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Enhancing the potential production of bioethanol
with bamboo by y-valerolactone/water

Yawei Zhan, © Meixin Wang, Tengfei Ma and Zhigiang L®*

In this study, the effect of the <y-valerolactone (GVL)/H,O pretreatment system on bamboo

(Neosinocalamus affinis) for enzymatic hydrolysis and ethanol fermentation was investigated. The

performance characterization of the pretreated bamboo substrates, including the chemical composition,
the structural characteristics, and the ability to produce bioethanol, were evaluated. The recovered
substrates were enzymatically hydrolyzed for 48 h and then fermented to bioethanol. For the cellulose in

the raw bamboo material, the highest cellulose-to-glucose conversion yield (CGCY) was achieved at
140 °C for 2 h with GVL : H,O = 8 : 2, which was 73.39%, and the cellulose-to-ethanol conversion yield
(CECY) was 67.00%. This indicated that 183.5 kg of bioethanol could be produced per ton of bamboo,
which was 9.71-folds higher than that directly converted from the untreated raw bamboo powder. Under
these conditions, 50.60% of the active lignin can be recovered and be used as a wood-derived feedstock
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for further high-valued utilization. Meanwhile, the maximum concentration of fermentation inhibitors

formed after pretreatment was about 140.9 mmol L% and had weak inhibition to the subsequent
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1 Introduction

With the gradual consumption of unrenewable fossil resources
and the rapidly growing demand for energy resources, the
conversion, and utilization of renewable resources have attracted
great interest in recent years."” Biomass resources can not only
replace fossil energy, but also meet the requirement of sustain-
able development by sequester carbon through photosynthesis,
and therefore have promising development prospects.

Among the biomass resources, as one of the most promising
feedstocks for producing biofuels and biochemicals, lignocellu-
losic biomass is abundant, inexpensive, renewable, and does not
compete with grain crops.* Wooden resources in China are
scarce, while the bamboo resource is relatively abundant. As the
fastest growing plant in the world, bamboo can grow as rapidly as
91 cm per day and reach maturity in 3-5 years.* It was reported
that the annual output value of the bamboo industry in China
reach 300 billion RMB. However, owing to the hollow structure,
large sharpness, and poor timber properties of bamboo green
and yellow, the processing residues were increased with the rapid
development of the bamboo processing industry and amount to
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reaction. It has been shown that the cellulose could be effectively separated from bamboo and
converted into bioethanol through the GVL/H,O pretreatment system.

about 2817 million tons currently.” While the current disposal
methods for bamboo processing residues still involve burning or
landfilling directly, which causes serious environmental pollu-
tion.® Therefore, if the bamboo processing residues can be fully
employed for their high value, they will be equivalent to an
inexhaustible renewable resource.

At present, the moso bamboo is used as the feedstock for
more than 90% of the bamboo panel industry. While the
clumping bamboo, which accounts for more than 20% of
bamboo forest in China, is not effectively utilized.”® Neo-
sinocalamus affinis is a kind of clumping bamboo in the Sichuan
province of China, which is widely grown, valuable and growing
extremely fast. It can grow from bamboo shoots to 10 m in only
100 days under suitable conditions.” In previous studies, the
higher cellulose content of Neosinocalamus affinis makes it
a preferable biomass raw material, and the thinner cell walls
also make it easier to be transformed and utilized.'* However,
there are still quite a few studies on the performance of Neo-
sinocalamus affinis for bioethanol conversion and utilization.

The lignocellulosic cell wall of mature bamboo wood
consists of 40-60% cellulose, 20-32% hemicellulose, and 20—
30% lignin.” The components are firmly bound by the combi-
nation of covalent bonds, hydrogen bonds, and van der Waals
forces." Cellulose, as the skeleton part, is encapsulated by
lignin and hemicellulose. Both conventional methods for
producing bioethanol (i.e., biochemical and thermochemical
processes) require pretreatment to destroy the crystalline
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structure of cellulose by removing a maximum amount of lignin
and hemicellulose."*™* Pretreatments can expose cellulose by
separating hemicellulose and lignin and reduce the crystallinity
and degree of polymerization of cellulose to improve the
accessibility and enzymatic efficiency of cellulose. The
pretreatment methods currently used are the physical
pretreatments, such as crushing, chemical pretreatments, such
as acid and alkali pretreatment,” and physicochemical
pretreatments including ionic liquids'®'” and steam explo-
sion'*' among these, organic solvents (and their mixtures) are
effective methods to facilitate cell wall component removal,
such as methanol, ethanol, and acetone are commonly used.

Recently, as a renewable and environmentally-friendly
organic solvent, y-valerolactone (GVL) has been widely applied
in food additives, lubricants, and plasticizers. Since the solu-
bility parameter is close to that of lignin, the GVL/H,O system
can effectively extract lignin from lignocellulose-based
biomass,” and the soluble sugars in the spent liquor can be
separated and purified by supercritical CO, extraction.**
Recently, this system has been applied in the pretreatment of
biomass such as cotton, straw, and eucalyptus.*>** The cellulose
content of the substrates was increased from 39.9% to 89.3% by
pretreating sawdust at 156 °C for 0.5 h with a GVL/H,0 (1: 1)
system. After enzymatic hydrolysis and fermentation of the
cellulose-rich substrates, the bioethanol yield was equivalent to
94% of the theoretical yield, which also indicates that the GVL/
H,0 system is an effective method to convert biomass to bio-
ethanol.”® When the bamboo powder was pretreated by the GVL/
H,0 system, the glucose yield from the enzymatic hydrolysis
was also enhanced by 6.7 times over the untreated substrate.**
But there is still no detailed work on the performance of
preparing bioethanol from bamboo substrates pretreated by the
GVL/H,0 pretreatment.

