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Enhanced Ethanol Production with Mixed
Lignocellulosic Substrates from Commercial Furfural
and Cassava Residues

Li Ji,2 Hailong Yu,? Zhiping Liu,” Jianxin Jiang,>* and Dafeng Sun®*

Simultaneous saccharification and fermentation (SSF) is an attractive
process configuration for bio-ethanol production. Further reductions in
process cost of SSF are expected with the use of waste agricultural or
industrial materials as feedstock. In the current study, two industrial
lignocellulosic wastes, cassava residues (CR) and furfural residues (FR),
were combined during SSF for ethanol production due to their
value-added applications and positive environmental impacts. After CR
were liquefied and saccharified, saccharification liquid was added to SSF
of FR. The effect of substrate fractions was investigated in terms of
ethanol yield, byproduct concentration and the number of yeast cells.
Besides, a natural surfactant, Gleditsia saponin, was added to investigate
the effect of FR lignin on SSF with 20% substrate concentration. The
results showed that increasing the ratio of CR/FR improved the ethanol
yield and that the ethanol yield was also increased gradually by
increasing the substrate concentration from 6% to 12%. A high ethanol
concentration of 36.0 g/L was obtained under the condition of CR:FR =
2:1 with 12% substrate concentration, reaching 71.1% of the theoretical
yield. However, Gleditsia saponin did not affect the ethanol vyield,
indicating the insignificant effect of lignin in SSF with low lignin content in
the reaction system.
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INTRODUCTION

The fossil energy crisis and its related global environmental impacts have resulted
in an urgent search for renewable energy sources (Kerr 2007), such as solar, wind, and
biomass. Of the biomass that has been harnessed as biofuel, bioethanol is currently the
most widely used, as it can replace liquid petroleum and thus help reduce greenhouse-gas
pollution. However, because of serious food security concerns and other issues, recent
research has focused on replacing bioethanol’s most common feedstock (i.e., starch and
sugars from existing food crops) with lignocellulosic biomass (Farrell et al. 2006;
Hahn-Hé&gerdal et al. 2007; Mabee 2007; Okano et al. 2010). Unfortunately, to date,
researchers have struggled to demonstrate the commercial viability of converting
lignocelluloses to ethanol.

Generally, two process configurations, simultaneous saccharification and
fermentation (SSF) and separate hydrolysis and fermentation (SHF), have been compared
as methods to produce bioethanol from lignocellulosic materials. Simultaneous
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saccharification and fermentation is generally regarded as having many advantages over
SHF, such as reducing equipment capital cost and contamination risk (Kang et al. 2012),
shorter residence time, and overall high ethanol yield. However, as the structural material
in plants, lignocellulose has evolved to withstand fast and effective microbial/enzymatic
degradation, a characteristic known as biomass recalcitrance (Himmel et al. 2007).
Biomass recalcitrance makes pretreatment necessary for efficient saccharification in the
SSF of lignocelluloses, which obviously increases the overall process cost. Moreover,
lignin accumulation reduces the capacity during SSF to obtain high final ethanol
concentration.

One way to reduce the process cost of SSF is through the use of waste agricultural
or industrial materials as feedstock. Furfural residue (FR) is a main waste of the furfural
industry and is rich in cellulose that can be easily utilized without pretreatment. However,
lignin remains a major bottleneck in increasing the final ethanol concentration in SSF of
FR (Alkasrawi et al. 2003). Cassava residues (CR), as a by-product of the cassava starch
industry, contain about 30 to 50 wt.% of starch and certain cellulose. Because of its
abundant carbohydrates and low content of acid insoluble matter, CR can serve as an
ideal substrate for bioethanol production by SSF. To fully convert starch and cellulose in
CR, this complex cellulose-starch waste could be liquefied and saccharified by double
enzyme methods, followed by cellulose hydrolysis using cellulases.

In an earlier phase of the current research, SSF of FR and corn was conducted to
improve the final ethanol concentration, reduce the negative effect of FR lignin, and
decrease the consumption of nutrients. Cassava residues (CR) from the cassava industry
also offer potential opportunities for better economic utilization of agro-industrial
residues (Chen et al. 2014). Compared with corn, the high-energy efficiency of cassava
fuel, combined with the large area of cassava plantation in southwest China, may better
facilitate more sustainable ethanol production from cellulosic and starchy materials.

As a result, and given the scarcity of research in this area, the purpose of this
study was to assess the feasibility of bioconverting these two industrial wastes (i.e.,
cellulose and starch) to ethanol and yield-determining the factors in the bioconversion
process.

