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In response to the energy crisis, global warming, and climate
changes, biomass has received a great deal of interest as a
promising feedstock for the production of biofuels. Biofuels
derived from biomass are renewable and sustainable energies
with the potential to replace fossil fuels. In addition, the
development of biofuels might reduce a country’s reliance
on crude oil imports, mitigate greenhouse gas emissions,
and increase regional incomes. To determine the stand
of the latest available biotechnologies and keep the global
academic communities up to date to the current advances
in the conversion of biomass to biofuels, this special issue is
publishing 10 quality papers with the focus on the application
of biotechnology for the production of biomass-based fuels.

The paper titled “Isoprene Production on Enzymatic
Hydrolysate of Peanut Hull Using Different Pretreatment
Methods” by S. Wang et al. described the work on the use
of peanut hull for isoprene production. The authors applied
two pretreatment methods, hydrogen peroxide-acetic acid
(HPAC) and popping, prior to enzymatic hydrolysis. Results
demonstrated that the isoprene production on enzymatic
hydrolysate with HPAC pretreatment was about 1.9-fold
higher than that of popping pretreatment. The amount and
category of inhibitors such as formic acid, acetic acid, and
HMF varied among different enzymatic hydrolysates. In
addition, results showed that the enzymatic hydrolysate of
HPAC was detoxified by activated carbon.

The paper titled “Studies on the Ecological Adaptability of
Growing Rice with Floating Bed on the Dilute Biogas Slurry”
by Q. Kang et al. assessed the adaptability and possibility
of growing rice on floating beds with diluted biogas slurry.
The authors discovered that the growth stage, rice plant

height, and rice yield and quality were significantly affected
by multiple dilutions. It is found that the rice plants cultivated
with 45 multiple dilutions had better ecological adaptability
than others. Their study showed that it is possible and safe
to cultivate rice plants with diluted biogas slurry. The yield,
milled rice rate, and crude protein of the rice cultivated with
slurry are not as much as those of rice cultivated with regular
way in soil.

The paper titled “Strategies for Lipid Production Im-
provement in Microalgae as a Biodiesel Feedstock” by L. D.
Zhu et al. presents a review on the application of the strategies
to activate lipid accumulation, which opens the door for
lipid overproduction in microalgae. The review highlights the
main approaches for microalgal lipid accumulation induction
to expedite the application of microalgal biodiesel as an
alternative to fossil diesel for sustainable environment. To
promote microalgal biodiesel production during the scale-up
process, the achievement of lipid overproduction is essential,
and certain appropriate strategies can help realize the goal.
But, in practice, the lipid-inducing strategies can also be com-
bined in an effort to achieve lipid production optimization.

The paper titled “Simultaneous Saccharification and Fer-
mentation of Sugar Beet Pulp for Efficient Bioethanol Pro-
duction” by J. Berlowska et al. explored an approach to inves-
tigate the effects of pretreatment, the dosage of cellulase
and hemicellulase enzyme, and aeration on the release of
fermentable sugars and ethanol yield during the simultaneous
saccharification and fermentation (SSF) of sugar beet pulp-
based worts. The results showed that a 6h interval for
enzymatic activation between the application of enzyme
preparations and inoculation with ethanol red could further
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improve the fermentation performances, with the highest
ethanol concentration reaching 26.9 g/L and 86.5% fermen-
tation, compared to the theoretical yield.

The paper titled “Application of the Initial Rate Method
in Anaerobic Digestion of Kitchen Waste” by L. Feng
et al. developed a method of methane production through
the determination of the hydrolysis constants and reaction
orders at both low total solid (TS) concentrations and high
TS concentrations. The results showed that the first-order
hydrolysis model better reflected the kinetic process of gas
production. During the experiment, all the influential factors
of anaerobic fermentation retained their optimal values. For
a long reaction time, the authors believed that the hydrolysis
involved in anaerobic fermentation of kitchen waste could be
regarded as a first-order reaction in terms of reaction kinetics.

The paper titled “Outdoor Growth Characterization of an
Unknown Microalga Screened from Contaminated Chlorella
Culture” by S. Huo et al. used 18 s rDNA molecular technol-
ogy to isolate and identify one wild strain Scenedesmus sp.
E S. from the culture of Chlorella zofingiensis. The authors
discovered that Scenedesmus sp. E S. showed good alkali
resistance and robust adaption to the stress of the outdoor
environment. Furthermore, under normal conditions, the oil
content of Scenedesmus sp. F. S. could reach more than 22.0%,
and C16-Cl18 content could reach up to 79.7%, showing that
it had great potential as a large-scale cultivation strain for
biodiesel production.

The paper authored by C. Quan and N. Gao provides a
review on the copyrolysis of coal and biomass and then com-
pares their results with those obtained using coal and biomass
pyrolysis in detail. They also discuss the effects of reaction
parameters such as feedstock types, blending ratio, heating
rate, temperature, and reactor types on the occurrence of
synergy and point out the main properties of the copyrolytic
products.

The paper written by K. T. Dasa et al. examined the
inhibitory effects of LCFAs (palmitic, stearic, and oleic acid)
on biogas production as well as the protective effect of a
membrane bioreactor (MBR) against LCFAs. Their findings
showed that palmitic and oleic acid with concentrations of
3.0 and 4.5g/L resulted in >50% inhibition on the biogas
production, while stearic acid had an even stronger inhibitory
effect. The encased cells in the MBR system were found to be
able to perform better in the presence of LCFAs.

The paper authored by I. Masin and M. Petru dealt
with the complex approach to design specification that could
bring new innovative concepts to the design of mechanical
machines for oil extraction. Their presented case study as the
main part of the paper focused on the new concept of the
screw of machine mechanically extracting oil from Jatropha
curcas L. seeds.

The paper written by Wang et al. conducted the FTIR
analysis which showed that the chemical structure of lignin
was broken down in the LHW process. In addition, they also
explored the impact of untreated and treated lignin on the
enzymatic hydrolysis of cellulose. They also found that the
LHW-treated lignin had little impact on the cellulase adsorp-
tion and enzyme activities and somehow could improve the
enzymatic hydrolysis of cellulose.
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This article proposes a methane production approach through sequenced anaerobic digestion of kitchen waste, determines the
hydrolysis constants and reaction orders at both low total solid (TS) concentrations and high TS concentrations using the initial
rate method, and examines the population growth model and first-order hydrolysis model. The findings indicate that the first-
order hydrolysis model better reflects the kinetic process of gas production. During the experiment, all the influential factors of
anaerobic fermentation retained their optimal values. The hydrolysis constants and reaction orders at low TS concentrations are
then employed to demonstrate that the first-order gas production model can describe the kinetics of the gas production process.
At low TS concentrations, the hydrolysis constants and reaction orders demonstrated opposite trends, with both stabilizing after
24 days at 0.99 and 1.1252, respectively. At high TS concentrations, the hydrolysis constants and the reaction orders stabilized at
0.98 (after 18 days) and 0.3507 (after 14 days), respectively. Given sufficient reaction time, the hydrolysis involved in anaerobic
fermentation of kitchen waste can be regarded as a first-order reaction in terms of reaction kinetics. This study serves as a good

reference for future studies regarding the kinetics of anaerobic digestion of kitchen waste.

1. Introduction

Kitchen waste constitutes a key part of municipal waste,
making up as much as 30% to 50% of municipal solid waste
according to the National Environment Bulletin [1]. In China
alone in 2012, the amount of kitchen waste produced was
110 million tons [2]. Kitchen waste is sometimes used as
animal feed [3, 4], but it is also deposited in landfills, resulting
in reduced landfill capacity and environmental issues [5-7].
Consisting of organics containing starch, protein, fiber, and
fat, kitchen waste is characterized by high water content, high
organic content, and exposure to acidification [8]. Therefore,
anaerobic digestion is regarded as an effective way to recycle
kitchen waste, as it disposes of the waste without producing
contaminants. Meanwhile, methane, a clean energy source,
can be produced by anaerobic digestion, making this process
an example of good resource utilization [9, 10]. Additionally,
solid waste produced by anaerobic digestion contains high

nitrogen and phosphorus contents, such that it can be used
as organic fertilizer [11, 12] or feed for microalgae that
produces biodiesels [13]. In this way, addressing kitchen waste
with anaerobic digestion can promote recovery and reuse of
resources.

The first step in investigating reaction kinetics is to
determine the order of the reaction, which is an indicator of
the effect of reactant concentrations on reaction rates, as well
as a key parameter for studying the reaction mechanism. Four
approaches have so far been proposed for determining reac-
tion order: the integration method, the differential method,
the half-life method, and the initial rate method [14, 15].
The initial rate method is an easy and effective method for
determining reaction order. Defined as the transient rate
at the beginning of a reaction under certain conditions,
the initial rate is recognized as a good indicator of the
relationship between reactant concentrations and reaction
rates as reverse reactions and side reactions are negligible at
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this stage. Wanasolo et al. determined the hydrolysis constant
and reaction order in anaerobic digestion of fruits using
the initial rate method [16]. This study investigates trends
of the hydrolysis constant and reaction order in anaerobic
digestion of kitchen waste during experimental periods based
on the initial rate method and the methane yield. The results
demonstrate that anaerobic digestion of kitchen waste can be
described and predicted by the first-order reaction model.

2. Materials and Methods

2.1. Raw Materials and Inoculum. Kitchen waste was ob-
tained from the canteen of a local university. Nondegrad-
able substances such as fishbone and disposable chopsticks
were removed, and the waste was then cut into lcm X
lcm x 0.5cm cubes and stored at 4°C. The total solid (TS)
concentration and volatile solid (VS) concentration were
23.31% and 92.84%, respectively. Sewage sludge used as
inoculum was obtained from a local sewage plant and treated
at mild temperatures. The TS concentration, VS concentra-
tion, and carbon-to-nitrogen (C/N) ratio of the sewage sludge
were 11.26%, 77.79%, and 7.41, respectively.

2.2. Equipment and Methods. The customized reactor con-
sisted of three 1L wide mouth bottles used as a reaction
bottle, gas collection bottle, and water collection bottle. For
the three low T'S concentration tests, 17.8 g, 60.7 g, and 103.6 g
raw materials were mixed with 300 mL sludge in the reaction
bottle. Water was added as needed so that the solutions in
all reaction bottles reached 1L. In these cases, the initial TS
concentrations were 4%, 5%, and 6%, respectively. For the
three high TS concentration tests, 330.7 g, 352.1g, and 373.6 g
raw materials were mixed with 150 mL sludge in the reaction
bottle. Water was added as needed so that solutions in all
reaction bottles reached 500 mL. In these cases, the initial TS
concentrations were 19%, 20%, and 21%, respectively. High
purity N, was then injected into each reactor for 5 min to eject
air. The reaction bottles and gas collection bottles were con-
nected by glass tubes and pretreated latex tubes, followed by
sealing using rubber stoppers and sealant. Thermostatic water
baths were used to maintain the designated temperature.
Each experiment was designed to group 3 parallel samples.
After adding water to the fermentation reactor to the level
(1L), all reaction bottles were incubated at 37°C in the water
bath for 30d, during which period stirring was conducted
twice a day. The pH values of the solutions and gas produced
were measured daily to avoid issues such as the inhibition
phenomenon.

During the anaerobic fermentation process, all of the
influential factors retained their optimal values. Specifically,
the fermentation tank was heated in water to maintain an
internal temperature of 37°C, which is ideal for anaerobic
fermentation. The pH values of the solutions were adjusted to
fall within a range of 6.8 to 7.2. In addition, the fermentation
tank was shaken twice a day for purposes of stirring, and it
was sealed at all times.

2.3. Analytical Methods. The products in the TS concen-
tration group and the VS concentration group were heated
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to 103-105°C and 600°C, respectively. The pH values of the
solutions were determined using a digital pH meter. The
volume of the produced gas was measured using the saturated
salt water replacement method.

2.4. Anaerobic Fermentation Kinetic Model

2.4.1. Population Growth Model. The logistic equation is writ-
ten as follows:
P

le— t) /Pray) +2] W

P =
1+exp[(4R

max

where P is the accumulated amount of methane produced
per unit volatile organics at t moment (mL/gVS), P_,. is the
maximum production potential of methane (mL/gVS), R,
is the maximum production rate of methane (mL/gVS/d), t is
the reaction period (d), and A is the delay time (d).

The modified Gompertz equation is copied as follows:

R, xe
P

M=P><exp{—exp[ ()L—t)+1”>, )
where M is the accumulated amount of methane produced
per unit volatile organics at t+ moment (mL/gVS), P is the
ultimate amount of methane produced per unit volatile
organics (mL/gVS), R, is the maximum production rate of
methane (mL/gVS/d), t is the reaction period (d), and A is
the delay time (d).

The P, P, and P, values in the logistic equation
are identical to the kinetic parameters M, P, and R,, in
the modified Gompertz equation. This study adopted the
nonlinear regression method using the Origin 8.0 software
to carry out the kinetic parametric analysis for the logistic
equation and modified Gompertz equation.

2.4.2. First-Order Gas Production Model. A first-order gas
production model [17] was developed based on previous
studies demonstrating that biodegradable organics convert
into methane in certain ratios [18]:

1 d 1
;ln(%):;(ln(ym)+lnk)—k, (3)
where y,, is the theoretical amount of methane produced per
unit volatile organics (mL/gVS), y, is the practical amount
of methane produced per unit volatile organics at t moment
(mL/gVS), t is the reaction period (d), and k is the hydrolysis
constant (d — 1).

In this way, In(y,,) + Ink and k of the corresponding
organics can be identified.

2.5. Initial Rate Method. The procedures of the initial rate
method are as follows: Assuming the reaction follows bB +
cC = dA, the reaction rate (r) can be obtained by

r=—kc(B)" c(C)" = kc (A)’, (4)

where ¢(B) and ¢(C) are the initial concentrations of reactants
B and C, while c(A) is the concentration of product A at the
end of the reaction; m, #, and o represent the reaction orders
of B, C, and A, respectively [16].
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TABLE 1: Standard Gibbs free energy change when using glucose as fermentation substrate and bacteria for hydrolysis, acid production, and

fermentation.

Reaction equation (pH =7, T = 298.15K) AG? (kJ/mol) AS
CH,,0, + 4H,0 + 2NAD* — 2CH,COO~ + 2HCO,~ + 2NADH + 2H, + 6H" ~215.67 <0 >0
C¢H,,0, + 2NADH — 2CH,CH,COO" + 2H,0 + 2NAD" -357.87 <0 >0
C¢H,,04 + 4H,0 — 2CH;COO™ + 2HCO;™ + 4H, + 4H" -184.20< 0 >0
C¢H,,0, + 2H,0 — CH,CH,CH,COO™ + 2HCO,™ + 2H, + 3H" ~261.46 < 0 >0
C¢H,,0, + 2H,0 + 2NADH — 2CH,CH,OH + 2HCO, + 2NAD" + 2H, -234.83 <0 >0
C¢H,,04 — 2CH,;CHOHCOO™ + 2H" -217.70 < 0 >0

TABLE 2: Standard Gibbs free energy change when using hydrogen-producing acetogens for metabolism of organic acids and alcohols.

Reaction equation (pH =7, T = 298.15 K) AG? (kJ/mol) AS
CH,CH,O0H + H,0 — CH,;COO™ + 2H, + 2H" +9.6 >0 <0
CH,CH,COO™ + 3H,0 — CH,;COO™ + HCO,™ + H" + 3H, +76.1>0 <0
CH,CH,COO™ + 2HCO,~ — CH;COO™ + H* + 3HCOO"~ +72.4>0 <0
CH,;CH,CH,COO™ +2H,0 — 2CH;COO™ + H + 2H, +48.1>0 <0
CH,CH,CH,COO™ + 2HCO,” — 2CH3COO™ + H" + 2HCOO~ +45.5> 0 <0
CH,CH,CH,CH,COO™ + 2H,0 — CH,COO™ + CH,CH,COO™ + H' + 2H, +25.1>0 <0
CH,CHOHCOO™ +2H,0 — CH,COO™ + HCO;™ + H" + 2H, -42<0 >0

The initial rate method is based on different concentra-
tions of reactants. In this study, the concentration of one
reactant was assigned three different values for each group,
while the concentrations of the other reactants remained
constant. As the experiments proceeded, the concentrations
of reactants and products were measured regularly.

Anaerobic fermentation refers to a process in which
methane is produced from organics; therefore, the amount of
methane produced can be recorded and used to investigate
the hydrolysis constant and reaction order through the initial
rate method. If C — A represents the conversion of VS to
methane, then r = —kc¢”, where c denotes the concentration of
the reactant, namely, the mass of VS at the beginning. Define
the groups with 1, 2, and 3 times the initial TS concentrations
as Groups A, B, and C, respectively. Assuming they show con-
sistent hydrolysis constants, then r; = —k¢]' and r, = —kc),
where 7, /r, can be replaced by A,/A, (the ratio of gas pro-
duced at a specific moment); then, A,/A, = ¢"/c,”, which
canberearrangedasn = (In(A,/A,))/(In(¢, /¢,)), from which
n can be determined.

3. Results and Discussion

3.1. Entropy Change Analysis of Anaerobic Fermentation Proc-
ess. Entropy is a state function used to describe and char-
acterize the degree of chaos in a system. The entropy change
of a process is only related to the system’s initial state and
final state, regardless of the approach or method. AG denotes
the Gibbs free energy change, and AG = AH — T'AS. Under
conditions of constant temperature and pressure, the follow-
ing associations are true: if AS > 0 and AG < 0, then a
reaction spontaneously occurs; if AS < 0 and AG > 0, then a
reaction occurs nonspontaneously; if AS = 0 and AG = 0,
then the reaction is at an equilibrium state [19]. The entropy
change analysis of the anaerobic fermentation process

evaluates the process from a new perspective, providing a
reliable scientific theory for the development and perfection
of anaerobic fermentation technology, as well as the eval-
uation of treatment effects.

The complicated composition of kitchen waste makes
the complete AG analysis of the fermentation process dif-
ficult; therefore, the digestion substrate of kitchen waste is
simplified to glucose for convenience of analysis. In the
process of anaerobic fermentation, glucose is first hydrolyzed
and acidized into organic acids or alcohols with no less
than 2C, then converted into acetic acid, H,, and CO, by
hydrogen-producing acetogens, and finally transformed to
CH, under the action of methanogens. Table 1 elaborates the
standard Gibbs free energy change when using glucose as
the fermentation substrate and bacteria for hydrolysis, acid
production, and fermentation [20, 21].

The data in Table 1 indicate that the standard Gibbs free
energy changes for reactions in the hydrolysis, acid produc-
tion, and fermentation phases are all smaller than zero, which
implies that all the reactions take place spontaneously from
left to right under standard conditions.

Therefore, the entropy values of these reactions are all
greater than zero, and the processes increase entropy.

The standard Gibbs free energy change when using
hydrogen-producing acetogens for the metabolism of organic
acids and alcohols is shown in Table 2 [20, 22].

According to Table 2, the standard Gibbs free energy
changes for most of the reactions at the hydrogen and acetic
acid production phases are greater than zero, indicating
that most of the reactions do not take place spontaneously
from left to right under standard conditions. Therefore, the
entropy of these phases is less than zero, indicating an entropy
reduction process.
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TABLE 3: Standard Gibbs free energy change when using methanogens for metabolism of intermediates.

Reaction equation (pH =7, T = 298.15K) AG? (kJ/mol) AS
4CH,CH,COO™ + 3H,0 — 4CH,COO™ + HCO, + H* + 3CH, ~102.0<0 >0
2CH,CH,CH,COO™ + HCO,™ + H,0 — 4CH,COO" + H* + CH, ~394<0 >0
CH,COOH — CO, + CH, ~31.0<0 >0
4HCOOH — 3CO, + 2H,0 + CH, ~130.1<0 >0
4H, + HCO,” + H" — 3H,0 + CH, ~135.6 < 0 >0
2CH,CH,OH + CO, — 2CH,COOH + CH, ~1163<0 >0
CH,OH + H, — H,0 + CH, ~1125<0 >0
4CH;0OH — CO, + 2H,0 + 3CH, -104.9<0 >0
4CH;NH, + 2H,0 — CO, + 4NH,; + 3CH, -75.0<0 >0
2(CH,;),NH + 2H,0 — CO, + 2NH; + 3CH, -73.2<0 >0
4(CH,),N + 6H,0 — 3CO, + 4NH, + 9CH, ~743<0 >0
2(CH,),S + 2H,0 — CO, + 2H,S + 3CH, ~73.8<0 >0
TABLE 4: Fitting parameters for logistic equation.
TS/% Pinax Rinax A(d) R?
(mL/gVS) (mL/gVS/d)

480.60 21.91 —7.42 0.95125
5 534.81 42.48 -1.18 0.97202
6 503.78 32.24 -117 0.99414

Furthermore, the numerical values of AG? are generally
small. By appropriately modifying some of the reaction con-
ditions, the energy change AG? can be adjusted to fall below
0, prompting the reactions that happen from left to right.

The standard Gibbs free energy change when using meth-
anogens for the metabolism of intermediates is explained in
Table 3 [20, 23].

The data in Table 3 show that the standard Gibbs free
energy change values for reactions at the methane production
phase are all less than zero, signifying that all of the reactions
occur spontaneously from left to right under standard condi-
tions. Therefore, the entropy in this phase is greater than zero,
meaning that it is an entropy increasing process.

3.2. Result Discussion on Models for Anaerobic Digestion at
Low TS Concentrations

3.2.1. Result Discussion on Population Growth Model. The
anaerobic fermentation process of kitchen waste with initial
TS concentrations of 4%, 5%, and 6% was analyzed using a
population growth model. Nonlinear fitting with the software
Origin established the fitting parameters for the logistic
equation and modified Gompertz equation describing the
anaerobic fermentation of kitchen waste at different initial TS
concentrations (see Tables 4 and 5).

Tables 4 and 5 reveal that although the values of R* differ
for different TS concentrations, they all fall between 0.95 and
1. This proves that the population growth model is suitable
for simulating anaerobic fermentation and biogas production
of kitchen waste at low TS concentrations. For different TS
concentrations, the results also certify that the logistic equa-
tion and modified Gompertz equation are the right methods
for the fitting process of anaerobic fermentation and biogas

TABLE 5: Fitting parameters for modified Gompertz equation.

P R

TS (%) m A(d) R?
(mL/gVS) (mL/gVS/d)
485.10 26.52 -5.53 0.95981
540.94 3218 -4.95 0.98597
6 513.09 23.67 -6.34 0.99705

production of kitchen waste at various TS concentrations. In
particular, the modified Gompertz equation shows the great-
est gas production potential (540.94 mL/gVS) when applied
to kitchen waste at 5% TS concentration, followed by the
potentials for kitchen waste at 6% and 4% TS concentrations,
which are 513.09 mL/gVS$ and 485.10 mL/gVS, respectively.

Because kitchen waste contains a great deal of readily
decomposable organic starches like rice and steamed buns,
as well as a moderate amount of organic protein like lean
meat and eggs, the ratio between carbon and nitrogen during
the anaerobic fermentation process is always appropriate.
This not only accelerates the hydrolysis reaction but also
benefits the growth and reproduction of microbes, thereby
ensuring that the reaction proceeds smoothly. In this way, the
experiment can generate biogas from the beginning, without
any time delay.

3.2.2. Result Discussion of First-Order Gas Production Model.
Table 6 shows k and In (y,,) + In k at different TS concentra-
tions, as predicted by the proposed first-order gas production
model. The results show that R* > 0.99 is valid for all initial
TS concentrations, indicating good effectiveness on the part
of the proposed model for anaerobic fermentation of kitchen
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TABLE 6: Parameters of anaerobic fermentation of kitchen waste at
different TS concentrations predicted by the proposed first-order gas
production model.

Initial TS concentration Parameter

In(y,,) +1Ink k R?
4% 4.8109 0.2179 0.9930
5% 4.1292 0.1170 0.9938
6% 4.2131 0.1430 0.9965

waste at low TS concentrations. Hence, this model was used
for theoretical analysis of experimentally obtained data.

k is an indicator of the proportion of biodegradable
substances that have been digested, and large k values indicate
high reaction rates. While k reflects the rate at which the
methane is produced, y,, reflects the amount of gas produced.
Therefore, In y,, + Ink combines the overall amount of gas
produced and the rate at which it is produced, making
it a good indicator of the utilization of the biodegradable
substances in the raw material. In other words, In y,,, +In ks
a characteristic parameter of the gas production reaction. A
large In y,,, +1n k value indicates high gas production capacity
for the raw materials. Therefore, k values obtained in this
study indicate the rates at which organic macromolecules
were converted into compounds, while In y,, + Ink values
obtained in this study indicate the conversion efficiency of
organic macromolecules into methane.

The results revealed that the hydrolysis constants cor-
responding to TS concentrations of 4%, 5%, and 6% were
0.2179, 0.1170, and 0.1430, respectively. Meanwhile, the values
of In y,, + Ink corresponding to TS concentrations of 4%,
5%, and 6% were 4.8109, 4.1292, and 4.2131, respectively,
suggesting that the reaction rate was maximized at TS = 4%
and minimized at TS = 5%. Additionally, R* values of all
the groups exceeded 0.99, demonstrating good efficacy of
the proposed first-order gas production model in predicting
anaerobic fermentation of kitchen waste.

According to the formulas and experimental data from
the population growth model and first-order gas production
model, both models achieve a satisfying fitting effect for
the anaerobic fermentation and biogas production process
of kitchen waste with low TS concentrations. In this study,
the population growth model always yielded correlation
coefficient R* values between 0.95 and 1, while the first-
order gas production model yielded correlation coefficient
R? values greater than 0.99. These results indicate that, for
kitchen waste with low TS concentrations, the first-order
gas production model has the best outcome in fitting the
anaerobic fermentation and biogas production process, and
it can therefore be used for the theoretical analysis of the
experiments in general.

3.3. The Initial Rate Method for Anaerobic Digestion at Low TS
Concentrations. Let the groups whose initial TS concentra-
tions are 4%, 5%, and 6% be defined as Groups A, B, and
C, respectively. Assuming they show consistent hydrolysis
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FIGURe 1: Hydrolysis constant and reaction order of anaerobic
fermentation of kitchen waste at low TS concentrations.

constants, then r; = -k, r, = —kd, n = (In(A,/A,))/
(In(c,/c,)). In this way, n can be obtained. During the tests,
the hydrolysis constants and the reaction orders of all groups
were measured daily, and the average values were recorded
and shown in Figure 1.

The data indicates that the hydrolysis constant and reac-
tion order exhibit opposite trends, although both stabilize
eventually. The reaction order decreased during the first three
days to a minimum at 0.6822, increased from Day 4 to Day 17,
and finally decreased gradually until stabilizing at 0.99 from
Day 24. The hydrolysis constant increased during the first six
days, decreased from Day 7 to Day 17, and then increased
steadily until stabilizing at 1.1252 from Day 24. Therefore, the
hydrolysis of kitchen waste with initial TS concentrations of
4%, 5%, and 6% can be described by the first-order hydrolysis
dynamic equations proposed.

3.4. The Initial Rate Method for Anaerobic Digestion at High
TS Concentrations. In most studies concerning kitchen waste
digestion, the first-order hydrolysis constant is obtained
based on continuous dry fermentation. For instance, Wu et
al. investigated anaerobic digestion of kitchen waste mixed
with pig manure at mild temperatures [24]. In that study,
feeding of organic matters increased gradually. Li et al.
investigated the effects of loading rate on anaerobic digestion
of kitchen waste during gradually increasing organic feeding
[25]. In contrast to these studies, Lai et al. proposed a
gas production model based on semicontinuous anaerobic
digestion of kitchen waste mixed with pig manure during
gradually increasing organic feeding [26]. Linke investigated
the effects of organic loading rate on anaerobic digestion of
tomato-based solid waste and obtained k based on first-order
hydrolysis reactions [17]. Médhnert and Linke investigated the
dynamics of first-order anaerobic digestion of energy crops
mixed with animal manure and determined gas production
both theoretically and practically, as well as identifying con-
centrations of volatile solids in the reactor, concentrations of
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FIGURE 2: Hydrolysis constant and reaction order of anaerobic
fermentation of kitchen waste at high TS concentrations.

outflow liquids, and the reaction rate constant [27]. However,
none of these studies demonstrated the first-order model on
the anaerobic digestion of kitchen waste alone. This study
investigated the orders of sequenced reactions for waste with
initial TS concentrations of 19%, 20%, and 21% using the ini-
tial rate method in order to provide reference for determining
the reaction orders of dry fermentation of kitchen waste, as
well as modelling continuous dry fermentation processes.

The average hydrolysis constants and reaction orders
for anaerobic digestion of kitchen waste with initial TS
concentrations 0f19%, 20%, and 21%, from the initial moment
to a specific point, were obtained and shown in Figure 2.

As the data shows, the reaction order dropped from
0.8027 to 0.4552 during the first three days and then increased
to 1.2511 on Day 5. Afterwards, the hydrolysis constant
fluctuated and stabilized at 0.98 after Day 18. In contrast, the
hydrolysis constant increased during the first four days until
it reached 1.1479; then, it decreased from Day 5 to Day 8,
increased again, and stabilized at 0.3507 after Day 14. These
results suggest that hydrolysis of kitchen waste with initial TS
concentrations of 19%, 20%, and 21% can be described by the
first-order hydrolysis dynamic equations proposed.

4. Conclusions

(1) This paper analyzed the entropy changes corresponding
to each phase of the anaerobic biological treatment process.
In the hydrolysis and acidification phases, the standard Gibbs
free energy change AG? < 0, and the reactions happen spon-
taneously; therefore, it is an entropy increasing process. In
contrast, in the hydrogen and acetic acid production phases,
AG? > 0 for most of the reactions; therefore, it is an entropy
reduction process. In the methane production phase, AG? <
0, and the reactions take place spontaneously; therefore, it
is an entropy increasing process. Most of the reactions are
spontaneous during the anaerobic biological treatment pro-
cess; only the hydrogen and acetic acid production phases are
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nonspontaneous. From the perspective of thermodynamics,
these phases require additional energy and matter supply.

(2) This study determined the hydrolysis constants and
reaction orders for anaerobic digestion of kitchen waste
using the initial rate method, in addition to examining the
population growth model and first-order hydrolysis model.
The results prove that the first-order hydrolysis model can
better reflect the kinetic process of gas production. The results
demonstrate the application of the proposed first-order gas
production model in anaerobic digestion of kitchen waste.

(3) During 30 days of anaerobic digestion of kitchen waste
with low TS concentrations, the hydrolysis constants and
the reaction orders demonstrated opposite trends, and both
stabilized after 24 days at 0.99 and 1.1252, respectively.

(4) During 30 days of anaerobic digestion of kitchen
wastes with high TS concentrations, the hydrolysis constants
and reaction orders stabilized at 0.98 (after 18 days) and
0.3507 (after 14 days), respectively. These results demonstrate
that hydrolysis of kitchen waste with both low TS concentra-
tions and high TS concentrations can be described using the
proposed first-order hydrolysis dynamic equations.

(5) Given sufficient reaction time, the hydrolysis involved
in anaerobic fermentation of kitchen waste can be regarded
as a first-order reaction in terms of reaction kinetics.
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Outdoor microalgae cultivation process is threatened by many issues, such as pest pollution and complex, changeable weather.
Therefore, it is difficult to have identical growth rate for the microalgae cells and to keep their continuous growth. Outdoor
cultivation requires the algae strains not only to have a strong ability to accumulate oil, but also to adapt to the complicated
external environment. Using 18S rRNA technology, one wild strain Scenedesmus sp. FS was isolated and identified from the culture
of Chlorella zofingiensis. Upon contamination by Scenedesmus sp., the species could quickly replace Chlorella zofingiensis Gl and
occupy ecological niche in the outdoor column photobioreactors. The results indicated that Scenedesmus sp. FS showed high alkali
resistance. It also showed that even under the condition of a low inoculum rate (ODyg, 0.08), Scenedesmus sp. ES could still grow in
the outdoor raceway pond under a high alkaline environment. Even under unoptimized conditions, the oil content of Scenedesmus
sp. FS could reach more than 22% and C16-C18 content could reach up to 79.68%, showing that this species has the potential for

the biodiesel production in the near future.