In this work, GVL/H,O system was employed for the
pretreatment of bamboo (Neosinocalamus affinis). The modifi-
cations performed in the pretreated bamboo substrates,
including chemical composition analysis, cellulase accessi-
bility, and cellulose digestibility, were investigated compre-
hensively. To further investigate the bioethanol potential of the
pretreated substrates, the enzymatic hydrolysate was fer-
mented. In addition, the composition and content of carbohy-
drates and fermentation inhibitors in the pretreated spent
liquor were analyzed. Furthermore, the structural changes in
bamboo samples before and after pretreatment were charac-
terized by the degree of polymerization (DP), Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM). The aim of this study was
to provide methods to reduce carbon consumption and slow
down the carbon emission of bamboo processing residues and
offer the possibility of energizing the utilization of bamboo.

2 Materials and methods
2.1 Materials

The two-year-old bamboo (Neosinocalamus affinis) was harvested
from the south Guangxi Region in China. The air-dried bamboo
culm was smashed and then sieved. The powder with the size
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less than 40 mesh (0.425 mm) was extracted with ethanol and
water using the Soxhlet apparatus for 10 h to remove the waxes
from the surface and the extract was dried at 103 + 2 °C to
constant weight before use.

GVL (98% purity) used in the pretreatment and formic acid,
acetic acid, furfural, glucose, and xylose (all analytical purity)
used in the assay process were provided by Aladdin Biochemical
Technology Co. (Shanghai). Cellulase (C1794-5KU, from Tricho-
derma sp.) and B-glucosidase (49290-1G, from almonds) were
obtained from Sigma-Aldrich (Shanghai) and the enzyme activity
was determined by filter paper enzyme activity (FPA).*® Saccha-
romyces cerevisiae yeast used in the fermentation was purchased
from Hubei Anqi Yeast Co. Ltd. The bicinchoninic acid (BCA)
Protein Assay Kit used in the enzymatic adsorption experiment
was provided by Biotech Bioengineering Co. Ltd (Shanghai). All
chemicals were used directly without further purification.

2.2 Pretreatment

2.5 g of the dewaxed bamboo powder was loaded into a 50 mL
vessel with different ratios of GVL/H,O solution and sulfuric
acid to make a solid-to-liquid ratio of 1 : 10 and a sulfuric acid
concentration of 75 mmol L™". The vessel was placed into the
hydrothermal synthesis reactor, and the programmed control-
lers were set at 20 rpm and the rate of 1.5 (°C minute ") to heat
the reactor from room temperature to the target temperature.
After pretreatment, the reactor was cooled to room temperature
by following a procedure.

After cooling, the mixture was separated by vacuum filtration
and washed three times within a total of 25 mL of GVL/H,O
solution, which was the same as used in pretreatment. Water
was added to the recovered filtrate for GVL : H,O = 1:3 and
kept the mixture at 4 °C for 48 h to precipitate lignin sufficiently.
The recovered solid substrates were washed thoroughly with
100 mL of deionized water and then stored at 4 °C for the
subsequent enzymatic hydrolysis and ethanol fermentation.
Each pretreatment was performed in triplicate, with the data
reported as the average + standard deviation (SD).

2.3 Enzymatic hydrolysis

Enzymatic hydrolysis experiments were carried out in 50 mL
plastic flasks with 1.5% substrate content (w/v) and 10 mL of
sodium acetate-acetic acid buffer solution (pH = 4.8). The
system was loaded with cellulose (15 FPU per g substrates) and
B-glucosidase (30 IU per g substrates). The flasks were placed on
a shaking incubator (KYC-100C, Shanghai Fuma Laboratory
Instrument Co., China) and enzymatic hydrolysis was per-
formed at 50 °C for 48 h with 200 rpm. During the hydrolysis,
0.1 mL of hydrolysate was sampled periodically and deactivated
at 100 °C for the sugar concentration assay. All enzymatic
hydrolysis experiments were performed in triplicate.

2.4 Ethanol fermentation

The yeast was placed in a 50 mL plastic flask containing 40 mL
of a 2% glucose solution. The flask was held in the shaking
incubator at 38 °C for 15 minutes, and then the temperature was
adjusted to 34 °C and held for 1.5 h to activate the yeast.
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The enzymatic hydrolysate obtained in 2.3 was submerged in
water at 100 °C for 30 min to stop the enzymatic hydrolysis.
After cooling, nutrients (peptone 5 g L', KH,PO, 2 g L7,
MgSO, 1 g L', and CaCl, 0.25 g L™ ") were dissolved in deion-
ized water and then added to the enzymatic hydrolysate. After
adjusting the pH to 5.5 + 0.1 using 0.6 mol L™! NaOH, the
former precultured yeast solution was inoculated into the
prepared hydrolysate (2 w% of the substrate). The flasks were
placed at 37 °C for 48 h at 150 rpm for ethanol fermentation. To
avoid the activity of the yeast inhibited by the CO, produced
during the fermentation, the flasks were sealed with a film that
could retain moisture while passing through the air. Fermen-
tation was conducted in triplicate for each substrate.

2.5 Analytical methods

2.5.1 Determination of the contents of carbohydrates and
inhibitors. The content of carbohydrates (cellulose and hemi-
cellulose) and lignin in the bamboo samples before and after
pretreatment were determined by the standard analytical
procedures established by the National Energy Laboratory
(NREL) TP-510-42618.2° The bamboo simple was prehydrolyzed
with 72% sulfuric acid for 2 h at room temperature, and then,
the mixture was diluted to 3% sulfuric acid and hydrolyzed at
121 °C for 1 h. The residual solids were separated by vacuum
filtration and dried at 103 °C to measure the acid-insoluble
lignin (AIL), and the acid-soluble lignin (ASL) in the filtrate
was determined using a UV-Vis spectrophotometer at 205 nm.
The lignin content was calculated as the sum of the above. The
monosaccharide concentrations in the acid hydrolysates,
enzymatic hydrolysates, and fermenting solution were
measured by ion chromatography using an amperometric
detector (Metrohm Corporation, Switzerland)*” equipped with
a Hamilton RCX-30 column and Metrosep RP, guard column.
The eluent was 4 mM NaOH and 0.5 mM NaAc at a flow rate of
0.7 mL min~". Oligosaccharides in the spent liquor were also
hydrolyzed with 4% H,SO, at 121 °C for 60 min and the
carbohydrate composition was measured by the same method.

