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A two-stage pretreatment using acidic dioxane
followed by dilute hydrochloric acid on sugar
production from corn stover
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A two-stage pretreatment method was developed to improve sugar recovery in this study. Firstly, the corn
stover was pretreated with acidic dioxane to remove lignin, then the residue was subjected to dilute
hydrochloric acid to eliminate the negative effects of hemicelluloses on enzymatic hydrolysis as well as
increasing xylose yield. The optimal condition was 90 °C, 20 min, and 9/1 (v/v) dioxane—water including
1.0 wt% HCIl solution in the first stage followed by 120 °C and 40 min for 1.0 wt% dilute hydrochloric
acid in the second stage. The total yields of glucose and xylose were 91.5% and 79.7%, respectively, with
a low cellulase dosage of 3 FPU g~! of substrate. This two-stage pretreatment was effective due to the
removal of lignin in the first stage and the hydrolysis of hemicelluloses in the second stage, resulting in
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1 Introduction

The shortage of fossil energy and environmental pollution have
aroused increasing interest in the utilization of lignocellulosic
biomass,"* a kind of abundant renewable resource, containing
plenty of carbohydrates (cellulose and hemicelluloses). The
carbohydrate in biomass could be hydrolyzed into mono-
saccharides, which can be further converted into diverse bio-
fuels and chemicals.>® However, the utilization of
lignocellulose is hindered by its natural tight three-dimensional
structure mainly composed of lignin, hemicellulose and cellu-
lose,*” and as a consequence pretreatment is compulsory before
hydrolysis. The objective of pretreatment is to destroy its
complex structure and to produce a cellulose-rich substrate
which is sensitive to enzymatic hydrolysis (i.e., to supply fast
conversion of cellulose into glucose at low enzyme dosage).
For this purpose, various pretreatment methods have been
investigated during the past decades. Commonly reported
methods include physical, chemical, biological and physico-
chemical treatments, such as milling,*® dilute acid,'** alka-
line,"»** hot water,"*'* organic solvent,"*"” ionic liquid,***
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a very high sugar recovery with a low enzyme loading.

biological pretreatment**** and so on. No matter which method
was used, the fundamental objective was to reduce hemi-
celluloses and lignin contents, increase porosity and surface
area, and decrease crystallinity and fibre size.*

Although the pretreatment methods mentioned above have
demonstrated positive effects on lignocelluloses hydrolysis, it is
still difficult to maximize the utilization of lignocelluloses via
one-stage pretreatment due to its natural recalcitrant structure
composed of cellulose, hemicelluloses and lignin.**** There-
fore, a two-stage pretreatment method has been developed. The
main purpose of two-stage pretreatment method was to destroy
the compact structure of lignocelluloses by the removal of
lignin and hemicelluloses,**"*” which allow cellulose to be more
accessible to cellulase, resulting in a high glucose recovery with
a low enzyme dosage. In this way, hemicelluloses and cellulose
could be recovered under optimum conditions respectively,
reaching a target of integrated utilization of lignocelluloses.

During two-step process, dilute acid pretreatment was
frequently used to hydrolyze hemicelluloses and recover
pentose.®*®* The removal of hemicelluloses could increase the
porosity and facilitate the accessibility of enzyme to cellulose.
However, dilute acid pretreatment only shows negligible impact on
lignin removal. Lignin existing in biomass has an unfavorable
effect on enzymatic hydrolysis for glucose because of its adsorption
for cellulases and physical barrier around cellulose.”*" In order to
further destroy lignocellulosic structure and obtain high glucose
yield, it is necessary to implement a delignification process.

Organic solvent pretreatments were extensively applied in
view of the significant efficacy on lignin removal. However, most
of organic solvent pretreatment process such as ethanol
pretreatments (with or without catalyst) required relatively high
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temperature, long reaction time and high enzyme dosage,'”*”**
which went against industrial applications. Compared with
those solvents, 1,4-dioxane could be a splendid organic solvent
being used in pretreatment on account of low boiling point,
excellent solubility of lignin, easy recovery and mild reaction
condition. As high as 74.14% lignin could be obtained from
bioethanol production residue by dioxane extraction,* which
implies 1,4-dioxane/water solution plays an effective role in
lignin extraction and could be used in the pretreatment process.
However, the delignification effect was poor in pure dioxane
solution. This condition could be improved if acid catalysts
(organic or mineral acids) were added into 1,4-dioxane solution
(named acidic dioxane solution), H" could cleave intermolec-
ular bonds existed in lignin, hemicelluloses and lignin-carbo-
hydrate complex (LCC), causing plenty of lignin and small
amount of hemicelluloses degraded and dissolved into acidic
dioxane solution. Therefore, acidic dioxane pretreatment can
deconstruct the compact structure of biomass, and facilitate
enzymatic hydrolysis for glucose recovery.