1. Introduction

Due to the exorbitant cost input into nutritive salts such as
chemical fertilizers and high energy consumption in microal-
gae harvest, the microalgal biodiesel has not yet been suc-
cessfully applied in commercial production [1-4]. Utilizing
sunlight to magnify the cultivation of microalgae under
outdoor conditions is an effective way to reduce the cost
of microalgal cultivation. The current studies on energy
microalgae are mainly carried out at indoor labs as there
are many difficulties in outdoor cultivation [5-7]. In outdoor
cultivation, the microalga of interest is often vulnerable to
contamination with viruses, bacteria, fungi, insect pupae,
rotifers, protozoa, or other unwanted algal species. Among
them, rotifers and protozoa are the two organisms that are
able to seize ecosystem niche quickly due to their small
body, simple structure, and fast reproduction speed. They
prey on microalgae cells, resulting in a great reduction of

microalgae cell concentration, and exceedingly threatening
the microalgae production. Meanwhile, the complex and
changeable outdoor weather conditions make the cultivation
of microalgae have an uneven growth rate and thus produc-
tion is often difficult to be carried out [8-10].

Excellent microalgal strain is crucial to the realization
of microalgal biodiesel production. Outdoor cultivation
requires the selected algal strain not only to have a strong
ability to accumulate oil but also to adapt to the external
environment. The lipid accumulation of microalgae can be
improved by changing the element content in the culture
medium such as the deprivation of nitrogen, phospho-
rus, or other elements, while the outdoor adaptability of
microalgae is more difficult to be improved in a short
time. Through the amplification of 18S rRNA sequences of
unknown algal strains, the wild microalgal strain screened
from contaminated Chlorella zofingiensis G1 in an outdoor
column photobioreactor was preliminarily identified in this
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FIGURE 1: The wild microalgal strain in the outdoor pond observed
with light microscope at x400 magnification.

paper. Chlorella zofingiensis G1 could be quickly replaced by
the wild microalgal strain (Figure 1), which could occupy
ecological niche quickly, showing high alkali resistance and
antipollution performances. The wild microalgal fronds are
unicellular ellipse in shape with a smooth surface, and the cell
size is approximately 5.0-7.0 ym in length and 2.0-4.0 ym in
width under light microscope. At the same time, this paper
also examined the possibility for large-scale cultivation in the
outdoor raceway pond.

2. Materials and Methods

2.1. Materials. Colonies of microalgae were isolated from
contaminated Chlorella zofingiensis Gl in an outdoor pho-
tobioreactor in the district of Sanshui, Foshan city, China
(23°03'N-112°09'E). The isolated algal cells were cultured and
maintained in a BG11 medium [11] at 25°C under continuous
illumination by cool-white fluorescent lamps (light intensity:
2000 lux) in a 500 mL Erlenmeyer flask. Aeration and mixing
were achieved by the sparging air with 6.0% CO, through a
glass-filter, which was inserted to the bottom of the reactor
and the flow rate of gas was 0.5vvm, regulated by the gas
flow meter (Model G, Aalborg Instruments & Controls,
Inc., Orangeburg, NY, USA). The temperature of the culture
media was 25 + 1°C, regulated by the room air condi-
tioner (Gree Electric Appliances Inc., Zhuhai, Guangdong,
China). After 6 days of cultivation, when the cells were in
the logarithmic phase, the cultures were used for outdoor
experiments.

A 40 L vertical tubular outdoor photobioreactor (8.7 cm X
160 cm = diameter x height) was used to cultivate the above-
mentioned strain as seed cultures for the outdoor raceway
pond amplification cultivation.

rTaq, pMDI8-T, and T4 DNA Ligase were obtained
from Takara Biotech Co., Ltd., China. EasyPure Quick Gel
Extraction Kit was obtained from Beijing TransGen Biotech
Co., Ltd., China. The nucleotide sequences of these primers
(Table 1) were synthesized by Sangon Biotech Co., Ltd., China.
DNA sequencing was analyzed by Shanghai Life Technologies
Corporation, China. The primers NSI and NS8 were used
to clone the 18S rRNA sequence of microalgae. The primers
MI13 (—40) Forward and M13 Reverse were used to clone the
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TaBLE 1: Oligonucleotide primers used in this work.

Primer Sequence (' -3

NS1 GTAGTCATATGCTTGTCTC
NS8 TCCGCAGGTTCACCTACGGA
M13 (—40) Forward GTTTTCCCAGTCACGAC
MI13 Reverse CAGGAAACAGCTATGAC

inserted gene fragment in pMDI8-T and confirm the success
of TA cloning.

2.2. Identification Methods

2.2.1. Microscopic Observation. After shaking evenly, a drop
of 0.05 mL microalgae sample was dripped onto the slide, and
the sample was covered by glass (18 x 24 mm) and observed
with polarizing microscope from Nikon Instruments Eclipse
LV100 POL at x400 magnification.

2.2.2. Isolation of Genomic DNA of the Wild Microalgal Strain.
Wild microalgal strain was harvested during logarithmic
phase after 3-4 days of cultivation in a BG1l medium, frozen
in liquid nitrogen, and grounded using a pestle and mortar.
The genomic DNA was isolated by the CTAB method [12].

2.2.3. PCR Amplification of 185 rRNA from the Wild Microalgal
Strain. The 18S rRNA was amplified by PCR using the NS1
and NS8 universal primers as shown in Table 1 and the
genomic DNA was used as a template for PCR amplification.
PCR amplification was carried out in 0.2 mL tubes. The PCR
mixture included 10x PCR Buffer (Mg®" plus) 5 uL, dNTPs
(2.5mM) 4 uL, NS1 (20 uM) 1 uL, NS8 (20 uM) 1 uL, genomic
DNA 1uL, rTaq (5 U/uL) 0.2 uL, and deionized water 37.8 uL,
with a total volume of 50 yL. Amplification conditions were
as follows: 30 cycles at 94°C for 30's, 50°C for 30's, and 72°C
for 2min, followed by a final extension at 72°C for 5min.
PCR products were fractionated in 2% (w/v) agarose gels and
stained with ethidium bromide.

2.2.4. The Purification, Ligation, and Transformation of PCR
Product. The PCR product was recovered using EasyPure
Quick Gel Extraction Kit (Trans, Beijing), according to the
instruction book. The amplification products were ligated
into pMDI18-T vector (Takara) and then transformed and
sequenced, according to standard procedures described by
Sambrook et al. [13].

2.2.5. The Identification of Positive Transformants. Amplified
fragments with resistance to ampicillin were picked from the
medium, they were cultured in 3mL LB liquid medium at
150 rpm for about 20 h, and the colony was identified through
PCR using 1uL culture. Transformed E. coli DH5« were
picked from the medium containing 100 ug/mL ampicillin.
The PCR mixture included 10x PCR Buffer (Mg”* plus) 5 uL,
dNTPs (2.5mM) 4 uL, M13 (-40) Forward (20 uM) 1uL,
M13 Reverse (20 uM) 1uL, liquid culture 1 4L, rTaq (5 U/uL)
0.2 uL, and deionized water 37.8 uL, with a total volume of
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TaBLE 2: The quality of mountain spring water”.

Elements Content (ug/L)
Mn 5.99 + 3.46
Fe 22.37 +17.52
P 128.28 £ 1.50
Si 3481.00 £ 9.90
Na 28.27 £ 0.64
K 160.05 £ 6.12
Mg 1174.60 £ 9.33
Zn 26.84 + 4.02
Ca 1979.60 + 12.16
Mo n.d.

Cu n.d.

*Note: average values of water samples collected in two different locations;
n.d.: not detected.

FIGURE 2: Photograph of outdoor ponds for wild microalgae culti-
vation (8 m x 50 m).

50 uL. Amplification conditions were as follows: 30 cycles at
94°C for 30s, 46°C for 30s, and 72°C for 2 min, followed
by a final extension at 72°C for 5min. PCR products were
size fractionated in 2% (w/v) agarose gels and stained with
ethidium bromide. Volume of 1.5 mL culture was selected for
sequencing analysis (Life Technology, Shanghai).

2.2.6. Lipid Content and Fatty Acid Composition Analysis.
Bigogno's method (2002) was applied to quantify the amount
of total lipid content [14]. Fatty acid composition analysis
was carried out by the saponification reaction with the
participation of base catalyst [15].

2.3. Outdoor Raceway Pond Cultivation of the Wild Microal-
gae. The outdoor raceway ponds (brick cement ponds) were
located in Sanshui district, Foshan city, China (23°03'N-
112°09'E). The ponds were 50 cm in height, 8 m in width, and
50 m in length from north to south with semicircular arc at
both ends and had average of 23-25 cm depth of water (Fig-
ure 2). Paddle wheel device was installed to circulate the pool
liquid, which was operated at about 10 cm depth and rotated
at the speed of 15rpm. Cultivation water was mountain
spring water (Table 2). Nutrient composition was specified
in Table 2. A large amount of chemical fertilizer was added
to the outdoor raceway pond, including 300 mg/L of CO

2000 bp

1000 bp
750 bp

500 bp

250 bp

100 bp

FIGURE 3: Genomic DNA from wild microalgal strains (left) and
amplification results of 18S rRNA of wild microalgal strain (1: 18S
rRNA band; M: DL2000 DNA marker) (right).

(NH,),, 60 mg/L of KH,PO,, and 60 mg/L of MgSO,. The
initial optical density (ODgg,) of the culture was controlled
between 0.3 and 0.5 when appropriate amount preculture
broths were inoculated into the 25 m long small pond during
the logarithmic phase. In the process of cultivation, the
pH value was not adjusted. The pH, temperature, and light
intensity were recorded 4 times a day (8:00, 11:00, 14:00,
and 17:00). The biomass concentration was determined by
measuring the ODgg, value of the sample in the pond at
17:00. After 7 days of cultivation, the wild microalgae were
harvested.

3. Results and Discussion

3.1. Wild Algae Identification Using 185 rDNA Technology. The
CTAB method was used to extract the genomic DNA of wild
microalgae strains. The results in Figure 3 showed that the
genomic DNA sample was complete and no degradation phe-
nomenon was found in 1% (w/v) agarose gels electrophoresis
stained with ethidium bromide.

By using universal primers NSI and NS8 and the wild
algae genomic DNA as a template for PCR amplification,
a 1767bp band was obtained, as shown in Figure 3. A
total of 12 positive transformants of E. coli DH5« were
identified using primers M13 (—40) Forward and M13 Reverse
using 1uL culture as template. Electropherogram of PCR
products was from 12 positive transformants of E. coli DH5«
containing recombinant pMDI8-T. The bands were identified
by electrophoresis. As shown in Figure 4, the results suggested
that all 18S rRNA fragments with approximate length of 2 kb
were successfully connected to the pMDIS-T vector. The 12
positive transformants were named as 18S-1~18S-12. Of them,
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FIGURE 4: Electropherogram of PCR products from 12 positive transformants, carrying pMDI8-T in which the 18S rRNA gene sequence of
the wild alga was cloned. M13 primers were used for identification.

TCTAGAGATTGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTCTAAGTATAAACTGCTTATACTGTGAAACTG
CGAATGGCTCATTAAATCAGTTATAGTTTATTTGGTGGTACCTTACTACTCGGATAACCGTAGTAATTCTAGAGCTAATA
CGTGCGTAAATCCCGACTTCTGGAAGGGACGTATATATTAGATAAAAGGCCGACCGAGCTTTGCTCGACCCGCGGTGA
ATCATGATATCTTCACGAAGCGCATGGCCTTGTGCCGGCGCTGTTCCATTCAAATTTCTGCCCTATCAACTTTCGATGGT
AGGATAGAGGCCTACCATGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACG
GCTACCACATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCTGATACGGGGAGGTAGTGACAATAAATAACA
ATACCGGGCATTTCATGTCTGGTAATTGGAATGAGTACAATCTAAATCCCTTAACGAGGATCCATTGGAGGGCAAGTCT
GGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGGATTT
CGGGTGGGTTCTAGCGGTCCGCCTATGGTGAGTACTGCTATGGCCTTCCTTTCTGTCGGGGACGGGCTTCTGGGCTTC
ACTGTCCGGGACTCGGAGTCGACGTGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAGGCTTACGCCAGAATACTTT
AGCATGGAATAACACGATAGGACTCTGGCCTATCTTGTTGGTCTGTAGGACCGGAGTAATGATTAAGAGGGACAGTCG
GGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCTTGGATTTATGAAAGACGAACTACTGCGAAAGCATTTGCCAAG
GATGTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTCTCAACCATAAACGAT
GCCGACTAGGGATTGGCGAATGTTTTTTTAATGACTTCGCCAGCACCTTATGAGAAATCAAAGTTTTTGGGTTCCGGG
GGGAGTATGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAAGGGCACCACCAGGCGTGGAGCCTGCGGCTTAAT
TTGACTCAACACGGGAAAACTTACCAGGTCCAGACATAGTGAGGATTGACAGATTGAGAGCTCTTTCTTGATTCTATG
GGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGGTTGCCTTGTCAGGTTGATTCCGGTAACGAACGAGACCTCAGCCT
GCTAAATAGTCTCAGTTGCTTTTTGCAGCTGGCTGACTTCTTAGAGGGACTATTGGCGTTTAGTCAATGGAAGTATGAG
GCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGATGCATTCAACAAGCCTATCCT
TGACCGAAGGGTCTGGGTAATCTTTGAAACTGCATCGTGATGGGGATAGATTATTGCAATTATTAGTCTTCAACGAGG
AATGCCTAGTAAGCGCAAGTCATCAGCTTGCGTTGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTCCTACC
GATTGGGTGTGCTGGTGAAGTGTTCGGATTGGCAGCTTAGGGTGGCAACACCTCAGGTCTGCCGAGAAGTTCATTAA
ACCCTCCCACCTAGAGGAAGGAGAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAATCGTCGACC

FIGURE 5: 185 rDNA gene sequence of the wild strain.

18S-1~18S-5 were selected for sequencing and the results were
completely consistent (analyzed by Shanghai Life Biotech Co.,
Ltd.).

The 18S rRNA gene sequence amplified from this strain
is 1767 bp in length (Figure 5), which showed similarities
with other known sequences from green algae based on
the BLAST n results, with homology above 99% to Scene-
desmus obliquus and Scenedesmus acutus. The phyloge-
netic analysis indicated that this strain has a close rela-
tionship with Scenedesmus sp., named Scenedesmus sp.
FS (Figure 6). The sequences of 185 rRNA gene (frag-
ment) of those microalgae in NCBI GenBank were as fol-
lows: Scenedesmus obliquus: FR865738.1; Scenedesmus acutus:

AJ249512.1; Scenedesmus subspicatus: AJ249514.1; Neochloris
vigenis: M74496.1; Chlorella vulgaris strain CCAP 211/11F:
AY591515.1; Chlorococcum oleofaciens: KM020101.1; Chlamy-
domonas sp. A-SIO: AF517100.1; Chlamydomonas segnis:
U70593.1; Chlorococcum hypnosporum: U41173.1; Chlamy-
domonas cribrum: LC086333.1; Chlamydomonas mexicana:
AF395434.1; Scenedesmus sp. FS: KY268297.

3.2. Cultivation of Scenedesmus sp. FS in the Outdoor Raceway
Pond. As shown in Figure 7, the optical density of inoculum
was very low (ODggy, 0.08), and the raceway pond had a
large surface area to volume ratio, which could inhibit the



BioMed Research International 5

Scenedesmus obliquus
100
99 Scenedesmus acutus
36 My strain
99 Scenedesmus subspicatus

Neochloris vigenis
71 L Chlorella vulgaris strain CCAP 211/11F

Chlorococcum oleofaciens
Chlamydomonas sp. A-SIO

Chlorococcum hypnosporum

Chlamydomonas cribrum
Chlamydomonas mexicana

—

0.01

EG Chlamydomonas segnis
99

FIGURE 6: Phylogenetic tree constructed based on the 18S rRNA gene sequences of 11 strains of green algae and the experimental microalga

(Bootstrap values are indicated as percentages at the nodes).
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FIGURE 7: Growth curve and fluctuation of culture temperature (an
average value from 8:00 am to 5:00 pm each day).

growth of single cells at the initial phase due to strong light.
But in fact Scenedesmus sp. FS was still able to adapt to
the environment of outdoor raceway pond. The growth and
metabolism of Scenedesmus sp. FS was active, and the algae
did not experience the lag phase and directly got into the
logarithmic phase with a rapid growth rate.

In the experiment, light intensity and temperature in the
outdoor changed obviously, and the highest light intensity
reached more than 1500 ymol/ (m?-s), and water temperature
ranged from 18.1to 24.7°C. Sanchez et al. (2008) reported that
the optimal growth temperature of Scenedesmus almeriensis
was 35°C, and it could still survive at 48°C. This algae could
tolerate high light intensity (1625 ymol/(m?-s)) and could also
accumulate 0.55% (wt%) lutein under this light intensity [16].
In this experiment, the wild algae Scenedesmus sp. FS was also
able to tolerate similar light intensity. Additionally, the wild
alga was able to grow under high alkaline condition with pH
values between 9.0 and 9.7 (Figure 8). The dissolved oxygen
changed between 9.5 and 10.9 mg/L daily, which was relatively
stable. It can be seen that the wild algae Scenedesmus sp. FS
could well adapt to the outdoor conditions in the process of
cultivation. The pest pollution and other alien invasive algae
in this experiment were not significant, which indicates the
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FIGURE 8: The fluctuation of light intensity, pH, and dissolved
oxygen (DO) (the average value in the range of 8:00 am~5:00 pm)
under outdoor conditions.

scale-up potential of the wild algae under outdoor culture
conditions. In future studies, outdoor cultivation conditions
need further optimization to obtain larger biomass and
higher oil yield rate.

3.3. Oil Content and Fatty Acid Composition of Scenedesmus
sp. FS. Numerous studies have shown that nitrogen defi-
ciency can promote accumulation of oil in microalgae [17].
Goldberg and Cohen found that phosphorus deficiency could
also significantly promote oil accumulation of Monodus
subterraneus [18]. Under these conditions, the fixed CO, of
algal cells would be converted with priority into lipid or
carbohydrates, rather than proteins [8]. In normal culture
condition, fatty acid synthesized was mainly used in the
synthesis of membrane sugar-based glyceride and phospho-
lipids, which accounted for about 5-20% of the dry weight
of the algae cells. Under the nitrogen deficiency and other
adverse environmental conditions, algae cell would change
the oil synthesis route, beginning to accumulate neutral fat of
about 20-50% of the dry weight, with triacylglycerol (TAG)
as the main component. After 6 days of cultivation, the total
nitrogen and phosphorus concentration in the pond were



TABLE 3: Fatty acid composition (wt%) of the wild Scenedesmus sp.
FS cells.

Fatty acid wt%
C16:0 24.55
Clé:1 2.74
C18:0 2.56
C18:2 40.64
C18:3 9.19
C20:1 4.64
C20:2 4.53
C221 4.29
C24:1 2.45

70.8 + 2.8 mg/L and 6.0 + 0.1 mg/L, respectively, indicating
a sufficient supply of nitrogen and phosphorus. Oil content in
the algal cells increased slowly and oil content of Scenedesmus
sp. FS was not high with fatty acid composition 22.0 £+ 1.9%
of the algal weight.

The compositions of fatty acid methyl esters (FAMEs)
were shown in Table 3. The microalgal lipids mainly con-
tained FAMEs with 16-18 carbons with a high cetane number.
These lipids show better fuel properties and low temperature
performance and were considered suitable for sustainable
biodiesel production [19]. The content of FAMEs C16-C18
in the wild strain Scenedesmus sp. FS reached 79.68%, with
C16:0 24.55% and Cl18:2 40.64%, showing good potential for
development of biodiesel.

4. Conclusion

Using 18 s rDNA molecular technology, the dominant
microalgae strain screened from contaminated Chlorella
zofingiensis G1 in an outdoor photobioreactor was identified.
The isolated species belonged to Scenedesmus genus, which
was named Scenedesmus sp. FS. Under the conditions of a
low concentration inoculation, this strain still had good alkali
resistance and robust adaption to the stress of the outdoor
environment. It had great potential as a large-scale cultivation
strain for biodiesel production. Further research would be
focused on the optimization of the culture conditions and the
use of random mutagenesis technology, directed evolution
method, or other technical means to obtain higher biomass
and oil yield of the alga Scenedesmus sp. FS.
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This study aimed to explore the ecological adaptability and the possibility of growing rice with floating bed on the dilute biogas
slurry. The results of the experiments show that the growth stage, rice plant height, and rice yield and quality were significantly
affected by multiple dilutions; rice plants cultivated with 45 multiple dilutions had better ecological adaptability than others. In the
45 multiple dilutions’ group, the yield of rice was 13.3 g/bucket (8 rice plants), milled rice rate was 63.1%, and the content of crude
protein in the rice was 6.3%. The concentrations of heavy metals in the rice cultivated with 30 multiple dilutions’ slurry, such as
total lead, cadmium, mercury, chromium, and arsenic, were all below the national standard. The study shows that it is possible and
safe to cultivate rice plants with no soil but diluted biogas slurry. In the experiments, the yield, milled rice rate, and crude protein
of the rice cultivated with slurry were not as much as those of rice cultivated with regular way in soil. This study provides the basic
theoretical support for the development of biogas projects and the potential achievement of organic farming in special agricultural

facilities and circular economy.

1. Introduction

Since the 2lst century, energy shortage and environment
pollution have become more severe. Due to the advantages
in generating alternative energy and reducing environment
pollution, the biogas projects developed rapidly in recent
years. By the end of 2011, merely in China, 73032 biogas
projects have already been established in large or medium
scale [1]. For Mexico, the biogas generated from slurry has
potential to produce 21P] per year, equivalent to 3.5% of
natural gas consumption in 2013 [2]. Great attention has
been paid to anaerobic digestion of animal waste, because it
produces renewable energy in an environmentally friendly
manner and therefore the construction of biogas plants is
increasing around the world [3]. The biogas project not
only reduces the agriculture waste but also produces clean
bioenergy, which also contributes to considerable economic
benefits.

The main problem about biogas projects is the large quan-
tity of biogas slurry, the by-product of biogas production. Bio-
gas slurry is a good source of plant nutrients and can improve

soil properties [4-7]. The biogas slurry is normally slightly
alkaline (pH 7.0-8.5). Despite the big carbon loss via methane
and carbon dioxide generation, ninety percent of the raw
nutrients remain in the slurry. It is estimated that the biogas
slurry consists of 0.026%-0.081% total nitrogen (ammonia
nitrogen 60%-75% and the rest is organic nitrogen), 0.02%-
0.07% total phosphorus, and 0.047%-1.40% total potassium.
In addition, biogas slurry is rich in trace elements (such as
iron, zirconium, copper, boron, and molybdenum), auxins
(such as gibberellin, indoleacetic acid), B group vitamins,
and some antibiotics [8-10]. A tomato one-growing-season
field study showed that the application of concentrated slurry
can significantly bring up the total N, P, and K contents,
conductivity, and fruit contents of amino acids, protein, sol-
uble sugar, b-carotene, tannins, and vitamin C [11]. Zheng et
al. found that biogas slurry-chemical fertilizers combination
increased peanut grain yield and biomass, due to increases
in soil N and P availability, microbial biomass C and N
concentrations, and urease and dehydrogenase activities [12].
Win et al. concluded that the application of biogas slurry
may be considered a substitute to the utilization of chemical
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fertilizer without much greenhouse gas emission and heavy
metal uptake [13]. Garg et al. applied fly ash and biogas slurry
combination and found positive effects on the wheat yield and
soil properties [6]. From past research, we find that biogas
slurry does have the potential to improve soil properties and
crop yield.

However, the problem is that there is no enough land
for such large quantity of biogas slurry to utilize. With the
surging development of collective livestock farms, around 2
hundred million tons of biogas slurry is produced every year
only in China [14]. Owing to the propagation of household-
scale anaerobic digesters and biogas plants in many Asian
countries, including China, the amount of biogas slurry has
drastically increased [15, 16]. Large livestock farm usually
does not possess enough land space for the decomposition
of biogas slurry. And the excessive discharge of biogas slurry
not only changes the soil property but also causes secondary
pollution [17-20]. Conventional wastewater treatment is not
usually adopted to treat biogas slurry, due to its high costs and
waste of nutrients [21]. The utilization of such large quantity
of biogas slurry is of great significance in large-scale farming
and biogas energy generation. At present, biogas fertilizer is
mainly used for the relatively small size of more economic
crops, such as vegetables, fruits, tobacco, and aquaculture.
Rice is the most important staple food crop for the demand
of the increasing population of the world and about 90%
of world rice production comes from Asia [22]. Due to
the position of rice in China’s grain production (the largest
total output and acreage), rice production is undoubtedly
the largest biogas fertilizer consumed in China [23]. Many
investigations focus on the rice field soil properties improve-
ment or the environment affliction by biogas slurry [13, 24].
Song et al. studied growing rice with floating beds on natural
waters [25]. Tian [26] studied growing rice with floating beds
on the water of reservoirs. They all got good yields. Of all
the research studies, few are about the direct utilization of
rice soilless cultivation. This study’s aim is to explore the
ecological adaptability and the possibility of growing rice with
floating bed on the dilute biogas slurry.

Artificial floating bed technology [27], which belongs
to a surface soilless growing technology, has been recog-
nized as a cost-effective and feasible process in wastewater
treatment, especially for decentralized wastewater in rural
areas. Currently, artificial floating beds have been widely used
globally and often installed over waterbodies at weirs, ponds,
rivers, reservoirs, and lakes [28]. In general, artificial floating
beds have followed four main functions: water purification,
habitat for fish and birds, improvement of landscape, and a
break-water to protect the littoral zone. The function of water
purification means to effectively and permanently remove
excessive nutriments (mainly N and P) out of water volumes.
The amount of time required to fulfill this purpose depends
on the volumes and conditions of wastewater, the extent of
active biofilms, and the maturity of bed plants as well as
other environmental factors. Until now, despite numerous
studies on floating plantation, most efforts have focused on
wastewater treatment by cultivating plants on the beds. In
contrast, using biogas slurry to cultivate economic plants
on the floating bed has merely been studied. Thus, more
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empirical studies need to be conducted and the emphasis can
be put on the factors that affect the growth of floating bed
species.

In order to explore the feasibility of the direct utilization
of biogas slurry in soilless rice production, this study con-
ducted a floating bed rice planting experiment with diluted
biogas slurry as medium. This study has the potential to
provide the theoretical support for expanding the biogas
utilization processes and developing the land-, water-, and
fertilizer-saving facility agriculture.

2. Material and Methods

2.1. Materials and Planting Experiment. The planting experi-
ment was carried out at the Hubei University, Wuhan, China,
in a greenhouse with transparent rain shield cover on top.

The experimental biogas slurry was from a mesophilic
biogas project in Tianmen City, Hubei Province, China.
Its nutrient content and heavy metal concentration were
measured. Before planting, the slurry was diluted by distilled
water in descending dilution factor from 0 to 60 at intervals
of 5. The diluted slurry is the medium for rice cultivation.
At each dilution factor, 12-liter diluted slurry was collected
and duplicates were applied. The slurry was kept into plastic
buckets. 24 buckets were needed in total.

The experiment rice type is Ewan number 17. After 20 days
of breeding in Tian Xin Zhou rice production area, the rice
was ready for transplantation to the greenhouse. The foam
board was cut into rounds with diameters slightly smaller
than the buckets. Four equally spaced holes with diameters
of around 2cm were drilled on each of the foam boards.
And all the foam boards were put in the buckets. Then, the
rice seedlings were transplanted into the foam board of the
buckets. Each small hole held two seedlings and each bucket
contained eight seedlings. Seedlings were fixed with sponges.
The planting experiment started on July 20th, 2015.

2.2. Sample Preparation and Analysis. After the seedlings
were transplanted into the buckets, distilled water was added
to each bucket to keep a relatively stable water volume.
The slurry dilution medium in each bucket was changed
every 15 days. The rice growth was observed and recorded
from the beginning to the last day. The rice plants height
and conductivity of the different multiple dilutions were
measured. Plant height was measured with a ruler with
accuracy to a millimeter, and conductivity was measured by
portable conductivity meter (model: 320C-01A).

After the rice was mature, the rice panicle in each
bucket was collected and the rice yield was measured. The
rice husks were removed and the crude protein content
and milled rice weight and rate were determined. Crude
protein was measured by semimicro-Kjeldahl method. Heavy
metals (copper, zirconium, lead, cadmium, and chromium)
were determined by atomic absorption spectrophotometer
(copper, zirconium by Flame method with model 4510; lead,
cadmium, and chromium by graphite furnace method with
model 4510F); Arsenic and mercury were determined by
atomic fluorescence spectrometer (model: PF6-2).
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TaBLE 1: The conductivity value of different multiple dilutions biogas slurry (ys/cm).

Multiple dilutions 0 5 10 15 20

Conductivity (us/cm) 3262 2480 1671 1192 974

25 30 35 40 45 50 55 60
872 784 719 638 605 566 532 438

2.3. Data Treatment and Analysis. Data are presented as
mean + standard deviation. Significant differences between
and within multiple groups were examined using one-way
ANOVA test followed by Tukey multiple comparisons test.
The statistical analysis was performed by GraphPad Prism
6.0 software. A value of P < 0.05 was considered statistically
significant.

3. Results and Analysis

3.1. Biogas Components and Conductivity. For nutrients, total
nitrogen, phosphorus, and potassium were 0.13%, 0.023%,
and 0.8% of the biogas slurry, respectively. The concentrations
of the heavy metals, Zn, Cr, Cd, Pb, and Hg, were 3.33, 0.05,
0.001, 0.01, 0, and 0.004 mg/L, respectively. The pH of the
slurry was 73 and CODg, concentration was 2,460 mg/L.
The copper, zirconium, and CODg, concentrations exceeded
the Chinese national standards for irrigation water quality
(GB5084-1992). But when the slurry was diluted 2 times, the
standards could be met.

According to Chinese national standards on the heavy
metals and toxic substance in the water used in no-soil
cultivation (Cu < 0.1mg/L, Zn < 0.2mg/L), the copper and
zirconium concentrations exceeded the standard. When
diluted 10 times, the standards could be met. In addition to
the concentration of the nutrient components, either too high
or too low conductivity of the culture solution used during
no-soil-cultivation process can affect the growth of plants.
Conductivity values of the different multiple dilutions were
measured and shown in Table 1.

3.2. The Impact of Slurry Dilution Rate on Rice Growth Stages.
The rice growth stages started from the day when it was
sowed. The period of the first 20 days was a seedling stage.
And, on the 20th day, rice was transplanted into the diluted
slurry medium. The rice cultivated by normal way in soil usu-
ally experiences seedling stage, tillering stage, heading stage,
flowering stage, grain filling stage, and fructicative stage. In
the experiments, the rice cultivated with slurry of 30 to 55
multiple dilutions experienced tillering, heading, flowering,
grain filling, and fructicative stages; the rice cultivated with
slurry of 20, 25, and 60 multiple dilutions experienced only
tillering, heading, and flowering stage. The rice cultivated
with the 10 and 15 multiple dilutions’ slurry experienced only
tillering stage and heading stage. The relationship between
the growth stages and the slurry dilution rate is shown in
Table 2.

3.3. The Impact of Slurry Dilution Rate on Height of Rice Plants

3.3.1. The Height Change Trend during Rice Cultivated in Dif-
ferent Multiple Dilutions. After rice was transplanted into the

diluted slurry medium, the height of the plants of all groups
was measured on different growing days.

Figure 1(a) shows that the rice was alive when it was
cultivated by the biogas slurry of 10 and 15 multiple dilutions
in all days. On the 10th, 14th, 17th, 23rd, 36th, 60th, 90th, and
115th day, the height of rice plants cultivated by the biogas
slurry of 15 multiple dilutions is greater than that cultivated
by the biogas slurry of 10 multiple dilutions. On the 5th and
10th day, the rice died when cultivated by the biogas slurry of
0 and 5 multiple dilutions.

Figure 1(b) shows that the height of rice plants cultivated
by the biogas slurry of 35 multiple dilutions is greater than
that cultivated by the biogas slurry of 25 multiple dilutions
on the 14th, 90th, and 115th day. On days 17, 25, 28, 34, 36, 60,
90, and 115, the height of rice plant which were cultivated with
the biogas slurry of 35 multiple dilutions is greater than that
with 20 multiple dilutions. There was no serious significance
between the biogas slurries of 25 and 30 multiple dilutions in
all days.

Figure 1(c) shows that all of the rice was alive cultivated
with the biogas slurry of 40-55 dilutions, and the heights of
rice plants have increased time-dependently.