The concentrations of the fermentation inhibitors such as
formic acid, acetic acid, levulinic acid, furfural, and 5-
hydroxymethylfurfural (HMF) produced during the pretreat-
ment were determined by high-performance liquid chroma-
tography (HPLC; UV230Il, Elite, Dalian, China)*® with an
Aminex HPX-87H (300 mm X 7.8 mm) column. The eluent
was 0.1% phosphoric acid at a flow rate of 0.7 mL min™".
Ethanol formed by fermentation was analyzed using
a commercial biosensor analyzer (SBA-40E, Shandong
Academy of Science, China).>® The detection limit of ethanol
for the instrument was 2 g L' and the error between two
measurements was less than 1%.

2.5.2 Characterization of the untreated raw bamboo and
pretreated bamboo substrates. The delignification of bamboo
samples before and after the pretreatment was performed using
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sodium chlorite and acetic acid at 70 °C. The filtered residues
were washed, dried, and dissolved in cupriethylenediamine
solvent at a concentration of 2 w%. The DP of cellulose was
analyzed at 20 °C using the Ubbelohde viscometer and esti-
mated as the following formula:

DP%% =0.75 x 7

In which 7 is the intrinsic viscosity of the solution.

The crystallinity index (CrI)* of cellulose in various bamboo
substrates was evaluated using XRD (Philips, X PERTPRO-30X, The
Netherlands) meter with Cu K, radiation at 40 kV and 40 mA. The
intensity was recorded in the range of 5-40° at a speed of
2.5° min " and the Crl was calculated using the following formula:

— Iam

002

I 002

Crl (%) = % 100

In which I, is the diffracted intensity of 26 = 22.5°, and I,
is the diffracted intensity of 26 = 18.0°.

The infrared spectra of various bamboo simples were recor-
ded using an FT-IR spectrophotometer (Nicolet 380, Thermo
Electron Corporation, USA).>* All samples were oven-dried and
mixed with KBr and scanned between 500-4000 cm ™.

The surface morphology and structure of various bamboo
substrates were observed by SEM (SU8010, Hitachi, Japan).*
The samples were coated with gold to make them conductive
and then enlarged 500 times.

The various substrates and untreated bamboo powder were
added to sodium acetate-acetic acid buffer (pH = 4.8) with 1.5%
substrate content (w/v) and were equilibrated at 4 °C for 12 h
before the reaction. Cellulase was added at 100 (mg g '
substrates) and adsorbed at 4 °C for 2 h to determine the
amount of cellulase adsorbed on the substrate. The protein
content in the liquid supernatant was determined by the BCA
method.**** All experiments were performed in triplicate.

2.5.3 Calculation. In which CGCY is the cellulose-to-
glucose conversion yield, CECY is the cellulose-to-ethanol
conversion yield, and GECY is the glucose-to-ethanol conver-
sion yield.

Pretreated substrates

Solid retention rate (%) = Untreated bamboo powder x 100

Glucan recovery (%) =

Glucan content in pretreated substrates o
Glucan content in untreated bamboo powder

100

© 2022 The Author(s). Published by the Royal Society of Chemistry
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100

Xylan/araban/lignin removal (%) =

— - X
Xylan/araban/lignin content in untreated bamboo powder

Glucose obtained in the enzymatic hydrolysate x 0.9

CGCY (%) =

" Glucan content in bamboo simple before and after pretreatment

Ethanol obtained in the enzymatic hydrolysate

100

x 100

CECY (%) =

"~ Glucan content in bamboo sample before and after pretreatment x 0.568

Ethanol obtained in the enzymatic hydrolysate

x 100

GECY (%) =

3 Results and discussion

3.1 Chemical composition of bamboo samples before and
after pretreatment

During pretreatment, the reaction conditions have a significant
effect on the structure and color of bamboo substrates. There-
fore, in this work, we investigated the effect of temperature,
reaction time, and GVL/H,O ratio on the chemical composition
of bamboo substrates, and the removal (or retention) rates of
the three components are shown in Fig. 1.

When the pretreatment was maintained at 120 °C for 2 h, the
solid retention rate dropped first and then increased as the ratio
of GVL increased, and the color of substrates was gradually
deepening (Fig. S1t). Specifically, when the ratio of GVL
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" Glucose obtained in the enzymatic hydrolysate x 0.511

increased from 30% to 80%, the solid retention rate decreased
from 62.52% to 47.44%. Although the feedstock was lost
severely after the reaction, the removal rate of lignin increased
from 37.48% to 87.12%, and the glucan retention rate varied
between 82.53% and 87.51%. This indicated that the glucan in
the bamboo powder remained intact after the pretreatment at
120 °C, while most of the xylan and arabin, which were part of
hemicellulose and lignin were removed by the GVL dissolution.
In contrast, the lignin removal rate decreased when the ratio of
GVL was up to 90%, which was attributed to water and GVL,
which could form hydrogen bonds together with the -OCH; in
the lignin structure. This effect could break the lignin-carbo-
hydrate complex bonds and the hydrogen bonds in the lignin

[ Glucan retention [l Lignin removal [ Araban and xylan removal (B)
100

80 ]
60
40

20

The retention (removal) rate / %

0 L
GVLHO 37 5:5 73 8:2 91 82 82 82 82
Timperture / °C 120 120 120 120 120 140 140 140 160

Time! b 2 2 2 2 2 2 3 4 2

Pretreatment conditions

Fig. 1 The chemical composition of pretreated bamboo substrates and untreated raw bamboo powder.
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structure. Therefore, the optimal ratio of GVL/H,0 was 8: 2,
and the glucan content of the substrate under this condition
was 83.88%.

