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Abstract

Enzymatic hydrolysis and fermentation at high solid loading is generally required for the production of high titer ethanol from
lignocellulosic biomass at a relatively low cost. In this paper, bamboo pretreated by alkaline and alkaline hydrogen peroxide
was subjected to downstream enzymatic hydrolysis and ethanol fermentation at high solid loading for the production of high
titer ethanol. The effects of solid loading (5-25% w/v) and enzyme dosage (10-50 mg protein/g glucan) on sugar conversion
and ethanol production during separate enzymatic hydrolysis and fermentation (SHF) and simultaneous enzymatic sac-
charification and co-fermentation (SSCF) processes were investigated. During the fermentation process, the pentose-hexose
fermenting Saccharomyces cerevisiae LF1 strain was used. The results showed that the increase of solid loading decreased
sugar conversion during enzymatic hydrolysis. At relatively high solid loadings (>20% w/v), SSCF resulted in higher sugar
conversion and final ethanol titer compared to SHF. With this proposed process, an ethanol concentration of 68.2 g/L, along
with approximately 83.5% of glucan and 73.8% of xylan conversions, could be reached through SSCF at 20% solid loading
with an enzyme dosage of only 20 mg protein/g glucan.

Keywords Alkaline plus alkaline peroxide - Bamboo - Enzymatic hydrolysis - Ethanol - High solid loading - Simultaneous

saccharification and co-fermentation

Statement of Novelty

Although a substantial literature has been reported on the
production of high titer ethanol through SHF or SSF, lim-
ited work has been conducted on bamboo pretreated with
a sequential process of alkaline pre-extraction and alka-
line hydrogen peroxide pretreatment. This work firstly
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demonstrated that bamboo, an underutilized biomass, could
also be used for the production of ethanol with high con-
centration. Two fermentation processes were also compared
in this work to investigate the inhibitory effects during fer-
mentation process. Moreover, at a relatively low enzyme
loading, the ethanol concentration was higher than previous
studies with other non-wood biomasses such as corn stover
and wheat straw [9, 19, 21].

Introduction

Production of lignocellulose-based products such as biofu-
els and chemicals has received an extensive attention due
to diminishing fossil resources and increasing problems of
greenhouse gas emissions [1, 2]. Bamboo, having similar
chemical composition to wood, is a promising species for
use as a feedstock in biorefineries to produce biofuels and
other products [3, 4]. During the production of bioethanol
from bamboo, a pretreatment stage is generally required to
disrupt the cell wall structure and increase the accessibil-
ity of carbohydrates to enzymes [5]. Sequential two-stage
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pretreatment comprising alkaline pre-extraction and alkaline
hydrogen peroxide (AHP) pretreatment has been shown to
be able to efficiently improve the digestibility of bamboo
and other lignocellulosic feedstocks for ethanol production
[6-14]. Moreover, treating bamboo under alkaline condi-
tions also dissolves a substantial amount of silica, which
can be recovered as high purity amorphous silica particles
for various applications such as treating waste water and
producing pharmaceuticals and composite fillers [15-17].
Therefore, it is of great importance to further investigate the
utilization of bamboo, pretreated with alkaline and AHP, for
the production of high titer ethanol. Additionally, this meth-
odology is applicable to other silica-rich feedstocks such as
rice straw and wheat straw.

To increase the produced ethanol titer, a promising strat-
egy is to increase the processing solid loading. Moreover, the
increase of solid loading also reduces the cost of the overall
biomass-to-bioethanol process [18, 19]. For example, enzy-
matic hydrolysis of the pretreated biomass at high solid load-
ing can potentially generate high concentrations of sugars
in the hydrolysate, which in turn enable high ethanol titers
after fermentation; this could reduce energy requirements
during the distillation process. Moreover, processing bio-
mass at high solid loading also decreases the consumption
of water and energy per unit of raw lignocellulosic biomass
reducing both capital and operational costs [18-21]. Com-
pared to processing at low solid loading, the increase of solid
loading might reduce the efficiency of enzymatic hydrolysis
and ethanol fermentation due to inefficient mixing, increased
concentration of lignin, reduced contact between substrate
and enzyme, increased concentrations of inhibitors, non-pro-
ductive enzyme absorption on lignin, loss of enzyme cata-
lytic activity due to high shearing force, and mass transfer
limitations [21-26]. Considerable effort including increas-
ing enzyme input, modified mixing devices, and improving
pretreatment methods has been developed to resolve issues
created by high solid loading and achieved great progress
[19, 21, 27-30]. For example, Jin et al. [19] produced etha-
nol with concentration of 51.9 g/L by processing SSCF with
corn stover at 24.9% solid loading. Qiu et al. [22] success-
fully produced 71.2 g/L ethanol from wheat straw through
SSCF at 20% solid loading. Moreover, Nguyen et al. [31]
reported that a high ethanol titer of 86 g/L was achieved by
conducting SSCF with the cosolvent-enhanced pretreated
corn stover at 23% solid loading. However, processing of
alkaline-AHP pretreated bamboo at high solid loading for
the production of high titer ethanol has not yet been reported.