With the aim to recover glucose and xylose as much as possible
with a lower cellulase loading and less energy input, a novel two-
stage pretreatment process using acidic dioxane followed by
dilute acid pretreatment was developed in this research. During
the first stage, a large proportion of lignin and part of hemi-
celluloses were removed under optimal conditions by acidic
dioxane pretreatment (dioxane-water solution mixed with certain
amount of HCI). The lignin and hemicelluloses solubilized in
dioxane solution could be recovered directly or further converted
into other high-value chemicals or liquid fuels in this system,
which enabled acidic dioxane solution recyclable. Despite of
partial degradation of hemicellulose in the first stage, the
remained hemicelluloses in the residue still had an unfavorable
effect on glucose enzymatic hydrolysis, leading to the decrease of
glucose yield.**** A subsequent dilute hydrochloric acid pretreat-
ment was designed to eliminate this negative effect. After that
process, the compact structure of biomass was broken, exposing
the active sites of cellulose, increasing accessible surface area and
making the enzymatic hydrolysis more effective. At the same time,
the xylose could be recovered respectively through two stage,
reaching to the target of sufficient utilization of lignocelluloses.
To achieve a high sugar yield, reaction conditions were investi-
gated and optimized in this study. The structural change before
and after pretreatment were characterized by a series of analytical
methods, including scanning electron microscopy (SEM) images
and Brunner-Emmet-Teller (BET) in order to evaluate the
impacts of two-stage pretreatment on corn stover.

2 Material and methods
2.1 Materials

The corn stover was obtained from the northern Anhui province
of China. The biomass was washed, dried, milled and stored
using the methods in our previous work.? 1,4-dioxane and HCI
were provided by Sinopharm Group Chemical Reagent Co., Ltd
(Shanghai, China). Enzymes were donated by Novozymes
(China) Investment Co., Ltd. All chemical reagents had no
further purification before use.
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2.2 Two stage pretreatment of corn stover

In the first stage, 4 g dried corn stover and 40 mL different acid
concentrations (0.2, 0.4, 0.6, 1.0, 1.2 and 1.5 wt%) in dioxane
solution were mixed in 70 mL batch reactor with agitation.
Different temperature (70, 80 and 90 °C), reaction time (10, 20,
30, 40 and 50 min), dioxane-water ratios (1:1,4:1,9:1,12: 1,
v/v) have been investigated. After pretreatment, the reactors was
removed from the heating jacket and directly cooled to room
temperature with circulating water. Then the obtained hydro-
lysate was separated from the residues by filtration. The
hydrolysate was divided into halves, one half was used to
analyze the lignin recovery and the other half was analyzed to
determine its glucose, xylose and lignin contents. The optimal
condition was chosen according to the consumption of energy
and acid as well as the recovery of glucose, xylose and lignin. All
the reactions were conducted in duplicated. The solid residue
was used for the second stage pretreatment.

In the second dilute acid stage, the wet residue from the first
stage was further pretreated under the optimal conditions (1
wt% HCI, 120 °C, 40 min) which were investigated in our
previous work.*® After this process, the residual solid was
collected by filtration, washed with deionized water until it was
free of acid and then stored for enzyme hydrolysis stock. The
hydrolysate was collected to determine the glucose and xylose
content with the same method in the first stage.

2.3 Enzymatic hydrolysis

Enzymatic hydrolysis was performed by using a cellulase
concentrate (Cellulast 1.5 L) supplemented with B-glucosidase
(Novozym 188), both from Novozymes (China) Investment Co.,
Ltd. The enzyme activities was 67.8 filter paper units (FPU) per
mL (expressed as micromoles of glucose produced per minute,
with filter paper as a substrate) and 210.5 cellobiose units (CBU)
per mL (expressed as micromoles of cellobiose that is converted
to glucose per minute, with cellobiose as a substrate) for Cel-
luclast 1.5 L and Novozyme 188, respectively.”” Enzymes were
directly used without further purification.

The enzymatic hydrolysis of untreated and wet pretreated
samples (0.2 g dry substrate) were conducted in a centrifuge
tube containing 50 mM sodium acetate buffer (pH 4.8). The
mass concentration was set at 5% (w/v). Sodium azide (0.3%, w/
v) was also added for inhibiting the microbial infection. Cellu-
lase (3, 5 and 10 FPU per gram substrate) and B-glucosidase (20
CBU per gram substrate) were added into the tube as well. The
enzyme hydrolysis experiments were performed in a shaking
incubator at 50 °C, 120 rpm. After 72 h, the hydrolysate was
separated from the mixture by centrifugation at 8000 rpm for
1 min. Glucose yield released in the hydrolysate were deter-
mined by high performance liquid chromatography (HPLC).
Each reaction was carried out in duplicates.