EXPERIMENTAL

Materials

Cassava residues with a moisture content of 10.7% were kindly provided by
GuangXi Key Laboratory of Chemistry and Engineering of Forest Products (Nanning,
China). Furfural residues were kindly provided by Chunlei Company (Xingtai, China),
and water-rinsed before being used. The chemical composition of CR and FR is presented
in Table 1. Gleditsia saponin extracted from the pod wall of Gleditsia sinensis Lam. with
a purity of 81.5% was kindly supplied by Shexian Forestry Bureau (Hebei, China).

Table 1. Composition of Cassava Residue and Furfural Residue

Cellulose Acid“igrs]icr):uble Hemicellulose Starch Ash Protein
CR 25.0% 6.8% nd 47.2% nd 3.7%
FR 42.2% 38.7% 1.9% nd 0.8% nd
Nd, not detected
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Methods

The experimental procedure is illustrated in Fig. 1. The two materials were mixed
in different proportions and concentrations to investigate the effects on the ethanol yield
and concentration.

CR

l

Liquefaction
T=85°C,t=2h

FR

Saccharification _
l Slurry l Slurry

Simultaneous Saccharification and Fermentation
T=38 °C, pH=4.8

Fig. 1. Experimental procedure used to assess the effects of mixtures of CR and FR on
simultaneous saccharification and fermentation (SSF)

Microorganisms and enzyme preparation

The microorganism Saccharomyces cerevisiae in the form of dry yeast was
purchased from Angel Yeast Company (YiChang, China). Before SSF, dry yeast was
activated in a 2% glucose solution at 36 °C for 15 min, then at 34 °C for 1 h. Cellulolytic
enzymes were Celluclast 1.5L with a cellulase activity of 75 FPU/mL and Novozym 188
with a B-glucosidase activity of 43.9 IU/mL, which were both kindly donated by
Novozymes A/S (Bagsvaerd, Denmark). The enzyme loading used in SSF was 8
FPU/g-cellulose for Celluclast 1.5 L and 10 1U/g-cellulose for Novozym 188. a-amylase
and glucoamylase were the commercial enzymes chosen and were obtained from the
Beijing Aoboxin Co. (China). Their enzyme activities were 4 and 100 KU/g, respectively.

Gleditsia saponin preparation

Gleditsia saponin is a natural surfactant separated from Gleditsia fruits. The pods
were manually separated from the seeds (13 mm x 8 mm x 6 mm) and dried in air. The
air-dried pods were then milled to nominal sizes of 40 to 60-mesh. Gleditsia saponin was
extracted with water from the pods of Gleditsia fruits. The critical micelle concentration
(CMC) of Gleditsia saponin was 0.16 g/L, and the addition of Gleditsia saponin was 0.4
g/L.

CR starch saccharification
The CR starch saccharification liquid was prepared by double enzymes methods,
and the concentration ranged from 5% to 20%. Briefly, CR was firstly liquefied at 85 °C
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for 2 h using commercial amylase enzyme at an amount of 150 u/g CR, followed by
adjusting pH to 4.0 with 10% of sulfuric acid. Addition of the amylase can decrease the
viscosity of CR, which is conducive to the role of glucoamylase (Liu et al. 2005). Finally,
saccharification was conducted at 60 °C for 1 h by glucoamylase at an amount of 20 u/g
CR. The use of incomplete saccharification aims to reduce high concentrations of sugar
osmotic pressure of yeast (Erdei et al. 2010). The pH of CR saccharification liquid was
adjusted to 5.5 with 10% sodium hydroxide before SSF.

Simultaneous saccharification and fermentation

In the SSF test, a 100 mL Erlenmeyer flask was used at a working volume of 60
mL with a special sealing means for the discharge of carbon dioxide, which could reduce
the loss of ethanol. The amount of the enzymes Celluclast 1.5L and Novozym 188 was 15
FPU/g-cellulose and 17 1U/g-cellulose, respectively. The FR concentration ranged from
2% to 10%, while the CR saccharification concentration ranged from 2% to 13.3%. The
CR/FR weight ratio was from 2/1 to 1/5, and the concentration was from 6% to 12%. The
initial inoculum concentration of yeast was about 3.3 g/L. The FR was sterilized prior to
being added to flasks (121 °C, 20 min). The enzyme and cool saccharification liquid of
CR were added to fermentation directly. The fermentation was conducted in an air bath
shaker at a speed of 120 rpm and 38 °C.