By increasing the pretreatment temperature with GVL/H,0 =
8 : 2, the solid retention rate decreased from 47.44% (120 °C) to
40.73% (140 °C), while the glucan retention rate was up to
81.47% and the glucan content in the substrates increased
significantly from 83.88% to 94.94%. By increasing the
temperature to 160 °C, the glucan content in the substrates
increased slightly to 96.55%, but the solid retention rate
decreased to 9.01% sharply and the color was deepened. This
may be attributed to the redeposition of dissolved lignin on the
cellulose surface by the increase in temperature. Only 18.08% of
the glucan was retained in the substrate under this condition
and severe hydrolysis of glucan could lead to a decrease in the
glucose produced in enzymatic hydrolysis. Therefore, the
optimal temperature of pretreatment was 140 °C.

The solid retention rate of the substrates gradually decreased
with the time extended to 4 h at 140 °C. The glucan content in
substrates increased slightly from 94.94% to 97.87% while the
retention rate of glucan gradually decreased from 80.20% to
56.39%, and the effect of lignin and hemicellulose removal from
the substrate was not significant. This may indicate that the
decrease in retention after extending the reaction time was
attributed to the degradation of cellulose, and the temperature
was a more significant influencing factor for cellulose hydrolysis.

The results showed that the GVL/H,O system could excel-
lently remove a large amount of hemicellulose and lignin while
retaining most of the cellulose with the maximum glucan
content remaining at 97.86% in the substrate. These pretreat-
ment effects can work together to promote the enzymatic
hydrolysis efficiency and obtain more fermentable sugars. This
method offers excellent potential for the conversion of bamboo
to bioethanol.

3.2 Chemical composition of spent liquor

The comparative analysis of the sugar and the fermentation
inhibitors in the spent liquor is shown in Table 1. The glucose
content was only 0-0.07 g L™ at the reaction temperature of
120 °C, while contents of xylose and arabinose were 5.32-7.62 g
L' and 0.13-0.31 g L™, respectively. This indicates that the
glucan (cellulose) was preserved in the pretreated substrate and
was almost intact at this temperature, while the xylan and ara-
bin (hemicellulose) were significantly hydrolyzed. This is
accountable to the results in Fig. 1, which may explain that
cellulose is more difficult to hydrolyze than hemicellulose,
thanks to the crystalline structure. The glucose content
increased and the xylose content gradually decreased as the
reaction time increased at 140 °C. This indicated that the
hydrolysis of glucan was more serious at 140 °C, while xylose
was converted to the fermentation inhibitor more easily. When
the temperature further increased to 160 °C, the glucan was
severely hydrolyzed, and the glucose content in the spent liquid
was 7.53 g L.

Fermentation inhibitors are formed during pretreatment
(Table 1), with the major fermentation inhibitor, acetic acid,

16946 | RSC Adv, 2022, 12, 16942-16954
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was measurable in the spent liquor up to 4.51 g L ". This is
likely attributed to the higher degree of acetylation of hemi-
cellulose in neosinocalamus affins.® The ionization of water
under high-temperature pretreatment can produce a number of
hydronium ions, which will catalyze the breakage of the acetyl
group on hemicellulose to form acetic acid, and the acetic acid
as a catalyst will further catalyze the breakage of acetylation,
making the reaction go forward (Fig. 2). Other fermentation
inhibitors in the spent liquor were lower. Furfural generated
from the xylose degradation was not detected after the reaction,
while the content of formic acid was significant. It might be
argued that furfural was hydrolyzed to formyl acrylic acid and
formic acid during pretreatment, which is extremely unstable
and will further decompose into “WR” (water-soluble resin)
acids and “SI” (solid indicator) acids.*® Low concentrations of
acid (<100 mmol L") can promote the fermentation of ethanol,
while high concentrations (>200 mmol L") will inhibit the
fermentation.***” In this study, the content of levulinic acid was
a trace, with a maximum of 0.32 g L™, and the maximum
content of total carboxylic acid was 140.87 mmol L', which
implied that the inhibition of subsequent fermentation was
weak. The content of HMF generated from glucose dehydration
gradually increased due to significant hydrolysis of cellulose
when the temperature was > 140 °C, and reaching the content of
3 g L' at 160 °C, which was also less than the 5 g L™" that
inhibited yeast significantly.*® Moreover, the increase of HMF
content in the spent liquor did not lead to a decrease in glucose,
which is likely explained by the fact that the hydrolysis of
dextran into glucose was faster than the dehydration of glucose
into HMF during the pretreatment.

Besides sugars and fermentation inhibitors, the content of
recovered lignin from spent liquors is also summarized in Table
1. Part of the lignin in the spent liquor could be recovered by
watering down, and the recovery was higher with the enhance-
ment delignification. When the reaction was reversed in the
GVL : H,O = 8:2 system at 140 °C for 4 h, 15.34 g of lignin
could be recovered from the spent liquor, accounting for
64.00% of the lignin content in the bamboo raw material.