Our previous study demonstrated that two stage sodium
hydroxide (NaOH) pre-extraction followed by AHP (NaOH/
AHP) pretreatment enabled more than 82% of initial sugars
in raw bamboo to be converted into ethanol through separate
hydrolysis and fermentation (SHF) at a low solid loading of
5% (w/v) [8]. To further demonstrate the feasibility of using
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bamboo in bioethanol production, processing of NaOH/AHP
pretreated bamboo at high solid loading was investigated
in the present work. Initially, enzymatic hydrolysis of the
two-stage pretreated solid substrate at different solid load-
ings was investigated to evaluate the potential of NaOH/
AHP pretreatment for increasing the solid loading. Subse-
quently, two fermentation processes, SHF and SSCF, were
carried out with a metabolically engineered Saccharomyces
cerevisiae strain to assess the ethanol yield from NaOH/AHP
pretreated bamboo. The objectives of this study were to (a)
increase the solid loading for the production of high titer
ethanol, and (b) reduce the enzyme input while maintaining
the polymer-to-sugar conversion.

Materials and Methods
Materials

Commercial bamboo chips prepared from 3 to 7-year old
trees were provided by Lee & Man Paper Manufactur-
ing Ltd. China. The commercial chips were rechipped to
3-5 mm in width and 15-25 mm in length and washed thor-
oughly with deionized water to remove impurities such as
soil and sand. The washed bamboo biomass was air dried
for approximately 24 h and stored at 4 °C until used for sub-
sequent experiments. The moisture content of the bamboo
was approximately 22% (w/w). All chemicals used in this
study were reagent grade and purchased from Sigma-Aldrich
(Beijing, China). All experiments were performed at least
in triplicate.

Two-Stage Alkaline/Alkaline Hydrogen Peroxide
Pretreatment

Pretreatments were conducted in a 1 L capacity vessel
using a rotating reactor system (Greenwood Instruments,
USA). The experimental conditions, such as temperature,
liquid—wood ratio, time and chemical charge, were selected
following our previous work on two-stage NaOH/AHP pre-
treatment of bamboo [8]. Alkaline pre-extraction of bam-
boo chips was carried out with 8% (w/w) NaOH loading
at liquid—wood ratio of 10 L/kg and 100 °C for 180 min.
After NaOH pre-extraction, the solid was separated from
the liquid by filtration. After washing with deionized water,
the solid substrate was then subjected to AHP pretreatment
under fixed conditions [4% hydrogen peroxide (based on the
weight of dry bamboo) at liquid—wood ratio of 10 L/kg, pH
11.5, and 75 °C for 180 min] [8]. Following AHP pretreat-
ment, the solid fraction was separated from the liquor via
filtration, thoroughly washed with deionized water until the
filtrate reached as neutral pH, and stored at 4 °C for further
experimentation.
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Enzymatic Hydrolysis

Enzymatic hydrolysis was carried out at 5, 10, 15, 20 and
25% (w/v) solid loadings using the cellulolytic enzyme
mixture of Cellic CTec2 (Novozymes investiment Co. Ltd,
Bagsvard, Denmark) which had an activity of 113 FPU/mL
and a protein content of 137.6 mg/mL and a commercial
B-glucosidase preparation (Novozym 188, Novozymes A/S
Bagsverd, Denmark) of 160 CBU/mL activity and 120 mg/
mL protein content. In the enzyme mixture, the protein mass
ratio of Cellic CTec2 to f-glucosidase was 5:1. Enzyme
loadings of 10-50 mg protein/g glucan were investigated.
Enzymatic hydrolysis was carried out in a shaking incubator
(HNY-111C, Zhengzhou, China) at 250 rpm, 50 °C for up
to 120 h with 100 mM sodium citrate buffer (pH 5). Sodium
azide (0.25 g/L) was added to prevent microbial growth.
Approximately 2 mL of the liquid hydrolysate was sampled
periodically and used for the analysis of sugar concentration
using a high performance liquid chromatography (HPLC)
system following National Renewable Energy Laboratory
(NREL) standard protocols [32].

Microorganism and Seed Culture Preparation

Saccharomyces cerevisiae LF1 strain engineered for xylose
fermentation (in addition to C6-fermentation) was obtained
from Shandong University (China) [33]. Seed cultures of
S. cerevisiae LF1 were prepared on yeast extract peptone
dextrose (YPD) medium (80 g/L glucose, 40 g/L xylose,
10 g/L yeast extract and 20 g/L peptone) in a 250 mL Erlen-
meyer flask with a working volume of 100 mL at 30 °C and
150 rpm for 24 h [33]. Cell density was measured at 600 nm
using a UV-Vis spectrometer (Lambda 18, PerkinElmer
Inc., USA). Optical density (OD) was corrected between
0.1 and 0.7 with the dilution factors as necessary.

