate [29].

The anaerobic digestates, animal manures, and slurries are appreciated by the farmers
as organic soil amendments. Improving the nutrient profile of the digestate might be a way
of increasing its value and decreasing the cost of transportation. Moreover, there are more
urgent challenges that need to be addressed, such as the pollution associated with the use of
these materials [10]. It is necessary to optimize the conditions of the WA-based treatment of
the anaerobic digestate to improve the stability of the soil organic amendment, improve the
nutrient use efficiency, and reduce the contamination of the environment. The objectives of
this review are (a) to discuss the underlying chemistry of the blends of anaerobic digestates
and WA, and (b) to design a process that only requires affordable and widely available
resources to prepare the novel fertilizer.

2. Upstream Processing

2.1. State-of-the-Art of AD

The AD process is also known as bio gasification due to the intervention of microor-
ganisms to convert the components of the organic matter to methane and carbon dioxide.
The most accepted model, on how the reactions occur in the anaerobic digester in the
absence of oxygen, describes 4 different stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Figure 1). The limiting step is hydrolysis, while the methanogenesis is
quick, preventing the accumulation of volatile fatty acids (VFA) in the system. In this way,
the concentration of VFA in the anaerobic digest ester could be used as an indicator of the
correct stationary operation of the bioreactor [17].
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Figure 1. Breakdown of the AD process. Modified from Madsen et al. [17]. Reproduced with
permission of Renewable and Sustainable Energy Reviews (Elsevier).

2.2. Use of WA as an Additive for Enhancing the AD

The addition of WA to the feedstock of AD can be understood as a way of promoting
the stabilization of the anaerobic digestate because the greater the biogas production during
the AD, the lower the emission of methane and carbon dioxide occurrence during storage
and land application of the soil organic amendments [30]. Concerning the use of WA as
an additive for AD, to the authors’ knowledge, 6 experimental studies have been reported
so far on this topic (Table 1). Furthermore, Alavi-Borazjani et al. [31,32] provided an
insight into the feasibility of the utilization of biomass ashes in AD and biogas upgrading.
According to Alavi-Borazjani et al. (2020), biomass ashes are cheap sources of alkali suitable
for controlling the excessive acidification of anaerobic digesters. Biogas production is
also enhanced due to the supplementation with the macro and micronutrient present in
biomass ashes, which are required for the anaerobic microbes, and only a reference of
WA was mentioned in relation to the biogas upgrading. Raw biogas of approximately
60% methane does not have enough quality for its introduction into the natural gas grid.
Most frequently used purification technologies (water/amine scrubbing, pressure swing
adsorption, cryogenic distillation, and membrane) require an excessive amount of energy
and chemicals. The main targeted compounds to be removed from the biogas are CO2
and H2S. Given the complexity of the WA, there is a knowledge gap on the absorption
capacity of bulk WA, and gathering more information to fully appreciate the valorization
opportunities of this material is required [31,32].
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Table 1. Summary of the experimental studies on the use of WA in the AD.

Reference

1. Type of Ash and Incinerator
2. Type of Substrate
3. Type of Anaerobic Digester
4. Ash Dose

1. Biogas Production
2. Composition of Anaerobic Digestate

[33]

1. Bauhina monandrina plant ash
2. Pig waste and cassava peel waste (25% w/v)

and distilled water (75% w/v)
3. 45-day biochemical methane potential (BMP)

experiment conducted in 2.8 L digesters
4. Ash seeding rate not specified

1. Ash-amended digester provided more than
twice the biogas production during the
45-day incubation (2345 mL)

2. The pH of the digester sown with WA was
4.40, but the methanogen archaea were able
to adapt to the acidic conditions of the
digester media

[34]

1. Not specified type of WA
2. Brewery spent grains with rumen liquor
3. 1 L conical flasks with 100 g spent grains of

14 days of hydraulic retention time (HRT)
4. Ash to grains ratios 0:1, 1:5, 1:4, and 1:3.

Several dilution ratios of the feedstock with
water were tested (1:4, 1:6, 1:8, and 1:10 w/v)

1. Greatest release of biogas obtained with the
lower feedstock to water ratio (1:4 w/v).
Enhancement of biogas production: WA >
poultry litter (PL) > urea

2. WA led to an initial increase in the carbon
content, due to the accumulation of the VFA.
Once the methanogenesis reached a
stationary state, the carbon-to-nitrogen mass
ratio (C/N) decreased, and an organic
manure with better fertilizing properties than
the initial feedstock of AD was obtained

[35]
Cited by the 3 articles
below employing WA

in AD

1. MSW fly ash from industrial incinerator
850–1050 ◦C. The flue gases were treated
with semi-dry scrubber using Ca(OH)2 as a
flushing agent, powdered carbon, and filter
bag

2. Synthetic MSW substrate and anaerobic
sludge seeding

3. 35 ◦C leaching/percolate (100 mL/day) bed
reactor. A schematic diagram can be found in
the Supplementary Material (Figure S1)

4. 0, 10 and 20 g MSW fly ash/L MSW
(equivalent to 0.2 and 0.4 g/g vs. or 0.17 and
0.33 g/g TS, respectively)

5. Lo et al. [36] tested 100 g MSW bottom ash/L
MSW, 2 g MSW bottom ash/g vs. or 1.67 g
MSW bottom ash/g TS

1. Biogas production rate in ash-added
digesters was higher than in control
experiment (i.e., unamended BMP) but total
yield followed the trend: 20 g/L > 0 g/L/ >
10 g/L > 100 g/L [36]

2. Drop in the pH due enhancement of the
hydrolytic and acidogenic processes. After
the 84 days of operation, a decrease of
volatile solids (VS) and accumulation of the
VFA due to a decrease of methanogenic
activity

[37]

1. Wood bottom ash (WBA) 2 mm sieved and
105 ◦C dried

2. 2 mm sieved cattle slurry (5 weeks AD)
3. 1 L; 37 ◦C; 50 rpm; 20 day retention time.
4. 0 and 0.5 g ash/g total solids (TS), which is

equivalent to 0.96 g WA/g vs. or 9.65 g
WBA/L digested cattle slurry

1. Biogas stopped after the addition of ash, and
higher production rates were found when
the doe of ash decreased down to 0.25 g/g
TS (0.48 g/g vs. or 4.83 g/L digested cattle
slurry). The biogas increased the content of
CH4

2. The ammoniacal nitrogen (NH4
+-N) was not

affected by the ash amendment but increased.
With excessive ash dose, C/N increased due
to the accumulation of VFA.
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Table 1. Cont.

Reference

1. Type of Ash and Incinerator
2. Type of Substrate
3. Type of Anaerobic Digester
4. Ash Dose

1. Biogas Production
2. Composition of Anaerobic Digestate

[38]

1. Wood fly ash from combined heat and power
plant using wood residues as a fuel of a
fluidized bed incinerator.

2. Thickened wastewater treatment plant
(WWTP) sludge

3. 37 ◦C for 4 weeks. Schematic of the setup in
the Supplementary Material (Figure S2)

4. 0, 0.4, 0.7 and 1 g ash/g vs. or 0, 0.28, 0.49,
and 0.70 g ash/g TS or 0, 0.008, 0.015, 0.022 g
ash/L, respectively

1. After 3 to 5 days, the production of biogas is
comparable to the control experiment
because the accumulation of VFA decreases
the pH

2. The elevated pH at the beginning of the AD
was responsible for the longer lag phase
when adding the WA to the digester

[39]

1. Boiler ash granular (0.85–4.75 mm) and
powdered (<0.075 mm): Conventional fixed
grate biomass combustion system fueled by
pine, spruce, and fir bark and some dry
wood shavings

2. Fermented WWTP sludge
3. BMP at mesophilic conditions (38 ◦C).

Schematic can be found in the
Supplementary Material (Figure S3)

4. WA doses ranging from 0.16 to 3.7 g/g vs.
fermented WWTP sludge, which is
equivalent to 0.14 and 3.2 g ash/g TS or 5.72
and 133.94 g ash/L, respectively

1. WA increased the lag phase of AD and
decreased the total biogas produced

2. WA accelerated the biodegradation of
propionic and butyric acids. Even at a rate of
2.2 g ash/g VSsubstrate the WA poorly
contributed to the total alkalinity; thus, the
authors recommend using a buffer (e.g.,
20 mmol/L Na2CO3 & KHCO3 even when
adding the ash). The authors found that the
granular WA was able to remove NH4

+-N
from the liquid phase due to adsorption via
cation exchange

2.3. Stability and Maturity of the WA Amended Anaerobic Digestate

In some UK and European regulations, the terms stability and maturity are used
indistinctly to describe the properties of a soil organic amendment [8,40,41]. Stability is
related to reactions affecting the fate of carbon, which is the most abundant element in
organic materials, and the maturity focuses on all the other elements (Figure 2). Some
are nutrients necessary for plant growth (e.g., N, P, K, etc.), while others are phytotoxic
compounds (e.g., Cd, Hg, Pb, etc.) that limit seed germination and root development. It is
important to mention that the excess of any type of nutrients has a detrimental effect on the
soil biota. Because nitrogen is the most abundant of these nutrients, its mineralized form,
NH4

+-N, could measure maturity [42–44].
The aim of determining the stability is to determine the fate of the carbon present

in the labile and stable organic matter, since the inert organic matter will not suffer any
degradation [45]. As displayed in Figure 2, the carbon could be (a) assimilated by the
microorganisms for their growth, (b) lost via respiration, also known as carbon mineral-
ization, and to a lesser extent, (c) lost due to leaching of the low organic molecular weight
compounds. The carbon use efficiency (CUE) only accounts for the C used for the microbial
growth, hence this parameter could be used to directly measure the stability of an organic
amendment for more efficient nutrient management. However, the most common way of
determining the stability is by measuring the losses via respiration [8,41,46–48], although
the test is not carried out in similar conditions to the land application but in AD conditions
as per the BMP protocol.
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Figure 2. Evaluation of the quality of an organic amendment in terms of stability and maturity [42,49–53].

In a BMP test of an organic amendment (Figure 3), the release of biogas due to
microbial activity depended on the composition expressed as the C/N and the relative
amount of this material with respect to the microbial biomass (i.e., substrate-to-inoculum
ratio, S/I), expressed as organic loading rate (OLR) in a continuous reactor. Together
with the HRT, the OLR (Equation (1)) is one of the most important parameters in the
operation of an anaerobic reactor, and both parameters are used for the design of the
anaerobic digester [54,55]. The scale of the OLR for the operation of a continuous reactor,
equivalent to the S/I in a batch reactor. Figure 3 included the OLR in the X axis based on the
Figures 4 and 5 of Rincón et al. [56], who reported similar trends of biogas release and vs.
removal. Reproduced with the permission of Biochemical Engineering Journal (Elsevier).
In their original manuscript, the OLR was expressed on chemical oxygen demand (COD)
basis, however, it is recommended to use the vs. instead [57].

OLR
(

kg
VS

m3day

)
=

Input
(

kg substrate
day

)
× Labile matter

(
kg VS

kg substrate

)
Net digester volume (m3)

(1)

The highest CUE, and therefore the highest stability of the organic amendment, were
obtained at the lowest C/N (Figure 3) because the microbes have all the nutrients that they
need to build their cell structures and do not need to get rid of excess carbon. On the other
hand, when a low amount of substrate is available (OLR < 6), the microbes are in starvation
mode, and they assimilate the carbon for their growth more efficiently, compared to higher
OLR conditions under which more carbon is lost in microbial respiration due to excessive
microbial activity (Figure 2). Since less carbon ends up in the microbial biomass, which
is measured as part of the VS, the CUE decreases. Despite the different physiology of the
terrestrial microorganisms from the consortium of the AD, the trend of CUE measured in an
aerobic environment is useful to explain the fate of the carbon during batch and continuous
AD operations (Figure 3). There are similar processes involved in the nutrient turnover in
the AD and once the soil organic amendment is applied to land. The maturity profile is
offered in the Supplementary Material (Figure S4).
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Figure 3. Application of the concept of CUE from soil science to the AD process. The relation between
the CUE and the C/N for terrestrial decomposers was taken from the Figure 1a of Sinsabaugh
et al. [53]. Reproduced with the permission of Ecology Letters (John Wiley & Sons). The relation
between the biogas yield, the methane yield, and the vs. removal with the C/N for the operation
of a discontinuous reactor was taken from Figure 3 of Wang et al. [58], who carried out 30-day
AD experiments with a S/I of 0.5 (expressed in terms of VS). Reproduced with the permission of
Bioresource Technology (Elsevier).