3.3 Characterization of bamboo substrates

3.3.1 Analysis of the DP of cellulose. DP of cellulose is
a notable factor in characterizing cellulose supramolecular
structure, which can reflect the length of cellulose chains and
has an important influence on enzymatic hydrolysis. The DP of
the various substrates before and after pretreatment was
measured using the Ubbelohde viscometer (Table 2). The
decrease in the DP of the substrate after pretreatment indicates
that the cellulose chains were disconnected and more reductive
end groups were exposed to the higher temperature and the
acid concentration in the pretreatment system,*>*° which could
increase the accessibility of the substrate to cellulase. At 120 °C,
the DP declined with a not significant increase in the GVL ratio
(from 1562 to 967-1282). This may be explained by the fact that
only low-energy bonds between cellulose and hemicellulose,
lignin, or molecular chains in the non-crystalline regions of
cellulose were broken at 120 °C, while the parts connected by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compositions of the spent liquors from GVL/H,O pretreatment at different conditions (based on 100 g oven-dry bamboo powder)®

Pretreatment conditions Lignin Sugars (g L) Inhibitors (g L)
Temperature Time Recovered ASL Formic  Acetic Levulinic

GVL:H,0 (°C) (h) lignin (g) (L") Araban Xylan Glucan acid acid acid Furfural HMF

3:7 120 2 2.50 £ 0.62 £ 0.26 £ 725+ ND 0.08 £ 2,15+ ND ND ND
0.41 0.06 0.02 0.58 0.01 0.30

5:5 6.98 + 0.83 £ 0.23 £ 6.60 =+ ND 0.15 £ 2.52+ ND ND ND
0.28 0.02 0.06 0.13 0.02 0.27

7:3 7.38 + 1.23 £ 0.12 + 7.61 + ND 0.26 + 3.04 + ND ND ND
0.14 0.12 0.09 0.85 0.06 0.03

8:2 7.68 £ 1.19 + 0.31 £ 7.62 £ 0.06 = 0.46 £ 332+ ND ND 0.04 +
0.20 0.31 0.05 0.62 0.04 0.03 0.14 0.01

9:1 7.27 £ 1.03 + 0.13 £ 532+ 0.07 £ 0.27 £ 393+ ND ND 0.02 +
0.18 0.13 0.05 0.15 0.09 0.05 0.64 0.00

8:2 140 2 12.24 + 1.87 £ 0.62 + 5.77 + 2.87 + 4.41 + 2.70 + ND ND 0.13 +
0.9 0.08 0.01 0.36 0.28 0.45 0.77 0.06

3 12.12 £ 1.88 + 0.61 £ 333+ 514+ 2.92 £ 2,55+ 0.08 £ ND 0.69 +
0.67 0.19 0.07 0.21 0.22 0.06 0.34 0.04 0.27
4 15.34 £ 1.82 £ 0.43 £ 215+ 593+ 1.98 £ 238+ 0.18 £ ND 1.04 +

0.77 0.01 0.03 0.16 0.12 0.15 0.29 0.04 0.08

8:2 160 2 11.23 £ 1.93 + 0.23 £ 097 £ 7.53 &% 2.89 + 451+ 032+ ND 3.00 £
0.91 0.15 0.01 0.07 0.31 0.71 0.41 0.04 0.36

“ ND: not detectable.

high-energy bonds were not likely to be broken. The DP of the
substrates dropped sharply from 1039 to 464 on raising the
temperature from 120 °C to 140 °C. Under this condition, some
of the molecular chains in the crystallization region break
extensively, and cellulose was hydrolyzed severely. Therefore, it
can be inferred that the GVL/H,O pretreatment system can
break and de-polymerize the cellulose in the substrate.

3.3.2 XRD analysis of the CrlI of cellulose. Crl is also an
important factor that reflects the efficiency of enzymatic
hydrolysis. In this work, the change in the crystal structure of
the substrates could be measured by XRD. As seen in Fig. 3, all
the bamboo samples displayed similar peaks at 16.5 °, 22.5 °,

OH
HO O
Hi OH

Cellulose
OH
-  Hexose—* D-Glucose
oH
= 1o}
HO
OH
i —- L-Arabinose
Hemicellulose 4  Pentose
Bamboo 5 HM
H p OH
D-xyl
T xylose
L ¢
Ro™ CH; +HO
Acetoxy group
Lignin ———»  Phenolic compounds

Fig. 2 The inhibitors formed reactions during the pretreatment.
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and 34.9 °, which matched the crystal surfaces (101), (002), and
(034), respectively, of the crystalline cellulose I** implying that
the crystalline structure of bamboo substrates after pretreat-
ment remained cellulose I. The diffraction peaks at 22.6 ° in the
substrates after the pretreatment was narrower and higher, and
the CrI values increased from 44.20% to 56.10-71.56%. This is
due to the considerable increase in the crystalline region of
cellulose in the substrate. This indicates that the cellulose
structure was gradually exposed after pretreatment, which
could increase the accessibility of enzymes in the subsequent
process and promote enzymatic hydrolysis.*
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Table 2 DP and cellulase adsorption of bamboo powder before and after pretreatment
Samples Cellulase
adsorption (mg

GVL : H,0 Temperature (°C) Time (h) DP gl
Bamboo powder 1562 + 10 65.09 + 0.75
3:7 120 2 1282 + 14 63.86 £ 0.80
5:5 1299 + 3 61.15 + 0.89
7:3 1074 £ 12 62.84 £ 0.05
8:2 1039 + 9 68.94 + 1.63
9:1 967 + 18 65.96 £+ 1.11
8:2 140 2 464 + 4 71.79 £ 0.56

3 360 + 5 73.60 £ 1.38

4 312+ 7 70.41 + 1.02
8:2 160 2 293 + 3 70.06 £ 0.46

1

Moreover, the Crl/glucan ratio is probably to be a more
reasonable indicator of the CrI of cellulose.” As the pretreat-
ment time at 140 °C was extended, the CrI of pretreated bamboo

stretching vibration of the aryl group, and the peak at 833 cm™
is assigned to the C-H single bond bending of stringy units. The
intensity of these peaks gradually decreased corresponding to

substrates to its glucan content (Crl/glucan) increased slightly,
implying that the crystallinity of glucan itself increased slightly
upon extending the pretreatment time. This may be attributed
to the decrease in polymerization degree that could expose
more hydroxyl groups and hydrogen bonding sites. However,
the Crl/glucan of pretreated substrates (0.62-0.83) was much
lower than that of the untreated bamboo powder (0.92) by the
removal of lignin and hemicellulose, which could promote the
subsequent enzymatic hydrolysis.