3.3.2. The Relationship between Multiple Dilutions and the
Height of Rice Plant on Days 28, 60, 90, and 115. The height of
plant data on the 28th, 60th, 90th, and 115th day was selected
and analyzed as follows.

(1) The Effect of the Biogas Slurry Multiple Dilutions on the
Height of Rice Plant on the 28th Day. Figure 2 indicates that
the multiple dilutions have obvious effects on the height of
rice plants in the 10-30 multiple dilutions’ group on the
28th day. The height of rice plants of 35 multiple dilutions
was greater than that of 10, 20, 40, 50, 55, and 60. It is
not statistically significant in the 40-60 multiple dilutions’
groups.

(2) The Effect of the Biogas Slurry Multiple Dilutions on the
Height of Rice Plant on the 60th Day. Figure 3 shows that there
is positive relationship between 10-45 multiple dilutions of
the biogas slurry and the height of rice plants, and the height
of rice plants of 45 multiple dilutions was greater than that
of 10, 15, 20, 25, 30, 35, and 40 multiple dilutions on the
60th day. After 45 multiple dilutions, the height of rice plants
is decreased, but there is no obvious significance in 45-60
multiple dilutions.

(3) The Effect of the Biogas Slurry Multiple Dilutions on the
Height of Rice Plants on the 90th Day. Figure 4 shows that
there is a direct relationship between 10-45 multiple dilutions
of the biogas slurry and the height of rice plants, and the
height of rice plants of 45 multiple dilutions was greater than
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TABLE 2: The growth stages of rice cultivated with different diluted biogas slurry.
Multiple dilutions ~ Duplication Tillering Heading Flowering Grain filling Fructicative
stage stage stage stage stage
10 1 v N X X X
2 Y J x x x
15 1 v v X X X
2 v v X X X
20 1 N v v x x
2 v v v x x
2 1 N N N x x
2 v v v x x
" 1 N v N N v
2 v v v v v
5 1 N N N N N
2 v v v v v
10 1 N N N N v
2 v v v v v
5 1 N v v v J
2 v v v v v
% 1 N N N N v
2 v J J J J
. 1 N N N N N
2 v v v v v
6 1 N N N x x
2 v v v x x

Note: / shows the rice plants have ever experienced the growth.
x shows the rice plants have not experienced the growth.

that of 10, 15, 20, 25, 30, 35, and 40 multiple dilutions on
the 90th day. After 45 multiple dilutions, there is a reverse
relationship between multiple dilutions and the height of rice
plants, and the height of rice plants of 60 multiple dilutions
was less than that of 45 multiple dilutions.

(4) The Effect of the Biogas Slurry Multiple Dilutions on the
Height of Rice Plants on the 115th Day. Figure 5 shows that
there is a direct relationship between multiple dilutions and
the height of rice plants in 10-45 dilutions’ groups on the
115th day, and, specifically, the height of rice plants of 45
multiple dilutions was greater than that of 10, 15, 20, 25, and
30, and the height of rice plants of 35 and 40 multiple dilutions
was greater than that of 30. After 45 multiple dilutions, there
is a reverse relationship between multiple dilutions and the
height of rice plants, and the height of rice plants of 45 and
50 multiple dilutions was greater than that of 60 multiple
dilutions.

Based on Figure 5, the height of rice plants cultivated with
40, 45, and 50 multiple dilutions was obviously greater than
that of other dilutions on 115th day.

The height of rice plants was affected significantly by
multiple dilutions; the rice was not alive in the 0-5 mul-
tiple dilutions; however, it was alive in the 10-60 multiple
dilutions. The height of rice plants shows the tendency from

increase to decrease with the increase of multiple dilutions,
and the height of the rice plant begins to decrease after 30
dilutions on the 30th day, and it tends to decrease after 45
dilutions on the 60th, 90th, and 115th day.

When the experiment was finished on the 115th day, the
height of rice plants in 40, 45, and 50 dilutions was greater
than that of other multiple dilutions.

3.4. The Effect of the Biogas Slurry Multiple Dilutions on the
Yield and Quality of the Rice

3.4.1. The Effect of the Biogas Slurry Multiple Dilutions on the
Yield of the Rice. Figure 6 shows that the rice plant produced
rice with 30, 35, 40, 45, 50, and 55 multiple dilutions. There
is a positive relationship between the production of rice
and the multiple dilutions, and, specifically, the height in 45
multiple dilutions is the greatest one in all 30, 35, 40, and 45
multiple dilutions. There is a reverse relationship between the
production of the rice and 45-55 dilutions, and moreover the
production of the rice was the lowest in the 55 dilutions.

3.4.2. The Effect of the Biogas Slurry Multiple Dilutions on
the Content of Crude Protein in the Rice. Figure 7 shows that
there is reverse relationship between the multiple dilutions
and the content of crude protein in the rice. Specifically, the
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FIGURE 1: The relationship between the rice plant height and multiple dilutions during growth days. (a) represents the rice plants height of
the 0, 5, 10, and 15 multiple dilutions’ groups during growth days. P < 0.05, 15 versus 10 multiple dilutions’ group. **P < 0.01, 15 versus
10 multiple dilutions’ group. (b) represents the rice plants height of the 20, 25, 30, and 35 multiple dilutions’ groups during growth days,
*P < 0.05, 35 versus 20 multiple dilutions’ group, ** P < 0.01, 35 versus 20 multiple dilutions’ group, * P < 0.05, 25 versus 20 multiple dilutions’
group, **P < 0.01, 25 versus 20 multiple dilutions’ group, °P < 0.05, 35 versus 25 multiple dilutions’ group, and P < 0.01, 35 versus 25
multiple dilutions’ group; (c) represents the rice plants height of the 40, 45, 50, 55, and 60 multiple dilutions’ groups during growth days.

content of crude protein in the rice in the 30 dilutions was
higher than that in 55. Moreover, there was no significant
relationship between the contents of crude protein in 30, 35,
40, and 45 dilutions’ groups. Finally, the content of crude
protein in the 55 dilutions is the lowest.

3.4.3. The Effect of the Biogas Slurry Multiple Dilutions on the
Milled Rice Rate. Figure 8 shows that there was a reversed
relationship between the milled rice rate and multiple dilu-
tions. Specifically, the milled rice rates in 30, 35, 40, and
45 dilutions’ groups were higher than that in 55. Moreover,
the milled rice rates in 30 and 35 dilutions were higher
than that in 50. Finally, there were no obviously significant

relationships both in 30, 35, 40, and 45 multiple dilutions’
groups and in 50 or 55 groups.

3.5. Heavy Metal Concentration in the Rice. The heavy metals
concentrations in the rice growing in the 30 times’ dilution
were measured. The total lead, cadmium, mercury, and
arsenic concentrations were 0.02, 0.05, 0, and 0.02 mg/kg
milled rice, respectively. All reached the Chinese Hygienic
Standard for Grains (GB2715-2005). Total chromium concen-
tration was 0.05 mg/kg, which also met the requirements of
the standards for food safety (GB2762-2012).

The copper and zirconium concentrations were 1.02 and
1.51 mg/kg, respectively. Both were the nutrient elements in
rice.
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FIGURE 2: Height of the rice plant in different multiple dilutions on
the 28th day. *P < 0.05, versus 35 multiple dilutions’ group. **P <
0.01, versus 35 multiple dilutions’ group.
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FIGURE 3: Height of rice plants in all different groups on the 60th day.
*P < 0.05, versus 45 multiple dilutions” group, **P < 0.01, versus 45
multiple dilutions’ group.

4. Discussion

4.1. The Ecological Adaptability of Growing Rice with Diluted
Biogas Slurry. The results show that the slurry dilution rate
had a significant impact on the growth stages, plant height,
and yield and quantity of rice. The reasons are as follows.
The plants cultivated in no soil absorb nutrition such as
water and nitrogen and phosphorus and potassium elements
and so on from the nutritive medium. So the nutritive
medium is the key for the growth. When the dilution rate was
0 and 5, the conductivity value of the slurry was 3,262 ys/cm
and 2,480 pus/cm, which is equal to 3/5 and 1/2 of the sea
water. The inorganic salt concentration was so high that it was
higher than that of plant cell fluid, which caused the death
of the rice plants. When the dilution increased over 10 (the
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FIGURE 4: Height of rice plants in all different groups on the 90th
day. " P < 0.05 versus 45 multiple dilutions’ group; ** P < 0.01 versus
45 multiple dilutions’ group.
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FIGURE 5: Height of rice plants in all different groups on the 115th
Day. “P < 0.05 versus 45 multiple dilutions’ group; “*P < 0.01
versus 45 multiple dilutions’ group; * P < 0.01, 50 versus 60 multiple
dilutions” group; °P < 0.05 35 versus 30 multiple dilutions’ group;
and ° P < 0.01 40 versus 30 multiple dilutions’ group.

conductivity value was over 1,671 us/cm), the plants were alive
and grew.

When the dilution rates were 30 to 55, the conductivity
value was from 784 us/cm to 532 ps/cm and the rice plants
produced rice. When the dilution rate was 60 (the conduc-
tivity value was 438 us/cm) the rice plant did not grow or
produce rice. The possible reason is that nutrient substance
in the 60 dilutions’ biogas slurry is too low. The yield of
rice and height of the rice plants increased firstly and later
decreased with the increase of dilutions. The possible reason
is that, with the increase of dilutions, the conductivity value
and nutrient substance reached a relatively suitable value for
rice to grow well. But when the dilution increased, there was
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FIGURE 6: The relationship between the milled rice yield and
multiple dilutions. *P < 0.05 versus 45 multiple dilutions’ group;
**P < 0.01 versus 45 multiple dilutions’ group; and *P < 0.05 versus
55 multiple dilutions’ group.
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FIGURE 7: The relationship between the content of crude protein and
multiple dilutions. *P < 0.05 versus 55 multiple dilutions” group.
*P < 0.05 versus 50 multiple dilutions” group.

less of the nutrient substance in the slurry, which affects the
yield of rice and height of the rice plants. Considering the
situation of the yield, milled rate, and crude protein of the rice
together, among all the dilutions, the 45 multiple dilutions
are better than others. In the 45 multiple dilutions” group, the
yield of rice was 13.3 g/bucket (8 rice plants); milled rice rate
was 63.1%, which was 10% lower than that in average of rice
cultivated by normal way in soil; the content of crude protein
in the rice was 6.3%, which was also lower than that in average
of rice cultivated by the normal way in soil (9.3%).

The concentrations of heavy metals in the rice, such as
lead, chromium, and arsenate, cultivated with 30 dilutions
reached the Chinese Hygienic Standard for Grains (GB2715-
2005).

In this experiment, the rice yield was lower than the
conventionally planted rice. The reason might be that when

100
* %

Milled rice rate (%)

30 35 40 45 50 55
Multiple dilutions

F1GURE 8: The relationship between the milled rice rate and multiple
dilutions. *P < 0.05 versus 55 multiple dilutions’ group, **P < 0.01
versus 55 multiple dilutions’ group, and *P < 0.05 versus 50 multiple
dilutions’ group.

biogas slurry acts as the only nutrient source, the growing
environment is not nutrients-balanced. When the rice fertil-
izer requirement increased, the biogas slurry concentration
was not increased accordingly. Overall nutrients content of
biogas slurry was relatively low [29]. Also the low iron content
of the slurry contributed to the frequent rice iron deficiency
during the experiment [30]. Regular addition of iron to the
medium could maintain a stable growth of lettuce, celery,
tomato, cucumber, and eggplant. This indicated that the
addition of chelated iron was effective in solving biogas slurry
iron shortage [31].

The heavy metals’ concentrations in the rice growing
in the 30 times dilution were measured. The total lead,
cadmium, mercury, and arsenic concentrations reached the
Chinese Hygienic Standard for Grains (GB2715-2005). It
shows cultivating rice in over 30 dilutions’ biogas slurry is
safe.

4.2. Swine Manure-Biogas Slurry-Rice-Biofuel Circle Mode.
Scalable rice production with biogas slurry not only can
bring economic benefits by harvesting rice but also can
provide an economic production model with swine manure-
biogas slurry-rice-biofuel biomass energy circle (Figure 9).
As shown in Figure 7, rice could be obtained by the cultiva-
tion in biogas slurry, while rice straw could be used for the
generation of biofuels such as bioethanol and biogas. The by-
product of rice straw fermentation was biogas slurry, which
can in turn be used to grow rice. Thus, a nitrogen circle
was formed by this approach. The process also presented
a highly viable measure for biogas upgrading, since CO,
from crude biogas was consumed during the microalga
photosynthesis. The production of straw-based biofuels in
the form of bioethanol and biogas can compensate energy
consumed in the system [32]. In other words, the biofuels
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generated can serve as the primary energy source for the
operation of the whole process.

5. Conclusions

This study shows that it is possible and safe to cultivate
rice plants on the floating bed with no soil but the diluted
biogas slurry from by-products of biogas project. Among 0-
60 multiple dilutions, rice plants cultivated with 45 multiple
dilutions had better ecological adaptability than others. How-
ever the yield, crude protein, and milled rice rates of the rice
plants cultivated with 45 multiple dilutions are not as much
as those of rice cultivated in the regular way in soil.

The next research direction is comparing the nutrition
components in the diluted biogas slurry with the nutrition
components in the regular soil and adding extra nutrients
or compound fertilizer to the biogas slurry in different rice
growth stages for the purpose of increasing the rice yield and
quantity.

This technique provides a problem solving approach to
the big amount of slurry discharge in the livestock farms.
Apart from economic benefits, the production circle of
swine manure-biogas slurry-rice-biofuel has the potential to
contribute to reducing the carbon footprint and protecting
the environment.
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The present study is about the use of peanut hull for isoprene production. In this study, two pretreatment methods, hydrogen
peroxide-acetic acid (HPAC) and popping, were employed prior to enzymatic hydrolysis, which could destroy the lignocellulosic
structure and accordingly improve the efficiency of enzymatic hydrolysis. It is proven that the isoprene production on enzymatic
hydrolysate with HPAC pretreatment is about 1.9-fold higher than that of popping pretreatment. Moreover, through High
Performance Liquid Chromatography (HPLC) analysis, the amount and category of inhibitors such as formic acid, acetic acid, and
HMEF were assayed and were varied in different enzymatic hydrolysates, which may be the reason leading to a decrease in isoprene
production during fermentation. To further increase the isoprene yield, the enzymatic hydrolysate of HPAC was detoxified by
activated carbon. As a result, using the detoxified enzymatic hydrolysate as the carbon source, the engineered strain YJM21 could
accumulate 297.5 mg/L isoprene, which accounted for about 90% of isoprene production by YJM21 fermented on pure glucose
(338.6 mg/L). This work is thought to be the first attempt on isoprene production by E. coli using peanut hull as the feedstock.
More importantly, it also shows the prospect of peanut hull to be considered as an alternative feedstock for bio-based chemicals or

biofuels production due to its easy access and high polysaccharide content.

1. Introduction

Isoprene (2-methylbuta-1,3-diene), as a polymer building
block, plays a pertinent role in the synthetic chemistry indus-
try and represents an important biological material. Isoprene
could serve as the feedstock not only in industrial production
of synthetic rubber or aviation fuel [1, 2] but also in the
fields of isoprenoid medicines and fragrances [3]. Currently,
industrial isoprene production mainly relies on fossil sources,
achieved by means of chemical synthesis techniques [1, 4].
However, due to the decrease of petroleum reserve and
the enhancement of environmental awareness, it becomes
increasingly urgent and necessary to produce isoprene using
renewable resources as an alternative to petroleum resource.

Although isoprene could be produced from many kinds
of plants [5] or some microorganisms such as fungi, Eurotium

amstelodami [6], both ways still sound impractical, since
it is difficult to harvest isoprene from plant species [7],
and the material shortage and low conversion efficiency are
widely recognized as a bottleneck for isoprene production by
microorganisms.

Today, millions of tons of agricultural lignocellulosic
wastes are produced around the world annually. The abun-
dant supply and low cost properties [8, 9] have made agricul-
tural lignocellulosic wastes the most promising materials for
substituting the dwindling fossil fuels. In China, the annual
production of peanut could reach up to 1.3 x 10” tons, which
accordingly resulted in 3.64 x 10° tons of peanut hull in 2008
[10]. Recently, the USDA reported that peanut production in
China accounted for approximately 45% of the total yield of
the world’s peanut [11] (USDA 2015). As is shown in Figure 1,
peanut hull consists of 46.8% holocellulose, 5.8% ash, 4.0%
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FIGURE 1: Chemical composition of peanut hull.

OSE, and 43.4% Klason lignin. Its high polysaccharide con-
tent makes peanut hull a suitable feedstock for the production
of bio-based chemicals or biofuels including isoprene.

Since cellulose is usually surrounded by hemicellulose
and lignin which would reduce the conversion rate of
cellulose into fermentable sugar, it is vital to develop an
economic pretreatment method to change the lignocellulosic
biomass structure so as to improve degradation efficiency by
cellulase to translate cellulose into fermentative saccharides.
So far, various pretreatment techniques have been developed
to disrupt the lignocellulosic structure prior to enzyme
hydrolysis, including dilute acid, steam explosion, liquid hot
water, ammonia pretreatments, and popping [12, 13]. Among
them, the machine used in popping pretreatment is a very
simple system consisting of direct burner and rotary reactor
without steam generator [12], and this process has remarkable
advantages including higher saccharification efficiency, cost
effectiveness, and environmental safety [14]. Acetic acid
might enhance the hydrolysis efficiency of hemicellulose [15],
and hydrogen peroxide pretreatment has many advantages
such as forming fewer inhibitors and generating more glucose
yield in addition to lower toxicity and less environmental
impact [15, 16].

Based on the above analysis, in this study, we introduced
two pretreatment methods to treat peanut hull prior to
hydrolysis by cellulase, popping [17] and HPAC [18], with
HPAC being an efficient method, including hydrogen per-
oxide and acetic acid. Meanwhile, to further enhance the
isoprene production, we detoxified the enzymatic hydrolysate
of peanut hull pretreated by HPAC. We finally achieved the
different isoprene production with several kinds of enzymatic
hydrolysates. This work is the first attempt to produce iso-
prene by E. coli using the peanut hull as the feedstock.
And, more importantly, this work provides evidence to show
that another lignocellulose material, peanut hull, could be
considered as a promising feedstock for industrial production
of bio-based chemicals or biofuels.
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2. Materials and Methods

2.1. HPAC Pretreatment and Popping Pretreatment. Peanut
hull (PH) used in this experiment was collected from Shan-
dong province, China. PH was milled and screened to a
40-60 mesh size and then was air-dried after its associated
wastes were washed by running water. To be specific, ten-
gram peanut hulls (PHs) were treated with 100 mL of HPAC
solution, a mixture of hydrogen peroxide and acetic acid (1:1;
v/v), and then incubated at 80°C for 3 h, after which materials
were filtered to separate the HPAC solution from the solid
residue, and they were washed 3 times by running water until
neutral pH was reached [18].

A total of 100 g (dry weight) of PHs was treated using the
popping equipment [17]. Filled with PHs (moisture content:
75%), the reactor was directly heated with a gas burner at
a rate between 15 and 20°C/min and rapidly opened the
hatch at 220°C and 1.47 MPa. After treatment, materials were
recovered in a reactor and cooled at room temperature.
And then HPAC and popping treated PHs were dried by a
lyophilizer at —45°C for 5 days.

2.2. SEM Imaging. The surface morphologies of sam-
ples, including pretreated PHs by popping and HPAC
and untreated PH, were analyzed using scanning election
microscopy (SEM; JSM-7500F, Jeol, Japan). Imaging was
captured at a beam voltage of 4kV. Prior to observation and
photography, biomass samples were dried at 50°C for 24 h and
gold sputter-coated (20 nm).

2.3. Chemical Composition Analysis. Both 20 mg raw and
pretreated PHs were used to analyze chemical composition.
The structural carbohydrates, ash, and lignin analysis pro-
cedure of all biomass samples were measured according to
the NREL Laboratory Analytical Procedure (LAP) [19]. And
organic solvent extractives (OSE) were analyzed with TAPPI
Standard Methods [20]. The raw and pretreated (HPAC and
popping) PHs were analyzed for their neutral sugar content
using gas chromatography (GC) [13]. The samples were
analyzed via GC (GC-2010; Shimadzu, Otsu, Japan) using a
DB-225 capillary column (30 m x 0.25mm i.d., 0.25 ym film
thickness, J&W; Agilent, Folsom, CA, USA) operated with
helium. The operating conditions were as follows: injector
temperature of 220°C, flame ionization detector (FID) at
250°C, and an oven temperature of 100°C for 1.5 min with a
constant increase of 5°C/min to 220°C.

2.4. Enzymatic Hydrolysis. The PHs as 1% (w/v) substrate
were treated in 50 mM sodium citrate buffer (pH 4.8) supple-
mented with 0.01% (w/v) sodium azide. Each of the enzymes,
celluclast (Novozymes, Denmark) and xylanase (endo-1,4-f3-
xylanase from Trichoderma longibrachiatum, Sigma-Aldrich,
USA), were loaded with 30 FPU per gram of glucan and 300
international units (IU)/mL, respectively. All samples were
completely suspended in rotary shaker at 200 rpm at 37°C for
48 h. All enzymatic hydrolysis experiments were performed
in triplicate.
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2.5. Detoxification with Activated Carbon. The enzymatic
hydrolysate of peanut hull (HPAC pretreated) along with
1% (w/v) activated carbon (05-690A, 50-200 mesh, Fisher
Scientific Co., Pittsburgh, PA, USA) was mixed in 250 mL
flask. And then the flask had been incubating at 30°C with
shaking at the rate of 180 rpm for 10 h. After treatment, the
activated carbon was removed from the mixture by cen-
trifugation at 10000 rpm for 10 min. To get the detoxification
hydrolysate, the supernate was finally filtered by using 0.2 ym
filter membrane.

2.6. Shake Flask Fermentation. Shake flask experiments were
carried out in triplicate using a series of 25mL sealed
shake flasks containing 5mL fermentation medium includ-
ing glucose 2g/L or suitable concentration of enzymatic
hydrolysate, K,HPO, 9.8g/L, beef extract 9g/L, ferric
ammonium citrate 0.3 g/L, citric acid monohydrate 2.1g/L,
MgSO, 0.06 g/L, and 1 mL trace element solution, consisting
of (NH,)¢Mo,0,,-4H,0 0.37g/L, ZnSO,-7H,0 0.29g/L,
H,BO, 2.47g/L, CuSO,-5H,0 0.25g/L, and MnCl,-4H,0
1.58 g/L. Meanwhile, the medium contained 34 mg/mL Cm
and 100 mg/mL Amp. The engineered E. coli strain YJM21
[21] was inoculated to the culture broth and incubated in
a gyratory shaker incubator at 37°C and 180 rpm. When
ODy reached 0.6, IPTG was added in final concentration
of 0.5 mM, and the culture was further incubated at 30°C for
24 h.

2.7. Analytical Methods. Bacterial growth conditions were
estimated from the optical density (OD) of the medium
with a spectrophotometer (UV23101I, Shanghai Precision &
Scientific Instrument Co., Ltd., China) at a wavelength of
600 nm. The concentration of isoprene was analyzed by a
gas chromatograph (GC) equipped with a flame ionization
detector (FID) and a TM-WAX column (25m x 0.25mm
x 0.25um). N, was used as carrier gas. The initial column
temperature was 50°C for I min and was increased at a rate
of 6°C/min to a final temperature of 80°C, while the injector
temperature was 140°C and the detector temperature was
230°C, respectively.

To identify bacterial isoprene production, peak retention
times and mass spectra were compared with those of the
standard. Concentrations of isoprene produced by bacterial
cells were calculated by converting GC peak area to mg of
isoprene via a calibration curve. Isoprene standard (TCI-EP,
Tokyo, Japan) of various concentrations was added to 600 mL
fermentation medium to construct a calibration curve.

3. Results and Discussion

3.1. Chemical Composition and Monosugar Composition Rate
of Peanut Hull. In China, peanut hull, considered as the agri-
cultural waste, was redundant and was not utilized very well.
Meanwhile, its high polysaccharide content makes it a suit-
able feedstock for the production of bio-based chemicals or
biofuels including isoprene. Figure 1 enumerates the chemical
compositions of the peanut hull, such as ash, organic solvent
extractives (OSE), holocellulose (glucose, xylose, arabinose,
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FIGURE 2: Lignin content of raw, popping, and HPAC pretreated PH.

galactose, rhamnose, and mannose), and Klason lignin. The
PH content contained 46.8% holocellulose, 5.8% ash, 4.0%
OSE, and 43.4% Klason lignin. Although the lignin content
of peanut hull was high and peanut hull also had significant
amount of available sugars for bioconversion, this result still
indicated that the lignin of PH sample needed to be removed
via pretreatment process to enhance the enzymatic hydrolysis
efficiency. Thus, two pretreatment methods (popping and
HPAC) were conducted and the efficiency of lignin removed
was evaluated. Figure 2 had shown the difference of lignin
content between raw PH and pretreated PH. Compared
with raw PH, the lignin content of PH pretreated by HPAC
was reduced about 77.3%, while the lignin content of PH
pretreated by popping was similar to raw PH. What is more,
the recovery dry mass yield of each of the pretreated samples
(popping and HPAC) was approximately 75.9% and 49.3%,
respectively.

The monosugar contents of different pretreated PHs were
determined using GC (Figure 3). PH was mainly composed
of 46.8% carbohydrates. In these carbohydrates, xylose and
glucose were major components of sugar in raw PH, compris-
ing approximately 14.5% and 26.6% of dry mass, respectively.
After pretreatment, in comparison with raw PH, total carbo-
hydrates of popping and HPAC PH were relatively increased
about 1.6% and 27.3%, respectively. Some monosugar content
was relatively reduced when compared with raw PH, but
glucose content was significantly increased approximately 2
times in HPAC PH. Sugar (glucose) yield of each of the
samples (popping and HPAC) was approximately 95.9% and
98.8%, respectively. It was safe to reach a conclusion that
the HPAC pretreatment was more effective than the popping
pretreatment to increase the sugar content in the hydrolysate.

3.2. Surface Morphology of Pretreated Peanut Hull. The
hydrolysis efficiency is directly related to the contact between
cellulase and cellulose. To investigate the PH physical changes
before and after pretreatment, the physical structures of them
were studied with SEM (Figure 4). In comparison with the
smooth and integrated surface of raw PH (Figure 4(a)),
pores were present in the pretreated PH (Figure 4(b)) on
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FIGURE 3: The monosugar contents of different pretreated PHs were
determined using GC.

account of the high temperature and releasing the high
pressure quickly, so that the structure of the PH was broken
down. Figure 4(c) showed that the structure morphology
of the HPAC pretreated PH was loosened and distortional,
and the removed lignin might be viewed as the reason
for the structure changes. No matter how destroyed the
structure was or how removed the lignin was from PH, the
surface area connecting cellulose and cellulose was increased.
Consequently, the enzymatic hydrolysis efficiency might be
increased dramatically with popping pretreatment and HPAC
pretreatment.

3.3. Effect of Different Pretreated Methods of Peanut Hull on
Isoprene Production. In our previous studies [4, 21, 22], we
have engineered E. coli strains to biosynthesize isoprene using
native MEP and exogenous MVA pathway. Compared with
other studies, we found that the engineered E. coli strain is
more effective to produce isoprene than other engineered
strains such as Cyanobacterium Synechocystis [2], Bacillus
subtilis [23], and Saccharomyces cerevisiae [24]. Hence, in
this paper, we also choose the E. coli strain to evaluate the
enzymatic hydrolysates of pretreated peanut hull.

Two pretreatment methods, popping and HPAC, were
found to be able to destroy the lignocellulosic structure,
which accordingly enhanced hydrolysis efficiency by cellu-
lase. To ascertain the extent to which isoprene production
could be influenced by these two pretreatment methods, the
engineered strain was cultured in a fermentation medium
with three kinds of carbon sources including pure glucose
and two types of enzymatic hydrolysates using HPAC pre-
treatment and popping pretreatment, respectively. As was
shown in Figure 5, the titer of isoprene produced by pure
glucose (HPAC pretreatment and popping pretreatment)
reached 338.6 mg/L, 211 mg/L, and 113.7 mg/L, respectively.
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The results demonstrated that the isoprene production from
pure glucose fermentation was about 1.6 times and 3 times
higher than that from HPAC and popping pretreatments,
respectively, and using HPAC pretreatment cultures could
produce approximately 1.9 times more isoprene production
compared to using the popping pretreatment, with all the
other conditions being the same.

Since lignocellulosic feedstocks mainly consist of cellu-
lose, hemicellulose, and lignin [25], inhibitors exist in raw
material and would be released during the course of pretreat-
ment [26]. In addition, the concentration of inhibitors relied
on the types of lignocellulosic feedstock and the different
pretreatment methods utilized [26, 27]. Consequently, in
this work, the reason leading to the significant difference in
isoprene production among the three kinds of carbon sources
would lie in the fact that inhibitors existed in two types of
hydrolysates obtained by the HPAC and popping methods.

In this paper, to determine the categories and concentra-
tions of inhibitors which were formed by HPAC and popping
methods, two kinds of enzymatic hydrolysates were detected
using HPLC method. Table 1 showed that there are four kinds
of inhibitors (formic acid, acetic acid, hydroxymethylfurfural
(HMF), and furfural) in the enzymatic hydrolysates with
popping pretreatment, while only three kinds of inhibitors
(acetic acid, furfural, and HMF) were measured in the
enzymatic hydrolysate with HPAC pretreatment. Table 1 also
notably indicated that the concentrations of acetic acid were
approximated in two kinds of fermentation medium.

Different inhibitors have different detrimental effect on
the cell growth and accordingly result in decrease in the yield
of target product. Weak acid, such as formic acid and acetic
acid, could cross the cell membrane, which resulted in the
lower cell pH than normal and consequently inhibited cell
growth [28, 29]. Mills et al. had also reported that formic
acid had higher toxicity to E. coli than acetic acid [30]. Like
furfural, HMF had a detrimental effect on DNA and would
lead to single-strand breaks [29, 30]. Meanwhile, Martinez et
al. had proven that the minimal inhibitory concentrations of
furfural and HMF would attain 3.5 mg/mL and 4.0 mg/mL,
respectively [31]. Thus, although the concentrations of HMF
and furfural produced by popping pretreatment were higher
than those of HPAC pretreatment, they were still too low to
produce a significant impact on isoprene production.

Therefore, based on the above discussion, it can be con-
cluded that formic acid in enzymatic hydrolysate of popping
pretreatment would be the dominant factor for lower iso-
prene production. Additionally, acetic acid existed in HPAC
hydrolysis which resulted in lower isoprene production by
HPAC pretreatment than that by pure glucose.

3.4. Detoxification Effect of Enzymatic Hydrolysate of HPAC
PH on Isoprene Production. To further enhance the produc-
tion of isoprene, it is essential to remove inhibitors from
enzymatic hydrolysate by using a proper method. Among
various detoxification methods, activated charcoal claims
the advantage of being cost effective and possessing higher
capacity to absorb compounds, especially lignin-derived
inhibitors and acetic acid, without affecting levels of sugar in
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FIGURE 4: SEM images for raw (a), popping (b), and HPAC (c) pretreated PH.
TaBLE 1: The types and concentrations of inhibitors in different fermentation medium.
Concentration (mg/mL) HPAC (detoxified hydrolysate) HPAC (raw hydrolysate) Popping
Formic acid 0 0 0.2445
Acetic acid 0.004 0.01775 0.0229
HMF 118 x107° 436 x107° 0.0119
Furfural 2.15%x107° 1.01x 107 1.42x107°
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F1GURE 5: Effect of carbon sources on isoprene production. The engi-
neered strain cultured in three different carbon sources including
pure glucose, HPAC, and popping enzymatic hydrolysates. The cells
were induced when ODy, reached about 0.6. The experiment was
performed in triplicate.

hydrolysate [13, 32, 33]. In addition, it is safe and easy to be
manipulated using activated carbon.