Theorem 1. Microbes get rid of any nutrient in excess available in the medium (e.g., anaerobic
digester, soil solution, etc.), hence the composition of the organic amendment should be as similar as
possible to the composition of the microbes.

If carbon is in excess (C/N ≥ 35), the microbes cast aside this element via respiration
or extracellular polymeric substances (EPS) segregation [59]. The composition of the AD
feedstock has been traditionally measured using the C/N, and this parameter has been
employed for other types of fermentations, such as composting and land application
of the organic soil amendment [60]. Möller & Müller [61,62] emphasized that a more
representative ratio to express the composition of the organic soil amendment would be
organic carbon (Corg) to organic nitrogen. Some researchers reported carbon as the main
component of the wood ashes [62,63]. According to Forbes et al. [64], the continuum of
combustion products such as char, ash, and charcoal are referred to as black carbon. This
feature makes the properties of the wood ashes more suitable to be employed as a land
amendment, to restore the soil as a carbon sink, maintain an adequate microbial activity
in the soil, appropriate management of the nutrients to boost crop growth, and prevent
pollution via leaching and gaseous emissions [65]:

Proof of Theorem 1. According to the British Standards Institution’s Publicly Available
Specification (BSI PAS 110:2014) for anaerobic digestate [46], the upper limit for a stable
organic amendment in the 28-day test is 450 mL biogas/g VS, which is in agreement with
Figure 3. It should be noted that this threshold value was established in the conditions of
no inhibition of the test, which could be related to an inappropriate S/I (i.e., OLR > 10 g
VS/L/d) and/or low nutrient content (i.e., C/N > 35). Profiles of biogas production indi-
cating inhibitory conditions of the BMP test are displayed in the Supplementary Materials
(Figures S5–S7). It is important to highlight that nitrogen plays a role in enhancing biogas
production but supplementing the organic amendment with other nutrients is advised [66],
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which is the reason for seeding the AD feedstock with ashes [67]. Equation (2) represents
how the heterotrophic microbial biomass (C5H7NO2) is chemically built from glucose
(C6H12O6), as a source of carbon, and NH3, as a source of nitrogen:

3C6H12O6(s) + 8O2(g) + 2NH3(g) → 2C5H7NO2(s) + 8CO2(g) + 14H2O(l) (2)

The maximum theoretical CUE is approximately 56% (2 × 5/3/6 × 100) in aerobic
fermentation [68], in agreement with Figure 3. The reason for measuring the stability as a
release of biogas could be the fact that there is no accurate quantification of the microbial
biomass available in the biodigester, and this is often measured as suspended vs. [69]. The
polymerase chain reaction to quantify only the active cells in the anaerobic digester is in
the development stage and requires equipment advances [70]. The CUE measured in soil
science is a more straightforward technique that relies on the extraction of the microbial
carbon with a solution of 0.5 M K2SO4 after fumigation with chloroform [71]. �
3. Downstream Processing

As in the previous section about upstream processing, this section of downstream
processing explains the possible synergistic effects found by adding the WA to the anaerobic
digestate. The WA can be added to the anaerobic digestate after the biodigester to ease
the management of the organic material by developing a process complying with green
chemistry principles [72], such as minimum input of energy and resources, due to all the
synergies involved. The role of the WA as sorbent is essential to produce a controlled-
release fertilizer derived from the anaerobic digestate. It should be noted that there are other
materials (e.g., ion exchange resins) that could also be employed for the same purpose [73].
The sorption (adsorption and/or absorption; [62]) will take place from the moment in
which the wood ash touches the anaerobic digestate; thereby this phenomenon is implicitly
involved in each step of the process of Figure 4.

Figure 4. Schematic block flow diagram of the proposed downstream processing of the anaerobic
digestate with WA to produce a granular organic fertilizer (%TS = percentage of total solids). Elabo-
rated considering the different treatments, synergies, and technologies that can be implemented with
a blend of WA and anaerobic digestate [28,29,35,37–39,74,75].

The dose of WA depends on the intended properties of the fertilizer to be manufactured.
The following are some of the considerations that were taken into account to establish the
blending ratio of 5 g TS WA/g TS anaerobic digestate (Figure 4):

1. Enhancement of AD could be achieved by preparing the feedstock with coal fly ash
(CFA) using a dose as high as 2% (w/w) [76].

2. Precipitation of struvite and adsorption of phosphate achieved by preparing a sus-
pension with up to 3% (v/w) ash in swine wastewater [77].

3. Application to land of both raw materials following a blending of up to 5% (w/w) of
ash [78].
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4. Mitigation of CH4, CO2, NH3, N2O associated with the storage of cattle slurry with
4.6% TS content by adding charcoal or biochar at a rate of 4.5% (w/v) [79] and around
11% (w/w) [80].

5. Adjustment of the pH to 5.5 of untreated pig slurry and co-digested pig slurry by
adding 2% and 3.5% (w/w) of powdered aluminium sulfate (Al2(SO4)3), respec-
tively [81,82]

6. Supplementation of the anaerobic digestate by means of a WA dose up to 9.99% (w/w)
or 3.09 g TS ash/g TS digestate to improve the nutrient ratio (C:N:P), the availability
of phosphorus, and the microbial activity in the soil [60].

7. Agreement with the regulations regarding the maximum content of heavy metals
present in the anaerobic digestate [46,83]. The share of WA should not be greater than
15.51% (w/w) relative to the anaerobic digestate or 1.47 g TS WA/g TS AD. These
results were obtained by considering the maximum content of heavy metals in the WA
values established in the UK Quality Protocol of PL ash [84]. The content of Zn was
found to be the limiting factor. The assumption of these calculations (Tables S1 and S2)
are described in the Supplementary Material.

8. Prevention of a large volume of dewatered digestate obtained via filtration by using
as much CFA as the dry matter of the digestate (i.e., 1 g TS CFA/g TS digestate) to
assist the dewatering process [28].

9. Moure Abelenda et al. [85–88] tested alkaline and acid conditions to minimize the
volatilization of NH3, and carbon and PO4

3− solubilization. They obtained better
results (i.e., lower availability of nitrogen, carbon, and phosphorus) under acid condi-
tions (4.39 g TS WA/g TS digestate) than under alkaline conditions (5.51 g TS WA/g
TS digestate).

10. Alkaline stabilization of sewage sludge via liming with a dose of CaO as high as 40%
(w/w) or 8 g TS CaO/g TS sewage sludge to decrease the pathogens (Méndez et al.,
2002). A dose of 3.82 g TS CaO/g TS digestate or 224.5 g CaO/L digestate (5.88% TS)
was required for reaching a pH 12 and removing 51.2% of the NH4

+-N due to NH3
volatilization [74]. Limoli et al. [74] reported that a low dose of 45 g/L increased the
TS content of the manure digestate by 42.7%. When the organic material had higher
dry matter (25.4% TS content), a dose of 50 g CaO/kg SS represented an increase in
the TS content of approximately 30% and just 2 units of pH. This liming effect reduced
the availability of heavy metals in the SS [89].

11. Reducing phosphate availability by adding 5.6 kg of CFA to each kilogram of dairy
slurry [90] could present a dose of greater than 110 g TS CFA/g TS slurry if the
moisture content of the organic manure is 95%.

12. Preparation of granules prepared with 100% (w/w) biomass ash showed the best
mechanical properties. Decreasing the content to 80% bio ash and 20% dewatered SS
(45% moisture) significantly affected the compressive strength of the pellets [29]. The
lowest dose of bio ash and Ca(OH)2 that Pesonen et al. [29] tested corresponded to a
5.19 g TS bio ash + Ca(OH)2/g TS hygienized SS.

3.1. Pasteurization and Sterilization

According to the animal by-product regulations for biogas plants in the UK [91], unless
the AD is done in the conditions of Table 2, pasteurization (70 ◦C for 1 h) of the digestate
is required before using the digestate for any application [46]. A considerable reduction
in the number of pathogens can be achieved during fermentation, especially if it is done
in thermophilic conditions [17]. Also, the best control of the digester was obtained in the
one-stage non-mixing thermophilic reactor [92].
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Table 2. Conditions to produce a sanitized digestate when using animal by-products (e.g., manure
and slurry) as feedstock in AD [91].

Minimum Temperature Minimum Time Maximum

57 ◦C 5 h 50 mm

Greater doses of WA than that used to improve the performance of the AD can be
employed with pasteurization and sterilization purposes. While sterilization implies the
destruction of all life forms in the anaerobic digestate, the pasteurized material might
contain beneficial or harmless microorganisms [46]. The aim is to keep the pH of the
organic manure above 12 for at least 2 h [93,94]. This is often achieved using a rate of
application of WA to organic material of 0.1 g Ca(OH)2 per g TS [93,95]. It should be
noted that calcium represents approximately 18% of the total weight of the WA [96], thus
this element is one of the main components of this material [97]. This alkaline treatment,
similar to the use of lime, reduces the storage time of organic manures by 3 months while
still preventing the contamination of the crops by pathogens [98,99]. The shares of the
calcium as oxide, hydroxide, and carbonate in the wood ashes are mainly determined
by the temperature of incineration and storage conditions. Under 500 ◦C, carbonates
and bicarbonates predominate, while oxides require temperatures around 1000 ◦C [96].
During storage, the reaction with the moisture and the CO2 in the atmosphere leads to
the formation of hydroxides and carbonates, although converting to CaO is possible via
calcination of the ashes at temperatures over 500 ◦C [100,101].

3.2. Nitrogen Recovery Technologies

In this subsection, only the processes of NH3 stripping, manufacturing of (NH4)2CO3,
and struvite (MgNH4PO4·6 H2O) precipitation and sorption of the nitrogen in the soil
organic amendments are described for the exploitation of this element as fertilizer because
these technologies are the most convenient for the implementation with wood ashes [102]:

3.2.1. NH3 Stripping Processes from the WA Anaerobic Digestate

Limoli et al. [74] tested the addition of the CaO to the anaerobic digestate to increase
the pH and promote the volatilization of NH3. Less than 1% of the NH4

+ & NH3 is
volatilized as part of the biogas released during the AD [61]. Limoli et al. [74] described
a stepwise mechanism involving the ammonium dissociation (NH4

+ → NH3 + H+) and
the mass transfer in the water-air interface. Since the WA primarily consists of calcium
and other alkaline elements, this material can be used to increase the pH of the anaerobic
digestate and promote the volatilization of NH3. Limoli et al. [74] did not consider how
much of this nitrogen ends up in a trap containing a sulfuric acid (hereinafter H2SO4 trap).
The resulting 40–60% ammonium sulfate ((NH4)2SO4) solution used can be as commercial-
grade fertilizer (Equation (3)), although this will depend on the organic contamination of
the liquid fertilizer [103]. If the gas-liquid contact system employs a high volume of air
to strip the NH3 from the anaerobic digestate, the cost of the process increases since the
absorption in the H2SO4 solutions is hindered. It should be noted that the recovery of
the NH3 from the gaseous stream has complications, and often the H2SO4 traps require
calibration to determine the efficiency of this technology [104].

2NH3(g) + H2SO4(aq) → 2NH+
4(aq) + SO2−

4(aq) → (NH4)2SO4(s) (3)

The reason for the costly amount of alkali required to basify the anaerobic digestate is
the fact that there are 3 buffer equilibria (Equations (4)–(6)) responsible for the pH in the
anaerobic digestate [61]:

NH+
4 (aq) ↔ H+

(aq) + NH3(aq) (4)

CO2(aq) + H2O(l) ↔ H2CO3(aq) ↔ H+
(aq) + HCO−

3 (aq) ↔ 2H+
(aq) + CO2−

3 (s) (5)
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CH3COOH(aq) ↔ 2H+
(aq) + CH3COO−

(aq) (6)

Since oxides, hydroxides, and carbonates are the most common forms of metals in
wood ashes [96], the reactions of the WA in an aqueous solution, involving the alkali and
alkaline metals, should be (Equations (7) and (8)):

K2O(s) + H2O(l) → 2K+
(aq) + O2−

(aq) + H2O(l) → 2K+
(aq) + 2OH−

(aq) (7)

CaO(s) + H2O(l) → Ca2+
(aq) + O2−

(aq) + H2O(l) → Ca2+
(aq) + 2OH−

(aq) (8)

After the dissociation of the alkaline oxide, the oxide anion (O2−) rapidly reacts with
water [105,106], leading to the formation of a hydroxide anion (OH−). Also, basic cations
(e.g., Ca2+ and K+) increase the pH because the electric charge of the liquid digestate needs
to be neutral, thus the concentration of H+ is lower [61].