Batch Fermentation

The pre-cultured cells were harvested by centrifugation
and washing to prepare a stock of 50 g/L S. cerevisiae cell
concentration. Ethanol fermentations were conducted using
50 mL enzymatic hydrolysate under anaerobic conditions in
125-mL serum bottles (Sigma-Aldrich, Canada). To initiate
fermentation, yeast (S. cerevisiae LF1) was added at 10 g/LL
initial cell concentration. Fermentation reactions were per-
formed at 37 °C and pH 5.5 with orbital shaking at 180 rpm
for up to 120 h. During fermentation, samples (1 mL) were
withdrawn periodically to monitor cell growth by measuring
optical density at 600 nm. After inoculation and sampling,
nitrogen was injected to maintain anaerobic conditions in
the reactor. At the end of fermentation, the ethanol concen-
tration and the residual sugar content were determined by
HPLC.

Simultaneous Saccharification and Co-fermentation
(SSCF)

The SSCF experiments were carried out under microaerobic
conditions in a total volume of 150 mL containing the nutri-
ents described for the inoculum preparation and pretreated
bamboo using 250-mL serum bottles (Sigma-Aldrich, Can-
ada). The weight percentages of pretreated bamboo ranging
from 5 to 25% (w/v) (based on oven-dried material) was
investigated. A series of enzyme loadings ranging from 10
to 30 mg protein/g glucan were tested. The dosage of S. cer-
evisiae LF1 inoculum yeast culture (stock concentration of
50 g/L) for all SSCF was 10 g/L (based on the total volume
of the reaction), which was the same as that used for batch
fermentation. The SSCF was performed at 37 °C, 200 rpm
and pH 5 with orbital shaking at 200 rpm for up to 120 h.
The conversion of polymeric sugars (glucan and xylan) to
monomeric sugars (glucose and xylose) during SSCF was
calculated based on the analysis of the sugars in solid bio-
mass residuals after fermentation.

Analytic Methods

The moisture content of solid samples was measured by
drying at 105+2 °C to a constant weight. The chemical
compositions of raw bamboo and pretreated solid sample
were determined using NREL standard protocols [32]. In
brief, 0.2 g of ground sample passed through 40 mesh was
digested by a two-step sulfuric acid (H,SO,) hydrolysis
protocol. After hydrolysis, Klason lignin was separated by
filtration through medium porosity filtering crucibles (Fisher
Scientific Co., USA) and weighed after drying at 105 +2 °C
for 6 h. Acid soluble lignin in the hydrolysate was meas-
ured at 205 nm using a UV-Vis spectrophotometer. Lignin
content was calculated as the sum of Klason lignin and acid
soluble lignin. For the analysis of polysaccharides, a Dionex
ICS 5000+ HPLC system fitted with an AS-AP autosampler
(Thermo Fisher Scientific, MA, USA) was used to separate
the monomeric sugars in the samples at 45 °C, against sugar
standards, on a Dionex CarboPac SA 10 analytical column
using 1 mM NaOH as the mobile phase at 1 mL/min flow.
The sugars were quantified using electrochemical detection
and Chromeleon software (Thermo Fisher Scientific, MA,
USA). Fucose was used as the internal standard. The con-
centration of ethanol in the hydrolysate and fermentation
samples were analyzed using the same HPLC system with
Aminex HPX-87H column (Bio-Rad Laboratories, USA).
The injection volume of samples for HPLC analysis was
50 pL. The operation temperature was 65 °C, and 5 mM
H,SO, at 0.6 mL/min flow was the mobile phase. The yields
of glucose, xylose, and total sugar were calculated following
Zhu et al. [34].
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Results and Discussion

Enzymatic Hydrolysis of Two-Stage Pretreated
Bamboo

To increase the accessibility of carbohydrates to enzymes,
a sequential two-stage NaOH/AHP pretreatment was con-
ducted prior to enzymatic hydrolysis. Table 1 presents the
chemical composition of the two-stage pretreated bamboo.
As shown, the solid yield of the treatment process was
60.2% (based on initial bamboo mass), in which glucan
and xylan accounted for 70.1% and 15.1%, respectively,
corresponding to approximately 87.2% and 44.8% of initial
glucan and xylan recovery. The high contents of glucan
and xylan in the solid substrate enable high concentrations
of monomeric sugars after enzymatic hydrolysis. Lignin
content of the treated bamboo was 14.5%, indicating the
removal of 65.2% of initial lignin in raw bamboo chips.
The removal of such a high amount of lignin is expected to
enhance the enzymatic digestibility of the obtained solid
substrate. Dissolved lignin in the pretreatment liquors can
be recovered as a renewable source for the production of
various high value bio-based products [8, 35-37]. The
recovery of dissolved materials from the pretreatment lig-
uor has been extensively investigated in our earlier work
[8, 14]. This study was only focused on the production of
bioethanol from the recovered two-stage pretreated solid
fraction. Our aim was to demonstrate that the two-stage
NaOH/AHP pretreatment could be utilized as a strategy to
generate industrially relevant ethanol titers through high
solid enzymatic hydrolysis and fermentation.