Analysis of substrate composition

The cellulose and hemicellulose contents of samples were analyzed according to
the National Renewable Energy Laboratory (NREL) methods (Sluiter et al. 2004a).
Acid-insoluble lignin of FR and CR was determined by the TAPPI method (TAPPI T222
om-06 2006). The total starch was determined by complete saccharification of CR starch
according to McCleary’s method (McCleary et al. 1994). The yeast cell concentration
and cell death ratio were determined by blood-count method, as previously described
(Tang et al. 2011a). A muffle furnace was used at 500 °C to calculate the percentage of
total ash according to the residue weight. The content of nitrogen was determined by the
Kjeldahl method (Bremner 1960), and then the protein content was obtained by
multiplying the nitrogen content by a factor of 6.25. The fermentation samples were
filtered (pore size, 0.22-pum) to detect sugars and ethanol. The total amounts of reducing
sugars were measured using the Somo-gyi-Nelson colorimetric method employing
glucose as a standard (Nelson 1944; Wang et al. 1987). Ethanol and glycerol were
analyzed by high performance liquid chromatography (HPLC) (Waters 2695e, USA)
using an Aminex HPX-87H column (300 x 7.8 mm; Bio-Rad Laboratories, USA) at 65
°C and refractive index detection detector at 30 °C. The injection volume of the sample
was 10 pL, and 5 mM sulfuric acid was used as the eluent at a flow rate of 0.6 mL/min.
The ethanol yield was calculated assuming that 1 g of cellulose or starch present in the
liquid theoretically gave 0.568 g of ethanol, and is expressed as the percentage of the
theoretical yield based on FR and cellulose and CR starch and cellulose. Assays were
performed in two repeated experiments, and mean values are presented.

RESULTS AND DISCUSSION

Glucose Release from Cassava Residue by Different Enzymes
Cellulolytic enzymes have been shown to be efficient in the release of glucose
from CR. It is also confirmed that CR loading affects the release degree of glucose in
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enzyme hydrolysis (SriZnorakutara et al. 2004). In this study, glucose release from CR
decreased from 477 g to 356 g per kg CR when the substrate loading increased from 5%
to 20%. This differs from prior research, in which 704.8 g glucose was released per
kilogram CR (Divya et al. 2011). The difference is likely due to the difference in
chemical composition and the cellulolytic enzymes used, as the extraction technique
affects the chemical composition of CR (Ziska et al. 2009; Divya et al. 2011; Shanavas et
al. 2011; Nguyen et al. 2014). When the substrate consistency was higher than 15%, a
high viscosity was initially observed in CR enzyme hydrolysis. However, after 4 h of
hydrolysis, the materials became well liquefied, indicating that celluloses play an
important role in the viscosity (Gong et al. 2009). For general lignocellulosic materials,
lignin is regarded as a major bottleneck for the enzymatic hydrolysis at high substrate
consistency (Mooney et al. 1998; Berlin et al. 2005). Because CR contains only 6.8% of
the acid insoluble lignin (Table 1), it is an attractive option for bioconversion.

Double enzyme method is always used for the release of glucose from starch
materials (Zhang et al. 2011). Normally, complete saccharification of corn after
liquefaction is not necessary for efficient ethanol fermentation. The use of incomplete
saccharification aims to reduce high concentrations of sugar osmotic pressure of yeast
(Erdei et al. 2010). According to our experimental results, 3 h of saccharification was
found to be sufficient for bioconversion of CR to ethanol by a double enzyme method
(data not shown). The glucose concentration reached 93.9 g/L and 116.7 g/L respectively,
when using 15% and 20% of substrate consistency. Since CR contains 73.2% glucan,
neither cellulolytic enzymes nor amylase could fully release the glucose in CR. Therefore,
both of them were coupled for better use of CR carbohydrate.

The Effect of CR/FR Ratios on Ethanol Production

Figure 2 illustrates the concentration profiles of reducing sugars and ethanol in
SSF of different CR/FR ratios ranging from 1:5 to 2:1. In the early stage, the overall
kinetics was limited by the fermentation step because of the high concentrations of
sugars, which were found to be parallel to the concentration of CR at the beginning of
SSF (Tang et al. 2011a).

Concentration (g/L)

—— CR:FR=1:1
——CR:FR=1:2
—v— CR:FR=1:5

0 1 . |- Lo 1 e Lol . n

0 20 40 60 80 100 120

Time (h)

Fig. 2. The effect of CR/FR ratios on concentration of ethanol (solid line) and concentration of
reducing sugars (dashed line) during SSF at 38 °C with initial pH 6.0 under 12% substrate
concentration of cassava residue (CR) and furfural residue (FR)
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In the four cases reflected in Fig. 2, the sugar level was totally exhausted at 24 h
after inoculation with the yeast. Obvious increases in ethanol concentration and yield
were achieved as a result of CR addition. The ethanol concentration increased from 17.1
g/L to 36.2 g/L, when decreasing the CR/FR ratio from 1:5 to 2:1. It has been reported
that FR contains more than 40% lignin (Yu et al. 2014), and lignin is known to inhibit
ethanol fermentation because of its invalid adsorption to cellulose (Sun et al. 2011). The
ethanol-yield profiles differed with different ratios of CR/FR; the highest ethanol yield
reached 71.1% of the theoretical as CR:FR=2:1, whereas the yield went down to 45.2%
of CR:FR =1:5.