3.3.3 FT-IR spectroscopy analysis of the substrates. The
changes in the absorption spectral bands of various functional
groups in the pretreated substrates are shown in Fig. 4. The IR
peaks before and after pretreatment were approximately the
same, indicating that the cellulose structure was still charac-
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intensity of some absorption peaks changed significantly, )
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Fig. 4 FT-IR spectra of pretreated bamboo substrates and untreated
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Fig. 3 XRD patterns of pretreated bamboo substrates and untreated raw bamboo powder.
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a sharp decrease in the lignin content of bamboo substrates
from 24.19% to 1.56%, as shown in Fig. 1. The increase in the
strength of characteristic bands at approximately 1034 cm ™"
and 1057 cm ™, is designated to the stretching vibration peak of
cellulosic alcohol -OH. The enhancement of these peaks also
confirmed an increase in the cellulose content of the substrate
as the pretreatment temperature increased. The C=0 stretch-
ing vibration, which matched the characteristic peak of the
acetyl in hemicellulose, was observed around 1640 cm " and
1750 cm~'. These peaks were weaker after pretreatment at
140 °C for 4 h, indicating the significant removal of hemi-
cellulose during the pretreatment, and leading to an increase in
the acetic acid concentration in the spent liquor to 2.38 g L™ ™.
The strong band between 3000 and 3600 cm ™' corresponds to
the O-H stretching vibration and the peak near 2900 cm '
corresponds to the C-H stretching vibration. These peak
intensities demonstrate that the -1,4 glycosidic bond is broken
and the DP decreased upon pretreatment, exposing more of the
hydroxyl groups. In addition, the weakening of the character-
istic peaks of the crystalline region in cellulose at 1450 cm *,
with the Crl/glucan results, indicates that the crystallinity of the
cellulose fraction was reduced after the reaction.

3.3.4 Micromorphology of the pretreated bamboo
substrates. The surface morphology of the substrates before
and after pretreatment was studied by SEM analysis. As shown
in Fig. 5, the surface of the untreated bamboo fibers was well
arranged, uninterrupted, and smooth. After pretreatment at
120 °C for 2 h with GVL/H,0 = 8 : 2, the surface of the bamboo
fibers was slightly curling, and the internal structure was
exposed. These effects promoted the access of cellulase to the

Untreated bamboo powder
120°C,2 h

GVIL:H,0=8:2
140 °C,4 h

GVL:H,0=8:2
140 °C.2 h

GVL:F0=3:7"

N

View Article Online

RSC Advances

inner fibril bundles** and eventually led to a notable increase in
CGCY (67.12%) compared to the raw material (22.59%) after
enzymatic hydrolysis. After extending the pretreatment time to
4 h at 140 °C, the morphology of bamboo fibers was obviously
disordered and numerous cracks appeared on the surface. The
destruction of the bamboo fiber structure exposed more enzy-
matic reaction sites, which could result in a significant increase
in the glucose yield to 93.18% after hydrolysis. In summary, the
SEM revealed that the GVL/H,O pretreatment system could
effectively break the physical barrier on the surface of bamboo
powder and improve the CGCY of enzymatic hydrolysis.

3.3.5 The cellulase adsorption on bamboo substrates. As
seen in Fig. S1,T the color of the substrates was gradually
deepened as the ratio of GVL increased at 120 °C, indicating
that the recombination of the removed lignin on the surface of
substrates was violent after pretreatment. Therefore the cellu-
lase adsorption on the bamboo substrates in the GVL/H,O
pretreatment system can be influenced by both the content of
lignin and the degree of recombination of dissolved lignin in
the cellulose surface.*® The cellulase adsorption of substrates
under different conditions is shown in Table 2. When the ratio
of GVL of the pretreatment system was less than 80% at 120 °C,
the cellulase adsorption of the pretreated substrates was less
than that of the untreated bamboo powder. This may be
explained by the fact that there is still a large amount of lignin
in the substrate at this temperature, which can form a physical
barrier to cellulose. In addition, dissolved lignin was re-
depolymerized on the cellulose surface, which further hinders
the cellulase adsorption efficiency. By increasing the GVL
content of the pretreatment system, it was seen that as the

GVL:H,0-8:2
120°C.2 h

ALY

Fig. 5 SEM images for pretreated bamboo substrates and untreated raw bamboo powder (x500 magnification).
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cellulose content of the substrates increased, the higher was the
adsorption of the pretreated substrate to the enzymes, indi-
cating that despite the dissolved lignin deposited on the
surface, the effect of significant lignin removal was more
pronounced under these conditions. This may be attributed to
the decrease in DP and CRI increasing the porosity of the
biomass.*® After increasing the temperature to 140 °C, the color
of the recovered substrates was lighter, meaning that the degree
of the recombination of dissolved lignin at that temperature
diminished as a large amount of lignin was removed. Therefore,
the adsorption of enzymes under these conditions is mainly
attributed to the lignin content in the substrates and the degree
of crystallinity together. Therefore, the maximum adsorption of
the pretreated substrates was achieved after 3 h of the reaction.

3.4 Enzymatic hydrolysis of the bamboo substrates

To evaluate the effect of the substrates, all bamboo samples
before and after pretreatment were enzymatically hydrolyzed for
48 h, and CGCY is shown in Fig. 6. The results showed that the

Other conditions: 120 min, 120 °C

]
o
Q30
o
(]
20 ¢
10 |
0 ——GVL:H,0=9:1 ——GVL:H,0=8:2 ——GVL:H,0=7:3
——GVL:H,0=5:5 — —GVL:H0=3:7 —— Untreated bamboo powder
0 10 20 30 40 50
Hydrolysis time / h
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CCGY of the pretreated substrate ranged from 56.55% to
93.18%, all of which were significantly better than that of the
untreated bamboo powder (22.59%). This is due to the obvious
removal of lignin and hemicellulose from the bamboo powder
by pretreatment, which can damage the cellular structure of the
bamboo powder, and effectively improve the accessibility of
cellulase and the hydrophilicity of the substrate.