In the first series of experiments, enzymatic hydroly-
sis of the pretreated solid was performed at an enzyme
loading of 40 mg protein/g glucan and 50 °C for different
times; the objective of this part of the work was to find a
hydrolysis time that could achieve the highest conversion
of glucan and xylan under the studied solid loadings. Fig-
ure 1 shows the time course of the conversion of glucan to
glucose and xylan to xylose and the concentration of glu-
cose and xylose in the hydrolysate. As shown in Fig. 1a, b,

with the increasing of solid loading, the conversion of both
glucan and xylan decreased during enzymatic hydrolysis.
For example, approximately 96% of glucan and 89% of
xylan were converted into glucose and xylose, respec-
tively, in 48 h of enzymatic hydrolysis at 5% solid loading.
In contrast, at 20% solid loading, the conversion of glucan
to glucose and xylan to xylose decreased to 79% and 78%,
respectively, after 72 h hydrolysis (Fig. 1a, b). This is in
accordance with previous work on enzymatic hydrolysis
of wheat straw, corn stover and filter paper at high solid
loadings [19, 21, 22]. Moreover, prolonged hydrolysis
time (i.e. 120 h) only slightly increased the conversion
of glucan and xylan in all experimental cases (Fig. 1a, b).
One likely reason might be the limited the accessibility
of glucan and xylan to enzymes due to the crystallinity
of glucan, the structure of xylan, and residual lignin in
the substrate [38]. On the other hand, as described in the
introduction, high solid loading during enzymatic hydroly-
sis also creates negative effects on the hydrolysis, such as
poor mixing efficiency.

Figure 1c, d show the concentration of released glucose
and xylose in the enzymatic hydrolysates. As shown, the
concentration of glucose increased with increasing hydrol-
ysis time for all the solid loadings tested in enzymatic
hydrolysis (Fig. Ic). At a fixed solid loading, the xylose
concentration initially increased rapidly with hydrolysis
time; thereafter it decreased slightly (Fig. 1d). However,
the decrease of xylose concentration was not significant
(p>0.05). In addition, with the increase of solid loading,
both the concentrations of glucose and xylose increased
(Fig. 1c, d). For example, at 10% solid loading for 72 h,
the concentrations of glucose and xylose were 70.1 g/L and
14.5 g/L, respectively. When the solid loading was raised to
20%, the concentrations of glucose and xylose increased to
121.7 g/L and 27.1 g/L, respectively (Fig. Ic, d). Beyond
20% solid loading, the increase in the concentrations of
glucose and xylose (after 72 h enzymatic hydrolysis) was
not proportional to the increase in solid loading (data not
shown). For example, increase in solid from 20 to 25% only
increased the concentration of total monomeric sugars from
148.8 to 162.7 g/L (Fig. 1c, d). This is in accordance with

Table 1 Chemical composition of bamboo (solid fraction) before/after NaOH-AHP pretreatment

NaOH charge Solid remaining (%)* Chemical composition (%)°

Glucan Xylan Galactan Arabinan Lignin Silica Ash
Raw bamboo N/A 48.4 20.3 0.7 0.8 25.1 1.12 0.99
Pretreated bamboo 60.2+0.6 70.1+1.1 15.1+£0.7 N/D 0.2+0.1 14.5+0.9 N/D 0.42+0.11

Values are expressed as average + standard deviation
N/A not applicable, N/D not detected

ei, ercentage (oven-dried wei, of recovered mass after Nal re-extraction to original biomass
*Weight p tag dried weight) of d fter NaOH p traction t ginal b

"Weight percentage based on oven-dried weight of treated bamboo
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Fig. 1 Enzymatic hydrolysis of pretreated bamboo at different solid loadings with an enzyme loading of 40 mg protein/g glucan, a glucan con-
version, b xylan conversion, ¢ glucose concentration, d xylose concentration

previous work on enzymatic hydrolysis of corn stover at high
solid loading and might be due to mass transfer limitations
and poor mixing caused by high solid loadings [19, 25].

The results in Fig. 1 reveal that enzymatic conversion
of approximately 79% of glucan and 78% of xylan could
be achieved even at high solid loading (20% w/v) and that
an enzymatic hydrolysate with total monomeric sugars of
nearly 150 g/L could be obtained at an enzyme loading of
50 mg protein/g glucan. In addition, based on the polysac-
charide conversion and monomeric sugar concentration, 72 h
can be considered as a suitable hydrolysis time for maximal
monomeric sugar yields.

