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Abstract

from an economic point of view.

Background: Previous research on alkaline pretreatment has mainly focused on optimization of the process
parameters to improve substrate digestibility. To achieve satisfactory sugar yield, extremely high chemical loading
and enzyme dosages were typically used. Relatively little attention has been paid to reduction of chemical
consumption and process waste management, which has proven to be an indispensable component of the bio-
refineries. To indicate alkali strength, both alkali concentration in pretreatment solution (g alkali/g pretreatment
liquor or g alkali/L pretreatment liquor) and alkali loading based on biomass solids (g alkali/g dry biomass) have
been widely used. The dual approaches make it difficult to compare the chemical consumption in different process
scenarios while evaluating the cost effectiveness of this pretreatment technology. The current work addresses these
issues through pretreatment of corn stover at various combinations of pretreatment conditions. Enzymatic
hydrolysis with different enzyme blends was subsequently performed to identify the effects of pretreatment
parameters on substrate digestibility as well as process operational and capital costs.

Results: The results showed that sodium hydroxide loading is the most dominant variable for enzymatic
digestibility. To reach 70% glucan conversion while avoiding extensive degradation of hemicellulose, approximately
0.08 g NaOH/g corn stover was required. It was also concluded that alkali loading based on total solids (g NaOH/g
dry biomass) governs the pretreatment efficiency. Supplementing cellulase with accessory enzymes such as a-
arabinofuranosidase and -xylosidase significantly improved the conversion of the hemicellulose by 6-17%.
Conclusions: The current work presents the impact of alkaline pretreatment parameters on the enzymatic
hydrolysis of corn stover as well as the process operational and capital investment costs. The high chemical
consumption for alkaline pretreatment technology indicates that the main challenge for commercialization is
chemical recovery. However, repurposing or co-locating a biorefinery with a paper mill would be advantageous
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Introduction

Alkaline pretreatment is one of several chemical
pretreatment technologies that has been intensively
investigated. It employs various alkaline reagents including
sodium hydroxide [1,2], calcium hydroxide [3,4], potassium
hydroxide [5], aqueous ammonia [6,7], ammonia hydroxide
[8], and sodium hydroxide in combination with hydrogen
peroxide [9,10]. Mechanistically, alkali is believed to cleave
hydrolysable linkages in lignin and glycosidic bonds of
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polysaccharides, which causes a reduction in the degree of
polymerization and crystallinity, swelling of the fibers, as
well as disruption of the lignin structure [11]. In addition,
alkaline saponification of acetyl and uronic ester bonds also
improves the enzymatic accessibility of the polysaccharides
[12]. The effectiveness of alkaline pretreatment is dependent
on the physical structure and chemical composition of the
substrate as well as the treatment conditions. In general,
alkaline pretreatment is more effective on hardwood,
herbaceous crops, and agricultural residues, which have a
lower lignin content, than on substrates such as softwood,
which contain high amounts of lignin.
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Although alkaline pretreatment has been studied on
different types of lignocellulosic biomass including
switchgrass, corn stover, wheat straw, rice straw, and rice
hulls [13], most of the research on alkaline pretreatment
has focused on optimization of the process parameters
to improve substrate digestibility [13-15]. To achieve this
goal, extremely high chemical loading and enzyme
dosages were frequently used. Relatively little attention
has been paid to process waste management, including
chemical recovery and recycle, which has proven to be an
indispensable component of the biorefineries [16]. A litera-
ture survey also indicates that both alkali concentration in
pretreatment solution (g alkali/g pretreatment liquor or g
alkali/L pretreatment liquor) and alkali loading based on
biomass solids (g alkali/g dry biomass) have been widely
used as indicators of alkali strength. The dual approaches
make it difficult to compare the chemical consumption in
different process scenarios and to evaluate the cost effect-
iveness of this pretreatment technology. Thus the objectives
of this study were to examine the effect of alkaline pretreat-
ment parameters on the digestibility of substrate and to
identify whether alkali solution concentration or its dosage
on biomass determines hydrolysis yield. The economic
feasibility of the alkaline pretreatment process was also
evaluated. Corn stover was selected as a model feedstock
and a series of alkaline pretreatments were conducted
based on a central composite design involving three process
variables. Sodium hydroxide was chosen as the pretreat-
ment chemical since it is widely used in the well-established
pulp and paper industry. The efficiency of pretreatment
was then evaluated by measuring total sugar release from
enzymatic hydrolysis of the pretreated substrates.