The Effect of Substrate Concentration on Ethanol Production

CR were liquefied and saccharified, and the saccharification liquid was then
added to SSF of FR. The CR contained 3.72% protein, which was lower than that of corn.
When CR was loaded at a consistency of 20%, the nutrients were sufficient for
fermentation (data not shown).

Ethanol production of SSF at different substrate concentrations with a 2:1 CR/FR
ratio is shown in Fig. 3. The final ethanol concentration increased with an increasing
substrate concentration, which is beneficial in reducing the cost of ethanol separation
(Wingren et al. 2003). The rate-limiting step in the overall SSF was cellulose conversion,
and the total reducing sugars stayed below 1.0 g/L after 8 h. In the current study
conditions of 20% CR with FR addition at a CR/FR ratio of 2/1, much higher ethanol
concentration than that from 6% was obtained: 42.7 g/L vs. 12.6 g/L. Ohgren et al. (2006)
obtained ethanol concentrations of about 25 g/L ethanol at 10% WIS over the SSF step
from steam-pretreated corn stover.

By using a high concentration of substrates, a high final ethanol concentration
was also obtained from cellulosic ethanol (Zhang et al. 2010). However, a high
concentration of lignocellulosic substrate (>10%) is known to reduce the final ethanol
yield by reason of higher viscosity and higher levels of inhibitor in the fermentation
system (Hoyer et al. 2009). Interestingly, in this study, the average yield of ethanol was
observed to increase mildly but consistently, from 63.2% +3.1% to 71.2% =+ 1.6% of the
theoretical, when the substrate concentration increased from 6% to 12%. The relationship
between yield and substrate concentration was not linear but parabolic. The ethanol yield
of theoretical was increased due to the increasing protein content when the substrate
concentration was increased from 6% to 12%, while higher level of cellulose results in
the viscosity increment of the system made the yield decreased under the substrate
concentration of 12% to 20%. When using FR alone, the ethanol yield was only 28% of
theoretical of 10% substrate concentration (data not given). Enhancing the substrate
concentration appropriately can play a positive role in ethanol production, but a high
concentration has an inhibitory effect on ethanol yield of the theoretical (Huang and
Penner 1991; Penner et al. 1994). Zhang et al. (2011) managed to obtain ethanol in the
final fermentation from 24.7, 31.0, and 39.3 g/L to 40.6 g/L with increasing pretreated
corn stover loading from 15.0%, 20.0%, 25.0% to 30.0% (w/w), while the ethanol yield
to the theoretical value decreased from 76.5%, 68.0%, 64.8% to 52.1% with increasing
corn stover loading.

Addition of surfactant is a potential method for performing SSF with
lignocellulose (Ballesteros et al. 1998). In this study, the ethanol yield of SSF was 62.8%
with 20% substrate concentration, and increased to 63.0% with the addition of 0.4 g/L
Gleditsia saponin. Only a slight increase in both concentration and yield was observed
when Gleditsia saponin was added after 8 h. Gleditsia saponin addition has a positive
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effect on SSF when there is a high amount of lignin. Tang et al. (2011b) demonstrated
that the addition of Gleditsia saponin could reduce the enzyme loading, which has a
significant economical effect on the ethanol production. This indicates that lignin
inhibition is no longer a major factor in the fermentation of a high substrate concentration
with a CR/FR ratio at 2, in which the amount of lignin is relatively low.
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Fig. 3. The effect of substrate concentration on ethanol (solid line) and reducing sugars (dashed
line) concentrations during SSF of CR/FR ratio at 2 at 38 °C with initial pH 6.0