During the production of ethanol from lignocellulosic
biomass feedstocks, enzyme is considered to be a major cost
[39]. Therefore, a second series of experiments were carried
out to investigate the possibility of reducing enzyme loading
while still maintaining high conversions of glucan and xylan.
In this case, enzymatic hydrolysis of the two-stage pretreated
bamboo was carried out at 50 °C with different enzyme load-
ings (10-50 mg protein/g glucan) for 72 h (Fig. 2). As shown
in Fig. 2a, b, the release of glucose and xylose decreased
with increasing solid loading at the same enzyme dosage.

Moreover, a higher dosage of enzyme was required at high
solid loadings to achieve desirable glucan and xylan conver-
sion levels (Fig. 2a, b). For example, at 5% solid loading,
10 mg protein/g glucan of enzyme was sufficient to reach
95.7% glucan and 87.4% xylan conversions. In contrast, at
25% solid loading, 40 mg protein/g glucan were required to
convert 67.5% glucan and 60.4% xylan in 72 h (Fig. 2a, b).
Higher enzyme requirement could be a result of inadequate
contact between enzyme and substrate related to the poor
mixing at higher solid loadings. Moreover, the high con-
centration of enzyme inhibitors at high solid loadings also
reduced the activation of enzyme [21, 26]. Higher enzyme
loadings could increase the surface coverage of substrate by
enzyme, thereby increasing the conversion of glucan and
xylan at high solid loading. In addition, at solid loadings of
5-20% (w/v), further increase of the enzyme dosage to 40 or
50 mg protein/g glucan only slightly increased the conver-
sion of glucan (0.5-1.5%) and xylan (0.4-1.5%) beyond that
observed with 30 mg protein/g glucan. For example, hydrol-
ysis of the bamboo substrate at 20% solid loading using an
enzyme loading of 30 mg protein/g glucan resulted in 77.5%
of glucan and 77.1% of xylan conversion into glucose and
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xylose, respectively. With 40 mg protein/g glucan enzyme,
the conversions of glucan and xylan were 79.0% and 78.1%,
respectively (Fig. 2a, b). These results indicate that 30 mg
protein/g glucan is sufficient to hydrolyze the bamboo sub-
strate to a substantial degree, close to the target of converting
about 80% of glucan in the biomass-to-bioethanol indus-
try [40], even at 20% solid loading. However, in contrast
to the case with < 20% (w/v) solid loading, during enzy-
matic hydrolysis at 25% (w/v) solid loading, polysaccharide
conversion continued to increase with increasing enzymes
loadings (10-50 mg protein/g glucan). Thus, to maximize
the conversion of glucan and xylan at 25% solid loading, a
higher amount of enzyme is required, possibly to improve
the liquefaction of the solid substrate in the early stages of
the reaction by increased conversion of polysaccharides.
Figure 2c, d show the concentrations of glucose and
xylose in the enzymatic hydrolysates. As shown, at low
solid loading (5% w/v), the concentrations of both glucose
and xylose only slightly changed with increasing enzyme
dosage. In contrast, at higher solid loadings (> 5%), the con-
centrations of glucose and xylose increased with increas-
ing enzyme input (Fig. 2c, d). This can be attributed to the
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fact that a higher enzyme amount was generally required
to hydrolyze a significant amount of polysaccharides in
the substrate at higher solid loading [41]. However, the
effect of increasing enzyme loading varied at different solid
loadings: glucose and xylose release leveled off beyond
20-30 mg protein/g glucan at 10-15% solid loadings. At
20% solid loading, glucose release appeared to saturate at
30 mg protein/g glucan while xylose release continued to
increase up to 50 mg protein/g glucan, the highest enzyme
loading tested. At 25% solid loading, release of both glucose
and xylose continued to increase, albeit at a slower rate, up
to 50 mg protein/g glucan. For example, at 20% solid load-
ing, the concentrations of glucose and xylose were increased
from 121 g/L and 25.3 g/L, respectively, to 122.1 g/L and
26.2 g/ when the enzyme dosage was increased from 30
to 50 mg protein/g glucan; these results indicate that an
enzyme loading of 30 mg protein/g glucan was sufficient
to hydrolyze the two-stage NaOH/AHP pretreated bamboo
substrate at 20% solid loading. In addition, when using rela-
tively low enzyme loadings (<40 mg protein/g glucan), the
concentration of monomeric sugars (glucose and xylose) of
the hydrolysate obtained from 20% solid loading was even
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higher than that of 25% solid loading; this further indicates
that high amount of enzyme might be required for the enzy-
matic hydrolysis at 25% solid loading. Based on the above
experimental results, efficient enzymatic hydrolysis of
NaOH-AHP pretreated bamboo substrate could be achieved
at 20% solid loading, during which approximately 78% of
glucan and 77% of xylan could be converted into glucose
and xylose, respectively.