Materials and methods

Feedstock collection and preparation

Corn stover was harvested in the Midwest (United States).
Concurrent with the corn (grain) harvest, all residue
(leaves stalks and husks) above 12” from the ground was
collected. The corn stover residue was then milled to a
6 mm particle size using a Thomas Wiley mill. The
moisture content of the corn stover was about 10%.
Compositional analysis of the raw corn stover shows that
it contains 40.21% glucan, 22.28% xylan, and 19.54% acid
insoluble lignin on a dry basis.

Enzymes

Both Cellic® CTec2 and the experimental accessory
enzymes were obtained from Novozymes A/S (Bagsvaerd,
Denmark). This particular batch of Cellic® CTec2 had a
protein concentration of 141.6 mg protein/g as determined
by the bicinchoninic acid (BCA) assay (Pierce, Rockford,
I1L). Cellic® CTec2 and the experimental enzyme cocktails
were stored at 4°C and —30°C, respectively, until needed for
hydrolysis of pretreated corn stover.
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Alkaline pretreatment

Two sets of alkaline pretreatment studies were con-
ducted to identify: 1) the pretreatment parameters which
have the most influence on substrate digestibility and 2)
whether the alkali concentration in the aqueous phase or
the alkali loading on a dry corn stover basis determines
the pretreatment efficiency.

Alkaline pretreatment of corn stover was conducted in
a LABOMAT reactor (Type BFA-12, Mathis, Switzerland)
with a digitally controlled infrared heating system that
has a temperature range of 20-200°C. The instrument is
equipped with a variable speed rotary disk and can be
programmed to operate with up to 8 stainless steel
cylindrical 1 liter beakers simultaneously. Each beaker
was loaded with approximately 500 grams of material
including corn stover, 50% (w/w) sodium hydroxide
solution, and deionized water. Beaker contents were
mixed thoroughly to achieve a total solid loading of 11%
and the desired alkali loading. Eight stainless steel balls
(Dia 10 mm) were added to the beakers to promote more
adequate mixing during rotary movement of the beakers.
Pretreatment temperature was monitored with a thermo-
couple inserted through one of the reactor caps. The
heat-up time needed to reach target temperature was
approximately 10-25 mins, depending on the setpoint
pretreatment temperature. Time zero (for pretreatment)
was taken to be the time at which the center of the
reactor reached the target temperature. After pretreatment,
the beakers were immediately quenched in an ice bath for
rapid cooling. Corn stover from two replicate beakers
treated under similar conditions was recovered, combined,
and washed intensively with deionized water to remove
soluble phenolics and other degradation products. The
washed corn stover was stored at 4°C.

Enzymatic hydrolysis

Batch enzymatic hydrolysis was performed in 50 mL
Nalgene polycarbonate centrifuge tubes (Thermo Scientific,
Pittsburgh, PA). Alkali pretreated corn stover was mixed
with 50 mM sodium acetate buffer (pH 5.0) supplemented
with enzymes as well as 2.5 mg/L lactrol to prevent
microbial growth. The final total solids concentration was
10% (w/w). The reaction mixtures (20 g) were agitated in a
hybridization incubator (Combi-D24, FINEPCR®, Yang-
Chung, Seoul, Korea) at 50°C for 120 hrs. To evaluate
pretreatment efficiency as well as the effect of accessory
enzymes on hydrolysis performance, pretreated corn stover
was hydrolyzed with an enzyme blend at 4 mg protein/g
glucan dosage. The enzyme mixture contained 90% protein
from Cellic® CTec2, 3.33% protein from arabinofurano-
sidase which has activity on single substituted arabinose
side chain, 3.33% arabinofuranosidase which has activity
on double substituted arabinose side chain, and 3.33%
B-xylosidase was tested. Pretreated corn stover hydrolyzed
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with 100% Cellic® CTec2 also at 4 mg protein/g glucan
was used as a control. At the end of hydrolysis, 600 pL of
hydrolysate were transferred to a Costar Spin-X centrifuge
filter tube (Cole-Parmer, Vernon Hills, IL) and filtered
through a 02 um nylon filter during centrifugation
(14,000 rpm, 20 mins). Supernatant was acidified with 5 pL
of 40% (w/v) sulfuric acid to deactivate residual enzyme
activity and analyzed by HPLC for sugar concentrations.