K2CO3(s) + H2O(l) → 2K+
(aq) + CO2−

3 (aq) + H2O(l) → 2K+
(aq) + CO2 (g) + 2OH−

(aq) (9)

CaCO3(s) + H2O(l) → Ca2+
(aq) + CO2−

3 (aq) + H2O(l) → Ca2+
(aq) + CO2 (g) + 2OH−

(aq) (10)

3.2.2. Manufacturing of (NH4)2CO3

It is worth mentioning that Equations (4) and (5) are connected by the precipitation of
(NH4)2CO3, which naturally increases the pH of the anaerobic digestate. This is, in fact,
another route to recover the NH4

+ contained in the anaerobic digestate. The NH4HCO3 is
a marketable fertilizer that contains 18% of nitrogen and minimizes the losses of nitrogen
during the processing of the anaerobic digestate. Unlike in the stripping of NH3 by
increasing the pH of the anaerobic digestate and subsequent reaction with the H2SO4,
raising the pH of the digestate by adding WA is not useful because the high pH prevents the
release of the CO2. It should be noted, however, that the WA could be, though as a source of
CO3

2−-C to increase the share of inorganic carbon in the anaerobic digestate. In the process
designed by Drapanauskaite et al. [107], the simulated liquid fraction of the anaerobic
digestate contained 20 times more HCO3

− than NH4
+. The CO3

2−-C content is usually
not reported in AD studies [55] but the total alkalinity [49] (expressed as a concentration
of CaCO3), although this parameter includes the buffer effect of the VFA (e.g., acetic acid
represented in Equation (6)) and the NH4

+-N as well [108]. Astals et al. [49] reported
that the mass ratio CO3

2−-C/NH4
+-N was lower than 10 in the anaerobic digestate of pig

manure and glycerol. In the case of studies focused on using the anaerobic digestate as an
organic soil amendment, most studies only report the amount of Corg, and they consider
the amount of CO3

2−-C negligible (Theorem 1) for the calculation of the C/N [109–111].
Otherwise, they directly calculate the Corg/N without recognizing any role for the CO3

2−-
C [42,112]. Considering that the biogas is approximately 40% v/v and the alkaline pH of
the anaerobic digestate [61], a considerable amount of CO2 needs to remain dissociated in
the form of CO3

2−-C. The quantification of CO3
2−-C is interesting from the point of view

of controlling the removal of NH4
+-N, because to achieve the formation of NH3(aq) in a

stripping process, a significant amount of alkaline reagent needs to be spent on shifting the
equilibria described in Equations (4)–(6) [113]. However, experimental studies developing
process for the recovery of the NH4

+-N via stripping do not clearly stablish the content of
CO3

2−-C in the anaerobic digestate [74,114,115].
In the novel process simulation performed by Drapanauskaite et al. [107], the anaero-

bic digestate was subjected to distillation at 3.3 bar with the condenser operating at 49 ◦C
to produce a liquid stream rich in HCO3

− and NH4
+. The solid NH4HCO3 was obtained

in a crystallizer at 12 ◦C and was finally recovered via drying [107]. According to Dra-
panauskaite et al. [107], approximately 100% of the NH4

+-N was used to manufacture the
NH4HCO3. Drapanauskaite et al. [107] compared the open-loop process of (NH4)2SO3,
which implies using H2SO4 as an external chemical, with the NH4HCO3 process where
both reagents (HCO3

− and NH4
+) are initially present in the anaerobic digestate. In addi-
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tion to the lower capital cost of the manufacturing of NH4HCO3, the operating cost was
also lower due to the lower consumption of utilities.

3.2.3. Struvite Isolation Using WA as a Source of Magnesium

Another strategy to remove the excess of NH4
+-N from the anaerobic digestate using

the WA is via isolation of struvite [116]. However, the production of this slow-release fertil-
izer is expensive due to the cost of the source of magnesium and the alkaline agent needed
to reach the target pH for the crystallization of this material [77,100,101]. Huang et al. [77]
reported that 0.31 US Dollar/kg PO4

3−-P can be saved if straw ash is employed instead
of NaOH. Both Sakthivel et al. [101] and Huang et al. [77] recovered more than 96% of
the phosphate in the ureolysis urine and swine wastewater, respectively, using different
doses of WA. While Sakthivel et al. [101] employed 2.7 mol Mg/mol P; Huang et al. [77]
used 1.2 mol Mg/mol P. This might be related to the fact that only 50% of the magnesium
in the WA of Sakthivel et al. [101] was water-soluble (WS), thus only this amount was
available for the formation of struvite. It would be possible to increase the availability of the
magnesium via calcination of the WA at temperatures higher than 600 ◦C [101]. Another
option would be to perform aeration when adding the WA to the anaerobic digestate to
remove the CO3

2−-C [77]. Drosg et al. [116] explained that the magnesium should be
added in excess, according to the molar ratio 1.3:1:0.9 for Mg:N:P. This also agrees with
the dose of magnesium proposed by Miles & Ellis [117] (1.25:1:1), and both nutrient ratios
recommended for the precipitation of struvite are slightly different from the stoichiometry
of the chemical reaction (Equation (11)). It should be noted that Equation (11) implies
the release of H+ [61,118], but other authors prefer to represent the drop of the pH as
consumption of OH− [116].

NH+
4 (aq) + Mg2+

(aq) + HnPOn−3
4 (aq) + 6H2O(l) → MgNH4PO4·6H2O(s) + nH+

(aq) (11)

According to Drosg et al. [116], materials such as anaerobic digestate contain more
NH4

+ & NH3, hence the addition of orthophosphoric acid (H3PO4) is necessary to reach
the target nutrient ratio. Escudero et al. [119] studied how the removal of NH4

+-N from
anaerobically treated effluents was affected by the source of orthophosphate PO4

3−-P and
Mg2+ and the nutrient ratio. They found an NH4

+ removal of 95% in 30 s when using
the best sources of magnesium (e.g., MgCl2·6H2O and MgSO4·7H2O) and a molar ration
Mg:N:P of 1:1:1 [119]. Sakthivel et al. [101] reported that the solid precipitate was not
pure struvite due to the high content of CaCO3 in the WA. They found a phosphorus
content of 3% in the precipitate that is lower than the struvite (13%) or the diammonium
phosphate (46%). Although the phosphorus content in the precipitate was greater than that
in the initial WA, the estimated value of the precipitate was lower than the WA because
60% of the potassium initially present in the WA remained undissolved in the phosphate-
depleted ureolysed urine [101]. Huang et al. [77] reported the competition reaction between
struvite (Figure 4) and K-struvite (MgKPO4·6H2O). These authors reported a greater share
of K-struvite at pH 10, which was higher than the optimum pH range (7.5 to 9) for the
precipitation of struvite [118]. According to Huang et al. [77], at pH 9.5, and with a dose of
plant ash of 6 mol K/mol NH4

+-N, the amounts of struvite and K-struvite are the same.
In the structure of the struvite (Figure 5), the Mg2+ can coordinate with the PO4

3− and
the NH4

+ despite being surrounded by six water molecules arranged according to an
octahedral geometry.
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Figure 5. Structure of the struvite represented by Prywer et al. [120]: the magnesium (green) is
surrounded by 6 molecules of water (oxygen in red and hydrogen in white) and the nitrogen (blue)
and the phosphorus (yellow). Using the coordinate system adopted by Prywer et al. [120] and the
hydrogen-bond network marked with dotted lines. Reproduced with the permission of Crystals
(MDPI).

Theorem 2. The optimum pH for the precipitation of struvite is the pH of zero point charge (pHzpc),
at which the surface charge of the source of magnesium (e.g., WA) is neutralized, thus the magnesium
is able to sorb WS NH4

+ and WS PO4
3− simultaneously.

The pHzpc could be identified by plotting Q (Equation (12)) versus the pH, a second-
order fitting calculated (generic form: Q = a(pH)2 + b(pH) + c), and the minimum value
of the quadratic regression determined (Figure 6). Unlike the measurement of the zeta
potential, the pHzpc is a simpler technique that does not require specialized equipment.
Nevertheless, both parameters can be used interchangeably since the zeta potential is the
electrical voltage at the interface that separates mobile fluid from the fluid that remains
attached to the particle surface [121].

Q =
1

W
(
Ca −

[
H+

]
+

[
OH−]) (12)

Q (mol/L/g dry adsorbent), surface charge.
W (g/L), dry mass of WBA-based adsorbent in the aqueous system (i.e., analyte).
Ca (mol/L), concentration of the acid titrant in the aqueous system.
[H+] & [OH−], concentration of H+ and OH− resulting from the direct measurement of the
pH in the aqueous system (pH = −log([H+]); [H+]·[OH−] = 10−14).
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Figure 6. Determination of the pHzpc of the WBA representing the surface charge of the WBA
adsorbent, Q, as a function of the titrate aqueous solution. Elaborated from the description provided
by Leechart et al. [63] and Shah et al. [122].

Proof of Theorem 2. While the systems had a lower pH than the pHzpc, the surface of the
WA-based adsorbents became positively charged (Equation (13)), favoring the adsorption
of anionic species.

Surface+(n−1)
+OH−← →

+H+
Surface0

n(s)
}

pHzpc

+OH−← →
+H+

Surface−(n+1) (13)

source: [63].
Furthermore, since the pH of minimum solubility of CaO and MgO are 11.0 and 12.4,

respectively, the surface of CaO and MgO could support the adsorption of the dye when
the pH of the system was greater than pHzpc (Equations (14) and (15)).

5Ca2+
(aq) + 4OH−

(aq) + 3HPO2−
4 (aq) → Ca5(OH)(PO4)3(s) + 3H2O(l) (14)

5Mg2+
(aq) + 4OH−

(aq) + 3HPO2−
4 (aq) → Mg5(OH)(PO4)3(s) + 3H2O(l) (15)

�

The sorption and precipitation processes are investigated as a way of reducing the cost
of the purification of the water and preventing the eutrophication of underground water.
Yagi & Fukushi [123] studied the mechanisms of adsorption and precipitation of calcium
phosphate onto monohydrocalcite (CaCO3·H2O). According to Yagi & Fukushi [123], the
sorption behavior was determined mainly by concentrating phosphate in the wastewater.
The CaCO3·H2O is known to be more reactive than the conventional CaCO3 [123]. The clean
effluent obtained by Yagi & Fukushi [123] could be coupled with air or CO2 bubbling to
remove any trace of Ca2+ ion via precipitation of CaCO3 [124]. Similarly, Brennan et al. [80]
tested whether the addition of lime to the cattle slurry minimized the emission of NH3,
N2O, CH4, and CO2 and the leaching of WS PO4

3−.
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3.3. Acidification of the Blend of WA and Anaerobic Digestate to Improve the
Nutrient Management

The commercial acids, such as H2SO4, HCl, HNO3, and H3PO4, or easily fermentable
compounds which ultimately lead to the formation of organic acids due to the microbial
metabolism, such as the acetic acid (C6H12O6 → 3 CH3COOH), represent the most obvious
choices to reduce the pH of the organic manures [125–127]. However, better stabilizations
have been reported with the use of salts such as Al2(SO4)3 [82], FeCl2 [80] and FeCl3 [128],
and CaCl2 [129,130]. The CaCl2 does not necessarily need to be produced with quick-
lime (CaO; Equation (16)) but with slaked lime (consisting mainly in Ca(OH)2), limestone
(CaCO3), or a mixture of these compounds that might be present in the WA. Similarly, the
Al2(SO4)3 (Equation (17)) or the Fe2(SO4)3 could be produced from CFA [131]. It is note-
worthy to mention that the Al2(SO4)3, FeCl2, and FeCl3 (Equation (18)) are among the best
acidifying additives for the stabilization of animal slurry anaerobic digestate [115,131,132].
These salts are widely employed in wastewater treatment for coagulation and precipitation
of compounds [82,116]. This use is in line with the properties of WA as sorbent [133–136].
The activation of raw materials (e.g., ores and ashes) for the manufacturing of the salts
might be why they are able to decrease the pH of the organic manures.