After the HPAC pretreated hydrolysate was detoxified
with activated charcoal, fermentation was performed with
detoxification hydrolysate and raw hydrolysate, respectively.
As was seen in Figure 6, the isoprene production of detox-
ification of HPAC hydrolysate reached 297.5 mg/L, with an
increase of up to 41% compared with raw hydrolysate without
detoxification. Based on the data shown in Table 1, through
detoxification with activated charcoal, the concentrations of
acetic acid, HMFE and furfural were reduced by 76.90%,
72.83%, and 78.77%, respectively. The results indicated that

FIGURE 6: Detoxification effect of enzymatic hydrolysate of peanut
hull on isoprene production. When ODy, reaches 0.6-0.9, cultures
were induced at 30°C for 24 h using 0.5 mM IPTG. All the experi-
ments were carried out in triplicate.

inhibitors, especially acetic acid in enzymatic hydrolysates
of peanut hull, were inhibitory to engineering E. coli,
and the removal of inhibitors from fermentation medium
consequently led to a remarkable increase in the isoprene
production.

3.5. The Difference in Gas Composition and Concentration
between Glucose and Enzymatic Hydrolysis. To detect the
variation of gas composition by different carbon sources dur-
ing fermentation, the engineered strain YJM2I was cultured
in the fermentation medium containing pure glucose or enzy-
matic hydrolysate with HPAC pretreatment as the carbon
source. As shown in Figure 7 and Table 2, the gas composition
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TaBLE 2: Effect of different carbon sources on concentration of different fermentation gases.

Gas composition (%) Glucose HPAC enzymatic hydrolysate Retention time (min)
N, 4213 39.34 4.69
CoO, 48.66 54.41 6.45
Unknown gas 1 0.24 0.19 10.78
Unknown gas 2 0.17 0.10 15.13
Isoprene 8.8 5.96 16.87

produced by pure glucose or enzymatic hydrolysis of peanut
shell remained the same, while the gas concentration turned
out to be different. The gas composition consisted of N,,
isoprene, CO,, and a small amount of unknown gas. N,,
CO,, isoprene, and the unknown gas which were produced
by pure glucose accounted for 42.13%, 48.66%, 8.8%, and
0.41% of all gases, respectively, while those gases produced by
enzymatic hydrolysate accounted for 39.34%, 54.41%, 5.96%,
and 0.29%, respectively. The results indicated that though the
fermentation medium constituted by enzymatic hydrolysate
of peanut shell had no impact on the categories of gas
composition, it could reduce the concentration of isoprene
and increase the content of CO, in the whole fermented gases.

4. Conclusions

Peanut hull proves to be a promising feedstock to produce
bio-based chemicals and biofuels due to its easy availability
and polysaccharide content characteristics. In this study, the
use of peanut hull for isoprene production was explored. Two
pretreatment methods, HPAC and popping, were carried out
prior to enzymatic hydrolysis, which could destroy the ligno-
cellulosic biomass structure. The isoprene production using
HPAC pretreatment was found to be about 1.9-fold higher
than that using popping pretreatment. To further increase
the isoprene yield, the enzymatic hydrolysate of HPAC was
detoxified by activated carbon. The engineered strain YJM21
fermented on the detoxified enzymatic hydrolysate could
accumulate 297.5 mg/L isoprene, which accounted for about
90% of isoprene production by YJM21 fermented on pure
glucose (338.6 mg/L). This work is considered to be the first
attempt to produce isoprene by E. coli using peanut hull
as the feedstock, and it also provides evidence that another
lignocellulose material, peanut hull, could be regarded as a
promising feedstock for bio-based chemicals or biofuels of
industrial production.
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In response to the energy crisis, global warming, and climate changes, microalgae have received a great deal of attention as a biofuel
feedstock. Due to a high lipid content in microalgal cells, microalgae present as a promising alternative source for the production
of biodiesel. Environmental and culturing condition variations can alter lipid production as well as chemical compositions of
microalgae. Therefore, application of the strategies to activate lipid accumulation opens the door for lipid overproduction in
microalgae. Until now, many original studies regarding the approaches for enhanced microalgal lipid production have been reported
in an effort to push forward the production of microalgal biodiesel. However, the current literature demonstrates fragmented
information available regarding the strategies for lipid production improvement. From the systematic point of view, the review
highlights the main approaches for microalgal lipid accumulation induction to expedite the application of microalgal biodiesel as
an alternative to fossil diesel for sustainable environment. Of the several strategies discussed, the one that is most commonly applied
is the design of nutrient (e.g., nitrogen, phosphorus, and sulfur) starvation or limitation. Other viable approaches such as light
intensity, temperature, carbon dioxide, salinity stress, and metal influence can also achieve enhanced microalgal lipid production.

1. Introduction

Energy crisis, global warming, and climate changes have led
to an ever-increasing concern on the sustainability issues
of fossil fuels utilization as energy supply. Biofuels as types
of renewable, alternative energy are recognized with the
highest potential to satisfy the global energy demand. The
biofuel feedstock mainly consists of the following sources:
straw, wood materials, wood wastes, energy plants, sugarcane,
manure, and many other agricultural coproducts or byprod-
ucts [1]. It is believed that biofuel production has several
advantages such as reduction of country’s reliance on crude
oil imports, job creation, and farmers’ income increase [2-
4]. On the basis of feedstock differences, biofuels can be
divided into three categories: the first generation, the sec-
ond generation, and the third generation. First generation
biofuels use edible feedstock such as soya beans, wheat,
corn, rapeseed, oil crops, maize, sugarcane, and sugar beet,
while second generation biofuels are derived from wastes

and dedicated lignocellulosic feedstock such as switchgrass
and jatropha [5]. One of the major disadvantages of both
first and second generation biofuels is that the cultivation
of these food or nonfood crops as biofuel feedstock might
compete for limited arable farmland, which should be utilized
to cultivate crops as food feedstock. Thus, biofuels are not
considered renewable and sustainable if they are derived from
food or nonfood crops [6]. Biofuel production from food
crops grown in farmland will affect food security and prices,
while the cultivation of nonfood energy crops will result in
competition with food crops for farmland.

In response to the challenges outlined above, microalgae
have received a global attention as a promising biofuel feed-
stock. Compared to first and second generation biofuel
feedstock, microalgae as third generation biofuel feedstock
have some distinguishable features, such as high photosyn-
thetic efficiency, rapid growth, high lipid content, high CO,
mitigation efficiency, noncompetition with food crops for
farmland, and less water demand than land crops [5, 7-9].
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As photosynthetic organisms, microalgae are able to capture
solar energy and use water and atmospheric CO, to accumu-
late biomass in forms of organic ingredients such as lipids
[10]. During the photosynthesis, neutral lipids are accu-
mulated as triacylglycerols (TAGs) in microalgal cells [11].
Through transesterification, TAGs can be further transferred
into various types of fatty acid methyl esters, the efficient
compositions of biodiesel.

To generate large amount of microalgal biomass and
meet the energy consumption demand, mass scale microalgal
cultivation for biodiesel production is a plausible solution in
the future [12]. Meanwhile, the improvement of lipid con-
tent in microalgal cells also presents a direction towards the
sustainable development of microalgal biodiesel. Thus, it is
extremely important to apply feasible strategies to induce
microalgal lipid accumulation. The production and accumu-
lation of microalgal lipids are found to be an indispensable
buffer against the culturing conditions. Stored lipids not
only ensure the survival of microalgal cells but also serve
as a source of energy for cell multiplication such as nuclear
division and DNA replication [11].

Objective and Structure of This Study. Plenty of original
research articles that exactly investigate certain strategies for
enhanced microalgal lipid production have been published.
These strategies play crucial roles in triggering microalgal
lipid accumulation. However, the current literature has not
systematized all of the most promising strategies, and there
is only fragmented information available. In other words,
as yet, no comprehensive review has been published on
those strategies for enhanced microalgal lipid production.
Therefore, this review aims to bridge the gap and its objective
is to systematically concentrate on the main lipid induction
strategies that can evidently promote microalgal lipid produc-
tion. The contribution of this review paper lies in the founda-
tion for stakeholders, authorities, and practitioners to better
understand microalgal lipid induction strategies and their
significances in practice. In the coming parts, the authors
first illustrate the metabolic pathways of lipid accumulation
(Section 2), followed by the comprehensive discussion of
approaches for lipid production improvement (Section 3).
Finally, a summary of this article is concluded (Section 4).

2. Metabolic Pathways of Lipid Accumulation

The research on lipid-rich microalgal cultivation for biodiesel
production has received an increased interest. Lipids and
polyglucans are the energy and carbon reserves in microalgal
cells, but polyglucans represent less concentrated stores of
metabolic energy than lipids [11]. Both lipids and polyglucans
not only ensure the survival of microalgal cells such as
in night periods as well as in periods with variable light
intensities but also supply energy for biological processes
associated with the multiplication of microalgal cells, such as
the replication of DNA, division of nuclear, cytokinesis, and
formation and liberation of daughter cells. According to Berg
et al. [13], the complete oxidation of fatty acids can generate
energy at 9kcal g (38kJ g"), compared to around 4 kcal g
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(17 kJ g’l) for carbohydrates. Lipids include two types: neu-
tral lipids that serve as the energy reserves and polar lipids
that are constituents of organelles and membranes. Microal-
gal cells accumulate and store neutral lipids in the form of
triacylglycerols (TAGs).

Microalgal cell cycle contains several consecutive pro-
cedures, including cell growth, DNA replication, nuclear
division, and cellular division. Metabolism of both starch
and lipid begins with an identical initial pool of molecules
containing three carbons such as glyceraldehyde 3-phosphate
(GAP) and 3-phosphoglycerate (3PG) [14]. Figure 1illustrates
metabolic pathways that influence the accumulation of lipids
by common C3 precursors. As for autotrophic microalgae,
light capture for photosynthesis is crucial for microalgal
growth to accumulate energy reserves such as lipids. As a
result, DNA replication and nuclear and cellular division in
cell cycle can be completed through the utilization of the
reserves to meet requirements of carbon and energy [15].

The formation of both TAG and starch competes for
carbon via common C3 precursors, resulting in carbon parti-
tioning. However, the mechanism behind carbon partitioning
together with the switch from starch towards the production
of TAG has not been completely understood in the litera-
ture. When the route towards starch formation is inhibited,
the pathway towards the formation of TAG molecules is
improved [16]. Li et al. [17] suggested that the starch content
of starchless mutants of microalgae C. reinhardtii was limited
or even completely absent, leading to an increased TAG con-
tent in contrast to the wild type. Despite the increase in TAG
content, Li et al. [18] found that growth of starchless microal-
gae C. reinhardtii was markedly inhibited by the inserted
mutation, giving rise to the decrease of TAG productivity.

3. Approaches to Lipid Production
Improvement

The composition and quantity of lipids are species-dependent
and can be affected by external cultivation conditions, such as
light intensity, temperature, carbon dioxide, nutrient starva-
tion, salinity stress, and metal stress. The overproduction or
overaccumulation of lipid reserves presents an indispensable
buffer against changeable external cultivation conditions.

3.1 Light Intensity. Microalgal growth needs the input of light
during the photosynthesis. As one of the key factors, light
affects the performances of microalgal growth and the com-
positions [5]. Adequate light intensity favors the overpro-
duction of microalgal lipids [19]. This might be because
sufficient light intensity is beneficial to the storage of excess
photoassimilates, which are further converted into chemi-
cal energy [20]. Microalga Nannochloropsis sp. experienced
the accumulation of the highest amount of lipids (47% of
DW) under the conditions with the highest light intensity
(700 pumol photons s7' m™?) [21]. Takeshita et al. [22] found
that C. sorokiniana, C. viscosa, C. emersonii, C. vulgaris, P. bei-
jerinckii, and P. kessleri CCALA255, NIES-2152, and NIES-
2159 were able to increase the productivity of lipids under
high light intensity of 600 ymol photons m~*s". It has been
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seen that the lipid content of the microalgae Scenedesmus
abundans kept on rising as the light intensity increased from
3000 to 6000 lux [23]. The highest lipid content of 32.77%
was achieved, when the culture was under the light intensity
of 6000 lux, followed by 2710 and 21.20% in the culture
with 5000 and 3000 lux intensity, respectively. Another
study indicated that Botryococcus sp. had shown the highest
lipid percentage (35.9%) at 6000 lux [24]. However, Sun et
al. [25] suggested that highest lipid percentage (33.0%) of
microalgae N. oleoabundans HK-129 was achieved at 14,800
lux intensity. Thus, different microalgal species have the
highest lipid content at variable light intensities, since they
indicate different efficiencies in light utilization. From this
point of view, the ability to use light is microalgae-specific.
Either limited or saturated light intensity cannot favor
the growth of microalgae. When light intensity is fairly low,
for example, below the compensation point, microalgal
biomass concentration compromises, leading to poor growth
and thus negatively impacting lipid accumulation [5]. After
the compensation point, microalgae experience the increased
growth as the light intensity increases, and the maximum
photosynthetic efficiency occurs when it arrives at the light
saturation point. Therefore, the positive effect of light inten-
sity increases on lipid accumulation functions only up to

a point [11]. Extremely high light intensity will cause pho-
toinhibition, damage microalgal photosystems, and thus
reduce lipid accumulation.

3.2. Temperature. The effect of temperature on microalgal
growth and lipid production is similar to that of light inten-
sity. Microalgal growth as well as lipid production expo-
nentially increases to a certain extent as the temperature
increases and reaches an optimal level [26]. The optimal
value of temperature where the highest biomass production
is achieved varies from species to species [27]. Microalgae
C. vulgaris accumulated maximum lipids at 25°C, while the
decrease of temperature resulted in an obvious decrease in
the lipid content [28]. The temperature of 20°C was found to
be the optimal temperature for microalgae Scenedesmus sp. to
produce lipids [29]. The lipid concentration of microalgae S.
obliquus ranged from 18 to 40% of DW, when the temperature
ranged from 20 to 27.5°C [11]. Converti et al. [28] suggested
that as the temperature increased from 20 to 25°C, the lipid
content of N. oculata simultaneously increased from 7.9 to
14.9%. In another study, the optimum temperature of C.
minutissima was found to be 20°C, where lipid productivity
was the highest [30].



Increase of temperature to an optimal level causes the
increase of total lipid content. However, it does not mean
that all types of lipids experience the increase. Wei et al. [31]
studied temperature effects on lipid properties of microalgae
Tetraselmis subcordiformis and Nannochloropsis oculata and
found that increased temperature led to a decrease in neutral
lipids and polyunsaturated fatty acids but an increase in
saturated and monounsaturated fatty acids. Likewise, James
et al. [32] investigated temperature modulation of fatty acid
profiles for microalgae Chlamydomonas reinhardtii and sug-
gested that a switch to temperatures lower than 25°C could
decrease the total amount of stored fatty acids but increase
the content of unsaturated fatty acids.

3.3. Carbon Dioxide. As for phototrophic microalgae, CO,
ensures carbon supply for photosynthesis. Optimal growth
of microalgae needs adequate amount of dissolved CO,. In
general, as the quantity of CO, increases to an optimal level,
the growth of microalgae and production of lipids increase.
Aeration of gas mixture with a high concentration of CO,
can meet the requirement for CO,. The amount of CO,
in atmospheric air is not sufficient. Li et al. [33] suggested
that aeration with pure air resulted in a decrease in growth
and lipid production of microalgae Parachlorella kessleri.
Limited amount of CO, available in cultures slows down the
metabolism of microalgae, causing reduced lipids [34]. To
reduce costs, flue gas (rich in CO,) can be introduced into
microalgal culturing systems as a carbon source. However,
high content of CO, will also affect the growth of microalgae.
This is because unutilized CO, in culture will be converted
to carbonic acid (H,CO;), reducing the pH value of the
culture [27]. Therefore, to obtain enhanced biomass and lipid
production requires optimal CO, levels.

The optimal amount of CO, varies among microalgal
species. Cultivating microalgae Chlorella vulgaris under 8%
(v/v) CO,, Montoya et al. [35] achieved the maximum
amount of saturated fatty acids and lipid productivity of
29.5mgL~" day ™. Similarly, Widjaja et al. [36] reported that
the growth and lipid production of C. vulgaris were enhanced
with increased CO, concentration. The microalgae Chlamy-
domonas sp. JSC4 strain produced maximum lipid content
(65.3%) and productivity (169.1 mg L! dayfl) at 4% (v/v)
CO, [37]. Maximum lipid content (34% wt) was achieved,
when microalgae Chlorococcum littorale were cultivated with
5% CO, concentration [38]. In another study, Ho et al. [39]
grew green microalgae S. armatus at CO, concentration of
2% and obtained the highest lipid content of 22.4%.

3.4. Nutrient Starvation. Nutrient starvation or limitation
is thought to be a feasible and environmentally friendly
approach for the control of the cell cycle to enhance lipid
productivity [40]. So far, nutrient starvation is recognized
as the most successful strategy and most widely used. In
an attempt to improve lipid productivity, it is important to
obtain both substantial biomass yield and high lipid content
of microalgal cells. In practice, algae are grown in media with
sufficient nutrients in early stages to obtain higher biomass

BioMed Research International

concentration as quickly as possible, while nutrient starvation
is introduced in later stages for the overproduction of lipids.

Variation in macronutrients such as nitrogen, phospho-
rus, and sulfur in culturing media will lead to the alteration
of macromolecular composition in microalgal cells. Under
nutrient stress, lipid accumulation is favored, and TAG is
formed as the dominant ingredient [27]. Plenty of studies
have reported that most microalgal species can improve lipid
accumulation and undergo transformation under nutrient
stress [41-43]. Nevertheless, as for some species nutrient
deficiency will not favor the accumulation of lipids. For
instance, under nutrient deficiency the microalgae Dunaliella
salina experienced lipid content decrease from 25 to 9% but
carbohydrate increase from 16 to 56% [44].

Nitrogen, phosphorus, and/or sulfur starvation is widely
recognized as a main lipid inducer for green microalgae
species (Table 1). Ito et al. [45] reported that under nitrogen
stress conditions the quantities of neutral lipids in microalgal
cells were greatly increased, while amino acids were signifi-
cantly reduced to 1/20 of the amount or even less. Mandal and
Mallick [46] cultivated the microalgae Scenedesmus obliquus
under phosphorus starvation and witnessed a lipid content
increase from 10.0 to 29.5%. Sato et al. [47] suggested that sul-
fur starvation could trigger the microalgae Chlamydomonas
reinhardtii to accumulate TAG in microalgal cells through
the diversion of metabolic carbon-flow from protein to
TAG synthesis. Apart from nitrogen, phosphorus, and sulfur
starvation, depletion of nutrient medium during the growth
of microalgal culture has also been found as another efficient
starvation treatment for the production of lipids, since the
starvation of all elements in nutrient media can be attained
concurrently [11, 48]. For example, Ptibyl et al. [49] found that
the total extractable lipid content could reach up to 57.25%,
when C. vulgaris was cultivated under nutrient depletion con-
ditions for 7 days.

3.5. Salinity Stress. To resist osmotic pressure due to salinity
stress, some metabolites in microalgal cells can be pro-
duced [50]. Surrounding salinity can affect the physiological
and biochemical properties of microalgae. When microalgal
cells are exposed to saline environment, recovery of turgor
pressure, adjustment of the absorption and release of ions
via cell membranes, and accumulation of osmosis-resisting
matters are triggered [51, 52]. The salinity stress created inside
the cells results in increment in the lipid content. Many
microalgal species have been found to be subjected to the
salinity stress. Yang et al. [53] applied NaCl induction with
the optimal salt concentration at the late-exponential growth
phase and found that the algae Monoraphidium dybowskii
could increase total lipid content to 41.7% in a day. Pal et al.
[21] investigated the effect of NaCl on the growth of Nan-
nochloropsis sp. and reported that the highest total fatty acid
(TFA) content of 47.0% DW and average lipid productivity of
360 mg TFA L™" day ™' were achieved at 13gL ™" NaCl. When
exposed to salt pressure, Scenedesmus species experienced
an obvious increase in lipid content [54]. Takagi et al.
[55] studied the effect of salt concentration on intracellular
accumulation of lipids and triacylglycerol in marine microal-
gae Dunaliella cells and found that as salt concentrations
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TaBLE 1: Lipid content of microalgae under the cultivation with nutrient stress factor.
. Temperature  Culture time Metabolic Lipid content
Ref

Microalgae Stress factor Q) d) type (%) eference
Chlorella vulgaris Nitrogen starvation 25 10 Autotrophic 53 (61]
Chiorella vulgaris and Nitrogen starvation 25 12 Autotrophic 35and 40 [62]
Chlorococcum oleofaciens
Monoraphidium sp. Nitrogen starvation 25 5 Autotrophic 44.4 [63]
Chlorella zofingiensis Nitrogen starvation; 25 28 Autotrophic 65.1; 44.7 [64]

phosphorus starvation
Scenedesmus sp. Nitrogen starvation 25 10 Mixotrophic 31 [65]
Chlorella zofingiensis Nitrogen starvation; 25 8 Mixotrophic 41.2;42.7 [41]

phosphorus starvation

I Nitrogen and . .
41

Chlorella zofingiensis phosphorus starvation 25 8 Mixotrophic 46.2 [41]
Ankistrodesmus falcatus Nitrogen starvation; 20 16 Autotrophic 34.4;45.9 [66]

phosphorus starvation
Chlorella protothecoides Phosphorus starvation 28 7 Mixotrophic 32.8 [42]
Parachlorella kessleri Sulfur deprivation 20 14 Autotrophic 50.7 [67]
Chlorella lobophora Sulfur deprivation 20 21 Autotrophic 50.0 (68]
Parachlorella kessleri Depletion of diluted 30 4 Autotrophic 60.0 [33]

nutrient media

increased intracellular lipid content increased and the final
lipid content could reach up to 70%. Under salinity stress, C.
vulgaris experienced a 21.1% increase of lipid yields [56].

Cultivation of microalgae under salt stress can also limit
contaminants, invasive organisms, and competing microor-
ganisms in microalgal systems, which presents another
advantage. However, too high salinity introduced can inhibit
the cell growth and change the shape and structure of
microalgal cells, due to the water pressure between media and
cells. Thus, an optimal range for salinity level is supposed to
be determined.

3.6. Metal Stress. Metal ions can also affect the growth of
microalgae and lipid production. Ren et al. [57] studied the
effects of iron, magnesium, and calcium on biomass and
lipid production of heterotrophic microalgae Scenedesmus
sp. R-16 in a dark environment and found that the total
lipid content increased to 43.2, 35.0, and 47.4%, respectively.
Another study showed that Chlorella minutissima UTEX 2341
indicated strong resistance to copper and cadmium ions
under heterotrophic culture conditions, and the lipid content
was significantly increased by 93.9 and 21.1%, respectively
[58]. Liu et al. [59] found that the total lipid content in
cultures added with 1.2 x 107> mol L™ FeCl,reached up to
56.6% of dry weight and was 3-7-fold higher than other
media added with lower iron concentrations. Yeesang and
Cheirsilp [24] cultivated microalgae Botryococcus spp. in
cultures added with a high iron concentration (0.74 mM)
and reported that the total lipid content was increased 1.4-
2.5-fold. A study was carried out using Chlorella species
under copper exposure to evaluate the metal stress on lipid
contents, and it is found that higher lipid concentrations were

observed in C. protothecoides, C. vulgaris, and C. pyrenoidosa
in the presence of copper at 4.0 mg L™ concentration. In
addition, Li et al. [60] investigated the production of biomass
and lipids by the microalgae Chlorella protothecoides under
copper stress conditions and achieved the optimized biomass
and lipid yield of 6.47 and 5.78 g L', respectively.

4. Conclusions

Microalgae have been praised as a promising feedstock for the
production of biodiesel. Lipids, which are energy reserves in
microalgal cells, are the raw materials for biodiesel conver-
sion. To promote microalgal biodiesel production during the
scale-up process, the achievement of lipid overproduction is
essential, and certain appropriate strategies can help realize
the goal. Among all strategies, the most efficient and widely
used one is to apply nutrient starvation. Other approaches
for the induction of lipid overaccumulation include light
intensity, temperature, carbon dioxide, salinity stress, and
metal stress. In practice, the lipid-inducing strategies can
also be combined in an effort to achieve lipid produc-
tion optimization. This review paper provides stakeholders,
authorities, and practitioners with the foundation for better
understanding microalgal lipid induction strategies and their
significances in practice. There is hope that microalgae-based
lipid production can be promoted through the application of
various strategies.
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Sugar beet pulp, a byproduct of sugar beet processing, can be used as a feedstock in second-generation ethanol production.
The objective of this study was to investigate the effects of pretreatment, of the dosage of cellulase and hemicellulase enzyme
preparations used, and of aeration on the release of fermentable sugars and ethanol yield during simultaneous saccharification
and fermentation (SSF) of sugar beet pulp-based worts. Pressure-thermal pretreatment was applied to sugar beet pulp suspended
in 2% w/w sulphuric acid solution at a ratio providing 12% dry matter. Enzymatic hydrolysis was conducted using Viscozyme
and Ultraflo Max (Novozymes) enzyme preparations (0.015-0.02 mL/g dry matter). Two yeast strains were used for fermentation:
Ethanol Red (8. cerevisiae) (1g/L) and Pichia stipitis (0.5 g/L), applied sequentially. The results show that efficient simultaneous
saccharification and fermentation of sugar beet pulp was achieved. A 6 h interval for enzymatic activation between the application
of enzyme preparations and inoculation with Ethanol Red further improved the fermentation performance, with the highest ethanol

concentration reaching 26.9 + 1.2 g/L and 86.5 + 2.1% fermentation efficiency relative to the theoretical yield.

1. Introduction

Sugar beet is grown and processed in all countries of the Euro-
pean Union (with the exception of Luxembourg) and plays
an important role in sustaining jobs and local economies
in many rural areas. Some 300,000 farms are involved in
sugar beet production and the sugar industry is also a large
employer [1]. Byproducts from the processing of sugar beet
include beet leaves and sugar beet pulp. One ton of sugar beet
yields on average 160 kg of sugar, 500 kg of wet pulp, and 38 kg
of molasses. The exhausted beet material, which remains after
diffusion with hot water to draw the sugar from the beets, is
called pulp. It is usually pressed and/or dried for animal feed
[2]. Annual production of beet pulp in the EU amounts to

around 8 million tons of pressed and 5.5 million tons of dried
product [1].

Lignocellulosic biomass, including sugar beet pulp (SBP),
is a promising carbon source for the production of bio-
based fuels and chemicals. SBP can be converted into fuel
ethanol through chemical and/or enzymatic hydrolysis and
via biochemical pathways. SBP consists mainly of polysac-
charides such as cellulose (22-30%), hemicelluloses (24—
32%), lignin (1-2%), and pectin (38-62%), which constitute
up to 75-85% of the dry matter [3-5]. Before fermentation,
the cell-wall material must be degraded into fermentable
monosaccharides [6]. Before enzymatic hydrolysis of cellu-
lose and hemicellulose into fermentable monosaccharides,
lignocellulosic feedstocks are often structurally modified by
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mild pretreatment. The goal is to break the lignin seal and
disrupt the crystalline structure of the cellulose [6-8].

Cellulose and hemicellulose can be hydrolytically broken
down into simple sugars by cellulases and hemicellulases,
respectively, or by acids (e.g., sulfuric acid). Hexoses (glucose,
galactose, and mannose) are fermented to ethanol by many
naturally occurring microorganisms, but pentoses such as
xylose and arabinose can be fermented to ethanol by relatively
few native strains and usually at relatively low yields [9].
Xylose and arabinose generally comprise a significant fraction
of agricultural residues and must be utilized to make biomass
processing economically viable [10].

Saccharomyces cerevisiae, which remains the most widely
used yeast for ethanol biosynthesis, produces ethanol by
fermenting hexose sugars but is unable to ferment pentose
sugars [11]. S. cerevisiae is incapable of growing on xylose and
does not produce ethanol, although it does produce limited
amounts of xylitol. A possible reason for this may be cofactor
limitation. Xylose transport is also less efficient than glucose
transport. Xylose is transported four times more slowly than
glucose under aerobic conditions and twice as slowly under
anaerobic conditions [12]. Some yeasts, such as Candida
shehatae, Candida tropicalis, and Pichia stipitis, can ferment
xylose and hexoses with relatively high yields [13] but have
low ethanol tolerances, and ethanol concentrations over 30-
35g/L inhibit their metabolisms [14, 15]. The ability of these
yeasts to metabolize xylose depends on culture oxygenation
(16, 17].

When enzymatic hydrolysis is performed independently
of the fermentation step (known as separate hydrolysis and
fermentation, SHF), this results in high concentrations of
lower saccharides, which expose the yeast to osmotic stress
and even cause substrate inhibition. By adding the yeast and
the enzymes which catalyze the hydrolysis of polysaccharides
at the same time, so that the two processes occur simul-
taneously (simultaneous saccharification and fermentation,
SSE), this effect can be reduced, since fermentable sugars are
released and consumed continuously throughout the process
(18, 19].

A number of reports in the literature discuss ethanol
production using lignocellulosic biomass via simultane-
ous saccharification and fermentation [20]. However, few
describe the utilization of SBP. With this substrate, however,
costly thermochemical pretreatment might be avoided, due
to its low lignin and high pectin contents. The proposed
solution requires only simple and mild pretreatment pro-
cedures. Zheng et al. [21] report successful conversion of
SBP into ethanol by SSF using several genetically modi-
fied ethanologenic bacteria, including Escherichia coli KOl1,
Klebsiella oxytoca P2, and Erwinia chrysanthemi EC16. In
our study, only nonmodified yeasts strains were used. We
also plan to conduct the bioconversion process using mixed
cultures (conventional and nonconventional yeast), to solve
the problem of xylose consumption.

The objective of this study was to determine the effects
of various pretreatment methods and varying dosages of
cellulase and hemicellulase enzyme preparations on polysac-
charide hydrolysis and simultaneous saccharification and
fermentation (SSF) of sugar beet pulp using two yeast strains
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applied sequentially: Ethanol Red (S. cerevisiae), recom-
mended for hexose sugar fermentation, and Pichia stipites,
which has good xylose fermentation ability. The effect of
fermentation medium aeration after inoculation with Pichia
stipitis on the efliciency of the process was also evaluated.

2. Materials and Methods

2.1. Feedstock. Fresh sugar beet pulp (SBP) was obtained from
the Dobrzelin Sugar Factory (Poland) and stored at —20°C
until used.

2.2. Enzymes. SBP was hydrolyzed using the commer-
cial enzyme preparations Viscozyme (a multienzyme com-
plex containing a wide range of carbohydrases, includ-
ing arabanase, cellulase, -glucanase, hemicellulase, and
xylanase) and Ultraflo Max (endo-1,3(4)--glucanase; endo-
1,4-xylanase) (Novozymes A/S, Denmark). Enzyme prepara-
tions were applied simultaneously, at loading rates ranging
from 0.01 to 0.07 mL/g dry matter. Individual sugar yields
were compared to determine the most effective dose for C6
and C5 sugar liberation.

2.3. Yeast Strains, Media, and Cultivation Conditions. Fer-
mentation was carried out using a preparation of Ethanol
Red dry distillery yeast (S. cerevisiae) (Fermentis Division
S.L Lesaffre, France) and Pichia stipitis NCYC 1541 (National
Collection of Yeast Cultures, UK), applied sequentially. The
process was initiated using yeast Ethanol Red (1gd.m./L)
and after 24 h the worts were inoculated with Pichia stipitis
(0.5g/L). Pichia stipitis was subcultured at 30°C on a solid
YPG medium containing 1% yeast extract, 2% peptone, 2%
glucose, and 2% agar. Two-step propagation was performed
to obtain the P. stipitis inoculum. In the first step, stationary
stage, inoculum cultures were grown for 24h at 30°C in
100 mL Erlenmeyer flasks filled with 50 mL of liquid YPG
medium supplemented with xylose (1%). The inoculum
obtained was then transferred under sterile conditions into
1L flasks containing 100 mL of the YPG medium and xylose.
Propagation was carried out in shaken cultures for 48 hours
at 30°C. The biomass obtained was centrifuged, washed twice
with sterile physiological saline, and centrifuged again. After
suspending the biomass in saline, the biomass yield was
determined by drying the sample to a constant weight at
105°C. The yeast slurry was added to the worts at a ratio of
0.5 g d.m. of yeast/L wort.