Separate Hydrolysis and Fermentation of NaOH-AHP
Pretreated Bamboo

To evaluate the effect of solid loading on the ethanol fermen-
tation process while avoiding the effects created by unhydro-
lyzed solid, ethanol fermentation was carried out using the
solid-free enzymatic hydrolysate. In this series of experi-
ments, the liquid streams, recovered from 72-h enzymatic
hydrolysis at different solid loadings (5-25% w/v) with an
enzyme dosage of 30 mg protein/g glucan, were fermented
using a metabolically engineered S. cerevisiae LF1 strain
under conditions optimized in our laboratory. Figure 3 shows
the time course of the fermentation of glucose and xylose
into ethanol through the SHF process. As shown in Fig. 3a,
longer fermentation times were required to consume 99% of
glucose in hydrolysates obtained from high solid enzymatic
hydrolysis reactions. This could be attributed to possible
negative impacts of high concentrations of initial monomeric
sugars (as high as 148.2 g/L) for yeast metabolism [42].
While we haven’t tested the sugar tolerance levels of S. cer-
evisiae LF1 used in this study, sugar concentrations as high
as 150 g/L are known to adversely affect the growth of yeast
[19, 43, 44]. However, even with hydrolysates from high
solid loadings (20% and 25% w/v), glucose concentration
was decreased to near zero after 40-h fermentation (Fig. 3a),
indicating that the utilized S. cerevisiae LF1 strain could
efficiently convert hexose sugars into ethanol.

Compared to the consumption of glucose, fermentation
of xylose was much slower (Fig. 3b). However, more than

80% of xylose in the studied bamboo hydrolysates were
consumed after 120-h fermentation; this demonstrates the
high performance of the used S. cerevisiae LF1 strain in
xylose fermentation. In addition, the fraction of uncon-
sumed xylose increased with increasing solid loading in
enzymatic saccharification (Fig. 3b). For example, during
fermentation, 91.2% of xylose in the enzymatic hydrolysate
from the 5% solid loading was consumed in 120 h; however,
xylose consumption decreased to 80.2% when the 20% solid
hydrolysate was fermented. Reduction in xylose consump-
tion rate at high solid loadings may be due to the presence
of higher concentrations of inhibitory compounds, such as
sugars, xylose degradation products, lignin, and fermenta-
tion metabolites such as amino acids [19, 44, 45]. On the
other hand, the high concentration of ethanol, generated by
the high concentration of glucose in the initial hydrolysate,
might also inhibit the growth of yeast cells and reduce the
fermentation efficiency [19, 46].

Figure 3c shows that, in general, the concentration of
produced ethanol increased with increasing concentration
of monomeric sugars in the hydrolysate obtained from the
enzymatic hydrolysis. As shown, fermentation of the 20%
solid loading hydrolysate had the highest ethanol concen-
tration (65.6 g/L) compared to that of other solid loadings
investigated, 5% (20.1 g/L), 10% (37.8 g/L), 15% (53.4 g/L)
and 25% (64.2 g/L). Even though the hydrolysate from 25%
solid loading had the highest concentration of total glucose
and xylose, it produced less ethanol concentration than the
20% hydrolysate. This is likely due to the fact that yeast
preferentially uses glucose and, hence, the high initial glu-
cose concentration of the 25% solid hydrolysate may have
decreased xylose fermentation [19]. Based on remaining
solid fraction following NaOH/AHP pretreatment, ethanol
concentration, and solid loading, the ethanol yields from
solid loadings of 5%, 10%, 15%, 20%, and 25% (w/v) were
calculated to be 60.4%, 56.8%, 53.5%, 49.3%, and 38.6%
(based on the theoretical yield from initial sugar content in
untreated bamboo) (calculations not shown), respectively.
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This further confirmed that increasing the solid loading to
25% (w/v) substantially reduced the ethanol yield.

Simultaneous Saccharification and Co-fermentation
(SSCF) of NaOH/AHP Pretreated Bamboo

To minimize the inhibitory effect of high concentration of
sugars and investigate the effect of unhydrolyzed solid on
xylose fermentation, ethanol production through the conven-
tional SSCF process was carried out. SSCF was conducted
at five different solid loadings (5-25% w/v) and one fixed
enzyme dosage of 30 mg protein/g glucan (same enzyme
loading used in SHF) (Fig. 4). As shown in Fig. 4a, glucose
concentration at the time of inoculation (6 h) increased with
increasing solid loading. The highest glucose concentrations,
noted at the time of innoculation, for the solid loading 5%,
10%, 15%, 20%, and 25% (w/v) were 18.1, 26.8, 30.4, 37 .4,
and 35.9 g/L, respectively. Thereafter, the concentration of
glucose decreased rapidly over the next 18 h to remain at a
low level for all cases of solid loadings. These results are
in accordance with previous studies on the production of
ethanol from corn stover and hardwood through SSCF at
various solid loadings [19, 30].