CaO(s) + 2HCl(aq) → CaCl2(aq) + H2O(l) (16)

2Al(OH)3(s) + 3H2SO4(aq) → Al2(SO4)3(s) + 6H2O(l) (17)

Fe3O4(s) + 8HCl(aq) → FeCl2(s) + 2FeCl3(s) + 4H2O(l) (18)

The CaCl2 is one of the key components of the specially formulated products to
stabilize the organic manures [137], and this compound is also widely used as an extracting
agent for soil analysis. A solution of 0.01 M of CaCl2 provides the same ionic strength [138]
as the average salt concentration in many soil solutions (i.e., the medium in which surface
and aqueous solution reactions occur in the soil). The rationale of solubilizing the elements
to minimize the gaseous emissions agrees with the higher stability of the organic manures
with higher moisture content [132]. On the other hand, when manures are diluted with
water, most of the H+ ions tend to remain attracted to the solid particles and are not
released to the aqueous fraction. The simple dilution of manure with water reduces the
emissions [132] but does not acidify the medium. Small amounts of CaCl2 provide Ca2+

ions that replace some of the H+ ions adsorbed in the solid particles, thus decreasing the pH
of the medium. The stabilization of the organic slurry via the addition of CaCl2 is explained
by the solubilization of nutrients in the moisture of the organic slurry, ion exchange capacity
of Ca2+, H+ release from the surface of the solid particles, and pH drop. The acid effect of
these salts once dissolved in the aqueous phase of the organic slurries can be explained by
a number of mechanisms. For example, the addition of FeCl3 acidifies the aqueous solution
by removing the sulfide and the phosphate, according to Equations (19)–(21) [61].

FeCl3(s) → Fe3+
(aq) + 3Cl−(aq) (19)

H2S(aq) + 2Fe3+
(aq) → S(s) + 2Fe2+

(aq) + 2H+
(aq) (20)

HnPOn−3
4 (aq) + Fe3+

(aq) → FePO4(s) + nH+
(aq) (21)

3.3.1. Activation of the WA as Sorbent to Improve the Properties of the Blend with the
Anaerobic Digestate as Slow-Released Fertilizer

Commercial acids are also employed to activate the ash and to prepare a cheap and
sustainable sorbent. For example, Mor et al. [139], who used the calcination at 500 ◦C and
HCl to activate the rice husk ash, reported an increase in the adsorption of the WS PO4

3−
with a maximum removal (91.7%) of WS PO4

3− at pH 2 and the lowest removal at pH 10.
According to Mor et al. [139], because at high pH, there are more OH− interacting with the
surface, thus decreasing the WS PO4

3− adsorption. It is necessary to bear in mind that the
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removal of PO4
3− [140] and the NH4

+ [119] from the WS phase via struvite crystallization
is not promoted at acidic pH. The dose of acid needs to be as much as it is required to reach
the pHzpc without a further decrease (Figure 5). Leechart et al. [63] found that the pHzpc for
the WBA employed was 10.8. When a pretreatment was applied to the WBA with distilled
water (WBA-H2O) or sulfuric acid (WBA-H2SO4), the pHzpc was 10.9 in both cases [63].

Unlike acidification, carbonation uses CO2 rather than commercial acids to decrease
the pH of the adsorbent. In addition to the reagents, the suitability of each activation
treatment depends on the origin of the adsorbent and the primary mechanism for capturing
the nutrients (Table 3). Janiszewska et al. [141] employed the carbonation at 800 ◦C by
putting it in touch with the biochar, which had been prepared at 400 ◦C in an N2 atmosphere,
with a constant flow of CO2 (150 mL/min) for 180 min. According to Janiszewska et al. [141],
the CO2 activation employed aimed to increase the porosity of the carbonized wastes. The
mechanism relies on the volatilization of a significant part of the carbon content to enable
the formation of a microporous structure in the biochar [141]. Leechart et al. [63] used
the Brunauer, Emmett, and Teller (BET) isotherm to determine the sorptive surface area.
It should be noted that the BET isotherm considers the possibility that the monolayer
in the Langmuir adsorption isotherm could act as support for further adsorption. The
nitrogen adsorption-desorption isotherm, employed for the BET study of these adsorbents,
was characterized by clear hysteresis loops due to the capillary condensation occurring
in the mesopore range [63]. The H2O treatment removed some tars and led to a higher
development of porosity and surface area than the treatment with 0.1 N H2SO4. The WBA-
H2O still had a lower surface area than AC. The average pore diameter of WBA, WBA-H2O,
and WBA-H2SO4 was of mesoporous size (i.e., 2–50 nm) while the activated carbon had
micropores (<2 nm).

Table 3. Implications of the activation treatments that affect the suitability for a particular application
(e.g., preparation of a slow-release fertilizer, liming agent, recovery of nutrients from wastewater,
etc.). Elaborated by considering the information of [62,63,100,122,140].

Activation Procedure Carbon Content pH Reactivity

Carbonization Increased, due to loss of volatile
compounds containing H, O, S, and N

Slightly increased, due to the
accumulation of ash with alkali and

alkaline elements

Decreased. Mainly charred
materials and recalcitrant

compounds

Carbonation Increase, in the form of inorganic
carbon

Decrease, due to the neutralization
of the alkaline element with

carbonic acid

Decreased because carbonates are
less soluble than oxides.

Calcination
Decrease, since all volatile compounds

have already been lost in the
carbonization

Increase, due to the release of CO2
Increase, due to the formation of

oxides

Acidification
Decrease, due to the dissociation of

the CO3
-C and subsequent CO2 emissions

Decrease, due to the dissociation of
the commercial acids Slightly increase 1

Wash Slightly decrease, due to the removal
of impurities

Slightly decreased due to the
solubilization of alkalis

Slightly decrease, due to
extraction of oxides

Milling and sieving Slightly increase. Might enhance
carbonation reactions during storage

Slightly increase. Might enhance the
reaction for acidic and alkaline salts

Increase, due to greater
availability of the elements

1 The oxides of the alkaline elements are more soluble and reactive than the carbonates. It is considered that
the acidification of the alkaline oxides (e.g., CaO) with commercial acids, rather than with CO2, surpasses the
preparation of adsorbents (e.g., CaCO3) and lead to the formation of coagulants and flocculants (e.g., CaCl2;
Equation (16)).

Ma et al. [142] described a more complicated activation procedure for producing an
adsorbent based on wheat straw. They reported how the pH and the level of swelling
(i.e., hydration) affect the adsorption of WS NH4

+ and WS PO4
3− [142]. According to the

results of Ma et al. [142], the optimum pH for the adsorption of these ions is between
4 and 8. The explanation that Ma et al. [142] provided for the trend of the WS NH4

+ is
that at acidic pH, the H+ ions will compete with the WS NH4

+ for the anionic groups in
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the wheat straw derived adsorbent. On the other hand, at alkaline pH, more WS NH4
+

will be in the form of WS NH3 that will subsequently escape from the aqueous solution.
According to Ma et al. [142], the adsorption of WS PO4

3− showed less dependence on
the pH. Ma et al. [142] described the impact of the pH and the swelling capacity (i.e.,
hydration) of the performance of the wheat straw-derived adsorbent. The high swelling
of the wheat straw-derived adsorbent obtained at pH 3 and above was associated with
the high diffusion of water molecules and ions into the pores and through the internal
skeleton of the adsorbent. The highest swelling was obtained at a pH 7 because acidic
and alkaline solutions have H+ and OH− ions, respectively, that reduce the difference
in osmotic pressure between inside and outside the porous structure of the wheat straw
derived adsorbent [142]. As described by Awad et al. [143], the swelling phenomenon is
often associated with an increase in the adsorption of the organic materials in the WS phase.
This can also be seen in the structure of the struvite (Figure 5), in which the nutrients NH4

+

and PO4
3− remain attached to the magnesium hexaaqua (Mg2+(H2O)6).

3.3.2. Dewatering of the Blend of WA and Anaerobic Digestate

The studies of Ma et al. [142] and Mor et al. [139] provided contrary results regarding
how the pH and the level of swelling/hydration affect the adsorption. The dehydration
without acidification was tested by Zheng et al. [28]. They used a cationic surfactant
(cetyltrimethylammonium bromide; CTAB) together with CFA to ease the filtration of the
anaerobic digestate (Figure 7). The CTAB neutralized the negative charges on the surface
of the flocs of the anaerobic digestates, reduced the electrostatic repulsion between the
flocs, and promoted coagulation-flocculation. Moreover, the neutralization of the charges
allowed the release of the extracellular polymeric EPS of the cells and fiber of the digestates
and bound water molecules. The proteins and polysaccharides are components of the EPS
that largely contributed to enhance the binding ability of water to the flocs of the digestate.
Award et al. [143] divided the EPS into subgroups of main sources of carbon, nitrogen,
and phosphorus. An example of EPS-phosphorus moieties would be nucleic acids [144].
After the release of the hydrated EPS from the flocs surface, the bound water that was
coordinated with the EPS became free water [28]. On top of that, the CFA acted as a rigid
lattice to reduce the filter cake compressibility and to provide drainage pathways for water
to exit the filter cake [28].

Figure 7. Mechanism proposed by Zheng et al. [28] for the flocculation of the anaerobic digestate by
adding a cationic surfactant (CTAB) and subsequent filtration using CFA to improve the drainage of
the filter cake to achieve the dewatering. The CTAB neutralized the surface charges of the flocs of
the anaerobic digestate and enabled the release of the hydrated extracellular polymeric substances
(EPS). The CFA acted as a skeleton builder of the filter cake and enhanced the physical solid-liquid
separation by decreasing the compressibility of the filter cake. Reprinted with the permission of
Separation and Purification Technology (Elsevier).
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The dewatering of the anaerobic digestate is required to reduce the cost of storage,
transportation, and land application [9,10]. Although the AD plants are located in strategic
sites, usually with several farms around and with plenty of nearby areas to apply the
anaerobic digestate to land, the transportation of this material to remote locations is still
required once the nutrient quotas are reached in the fields around the plants [107,144]. The
most common approach for the solid and the liquid fractions obtained after the separation
is their use as fertilizer. There is particular concern about the emission from the resulting
solid fraction [145–150] due to the higher area for gas exchange compared to the liquid
fraction (Figure 8). While the gaseous emitting area of the slurry is the horizontal cross-
section of the storage tank, the shape of the pile of dried organic manure was described by
Dinuccio et al. [146,147] as a truncated cone heap with a greater area to volume ratio.

 

 

(a) (b) 

Figure 8. (a) Surface area of the liquid pig slurry (3.9% TS) in an open storage pond [151]. Reprinted
with the permission of Biosystems Engineering (Elsevier). (b) Surface area of dewatered pig slurry
(65.4% TS after composting without a bulking agent) [152]. Reprinted with the permission of Powder
Technology (Elsevier).

Regueiro et al. [82] concluded that the Al2(SO4)3 was able to reduce the gaseous
emissions (NH3, CO2, CH4, and N2O) even after the solid-liquid separation (i.e., dewatering
of the solid fraction) of raw and co-digested pig slurries. The Al2(SO4)3 increased the TS in
the liquid fraction but had the opposite effect on the solid fraction obtained after the solid-
liquid separation. Regueiro et al. [82] attributed this fact to the role of the sulfate [150], and
explained that the increase of the TS in the liquid fraction via the formation of low molecular
weight carbohydrates derived from the acid hydrolysis of cellulose or hemicellulose. The
acid pH provided by the Al2(SO4)3 enhanced the retention of nutrients in the liquid
fraction, minimizing the gaseous emissions from the solid fraction. It should be noted that
the nutrients are more stable in the liquid fraction than in the solid fraction, due to the high
moisture content (i.e., lower concentration) and lower surface area. Kavanagh et al. [132]
explained that a slurry with 4% TS is more stable than the undiluted slurry with 7% TS.
Thereby, the lower amount of TS in the solid fraction, the lesser the gaseous emissions.
Regueiro et al. [82] found that the gaseous emissions were also minimized in the liquid
fraction, due to its lower pH, compared to the liquid fraction obtained from the solid-liquid
separation without acidification. It should be noted that the content of nitrogen, expressed
in grams of nitrogen per gram of TS, decreased in the solid and the liquid fractions due to
the increase of the TS, which resulted from the addition of Al2(SO4)3 [82].
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3.4. Commercial Processes for Manufacturing of a Granular Fertilizer based on Blends of Ash and
Organic Manures

The features of the process of Limoli et al. [74] employing CaO and H2SO4 and
the process of Zheng et al. [28] using CFA and CTAB were compared against processes
implementing the granulation, as this step could improve the aesthetic properties of the
blended fertilizer of WA and anaerobic digestate to be retailed (Table 4). There is a lack of
holistic approach in the processes described below as none of them entirely complies with
the following objectives:

1. Use of the most cost-efficient way of achieving solid-liquid separation.
2. Find the optimum carbon and nutrient profile of the main stream coming out of the

process, intended to be used as an organic amendment.
3. Self-hardening to provide this material with the best mechanical properties before

and after the granulation.
4. Minimize any waste streams with valuable nutrients or other pollutants that need to

be removed before disposal.