2.4. Preparation of Worts. To prepare the worts for fermen-
tation, SBP was milled to obtain 0.8-1.0 mm particles and a
portion of the pulp (100 g) diluted with fresh water or with 2%
w/w sulfuric acid (192 mL), to obtain mixtures with dry mat-
ter content ca. 12% w/w. Next, the mixtures were subjected to
two types of pretreatment: (1) thermal pretreatment in a lab-
scale autoclave by heating the sugar beet pulp to 121°C for 30
or 60 min at 0.1 MPa and (2) ultrasound pretreatment with a
SONOPULS HD 2200 homogenizer in continuous mode, set
to 50% or 100% amplitude (ultrasound power 400 W, 24 kHz)
for 20 min. The control samples were not subjected to either
thermal or ultrasound pretreatment. After pretreatment, the
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worts were adjusted to pH 4.8 using 25% (w/w) sodium
hydroxide before undergoing a process of simultaneous sac-
charification and fermentation, with or without the “activa-
tion” phase. Two variants of wort with “enzymatic activation”
were prepared. In Variant I, the medium was digested with
Viscozyme and Ultraflo Max enzyme preparations (each at a
dose of 0.02 mL/g d.m.) and continually stirred and heated to
40°C for 6 h before inoculation with yeast. In Variant II, the
medium was digested using the same preparations, each at
doses of 0.015 mL/g d.m., stirred continuously, and heated to
48-50°C for 6 hours before inoculation with yeast. In Variant
11, the worts were supplemented with (NH,),HPO, (0.3 g/L)
and inoculated with yeast. In fermentation trials without
previous enzymatic activation, the samples were digested
with enzyme preparations (each at doses of 0.02mL/gd.m.),
supplemented with (NH,),HPO, (0.3 g/L), and immediately
inoculated with yeast.

2.5. Fermentation. The fermentation experiments were car-
ried out in 1L glass flasks, each containing approximately
0.5 L of wort. Fermentation was initiated using 1 g of Ethanol
Red distillery yeast (S. cerevisiae) per 1L of wort. The yeast
was first hydrated and acid-washed (15min incubation of
cells suspended in water with the addition of 25% w/w
sulfuric acid solution, pH 2.5, at room temperature). The
flasks were closed with stoppers equipped with fermentation
pipes, filled with glycerol, and kept in a thermostat-regulated
room at 37 + 1°C. Fermentation was continued over 24
hours, at the end of which the specimens were inoculated
with the Pichia stipitis yeast strain (0.5g/L). In selected
fermentation trials, after inoculation with P, stipitis, the effect
of aeration was evaluated using a 0.3 vvm constant air supply.
Fermentation was resumed for a further 48 hours, the entire
process time amounting to 72 h. The process was controlled
gravimetrically (a decrease in mass caused by the liberation
of carbon dioxide). When the fermentation was complete,
samples were collected to determine the ethanol, hexose, and
pentose sugar concentrations.

2.6. Analytical Methods. The sugar beet pulp was analyzed
following methods recommended for the sugar industry [22].
Solid substance was measured in a Radwag WPS-30S weigh-
ing dryer. Total nitrogen was determined using the Kjeldahl
method. Reducing sugars and total sugars (after inversion
with hydrochloric acid) were determined according to the
Miller method [23], in g of invert sugar per kg of thick juice.
The concentration of saccharose was calculated as the differ-
ence between the quantities of total sugars and reducing sug-
ars (with a conversion coefficient of 0.95). Cellulose content
was determined according to the Kiirschner-Hoffer method
[24], hemicellulose content using the Ernakow method [25],
and lignin content following the method recommended by
the National Renewable Energy Laboratory (NREL) [26]. The
pH was also measured, using a digital pH meter.

The contents of glucose (GLC), fructose (FRU), galactose
(GAL), xylose (XYL), arabinose (ARA), rhamnose (RHA),
saccharose (SAC), cellobiose (CEL), raffinose (RAF), and
galacturonic acid (GalA) in the media were determined
before and after fermentation. The concentrations of ethanol

in the media and in postfermentation effluents were deter-
mined using HPLC (Agilent 1260 Infinity, USA) on Hi-Plex
Ca column (77 x 300 mm, 8 um) (Agilent Technologies,
USA) equipped with a refractive index detector (RID) at 55°C.
Column temperature was maintained at 80°C. HPLC grade
water was used as a mobile phase at a flow rate of 0.6 mL/min
with a sample volume of 20 yL. Prior to analysis, samples
of the worts were mixed with ZnSO, to final concentrations
of 10% to induce protein precipitation. The solid debris was
removed by centrifugation at 4,000 rpm for 20 min. Prior
to analysis, all samples were filtered through 0.45 um PES
(polyethersulfone) membranes.

2.7. Evaluation of Hydrolysis and Fermentation. Hydrolysis
yield (HY) was calculated according to the following formula:

_ C=*0.9
" RS+SAC+RAF+P

where C is the reducing pentose and hexose sugars con-
centration after hydrolysis [g/L]; RS are the reducing sugars
in sugar beet pulp before hydrolysis [g/L]; SAC and RAF,
respectively, are saccharose and raffinose contents [g/L]; P is
polysaccharide (cellulose and hemicellulose) content [g/L];
and 0.9 is the conversion coefficient from polysaccharide
(cellulose and hemicellulose) to pentose and hexose sugars
(i.e., the molecular weight ratio of polysaccharide to hexose
and pentose sugars).

The total sugar intake (percentage consumption of total
sugars during fermentation) was calculated as the ratio of
sugars used to their content in the wort prior to fermentation,
expressed as a percentage.

Fermentation efficiency (FE) was calculated for fer-
mentable sugars (using a stoichiometric equation) and
expressed as a percentage of the theoretical yield, according
to the following formula:

HY % 100%, )

FE * 100%, (2)

B E
~ FS%0.51
where E is ethanol concentration in the fermented medium
[g/L]; FS are fermentable sugars (glucose, fructose, galactose,
and xylose); 0.511 is the constant which represents the
theoretical yield of ethanol from glucose and xylose.
Ethanol yield was expressed as the amount of absolute
ethanol (A,,,) obtained from 100 kg of wet sugar beet pulp.

2.8. Statistical Analysis. All samples were prepared and ana-
lyzed in triplicate. Statistical calculations were performed
using STATISTICA 9.0 software (StatSoft, USA). The results
were evaluated using one-way analysis of variance (ANOVA)
and two-way ANOVA with a significance level of 0.05. Where
statistical differences were found (p < 0.05), post hoc
analysis was conducted using Tukeys range test (with a
significance level of 0.05) to determine which specific means
were different.

3. Results and Discussion

3.1. Chemical Composition of Sugar Beet Pulp. The chemical
composition of the sugar beet pulp used in this study was



TaBLE 1: Chemical composition of raw material.

Physicochemical parameters Sugar beet pulp
Dry mass (g/kg) 2293 +11.5
pH 58+0.2
Reducing sugars as invert sugar (g/kg d.m.) 9.8+0.3
Saccharose (g/kg d.m.) 144.8 £12.5
Raffinose (g/kgd.m.) 24+03
Cellulose (g/kg d.m.) 336.8 +15.2
Hemicellulose (g/kg d.m.) 405.5 £ 27.2
Lignin (g/kgd.m.) 14+02
Protein (Nx 6.25) (g/kgd.m.) 11.5 £ 0.25

Results expressed as mean values + SE (n = 3).

typical for that of sugar beet byproducts of processing (see
Table 1).

The high content of carbohydrates, in particular non-
starch polysaccharides such as cellulose and hemicellulose,
and low content of lignin are advantages from the technolog-
ical point of view, enabling high yields of fermentable sugars
(including glucose and xylose). Sugar beet pulp feedstock
therefore has great potential for use in “second-generation”
biofuel (ethanol) production. However, efficient hydrolysis
and fermentation depend on the type of pretreatment, the
conditions of enzymatic hydrolysis, and the microorganisms
used for the fermentation of released hexose and pentose
sugars.

Our results are similar to others reported in the literature
[27, 28]. Any differences in the chemical composition of
sugar beet pulp can be related to the varieties of sugar beet
processed in sugar factories, to different conditions of sugar
beet cultivation, and to the technologies used for processing.

3.2. Effect of Pretreatment Type and Enzyme Preparation
Dosage on the Release of Fermentable Sugars. Different types
of pretreatment and various dosages of the cellulase and
hemicellulase preparations Viscozyme and Ultraflo Max
(Novozymes) were investigated to determine their effects
on the release of fermentable sugars. Thermochemical pre-
treatment is recommended to remove most of the lignin
and facilitate the action of cellulases and hemicellulases on
cellulose and hemicellulose, so that the microorganisms can
use the liberated monosaccharides as a carbon source (7, 8].

Due to the fact that the tested feedstock contained a
relatively low lignin content, the first batch of experiments
was carried out without pretreatment. A mixture of SBP
and water in a ratio providing a medium containing approx.
12% d.m. was digested using different doses of the enzyme
preparations Viscozyme and Ultraflo Max, in a range from
0.01 to 0.07 mL/gd.m. The samples were then incubated at
37 + 1°C for 72 h, but without yeast to determine the degree
of polysaccharide hydrolysis. The goal of this stage of the
study was to determine the amounts of sugars that could
potentially be released under fermentation conditions. Due
to the fact that the samples were not inoculated with yeast
and there was no fermentation, the worts were supplemented
with the antibiotics penicillin G sodium salt (100 000 U/L
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Concentration (g/L of wort)

0
GLC FRU GAL XYL ARA RHA GalA SAC CEL RAF

M 0.01 (mL/gd.m.)
W 0.02 (mL/gd.m.)

0.05 (mL/gd.m.)
0.07 (mL/gd.m.)

FIGURE I: Qualitative and quantitative composition of carbohydrates
in sugar beet pulp hydrolysate obtained after digestion of the feed-
stock (without pretreatment) with different dosage of Viscozyme
and Ultraflo Max enzyme preparations. ““Mean values for each
sugar content with different letters are significantly different (p <
0.05, one-way ANOVA).

wort) and streptomycin sulfate salt (0.1g/L wort) to protect
the process from bacterial contamination and prevent
microbial infections.

As shown in Figure 1, enzymatic hydrolysis of SBP in
water with Viscozyme and Ultraflo Max preparations (each
at a dose of 0.01lmL/gd.m.) resulted in the release of the
following amounts of sugars (per liter): 19.6 g glucose, 3.3 g
galactose, 3.7 g fructose, 7.5g xylose, 15.8 g arabinose, 1.2 g
rhamnose, and 2.4 g galacturonic acid. Saccharose (0.35 g/L),
cellobiose (2.1g/L), and raffinose (0.35 g/L) were also found.
According to the literature [3, 29], these carbohydrates can
be found in sugar beet roots, explaining their presence in
the SBP. Rhamnose is bound to galacturonic acid by a-1-4-
glycosidic bonds, which form long, “smooth” regions, and -
1-2-glycosidic bonds, which create branched regions in the
chains that build pectins [30]. The remaining rhamnose is
linked by «-1-5-glycosidic bonds to arabinose chains [28].

Increasing the dose of enzymatic preparations to
0.02 mL/g d.m. caused a relatively small rise (approx. 15%) in
glucose concentration, to 22.5 g/L (p > 0.05), and significant
increases in the concentration of xylose and rhamnose,
to 21.4g/L and 8.5g/L, respectively (p < 0.05). Further
increasing the enzyme preparation dosage to 0.05mL/gd.m.
of sugar beet pulp resulted in increased galactose, arabinose,
and rhamnose contents (p < 0.05). However, a further
increase to 0.07 mL/g d.m. did not significantly improve the
efficiency with which sugars were released (p > 0.05).

The highest efficiency of hydrolysis (72 + 3%) was
observed in batches where the enzymatic preparations were
applied in doses of 0.02mL/gd.m. (p < 0.05). Higher doses
of these preparations did not result in the release of greater
amounts of glucose and xylose (p > 0.05). A significant
increase occurred only in the case of arabinose (p <
0.05). The inhibition of cellulase and hemicellulase activities
observed may have been caused by the rising concentration
of sugars, as well as by the limited access of these enzymes to
substrates contained in the feedstock.
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Ultrasound (50% amplitude, 20 min,
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Ultrasound (50% amplitude, 20 min,
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FIGURE 2: Qualitative and quantitative composition of carbohy-
drates in sugar beet pulp hydrolysate obtained after digestion of the
sugar beet pulp with Viscozyme and Ultraflo Max enzyme prepa-
rations (each at a dose of 0.02mL/gd.m.), preceded by different
pretreatments. **Mean values for each sugar content with different
letters are significantly different (p < 0.05, one-way ANOVA).

The next stage of the investigation focused on whether
pretreatment of the ground beet pulp improved the release
of fermentable sugars. The following forms of pretreatment
were considered: suspension in water or in 2% w/w sulfuric
acid solution (ratio of the pulp to water or acid approx. 12%
dry matter in the medium); pretreatment by autoclaving at
121°C for 30 or 60 min; ultrasound action (amplitude 50 or
100%, 20 min). Enzymatic hydrolysis was then performed
with cellulase and hemicellulase preparations, each at doses
of 0.02mL/g d.m. The results are presented in Figure 2.

The highest release rate of fermentable sugars was
observed after 30 minutes at 121°C from sugar beet pulp sus-
pended in 2% w/w sulfuric acid solution. Most significantly,
the concentration of glucose increased by 18% (from 22.5 to
26.6 g/L), and that of xylose increased by 26% (from 21.4
to 26.96g/L) (p < 0.05). Conversely, the concentrations
of cellobiose, raffinose, and saccharose dropped to 0.05-
0.13 g/L of wort. The highest yield of polysaccharides and
oligosaccharides was also observed with this variant of the
experiment, reaching 86.4 + 2.6% (p < 0.05). Neither
increasing the time of thermal treatment to 60 minutes nor
applying ultrasound treatment yielded higher concentrations
of fermentable sugars (Figure 3) (p < 0.05). These results
are in agreement with data obtained by Rezi¢ et al. [31],
which showed that pressure-thermal pretreatment had an
effect on lignocellulosic substrates and favored the release
of monosaccharides from cellulose and hemicellulose. Dilute
acid hydrolysis treatment also caused disruption to the
polymetric structure of the sugar beet pulp [32].
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(I) Without pretreatment (pulp suspended in water)

(IT) Pressure-thermal pretreatment (121°C, 30 min,
pulp suspended in water)

(III) Pressure-thermal pretreatment (121°C, 30 min,
pulp suspended in 2% w/w sulfuric acid solution)

(IV) Pressure-thermal pretreatment (121°C, 60 min,
pulp suspended in water)

(V) Pressure-thermal pretreatment (121°C, 60 min,
pulp suspended in 2% w/w sulfuric acid solution)

(VI) Ultrasound pretreatment (50% amplitude, 20 min,
pulp suspended in water)

(VII) Ultrasound pretreatment (50% amplitude, 20 min,
pulp suspended in 2% w/w sulfuric acid solution)

(VIII) Ultrasound pretreatment (100% amplitude, 20 min,
pulp suspended in water)

(IX) Ultrasound pretreatment (100% amplitude, 20 min,
pulp suspended in 2% w/w sulfuric acid solution)

FIGURE 3: Yield of hydrolysis of polysaccharides in the tested SBP
after pretreatment and enzymatic hydrolysis with Viscozyme and
Ultraflo Max, each at a dose of 0.02 mL/g d.m., under fermentation
conditions (37 = 1°C, 72 h). *bMean values with different letters are
significantly different (p < 0.05, one-way ANOVA).

3.3. Results of Simultaneous Saccharification and Fermenta-
tion of Sugar Beet Pulp-Based Worts. Earlier research had
demonstrated that conducting separate enzymatic hydrolysis
of sugar beet pulp at elevated temperatures (approx. 48-
50°C) for 48 hours increased the cost of the process and the
risk of microbial infection, thereby lowering fermentation
performance (data not shown). Therefore, this study focused
on selecting optimal conditions for simultaneous saccharifi-
cation and fermentation (SSF) of sugar beet pulp-based worts.
SSF eliminates the time needed for separate hydrolysis of
the polysaccharides present in sugar beet pulp. Consequently,
it reduces the total time required for the process, from
preparation of the feedstock to obtaining the final product.
Based on our prior research, Ethanol Red distillery yeast was
selected to ferment the hexose sugars. This strain exhibits
tolerance to variable conditions (pH 3.5-6.0, temperature
up to 40°C), which is especially important in SSF processes
[33]. Also, in previous studies, the most efficient yeast for
the fermentation of pentoses (e.g., xylose) had been found
to be Pichia stipitis NCYC 1541 (the National Collection
of Yeast Cultures, UK). Sequential inoculation was used,
initiated with the dry distillery yeast (1gd.m./L) followed by
inoculation after 24 h with Pichia stipitis (0.5 d.m. g/L).



To investigate whether partial saccharification of the
polysaccharides (so-called “enzymatic activation”) had an
impact on the effectiveness of the SSF process, we introduced
an interval between the application of the enzymatic prepa-
rations (0.02mL/gd.m.) and inoculation with yeast. After
6 hours of activation, the partially hydrolyzed biomass was
inoculated with Ethanol Red yeast. After 24 h of fermentation,
P stipitis yeast inoculum was added. The results are presented
in Table 2.

The lowest ethanol content (14.3 + 0.6 g/L) was deter-
mined in the control sample, in which simultaneous saccha-
rification and fermentation was performed without pretreat-
ment (p < 0.05). When an analogous fermentation trial (pulp
suspended in water, without pretreatment of SBP) was sub-
jected to 6 h of enzymatic activation and then inoculated with
yeast, the ethanol concentration after fermentation increased
by 16.8% to 16.7 + 0.5 g/L (p < 0.05). Fermentation efficiency
rose from 54.2 + 2.2% to 63.3 £ 1.8% of the theoretical yield.

The highest amount of ethanol (p < 0.05) was measured
in the trial subjected to enzymatic activation (Variant I,
inoculation with yeast Ethanol Red after 6h action with
Viscozyme 0.02 mL/gd.m. and Ultraflo Max 0.02mL/gd.m.
at 40°C), preceded by 30 min pressure-thermal pretreatment
of the pulp suspended in 2% w/w sulfuric acid. Ethanol
concentration in this wort reached 26.9+1.2 g/L, while the fer-
mentation efficiency was 86.5 + 2.1% of the theoretical yield.
Intake of hexose sugars (i.e., glucose, fructose, and galactose)
was 90.3 + 2.2%, whereas 87.2 + 1.9% of the xylose was used.

Similar fermentation factors were observed in Variant
II of the experiment, in which enzymatic activation was
performed for 6h with lower doses of the preparations
(0.015mL/gd.m. Viscozyme and 0.015mL/gd.m. Ultraflo
Max), at higher temperatures (48-50°C) than in Variant I,
but with analogous pretreatment (Table 2). Thermochem-
ical pretreatment followed by activation using enzymatic
preparations in doses between 0.015 and 0.02mL/gd.m. of
SBP and inoculation with yeast led to increased ethanol
concentrations (p < 0.05) and more dynamic fermentation.
As a consequence, the fermentation process was completed
within 60 hours with no loss of CO,.

Prolonging the period of pressure-thermal treatment
from 30 to 60 min did not significantly improve the results
for fermentation of SBP suspended in 2% w/w sulfuric acid
(p > 0.05). Pretreatment with ultrasound before enzymatic
hydrolysis did not improve the efficiency of fermentable
sugar release or fermentation factors (Table 2) (p > 0.05).
There was a statistically significant reduction in fermentation
performance (i.e., ethanol concentration and process effi-
ciency) with all fermentation batches of worts prepared from
SBP pretreated with ultrasound waves, compared with those
for analogous fermentation trials in which pressure-thermal
pretreatment was applied (p < 0.05).

The most favorable variant was pressure-thermal pre-
treatment of SBP suspended in 2% w/w sulfuric acid, followed
by simultaneous saccharification and fermentation of wort
subjected to enzymatic activation. This variant enabled high
utilization of fermentable sugars and maximal ethanol yield
under the experimental conditions described above.
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The concentrations of arabinose, rhamnose, and galactur-
onic acid reduced by similar proportions in all the fermenta-
tion trials, between 3 and 5% (data not shown), and did not
differ statistically compared to the worts before fermentation.
This indicates that the yeast strains used in our study did not
assimilate these compounds. Patelski et al. [34], who inves-
tigated the bioconversion of sugar beet pulp into single-cell
protein (SCP) using Saccharomyces cerevisiae and Pichia stipi-
tis yeast strains, observed that glucose, fructose, and galactose
were assimilated by all the tested strains. S. cerevisiae was not
able to utilize xylose, arabinose, rhamnose, or galacturonic
acid, while the P, stipitis strain utilized only approx. 15% of
the arabinose and 40% of the rhamnose. It is notable that the
P, stipitis yeast strain used by Patelski et al. was not found to
utilize xylose as a carbon source for biomass production.

Recent research has investigated the possibility of
improving the fermentation of arabinose by using recombi-
nant yeast strains [35]. Bettiga et al. [36] investigated pentose
fermentation using recombinant S. cerevisiae strains. Under
anaerobic conditions, a yeast strain containing a complete
L-arabinose pathway fermented L-arabinose in the presence
of glucose. The authors observed minor coconsumption of
L-arabinose in the presence of glucose, but after glucose
depletion the consumption rate was higher and subsequently
pentose fermentation was observed.

According to the literature, the ability of Pichia stipitis
yeast to metabolize xylose is dependent on culture oxygena-
tion [16, 17]. It has been reported that ethanol yield can be
significantly increased when gO2 (the specific oxygen uptake
rate) is adjusted to the optimum oxygen level for the type of
sugar consumed [37]. According to our results, aeration did
not improve the effectiveness of SBP fermentation. However,
statistically significant increases in the consumption of hex-
ose sugars and xylose were observed (p < 0.05), and as a
consequence we noted an approximately threefold increase in
the yeast biomass (p < 0.05) (see Figure 4). The recovery of
so-called postfermentation yeast, which is a valuable source
of protein (over 50% d.m.), can significantly improve the
economic viability of the entire process.

Gutiérrez-Rivera et al. [38] observed that, in coculture
experiments (simultaneous inoculation of S. cerevisiae ITV-
01 and P. stipitis NRRL Y-7124), ethanol production did not
depend on the level of aeration, while ethanol productivity
was higher in cocultures with an air supply compared to those
without (1.26 and 0.38¢g L'h resp.). Moreover, ethanol
productivity from aerated cocultures was greater than with P,
stipitis NRRL Y-7124 alone under the same conditions (0.24
and 1.26 gL' h™', resp.). Yet, whereas with P. stipitis NRRL
Y-7124 100% of the xylose was used, with aerated cocultures
xylose uptake was incomplete (79.6%). Gutiérrez-Rivera et al.
conclude that it is probable that S. cerevisiae ITV-01 and P,
stipitis NRRL Y-7124 adversely affect each other. This may be
due to the limited oxygen available for P, stipites, as a result of
oxygen utilization by S. cerevisiae.

On the basis of our fermentation results, we calculated
the quantity of ethanol obtained from 100 kg of sugar beet
pulp-based wort. Our study shows that 6.8 + 0.3 kg absolute
ethanol can be produced from 100 kg of wet sugar beet pulp
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FIGURE 4: Effect of aeration on efficiency of simultaneous sacchari-
fication and fermentation of sugar beet pulp (fermentation Variant
I with enzymatic activation: inoculation with yeast Ethanol Red
after 6h of enzymatic action (Viscozyme 0.02 mL/g d.m.; Ultraflo
Max 0.02 mL/gd.m., 40°C), preceded by 30 min pressure-thermal
pretreatment of SBP suspended in 2% w/w sulfuric acid solution).
*®Mean values for each index with different letters are significantly
different (p < 0.05, one-way ANOVA).

(approx. 23% d.m.) under the most favorable conditions, as
established in our experiments (see Table 3).

4. Conclusions

The results of our study suggest that sugar beet pulp, an inex-
pensive byproduct of sugar beet processing, could provide
an alternative feedstock for second-generation ethanol pro-
duction. To ensure the effectiveness of simultaneous saccha-
rification and fermentation, enzymatic hydrolysis should be
preceded by pressure-thermal pretreatment (121°C, 30 min)
of sugar beet pulp suspended in 2% w/w sulphuric acid
in a ratio providing 12% dry matter. A 6h interval for
enzymatic activation between the start of digestion with
enzyme preparations and inoculation with the yeast strain
may improve fermentation performance. Fermentation of
progressively released fermentable hexose (glucose, fructose,
and galactose) and pentose (xylose) sugars by two yeast
strains applied sequentially, Ethanol Red (S. cerevisiae) and
Pichia stipitis NCYC 1541, yielded 6.8+ 0.3 kg absolute ethanol
from 100 kg of wet sugar beet pulp (approx. 23% dry matter).
To increase the intake of released monomer sugars, strains of
yeast able to ferment rhamnose, arabinose, and galacturonic
acid should also be added.
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Concerns in the last few decades regarding the environmental and socioeconomic impacts of the dependence on fossil fuels have
resulted in calls for more renewable and alternative energy sources. This has led to recent interest in copyrolysis of biomass and
coal. Numerous reviews have been found related to individual pyrolysis of coal and biomass. This review deals mainly with the
copyrolysis of coal and biomass and then compares their results with those obtained using coal and biomass pyrolysis in detail.
It is controversial whether there are synergistic or additive behaviours when coal and biomass are blended during copyrolysis. In
this review, the effects of reaction parameters such as feedstock types, blending ratio, heating rate, temperature, and reactor types
on the occurrence of synergy are discussed. Also, the main properties of the copyrolytic products are pointed out. Some possible
synergistic mechanisms are also suggested. Additionally, several outlooks based on studies in the literature are also presented in

this paper.

1. Introduction

Coal is the most abundant fossil fuel energy source available
to the world economy and its reserve was expected to last
for up to 200 years compared to about 65 years and 40 years
for natural gas and crude oil, respectively. The pyrolysis of
coal is a good method for producing liquid fuels and other
chemicals; however, the yields of these products are limited
due to low content of hydrogen in coal. Hydropyrolysis, a
pyrolysis process under hydrogen, is an effective method to
improve tar yield and quality, but high cost of pure hydrogen
hinders its industrial application. Accordingly, it is necessary
to supply H, for coal from other hydrogen-rich materials,
such as plastic wastes, polymers, petroleum residues, and
coke-oven gas.

Compared with plastic wastes and so forth biomass is
a perspective source to replace fossil fuels in the future,
as it is abundant, renewable, clean, and carbon dioxide
neutral. Both biomass and coal are carriers of accumulated
solar energy. The formation profile, however, changes the
nature and availability of the two fuels. The difference in

composition from biomass to coal is illustrated using a Van
Krevelen diagram in terms of hydrogen/carbon (H/C) and
oxygen/carbon (O/H) ratios as described in Figure 1 [1]. It
could be clearly observed that, in comparison to coal, biomass
has a higher value of H/C ratio (1.26-1.58) and O/C ratio
(0.4-0.8). Higher hydrogen contents in biomass indicated
that biomass could act as hydrogen donors in copyrolysis
with coal. In addition, pyrolysis is inherently meant to
be completed in an inert atmosphere, while the presence
of higher oxygen content in biomass actually provides a
significant increase in reactivity of the pyrolysis environment,
facilitating the conversion of coal. Thus, some synergy effect
may be expected when coprocessing biomass with coal.
Recently, many researchers used different fuels (such as
sawdust, legume straw, lignite, and bituminous coal) and
different reactors (such as TGA, fluidized bed reactor, fixed-
bed reactor, and free fall reactor) under various operating
parameters (such as temperature, heating rate, blending
ratio, particle size, and contacting way of particles) to study
the copyrolysis behaviors focusing on product distribution
and product characteristics, as well as the possible existing
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FIGURE 1: Van Krevelen’s diagram showing the various H/C ratios
and O/C ratios for different feedstocks [1].

synergetic effects. In general, to evaluate the interaction
between biomass and coal blend, the experimental values
were compared with the theoretical values which are sum
of the values of individual samples in proportion to their
blending values. The percentage of increasing or decreasing
of the experimental values with respect to the theoretical
values is called synergetic effects. The lack of synergy between
the two fuels during copyrolysis is indicated by the linear
relationship between the volatile matter release/product yield
and the percentage of biomass added to the mixture. Given
such a wide range of variables involved, the results obtained
by different groups are sometimes conflicting. That is to say,
synergistic or additive behaviors were reported to occur for
copyrolysis processes of biomass/coal blends. In a study by
Vuthaluru [2], the pyrolysis of biomass and coal blends by
thermogravimetric analysis (TG) in different biomass/coal
ratios showed no synergy effect, and there is a linear relation-
ship between the char yield and the amount of biomass in the
blend. Pan et al. [3] and Kastanaki et al. [4] also confirmed
that no interaction took place between biomass and coal in a
blend during pyrolysis. More recent efforts by Aboyade et al.
[5], Chenetal. [6], Shui etal. [7], Park et al. [8], Ulloa et al. [9],
and Haykiri-Acma and Yaman[10] have challenged this view,
and they show that there are significant interactions between
the coal and biomass fractions during pyrolysis in TG. Onay
etal. [11], Sonobe et al. [12], Zhang et al. [13], Wei et al. [14, 15],
Yuan etal. [16], and Li et al. [17] also verified the occurrence of
synergy effect on the yields of the major pyrolytic products,
gaseous component, tar components, and the reactivities of
the chars. Interestingly, Park et al. [8] observed that synergy
occurs on both TG and fixed-bed reactor, while Sonobe et
al. [12], who conducted the copyrolysis of Thai lignite and
corncob, verified the presence of synergy effect on a fixed-bed
reactor rather than a TG apparatus. In addition, researchers
who study the distribution of major products such as char,
liquid, and gas tend to find no evidence of synergy eftect [18],
while those who study the composition of the volatiles tend
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to conclude the opposite [12, 19]. The occurrence of synergy
during copyrolysis is generally not conclusive, and it depends
on the pyrolysis technique and fuels used. These conflicting
conclusions are intriguing and need to be clarified. Numerous
reviews have been found related to individual studies on coal
pyrolysis and biomass pyrolysis [20-22]. To our knowledge,
little reviews are available on copyrolysis of coal/biomass
blends [23, 24].

In this paper, a comprehensive overview on copyrolysis
of coal and biomass was presented. The interest is to focus
on the synergistic effects or the additive effect between coal
and biomass in their copyrolysis. The effects of reaction
parameters such as feedstock types, blending ratio, heating
rate, temperature, and reactor types on the occurrence of
synergy and on the distribution and properties of copyrolytic
products are pointed out. Moreover, some possible synergistic
mechanisms during copyrolysis of coal/biomass blends were
also presented.

2. Copyrolysis Reaction Parameters

Copyrolysis of biomass and coal blend generally goes through
a series of extremely complex reactions. Many pyrolysis
process parameters such as feedstock types, blending ratio,
heating rate, temperature, and reactor types may strongly
affect the yield and properties of the products.

2.1. Effect of Feedstock Types. The types of blending fuels
ought to be a major factor that can intrigue the synergy. It has
been shown that many blends of biomass species and coal,
such as hazelnut shell and coal [25], legume straw and coal
[13], sawdust and coal [26], microalgae and coal [6], corncob
and coal [12], and corn stalk and subbituminous coal [27],
exhibit synergetic effects during copyrolysis process.

Biomass is mainly composed of several chemical con-
stituents: cellulose, hemicellulose, lignin, some extractives,
and minerals [28]. Cellulose, hemicellulose, and lignin could
create synergistic effects on thermal behavior of the coal [29].
It is believed that H and OH radicals released from biomass
during pyrolysis can promote cracking of the aromatic rings
of coal [12, 30, 31]. Some researchers also stated that catalytic
effects of the minerals in biomass promoted synergy effects
between biomass and coal [32]. Yuan et al. [33] conclude
that hemicellulose provides strongest promotion effect on
the coal conversion during copyrolysis. The holocellulose
(cellulose and hemicellulose) components of biomass are
mainly responsible for the volatiles of the pyrolysis, which can
further produce hydrogen by secondary reactions. Thus, the
synergy effect in the presence of legume straw with higher
holocellulose and ash content is more significant than that in
the presence of pine sawdust with copyrolysis of biomass and
coal in a free fall reactor [14]. Lignin in biomass may cause
some polymerizing reactions in the low-temperature range,
resulting in the formation of resonance stabilized phenoxy
radical and other reactive radicals [34-36]. Such radicals are
effective and active intermediates to depolymerize coal by
cleaving methylene bridges. Nevertheless, the lignin-derived
intermediates are short-lived as compared to the time needed
for complete coal depolymerization.
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Coal is mainly formed as the results of slow metamor-
phosis of biomass over a long period of time. The degree of
that metamorphosis is among the criteria used to determine
coal rank. Many researchers [10, 25, 33, 37, 38] found
that, during copyrolysis, low rank coals could easily create
synergies with biomass and interactions between biomass
and low rank coal are more pronounced than those between
biomass and high rank coal. They considered that the higher
structure similarity between biomass and low-rank coal than
that between biomass and high rank coal was the reason.
Additionally, as the coal rank decreases, the major pyrolytic
decomposition regions of coal shifted to lower temperatures.
Biomass reacted in a temperature region close to low-rank
coal and this could allow interactions to occur between the
components [39]. Simultaneously, hydrogen acceptor ability
of low-rank coal was stronger than high-rank coal [40].
During pyrolysis process, the lamellae of the coal cross-linked
network is disturbed, causing much fragmentation of coal
into hydrogen deficient active sites. Biomass has a higher H/C
ratio than coal; the availability of hydrogen around the coal
particles would be increased during copyrolysis. There exists
hydrogen transfer reaction from biomass to coal. Usually
the synergistic positive effect is observed preferentially with
low rank coals also due to their stronger ability of capturing
hydrogen.