With regards to the consumption of xylose, it can be
observed that xylose was consumed more slowly compared
to glucose (Fig. 4a, b); this is similar to that of SHF (Fig. 3b).
In addition, the residual xylose concentration increased with
increasing solid loading (Fig. 4b). For example, after 120-h
fermentation, the residual xylose concentration was approxi-
mately 5.14 g/L at 25% solid loading and about 0.41 g/L at
5% solid loading (Fig. 4b); this indicated that the extent of
consumption of available xylose was reduced with increas-
ing solid loading of SSCF. One likely explanation is that the
synergistic inhibitory effects caused by poor mixing, higher
concentration of ethanol and degradation products from
lignin and carbohydrates in the fermentation medium at high
solid loading decreased xylose fermentation [19, 46—48].
Moreover, after 120-h fermentation, the concentration of

xylose in the fermentation was slightly lower in SSCF than
in SHF for the solid loadings of 5-20% (Figs. 3b, 4b). For
example, when the fermentation was conducted at 20% solid
loading, the residual concentration of xylose was 5.19 g/L
and 4.84 g/L for SHF and SSCF, respectively. This could be
attributed to the reduction of glucose (or C6 sugars) inhibi-
tion of xylose fermentation in SSCF.

Ethanol concentration in the final fermentation broth
increased from 21.1 to 71.2 g/l when the solid loading of
pretreated bamboo in SSCF was raised from 5 to 25% (w/v).
However, due to the incomplete hydrolysis of xylan and fer-
mentation of xylose, the increase in ethanol concentration
was not directly proportional to the solid loading (data not
shown). Moreover, following fermentation using the SSCF
process at solid loadings of 5%, 10%, 15%, 20%, and 25%
(w/v), the ethanol yields were 63.4%, 60.0%, 56.4%, 52.1%,
and 42.8% (based on the theoretical yield from initial sugar
content in untreated bamboo), respectively, which were
slightly higher than those obtained from SHF under the same
solid loading. This illustrates that the inhibitory effects cre-
ated by the initial high concentration of C6 sugars might be
greater than that of unhydrolyzed solid during the fermenta-
tion process. Accordingly, of the two methods investigated
for the production of ethanol from the two-stage NaOH/
AHP pretreated bamboo at high solid loading, SSCF can be
considered the better choice due to increased ethanol con-
centration and minimized sugar inhibition. Moreover, SSCF
could also reduce operating costs by conducting enzymatic
hydrolysis and fermentation in the same reactor [48].

Ethanol Production Through Simultaneous
Saccharification and Co-fermentation Process
at Lower Enzyme Loading

To explore the possibility of reducing enzyme dosage during
ethanol production from the NaOH/AHP pretreated bamboo
in SSCF, experiments were carried out at the relatively high
solid loading of 20% (w/v) using various enzyme dosages
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(10-30 mg protein/g glucan). As shown in Fig. 5, higher
enzyme dosage and longer reaction time improved fermen-
tation of glucose and xylose. For example, 58.9 g/L ethanol
was reached in 120 h with 15 mg protein/g glucan enzymes.
In contrast, ethanol concentration increased to 62.8 g/L
in 72 h when 20 mg protein/g glucan enzymes were used
(Fig. 5). Further increase in the enzyme loading from 20 mg
protein to 30 mg protein/g glucan did not lead to substan-
tial increase in the final ethanol concentration. For example,
after 120-h fermentation, the final ethanol concentrations
were 68.2 g/L. and 69.4 g/L for 20 mg protein/g glucan and
30 mg protein/g glucan, respectively. This could be due to
the fact that the number of enzyme-accessible substrate sites
could be efficiently contacted with enzyme at an enzyme
loading of 20 mg protein/g glucan [49, 50]. Therefore, com-
pared to the concentration obtained in our earlier studies
(approximately 46 g/L) [8, 14], a much higher ethanol con-
centration (approximately 68 g/L) was achieved in this study

80

[22]
o
1

—=— 10 mg protein/g glucan
—e— 15 mg protein/g glucan
—a— 20 mg protein/g glucan
—o— 25 mg protein/g glucan
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Fig.5 Simultaneous saccharification and co-fermentation of two-
stage pretreated bamboo at 20% (w/v) solid loading using different
enzyme dosages

by conducting SSCF of NaOH/AHP pretreated bamboo at
20% solid loading with a relatively low energy input (20 mg
protein/g glucan); in this case, the ethanol yield was 51.1%
(based on the theoretical yield from initial sugar content in
untreated bamboo).