The Effect of CR/FR Ratios on Glycerol By-Product

The effect of glycerol by-product on ethanol production during fermentation of
Saccharomyces cerevisiae is important to study, because the generation of glycerol
consumes at least 4% of the carbon source for the fermentation (Zi et al. 2000). When
osmotic pressure changes and low oxidation-reduction potential occurs, glycerol is
obtained (Zi et al. 2000). In the process of ethanol fermentation, the main function of
glycerol is to maintain the balance of NAD*/NADH in yeast cells, and it plays an
important role in starting ethanol fermentation (Ribereau-Gayon et al. 2000). As can be
seen in Fig. 4, the reaction had more glucose at the beginning, and the yeast cells lacked
acetaldehyde as a hydrogen acceptor, resulting in increased NADH as concentration
increased (Brown et al. 1978). Thus, there was a high concentration of glycerol, ranging
from 5.61 to 11.09 g/L, with the change of substrate ratio of CR/FR from 2/1 to 1/5 (Fig.
3). Specifically, 3-phosphoric acid glycerol dehydrogenase catalyzed the dihydroxy
acetone phosphate reduction reaction, generated 3-phosphoric acid glycerol, and resulted
in NADH reduction of NAD*. Then under the action of 3-glyceride, hydrolysis of
glycerol occurred. In this process, enough acetaldehyde was accumulated in yeast cells as
hydrogen, and then ethanol fermentation started. Glycerol decreased at 8 h because of the
low amount of glucose, and glycerol was converted to dihydroxyacetone (Shams et al.
2008).

In addition, glycerol can be involved in energy metabolism or synthesis of
glycogen and fat. Glycerol not only plays an important role in starting-up ethanol
fermentation, but it can also be used as a metabolic regulation substance for osmotic
pressure produced by the high concentration of sugar and ethanol in the fermentation
process (Rehm et al. 1988; Agarwal 1990; Tang et al. 2011b). In this study, the glucose
ran out at 24 h, and a quantity of glycerol was produced in the system to maintain
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intracellular osmotic pressure. Comparing the four groups, the least amount of glycerol
byproduct appeared at the CR/FR ratio of 2, because the lowest FR includes the lowest
lignin amount in this group (Fig. 4). After 48 h, glycerol concentration was relatively
stable because of the stabilization of ethanol production.

14

—+— CR:FR=2:1
12| —— CR:FR=1:1
—— CR:FR=1:2
—+— CR:FR=1:5

10

Concentration (g/L)

0 1 . 1 . 1 . 1 . 1 . 1 . 1
0 20 40 60 80 100 120

Time (h)

Fig. 4. Concentration of glycerol during SSF of cassava residue (CR) and furfural residue (FR) at
38 °C with initial pH 6.0

The Number of Live Yeast Cells and the Yeast-Cell Death Ratio during SSF

The number of live yeast cells increased during the first 17 h, and then decreased
from 17 to 120 h (Fig. 5). The yeast-cell death ratio decreased with increasing
concentration during SSF (Fig. 5), illustrating that there was more yeast proliferation with
high substrate concentration in SSF.
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Fig. 5. The number of live yeast cells during SSF of CR/FR ratio at 2 at 38 °C with initial pH 6.0

The addition of Gleditsia saponin did not affect the number of live yeast cells
during SSF of 20% substrate concentration. However, SSF of 20% concentration had a
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slightly higher yeast-cell death ratio than that with Gleditsia saponin (Fig. 6). The
number of live yeast cells in SSF of 20% concentration with Gleditsia saponin was nearly
twice that of SSF of 6% substrate concentration, whereas different yeast-cell death ratios
were obtained for both groups. The number of live yeast cells increased in SSF with
increasing substrate concentration. Moreover, the promoting effect that occurred between
substrate concentration and Gleditsia saponin seemed to be strengthened with increasing
substrate concentration.
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Fig. 6. The number of dead yeast cells during SSF at 38 °C with initial pH 6.0. Data show the
mean + standard deviation

CONCLUSIONS

1. The results of this investigation indicate that a mixture of cassava and furfural
residues can provide a reliable feedstock for ethanol production. The final ethanol
yield was raised obviously when increasing the CR/FR ratio from 0.2 to 2. The
maximal yield reached 71.1% with a CR/FR ratio of 2 and a substrate loading of
12%. The CR/FR ratio also affected the glycerol formation during SSF.

2. The ethanol yield increased when the substrate consistency increased from 6% to
12%. However, the ethanol yield decreased when the substrate concentration was
further raised to 20%, which was partly due to high viscosity and the inhibitory effect
of glucose to yeast and enzymes.

3. Addition of Gleditsia saponin did not improve the ethanol yield of SSF, but it reduced
the yeast-cell death ratio at a high substrate consistency of 20%. These interesting
results indicated that lignin was not a major factor in SSF of the mixtures at a high
substrate consistency with a CR/FR ratio of 2.

4. The mixture of CR and FR could dilute the lignin amount of FR to some extent,
which benefited cellulose hydrolyzation. Meanwhile, the addition of CR provided
nutrition to ethanol fermentation and reduced the demand for medium as a
consequence, which would have some economic benefits.
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