2.2. The Influence of Blending Ratio. The proportion of
biomass in the blend had a significant influence on product
distribution of solid, liquid, and gas [19]. With the increase
of biomass blending ratio, the char yield decreases, while
the yields of liquid and gas increase [27, 41]. Copyrolysis
experiments performed on TG revealed that percent residual
mass decreased with increasing biomass content in blends [2,
6,11,12,42, 43]. Typical TG curves for biomass, coal, and their
mixtures are presented in Figure 2 [11]. The immobile phase
of the coal structure mostly comprises highly cross-linked
aromatics, held together by significantly stronger C=C bonds
with bond energy of 1000 kJ/mol [19]. These bonds are more
difficult to rupture under the heat than the macromolecular
structure of cellulose, hemicelluloses, and lignin in biomass,
which are linked together by relatively weak ether bonds
(R-O-R) with bond energy of about 380-420 kJ/mol. Thus,
biomass decomposes much faster than coal. Additionally,
biomass undergoes higher weight loss than coal as indicated
in Figure 2, and the curve for each biomass/coal blend lies
between the curves of the single component.

High thermochemical reactivity and the high volatile
content of biomass facilitate the conversion of coal [9, 12].
The degree of synergistic effects was dependent on many
factors, that is, coal type, blending ratio, and reactor type
[43]. Generally, synergy effect is more pronounced under
the higher biomass blending ratio, due to the fact that the
presence of sufficient amount of biomass could offer plenty
of hydrogen donors to coal [8, 11, 13, 42]. However, degree of
synergy effect was not linearly dependent on the amount of
biomass in the blends [8, 14, 45]. Since packing density and
thermal conductivity of biomass are lower than those of coal,
the increase in proportions of biomass would decrease the
heating rate of the blends and result in longer releasing time
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FIGURE 2: Percent residual mass versus the temperature for raw
materials and coal/biomass blends [11].
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FIGURE 3: Flow-chart of two-stage copyrolysis process [44].

of the volatiles from both biomass and coal [8]. Therefore,
OH and H radicals are released more slowly from biomass
to enhance the cracking of coal tar [12, 46], and more tar is
converted to gaseous products [7]. In addition, biomass char
residues formed during copyrolysis are easy to accumulate on
the molecules’ surface of coal which block the pores of coal
molecule through which the volatile matters generated by
coal pyrolyzing are driven out. That is to say, the interaction
between the solid phases sometimes presents an inhibitive
effect on thermal decomposition [6, 11, 47, 48]. In order to
avoid accumulating of biomass char on coal surface, Li and
Xu [44] proposed two-stage copyrolysis process as illustrated
in Figure 3. Fast pyrolysis of biomass and coal was conducted
in an individual reactor which was separated from each other
in series space, thus making it easy to achieve the best process
control of each reactor. The hydrogen-rich gas produced from



biomass pyrolysis was then used as a hydrogen source for the
coal hydropyrolysis.

2.3. The Influence of Heating Rate. The temperature ranges
for pyrolysis of biomass and coal differ considerably and it is
known that these processes can be distinguished if the heating
rate was sufficiently low so only additive behavior can be
observed [49]. In view of the different temperature ranges
required for the devolatilisation of coal and biomass, the
utility of slow heating experiments in looking for synergetic
effects appears limited. If the heating rate is increased, the
intrinsic devolatilization becomes slower compared with the
sample heat up. It could be expected that the pyrolysis
processes of biomass and coal could happen simultaneously
under very fast heating rate, and, therefore, volatile release
from biomass and coal overlapped [13]. Coal pyrolysis yields
and products could be different in the case of high heating
rates since the reaction atmosphere also involves noninert
species [50]. That is to say, copyrolysis of biomass/coal
blends at high heating rate favoured the synergism [13, 16,
33, 51]. Suelves et al. [38, 52] report synergy when using
pyrolysis-GC (pyroprobe). In this technique, the fuels are
blended and contained in a small thin-walled silica tube and
a moderate high rate is applied (typical nominal rates of
10% K/s). Yuan et al. [33, 51, 53] conducted rapid pyrolysis of
biomass/coal blends on a drop style high-frequency magnetic
field based furnace with heating rate higher than 10° K/s.
Synergy effect can be found to promote nitrogen release
from fuel samples and decrease char-N yields. Zhang et al.
[13, 41, 54], who conducted fast pyrolysis experiments in a
free fall reactor, also observed appearance of synergy during
the copyrolysis of biomass and coal. However, Meesri and
Moghtaderi[49] confirmed the lack of synergistic effects on
pyrolytic products yields as well as gas composition from
pyrolysis of coal/sawdust blends under high heating rate
(10*°C/s) in a drop-tube reactor, with short residence time
and limited particle-particle contact.

When copyrolyzing biomass with coal, coal and biomass
are heated together in an inert atmosphere, creating a joint
volatile stream and solid char as products. Therefore, the
synergistic effect observed during copyrolysis might be due
to volatile-volatile interaction and volatile-char interaction
[55, 56]. A higher heating rate led to the formation of higher
yields of volatile [49, 57, 58]. These increase the probability of
gas phase reactions between the volatiles coming from coal
and biomass, enhancing the intensity of the synergism. Many
authors had confirmed that there was significant synergy in
the vapor phase during copyrolysis of coal and biomass [12,
19, 27, 59]. Simultaneously, the volatilization amount of alkali
and alkaline earth metallic (AAEM) species at fast heating
rates is higher than those at slow heating rate. Such volatilized
species may contribute catalytic activity to coal pyrolysis as
well as gas phase reactions, resulting in significant synergy or
chemical interactions in the vapor phase [9, 12, 60].

2.4. The Influence of Temperature. It is known from the
literature survey and previous studies that pyrolysis tem-
perature plays an important role on product distribution
of coal/biomass blend [8, 11-13, 16]. Pyrolysis of coal yields
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mainly solid with moderate production of liquid and gas,
as opposite to biomass pyrolysis in which liquid and solid
equally dominated the products. The experimental yields of
solid, liquid, and gas for coal/biomass blend lay between those
of coal and biomass; however, appearance of synergy makes
them deviate from the calculated yields [12].

With increasing temperature, char yield decreased but
volatile matter yield increased [8, 11]. In other words, pyroly-
sis conversion increased as the temperature increased. Many
researchers conclude that biomass may promote devolatiliza-
tion of the coal at lower temperatures [61]; however, mani-
festations of the synergies between biomass and coal varied
with temperature. Aboyade et al. [5] reported that the
interactions occurred between 300 and 500°C, corresponding
to the end of biomass devolatilization and the start of coal
decomposition. Ulloa et al. [9] considered that interactions
detected in the blends were produced at pyrolysis tem-
peratures over 400°C, when most of the components in
the blend are devolatilized, and are attributed to secondary
reactions that inhibit the formation of char. Park et al. [8]
observed that from copyrolysis of sawdust and coal blend
in TG the synergy effect to produce more volatiles from
coal pyrolysis is pronounced above 400°C. In a fixed bed at
isothermal condition, the synergy effects to produce more
volatiles appear at 500-700°C, and the maximum synergy
exhibits at sawdust blending ratio of 0.6 at 600°C. In a
study of Zhang et al. [13], they concluded that the optimum
condition for synergy effect in copyrolysis of lignite and
legume straw blend in a free fall reactor is 600°C at which
enough free radical and hydrogen donors are generated. From
the above, it is deduced that 400-600°C may be the optimal
temperature range for the synergy occurrence. With further
increasing temperature, the synergy effect decreases because
of the increased pyrolysis rate and lack of hydrogen donating
ability, resulting in the increased retrogressive condensation
reactions. Some researchers [8, 12] reported that the increase
in temperature to 800°C makes the difference between the
experimental yield and the calculated yield decrease or even
converge.

2.5. The Influence of Reactor Types. Many types of reactors
including TG, fixed-bed reactor, fluidized-bed reactor, drop
style high-frequency magnetic field based furnace, and free
fall reactor have been involved to investigate copyrolysis
behavior of biomass and coal. TG is most commonly used.
Early reports have concluded that no interactions between
the biomass and coal exist during copyrolysis [2-4, 12, 31,
50, 64-66]. Lacks of synergies are mainly due to the low
heating rate used in the TG runs (which allowed the different
devolatilization phases of both components in the blend to
be easily separated) and to the relatively high nitrogen flow
rate in the apparatus (which prevented volatile species to
remain close to the devolatilizing particles in the crucible,
ensuring an inert atmosphere on the sample during the run)
[50]. More recent efforts by Aboyade et al. [5], Chen et al. [6],
Shui et al. [7], Park et al. [8], Ulloa et al. [9], Yangali et al.
[61], and Haykiri-Acma and Yaman [10] have challenged this
view, showing that there are indeed significant interactions
between coal and biomass fractions during copyrolysis in TG.
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TABLE 1: Co-pyrolysis studies of coal/biomass blends performed on TG.
1st author HR (°C/min) Temp. (°C) Fuels*® Coal to biomass blend ratio (w/w) Publishing year
Synergistic behaviors
Haykiri-Acma [10] 20 900 li-hs 98-96-94-90-80 2007
Chen [6] 10-20-40 1000 semi-cv 30-50-70 2012
Park (8] 15 900 sub-sd 60 2010
Shui [7] 10 800 sub-sd 50 2011
Aboyade [5] 5-10-50 900 hc-bg-cc 90-80-70-60-50 2012
Song [62] 10 1000 sd-li 20-50-80 2014
Ulloa [9] 10-30-50 1200 sub-bit-sd 50 2009
Li [42] 10-15-20-25-30 900 bit-sd 20-40-60-80 2015
Wu [63] 10-20-40 950 ce-bit 25-50-75 2016
Additive behaviors
Vuthaluru [2] 20 1250 sub-ww-ws 10-20-30-50 2003
Jones [31] 25 900 bit-hvb-li-pw 25-50-75 2005
Sonobe [12] 10 600 li-cc 90-50-10 2008
Kastanaki [4] 10 850 li-oc-fr-cr 95-90-80 2002
Biagini [50] 20 900 hv-lv-sd-ss 15 to 60 2002
Pan [3] 100 900 bl-1q-pc 80-60-40-20 1996
Vamvuka [64] 10 850 li-oc-fr-cr 95-90-80 2003
Sadhukhan [65] 40 1000 li-ww 50-40-10 2008
Idris [66] 10-20-40-60 900 sub-op 80-60-50-40-20 2010

Coals: sub, subbituminous; 1, lignite; hvb, high-volatile bituminous; bit, bituminous; semi: semianthracite; bl, black; 1q, low-quality; hv, high-volatile; lv, low-

volatile; he, hard coal.

bBiomass: ww, wood waste; ws, wheat straw; hs, hazelnut shell; pi, pinewood; cc, corncob; cv: chlorella vulgaris; sd: sawdust; oc, olive cake; fr, forest residue;

cr, cotton residue; pc, pine chips; op, oil palm; ss, sewage sludge; ce, cellulose.

An overview of the existing literature performed on TG is
summarized in Table 1.

Fixed-bed reactors using a relatively large amount of sam-
ple would provide intimate contact between neighbouring
fuel particles and their volatiles, resulting in the occurrence
of the synergy effect for both pyrolysis product yield and
gas product compositions [8, 11, 12, 32, 62, 67]. However,
intimate contact between biomass and coal particles during
copyrolysis does not necessarily mean the occurrence of syn-
ergy during copyrolysis [68, 69]. Compared with atmospheric
fixed-bed reactor, pressurized pyrolysis and vacuum pyrolysis
of coal and biomass also verified the existence of significant
synergistic behavior [19, 59]. However, tube furnaces used for
pyrolysis usually have long high-temperature zones; volatiles
must go through the long high-temperature zone before
escaping from the reactors. The extended residence time
of intraparticle volatiles allows for increased extraparticle
secondary reactions (tar cracking, char-forming) [70]. There-
fore, it is difficult to distinguish that the synergies in these
reactors are mainly caused by primary pyrolysis process or
the second reaction of volatiles [31].

Recently, many varieties of fast pyrolysis reactors have
been developed and used to carry out copyrolysis experiment
of coal/biomass mixture. These included fluidized beds, drop
style high-frequency magnetic field based furnace, and free
fall reactor. Some researchers considered that fluidized-bed
reactors are not suitable to investigate interactions since near
total segregation of sample particles in this apparatus could
result in lack of synergies between biomass and coal particles

[32]. Yuan et al. [16, 33, 51, 53] conducted rapid pyrolysis of
biomass/coal blends on a drop style high-frequency magnetic
field based furnace at 600-1200°C, and the nitrogen conver-
sion characteristics of biomass/coal blends were investigated.
Synergies can be found to promote nitrogen release from
fuel samples and decrease char-N yields under all conditions.
Xu et al. [13, 14, 41] had performed copyrolysis of coal and
biomass in a free-fall reactor, and they concluded that both
the higher blending ratio (around 70 wt.%) and the relatively
lower temperature (around 600°C) are more favourable to
synergy effects during the copyrolysis of biomass and coal
in the free fall reactor. Nowadays, some specially designed
reactors, that is, a single-particle reactor system [69], a
microfluidized bed reactor [71], and congruent-mass TGA
[72, 73], were also applied to study the copyrolysis behaviour
of coal/biomass blends.

3. Characteristics of Biomass and Coal
Copyrolysis Products

The products from copyrolysis of coal and biomass included
liquid, char, and gas. The influence of synergy effects on
the yield and composition of pyrolysis products would be
presented in the following discussion.

3.1 Liquid

3.11 Liquid Yield. The relatively high content of H, in
biomass may play a synergistic role as H, donor during



copyrolysis with coal, resulting in more liquid product than
that from additive model [11,13,14, 56]. Wei et al. [14]
reported that the liquid yield was in the range of 25.1-40.9%
during copyrolysis of biomass and coal in a free fall reactor
from 500 to 700°C, with incremental deviations ranging from
0.9 to 8.0% in the amount of liquid. Onay et al. [11] found that
the maximum pyrolysis oil yield reached 39.5% with 5% of
lignite mixed with safflower seed during the copyrolysis in a
fixed-bed reactor at 550°C; the pyrolysis oil yield increased
by about 17% compared to the expected ones. However, in
a study by Park et al. [8], even though synergy effect can be
found to promote the release of volatiles under all conditions,
tar yields are lower than the calculated ones. The lower-than-
expected tar yield may be due to the interactions between
biomass and coal that promote an additional decomposition
of tar to enhance gas yield. As a result, the ratio of tar to the
total volatiles decreases.

3.1.2. Liquid Property. Copyrolysis could enhance the trans-
fer of coal hydrogen to valuable petrochemical produced
that otherwise would be transferred to molecular hydrogen
if coal was pyrolyzed alone [74]. Jones et al. [31] concluded
that the pyrolysis oils from biomass/coal blends became poor
in aromatics and rich in phenols. Onay et al. [11] reported
that the copyrolysis oils contained a greater concentration of
single-ring aromatic compounds and aliphatic group rings
than biomass pyrolysis oil. Wei et al. [15] also found that
the yield of light molecular weight phenols, methylphenol,
dimethylphenol, and their derivatives increased at about
5wt% during the copyrolysis. Song et al. [62] also reported
that copyrolysis promoted the yields of phenols and guaiacols
in tar. Due to the higher O/C ratio of biomass, the pyrolysis
of biomass should produce more oxygenated free radicals.
The reactive oxygenated free radicals from biomass react
with the unsaturated aromatics from coal and prevent them
from recombining to form long chain hydrocarbons [19].
However, high O content of biomass may result in a waste
of H, yielding more water. How to transfer H efficiently
into oil is a challenge. In order to realize the directional
transformation of H and O during copyrolysis of biomass and
coal, Zhang et al. [54] constructed a specially designed free
fall reactor, where a controlled recontact of volatile with char
from primary pyrolysis could be achieved, causing volatile-
char interaction, and their results revealed that the recontact
of the volatiles-char effectively enhanced tar generation and
suppressed water formation during copyrolysis.

3.2. Gas

3.2.1. Gas Yield. Sonobe et al. [12] reported that the gas
yields are higher than expected from the calculated value
based on individual material during copyrolysis of 50:50
lignite/corncob blend in a fixed bed reactor, and the gas
yield discrepancies took place in the temperature zones of
350-500°C. In the experiments of Yuan et al. [16], who
carried out rapid copyrolysis of rice straw and bituminous
coal in a high-frequency furnace, they found that gas yield
increased with the increasing temperatures. Experimental
gas yields were slightly lower than the calculated values in
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the low temperature range. As the temperature increased,
experimental gas yields became higher than the calculated
values. They considered that synergy effect promoted gas
yields mainly within the high-temperature range. Park et al.
[8] found that the gas yield from sawdust and coal pyrolysis
at a blending ratio of 0.6 in a fixed bed reactor monotonically
increased from 21.2% to 35.7% as the temperature increased
from 400 to 800°C, the gas yields are higher than expected
by the calculation, and the maximum difference of gas
yields between the experimental and calculated ones could
reach 6.0% at 400°C. Interactions between biomass and coal
promote an additional decomposition of tar to enhance gas
yield.

3.2.2. Gas Composition. The abundant gaseous compounds
produced from both coal and biomass pyrolysis were mainly
CO,, CO, CH,, and H, [12, 13]. The experimental results
showed that the compositions of the gaseous products from
blended samples are not all in accordance with those of their
parent fuels. Sonobe et al. [12] reported that the experimental
yields of CO and CO, of the lignite/corncob blend were more
or less identical to the calculated yields at all temperatures.
However, Wei et al. [14] found that the experimental yields
of CO and CO, are lower than the calculated values. They
inferred that, in the copyrolysis, the carbon elements in
feedstock have the tendency to move toward tar or char
instead of gas. Yuan et al. [16] reported that the experimental
CO yields are very close to the calculated values at low tem-
perature. As the temperature increased, experimental yields
of CO were higher than the calculated values. Experimental
yields of CO, were almost the same as the calculated values.
Significant synergy effect in product gas composition was
highly pronouncing for CH, formation [12, 14], that is, twice
or even three times higher than the calculated values. Sonobe
etal. [12] considered that water, one of the major components
in biomass volatiles, can be expected to act as a reactive agent
to promote the secondary tar cracking producing more CH,.
It is also suggested that the water could react with the CO
to produce active hydrogen, that is, water gas shift reaction
(WGSR):

CO +H,0 = CO, + H,. )

The new-formed hydrogen produced by WGSR has a
higher hydrogenation activity and thus improves the copy-
rolysis performance [75]. The positive influence of water on
copyrolysis of coal and biomass is very useful for practical
industrial utilization. It allows the use of the coal and biomass
contained large amount of moisture with partial dryness or
even without further predrying.

3.3. Char

3.3.1. Char Yield. From copyrolysis of biomass and coal, char
yields are lower than that from the additive model due to the
synergy effect on the additional degradation of the blends by
H, supply from biomass pyrolysis with the catalytic effect of
inorganic species in biomass ash [8]. There are several factors
affecting the extent of the decrease in the char yield. The
heat release by secondary reactions is reported to promote
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the volatilization of primary tars which in turn reduces the
char yield [76]. However, some researchers considered that
interaction between solid phases presents an inhibitive effect
on thermal decomposition during copyrolysis, leading to
higher than expected char yield [6, 48]. There are several
investigations in which char yields from copyrolysis were
found different than expected. Park et al. [8] reported that the
maximum difference of char yields between the experimental
and calculated ones could reach 8.3% during copyrolysis of
sawdust and coal in a fixed bed reactor. Sonobe et al. [12]
reported that the solid yield of the lignite/corncob blend
was much lower (i.e., 9%) than expected from the calculated
value based on individual materials under the range of
temperatures studied. In an experiment carried out by Fei et
al. [67], the char yield determined experimentally was 1.08-
2.88% higher than the calculated values.

3.3.2. Char Property. The pyrolysis conditions determine the
chemical composition of the solid products. The volatile-char
interaction occurring during copyrolysis has the potential
to affect the amount of AAEM in char, the development of
char structure, and therefore char reactivity [56]. The biomass
blending ratio also significantly affected the copyrolysis char
structure evolution, and the addition of biomass could also
promote the uniformity degree of the copyrolysis char [43,
63]. AAEM species retained in char during copyrolysis are
important catalysts for the gasification/combustion of char.
Generally, the in situ pyrolyzed char from the coal/biomass
blend exhibited a higher reactivity than that from the coal
or the biomass [43, 77, 78]. Zhang et al. [13] found that the
CO, reactivity of the chars obtained from the copyrolysis
under the higher blending ratio (around 70 wt.%) conditions
is about twice as high as those of coal char alone, even higher
than those of biomass alone. Nevertheless, Yuan et al. [16]
considered that a low biomass/coal mass ratio increases the
gasification reactivity of the residual char. The char obtained
from copyrolysis can be used in the preparation of active
carbon if its pore structure and surface area are appropriate.
Additionally, char from copyrolysis of coal and biomass could
be used to produce a smokeless solid fuel. Blesa et al. [30]
prepared smokeless fuel briquettes from copyrolysis of a low-
rank coal and biomass at 600°C with the aim to reduce both
the volatile matter and the sulphur content and to increase
the high calorific value. Cordero et al. [79] found that the
chars resulting from copyrolysis of coal and lignocellulosic
wastes show heating values within the range of high-quality
solid fuels whereas the ash contents remain in the vicinity of
that of the starting coal, which can be used as smokeless.

4. Environmental Benefits

Coprocessing of coal and biomass for energy and chemical
production will not just reduce fossil-derived CO, emissions,
but also limit the discharge of local air pollutants such as
SO, and NO,. Blesa et al. [30] studied low-temperature
copyrolysis of a low-rank coal and biomass and reported a
synergetic effect on the desulphurization of coal. Similarly,
Cordero et al. [79] reported that the presence of biomass
improved the removal of sulfur from the coal structure when

a high sulfur coal was subjected to copyrolysis using waste
biomass materials. They explained this mechanism by the
hydrogen donor property of biomass, which makes sulfur
release from coal easier in the form of H,S during copyrol-
ysis. However, some other researchers [10, 46] claimed that
additional presence of calcium coming from biomass during
copyrolysis should have increased the sulfur fixing potential
of char in the form of CaS and CaSO, rather than releasing
it and thus leading to a lower sulphur release. The higher
the amount of calcium, the higher the amount of sulphur in
the cocarbonised material. As for N-containing compounds,
Yuan et al. [33] found that, during copyrolysis of biomass and
coal, synergies can be found to promote nitrogen release from
fuel samples, decreased char-N yields, and increased volatile-
N yields.

5. Possible Synergistic Mechanisms

Synergistic effects on the copyrolysis can be complicatedly
varied depending on the type of blending stock and the pyrol-
ysis condition. Jones et al. [31] outlined some parameters for
the synergy. The contact time of fuel particles was well proved
to be important for the occurrence of synergy. Some studies
also reported the synergistic mechanisms which presumably
involved the free radical reactions when lignite and biomass
were copyrolyzed. However, knowledge of the synergistic
effect remains inadequate. The actual mechanism by which
interactions between coal and biomass cause synergy effect
during copyrolysis is still not very clear.

5.1. Hydrogen Transfer Reaction. One of the main differ-
ences in characteristics of biomass as compared to coal is
that biomass possesses a higher value of H/C ratio. Under
the same pyrolysis condition, the H, yield generated from
biomass is about 5-16 times as high as that generated from
coal [13]. The pyrolysis of coal may be influenced by the
presence of hydrogen-rich light molecules (CO, CO,, H,,
CH,, H, O, etc.) which are rapidly evolved from biomass at
high temperature. These pyrolysis gases may take part in
volatile-coal interactions and modify the thermal behavior
of coal, especially in the temperature range between 400 and
500°C, where the coal exists in a plastic state.

The transferable hydrogen contained in the coal itself
plays an important role for coal plasticity. Actual active
methylene carbons such as the naphthenic carbons and
ethylene carbons between aromatic moieties might act as
hydrogen donor sites. Amount of transferable hydrogen in
coal itself was dramatically decreased in the temperature
range of 350-500°C [80].

Nevertheless, with copyrolysis of coal with biomass, in
the temperature range of 300-600°C, the gas formation rate
of H, from biomass pyrolysis was maintained at a constant
value [12], thus increasing availability of hydrogen around the
coal particles. There are external hydrogen donors to interfere
with the chain radical processes between the coal and biomass
radicals; chemical interactions therefore occurred. In order
to evaluate the degree of hydrogen transfer reaction, two
parameters, hydrogen donor ability (HDA) and hydrogen



acceptor ability (HAA), of biomass from coal should be
evaluated.

5.2. Catalytic Effects of AAEM. The presence of AAEM
species (mainly K, Na, Ca, and Mg) is in greater abundance
in biomass relative to coal. During pyrolysis, volatilization of
AAEM species will occur [81]. Such volatilized species may
contribute catalytic activity to coal pyrolysis as well as gas
phase reactions [9, 12, 60]. To determine the effect of sawdust
ash on coal pyrolysis, copyrolysis experiment of sawdust
ash/(sawdust ash + coal) blend ratio of 0.2 was carried
out on TG by Park et al. [8]. They observed a noticeable
DTG peak at around 700°C, which is not observed from
the individual thermal decomposition of coal and sawdust.
At this temperature, most of volatile matters are removed
and residue was mainly composed of coal char and sawdust
ash. Therefore, weight loss at this temperature would be the
additional decomposition of char by the catalytic effect of
inorganic species from sawdust ash. AAEM species present
in the biomass, mostly Ca and K, promote demethoxylation
reactions. Under normal conditions, these compounds, par-
ticularly the methoxyphenols, are precursors to the formation
of the aromatic structures of biomass char. However in the
presence of aliphatics found in evolved coal volatiles, the
methoxyphenols are thought to undergo secondary reactions
that produce volatiles instead [5, 9, 45]. At the same time,
there have also been suggestions that demineralisation of
coal through acid treatment influences the degree of synergy
observed [52]. The result may be due to removal of the
mineral matter as well as the changes in porosity of coal by
the acid treatment. Fei et al. [67] reported that the blends of
two original coals synergistically showed a decrease in the tar
yield and an increase in the char yield, whereas for the blends
using one or two acid-washed coals, the synergy gave rise to
increases in both the tar yield and the char yield.

5.3. Heat Transfer. Some researchers confirmed that the
synergy effect is also caused by heat transfer during the
copyrolysis. Thermal decomposition process of lignite was
highly endothermic, especially for the reactions occurring
between 250 and 475°C during which extensive thermal
decomposition of macromolecular chains took place. Ther-
mal decomposition of corncob, on the other hand, was
an exothermic process. It is noticed that corncob strongly
dominated the behaviour of the blend, observing that the
heat profile of the blend followed closely that of corncob
especially at temperatures around 250-450°C, suggesting the
occurrence of the synergistic activities at around that temper-
ature range [12]. The exothermic heat from corncob pyrolysis
could promote the low-temperature thermal decomposition
of lignite to form more liquid product.

6. Conclusions and Outlook

While facing fossil fuels shortage and severe environmental
pollution, biomass, as a clean, storable, and transmittable
renewable energy resource, has caught the attention of the
world. It is desirable to have coutilization of biomass and
coal as a step towards sustainable energy supply system
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and minimize the impact on the environment by the use
of coal. The copyrolysis process and the possible synergy
are significantly affected by feedstock type, blending ratio,
heating rate, temperature, and reactor types. The synergetic
effect could be explained by the transferring of active H
radicals from biomass to coal, the catalytic role of AAEM
from the biomass, and the heat transfer during copyrolysis.
Although the conclusions whether there are synergistic or
additive behaviours during copyrolysis are sometimes con-
flicting, there are some certain laws: higher biomass reactivity
and higher structure similarity between biomass and coal
could enhance the synergy effect. In addition, under the
condition of fast heating rate, the synergistic effects are
obvious. Copyrolysis of biomass and coal offers simplicity
and effectiveness to produce high-grade pyrolysis oil and
higher reactivity char. However, in most published literature,
the degree of synergy is judged according to the changes on
product yield and product composition. Element migration is
the essence of synergy effects during copyrolysis. Therefore,
much attention should be paid on the migration regularity
and directional control mechanism of hydrogen, oxygen, and
other elements during copyrolysis process.
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Anaerobic digestion of lipid-containing wastes for biogas production is often hampered by the inhibitory effect of long-chain fatty
acids (LCFAs). In this study, the inhibitory effects of LCFAs (palmitic, stearic, and oleic acid) on biogas production as well as
the protective effect of a membrane bioreactor (MBR) against LCFAs were examined in thermophilic batch digesters. The results
showed that palmitic and oleic acid with concentrations of 3.0 and 4.5 g/L resulted in >50% inhibition on the biogas production,
while stearic acid had an even stronger inhibitory effect. The encased cells in the MBR system were able to perform better in the
presence of LCFAs. This system exhibited a significantly lower percentage of inhibition than the free cell system, not reaching over

50% at any LCFA concentration tested.

1. Introduction

Comprising mainly methane, biogas is a renewable energy
source that can be directly used as a car fuel, for heat-
ing, or indirectly used to generate electricity [1]. Biogas
production through anaerobic digestion involves four cru-
cial steps including hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. Each step is carried out by different
consortia of microorganisms, partly standing in syntrophic
interrelation with each other [2]. Biogas can be produced
from various kinds of waste materials, including municipal
solid waste (MSW), industrial waste, and agricultural waste.
Among waste materials, lipid-rich wastes, which are released
from, for example, dairy products industry, slaughterhouses,
edible oil processing industry, olive oil mills, and wool
scouring facilities are produced in high amounts each year
[3-6]. Accumulation of this waste creates a serious problem
to the environment such as heavy odor and plenty of leachate;
hence, a sustainable handling of this waste is highly desirable.

Lipids, the main constituent in lipid-rich wastes, play
the most significant role in anaerobic digestion for biogas

production due to their high energy content [7]. Lipids are
long-chain fatty acids (LCFAs) bonded to glycerol, alcohols,
or other groups by an ester or ether linkage. During hydrol-
ysis, lipids are rapidly degraded into monomers such as
glycerol and LCFAs which are further converted into short
organic acids via -oxidation [7]. The short organic acids
are subsequently converted into acetate and hydrogen which
are eventually converted into methane and carbon dioxide
[1]. Biogas derived from lipid have higher methane content
compared to that derived from carbohydrates and proteins
(7].

Albeit the higher quality of biogas produced from lipid,
biogas production from lipid is hampered by excessive
organic loading or LCFAs [8, 9]. It has been reported
that LCFAs inhibited several reactions during the anaerobic
degradation process [10]. The inhibitory effects of LCFA are
already visible at concentrations as low as 50 mg/L [11]. LCFAs
also have severe inhibitory effects on the microorganisms
in anaerobic digestion, particularly for methanogens and
acetogens [11].
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Another challenge in the anaerobic digestion process
of lipid-containing wastes is washout of methanogens at
high organic loading rates. Methanogens grow very slow
and sensitive in the harsh process conditions. As a result,
methanogens require longer retention time in the digesters
[12]. In addition, methanogens is also sensitive to inhibitor
compound. Sousa et al. [13] reported that methanogens in the
anaerobic digestion of lipid-containing wastes are sensitive
to the LCFAs derived from the lipid hydrolysis. A great
reduction of methanogen population results in a decreased
methane production [12, 14].