Table 4. Identification of the synergies and possibilities in the process involving the mixture of
anaerobic digestate or sewage sludge with WA or alike materials.

Process Raw Materials Blending Ratio Advantages Disadvantages

RecoPhos
[153].

Sewage sludge and
H3PO4.

Incineration to produce SS ash.
Reaction of the SS ash with the

H3PO4 using phosphorus
molar ratio 1:12 of sewage

sludge ash: H3PO4

Marketable granular product
with similar properties to the

triple superphosphate

The NH3 volatilized during
the drying is not recovered.
Emission of nitrogen oxides

during incineration.

ADFerTech [154].

Anaerobic digestate,
dolomite (CaMg(CO3)2),

organic binders and
coating.

Dolomite was added to the
liquid fraction (>91%

moisture) in a dose ranging
from 10 to 200 g/L.

Improve the aesthetic
properties of the liquid

fraction of anaerobic digestate.
Decrease the cost of

transportation and storage.

Additives of the liquid
fraction of the anaerobic
digestate are suitable for

land application.

Limoli et al. [74]. Anaerobic digestate,
CaO, and H2SO4.

>95% moisture of anaerobic
digestate.

Dose of CaO to operate the
stripping at pH 10.

Recovery of the NH3
volatilized.

Enable the self-hardening and
granulation of the

NH3-depleted organic
amendment.

Low fluency to be employed
in a traditional stripping

column (i.e., packed tower).
High COD content of the

filtrate.

Zhengh et al. [28]. Anaerobic digestate,
CFA, and CTAB.

>93% moisture of anaerobic
digestate

Mass of CTAB up to half of the
TS of the digestate

Mass of CFA up to the TS of
the digestate

Reduce the energy
consumption of the filtration

of anaerobic digestate.
Possible to enhance the

mechanical separation with
adsorption.

Presence of CTAB and heavy
metals of the CFA in the

filtrate.
High COD content in the

filtrate.

Pesonen et al. [29]
Sewage sludge,

wood-peat ash, and
Ca(OH)2.

Up to 40% of SS (45%
moisture) and up to 30%

Ca(OH)2. The dose of ash can
go up to 100%.

No need to include Ca(OH)2
to have high compressive

strength.
Low presence of heavy metals

Dewatering and sanitation
The NH3 released is not

captured

Jewiarz et al.
[155].

Anaerobic digestate and
woody biomass.

18–20% moisture of the
anaerobic digestate.

Up to 75% WA.

Save in energy for drying the
anaerobic digestate by thermal

drying in fueling the drum
drier with the biomass to

produce the ash.

The NH3 released is not
captured.

Not possible to include the
biofertilizer together with

the ash due to the high pH.

The RecoPhos P 38 fertilizer is produced from SS following the same manufacturing
procedure of the triple superphosphate (Ca(H2PO4)2) from the phosphate rock [153]. This
process aligns with the management strategy proposed by Chojnacka et al. [156] for organic
wastes. Firstly, the valorization is carried out via complete dehydration and subsequent
incineration to reduce the organic pollutants and to obtain ash with similar characteristics
to the phosphate ores. Secondly, the solubility of the phosphorus contained in the ash is
enhanced via reaction with H3PO4 (Equation (22)), prior to the preparation of the granular
fertilizer. This technology could be improved since carbon and nitrogen are lost during the
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fluidized bed incineration. Furthermore, the isolation of the phosphorus contained in the
ash only can be done via solubilization with phosphoric acid and subsequent drying. The
RecoPhos might not be an energy-intensive process if, for instance, the drying of the SS
prior to the incineration is done with the heat released in the combustion.

Ca4Mg5(PO4)6(s) + 12H3PO4(ac) → 4Ca(H2PO4)2(s) + 5Mg(H2PO4)2(s) (22)

The ADFerTech process of Fivelman [154] is an energy-intensive process because,
in addition to the preliminary solid-liquid separation, the subsequent processing of the
liquid fraction involves drying (a) after the adsorption to enable the self-hardening and (b)
after the agglomeration to have a 3% moisture content in the final granules. In this way,
Fivelman [154] employed the adsorption technology to enhance the solid-liquid separation
of the liquid fraction of the digestate. The granular fertilizer was produced with the TS
remaining in the liquid fraction after adding organic polymer binders (e.g., carboxymethyl
cellulose) to promote the aggregation of the nutrient-laden particles of the adsorbent.
Fivelman [154] claimed that the amount of nutrients that remain in the liquid stream after
the adsorption is low enough to be discharged directly to the local water bodies without
further treatment. The main powder adsorbent that they used was dolomite in doses
ranging from 10 to 200 g/L (mixed for 5 min at 20 ◦C), which was able to retain around
250 mg nitrogen and 300 mg phosphorus per gram of dolomite.

Steenari and Lindqvist [157] explained that the self-hardening or solidification of a
gram of WA, when adding between 0.3 and 0.5 g of water, depends on a number of ongoing
reactions which can last from days to months. It should be noted the importance of the
(moisture) adsorption capacity of the WA to promote self-hardening [158]. The hydration
of CaO to produce Ca(OH)2 is faster than the subsequent formation of CaCO3 due to the
mass transfer resistance, limiting the diffusion of CO2 from the atmosphere. However, the
CaCO3 is more stable due to its lower solubility and alkalinity, providing the ash with
better properties for cementation and for being used as a long-lasting liming agent. Pellets
predominantly made with organic matter such as cattle manure rely less on these reactions
to obtain appropriate durability (i.e., percentage of the mass of the pellet that remains
after tumbling [159]). Due to the fact that organic matter can retain more water [157],
Zafari et al. [159] obtained the highest durability (~97%) in the cattle manure pellets when
these were prepared with the open-end die method at 50% (w/w) moisture content, 40 ◦C,
and 6 MPa. According to Alemi et al. [160], both the density and porosity increased when
the pellets of cattle manure and urea were prepared with higher moisture content (from
11 to 24% w/w) and a higher compressive force (from 2000 to 5000 N). Even after the
preparation, Alemi et al. [160] reported an increase of up to 8% (w/w) in the moisture
content due to the absorption of the water in the surrounding environment with a relative
humidity of up to 80%.

Pesonen et al. [29] studied the production of fertilizer based on biomass ash which
was obtained from the combustion of a mixture of 65% wood and 35% peat. As a nitrogen
source, they used SS, which had been previously sanitized and dewatered (until a 45%
moisture) in a resource-intensive process. Pesonen et al. [29] included Ca(OH)2 in the
fertilizer as well, with the main purpose of promoting self-hardening and increasing the
compressible load that the granules can hold. Nevertheless, this material did not increase
the compressible strength to prevent the deformation of the granules. They carried out
the granulation in a rotary drum, after which the granules were left in a fume hood for
28 days at 21 ◦C. This allowed to reach 3% of moisture due to the loss of free water, since the
compounds responsible for the self-hardening require higher temperatures to decompose.
Pesonen et al. [29] concluded that the solidification was not enhanced because the main
reason for this phenomenon was the reaction of CaO with the water supplying Ca(OH)2,
and, to a lesser extent, the subsequent formation of CaCO3 due to the absorption of the
CO2 in the atmosphere, which is a much slower reaction.

According to Steenari and Lindqvist [157], ashes with a content of combustible matter
greater than 10% are not suitable for self-hardening, which could explain why the organic
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waste was not a good binder for the curing process and the solidification of the ash
was hindered in the study of Pesonen et al. [29]. The acidification could be useful to
promote dehydration [74] and mechanical properties (e.g., durability and compressive
strength) of the solid obtained after the self-hardening. Based on the study of Steenari
and Lindqvist [157], from the point of view of the self-hardening of the blend, a greater
amount of ash would be desirable since this would minimize the organic binder. This
agrees with the results of Rao et al. [161], who investigated the preparation of organo-
mineral fertilizers with the compost of pig waste solids (20% w/w), PL (26% w/w), spent
mushroom compost (26% w/w), cocoa husks (18% w/w), and moistened shredded paper
(10% w/w). The additives that they tested were feather meal (≤29% w/w), dried blood
(≤29% w/w), (NH4)2SO4 (≤27% w/w), nitro-chalk or 5Ca(NO3)2·NH4NO3·10H2O (≤27%
w/w), phosphate rock (≤15% w/w), Ca(H2PO4)2 (≤21% w/w), and K2SO4 (≤21% w/w).
Only when the share of compost in the mixture was greater than 50% (w/w), pelletization
was not possible. On the other hand, Pampuro et al. [152] reported that none of the woody
bulking agents they tested (woody biochar and wood chips) improved the compression
resistance of the pellets made with composted pig solid fraction. However, they found
that the pellets made with woody biochar and composted pig waste had higher durability
than those made only with composted pig waste. According to Pampuro et al. [152], the
greater durability of the woody biochar amended pellets was due to the low particle size
of this material (<0.5 mm). The greater surface area of smaller particle promote sorption
processes during the compaction for densification. Pampuro et al. [152] concluded that
smaller particles enable the manufacturing of pellets of higher quality. Based on the results
of Mudryk et al. [162], Jewiarz et al. [155] proposed the entire process for the production
of this granular fertilizer. Although initial dewatering of the digestate was required, the
greatest reduction of the moisture content, from 70% to 25%, was achieved in a direct
contact drum dryer which employed the flue gases produced in the combustion of the
biomass as a drying agent [155]. The process took advantage of the ash produced in
the incineration but also it could employ the drying step to sanitize the digestate and to
produce a pathogen-free material (i.e., biological stabilization). If the digestate contains a
lot of fibrous material, the fragmentation is performed with a hammer mill after the drying.
The process could be improved by blending the digestate with the biomass ash before the
drying of the digestate. In this way, the absorption of the CO2 and other components of the
flue gases in contact with the liquid blend with high pH could be possible, given the high
alkalinity of the wood ashes and that this material represented up to 75% of the final product.
According to the description of the process provided by Jewiarz et al. [155], the blend should
solidify for 3 h before the granulation. Steenari & Lindqvist [157] explained that curing
the WA is necessary because the reactive oxides and soluble salts might negatively affect
plants (e.g., pH shock and burning tissues) if the untreated WA is applied directly to land.
Additionally, Jewiarz et al. [155] suggested inoculating the fungi Trichoderm to enhance
nitrogen assimilation by the plants, although this biofertilizer cannot be in the same blend
containing the ash because it would not survive at a high pH.

3.5. Inoculation of Biofertilizers in the Blended Fertilizer Prepared with Anaerobic Digestate
and WA

After the removal of the pathogens by processing the anaerobic digestate with WA [163],
it is possible to inoculate microbial species [164], which enhances the fertilizing effect of
the blended fertilizer [155]. These microbes regarded as biofertilizers are divided into four
categories [165]. The following are some examples of microbial species that can improve
the fertilization in the rhizosphere:

1. Vascular Arbuscular Mycorrhiza fungus:

� Glomus mosseae [165,166].
� Glomus intraradices [165].
� Glomus fasciculatum [166].

2. N-fixer bacterias can be symbiotic and non-symbiotic:
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� Azotobacter chroococcum [165,167].
� Azospirillum lipoferum [167].
� Azospirillum brasilense [166,167].