The rate of the enzymatic reaction was influenced by
a combination of factors. As shown in Fig. 6A, when the GVL
content of the system was increased to 50% at 120 °C for 2 h, the
reaction rate gradually increased in the first 24 h of the enzy-
matic reaction. This was due to the removal of hemicellulose
and lignin from the substrate, and the elimination of the
physical barrier of lignin to the enzyme. When the ratio of GVL
to the system continued to increase, the removed lignin was
redeposited on the surface of the substrate, which will deepen
the color of the substrate. This will not cause any productive
adsorption of cellulase, and decrease the reaction rate gradually
instead. Therefore, the reaction proceeded most rapidly when
GVL : H,O = 5: 5, which was almost completed within 12 h.

100 |- Other conditions: 120 min, GVL:H,0=8:2 (B)
80

60 +

"o

0/

-
O
o 40
o
20 }
0 L o 120 °C === 140 °C
—— 160 °C —o— Untreated bamboo powder
0 10 20 30 40 50
Hydrolysis time / h
Based on the cellulose of pretreated substrates
100 Based on the cellulose of un-pretreated bamboo (D)
80
= 60
Z
>
I
~ 40

20 ¢

0 . . .
Raw 37| 55 73 82| 91 82| 82 82| 82

GVLHO
Timperture / °C material 120 120 120 120 120 140 140 140 160
Time/ b 2 2 2 2 2 2 3 4 2

Pretreatment conditions

Fig. 6 Effect of pretreatment conditions (A) GVL dosage, (B) temperature, and (C) time on the CGCY from enzymatic hydrolysis of various
bamboo samples. (D) The CGCY calculated based on bamboo samples before and after pretreatment.
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After extending the time of enzymatic hydrolysis, the CGCY
increased firstly and then decreased with the increase in the
GVL rate, which was attributed to the fact that the amount of
glucose produced after 48 h was mainly determined by the
cellulose content of the substrate.

The effect of pretreatment temperature and time on the
enzymatic digestion of the substrate was also investigated in
this work. As shown in Fig. 6B, the CGCY increased from
67.12% to 92.18% after 48 h of hydrolysis when the
pretreatment temperature was increased to 140 °C. However,
when the pretreatment temperature was further increased to
160 °C, the CCGY did not increase, instead, it decreased to
68.84% caused by the decrease of cellulase adsorption.
Therefore, 140 °C was selected as the optimal pretreatment
temperature.

The substrates pretreated for 3 h had a greater rate of enzy-
matic digestion in the first 6 hours of enzymatic hydrolysis than
substrates pretreated for 2 h and 4 h. The longer reaction time
on the one hand can reduce the lignin content of the substrate
and improve the accessibility to the enzyme. On the other hand,
the slight elevation of the crystallinity of the cellulose fraction
makes the enzymatic process take a longer time to break the
barrier. This is in accord with the enzyme adsorption effect and
the CRI/cellulose illustrated in the previous section. After the
enzymatic hydrolysis for 48 h, the enzymatic yield finally
increased slightly from 91.52% to 93.18% with the elevated
cellulose content in the pretreated substrate.

As shown in Fig. 6D, the CGCY calculated based on pre-
treated substrates was optimal after 4 h of pretreatment.
However, as the substrate recovery decreases substantially
after extended pretreatment time, a great quantity of cellulose
entered the spent liquor during the pretreatment. They are
either hydrolyzed to glucan or further converted to fermen-
tation inhibitors. Thus, for cellulose in the raw bamboo
material, the highest CGCY was achieved at a pretreatment
time of 2 h, which was 73.39%. The results show that the effect
of the enzymatic hydrolysis was enhanced by the significant
removal of lignin and hemicellulose from the substrate
during the pretreatment, which reduced the DP and crystal-
linity of the CrI of the substrates and increased the adsorption
of cellulase.

120
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= o I 100

% G " / )
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Fig. 7 The CECY and The GECY after a 48 h fermentation.
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3.5 Ethanol fermentation of enzymatic hydrolysates

The fermentability of the enzymatic hydrolysate was evaluated
using saccharomyces cerevisiae yeast, and the results are pre-
sented in Fig. 7. As can be seen, glucose was not detected in the
liquid supernatant after 48 h of fermentation. Since the glucose
generated by the enzymatic hydrolysis of the unpretreated
bamboo powder was low, most of the glucose in the solution
was consumed as the nutrient for yeast, and the GECY was only
34.34%. In contrast, the GECY of the pretreated substrates was
between 83.96% and 104.81%. This means that only a few
glucose molecules were consumed by the yeast as a nutrient for
growth, while most of them were fermented into ethanol and
a few of the xylose remaining in the enzymatic hydrolysate or
glucose in the process of activating yeast was fermented at the
same time.

The CECY calculated based on pretreated substrates was
significantly increased after pretreatment. The CECY was
86.92% when GVL : H,O = 8:2 at 140 °C for 4 h, which was
12.45 times higher than that of the untreated bamboo powder.
For cellulose in the bamboo powder, the highest CECY was
achieved by pretreatment for 2 h under the same conditions,
and 67.00% of the cellulose of bamboo material could be con-
verted to bioethanol.