Feedstock compositional analysis and sugar analysis
Total solids content, structural carbohydrate, and lignin
content of raw corn stover and alkali pretreated corn
stover were analyzed using standard laboratory analytical
procedures (LAP) developed by the National Renewable
Energy Laboratory (NREL) [17,18]. Sugar samples from
compositional analysis were measured using an Agilent
1200 series modular HPLC (Santa Clara, CA) equipped
with an Aminex HPX-87P column (Bio-Rad, Richmond,
CA), while sugars released from hydrolysis of pretreated
corn stover were analyzed using a Rezex ROA-Organic
acid H* column (8%) (7.8 x 300 mm) (Phenomenex Inc.,
Torrance, CA). The methodology was described in detail in
Chen et al. [16]. The overall glucan/xylan conversions from
hydrolysis were calculated based on sugar concentrations in
the enzyme hydrolysis supernatant and composition of the
pretreated feedstock using a method similar to that
published by Zhu et al. [19].

Experimental design and statistical analysis

A central composite design was used to reduce the total
number of experiments needed to explore the relationship
between pretreatment condition and compositional change
of pretreated corn stover, as well as its glucan/xylan conver-
sion. The statistical software SAS JMP, version 8 was used
for the 3 x 3 central composite design in which 16 pretreat-
ment combinations were derived by altering the three
independent variables: alkaline loading, temperature, and
time (Table 1) and to analyze the experimental data
obtained. The selection of the factorial levels was based on
previous studies (data not shown) and the parameters were
varied from 60-130°C for temperature, 0.01-0.10 g NaOH/
g dry corn stover for chemical dose, and 30—120 mins for
pretreatment time. All pretreatment and hydrolysis were
performed in duplicate unless otherwise stated. When data
have been collected in accordance with the experimental
design, the response variable (Y) was fitted to the appropri-
ate empirical equations (second order polynomial regres-
sion equations) to identify the key variables:

Y =B, + Byx1 + Byxa + Bsxs + Bryxt + PopXs + Bag
+ Box1%2 4 Bia¥1%3 + BosXoiXs

where the response variable Y represents compositional
change of pretreated corn stover or glucan/xylan conversion
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Table 1 Central composite design of alkaline
pretreatment of corn stover

Sample NaOH loading Pretreatment Pretreatment
ID (g NaOH/g dry corn stover) temp (°C) time (min)
symbol X; Xy X3

1 0.052 74 102

2 0.100 95 75

3 0.070 130 75

4 0.070 95 120

5 0.088 116 102

6 0.052 74 48

7° 0.070 95 75

8 0.088 116 48

9 0.040 95 75

10 0.070 60 75

1 0.088 74 102

12 0.052 116 102

13 0.070 95 30

14 0.052 116 48

15 0.088 74 48

16° 0.070 95 75

2 Center point of the central composite design.

and the variables x;, x,, and x3 correspond to alkaline
loading, pretreatment temperature, and time, respectively.
The predicted response was therefore correlated to the
intercept (Bo), linear (By, B2, B3), interaction (P12, P13, Po3)
and quadratic coefficients (11, P22 Pz3) which can be
calculated from the experimental data. The quality of fit
of the polynomial model equation was expressed by the
coefficient of determination. An effect is significant if its
p-value is less than 0.05.

Results and discussion

Alkaline pretreatment of corn stover

Table 2 summarizes the compositional change of corn
stover following pretreatment. During alkaline pretreat-
ment, the cleavage of hydrolyzable linkages such as o- and
B- aryl ethers in lignin and glycosidic bonds in carbohy-
drates constitute the primary reactions that lead to the
dissolution of lignin and carbohydrate with lower alkali
stability [20]. More than 95% of the cellulose in corn stover
was preserved in alkaline pretreatment, which can be
explained by the low reactivity of cellulose with alkali and
also its high crystallinity [20,21]. Dissolution of hemicellu-
lose and lignin, however, varied significantly depending on
the pretreatment conditions (Table 2). Table 3 shows the
effect of the pretreatment parameters on xylan recovery as
well as on delignification. The statistical analysis indicates
that among the variables that have a statistically significant
effect on lignin removal from corn stover (three first-order
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Table 2 Composition of washed pretreated corn stover solids