3. Phosphate-solubilizing bacteria:

� Bacillus megatherium [165,167].

4. Potassium-solubilizing bacteria:

� Bacillus mucilaginous [165].

Mahfouz & Shamf-Eldin [167] concluded that the growth of the plant Fennel (Foenicu-
lum vulgare Mill.) was greater when using half the recommended dose of the NPK mineral
fertilizer (i.e., synthetic material containing nitrogen, phosphorus, and potassium) and a
mixture of Azotobacter chroococcum, Azospirillum lipoferum, and Bacillus megatherium, com-
pared to the full NPK dose. The total carbohydrates in the dry plant material were impacted
by the use of the mixture of biofertilizers. Similarly, the biofertilizers also increase the
yield of essential oil in the plant [167]. According to Brar et al. [168], the best physical
properties of the soil (e.g., water infiltration) and highest crop yield in maize-wheat rotation
were obtained using a balanced application of mineral fertilizers and organic farmyard
manure [168]. In addition to greater crop growth, better fertilization is also associated with
less greenhouse gas emissions since the nutrients are employed more efficiently once the
organic material is applied to the soil [169].

4. Conclusions

There are many possibilities for employing the WA as an anaerobic digestate additive.
The treatments described in this manuscript ranged from enhancing anaerobic fermentation
in order to reach the correct levels of stability and maturity to improving the properties
of organic amendment as a controlled-release fertilizer, with additional processing steps
after the biodigester. It remains to completely link the WA dose employed for the AD
(up to 1 g TS ash/g TS digestate) with the purpose of the subsequent processing stage.
Considering all the possible synergies that could surge from treating the anaerobic digestate
with the WA, an approximate dose of 5 g TS WA/g TS anaerobic digestate is proposed for
future experiments on the manufacturing of a granular fertilizer with the best mechanical
properties (e.g., compressibility strength, durability, etc.).
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Figure S4: Profile of maturity of anaerobic digestate as per the results of Wang et al. [58]; Figure S5:
Inhibited BMP test due to high COD described by Banks et al. [47,48]; Figure S6: Inhibited BMP test
due to low S/I described by Banks et al. [47,48]; Figure S7: Summary of the BMP results with biochar
and WA reported by of Cimon et al. [39]; Table S1: Upper limit of heavy metals for anaerobic digestate
and PLA established in UK regulations [46,84]; Table S2: Blending ration of WA and anaerobic
digestate as per the UK regulations.
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Abbreviations

NH4
+-N ammoniacal nitrogen

AD anaerobic digestion
BET Brunauer, Emmett, and Teller
BMP biochemical methane potential
CUE carbon use efficiency
C/N carbon-to-nitrogen mas ratio
CTAB cetyltrimethylammonium bromide
COD chemical oxygen demand
EoW end-of-waste
CFA coal fly ash
EPS extracellular polymeric substances
HRT hydraulic retention time
MSW municipal solid waste
OLR organic loading rate
Corg organic carbon
SS sewage sludge
S/I substrate to inoculum ration
TS total solids
VFA volatile fatty acids
VS volatile solids
WS water-soluble
WA wood ash
WBA wood bottom ash
WBA-H2O wood bottom ash treated with de-ionized water
WBA-H2SO4 wood bottom ash treated with sulfuric acid
WWTP wastewater treatment plant
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Abstract: Ethanol is considered as a renewable transport fuels and demand is expected to grow. In
this work, trends related to bio-ethanol production are described using Thailand as an example.
Developments on high-temperature fermentation and membrane technologies are also explained.
This study focuses on the application of membranes in ethanol recovery after fermentation. A prelim-
inary simulation was performed to compare different process configurations to concentrate 10 wt%
ethanol to 99.5 wt% using membranes. In addition to the significant energy reduction achieved by
replacing azeotropic distillation with membrane dehydration, employing ethanol-selective mem-
branes can further reduce energy demand. Silicalite membrane is a type of membrane showing one
of the highest ethanol-selective permeation performances reported today. A silicalite membrane was
applied to separate a bio-ethanol solution produced via high-temperature fermentation followed by
a single distillation. The influence of contaminants in the bio-ethanol on the membrane properties
and required further developments are also discussed.

Keywords: bio-ethanol; thermotolerant yeast; membrane separation; ethanol-selective membrane;
energy demand

1. Introduction

The transport sector is one of the largest contributors of greenhouse gas. Fossil-fuel is
still the major energy source today and a shift to more sustainable fuels is indispensable.
Huge efforts have been made to convert renewable biomass, in particular, lignocellulosic
feedstocks, to biofuel. Bio-ethanol has been drawing attention among various types of
bio-fuel, because ethanol can be mixed with petrol or used as is as a transport fuel.

Bio-ethanol production via fermentation can be divided into several stages [1], as
shown in Figure 1. Pretreatment is required when using cellulosic biomass, and enzymatic
saccharification is required for starchy or cellulosic biomass. Various technologies have
been proposed and developed for each stage to make the conversion process more efficient
and cost-effective. The usage of residue is another key to making the bio-ethanol conversion
process more economically and environmentally friendly [2–4].

Processes 2021, 9, 1028. https://doi.org/10.3390/pr9061028 https://www.mdpi.com/journal/processes
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Figure 1. Overview of a bio-ethanol production process.

Energy consumption and distribution per each stage in Figure 1 can vary depending
on the type of raw biomass, the process configuration, and other various conditions. The
ethanol concentration after fermentation is low and is often less than 10%. In the case of
producing a fuel grade ethanol, which requires purity over 99.5 mol% (99.8 wt%) [5,6], the
fermented broth needs to be concentrated. Distillation is a well-established and widely
used technology; however, when applied to anhydrous bio-ethanol production it can
occupy more than one-third of the total energy consumption [7,8].

The energy demand at the conversion process should be limited as much as possible to
enhance the benefit of using bio-ethanol. Developing environmentally friendly and easier
operation/maintenance technologies will make the conversion process more attractive.
Because bio-refineries require various technologies, collaboration efforts among different
research areas are essential.

In the following, the trend in bio-ethanol demand is summarized using Thailand
as an example. Then, advances in fermentation technology, comparisons of membrane
integrated downstream processes with conventional distillation, and the current status of
membrane properties in separating bio-ethanol are discussed. Among various technolo-
gies, this article focused on thermotolerant yeast and membrane-based technologies. The
number of publications on high-temperature fermentation and bio-ethanol production
using dehydration membranes has increased over the last decade, as shown in Figure 2.
The literature survey was performed by Google Scholar [9] using the keywords indicated
in the figure caption. Reports on ethanol-selective membranes, on the contrary, is rather
small compared to the number of publications on dehydration membranes. However, a
process simulation performed here showed their potential contribution to realizing in-
creased energy-efficient bio-ethanol production. The status of ethanol-selective membranes
is explained by comparing different membrane materials in the following.

Figure 2. Number of publications surveyed by Google Scholar on the 3 June 2021. The keywords
used for the survey are as follows: •, thermotolerant and bioethanol; �, dehydration, membrane,
separation, bioethanol, and hybrid process; �, ethanol selective, membrane, and separation.
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2. Bioethanol Production in Thailand

Thailand is the seventh-largest ethanol producer, following the USA, Brazil, European
Union (EU) countries, China, India, and Canada, as shown in Table 1. However, interest-
ingly, Thailand’s ethanol blend rate is the second highest ranked in the world, with an
average of 13.7% in 2019, following only by Brazil, which currently mandated as high as
27% (E27), additionally with a high portion of hydrous ethanol [10].

Table 1. The World’s top eight ethanol producers in 2019 and their blend rate in gasoline (Data taken
from [11–15]).

Country
Production

(Million Liters per Day)
Blend Rate in Gasoline

(vol%)

United State 163.86 10.55
Brazil 89.40 27

EU 14.93 6.16
China 9.33 2.4
India 5.50 4.5

Canada 5.19 6.6
Thailand 4.36 13.7

Argentina 3.01 11.7

In Thailand, ethanol is initially employed to blend with gasoline as an octane enhancer
for replacement of methyl tert-butyl ether (MTBE). It should be noted that ethanol and
other alcohols produced from, e.g., in situ conversion of refinery cuts [16], were also used
successfully as substitutes of gasoline ether oxygenates.

Presently, the common ethanol to gasoline blending proportion is 10%, 20%, and
85% and are referred to as E10, E20, and E85, respectively; around 66% of petrol vehicles
in Thailand are compatible with E20 fuel [17]. The primary raw materials for ethanol
production are molasses, cassava, and sugarcane juice [18].

Thailand’s ethanol production and domestic utilization have continuously increased,
as shown in Figure 3 [18,19]. The increase in gasohol consumption has resulted from gov-
ernment policy and subsidization from the state oil fund. However, the Thai government
has adjusted the ethanol consumption target. Previously, according to the Alternative
Energy Development Plan (AEDP), 2015, the target is 4.1 billion liters by 2036. In the
current plan (AEDP, 2018), the ethanol consumption target was reduced to 2.7 billion liters
because the ethanol production raw materials may not be sufficient [20,21].

Promoting ethanol production from other raw materials is necessary to overcome
feedstock insufficiency problem. The recent trend for ethanol production has focused
on non-edible feedstock, especially lignocellulosic materials. The Thailand Institute of
Scientific and Technological Research (TISTR) has found that bagasse, rice straw, and
corncobs are efficient and feasible raw materials for ethanol production at the industrial
level [22]. However, the pretreatment process is the major challenge of second-generation
ethanol production technology. Besides second-generation ethanol production technology,
Thailand is also in search of R&D on microalgae as a third-generation ethanol production
technology [23]. The support of second and third-generation ethanol production from the
Thai government corresponds to the Thailand Integrated Energy Blueprint (TIEB), which
sets ethanol production target from these two generations biofuels equal to 10 kilotons of
oil equivalent (ktoe) by 2036 [23].
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Figure 3. Ethanol production and consumption in Thailand (2007–2019).

3. New Approaches on the Microbial Biomass Conversion

Saccharomyces cerevisiae is used worldwide for the fermentation of ethanol. In the
conventional fermentation-distillation-dehydration process with first-generation biomass,
it is not profitable unless the production scale of ethanol is 15,000 kL/year or more in Japan,
based on two different demonstration projects performed in Hokkaido from 2007 to 2012. In
areas where it is difficult to secure a huge amount of feedstock and the cost of transportation
is high, as it is in Japan, the local production for local consumption by small-scale ethanol
production is desirable. However, in order to be profitable in a small ethanol production
facility, it is essential to develop an innovative technology for each step of the ethanol
production process. Here, we introduce a high-temperature fermentation (HTF) technology
that has several benefits, such as reduced cooling costs, reduced microbial contamination,
and reduced amounts of hydrolytic enzymes used in simultaneous saccharification and
fermentation (SSF) [24,25]. Fermentation is an exothermic reaction that requires cooling
of the reactor, as the temperature inside the reactor rises to around 313 K. Otherwise,
such high temperatures cause prevention of the fermentation ability of ethanol-producing
microorganisms or cell death. A stable HTF at about 313 K that does not require temperature
control is thus highly desirable. In addition, SSF that can be performed by a relatively
simple facility with easy operations is suitable for small-scale production.