To further illustrate the effect of enzyme loading on etha-
nol production from pretreated bamboo through SSCF pro-
cess, the chemical composition of retained solid after 120-h
fermentation was measured (Table 2). The fraction of
remaining solid decreased with increasing enzyme dosage
(Table 2). Based on the remaining solid and compositional
analysis, the conversion of glucan and xylan could be calcu-
lated (calculations not shown). As expected, conversion of
glucan and xylan increased with increasing enzyme dosage.
With 20 mg protein/g glucan, 83.1% of glucan and 72.9% of
xylan in the two-stage pretreated bamboo were converted to
glucose and xylose, respectively. In contrast, only 58.1% of
glucan and 53.8% of xylan were hydrolyzed by an enzyme
loading of 5 mg protein/g glucan during the SSCF process.
Moreover, as shown in Table 2, the increase of enzyme dos-
age from 20 to 30 mg protein/g glucan only led to a slight
increase of the conversion of glucan and xylan. Collectively,
the results of Fig. 5 and Table 2 suggest that 20 mg protein/g
glucan can be considered as a suitable enzyme dosage for the
production of high titer ethanol from NaOH-AHP pretreated
bamboo at 20% (w/v) solid loading.

Based on our findings, the solid substrate obtained from
the two-stage NaOH/AHP pretreatment can be a suitable
feedstock for the production of high titer ethanol through
SSCEF process at relatively high solid loading. To provide
an overview of this process, a mass balance based on 100 g
oven-dried raw bamboo is shown in Fig. 6. After pretreat-
ment, a solid substrate with 41.5 g glucan and 9.1 g xylan
was recovered. By conducting SSCF with this solid substrate
at 20% solid at an enzyme loading of 20 mg protein/g glucan
for 120 h, a final ethanol at a concentration of 68.2 g/L with
the yield of 204 kg/ton oven-dried bamboo was achieved
(Fig. 6). Although the ethanol yield from bamboo was lower

Table 2 Solid remaining

Enzyme loading (m
and chemical composition of Y g (mg

protein/g glucan)

Solid remaining (%)*

Chemical composition (%)°

bamboo after simultaneous Glucan Xylan Arabinan Lignin

saccharification and

co-fermentation (SSCF) at 20% Pretreated bamboo N/A 70.1 15.1 0.2 14.5

solid loading 10 45.6+0.5 644+09  153+10  0.1+002  31.7+05
15 36.1+0.9 53.5+0.7 174+1.2 ~0.08 39.8+0.4
20 274+0.9 422+1.1 13.8+0.8 ND 51.8+0.7
25 27.1+0.7 41.5+1.1 13.5+0.7 ~0.05 52.9+0.6
30 26.8+0.8 41.2+09 13.6+0.9 ND 53.2+0.5

Values are expressed as average + standard deviation

NJ/A not applicable, N/D not detected

*Weight percentage (oven-dried weight) of retained mass after SSCF to initial input biomass

"Weight percentage based on oven-dried weight of retained bamboo
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SSCF (20% solids loading, 20 mg

Treated bamboo
(60.2 kg)

protein/g glucan, 37 °C, 120 h)

:I 20.4 g ethanol at 68.2 g/L

Washed bamboo Two-stage pretreatment

chips(100 g 0.d.)

Glucan: 41.5g
Hemicellulose: 9.4 g

NaOH pre-extraction . AHP pretreatment Lignin:86 g
(8% w/w NaOH, 100 (4% w/w H:0:, 75 °C,

Glucan: 484 g i A -
Hemicellulose: 21.8 g °C. 180 min) 180 min) Liquid fraction lgnin and sugars
Li.gnin: 25.1 kg Giucan: 52 [¢] g
Silica: 112 kg Hemicellulose: 11.2 g

Lignin: 16.4 g

Silica: 1.12g

Fig.6 Overall mass balance of the proposed process scheme

than that from corn grain (371 kg/ton) [51], the production
of ethanol from bamboo provides a promising option to
reduce the competition with food. Additionally, the produc-
tion of ethanol from bamboo also facilitates the transition of
fossil-based economy to bio-economy.

Conclusions

Bamboo, pretreated with two-stage alkaline/alkaline hydro-
gen peroxide (AHP) pretreatment, was demonstrated to be
highly digestible during ethanol production at high solid
loadings. An ethanol concentration of 68.2 g/ was reached
through simultaneous saccharification and co-fermentation
(SSCF) at 20% (w/v) solid loading with a relatively low
enzyme loading of 20 mg protein/g glucan. Compared to
SHF, SSCF was shown to be a better strategy to resolve
sugar accumulation issues, decrease the enzyme loading,
and improve sugar conversion into ethanol. In these lab-scale
studies an ethanol yield of 204 kg/ton bamboo was achieved
through SSCF.
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