Table 3 summarizes the CGCY and CECY obtained in this
study and previous studies by the different pretreatment
systems. The CECY in this study was lower compared to that
obtained using Eucalyptus obliqua sawdust under the same
pretreatment system. This may be attributed to the acid
generated during the pretreatment of bamboo causing a slight
decrease in the retention of glucan, or to the greater influence
on enzymes and yeast by microorganisms in the enzymatic
hydrolysate and fermentation systems of different biomasses.
The CECY of this study was comparable with other bamboo
species, and in the case of Neosinocalamus affinis, the CECY
obtained in the GVL/H,O pretreatment system was also better
than that obtained using other methods. Together, the results
showed that the GVL/H,O pretreatment system is an effective
pretreatment system for converting bamboo powder into
fermentable sugars for bioethanol production.

3.6 Mass balance of the whole process from raw bamboo to
bioethanol

The mass balance of the substrates after pretreatment at 140 °C
for 2 h with GVL/H,O was 8: 2, as shown in Fig. 8. As was
shown, about 40.73 g of the dried substrates could be recovered
after pretreatment, including 38.67 g of glucan, 1.26 g of xylan
and arabin, and 1.00 g of lignin. This indicates that over half of
the bamboo powder was degraded by GVL/H,O pretreatment.
Meanwhile, 12.24 g of lignin could be recovered by precipita-
tion, which accounted for 50.60% of the lignin in the raw
material. Meanwhile, the carbohydrates such as xylose 6.38 g,
glucose 2.87 g, lignin 2.87 g, and the fermentation inhibitor,
including HMF 0.19 g and 4.4 g formic acid, were retained in the
spent liquor. HMF was generated from the degradation of
glucose (Table 1). The levulinic acid produced in the process of
formic acid generation from HMF and the furfural generated

RSC Adv, 2022, 12, 16942-16954 | 16951
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Table 3 Comparison of the CGCY and CECY in this study and the previous studies®
Biomass Condition CGCY (%) CECY (%) Ref.
Bamboo (Neoinocalamus 80% GVL, 140 °C, 120 min, 73.39 67.00 This study
affinis) 75 mmol L' H,S0,
Bamboo 60% GVL, 160 °C, 20 min, 89.48 —° 24
50 mmol L™ H,S0,
Eucalyptus obliqgua sawdust 42.5% GVL, 150 °C, 75 min, — 80.47 23
50 mmol L™* H,S0,
Bamboo (Yushania alpina) Pressurized hot water —- 23.81 47
pretreatment at 128 °C for 10
min
Bamboo (Phyllostachys Steam explosion (212.3 °C, 5 100 67.29 48
edulis) min), green liquor (total
titratable alkali 31.01%,
28.01 min, 166.41 °C)
Bamboo (Phyllostachys Alkaline pre-extraction (5% 85.66 68.90 49
edulis) NaOH, 70 °C, 6 h), acid
catalyzed steam
pretreatment (3% SO,,
190 °C, 10 min)
Bamboo (Phyllostachys Hydrogen peroxide-acetic 84.22 66.37 50
pubescens) acid 85 °C, 120 min
Bamboo (Neosinocalamus 3% H,0, with 1% ethanol, 79.88 63.39 51
affinis) 100 °C, 60 min
Bamboo (Neoinocalamus 0.5% NaOH, 170 °C, for 2 h 53.30 36.49 52
affinis)

4 CGCY: the cellulose-to-glucose conversion yield. > CECY: the cellulose-to-ethanol conversion yield. © —: there are no relevant data can be found in

the literature.

Glucan
4822 ¢

Raw bamboo powder
100 g
Pretreatment with GVL/H,0-H,SO,

Lignin fragments 12.24 g

I 1511¢g

Acid-soluble lignin 2.87 g

Separate

Acid
hydrolysis

2141g

Ethanol
18.35¢g

Fermentation

Enzymatic hydrolysis

Fig. 8 Mass balances of bamboo substrates of ethanol production by GVL/H,O pretreatment (at 140 °C for 120 min with GVL : H,O =8: 2 and

75 mmol L™ HySO.).

from xylose degradation were not detected, indicating that most
of the formic acid in the hydrolysate under this condition was
generated from the degradation of furfural. This means that
57.12% of the hemicellulose was converted into formic acid in
the spent liquor by pretreatment. 35.38 g of glucose could be
produced by enzymatic hydrolysis and the subsequent bio-
ethanol yield was 18.35 g. The CGCY of the substrate was
91.49% and the GECY after fermentation was 101.48%, which
means obtaining the highest ethanol yield of 18.35 (kg ton™" of
bamboo powder), and the bioethanol yield improved by about
9.17-fold compared to the direct conversion of untreated

16952 | RSC Adv, 2022, 12, 16942-16954

bamboo powder. The results showed that this pretreatment
system is an effective way to co-produce fermentable glucose,
lignin, and bioethanol from bamboo.

4 Conclusion

In this work, the GVL pretreatment system could remove
hemicellulose and lignin from bamboo powder effectively, and
increase the cellulose content in the substrate. These effects
combine to reduce the DP and Crl of the cellulose in the
substrate and therefore enhance the enzymatic adsorption,

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02421g

Open Access Article. Published on 07 June 2022. Downloaded on 12/4/2025 4:54:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

thereby, enhancing the enzymatic hydrolysis of the bamboo
powder. The maximum concentration of organic acids
produced by pretreatment that would affect the fermentation
was 140.87 mmol L', which was less inhibitory to the subse-
quent fermentation process. The optimal CECY of the substrate
after pretreatment was 86.92% (GVL : H,O = 8 : 2, 140 °C, 4 h),
and the highest CEGY of bamboo powder was 67.00%
(GVL : H,O = 8: 2,140 °C, 2 h). The highest yield of bioethanol
was 183.5 kg ton” ' of bamboo powder, which was 9.17 folds of
direct conversion from the raw bamboo powder. Under the
above conditions, 54.71% of lignin in bamboo powder can be
recovered from spent liquor. This indicated that the GVL/H,O
pretreatment system plays an important role in improving the
effect of bamboo hydrolysis and fermentation, to be considered
an environmentally friendly and effective method for improving
the commercialization of biomass in the bioethanol industry.
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