ab

Temp NaOH loading Time Composition (%) Recovery (%) b

S (g NaOH/g corn stover) (mins) Glucan Xylan AIL Glucan Xylan AIL Total
74 0.052 102 48.11 25.75 1444 96.16 92.88 5941 80.38
95 0.100 75 61.20 28.20 6.42 93.25 77.53 2012 61.26
130 0.070 75 57.85 2598 9.74 95.75 7761 33.17 66.55
95 0.070 120 5546 27.20 8.98 96.47 85.39 32.14 69.95
116 0.088 102 59.53 2691 5.36 95.20 7767 17.65 64.30
74 0.052 48 46.63 2531 14.84 96.66 94.69 63.28 83.35
95 d 0.070 75 54.60 26.16 8.37 97.64 84.44 3081 7191
116 0.088 48 60.24 2753 474 96.89 79.92 15.69 64.68
95 0.040 75 4525 25.06 1520 97.69 97.64 67.50 86.80
60 0.070 75 4848 2518 12.19 97.55 9144 5047 80.90
74 0.088 102 54.03 25.64 8.06 95.83 82.07 29.40 71.31
116 0.052 102 50.67 24.68 13.36 95.70 84.13 51.94 75.95
95 0.070 30 51.60 26.00 1148 96.43 87.68 4413 75.14
116 0.052 48 4943 25.03 14.07 96.46 88.13 56.50 7846
74 0.088 48 54.34 25.54 9.35 97.13 8239 34.38 71.87
95¢ 0.070 75 54.22 2633 821 97.81 84.29 30.26 71.59

@ The composition of insoluble solids are based on oven-dry weight. b Values are expressed as averages of three replicate samples. Coefficient of variation (CV) is
below 2.1 %. © Values were calculated based on the total recovery, composition of alkaline pretreated, as well as that of raw corn stover. d Center point of the

central composite design.

effects, three second-order effects, and one interaction
effect), NaOH loading had the most significant impact
(regression coefficient ; = 8.73), indicating the highest
sensitivity of lignin content to alkali charge. When alkali
loading increased from 0.04 to 0.1 g/g corn stover, the
residual lignin decreased from 67.5 to 20.1% (Table 2).
Although pretreatment at high alkali loading, temperature,
and longer residence time can maximize delignification and
therefore improve substrate digestibility, high severity
pretreatment conditions may also lead to undesired sugar

loss through dissolution and degradation of hemicellu-
lose. Similar to lignin degradation, depolymerization of
hemicellulose is also significantly affected by the three
parameters with alkali loading having the greatest effect
(regression coefficient f; =-2.922). Xylan degradation
increased by 20% when NaOH loading increased from 0.04
to 0.1 g/g corn stover (Table 2). These reaction mechanisms
imply that a balance between extent of delignification and
preservation of carbohydrate has to be established in order
to achieve maximum overall sugar yield.

Table 3 Statistical analysis of the effects of pretreatment parameters on corn stover xylan recovery and delignification ?

Xylan recovery

Lignin removal

R’ 0942 0.985

Prob. > F < 0.0001* < 0.0001*

Terms Estimate p value Estimate p value
NaOH loading —2922 < 0.0001* 8730 < 0.0001*
Temperature —-0.002 < 0.0001* 0.003 < 0.0001*
Time —0.0003 0.015% 0.001 < 0.0001*
NaOH loading x temperature 0.028 0.027* 0.053 0.003*
NaOH loading x time 0.008 0374 -0.014 0.272
Temperature x time -909xe® 0.258 -1376x¢e” 0.208
NaOH loading x NaOH loading 31.764 0.0218* —137.865 < 0.0001*
Temperature X temperature -162xe® 0.865 -850xe” < 0.0001*
Time x time 893 xe”® 0.133 -3325xe” < 0.0003*

? Numbers with asterisk indicate that the term has a significant effect at 95 % confidence interval.
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Table 4 Enzymatic hydrolysis of alkaline pretreated corn stover ®