Retaining and protecting anaerobic digesting microbial
cells inside a membrane bioreactor (MBR) can be a potential
solution to overcome the problems of washout and inhibi-
tion. It has been reported that using the microorganisms
encased in a semipermeable polyvinylidene fluoride (PVDF)
membrane, the biogas production could be improved [15-
17]. MBR was able to retain the cells; hence, it provides a
better system for preventing cell washout in semicontinuous
digestion processes at high organic loading rate [16, 18]. Fur-
thermore, MBR has shown a protective effect on substrates
containing inhibitors such as fruit-flavor compounds [19]. In
searching the literature, no report on application of MBR to
overcome LCFAs inhibition on biogas production has been
found. Therefore, the objective of this work was to investigate
the inhibitory effect of LCFAs on biogas production under
thermophilic condition and the protective performance of
MBR against LCFAs. Saturated (palmitic acid, C,q,, and
stearic acid, C,5,,) and unsaturated (oleic acid, Cyq.;) LCFAs
were used as models of LCFA inhibitors.

2. Materials and Methods

2.1. Anaerobic Culture Preparation. An anaerobic culture
with 22 g VS/L was obtained from thermophilic biogas plant
at Boras Energy and Environment AB, Sweden. The culture
was acclimated in an incubator at 55°C for 3 days prior to
use. The acclimated sludge was homogenized and filtered
through a sieve with a pore size of 1.0 mm in order to remove
any remaining large particles. The sludge was thereafter
centrifuged (Carl Padberg 77933 LE, Huber and Moser,
Germany) at 30,000 rpm for 15 minutes and the supernatant
was discarded. The suspended sludge was later used as an
inoculum for cell containment in membrane sachets, or as
free cells.

2.2. Synthetic Medium, Membrane, and Inhibitors. The syn-
thetic medium was prepared as previously described [19]. It
contained D-glucose, yeast extract, and nutrient broth with
a concentration of 20g/L in distilled water. The nutrient
broth contained 1g/L D(+)-glucose, 15g/L peptone, 6 g/L
sodium chloride, and 3 g/L yeast extract. The solution was
homogenized and filtered using 0.2 ym membrane filters.
Flat plain PVDF (polyvinylidene fluoride, Durapore®) mem-
branes were obtained from Thermo Fisher Scientific Inc.
(Sweden) and used for cell encasement. PVDF membranes
have a hydrophilic surface, with pore size and thickness of
0.1 ym and 125 pm, respectively.
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Palmitic, stearic, and oleic acid were used as model LCFA
inhibitors and were purchased from Sigma Aldrich (Sweden).
These inhibitors were first dissolved in 2.5mL methanol
(reagent grade) in order to obtain a homogeneous solution
in the reactors; thereafter, they were added to the reactors at
concentrations of 0, 1.5, 3.0, and 4.5 g/L.

2.3. Membrane Sachet Preparation and Cell Containment
Procedure. A cell containment technique was conducted
following the method described in a previous study [16]. In
this work, the cells were encased inside the membrane, which
according to Mahboubi et al. [20] is referred to as reverse
membrane bioreactor. The PVDF membranes were cut into
rectangular shapes 6 x 6 cm and folded to create membrane
pockets of 3 x 6 cm. The pockets were heat-sealed (HPL 450
AS, Hawo, Germany) on two sides with heating and cooling
times of 4.0 and 3.5, leaving one side open for insertion of
the inoculums. Three grams of solid inoculums was injected
into the synthetic membrane pockets. The remaining open
side of the sachet was sealed and the inoculum inside was
carefully spread out. The inoculum containing sachets were
immediately used for biogas production.

2.4. Anaerobic Batch Digestion Process Setup. The experi-
ments were carried out in thermophilic batch digestion. The
LCFAs were added to the reactor at concentrations of 1.5, 3,
and 4.5 g/L. Reactor without addition of inhibitors was used
as controls. The reactors of the free cells were performed
in parallel, with otherwise identical conditions to compare
the performance of membrane bioreactor in the presence of
inhibitor. The experiment was conducted using 100 mL serum
glass bottles with total working volume of 43.5mL. Each
reactor contained 1 mL of synthetic medium, 3 g of free cell
or encased cell, 40 mL distilled water, and 2.5 mL of inhibitor
solution or 2.5mL of methanol for the control. The reactors
were sealed and flushed with 80% N, and 20% CO, gas mix
to obtain anaerobic conditions. During the biogas production
process, the digesters were shaken twice a day.

2.5. Analytical Methods. Methane production was measured
by Varian 450 gas chromatograph with a capillary column
equipped with a thermal conductivity detector (TCD). N,
was used as a carrier gas, and the instrument was operated
with injector and oven temperature at 75°C and 50°C,
nitrogen column flow 2.0 mL/min and detector temperature
at 250°C. A 0.25mL pressure lock syringe (VICI, USA) was
used for the gas sampling.

Methane production was determined as previously
described by Hansen et al., 2004 [21]. The measurement of
methane production was based on gas composition, releasing
the gas from the reactor, changing the reactor pressure
to normal pressure, and another GC measurement at this
normal pressure of the reactor. The syringe used for gas
sampling has a valve and, therefore, the gas inside the syringe
has the same pressure as the reactor vessel in both of the
measurements. The methane production was calculated from
the difference of peak sizes between two measurements.
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The percentage of inhibition from each treatment was
used as an indicator of the inhibitory effects caused by the
LCFA and calculated according to the following equation:

=) x 100, 6)
X

Inhibition (%) =
where x is methane production from control reactor and y is
methane production from samples.

Volatile fatty acids (VFAs) were analyzed using a Waters®
High Performance Liquid Chromatography (HPLC) system
with a BIORAD Aminex® HPX-87H, 300 mm X 7.8 mm
column, and 5mM of sulphuric acid as mobile phase. It
was operated at 0.6 mL/min isocratic mobile phase flow; the
column temperature was set at 50°C and the VFAs were
detected using a UV detector at a wavelength of 210 nm. The
experiment was performed in triplicate, and the results were
presented in average.

3. Results and Discussion

3.1. Inhibitory Effects of LCFAs on Biogas Production. Palmitic
and stearic acids are the principal saturated LCFAs to be
accumulated in anaerobic digestion process. They are known
to be degraded five times slower than unsaturated acids [22].
Oleic acid is one of the most common LCFAs [23] and
has the highest toxicity level among the various kinds of
LCFAs, with a minimum inhibitory concentration (MIC) of
50-75mg/L under mesophilic conditions [24-27]. However,
inhibitory effects of the aforementioned LCFAs have not yet
been examined under thermophilic anaerobic digestion. In
this experiment, the possible inhibition effects of palmitic,
stearic, and oleic acid were investigated at three different con-
centrations, that is, 1.5, 3, and 4.5g/L in batch thermophilic
anaerobic digestion. Reactor without addition of LCFAs was
used as control. The cumulative methane productions of
control as well as reactor with addition of palmitic, stearic,
and oleic acid at three different concentrations are shown in
Figures 1(a)-1(c), respectively.

Figure 1(a) shows that the methane production increased
sharply in all the reactors during the first 6 days of incubation.
After six days, the methane production continued at a lower
rate. This indicates that the more biodegradable material was
consumed within the first 6 days. The methane production
started to decrease on day 4 with addition of 3 and 4.5 g/L
of palmitic acid and on day 8 with addition of 1.5g/L
palmitic acid. At the end of digestion, the accumulation of
methane yield with addition of palmitic acid at 0, 1.5, 3,
and 4.5 g/L was 1.4, 1.1, 0.6, and 0.6 Nm*/kg VS, respectively.
The methane production decreased by 21, 57, and 57%
compared to control with addition of 1.5, 3, and 4.5g/L.
The specific methanogenic activities of control as well as
reactors with addition of 1.5, 3, and 4.5 g/L palmitic acid were
0.115, 0.100, 0.055, and 0.061 Nm® CH,/kg VS/d, respectively.
A shorter time required to affect the methane production that
resulted in lower cumulative methane productions at all the
concentration tested compared to that of control confirmed
that palmitic acid has an inhibitory effect on the thermophilic
anaerobic digestion process. It has been reported that the

addition of palmitic acid at a concentration of >1.1g/L
inhibited the performance of anaerobic digestion by about
50% under mesophilic conditions [28]. The result of this work
shows that under thermophilic condition, methane reduction
exceeding 50% was obtained when palmitic acid was added at
concentration of 3 g/L. Furthermore, the maximum methane
reduction was obtained with the addition of 3 g/L of palmitic
acid as increasing concentration of palmitic acid up to 4.5 g/L
had a similar effect with that of 3 g/L.

Effect of stearic acid on methane production is presented
in Figure 1(b). Initially, methane was produced in all of
the reactors showing that the microorganisms were able
to perform at all concentrations of stearic acid added. The
cumulative methane productions of reactors with addition of
all tested concentrations were similar to that of control until
day 4. Subsequently, the methane was produced in a lower
rate compared to that of control until the end of digestion.
On the last day of the digestion, the accumulated methane
yield from control and the media containing stearic acid
at 1.5, 3.0, and 4.5 g/L were 3.4, 1.5, 1.2, and 0.9 m’/kg VS,
respectively. The accumulated methane yields from the media
containing LCFAs correspond to 56, 65, and 74% of methane
reduction with respect to control. Addition of stearic acid to
the reactor also decreased the specific methanogenic activity
of the reactor. The specific methanogenic activities of control
were 0.181, whereas for reactors with addition of 1.5, 3,
and 4.5 g/L stearic acid the specific methanogenic activities
were 0.121, 0.089, and 0.078 Nm® CH, /kg VS/d, respectively.
The result shows that higher concentration of stearic acid
resulted in lower methane production, which indicates an
inhibitory activity of stearic acid towards anaerobic digesting
microorganism. In this work, stearic acid at concentration of
1.5% is enough to reduce 50% of methane production under
thermophilic condition. This is in accordance with a previous
finding stating that stearic acid at a concentration of 1.5 g/L
could inhibit 50 percent of the anaerobic performance under
mesophilic conditions [28].

Meanwhile, the results of the effect of oleic acid study are
presented in Figure 1(c). Addition of oleic acid at all tested
concentration did not affect methane production until day 6
as the level of methane production was the same with that of
control. Similar to those of palmitic and stearic acid, addition
of oleic acid at all tested concentrations to the anaerobic
digesters resulted in a lower specific methanogenic activity
and a lower accumulated methane yield compared to that of
control. The specific methanogenic activities of control as well
as reactors with addition of 1.5, 3, and 4.5 g/L oleic acid were
0.341, 0.165, 0.067 and 0.079 Nm® CH,/kg VS/d, respectively.
The accumulated methane yields produced in the reactor with
addition of oleic acid at concentrations of 0, 1.5, 3.0, and
4.5g/L were 6.7, 3.5, 1.8, and 2.0 m*/kg VS, respectively. The
result shows that addition of oleic acid at concentration of
1.5 g/L caused 48% reduction of methane under thermophilic
condition. This concentration is higher compared to that of
previous work that reported oleic acid at a concentration
of 0.05-0.07 g/L could inhibit the digestion performance by
about 50 percent under mesophilic conditions [26]. Oleic acid
at 3 g/L exhibited strong inhibitory activity as shown by 73%
methane reduction compared to that of control.
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FIGURE 1: Accumulated methane yield from reactors of free cells containing the LCFAs. (a) Palmitic acid, (b) stearic acid, and (c) oleic acid.

The results from the current work show that all the tested
LCFAs reduced methane production by 50% at concentration
of 1.5-3 g/L. Sousa et al. [13] reported that oleic acid had more
severe effects on the methanogens than the saturated LCFAs.
Furthermore, Shin et al., 2003, [24] reported that unsaturated
oleic acid was more inhibitory than the saturated stearate
and palmitate on the acetate degradation. The inhibitory
effects of major long-chain fatty acids (LCFAs), which have
16 or 18 carbons, did not only have an effect on the acetate
degradation, but also on the propionate degradation and f3-
oxidation. The adsorption of LCFAs onto the microbial cell
wall or the membrane that causes damage in the microorgan-
ism’s transport and protective functions is suggested to be the
mechanism underlying the inhibition effect of LCFAs.

3.2. Performance of the Membrane Bioreactor (MBR) with
Encased Cells in the Presence of Inhibitory LCFAs for Biogas
Production. The MBR has been intensively studied in both
batch and continuous digestion processes in order to improve
the process efficiency and biogas productivity under harsh
anaerobic process conditions [15-18]. The previous section
showed inhibition of LCFAs on methane production under
thermophilic digestion. In this work, the encased cells in the
MBR system were studied in batch digestion processes, in

order to investigate the potential application of this system
in overcoming the inhibitory effects of LCFAs. Experiment
with MBR without addition of LCFAs was used as control.
Furthermore, to evaluate the performance of MBR, a conven-
tional reactor containing free cells which run under identical
condition was used as comparison. Percentage of inhibition,
the accumulation of VFAs and pH were used as parameters
indicating the performance of the system.

3.2.1. Percentage of Inhibition. The accumulated methane
yield of MBR with addition of palmitic acid is presented
in Figure 2(a). As can be seen, accumulated methane yields
of reactor with addition of 1.5 and 3g/L were similar to
that of control which indicates addition of palmitic acid
at concentration up to 3g/L did not affect the methane
production in MBR system. However, higher concentration
of palmitic acid at 4.5g/L resulted in lower accumulated
methane yield compared to that of control. The specific
methanogenic activities of MBR with addition of palmitic
acid were in the range of 0.032-0.049 Nm® CH,/kg VS/h.
The percentage of inhibition in the MBR with encased cells
was 1.4, 5.0, and 42.3% at palmitic acid concentrations of
1.5, 3.0, and 4.5 g/L, respectively, whereas the percentage of
inhibition in the reactors with free cells containing palmitic



BioMed Research International

Methane yield (Nm>/kg VS)
[\S]

Methane yield (Nm>/kg V)

1 A N N 4=,’—._".
w»
0 e T T T
0 4 8 12 16
Time (days) Time (days)
= 15gL —— 0g/L & 15g/L —— 0g/L
—— 3.0g/L —e— Blank —— 3.0g/L —e— Blank
—x— 4.5g/L —x— 4.5g/L
(@ (®)
4
2
>
£ 3
fﬂE S
Z ]
= 2
B
N |
g 1+ T
5
= ]
=
0 T T T T T
0 3 6 9 12 15 18
Time (days)
- 1.5g/L —— 0g/L
—— 3.0g/L —o— Blank
—x— 4.5g/L

FIGURE 2: Accumulated methane yield from the MBR with the encased cells containing the LCFAs. (a) Palmitic acid, (b) stearic acid, and (c)

oleic acid.

acid at concentrations of 1.5, 3.0, and 4.5 g/L was 26.1%, 70.2%,
and 73.9%, respectively (Figure 3(a)). The results show that
percentages of inhibition in all tested concentrations of MBR
were lower than that of free cells. And this explains that
MBR system was significantly less affected by the presence
of palmitic acid compared to the conventional system with
free cells. In addition, the inhibitory concentration (ICs,) that
reduces 50% of methane production was obtained at less than
3 g/L in free cells whereas the IC5;, of MBR was higher than
45g/L.

The accumulated methane yield of MBR with addition of
different concentration of stearic acid is shown in Figure 2(b).
The accumulated methane yield in the MBR containing
stearic acid of 1.5 g/L was not significantly different with that
of control. This showed that MBR could tolerate stearic acid
with a concentration of 1.5 g/L, while free cells failed under
the same condition (Figure 1(b)). The specific methanogenic
activities of MBR with addition of stearic acid were in the
range of 0.069-0.098 Nm® CH,/kg VS/h. Furthermore, the
percentage of inhibition in the bioreactor with addition
of stearic acid at 1.5, 3.0, and 4.5g/L was 54.8, 63.6, and
69.0%, respectively, for free cells and 9.1, 30.0, and 38.2%,

respectively, for MBR (Figure 3(b)). The results show that
IC;, of MBR system (>4.5 g/L) was approximately three times
higher than that of free cells (<1.5 g/L).

Similar to palmitic and stearic acids, the accumulated
methane yield in the MBR system with addition of oleic
acid at concentration of 1.5 g/L was not significantly different
with that of control (Figure 2(c)). In comparison with
free cells, addition of oleic acid at the same concentration
already caused 48% methane reduction. Addition of oleic acid
at concentration higher than 3 g/L decreased the methane
production by 33.3%. The specific methanogenic activities of
MBR with addition of oleic acid were in the range of 0.065-
0.090 Nm® CH,/kg VS/h. When the performance of MBR
was presented in the percentage of inhibition, the results
showed that the percentage of inhibition in MBR containing
oleic acid was less than 50% at all concentrations of the
oleic acid. The free microbial cells in the conventional system
were more severely affected by the oleic acid already at a
concentration of 1.5 g/L. The inhibition was more than 50%
when oleic acid concentration was increased to 3.0 and 4.5 g/L
(Figure 3(c)). Hence the IC5, of MBR was higher than 4.5 g/L,
whereas the IC; of free cells was less than 1.5 g/L.
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FIGURE 3: Percentage of inhibition in the reactors with the free cells and MBR with the encased cells in the presence of LCFAs. (a) Palmitic

acid, (b) stearic acid, and (c) oleic acid.

In general, the specific methanogenic activities of free
cells were higher than that of MBR. This is most likely due
to the extra resistance to the mass transfer of the substrate
through the membrane. However, it did not reduce the
accumulated methane yield as higher accumulated methane
yield was obtained from MBR.

The results of the current work emphasize the benefit
of encased cells in MBR over free cells system. In MBR
system, the cells were encased in a hydrophilic PVDF mem-
brane which theoretically is impermeable to hydrophobic
compound such as LCFA. Besides, encasement increases the
cell density inside the membrane which might enhance cell
tolerance against the inhibitor. In addition, MBR system
offers an advantage in having easier cell recovery from the
bioreactor in the downstream processing unit [29].

3.2.2. Volatile Fatty Acid and pH. In an anaerobic treatment,
lipids are first hydrolyzed to glycerol and free LCFAs by
the acidogenic bacteria. Glycerol is further converted into
acetate by acidogenesis, while the LCFAs are converted
into hydrogen, acetate, and/or propionate through the f-
oxidation pathway (syntrophic acetogenesis) [30]. During the
last stage of methanogenesis, the products of the previous
stage are further degraded to principally carbon dioxide
and methane. Under ideal operating conditions, the acid
production and gas production are in balance, with the
volatile acids being broken down as quickly as they are

produced [31]. Thus, VFAs and pH have been widely used
as fast indicators of unstable anaerobic digestion processes.
Therefore, in this work, VFAs and pH were analyzed in order
to investigate the performance of the encased cells in MBR
system in comparison to free cells.

Tables 1 and 2 show total VFA concentrations and pH on
the last day of digestion in both free cells and MBR system.
The total VFA concentration and the pH in both systems were
not different from the control for both free cells and MBR
with addition of palmitic acid at all tested concentrations. The
VFA concentrations in MBR systems with encased cells were
in the range of 2.4-2.8 g/L, while the reactors with free cells
were in the range of 2.1-3.2 g/L.

In the case of stearic acid, addition of LCFA at con-
centration higher than 3g/L increased VFA for both free
cells and MBR. The increase of VFA was followed with the
decrease of pH as can be seen in Table 2. However, VFAs
in free cells at addition of 4.5g/L were two times higher
than that of control, whereas under the same condition, only
25% increase of VFA was observed in MBR system. It has
been reported that accumulation of VFAs above 4 g/L in the
digester leads to an imbalance of anaerobic digestion process
[10, 12]. In this experiment, with the addition of stearic acid
at concentrations of 3.0 and 4.5 g/L the reactor with free cells
resulted in an accumulation of VFA compounds to 4.4 and
5.4 g/L, respectively. In the MBR reactor, on the other hand,
the VFA concentrations of 2.6 and 2.4 g/L were measured
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TaBLE 1: Total VFA concentration on the last day of the experiment
in the reactors with the free cells and the MBR with the encased cells
containing different LCFAs at different concentrations.

Total VFA concentration (g/L)

LCFAs Conc. (g/L)
Free cells Encased cells

0 21+0.6" 24+01°

Palmitic acid 15 25+0.0 2.6+ 0.0
3.0 2.6+0.0° 2.8+0.2°

45 3.2 +0.0° 2.8+ 0.1°

0 2.6 +0.5° 1.8 +0.1°

a a
Stearic acid 15 27+ 0.1b 19+ 0.0b
3.0 44+01 2.6+0.0
45 54+0.2° 2.4 +0.0°

0 4.0 +0.5° 3.4 +11°

Oleic acid 15 46+05 3.8+0.1
3.0 45+ 0.1° 4.0 + 0.4°

45 51+0.2° 42+12°

*Not significantly different from control.
bSigniﬁcamly different from the control, p < 0.05, n = 3.

TABLE 2: pH value on the last day of the experiment in the reactors
with the free cells and the MBR with the encased cells containing
different LCFAs at different concentrations.

LCFAs Conc. (g/L) pH
Free cells Encased cells
0 5.65 5.38
Palmitic acid L5 5.29 511
3.0 5.14 5.10
4.5 5.18 4.90
0 5.97 6.23
Stearic acid L5 5.75 6.01
3.0 5.48 5.72
4.5 4.81 5.79
0 5.12 5.84
Oleic acid 15 5.61 5.76
3.0 5.27 516
4.5 5.25 5.20

at the same concentrations of stearic acid added. In both
systems with the stearic acid, the pH decreased during the
incubation period (Table 2), following the concentration of
VFAs (Table 1). Higher pH values were found in MBR system
compared to the free cell system. The addition of stearic acid
at different concentrations to the bioreactor with the free cell
led to decrease in the pH from 5.97 in the control to 4.81 in
the reactors with addition of 4.5 g/L stearic acid. The pH in
the reactors with the encased cells, however, decreased only
from 6.23 in the control to 5.79 in the reactor with the highest
concentration of stearic acid.

Similar to stearic acid, increasing the concentration of
the oleic acid added to both the systems led to an increase
in the total VFA concentration. As for the other LCFAs
investigated, and probably for the same reasons, the VFA
accumulation was higher in the conventional system with

free cells compared to MBR system with encased cells. The
VFA concentrations of free cells were higher than 4 g/L in
all tested concentrations. In contrast, VFA concentrations
higher than 4 g/L in the MBR reactors were observed only in
the reactors containing oleic acid at concentrations of 3.0 and
4.5 g/L. However, the pH values measured at the end of the
incubations in both systems were not different. These results
prove that MBR system with encased cells was superior to
the conventional system with free cells as it shows lower
percentage of inhibition, lower VFA production, and stabil
pH in the presence of all tested LCFA.

In this study, the microbial cells encased in the PVDF
membranes displayed less inhibition with palmitic, stearic,
and oleic acid compared to the free cells. In the conventional
system, the free microbial cells probably had a more direct
contact with the inhibitors leading to an adsorption of the
inhibitors onto the cell membrane. Gerardi [12] reported that
the cell walls of methanogens lacking protective envelopes
resulted in inhibitor sensitive cells. This can cause damage
to the cells and lead to an unstable digestion process with a
low biogas production [7]. At the end of the digestion, the
higher VFA concentration in the reactor with the free cells
can also be due to the fast degradation by the free cells, being
readily exposed to the substrates, including the LCFAs. This
resulted in high VFA concentrations in the end, since the
more sensitive methanogens could not convert the VFAs as
fast as they were produced by the less sensitive acid-forming
bacteria. High VFA concentrations in the reactors can inhibit
the activity of the methane-forming microorganisms leading
to unstable digestion processes [5, 10, 24].

The encased cells in MBR, on the other hand, were
protected by a polymeric membrane enclosing the microor-
ganisms. The membrane could likely limit the diffusion of
the inhibitors to the cells. Thereby, the microorganisms had
a longer time to detoxify the medium by utilizing the LCFAs
and VFAs for biogas production and maintaining them at a
low concentration close to the cells. At the end of digestion,
the lower VFAs concentration allowed the encased cells to
perform efficiently without any negative effect from the high
concentrations of VFAs; thus, a stable digestion process could
be maintained. In addition, method of retaining microbial
cells in the membranes provides a high cell density, meaning
that the cells-to-LCFA ratio is high, thus, enabling a better
acclimatization and detoxification. Alves et al. [25, 32] studied
an anaerobic fixed-bed reactor that was used to prevent cells
washout. It was shown that retention of cells improved the
tolerance of the system in the presence of high concentrations
of LCFAs in the wastewater.

It is also possible that the inhibitors could not pass
through the cell pellet inside the pouches of the MBR easily,
meaning that only a portion of the cells were affected by
the adsorption of the inhibitors onto the cell membrane.
Protection by the outer layer of cells in a dense cell pellet has
previously been reported as a reason for the higher tolerance
of encapsulated and flocculating yeast cells to convertible
inhibitors during a second generation bioethanol production
[33, 34]. Similar phenomena are likely to be present also for
the encased anaerobic sludge, tightly packed in between the
membrane layers.



At the same time, using membranes as cell supporting
material in the MBR may lead to mass transfer limitations
during the biodegradation process, especially so in static
reactors only shaken once per day. This was evident from
the results, with lower accumulated methane yields in the
MBR compared to the reactors with free cells. MBR in
continuous processes, or in batch reactors with continuous
flow of the medium, would however likely display a better
performance, enhancing biogas productivity in the presence
of LCFAs compared to free cells, as previously observed for
other inhibitory substances [15-18].

From the above results, it can be concluded that using
PVDF membrane to enclose microbial cells in MBR reduced
the inhibitory effects of palmitic, stearic, and oleic acid on
the performance of microbial cells in thermophilic anaer-
obic degradation systems for biogas production. Thus, the
degradation of lipid-containing wastes for biogas production
can be run in a better balanced system as compared to the
conventional system with free cells.

4. Conclusion

Increasing the concentration of LCFAs (palmitic, stearic,
and oleic acid) to thermophilic anaerobic batch digesters
led to stronger inhibitory effects on the microorganisms.
Retaining cells in a membrane bioreactor (MBR) was a
successful approach to decreasing the inhibitory effect of
LCFAs, since a lower percentage of inhibition and more
stable VFA concentration and pH value were found in MBR
compared to the conventional system with free cells.
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One of important sources of biomass-based fuel is Jatropha curcas L. Great attention is paid to the biofuel produced from the oil
extracted from the Jatropha curcas L. seeds. A mechanised extraction is the most efficient and feasible method for oil extraction
for small-scale farmers but there is a need to extract oil in more efficient manner which would increase the labour productivity,
decrease production costs, and increase benefits of small-scale farmers. On the other hand innovators should be aware that further
machines development is possible only when applying the systematic approach and design methodology in all stages of engineering
design. Systematic approach in this case means that designers and development engineers rigorously apply scientific knowledge,
integrate different constraints and user priorities, carefully plan product and activities, and systematically solve technical problems.
This paper therefore deals with the complex approach to design specification determining that can bring new innovative concepts
to design of mechanical machines for oil extraction. The presented case study as the main part of the paper is focused on new

concept of screw of machine mechanically extracting oil from Jatropha curcas L. seeds.

1. Introduction

The use of bioenergy as energy derived from biofuels in
the world permanently increases [1, 2]. Biomass-based fuels
as renewable organic source of bioenergy have advantages
(e.g., no harmful carbon dioxide emissions, reduction of
dependency on fossil fuels, and versatility) and some disad-
vantages (e.g., requiring more land, relative ineffectiveness
when compared to gasoline, and problematic supply chain)
as well [3-6]. One of important sources of biomass-based
tuel is Jatropha curcas L. [7-10]. Jatropha curcas L. is crop
with inconsiderable potential due to its high oil content,
rapid growth, easy propagation, drought tolerant nature,
ability to grow and reclaim various types of land, need for
less irrigation and less agricultural inputs, pest resistance,
short gestation periods, and suitable traits for easy harvesting
enumerated [11]. Biooil extracted from Jatropha curcas L.
seeds has positive chemical properties (e.g., better oxidative
stability compared to soybean oil, lower viscosity than castor
oil, and lower pour point than palm oil) [12]. Jatropha

significant advantage is that it is one of the cheapest sources
for biodiesel production (compared to palm oil, soybean, or
rapeseed) [13]. On the other hand former and recent findings
[14-17] also show that researchers, economists, biochemists,
farmers, machine designers, and biofuel producers should
not just automatically follow the initial Jatropha hype but
critically reflect on, for example, current economic situation,
state biofuel policy, institutional factors, labour costs, water
irrigation, local differences, and last but not least farmer’s
needs. The evaluations [15], for example, opened many
questions connecting with Jatropha processing profitability.
One of the recommendations in [15] mentioned mechanised
extraction as the most eflicient and feasible method for oil
extraction for small-scale farmers. Consequently one of the
strategies of how to produce biofuel from Jatropha curcas L.
in more efficient manner is to increase the effectiveness of
oil pressing process, which would increase the benefits of
small-scale farmers. This objective can be achieved through
the further innovations of mechanical expellers or presses
for small-scale farmers. Due to the great attention paid to
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this issue [18-26] innovators should be aware that further
Jatropha-presses development is possible only when applying
the systematic approach and design methodology in all stages
of engineering design as an essential part of Jatropha-press
life-cycle. Systematic approach in this case means that design-
ers and development engineers rigorously apply scientific
knowledge, integrate different constraints and user priorities,
carefully plan product and activities, and systematically solve
technical problems. Basic phases of the engineering design
process have been in the past developed into more detailed
procedures focused on the systematic development [27-33],
on creative solution of technical problems [34-37], or on
the preliminary and detailed embodiment design [38-40].
The correct definition of the right problem in the form
of design specifications is widely regarded as a decisive
step towards the effective implementation of all engineering
design procedures [41-43]. Two information transformations
are required to determine design specification. During the
first information transformation the user’s needs are trans-
lated to functional requirements. The second information
transformation takes place when converting the functional
requirements to machine characteristics (design specifica-
tions) that have been selected to ensure fulfilment of specified
functional requirements. By performing these transforma-
tions design assignment is then defined as an information
input to concept generation phase and subsequent detailed
designing. During this process various methods such as
marketing research [44, 45], voice of customer (VOC) [46,
47], usability testing (thinking aloud protocol) [48, 49],
Kansei engineering [50, 51], or quality function deployment
(QFD) [52-54] are systematically utilized. Innovation science
using function-object analysis [55, 56] or main parameter
value [57] is also important to mention. For the conceptual

design phase of innovation process is suitable to use modern
creative techniques supporting idea generation and overcom-
ing technical and physical contradictions based on TRIZ
[58-61]. The process of concept generation is finished by
choosing between concept alternatives by simple evaluation
charts [28] or advanced techniques or analytic hierarchy
process [4]. Since the above methods are becoming standards
when upgrading technical products in 21Ist century it is clear
that further development and innovation of machine for
mechanical extraction of oil from Jatropha curcas L. require
similar advanced techniques and methods.

2. Complex Approach to Design Specification
and Concept Generation

Generation of the new technical product concept is in general
carried out in the following two steps:

Ist step: target design specification determining

2nd step: system or components concept(s) genera-

tion
In the first step the information transformations described
in the Introduction take place. Abovementioned approaches
[42, 44-54] to these transformations of needs to design
specification are often focused only on the transformation
of the primary needs formulated intuitively and subjectively
by users during marketing research or on the evaluation of
attributes of competing products (Figure 1).

In today’s world of technology, which leads to accelerated
development, for example, in technologies or material sci-
ence, to include to the mentioned transformations only infor-
mation from users (farmers) or information about other sim-
ilar products is insufficient. That is because users do not have
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FIGURE 2: Typical machines mechanically extracting oil from Jatropha curcas L. seeds.

and cannot have sufficient knowledge of the possibilities of
current technologies or have not access to information about
trends in the relevant fields of technology. Users (farmers)
can only guess at what is possible in present and near future
design. For that reason it is necessary to enrich traditional
approach to determination of the design specification. First
technological, ecological, economic, and social trends should
be included in a set of functional requirements (needs)—
Figure 1. Second relevant engineering characteristics with
affinity to technological, social, or economic trends should be
involved into process of design specification determining as
well (Figure 1). Third designers should additionally include
information obtained by modelling that can objectively on
the basis of physical and chemical laws extend set of suitable
engineering characteristics describing future machine (Fig-
ure 1).