On the other hand, thermotolerant microorganisms capable of efficiently fermenting
and producing ethanol at high temperatures are indispensable for HTF technology. We
have isolated and characterized many thermotolerant yeasts from joint research from
southeast Asian countries, centering on Thailand [25]. Among them, Kluyveromyces marx-
ianus DMKU3-1042, isolated in Thailand, can grow at 321 K and showed high ethanol
productivity up to about 316 K when glucose was used as a carbon source. Additionally,
unlike S. cerevisiae, K. marxianus utilizes a wide range of carbon sources [26] and can convert
polysaccharide inulin to ethanol [27]. In addition, a K. marxianus strain that has a high
ethanol production capacity from xylose contained in second generation biomass [28], a
Pichia kudriavzevii strain [29] that is suitable for HTF using cassava starch as a raw mate-
rial, and a Spathaspora passalidarum strain [30] that has no glucose suppression with high
ethanol production capacity from xylose have been isolated. Other research groups have
isolated thermotolerant, ethanol-fermenting yeasts from India, Bangladesh, Vietnam, and
Brazil [31–34].
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As mentioned above, the temperature in the reactor increases by metabolic and
mechanical heat sources, being close to a non-permissible level for non-thermotolerant
yeast, with S. cerevisiae being the most frequently applied yeast. However, thermotolerant
yeasts can grow and ferment under such high temperatures, which allows us to perform
temperature-non-controlled fermentation. For example, the ethanol production rate drasti-
cally decreases with non-thermotolerant yeasts when the temperature is increased from 303
to 313 K. On the contrary, the ethanol production rate is almost independent of this tem-
perature range [26]. When a bench-scale fermentation without temperature controls using
2 L of 9% glucose medium was tested, thermotolerant K. marxianus DMKU 3-1042 [35,36]
produced ethanol equivalent to that under the temperature-controlled condition at 303
K. Moreover, a fermenter-scale fermentation with 4000 L of 18% sugarcane was tested to
achieve 7% ethanol production [37]. This fermentation is favorable because the cooling cost
tends to be higher in tropical countries or increases in summer in many other countries. In
addition, temperature-non-controlled fermentation can keep producing ethanol, even if
any power outage occurs. As HTF reduces the risk of undesirable micro-organisms growth,
the air-lock of the fermenter does not need to be perfect, which makes the fermenter
design simpler.

Another interesting advantage of HTF is the possibility to combine fermentation and
vacuum distillation in one unit. Such a process can reduce the manufacturing time and
the cost of equipment. The higher fermentation temperature increases the saturated vapor
pressure of ethanol. The higher saturated vapor pressure facilitates the vapor distillation
that requires less pressure than the saturated vapor pressure. A system consisting of a
fermentation and a distillation tank, the primary and secondary ethanol recovery units,
a vacuum pump, and a drain unit was constructed [37]. Ethanol is concentrated as the
process proceeds from the primary to the secondary ethanol recovery unit, and the air in the
tank is discharged outside during the vacuum distillation; some ethanol is trapped in the
drain unit. When fermentation with K. marxianus DMKU 3-1042 and distillation at 70 mbar
and 314 K were applied, about 35% and 60% were recovered in the primary and secondary
bottles, respectively [37]. The process of the simultaneous fermentation and distillation
under low pressure was continuously repeated three times with 12% rice-hydrolysate.
There are some additional benefits in this system: (a) microbes avoid exposure to high
concentrations of ethanol or acetic acid, or strong oxidative stress and (b) fermentation can
be continued during distillation, increasing ethanol yields. The fermentation and vacuum
distillation combined system removes solid materials in the fermented broth from the
liquid fraction. The ethanol can be concentrated further by applying membranes or other
separation technologies.

4. Various Membrane Separation Processes

Employing distillation is a conventional way to increase the ethanol concentration
after fermentation. Azeotropic distillation is required to obtain over 96 wt% (89 mol%)
ethanol. Adsorption columns can be used to produce anhydrous ethanol [38]. Recently,
a hybrid process consisting of distillation and membrane dehydration was proposed as
an energy-saving alternative. In the hybrid process, azeotropic distillation was replaced
with membrane separation [39–41]. In the late 1990s, a successful industrial application of
A-type zeolite membranes, a type of inorganic membrane, to dry solvents was reported [42].
Since then, the number of industrial applications of membrane integrated processes has
been growing, and more than two hundred units are under operation today.

Energy consumption in bio-ethanol production may be reduced further by employ-
ing membranes in different ways. Various membrane processes, including pervapora-
tion (PV) [42], membrane distillation (MD) [43,44], vapor permeation (VP) [41,45], nano-
filtration (NF) [46], reverse osmosis (RO) [47], and forward osmosis (FO) [48,49] have been
intensively studied to concentrate liquid mixtures, together with the developments of new
types of membranes. Membranes can be integrated with saccharification or fermentation
to concentrate sugars and remove fermentation inhibitors [48,49]. Membranes can also be
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used to concentrate ethanol after fermentation. In the latter case, dehydration PV mem-
branes have been studied the most. While a phase change occurs during the permeation
through PV and MD membranes, NF and RO processes are a pressure-driven separation
with no phase change. Considering the large latent heat of water, NF and RO can be more
energy-efficient than PV.

Permeation equations, for example a solution-diffusion model, relate these different
membrane processes [43,50]. Nakao compared the PV and RO processes using the transport
model and proposed a combination of water-selective RO membranes and ethanol-selective
RO membrane [51], as shown in Figure 4. The energy requirement to concentrate 10%
ethanol to 96% with ethanol recovery over 95% was studied. The study showed that the RO
process is much more energy efficient than PV and requires 1/1000 of the energy required
by distillation.

Figure 4. Example of combining two types of RO membranes (modified from [51]).

The RO-based separation process is with a simple design as illustrated in Figure 4.
The major components are pumps to raise the feed side pressure, membrane modules and
valves to regulate pressure and flow rate., A heating or cooling system is dispensable. One
of the drawbacks of RO is the high pressure required at the feed side to overcome the
osmotic pressure across the membrane. Conventional polymeric membranes are difficult
to apply under the high pressure of 30 MPa assumed in the above process calculations [51].
Therefore, inorganic membranes have been investigated. One of the first attempts at an
inorganic RO membrane is the application of an A-type zeolite membrane to water/ethanol
separation [47]. The membrane showed pressure stability at least up to 5 MPa and water-
selective permeation, but the flux was too small. Recently, various types of inorganic
RO membranes have been developed for desalination purpose [52,53]. However, further
developments are required to realize a RO-membrane based downstream process for
bio-ethanol production.

Besides dehydration VP/PV membranes [42,54], there are membranes permeating
more ethanol than water. Figure 5 shows the liquid-gas equilibrium of an ethanol/water
mixture. Examples of permeate concentration through membranes as a function of ethanol
concentration in the feed solution are added to the figure. A-type zeolite [54] and Sili-
calite [55] membranes were used as examples of water- and ethanol-selective membranes,
respectively. Dashed lines in the figure show an example of the first tray composition in
distillation. Several trays are required to concentrate, e.g., 10% ethanol to over 80%, by
distillation. On the contrary, over 80% ethanol can be obtained after a single permeation
through a hydrophobic membrane [55–59]. Membrane separation is not limited by the
azeotrope. Water-selective membranes permeates over 99.9% water for a large ethanol
concentration range in the feed. In the following, a few configurations using water-selective
and ethanol-selective VP/PV membranes are compared with conventional distillation.
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Ethanol-selective membrane

Water-selective membranes

Vapor-liquid 
equilibrium line

Figure 5. Liquid-vapor equilibrium of ethanol-water mixture with example separation performances
of water- and ethanol-selective membranes: solid line, liquid-gas equilibrium; dashed lines, examples
of stages in the distillation column; •, ethanol concentration in the permeate of an ethanol-selective
silicalite membrane [55], �; �, ethanol concentration in the permeate of water-selective A-type zeolite
membranes (�, [54]; �, this study).

5. Combination of Distillation and Water-Selective VP/PV Membranes

A hybrid process combining distillation and membrane dehydration is getting in-
creasingly accepted as an energy-saving alternative to concentrate close-boiling mixtures,
such as ethanol solution and iso-propyl alcohol solution [41,60]. In this hybrid process,
the feed to the membranes can be a liquid mixture (PV) [61] or a vapor mixture (VP) [41].
In some of the industrially applied hybrid process using A-type zeolite membranes, a
fraction of vapor from the top of a distillation tower is fed to the membrane. If no heat is
added to the membrane unit, the fluid may be liquefied while flowing over the membrane.
While A-type zeolite membranes show quite high water-selective separation properties in
both PV and VP separations, the application of this membrane is limited to dry solvents
with less than 15% water due to the insufficient stability of the membrane in water-rich
conditions. Recently, various other types of zeolite membranes, such as zeolite T, CHA,
MOR and ZSM-5, having higher stability in water-rich and in acidic media have been
reported [62–64]. The application of dehydration membranes in the hybrid process can be
extended to fluids containing higher amounts of water with these new types of membranes.
However, the impact of extension on the total energy consumption, process size, and other
factors are not clear.

The energy consumption and ethanol recovery rate were compared by changing the
inlet ethanol concentration to a dehydration membrane. Concentrating 10% ethanol to
99.5% was assumed in the calculation using a cape-open to cape-open (COCO) program [59].
Figure 6 shows some of the process schemes compared in this study. Distillation followed
by azeotropic distillation was used as a standard case (Figure 6a). The downstream process
can be combined with continuous fermentation, as illustrated in the figure. Figure 6b
shows a schematic view of the hybrid process, where azeotropic distillation is replaced
with membrane dehydration. The membrane operational temperature was assumed to
be the same as the distillation tower top temperature. A vapor mixture was fed to the
membrane in this assumption. Neither membrane flux nor required membrane area were
considered. The membrane separation factor was assumed to be 2000, which means that
0.05% ethanol in the feed mixture permeates through the membrane. A sweep gas was
applied to the permeate side of the membrane instead of the vacuum lines often used
in the VP/PV tests [50,55,62]. The sweep gas flow was assumed to be nine times higher
than the total flux through the membrane. The outlet of the sweep gas was emitted to the
atmosphere in the calculation, which reduced the ethanol recovery.
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(a) 

 
(b) 

Figure 6. Distillation and dehydration membrane combined process: (a), diagram of distillation
followed by azeotropic distillation; (b), diagram of distillation and membrane dehydration with
sweep system combined.

With the above assumptions, azeotropic distillation required 2339 W/kg-ethanol to
concentrate 80% ethanol to 99.5%. On the contrary, the energy consumption by membrane
dehydration was 287 W/kg-ethanol, which is one order smaller than that of distillation.
A significant reduction in the separation energy by replacing azeotropic distillation with
membrane dehydration was also reported with different process configurations and as-
sumptions [60]. The calculation showed that the dehydration membrane has a significant
advantage, even with applying sweep gas at the permeate side.

Lowering the ethanol concentration at the inlet of a dehydration membrane reduces
the distillation load. For example, changing the inlet ethanol concentration from 85 to
75 wt%, the energy demand at the distillation became 1820 to 1790 W/kg-EtOH. On the
contrary, lowering the ethanol concentration in the feed to a membrane enhances the
membrane duty. As the outlet ethanol concentration is fixed to 99.5%, the total amount
of water permeating through a membrane increases when the feed ethanol concentration
is smaller. Accordingly, a higher sweep flow rate is required to maintain the pressure
difference of water across the membrane, which increased the compressor energy and
the energy to heat the sweep gas to the membrane operation temperature. As a result,
the energy demand by changing the inlet concentration to the membrane became minor.
For example, reducing the ethanol concentration at the inlet of the membrane unit from
85 to 75% changed the total energy demand of the hybrid process to concentrate 10%
ethanol to 99.5% from 1840 to 1830 Wh/kg-EtOH. The impact of extending the application
of the dehydration membrane is not significant as compared with the replacement of
azeotropic distillation with membrane dehydration under the process configuration and
the assumptions used in this study.
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6. Combination of Ethanol-Selective and Water-Selective VP/PV Membranes

Hydrophobic membranes selectively permeate ethanol over water. Table 2 shows
some examples of ethanol-selective membranes, which can be divided into polymeric
membranes, polymer and filler composite membranes, which are called mixed matrix
membranes (MMMs), and inorganic membranes. Separation factor, α, is defined as:

α = (yEtahnol/yWater)/(xEthanol/xWater) (1)

where x and y are the mass fraction of each component in the feed and in the permeate,
respectively. Permeate concentrations in the table were calculated from the separation
factor and feed composition given in the references. Polymeric membranes, including
commercially available membranes, showed slightly higher ethanol-selectivity than the
liquid-vapor equilibrium [65–67]. The ethanol-selectivity can be enhanced by mixing
hydrophobic fillers to the polymers (MMMs) [65,67,68]. Inorganic membranes, consisting
of pure filler materials, in the table showed a higher ethanol-separation ability with higher
flux [55–57]. Both silicalite and beta-zeolite membranes are types of zeolite membranes.
These membranes are made of pure silica and have ordered pores of sub-nanometers.
The ethanol-selective permeation is based on the strong adsorption of ethanol to the
zeolitic pores, which inhibits the water permeation. Beta-zeolite has larger pores than
silicalite. The pores may be too large to be plugged by adsorbed ethanol and let some water
permeating through, which results in a lower ethanol-selectivity in beta zeolite membranes
than in silicalite membranes. The reported flux values of silicalite membranes have some
variations as the membrane micro-morphologies depend on the preparation conditions,
such as the support types used and hydrothermal synthesis conditions. Nevertheless,
several groups reported that when silicalite membranes were applied to ca. 10% ethanol
solution, the ethanol concentration in the permeate was over 80% [55,56,58]. Based on
these results, the separation factor of ethanol-selective membrane was assumed to be 36 in
the following simulations.