Temp NaOH loading Time Hydrolysis yield ® Pretreatment and hydrolysis yield € Enzyme accessibility ¢
S (g NaOH/g corn stover) (mins) Glucan Xylan Glucan Xylan Glucan Xylan
74 0.052 102 47.35% 45.56% 45.53% 42.32% 56.79% 55.30%
95 0.100 75 8231% 7567% 76.75% 58.67% 88.19% 79.84%
130 0.070 75 59.83% 67.21% 57.28% 52.16% 88.42% 79.87%
95 0.070 120 69.63% 7047% 67.17% 60.17% 83.98% 77.39%
116 0.088 102 82.63% 76.62% 78.66% 59.51% 94.12% 84.55%
74 0.052 48 49.29% 42.53% 47.65% 40.27% 64.21% 58.07%
95¢ 0.070 75 6842% 72.94% 66.81% 61.59% 89.75% 80.58%
116 0.088 48 82.32% 79.22% 79.76% 63.32% 91.42% 82.03%
95 0.040 75 47.18% 38.04% 46.09% 37.14% 59.40% 50.27%
60 0.070 75 55.72% 53.82% 54.35% 49.22% 66.25% 62.45%
74 0.088 102 75.71% 73.24% 72.55% 60.11% 90.89% 80.43%
116 0.052 102 61.11% 61.76% 58.49% 51.96% 95.57% 83.29%
95 0.070 30 68.01% 64.40% 65.59% 56.46% 86.79% 76.17%
116 0.052 48 5542% 60.37% 53.45% 53.20% 80.88% 71.78%
74 0.088 48 70.54% 72.13% 68.51% 59.43% 88.90% 80.73%
95¢ 0.070 75 68.71% 73.00% 66.99% 61.95% 89.95% 81.20%

2 Values are expressed as averages of two replicate samples. Coefficient of variation (CV) is below 2.5%.° Glucose and xylose yield was calculated based on glucan
and xylan content in pretreated and washed corn stover. € glucose and xylose yield was calculated based on glucan and xylan content in raw corn stover. ¢
Glucan (or xylan) enzyme accessibility was defined as the fraction of glucan (or xylan) in biomass that can be converted to monomeric sugars by enzyme
activities. They were obtained by measuring glucan or xylan conversions at an extremely high enzyme dosage (50 mg Cellic® CTec2/g glucan).

Enzymatic hydrolysis of pretreated corn stover

Glucan and xylan conversions for hydrolysis and for the
overall process (pretreatment and hydrolysis) are presented
in Table 4. Statistical analysis of the hydrolysis data,
which examines the relationship between pretreatment
parameters and conversions, is summarized in Table 5.
All four models have R* values between 0.91 and 0.97,
indicating that a large fraction of the variation in
responses can be accounted for by the independent
variables. The analysis of variance also showed that the

second order polynomial regression models are highly
significant (p value < 0.0001) (Table 5).

Alkali loading and temperature have a significant effect
on glucan conversion, which is consistent with previous
studies investigating alkaline pretreatment of various
lignocellulosic feedstocks [13,22]. Glucan conversion
during hydrolysis is positively correlated with NaOH
loading. An increase of NaOH loading from 0.04 to
0.1 g/g corn stover improved glucan conversion by 35%
during hydrolysis (Table 4). Since more than 95% of the

Table 5 Statistical analysis of the effects of pretreatment parameters on corn stover hydrolysis ®

Glucose (hydrolysis)

Xylose (hydrolysis)

Glucose (overall) Xylose (overall)

R 0951 0.966 0914 0939

Prob > F < 0.00071* < 0.0001* < 00001* < 0.0001*

Terms Estimate p value estimate p value Estimate p value Estimate p value
NaOH loading 6417 < 0.0001* 5084 < 00001* 5962 < 0.0001* 2,987 < 0.0001*
Temperature 0.002 < 0.0001% 0.002 < 0.0001* 0.001 < 0.0001* 0.001 < 0.0001*
Time 0.0003 0.159 0.0003 0.0592 0.0002 0336 9604 x e~ 0467
NaOH loading X temperature —0.004 0.852 —0.052 0.0017* —0.004 0835 —0.042 0.0022*
NaOH loading x time 0.004 0.786 ~0.006 0.594 0.0001 0.998 ~0.003 0743
Temperature x time 6.139xe® 0663 6798 x e*® 0491 446 xe* 0763 3804xe” 0.948
NaOH loading x NaOH loading —26.181 0.263 -86.943 < 0.0001* —43.260 0.086 ~76.638 < 0.0001%
Temperature X temperature —7616x¢e” 0.0002* —644xe”  <00001* —7.753xe” 0.0002* —5918xe® < 00001*
Time x time 850xe* 0411 4701 xe® 0514 553%10° 0628 3898xe” 0.948

@ Numbers with asterisk indicate that the term has a significant effect at 95 % confidence interval.
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original glucan was preserved in the solid fraction
following pretreatment, this increase was also reflected
in the overall process yield. To reach 70% overall glucan
conversion at 4 mg protein/g glucan enzyme dose,
approximately 0.08 g NaOH/g corn stover was required.