After design specification determining logical process
of problem solving or progressive techniques supporting
designer’s creativity should be used to obtain a concept of
innovative solution. Among these techniques we can include

(i) function oriented search [62] or function-behaviour
oriented search [63],
(ii) 40 inventive principles and heuristics [64, 65],
(iii) laws or trends of evolution of technical systems [66,
67],
(iv) multilevel system thinking [68, 69],
(v) morphological matrix [70] or solution catalogue [71].
Utilization of the described complex approach to design
specification and concept generation will be partially demon-

strated on machine extracting oil from Jatropha curcas L.
seeds for small-scale producers or farmers.

3. Case Study: Conceptual Design of Machine
Mechanically Extracting Oil from Jatropha
curcas L. Seeds in Small-Scale

Basic functions of the mechanical extraction machine consist
in separating the solid component (structures) and liquid
component (oil). Linear or nonlinear pressing (vertical,
horizontal, or angled) by a sliding piston or rotary screw is

frequently used for small-scale production. As the technolog-
ical set-up for Jatropha processing is not yet fully developed
and progress may be made in terms of mechanisation [15]
we present mentioned complex approach in the following
case study focused on conceptual design of screw extractor
press extracting biooil from Jatropha curcas L. seeds for small-
scale production. First, the research team analysed sources
[7-9, 13-17, 19] and information obtained during interview
realized in Sumatra and Java (Indonesia)—Figure 2. Low
production cost [14], high productivity [16], and higher oil
yield [19] were considered as essential extracting machines
user’s needs (Table 1).

In accordance with the principles described in Section 2
(Figure 1) the set of primary user’s needs was subsequently
extended by trends in the production of oil and biofuel
from Jatropha curcas L. At extraction machine attributes
determining process not only the primary user’s needs, but
also “unexpected” needs based on technological, economic,
social, or ecological trends were taken into account. By the
research of [7, 16, 18,19] and by interviews made in Indonesia
we identified the following trends:

(i) Trend to higher degree of cleaning of crude oil from
solid particles (husks) [7, 19]

(ii) Trend to lower oil content in the seed cake [8]

(iii) Trend to necessary competition with big corporations
(16]

(iv) Trend to commercial use of the seed cake after oil
extraction [18]

(v) Trend to mechanical separating kernels and husks [19]

(vi) Trend to more profitable technology [19]

Interpretation of these trends upon their integration is shown
in Table 2.

The next step in the process of design specification
determination was to select appropriate engineering char-
acteristics with affinity to identified primary user’s needs
and trends. First measurable engineering characteristics of
the innovated extraction machine with affinity to interpreted
user’s needs were subjectively and intuitively selected by
traditional approach (Table 3).
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TABLE 1: Decomposition and interpretation of primary user’s needs (machines mechanically extracting oil).

Primary user’s need Need decomposition

Interpretation of need (requirement)

Operated by unskilled worker
Low operational cost Low energy consumption
High availability

Long lifetime

Low demand for qualification
Low power (fuel) consumption
Low failure rate
Long lifetime of machine parts

High labour productivity
High productivit Fast filling up of machine
8 Y Fast and easy cleaning

Easy spare parts replacement

Low manual work intensity
Fast filling up of machine bin
Fast and easy cleaning of chamber
Quick parts disassembly or assembly

High oil yield
High yield of quality oil Low waste

Clean oil

High efficiency of extraction
High degree of seeds utilization
Low volume of impurities

TaBLE 2: Decomposition and interpretation of identified trends.

Identified trend Trend decomposition

Interpretation of trend (requirement)

Husks separation
Husks removal Husks removing

Impurities separation

Stop husk
Move husk
Stop impurity

Obtain oil from seed cake

Better utilization of seed cake
Seed cake processing

Control of the seed cake composition

Wring out seed cake
Bind enzymes in the seed cake
Form seed cake

More profitable oil extraction
Integrate activities

Reduce operational costs

Run autonomously
Integrate operations

TABLE 3: Selected engineering characteristics with affinity to inter-

TABLE 4: Selected engineering characteristics with affinity to inter-

preted user’s needs. preted trends.

Engineering characteristic Unit Engineering characteristic Unit
Extraction capacity kg/hr Seed cake thickness mm
Relative manual operation time min/t Volume of the husks elements in the oil %
Seeds silo volume m’ Time of autonomous machine run min
Oil tank volume m’ Volume of impurities in the oil %
Active/loaded part (dis)assembly time min Volume of residual oil in seed cake %
Relative energy consumption kW/t Volume of enzymes in the seed cake %
Oil yield %

Mean time to failure hr

Time for chamber cleaning min Model Nr. 1: model for pressing the seeds in a

Consequently measurable engineering characteristics of
the innovated machine for oil extraction from Jatropha curcas
L. with affinity to interpreted trends were subjectively and
intuitively selected (Table 4).

As mentioned in Section 2, it is important to include
phenomena occurring during oil extraction into process of
design specification setting (Figure 1). Intuitively and subjec-
tively selected engineering characteristics listed in Tables 3
and 4 were subsequently extended by set of characteristics
obtained during an objective study of appropriate physical
and mathematical models describing relevant phenomena
and processes. In that case we use the following models:

container (Figure 3)

Model Nr. 2: Perzyna model for the study of the
deformation and compression of seed (Figure 4)

Model Nr. 3: determination of oil region for maxi-
mum oil yield (Figure 5)

Model Nr. 4: determination of compressive force to
press different state seeds (Figure 6)

Model Nr. 5: representation of the volume strain,
the compressive energy, and volume compressibility
during seeds pressing (Figure 7)

It is known that the volumetric strain and deformation of
seeds increase the stress and energy intensity. Petr(i et al.
and Herak et al. [24, 72] set bound of oil region between
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FIGURE 3: FEM model for pressing the seeds in a container [24].
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FIGURE 4: Perzyna model for the study of the deformation and compression of seed [23].

lower oiliness point (LOP = 40%) and upper oiliness point
(UOP = 80%)—Figure 5. From Figures 5 and 6 it is apparent
that the increase in oil yield is possible by increasing the
compressive force.

Based on the analysis of enumerated physical and mathe-
matical models other important engineering characteristics

were identified. These characteristics used for the complex
approach to design specification determination are summa-
rized in Table 5.

The number of identified engineering characteristics
(Tables 3, 4, and 5) was then reduced by characteristics
of integration (e.g., silo and tank volume and autonomous
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TaBLE 5: Engineering characteristics determined by analysis of
physical and mathematical models.

Engineering characteristic Unit
Friction between the wall of the chamber and the .
seed

Surface friction between the tool and the seed —
Angle between the longitudinal axis of the seed

and the surface of the tool

Compressive stress during pressing ripe seeds MPa
Compressibility MPa™*
Compressive force for pressing seeds kN
Volume compressive energy Jmm?® - 107
Average diameter of the solid particles in the oil pym
Degree of degradation of the oil Mw

machine run) or by review of their affinity to identified
requirements. Selected characteristics should have to ensure
that the new innovated machine will better satisfy small-
scale producers or farmers. In accordance with the com-
plex approach described in Section 2 correlation matrix for
detection and evaluation of interactions between engineer-
ing characteristics and requirements (interpreted needs or
trends) was prepared (Figure 8). This matrix indicates how
engineering characteristics affect the satisfaction of each
requirement. Compared to the standardized QFD method
[52-54] a comparison with competing products both in terms
of information from the market and in the context of com-
paring engineering characteristics has not been conducted.
The degree of importance (1 = min, 10 = max) of small-
scale farmers individual requirement was based on expert
subjective opinion of research team members which is the
usual procedure.

The significance of individual engineering characteristics
was calculated by standard manner as the sum of the products
of the degree of importance of requirement and correlation
intensity (e.g., strong, medium, weak, or nonexistent). The
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FIGURE 8: Correlation matrix used for design specification of machine mechanically extracting oil from Jatropha curcas L. seeds.
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[72].

resulting correlation matrix (Figure 8) showed that in terms
of the functional requirements imposed on the machine
mechanically extracting oil from seeds of Jatropha curcas L.
the most important engineering characteristics are

(i) compressive stress during pressing seeds (absolute
importance 661),

(ii) compressive force for pressing seeds (absolute impor-
tance 653),

(iii) compressibility (absolute importance 620),

(iv) volume compressive energy (absolute importance
617),

(v) oil yield (absolute importance 551).

These important engineering characteristics were considered
by the research team as the essential and relevant target
numeric values were set as design specification for upgrading
the machine mechanically extracting oil from Jatropha curcas
L. seeds. As the design of the proper screw (chamber) plays
the most important role in the oil extraction efficiency we will
pay in next part of the paper attention to the new concept of
screw design.

It is known [72] that the process of oil extraction from
Jatropha curcas L. seeds can be streamlined by using changes
of pressing force at a time, that is, by compression and
subsequent relaxation (Figure 9). This can be technically
ensured by designing the various pressing chambers known
[73] and by changing the geometry of the screw as shown in
Figure 10. The distribution of oil yield in individual chambers
of the press machine is also illustrated in Figure 10.

However, the problem arises due to enormous rise of
temperature caused by the friction among seeds, chamber
walls, and tool and especially due to increase of the com-
pression energy required for the extraction of oil regarding
the maximum compressive space in maximum recovery of oil
(Figures 11 and 12).

For assessment and visualization of maximum theoret-
ical volumetric oil yield the numerical model was created
(Figure 11). The model shows the unit distribution of oil
yield (max = 1, min = 0) in the individual chambers of
the press, whose design is similar to press in Figure 10.
The model illustrates one of the principal problems of
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mechanical oil pressing that occurs when the compression
energy necessary for extruding the oil is increasing beyond
a certain limit. According to the presented numerical model
(Figure 11) it is ideally apparent that minimum oil yield
can be achieved in the chambers with a lower filling and
vice versa maximum oil yield (97.5%) can be achieved in
the chambers with a higher filling. In real conditions of oil
extraction this maximal oil yield is not achieved due to the
fact that standard extraction presses are not able to provide
the required compression energy. The reason for this oil yield
limitation is that forces and stress exponentially increase in
relation to the compression (Figures 5 and 6). From the
point of view of oil extraction efficiency a new concept of
machine mechanically extracting oil from Jatropha curcas
L. seeds should therefore solve technical problems rising in
the chamber with the largest filling where compressive stress
and compressive energy are the highest. Unequal loading of
the individual chambers of the oil extracting machine is also
seen from streamlines courses in Figure 12. Low compression
energy will be generated on the left side of the working zone
(area A in Figure 12), while the highest compression energy
will be generated on the right side of the working zone close
to the outlet nozzle of oil extracting machine (area B in
Figure 12).

Not only do the above phenomena cause technical prob-
lems (maximum force acting on parts of the machine), but
increased temperature also causes oil degradation, change
in its chemical composition, and the subsequent quality
deterioration of the oil for the production of biofuel. Due
to these phenomena design of the extraction machine screw
and chamber shown in Figure 10 cannot be fully used and
therefore maximum oil recovery cannot be achieved by this
solution (we gain yield around 40-65%).

To solve this technical problem we used the following two
techniques of innovation science:

(i) Trends of evolution of technical systems—statistically
authentic evolution lines describing the regular evolu-
tionary transition of systems from one specified state
to another, being true for all technical (engineering)
systems [58].

(ii) Inventive principles—each inventive principle repre-
sents concept or idea that may be applied to solve
the problem situation; it means to remove technical
contradiction [64, 68]. Technical contradiction is
formed when there is an obstacle to making an
improvement.

Using these techniques following directions of solution have
been identified:

(i) Asymmetry (symmetry change): change the shape or
properties of an object from symmetrical to asymmet-
rical or change the shape of an object to suit external
asymmetries.

(ii) Dynamics: change the object (or outside environ-
ment) for optimal performance at every stage of oper-
ation, divide an object into parts capable of movement
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FIGURE 11: Visualization of the oil yield depending on the compres-
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relative to each other, or increase the degree of free
motion.

(iii) Another dimension: move into an additional
dimension—from one to two—from two to three or
use the other side.

(iv) Periodic action: instead of continuous action, use
periodic or pulsating action.

(v) Porosity: make an object porous or add porous
elements.

With creative support of these heuristics a concept of solution
of mentioned problem was prepared. Problem and cause of
lower oil yield could be resolved by automatically opening
one or more grooves for discharging solid particles (hulks,
impurities) in the body of the screw (Figure 13). The grooves
would be opened when compressive energy is high and the
grooves would be closed automatically when the compressive
power is under certain level. A conceptual comparison of
traditional screw design and two variants of innovated screw
is illustrated in Figure 13. Effects of presented new variants

of screw geometry and the number of grooves are shown in
Figures 14 and 15.

4. Conclusions

Big attention should be paid to the systematic design of
machines used in the process-chain for biomass fuel pro-
duction. Without a more complex approach to design spec-
ification and concept generation machines for mechanical
extracting oil from seeds (biospecies) cannot accomplish
the necessary efficiency or productivity and in particular
small-scale producers cannot achieve desired profitability. It
is useful to include extended information base into deter-
mination of design specification. Standard information base
should be enriched by technological, ecological, economic,
and social trends and by information obtained by modelling
that can objectively on the basis of physical and chemi-
cal laws extend set of suitable engineering characteristics
describing parameters of future machines. In the case of
machine mechanically extracting oil from Jatropha curcas L.
seeds concept generation known and entirely new models
were employed. These models refined original theoretical
considerations and were consequently used to illustrate the
relationship between compression force, compression energy,
and new shapes of extraction machine screw. Using the
model shows new possibilities for improving the pressing
process towards a maximum vyield of oil for biomass-based
fuel production. It was also confirmed that it is appropriate
and necessary to use advanced tools of innovation science
as inventive principles or trends of evolution of technical
systems. By the complex approach to design specification
and concept generation the new concept of screw shape was
proposed. Since presented case study shows the big potential
in terms of utilization modelling and innovation science
techniques it is necessary to continue with focused research
to improve machinery performance and thus support small-
scale farmers or biomass-based fuel produces.
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FIGURE 12: Numerical model—visualization of the maximum compressive energy required in the oil extracting machine depending on the
compression volume of chamber (A—area with the lowest compressive energy and stress distribution in the working zone of oil extracting
machine; B—area with the highest compressive energy and stress distribution in the working zone of oil extracting machine).

FIGURE 13: Traditional solution of screw and new concept of screw for machine mechanically extracting oil from Jatropha curcas L. seeds: (a)
standard screw design, (b) screw design with one groove for decrease of compressive force and expended energy reduction, and (c) screw
design with two grooves for decrease of compressive force and expended energy reduction.
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FIGURE 14: Courses of expended energy using the original screw
geometry (dark blue) and using the new design concept with
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During liquid hot water (LHW) pretreatment, lignin is mostly retained in the pretreated biomass, and the changes in the chemical
and structural characteristics of lignin should probably refer to re-/depolymerization, solubilization, or glass transition. The residual
lignin could influence the effective enzymatic hydrolysis of cellulose. The pure lignin was used to evaluate the effect of LHW
process on its structural and chemical features. The surface morphology of LHW-treated lignin observed with the scanning electron
microscopy (SEM) was more porous and irregular than that of untreated lignin. Compared to the untreated lignin, the surface area,
total pore volume, and average pore size of LHW-treated lignin tested with the Brunner-Emmet-Teller (BET) measurement were
increased. FTIR analysis showed that the chemical structure of lignin was broken down in the LHW process. Additionally, the
impact of untreated and treated lignin on the enzymatic hydrolysis of cellulose was also explored. The LHW-treated lignin had
little impact on the cellulase adsorption and enzyme activities and somehow could improve the enzymatic hydrolysis of cellulose.

1. Introduction

Bioethanol production from lignocellulosic biomass has
gained focus for easy availability of feedstock, no competition
with the food supply, and reduction in net carbon emission
[1, 2]. Cellulose, hemicellulose, and lignin which are the
main components of lignocellulosic materials form complex
and compact structure via covalent and noncovalent bonds
to make lignocellulose resist the microbial and enzymatic
attack [1]. Pretreatment followed by enzymatic hydrolysis
and fermentation is an essential process for the effective
bioconversion of lignocellulose to ethanol. The pretreatment
can lead to changes in the structure and chemical com-
position of biomass and thus create new features for the
pretreated biomass [3]. Liquid hot water (LHW) which is
a hydrothermal pretreatment makes the pretreated biomass
mainly composed of cellulose and lignin [4]. The residual
lignin in the pretreated lignocellulose can negatively influ-
ence the enzymatic hydrolysis of cellulose via physical barrier
and enzyme adsorption [4-6], and its chemical and structural

characteristics are changed due to depolymerization and
condensation reactions during LHW pretreatment [7]. Ko et
al. [7] extracted lignin from LHW-pretreated hardwoods at
four different severities through extensive enzymatic hydrol-
ysis and found that lignin that suffered at more severity of
LHW pretreatment exhibited more significant inhibition on
enzymatic hydrolysis. The pretreatment type, biomass source,
and isolation method determined the characteristics of lignin
which would exhibit various impacts on enzymatic hydrolysis
[8].
The authors found that a part of cellulose always existed in
lignin extractive through the extensive enzymatic hydrolysis
of LHW-treated lignocellulose. The residual cellulose in
lignin extractive may influence the following research such
as enzyme adsorption and enzymatic hydrolysis. In general,
the milled wood lignin (MWL) and cellulolytic enzyme lignin
(CEL) have been thought to nearly resemble the native lignin.
However, the ball-milling process for isolating MWL could
result in [-ether cleavage [9], and the isolation procedure
for CEL could increase phenolic 3-O-4 content [10] and
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reduce molecular weight [11]. Recently, She et al. [12] reported
that alkali could not change the main structural feature of
lignin preparations isolated with 50% dioxane. Although the
MWL and CEL have been used as representative sources for
structural and chemical analysis of lignin, the application of
alkali lignin for further analysis might provide compensatory
research. Alkalilignin has seldom been used for characteristic
analysis of lignin mainly due to its high amount of nonlignin
components, especially hemicellulose [13]. In this study, the
relative pure alkali lignin was used to investigate the effect
of LHW pretreatment on structural and chemical changes
of lignin. The effect of LHW-treated lignin on enzymatic
hydrolysis of pure cellulose was investigated. This study was
a preliminary try to explore the structural and chemical
changes of lignin in the LHW process and would provide
useful information for the future research.

2. Materials and Methods

2.1. Materials. The alkali lignin with 5% moisture (Product
ID: 370595) was purchased from Sigma-Aldrich (Shanghai)
Trading Co., Ltd. It was composed of 85.0% lignin, 1.3%
glucan, and 1.3% xylan. Whatman number 1 filter papers were
purchased from Guangzhou Maolin Instrument Co., Ltd.
(China). Cellulase whose filter paper activity was 151.7 FPU/g
powder was purchased from Imperial Jade Bio-technology
Co. Ltd. (China).

2.2. Pretreatment. The alkali lignin was pretreated by liquid
hot water under the condition of 180°C, 4 MPa, 20 min, which
was the optimized operation in the previous study [14]. The
ratio of lignin to water was 1: 20 (g: mL). After pretreatment,
the solid residue was air-dried at room temperature and
then stored in the desiccator. The LHW-treated lignin was
composed of 90.7% lignin and 1.4% glucan.

Whatman number 1 filter papers were cut into pieces
in size of less than 1cm X 1cm. The pieces were ground at
25000 rpm for 1 min with the swing pulverizer (Guangzhou
Daxiang Electronic Machinery Co., Ltd., China) and then
stored in the desiccator.

2.3. Enzymatic Hydrolysis. 'The filter paper and lignin mixed
in the mass ratio of 0.1:0.03 were loaded into a 5mL
Eppendorf tube containing 2.6 mL 0.05 M citrate buffer (pH
4.8). The tubes were sealed with parafilm and fixed on a
salver and then placed into a rotatory shaker which was set at
50°C, 150 rpm. The hydrolysis was performed for 72 h with the
cellulase loadings of 5, 10, 20, and 40 FPU/g filter paper. The
filter papers hydrolyzed under the same conditions without
lignin addition were used as the controls. Meanwhile, the
filter paper mixing with lignin in the mass ratio of 0.1:0.05
was also hydrolyzed with 15FPU/g filter paper cellulase
loadings under the same condition.

2.4. Enzyme Activity Assay. The enzyme solution was pre-
pared with 0.198 g cellulase and 10 mL 0.05M citrate buffer
(pH 4.8). The Eppendorf tubes containing 3 mL enzyme
solution with and without 30 mg lignin were sealed with
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parafilm and taped on a salver and then placed into a rotatory
shaker at the speed of 150 rpm. After incubating at 50°C for
60 min, the filter paper and CMCase activities of the samples
were assayed according to the described methods [15]. The
B-glucosidase activity was assayed with p-nitrophenyl-f-D-
glucopyranoside (pNPG) method described in [16].

2.5. Adsorption. The filter paper, lignin, and their mixture
in the mass ratio of 0.6: 0.3 were loaded into 50 mL conical
flasks containing 20 mL enzyme solution, respectively. The
cellulase loading was 20 FPU/g filter paper. The flasks were
placed into a rotatory shaker under the condition of 50°C,
150 rpm. The solutions with volume of 200 yL were taken at 5,
10, 15, 20, 40, 60, 80,100, 120, and 180 min. The protein content
was quantified according to the previous method [4]. All of
the experiments in this study were in duplicate.

2.6. Analytic Methods. Compositional analysis was carried
out as the procedure described by the National Renewable
Energy Laboratory (NREL) [17]. Lignin treated with and
without LHW was coated with a thin layer of gold and then
observed with a scanning electron microscope (SEM, S-4800,
Hitachi) under an accelerating voltage of 2.0 kV. FTIR test was
conducted according to the described KBr pellet technique
with a TENSOR 27 Fourier transform infrared spectrometer
(Bruker Optics, Germany) [18]. The special surface area,
pore size, and total pore volume of lignin were analyzed
with the automated surface and porosity analyzer (SI-MP-
10/PoreMaster 33, Quantachrome Instruments, USA). Sulfur
content of lignin was determined with the elemental analyzer
(vario EL cube, Germany). The HPLC system (Waters 2698,
USA) equipped with a sugar column (SH1011, Shodex) was
applied to measure the sugar concentrations at 50°C with
5mM H,SO, used as the mobile phase at the flow rate of
0.5mL/min.

3. Results and Discussion

3.1. Surface Structure. Liquid hot water is a promising green
pretreatment. LHW-treated biomass is mainly composed of
cellulose and lignin. LHW pretreatment caused the redistri-
bution of lignin which could influence the enzymatic hydrol-
ysis [19]. In order to discover the changes of lignin during
LHW pretreatment, pure alkali lignin was used in this study
to avoid the interruption from cellulose and hemicellulose.
The pure lignin which was pretreated at 180°C, 4 MPa, for
20 min was air-dried at room temperature to alleviate the
influence of high oven temperature on the surface structure
[20]. The photographs and SEM observed morphologies of
untreated and treated lignin were shown in Figure 1. The
untreated lignin was brown and granular (Figure 1(a)), while
the treated lignin was yellow and powdered (Figure 1(b)).
As for the SEM observed morphologies, the untreated lignin
was smooth (Figure 1(c)), while the treated lignin was porous
and irregular (Figure 1(d)). These indicated that changes hap-
pened to lignin during LHW pretreatment. It was reported
that lignin can be melted at temperatures from 170°C to 180°C
and redeposited with the temperature decreasing [21].
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FIGURE 1: Photographs and SEM observed morphologies of LHW-untreated and LHW-treated lignin, (a) photograph of untreated lignin, (b)
photograph of treated lignin, (c) SEM observed untreated lignin, and (d) SEM observed treated lignin.

The surface changes of lignin were quantified with the
BET analysis. The BET results of untreated and treated lignin
were shown in Table 1. Compared with the untreated lignin,
the surface area, total pore volume, and average pore size
of treated lignin were raised nearly four times, eight times,
and one time, respectively. The increase of surface area meant
that the adsorption of cellulase to lignin might be improved.
The increase in total pore volume and average pore size
might contribute to the access of cellulase to cellulose. It
might be deduced that there might be double effects of LHW-
treated lignin on the enzymatic hydrolysis. One was that the
lignin reduced the cellulolytic efficiency through adsorbing
cellulase; the other was that the increase in the pore size of
lignin could improve the access of cellulase to cellulose.

3.2. FTIR Analysis. The changes of the chemical groups
were analyzed with FTIR method. The result was presented
in Figure 2. The spectrogram shape of the untreated and
treated lignin was almost the same, but the absorbance of
treated lignin was stronger than that of untreated lignin,
which meant that either new chemical groups were formed
or new connections of chemical bonds were built in the
LHW process. The band at 3600-3050cm™ is assigned
to O-H stretching vibration which is attributed to the
aliphatic and phenolic hydroxyl groups in lignin [22].
The intermolecular and intramolecular hydrogen bonds
existed in the aliphatic and phenolic hydroxyl groups, such

0.8
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0.4 -

Absorbance

0.2+

1 1 1 - 1 1 1

0.0
0 500 1000 1500 2000 2500 3000 3500 4000
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FIGURE 2: FTIR spectrograms of LHW-untreated and LHW-treated
lignin.

as O(2)H---0O(6) intramolecular H-bond, O(3)H:--O(5)
intramolecular H-bond, and O(6)H:-- O(3') intermolecular
H-bond. The stronger absorbance of LHW-treated lignin
indicated that, after LHW pretreatment, the H-bond connec-
tions of the aliphatic and phenolic hydroxyl groups might be
improved or new free hydroxyl groups might be formed in the
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TaBLE 1: BET measurements of the LHW-untreated and LHW-treated lignin.
Surface area (m®/g) Total pore volume (cc/g) Average pore diameter (nm)
Untreated lignin 2712 0.06 8.78
Treated lignin 125.81 0.53 16.87

TABLE 2: Assignments of characteristic peaks in FTIR spectrogram.

Wavenumber (cm ™) Assignments of characteristic peaks

2937 C-H stretching vibrations in methyl and methylene

1597 Stretching vibrations of aromatic skeleton and C=0

1514 Vibrations of aromatic skeleton

1463 C-H deformations in methyl

1427 Plane deformation of C-H in aromatic skeleton

1271 Stretching vibrations of guaiacyl ring and C=0O

1217 Stretching vibrations of C-C, C-O, and C=0

1032 Plane deformations of aromatic C-H, C-O deformations in primary alcohols, and C=0 stretching vibrations
856 C-H vibrations in the positions of 2, 5, and 6 out of the plane of guaiacyl units

LHW process. It could be seen from Figure 2 that, after LHW
pretreatment, the peaks of lignin at the bands of 1082, 1151,
and 1367 cm ™! which were marked with the arrows appeared.
The bands at 1082, 1151, and 1367 cm™ are assigned to C-O
deformation in the secondary alcohols and aliphatic ethers,
C-O stretching vibration in the tertiary alcohols, and C-H
stretching vibration in the aliphatic methyl and phenol OH,
respectively. The assignments of other characteristic peaks
were summarized in Table 2. According to the enhanced
absorbance of LHW-treated lignin, it could be inferred that
some connections of chemical bonds in lignin were broken
down, and some new free chemical groups were generated in
the process of LHW pretreatment.

3.3. The Effect of Lignin on the Enzyme Activity and Adsorp-
tion. The main inhibition of lignin on enzymatic hydrolysis
was thought to be the nonproductive adsorption of cellulase.
Figure 3 showed the adsorption of cellulase to cellulose and
treated lignin. The mixture of untreated lignin and citrate
buffer presented brown color which interrupted the testing
result. Therefore, the adsorption of cellulase to untreated
lignin was not shown here. As time goes on, the adsorption
of cellulase to treated lignin was at around 5%, while the
adsorption of cellulase to filter paper increased from 6.3%
to 52.6%. The adsorption of cellulase to the mixture of filter
paper and treated lignin was nearly equal to the summation of
individual adsorption from filter paper and treated lignin. It
meant that the adsorption of cellulase was mainly attributed
to the cellulose, which was corresponding to the previous
research [23]. Zheng et al. [23] also found that the lignin
imposed little impact on the apparent enzyme activity. The
same phenomenon was observed in this study and presented
in Figure 4. The enzyme activities with and without addition
of lignin were measured. The relative enzyme activities were
calculated as the ratio of enzyme activities with lignin to that

70

Adsorption (%)

0 20 40 60 80 100 120 140 160 180

Time (min)

—0— Filter paper
—o— Treated lignin
—— Filter paper + treated lignin

FIGURE 3: Adsorption of cellulase to LHW-treated lignin, filter
paper, and their mixture.

without lignin. After adding untreated and treated lignin,
the relative enzyme activities retained more than 90%. The
treated lignin hardly put impact on the CMCase activity. The
little impact on the enzyme activities might be caused by the
little adsorption of cellulase to lignin.

3.4. Enzymatic Hydrolysis. The effect of untreated and treated
lignin on the enzymatic hydrolysis of cellulose was carried
out in the 5mL Eppendorf tubes which were sealed with
parafilms to avoid the water evaporation. The mass ratio
of lignin to cellulose was from 30% to 50% which was in
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FIGURE 4: The effect of LHW-untreated and LHW-treated lignin on
enzyme activities.
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FIGURE 5: Enzymatic hydrolysis of filter paper in the presence of
LHW-untreated and LHW-treated lignin at 50°C for 72 h.

analogy to the contents of lignin and cellulose in the LHW-
treated biomass [18]. The ratio of solid to liquid was 5%
to relieve the negative effect of viscosity on the enzymatic
hydrolysis. The effects of lignin and cellulase loadings on
the enzymatic hydrolysis were explored, and the 72-hour
enzymatic hydrolyzed results were shown in Figure 5.

Both untreated and treated lignin could improve the
enzymatic hydrolysis of cellulose at the lignin loadings of
30% and 50% and cellulase loadings of 5, 10, 20, and
40 FPU/g cellulose. These were contradictory with the pre-
vious researches which reported that lignin could inhibit the
enzymatic hydrolysis of cellulose [24, 25]. Recently, several
researches had reported that lignosulfonate could reduce
the nonproductive adsorption of cellulase to lignin through

the electrostatic repulsion or acting as the surfactant to
enhance the enzymatic hydrolysis of lignocellulose [26-28].
Considering the isolation procedure of alkali lignin, the
sulfur content of the alkali lignin used in this study was
detected. It showed that the untreated and treated lignin
had 1.83% and 1.23% sulfur content, respectively, which were
lower than the least sulfur content of the lignosulfonate
(5.27%) used in Zhou’s research [26]. The improvement
of lignin on the enzymatic hydrolysis of cellulose might
originate from the small part of lignosulfonate existing in the
lignin. Although the treated lignin adsorbed a little cellulase
and thus slightly reduced the enzyme activities (Figures 3
and 4), the enzymatic hydrolysis of cellulose was improved
(Figure 5). This meant that the negative effect of LHW-treated
lignin on the enzymatic hydrolysis could be neglected.

From Figure 5, it also could be seen that the cellulose con-
version was increased with the cellulase loading increasing.
Whatman number 1 filter paper was used as the pure cellulose
to assay the enzyme activity of cellulase in Ghose’s method
[14]. When the cellulase loading achieved 40 FPU/g cellulose,
the conversion of filter paper (the control in Figure 5) did
not reach 100% but was just close to 85%. It suggested that
the lignin was not the main factor influencing the enzymatic
hydrolysis. Although several researches had reported that the
removal of lignin could enhance the enzymatic hydrolysis of
lignocellulose [29-31], the methods used to remove lignin
in their research could induce the structural changes of
the lignocellulose. It would be not accurate to only discuss
the effect of lignin removal on the enzymatic hydrolysis
of lignocellulose. The crystallinity, particle size, nature of
the residual lignin and substrate loading, and cellulose
accessibility were reported to affect the enzymatic hydrolysis
of cellulose [32-36]. The method to extract lignin from
lignocellulose could more or less change the native structural
characteristics of lignin. The investigation on the impact of
lignin extractive on the enzymatic hydrolysis of cellulose may
never reflect the real influence mechanism of lignin in the
lignocellulose, but it can push the way to discover the truth.
A method of reconstructing individual lignin, cellulose, and
hemicellulose into a complex should be developed to simulate
the lignocellulose. Through the reconstruction, the influence
mechanism of lignocellulosic components and structure on

enzymatic hydrolysis should be finally disclosed.

4. Conclusion

The research on the untreated and treated alkali lignin
suggested that the chemical and structural characteristics
of lignin were changed in the LHW process. The residual
lignin in the LHW-treated lignocellulose which had similar
structural and chemical features with the LHW-treated alkali
lignin might put its impact on enzymatic hydrolysis of
cellulose not via the nonproductive adsorption of cellulase.
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