2.4 Analysis methods

2.4.1 Composition analysis of raw and pretreated biomass.
The chemical compositions (glucan, xylan, arabinan, acid-
insoluble lignin, acid-soluble lignin, extractive, ash and
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others) of the untreated and pretreated corn stover samples
were measured according to National Renewable Energy Labo-
ratory (NREL) analytical procedures.***°

2.4.2 Sugar determination. The glucose and xylose
concentration in the hydrolysate were determined by a Waters
2414 HPLC system equipped with an Aminex HPX-87H column
(Bio-Rad 300 mm x 7.8 mm, 5 um) and an Refractive Index
Detector (waters 2414, USA). 5 mM H,SO, acted as mobile phase
under a flow rate of 0.6 mL min~". The temperature of column
and oven were 63 °C and 50 °C, respectively. The final sugar
yield was the sum total of sugars produced during pretreated
stage and enzymatic hydrolysis. The yields of glucose and xylose
were calculated as follows:

Glucose yield = [(grams of glucose produced in the hydrolyzate)
% 0.9])/(grams of glucan in raw biomass) x 100%

Xylose yield = [(grams of xylose produced in the hydrolyzate)
x 0.88]/(grams of xylan in raw biomass) x 100%

2.4.3 Lignin determination. Lignin recovery in this study
was calculated only based on the lignin obtained in the first
pretreatment stage. After reaction, the filtrate obtained from
acidic dioxane pretreatment was condensed into about 5 mL by
rotary evaporation, then the concentrated solution was diluted
into 20 times volumes of water to precipitate lignin. Meanwhile
most of dioxane could be recovered in this process. Lignin was
obtained by centrifugation, washed twice with water to remove
additional dioxane and sugars, dissolved into 5 mL acidic
dioxane solution, and then dropped into 20 times volume of
diethyl-ether to precipitate lignin again.** The lignin was
extracted by diethyl ether several times at room temperature
and then kept in a vacuum oven at 80 °C overnight and weighed
to determine the lignin recovery.

2.4.4 Scanning electron microscopy (SEM). The
morphology of untreated, acidic dixoane pretreated, dilute
hydrochloride acid pretreated and two-stage pretreated corn
stover samples was characterized by SEM at a magnification of
2000 times and accelerating voltage of 10 kV. Before analysis, all
samples were freeze-dried to reserve their post-pretreatment
structures and raw material was used directly. All samples
were first sputter-coated with a thin layer of gold before
imaging.

2.4.5 Porosity. Porosity, including specific surface area and
total pore volume, had a significant effect on enzymatic
hydrolysis. The porosity of the freeze-dried acidic dixoane pre-
treated, dilute hydrochloride acid pretreated, two-stage pre-
treated corn stover and untreated raw material were measured.
The specific surface (SSA) of samples were determined on
Tristar 11 3020M instrument from Micromeritics by the Bru-
nauer-Emmett-Teller (BET) method. The analysis was con-
ducted using N, as adsorption/desorption isotherms. The total
volume of pores was calculated by single point adsorption total
pore volume of pores with P/P, at 0.973.

2.4.6 Degree of polymerization. Cellulose from corn stover
was the direct substrate of enzymatic hydrolysis reaction in this
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study. The cellulose viscosity average degree of polymerization
(DPv) of lignocellulosic biomass could reflect the difficulty level
of hydrolysis and was determined according to ATSM standard
D1975.*> However, whether the corn stover was pretreated or
untreated, they could not completely be dissolved in 0.5 M
copper diethyleneamine solution due to the existence of lignin.
On the other hand, further delignification of corn stover could
lead to undesired effect on cellulose DPv. The method used to
determine the cellulose DPv was reported by Kumar et al.
(2009),** which assumed that both unsolubilized and solubi-
lized fractions had similar compositions. A small amount of
dried and pulverized powder untreated and pretreated corn
stover was used to minimize the lignin effect on viscosity. After
a mixing time of about 30 min at 70 °C in a thermostated shaker
water bath unit, the unsolubilized fraction was filtered out from
the solution and weighed. The solubilized fraction was then
used to determine the intrinsic viscosity (dl g~ ') according to
ASTM standard D 1795.*> After the intrinsic viscosity was
determined, the DPv was calculated according to a relation:

DP = [(1.65 — 116H)/G]""!

in which, 7 is the intrinsic viscosity (cm® g~ ') and H and G are
the mass fraction of hemicellulose (mainly xylan) and glucan,
respectively.

3 Results and discussion
3.1 Effect of pretreatment methods on sugar recovery

The chemical compositions of raw material were as follows:
32.6% glucan, 22.5% xylan, 2.9% arabinan, 1.3% galactan,
17.6% acid-insoluble lignin (Klasen lignin), 3.1% acid-soluble
lignin, 9.8% extractive, 4.1% ash and 6.1% other components.