Table 2. Examples of ethanol-selective membranes.

Membrane Type Membrane Material
Feed Ethanol
Conc. (wt%)

Temperature (K)
Permeate Ethanol

Conc. (wt%) *
Separation
Factor, α (-)

Flux
(Kg m−2 h−1)

Ref.

Polymeric
membranes

PDMS (Pervatech,
Netherland)

5 323 26 6.7 ± 1.0 2.6 ± 0.4 [66]

PERVAP 4060 (Sulzer
Chemtech, Switzerland) 5 323 27 7.1 ± 1.3 1.3 ± 0.3 [66]

PERVAP 4060 (Sulzer
Chemtech, Switzerland) 5 303 32 9 0.6 [67]

Mixed matrix
membranes

(MMMs)

PDMS-silicalite hollow
spheres (30 wt% **) 6 313 49 15.3 0.07 [68]

PDMS-hydrophobized
Al2O3

+ (1 wt% **) 5 303 37 11 0.06 [67]

PTMSP -silica (1.5
wt% **)

10 323 63 15.3 0.40 [65]

Inorganic
membranes

Silicalite 12 333 89 58 0.76 [55]

Silicalite 10 323 91 92 3.00 [56]

All silica beta-zeolite 10 323 58 12.3 6.29 [57]

* calculated from the feed concentration and the separation factor given in the paper, ** amount of filler mixed to the polymeric matrix,
+ surface modification using triethoxy(octy)silane, PDMS: polydimethylsiloxane, Silicalite: all-silica MFI type zeolite. PTMSP: poly(1-
trimethylsilyl-1-propyne).

Combining ethanol-selective and water-selective VP/PV membranes, it is possible
to eliminate the distillation column completely. Figure 6 shows schemes of a downstream
process employing these two types of membranes. An ethanol-selective membrane was
applied to concentrate 10% ethanol to 80%, then a water-selective membrane was applied
to dehydrate ethanol to 99.5%. Differently from water-permeating membranes described in
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the above section, the ethanol vapor permeating through the first membrane unit needs to
be collected. As industrial water with a temperature of 300 K was not sufficient to condense
ethanol vapor, a chiller of 253 K with 50% efficiency was added in the calculation. Two
configurations were considered for the permeate side of the ethanol-selective membrane:
a depressurized system (Figure 7a) and a sweep air system (Figure 7b). The operation
temperature of both ethanol- and water-selective membranes was assumed to be 337 K. The
stage cut-off, the fraction of feed permeating through a membrane, was assumed to be 90%.
The retentate of feed was recycled to the fermenter, as shown in the figure. The ethanol
recovery rate was calculated by considering the ethanol loss at the liquid/gas separator
and through the water-selective membrane.

(a) 

(b) 

Figure 7. Downstream process consisting of two types of membranes: (a), a diagram of ethanol-
selective membrane with vacuum followed by water-selective membrane with sweep; (b), diagram
of ethanol- and water-selective membranes with sweep.

Table 3 shows the energy required to concentrate 10% ethanol to 80%, calculated
with the process scheme in Figure 7. In the case of the depressurized permeate system, as
shown in Figure 7a, the condensation of ethanol vapor was not possible with industrial
water, which increased the duty on the chiller. As a result, the total energy requirement per
kilogram of ethanol was almost equivalent to the distillation case. On the contrary, in the
compressed air sweep system, as shown in Figure 7b, about 20 to 35% energy reduction was
obtained from the distillation energy demand. Higher sweep gas flow rate requires more
energy as it increases the compression energy, the heat required to bring the sweep gas to
the membrane temperature, and the chiller energy to condense permeated vapor with the
sweep gas. Too small sweep flow rate will limit the membrane flux as the driving force
of the permeation gets smaller [50]. Accordingly, there is a range of optimum flow rate,
which needs further investigation. In the case with a sweep gas, a liquid/gas separator is
required after the chiller, as shown in Figure 7. The separator of liquid from gas reduced the
ethanol recovery. About 0.5 to 1.3% of the ethanol permeated through the ethanol-selective
membrane was lost at the separator, as some ethanol vapor was removed with the exhaust
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gas. The loss depends on the sweep gas flow rate; the higher the flow rate, the larger the
loss. While an ethanol-selective membrane with a sweep flow system has the possibility to
reduce energy consumption, the optimum process configurations need further study.

Table 3. Comparison of the energy required to concentrate 10 wt% ethanol to 80 wt%.

Process Configuration
Energy Demand (W/kg-EtOH)

Feed Treatment Chiller Total

Distillation - - 1803

Membrane separation

Vacuum at the permeate side 906 956 1862

Air sweep at the permeate side (x 1.3 *) 930 270 1199

Air sweep at the permeate side (x 2.2 *) 946 379 1325

Air sweep at the permeate side (x 3.1 *) 962 488 1450

* Sweep flow rate compared to the flux through a membrane.

Various process configurations are possible to concentrate 10% ethanol solution to
99.5%. A few conditions are compared in Table 4. Replacing azeotropic distillation with
membrane dehydration reduces the energy required for the separation to about half. Em-
ploying ethanol-selective membranes with compressed air as a sweep gas at the permeate
side instead of distillation can further reduce the downstream energy. A membrane-based
downstream process is an interesting choice, especially for small to medium scale applica-
tions, where the scale-merit of distillation is limited. The modular design of membrane
units and the simple operation/maintenance are other advantages of the membrane pro-
cess. In addition, membrane separation is environmentally friendly as no or very few
additional chemicals are required [69].

Table 4. Comparison of the energy demand to concentrate ethanol from 10 to 99.5 wt%.

Process Configuration
Energy Demand (W/kg-EtOH)

Ethanol Recovery (%)
10 wt% Ethanol to 80 wt% 80 wt% Ethanol to 99.5 wt% Total

Distillation +azeotropic distillation 1804 2339 4142 99.95

Distillation + water-selective membrane # 1804 287 2091 99.95

Ethanol-selective membrane with vacuum at the
permeate side + water-selective membrane # 1862 287 2149 99.5

Ethanol-selective membrane with 1ir sweep at the
permeate side (×1.3 #) + water-selective membrane * 1199 277 1480 99.4

Ethanol-selective membrane with 1ir sweep at the
permeate side (×2.2 #) + water-selective membrane * 1325 277 1602 99.0

Ethanol-selective membrane with 1ir sweep at the
permeate side (×3.1 #) + water-selective membrane * 1450 278 1728 98.7

* Sweep at the permeate side with flow rate 9.1 times higher than the membrane flux, # Sweep flow rate compared to the flux through
a membrane.

One of the current challenges is the higher cost of inorganic membranes compared
to conventional polymeric membranes. It is difficult to find the exact price of membranes
as it depends on the production method, scale, and other factors. However, a few have
reported that the inorganic membrane cost is about two orders higher than the polymeric
membrane [70,71]. The robustness of the inorganic membranes may give the membranes
competitiveness in long-term usage; however, stabilities of the membranes need to be
evaluated under realistic conditions. The ceramic support cost occupies a major part of
the fabrication cost of zeolite and zeolite-like micro-porous inorganic membranes [70].
Therefore, various ideas, using, for example, less expensive hollow fiber supports [71],
re-usable stainless-steel supports [72], and other materials [73,74] are proposed. Improving
the membrane flux is another approach because higher flux requires less membrane area
and will reduce the capital cost of the membrane unit. The membrane synthesis conditions

192



Processes 2021, 9, 1028

should be scalable in an economic and environmentally friendly way. The successful
industrialization of dehydration zeolite membranes and modules [42,54] gives a guideline
for the implementation of ethanol-selective membrane processes.

7. Ethanol-Selective Silicalite Membranes Applied to a Fermented Solution

Membrane properties are often evaluated with a single component permeation or a
separation of binary synthetic mixtures. For example, the performances in Table 3 were
measured with synthetic ethanol/water mixtures. On the contrary, bio-ethanol produced
via fermentation contains various components. The influences of these third chemicals are
not possible to predict at this moment. Nomura et al. studied the influence of yeast and
salts in ethanol solutions. They reported that salts enhanced the ethanol selectivity due to
the salt effect on the liquid-vapor equilibrium that enlarged the ethanol vapor pressure [58].
Other contaminants than salts, such as acids, can also influence the membrane properties.
Offeman et al. used mixed matrix membranes consisting of hydrophobic zeolite particles
and polydimethylsiloxane (PDMS) and applied them to separate fermentation broths [75].
They reported reductions of selectivity and flux in the broth due to a strong adsorption of,
e.g., oleic acid to the zeolitic pores.

Figure 8 shows the flux and the concentrations of feed and permeate through a silicalite
membrane. A distillate after a single distillation of fermented broth obtained by a HTF
was used as feed. In this case, only volatile contaminants co-exist in the aqueous ethanol
solution. The distillate had an ethanol concentration of 14 wt% and a pH of about 4. A
synthetic mixture of 14 wt% ethanol solution was applied before and after the distillate
test to check the change of membrane performance. All the tests were performed at 348 K.
The selectivities of the silicalite membrane, measured with a synthetic mixture before
and after the distillate separation, were the same, suggesting that the selective layer was
stable. On the contrary, the flux became about half after the distillate separation. Both
selectivity and flux decreased when a distillate was used as feed instead of a synthetic
mixture. Acids or other volatile components in the fermented broth may be adsorbed into
the membrane surface and block the zeolitic pores. The results suggested a contribution
of reversible adsorption and irreversible changes. Pre-treating the fermented broth to
reduce the concentration of contaminants, or modifying the membrane surface to prevent
adsorption of contaminants, may reduce the reduction of the membrane property in a
bio-ethanol separation. Another aspect of the ethanol-selective membrane process is the
need to develop a cost-effective, large-scale membrane preparation method.

  
(a) (b) 

Figure 8. Changes of silicalite membrane permselectivity with time in a synthetic mixture and in a distillate of fermented
broth measured at 348 K: (a), ethanol concentration in the feed and in the permeate; (b), flux as a function of time; �, a
synthetic mixture of 14 wt% ethanol as feed measured before the distillate separation; �, distillate as feed; �, a synthetic
mixture of 14 wt% ethanol as feed measured after the distillate separation; open keys, permeate concentration and flux;
closed keys, feed concentration.
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8. Conclusions

To meet the increasing demand and to improve the profit of using bio-ethanol, energy
consumption at the conversion process should be limited. High-temperature fermentation
(HTF) does not require temperature control. Cooling water is dispensable, making the
fermenter configuration simpler and the energy demand smaller. This type of fermentation
is particularly interesting in tropical countries.

Membranes can be integrated into the conversion process in different ways. Dehydra-
tion PV membranes are getting increasingly accepted as an energy-saving alternative to
azeotropic distillation. To simplify the membrane separation process, replacing the vacuum
line at the permeate side with a compressed air flow was considered. A preliminary simu-
lation showed that the energy demand can also be reduced by applying water-selective VP
membranes with sweep gas.

The preliminary simulation also showed that employing ethanol-selective membranes
with sweep gas instead of distillation can reduce about 20–30% of the energy demand to
concentrate 10 wt% ethanol to 80 wt%. Several research groups have reported that silicalite
membranes, a type of nano-porous inorganic membrane, can concentrate 10 wt% ethanol
to over 80 wt%. However, in this study, when a silicalite membrane was applied to a
bio-ethanol solution produced by HTF followed by a single distillation, the flux through
the membrane became about 10% of the flux obtained with an ethanol/water synthetic
mixture. This result shows that it is necessary to pre-treat the bio-ethanol before applying
a membrane or develop new types of membrane whose adsorption is influenced less
by contaminants.

Combining HTF and membrane separation has the potential to realize a simple
conversion process, which will facilitate on-site bio-ethanol production at farm areas.
However, further developments in each of the technologies, investigation of a better
configuration of the integrated process, and a scale-up study are required.
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