In this study, three pretreatment approaches were performed
to find a method leading to the higher glucose yield. These
methods included: dilute hydrochloric acid pretreatment (HP),
acidic dioxane pretreatment (ADP), and acidic dioxane followed
by dilute hydrochloric acid pretreatment (ADPH). HP was pro-
ceeded at 120 °C for 40 min. ADP was proceeded at 90 °C for
20 min in 9:1 (V/V) dioxane-to-water solution containing 1.0
wt% HCl. ADPH was proceeded at 90 °C, 20 min, 9/1 (v/v)
dioxane-water including 1.0 wt% HCI solution in the first
stage followed by 120 °C and 40 min for 1.0 wt% dilute hydro-
chloric acid in the second stage. The results of the effect of
different processes on enzymatic hydrolysis were shown in
Fig. 1.

From Fig. 1a, the sum of glucose yield obtained from the first
stage and the second stage during ADPH process was less than
8.0%, which suggested that most of cellulose remained in the
pretreated materials because cellulose is hard to be depoly-
merized due to its semi-crystalline structures. Compared with
HP, ADP and ADPH, the glucose yield of untreated material after
enzymatic hydrolysis was very low (17.2% with a cellulase
dosage of 3 FPU g™ ' substrate), indicating that natural compact
structure of corn stover was detrimental to enzymatic hydro-
lysis. After HP and ADP process, glucose yields were increased
by 31.5% and 37.6% respectively at 3 FPU g~ ' substrate, which

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Effect of different pretreatment methods on sugar yield ((A)
sugar yields of untreated samples after enzymatic hydrolysis; (B) sugar
yields obtained in enzymatic hydrolysate after HCl pretreatment; (C)
sugar yields obtained in HCl pretreatment stage; (D) sugar yields ob-
tained in enzymatic hydrolysate after acidic dioxane pretreatment; (E)
sugar yields obtained in acidic dioxane pretreatment stage; (F) sugar
yields obtained in enzymatic hydrolysate after two-stage pretreat-
ment; (G) sugar yields obtained in the first stage by HCl pretreatment;
(H) sugar yields obtained in the second stage by acidic dioxane
pretreatment).

was ascribed to the fact that HP and ADP could increase the
dissolution of hemicelluloses (up to 83.9% in HP process and
32.1% in ADP process, Fig. 1b). In addition, ADP process had
a great advantage on lignin solubilization (up to 49.3%, Fig. 1a).
Both hemicelluloses hydrolysis and delignification could
contribute a lot to enzymatic hydrolysis.** But the weak effect on
delignification in HP process (4.2% lignin removed, Fig. 1a) and
the finite effect on hemicelluloses hydrolysis in ADP process
seemed to have a limited impact for increasing the glucose yield
during enzymatic hydrolysis. Then ADPH was investigated.
After ADPH, the yield of xylose and lignin was 72.5% and 49.5%
respectively (Fig. 1a and b). That removal of a large amount of
lignin and hemicelluloses in corn stover destroyed its tight
structure (Fig. 3d), reduced the absorption amount of lignin to
cellulose enzyme, improved the accessibility of carbohydrates to
enzyme, resulting in a high yield of glucose in enzymatic
hydrolysis under a low enzyme loading (91.5% glucose yield
with a cellulase dosage of 3 FPU g ' substrate). Besides an
acceptable xylose yield of 79.7% was obtained after ADPH
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(31.5% obtained in the first stage, 41.0% obtained in second
stage and 7.2% obtained in enzymatic stage with a cellulase
dosage of 3 FPU g~ ' substrate, Fig. 1b), which demonstrated
that hemicelluloses presented in biomass were easier to be
hydrolyzed. The results indicated that ADPH was a more effec-
tive method than single-step pretreatment using either HP or
ADP to improve sugars especially glucose recovery.

3.2 Effect of the order of acidic dioxane process used in the
two-stage pretreatment method on sugar recovery

The effect of the order of acidic dioxane process used in the two-
stage pretreatment method was also studied. HADP was also
a two-stage pretreatment method using dilute hydrochloric acid
followed by acidic dioxane pretreatment, which was conducted
with 1.0 wt% HCI at 120 °C for 40 min in the first stage followed
by 80 °C, 30 min, 9/1 (v/v) dioxane-water including 1.0 wt% HCI
solution in the second stage. The only difference between ADPH
and HADP was the order of acidic dioxane process used in the
two-stage pretreatment.

Fig. 2a clearly indicated that ADHP had a larger impact on
glucose recovery than HADP with a yield of 80.3% at 3 FPU
enzyme dosage (80 °C, 30 min, 1 wt% acidic dioxane, 10:1
liquid-solid ratio). The results may be explained as follows:
after ADPH, a large amount of lignin (44.9%) and hemi-
celluloses (77.6% xylose yield) were removed from the biomass,
which enhanced enzymatic accessibility and increase the
glucose recovery. During HADP process, due to most of hemi-
celluloses (83.9% xylose yield, Fig. 2b) had been hydrolyzed in
the first stage, H', as a catalyst, catalyzed lignin repolymeriza-
tion on the surface of cellulose,* enhancing the physical barrier
for enzymatic hydrolysis and resulting in a lower glucose yield
than ADPH. Besides, it was worth noting that xylose yield ob-
tained from ADPH was lower than that from HADP (77.6% in
ADPH and 83.9% in HADP, excluding the yield of enzymatic
process, Fig. 2b). This could be ascribed to the fact that partial
of xylose converted into furfural and organic acid in the first
stage at set reaction condition. These results were in agreement
with previous study that the organosolv pretreatment with acid
catalysts might cause the degradation of pentose generating
new compounds chemical compounds.***” To achieve
maximum utilization of lignocellulosic biomass, the yield of
both xylose and glucose must be simultaneously considered in
this study. Compared with HADP, the yield of glucose and xylose
gained from ADPH 80.1% and 84.9% respectively (59.1% and
90.1% in HADP), which demonstrated ADPH was a better
pretreatment method.

3.3 Effect of dioxane-to-water ratio on sugar recovery

The effect of different dioxane-to-water ratio (1:1,4:1, 9:1,
12 :1, v/v) in 1 wt% HCI dioxane solution (v/v) in 1 wt% HCI
dioxane solution n enzymatic hydrolysis was investigated and
the results were illustrated in Table 1.

As shown in Table 1, it was clear that glucose yield in enzy-
matic hydrolysis process increased with an increase of dioxane-
to-water ratio. However, there was almost no further improve-
ment on glucose yield while dioxane-to-water ratio increased

RSC Adv., 2017, 7, 32452-32460 | 32455
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Fig. 2 Effect of different two-stage pretreatment processes on sugar
yield ((A) sugar yields obtained in acidic dioxane hydrolysate after two-
stage pretreatment with HCl used in the second stage; (B) sugar yields
obtained in HCl hydrolysate after two-stage pretreatment with HCl
used in the second stage; (C) sugar yields obtained in enzymatic
hydrolysate after two-stage pretreatment with HCl used in the second
stage; (D) sugar yields obtained in acidic dioxane hydrolysate after
two-stage pretreatment with HCl used in the first stage; (E) sugar yields
obtained in HCl hydrolysate after two-stage pretreatment with HCl
used in the first stage; (F) sugar yields obtained in acidic dioxane
hydrolysate after two-stage pretreatment with HCl used in the first
stage).

from 9: 1 to 12 : 1 in the preset research. The reason was that
the dioxane-water ratio used in organosolv pretreatment
process was an influential parameter for the delignification of
corn stover. At the ratio of 1 : 1, only 18.9% lignin was achieved
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because high proportion of water in acidic dioxane solution was
adverse to the solubility of lignin. With the increase of dioxane
content, a large amount of lignin dissolved into dioxane-water
mixture, and the removal of lignin was beneficial for the expo-
sure of cellulose micro-fibris.”* Meanwhile, when the ratio
ranging from 1:1 to 12 : 1, the yield of xylose increased from
5.9% to 31.5%, then reduced to 11.1%. A supposed reason was
that hemicelluloses were hard to be hydrolyzed at such mild
conditions as 90 °C, 20 min, 1 : 1 dioxane-to-water ratio with 1
wt% HCIl. When dioxane-to-water ratio increased, much more
lignin fell off from lignocellulose, resulting in more LCC bands
broken, so hemicelluloses could be easy hydrolyzed into xylose.
However, the degradation of xylose became serious when
further increased dioxane-to-water ratio from 9:1 to 12:1.
Together with the xylose yield obtained from the second stage,
a large amount of hemicelluloses were removed and recovered
from lignocelluloses during two-stage pretreatment process.
The removal of lignin and hemicelluloses could improve the
cellulose accessibility for enzymatic hydrolysis and increase the
glucose yield obviously. 91.5% glucose was obtained at 90 °C,
20 min, 9 : 1 dioxane-to-water ratio with 1 wt% HCI. With a view
of xylose yield and consumption of chemical reagent, 9 : 1 (v/v)
was chosen as the appropriate dioxane-to-water ratio in ADPH
process.

3.4 Effect of acidic dioxane solution acidity on sugar
recovery

The effect of acidic dioxane solution acidity (0.2, 0.4, 0.6, 0.8,
1.0, 1.2, 1.5 wt% hydrochloric acid) on glucose yield was
investigated. Results are shown in Table 2.

As depicted in Table 2, after the two-stage pretreatment, the
glucose yield obviously increased from 61.3% to 85.3%, when
the acid concentration was increased from 0.2 wt% to 1.0 wt%,
whereas further increase of acid concentration from 1.0 to 1.5
wt% only a little increase from 85.3% to 86.4% was observed.
The results could be explained as follows: with the increase of
acid concentration, more H" would get involved in the cleavage
of bonds between lignin-carbohydrates or lignin-lignin,
leading to much more dissolution of lignin as well as hydrolysis
of hemicellulose. Table 2 also shows that the recovery of lignin
increased from 18.6% to 52.1% when the acid concentration
inclined from 0.2 wt% to 1.5 wt%. However, further increasing
acid concentration from 0.8% to 1.5%, the xylose yield obtained

Table 1 The effect of dioxane-to-water ratio in the first stage on sugar recovery®

Glucose yield (%)

Xylose yield (%)

Dioxane : H,O (%, v/v) Lignin removal (%) A B C Total A B C Total
1:1 18.9 0.6 5.7 64.4 70.7 5.9 54.8 8.1 68.8
4:1 45.9 1.9 5.4 76.4 83.7 27.5 33.3 8.3 69.1
9:1 49.8 1.5 5.3 85.3 91.5 31.5 41.0 7.2 79.7
12:1 52.3 1.4 5.2 85.2 91.8 11.1 45.0 5.9 64.0

¢ A: glucose yield obtained in the first stage (90 °C, 20 min, 1 wt% acidic dioxane, 10 : 1 liquid-solid ratio); B: glucose yield obtained in the second
stage (120 °C, 40 min 1 wt% HCl); C: glucose yield obtained in enzymatic hydrolysis process (3 FPU enzyme dosage).
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Table 2 The effect of acidic dioxane solution acidity”? on sugar recovery®
Glucose yield (%) Xylose yield (%)

HCI concentration (wt%) Lignin removal (%) A B C Total A B C Total
0.2 18.6 0.6 5.6 61.3 67.5 1.8 79.1 6.5 87.4
0.4 24.6 1.1 5.4 68.6 75.1 19.7 58.1 7.1 84.9
0.6 44.5 1.3 5.3 72.7 79.3 29.3 47.5 6.9 82.7
0.8 46.6 1.5 5.2 78.3 85.0 33.6 40.3 7.4 81.3
1.0 49.8 1.5 5.3 85.3 91.5 31.5 41.0 7.2 79.7
1.2 51.4 1.8 6.1 86.2 94.1 28.4 40.5 6.6 75.4
1.5 52.1 2.0 6.5 86.4 94.9 26.4 40.1 6.5 73.0

“ A: glucose yield obtained in the first stage (90 °C, 20 min, 9 : 1 dioxane-to-water ratio, 10 : 1 liquid-solid ratio); B: glucose yield obtained in the
second stage (120 °C, 40 min 1 wt% HCI); C: glucose yield obtained in enzymatic hydrolysis process (3 FPU enzyme dosage). ° HCI concentration in
acidic dioxane solution represented acidic dioxane solution acidity in this research.

Table 3 The effect of reaction time and temperature in the first stage on sugar recovery®

Glucose yield (%)

Xylose yield (%)

Time and temperature Lignin removal (%) A B C Total A B C Total
70 °C 10 min 20.3 0.5 5.2 64.1 69.8 4.1 74.6 7.4 86.1
70 °C 20 min 22.8 0.6 5.6 69.8 76.0 4.6 72.2 7.5 84.3
70 °C 30 min 25.5 0.6 5.5 70.7 76.8 5.7 73.7 7.7 86.1
70 °C 40 min 27.0 0.7 5.8 71.9 78.4 8.9 69.0 7.7 85.6
70 °C 50 min 34.6 0.8 5.8 73.6 80.2 11.2 63.0 7.8 82.0
80 °C 10 min 35.6 0.9 5.5 69.5 75.9 10.6 55.6 7.0 73.2
80 °C 20 min 43.7 0.9 5.6 70.3 76.8 19.2 55.5 7.2 81.9
80 °C 30 min 44.9 1.0 5.7 73.4 80.1 26.2 46.8 7.4 80.4
80 °C 40 min 46.8 1.1 5.8 77.5 84.4 24.1 50.3 7.4 81.8
80 °C 50 min 48.1 1.3 5.9 81.2 88.4 30.7 43.1 7.4 81.2
90 °C 10 min 47.6 1.5 5.2 80.3 87.0 32.3 41.3 7.1 80.7
90 °C 20 min 49.8 1.5 5.3 85.3 91.5 31.5 41.0 7.2 79.7
90 °C 30 min 51.0 1.5 5.4 85.9 92.8 29.1 42.5 7.4 79.0
90 °C 40 min 52.1 1.7 5.5 86.1 93.3 27.3 40.0 7.3 73.6
90 °C 50 min 52.7 1.8 6.0 86.3 94.1 28.1 35.8 6.6 70.5

@ A: glucose yield obtained in the first stage (1 wt% HCI in dioxane/water solution, 9 : 1 dioxane-to-water ratio, 10 : 1 liquid-solid ratio); B: glucose
yield obtained in the second stage (120 °C 40 min 1 wt% HCIl); C: glucose yield obtained in enzymatic hydrolysis (3 FPU enzyme dosage).

in the first stage obviously decreased from 33.6% to 22.4%
although the glucose yield and the lignin recovery were still
improved, which suggested partial xylose in dioxane-water
mixture was converted into other by-products. Together with
the xylose yield obtained in the second stage, a large proportion
of hemicelluloses were hydrolyzed and recovery from lignocel-
lulose. The removal of lignin and hemicelluloses made the
cellulose more accessible to enzymes, achieving a higher effi-
ciency of enzyme hydrolysis and glucose recovery. 79.7% xylose
and 49.5% lignin were gained at 90 °C, 20 min, 9/1 (v/v)
dioxane-water including 1.0 wt% HCI solution in the first
stage by 120 °C and 40 min for 1.0 wt% HCl in the second stage.
To ensure both sugars recovery and equipment corrosion,
a relatively low acid concentration of HCI (1 wt%) in dioxane-
water solution was recommended, giving satisfactory xylose and
glucose yields of 79.7%, 91.5% respectively with a cellulase
dosage of 3 FPU g~ of the substrate.

This journal is © The Royal Society of Chemistry 2017

3.5 Effect of reaction time and temperature on sugar
recovery

Effect of the time and temperature in the first stage on enzy-
matic hydrolysis was also evaluated in this research. The
experiments were conducted at given temperatures (70 °C,
80 °C, 90 °C) and times (10 min, 20 min, 30 min, 40 min, 50
min) in the first stage.

As depicted in Table 3, the sum yield of glucose obtained in
the first stage and the second stage was less than 8.0%, which
demonstrated that this pretreatment method had little impact
on cellulose solubilization due to its tight structure and most of
cellulose remained in the pretreated materials. It was worth to
notice that the glucose yield in the first stage (acidic dioxane
system) was especially low (0.5-1.8%). A possible reason was
that only glycosidic bonds in amorphous region of cellulose in
corn stover were cleaved in acidic dioxane system under such
mild conditions (70-90 °C, 20-50 min). However the glucose
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yield had an increasing trend with the increasing time and
prolonging time, which was agreement with the results of J.
Zhang.” In his report, they found that the glycosidic bonds
could be effectively cleaved in acidic dioxane-water system and
48.3% p-glucosamine was obtained at 175 °C for 1 h during the
depolymerization of chitin in acidic dixoane-water system. It
was also observed that both reaction temperature and time had
positive effects on glucose yield in enzymatic hydrolysis within
the time scope of 10-40 min and temperature range of 70-90 °C.
The reason was that the accessibility of enzyme to cellulose was
improved as much more hemicellulose and lignin were hydro-
lyzed and removed with increasing temperature and prolonging
time. Specifically, a high glucose yield of 91.5% was obtained
with 3 FPU g~ cellulose at 90 °C for 20 min but no significant
increase was discovered prolonging time from 20-40 min. Also,
reaction condition, whereas, it exhibited a decreasing tendency
further prolonging time mainly because of the propensity of
xylose into furfural or other by-products in acidic environ-
ment.*>*” Comprehensively considering glucose and xylose yield
as well as energy consumption, 90 °C, 20 min was employed as
the appropriate reaction condition for ADPH.

3.6 Characterization of corn stover pretreated and untreated

As discussed above, the enhancement of carbohydrates acces-
sibility to enzyme by pretreatment had a strong association with
the physical structure or altered chemical composition of
biomass. To further understand ADPH pretreatment, the
specific surface area, pore volume and morphology feature of
biomass before and after pretreatment were characterized by
BET and SEM.

Porosity is an important factor that can influence the effi-
ciency of enzymatic hydrolysis. The specific surface area (SSA)
and pore volume of untreated, HP, ADP and ADHP materials
were determined, with the results listed in Table 4. As depicted
in Table 4, the SSA and pore volume of untreated samples was
small, which demonstrated that the structure of raw material
was compact and it was difficult to be hydrolyzed by enzyme.
However, both SSA and pore volume increased no matter which
pretreatment method was adopted because of the hemi-
celluloses and lignin removal. As shown in Table 4, after HP,
SSA increased from 1.5444 to 3.8816 m”> g~ while pore volume
increased from 0.0022 to 0.0174 cm?® g~ '. This could be

Table 4 Porosity of corn stover untreated and pretreated by different
methods

Untreated  AP“ ADP? ADPH¢
SSA? (m? g™ 1) 1.5444 3.8816  4.2841  5.1265
Pore volumed (cm® 0.0022 0.0174 0.0080 0.0108

g

“ Treated only with 1 wt% HCI at 120 °C for 40 min. ” Treated only with
9/1 (v/v) 1 wt% HCI dioxane-water solution at 90 °C for 20 min. © Treated
with 9/1 (v/v) 1 wt% HCI dioxane-water solution at 90 °C for 20 min and
followed by 1 wt% HCI at 120 °C for 40 min. ¢ SSA represents specific
surface area measured by N, absorption method.
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triggered by the removal of hemicelluloses. Compared to HP,
ADP process caused SAA increased to 4.281 m* ¢~ and the pore
volume decreased to 0.0080 cm® g~ " (Table 4). A possible reason
was that the removal of the lignin (43.9% lignin) during ADP
process caused the structural collapse and disruption of corn
stover particles. And this collapse and disruption of particles
could improve the specific surface area of biomass and reduce
the pore volume. In the case of the ADPH process, the impact
was prominently strengthened, which led to further increases of
total pore volume and specific surface area (SAA 3.8816 m”> g,
pore volume 0.0108 cm® g™, Table 4) because plenty of lignin
and hemicellulose was removed. This helped to explain the
reason why ADPH enable biomass to achieve a high enzymatic
hydrolysis yield.

Fig. 3 showed the SEM images of untreated corn stover,
samples after HP, ADP and ADPH process. Fig. 3a illustrated
that untreated corn stover exhibited a non-porous, tight and
glossy structure, which enabled cellulose to possess a natural
shield against enzymatic attack. Fig. 3b showed that the
compact structure was partially damaged after HP pretreat-
ment. Comparing with raw material, the fibers became fluff and
some pores were founded on the surface of corn fiber, which
improved the accessibility between cellulose and enzyme. The
possible reason was that dilute hydrochloric acid, as a catalyst,
could break the bonds existed in hemicelluloses and LCC,*
resulting in most of hemicelluloses degraded into xylose (83.9%
xylose obtained). From Fig. 3c, it seemed that the surface
architecture of corn stover after ADP process was damaged to
alarger extent than that of HP process. It was due to the fact that
H' in acidic dioxane solution cleaved the same bonds as well as
it did in HP process, but caused segmental hemicelluloses and
a large amount of lignin dissolved into acidic dioxane solution
(49.8% lignin and 31.5% xylose obtained). After ADPH, much
lignin and hemicelluloses (49.8% lignin recovery and 72.5%
xylose yield) was removed from the biomass, which severely
destroyed the surface of samples, and resulted in a highly rough
and irregular morphology (Fig. 3d), causing a significant
increase of surface area which had a beneficial influence on the

Fig. 3 The surface appearance of (a) untreated, (b) HCl pretreated, (c)
acidic dioxane pretreated and (d) two stage pretreated with acidic
dioxane used in the first stage.

This journal is © The Royal Society of Chemistry 2017
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enzymatic hydrolysis. This result suggested that ADPH was an
available method to improve enzymatic hydrolysis of cellulose
by removing lignin and hemicelluloses.

Degree of polymerization (DP) could represent glucan chain
length, which was deemed as one of the factors affecting enzy-
matic hydrolysis. The DPv changes could reflect the effect of
pretreatment on corn stover and it was determined according
the method mentioned in 2.4.6. Through determination, the
DPv of untreated, HP-pretreated, ADP-pretreated and ADPH
pretreated corn stover was 6498, 2332, 2153, 1446, respectively.
After HP, ADP and ADPH pretreatment, the DPv was reduced by
64%, 67%, 78% as compared with that of untreated corn stover.
Lower DPv value demonstrated shorter glucan chain length,
which would improve the glucose yield in enzyme hydrolysis by
increasing the specific surface area of material and the binding
sites of cellulase.

4 Conclusions

The two-stage pretreatment using acidic dioxane followed by
dilute hydrochloric acid could efficiently recover glucose from
enzymatic hydrolysis. The impact of temperature, time,
dioxane-to-water ratio, acid concentration in the first stage were
investigated to determine the optimum pretreatment condi-
tions. Under optimal conditions (90 °C, 20 min, 9/1 (v/v)
dioxane-water including 1.0 wt% HCI solution in the first
stage followed by 120 °C and 40 min for 1.0 wt% dilute hydro-
chloric acid in the second stage), 91.5% glucose and 79.7%
xylose (including 7.2% from enzymatic hydrolysis) could be
recovered with an enzyme dosage of 3 FPU g~ ' substrate. The
two-stage pretreatment showed the importance of both hemi-
celluloses and lignin removal on overall sugar recovery. After
pretreatment, the specific surface area and pore volume
increased, which improved the accessibility of enzymes to the
cellulose.
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