All the linear and quadratic model terms that include
alkali loading and temperature have a significant effect
on xylan conversion during hydrolysis and for the overall
process (Table 5). Among linear terms, NaOH loading had
the greatest effect on the responses while this variable had
a significant interaction with temperature (p-value < 0.05).
Xylan conversion during hydrolysis is positively correlated
with NaOH loading. An increase in NaOH loading from
0.04 to 0.1 g/g corn stover improved xylan conversion by
37% during hydrolysis (Table 4). However, alkali delignifica-
tion processes are usually accompanied by dissolution and
degradation of hemicellulose [21]. When NaOH loading
exceeded a certain limit (approximately 0.08 g/g corn
stover), the substantial loss of carbohydrates during
pretreatment can offset increased substrate digestibility.

Temperature is the second most important parameter
affecting hydrolysis conversion. The models indicate that
the optimal temperature ranges are 103—-106°C and 93—
97°C for glucose and xylose release, respectively. An in-
crease in temperature accelerates delignification. However,
severe pretreatment conditions can lead to lignin condensa-
tion reactions that form carbon-carbon bonds between
lignin subunits, thereby limiting its removal and conse-
quently reducing glucan/xylan conversion [23]. In
addition, higher temperatures also increase carbohy-
drate loss through random chain cleavage as well as
peeling reactions, which can greatly reduce the sugar
yield from the overall process [24].

Although alkaline pretreatment and chemical pulping
share many similarities in reaction chemistry and substrate
physicochemical changes, the desired outcomes from
pretreatment and pulping are very different. The purpose
of chemical pulping is to remove lignin and improve paper
strength. Most of the pulp mills, with the exception of
those practicing high yield pulping, delignify biomass
extensively to save on bleaching chemical costs. The final
kappa number for unbleached pulp is typically between
15-30, which corresponds to 2.5-4.5% lignin content or
more than 90% delignification [25]. As a result, there is a
significant loss of hemicellulose due to peeling reactions
and the overall pulp yield is in the range of 45-50% [26].
In the case of biomass pretreatment, the purpose is to
depolymerize cellulose/hemicellulose into fermentable
sugars; high carbohydrate yields are essential for economic
viability. The conditions used in biomass pretreatment are
much milder than pulping including lower alkali charge,
lower temperatures and shorter residence times. Conse-
quently, the pulp yield after pretreatment is significantly
higher (61-72%) than that of the chemical pulping process.
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Impact of hemicellulase supplement

Alkaline pretreated corn stover had a xylan content of
25-28%, which implies that hemicellulases should be
indispensable components in the hydrolysis of biomass
pretreated under alkaline conditions. To efficiently
hydrolyze the xylan and xylooligomers remaining after
pretreatment, CTec2 was supplemented with a 3%
(based on protein dose) replacement of an experimental
hemicellulase mixture which contained accessory
enzymes such as arabinofuranosidases and -xylosidase.
Hydrolysis was conducted with 4 mg protein/g glucan
enzyme dose at 10% total solids loading for 120 hrs.
Alkaline pretreated corn stover hydrolyzed with CTec2
only was used as the control. Supplementation of
CTec2 with accessory hemicellulases only marginally
increased the glucan to glucose conversion by 0-2%
(data not shown). The relatively small improvement
observed in this study can be attributed to the presence
of hemicellulase activities in CTec2. These hemicellu-
lases help remove hemicellulose that physically blocks
access to cellulose by cellulase [27]. Hemicellulases also
contribute to the decrease in the concentrations of high
molecular weight xylooligomers, which have been
reported to be highly inhibitory towards cellulase
activities [28]. On the other hand, the conversion of
xylan to xylose was significantly enhanced by supple-
mentation with accessory enzymes. Depending on the
pretreatment conditions, corn stover samples hydro-
lyzed with CTec2 supplemented with accessory
enzymes had xylan conversions that were 6—17% higher
than their respective controls (Figure 1). The effect was
less pronounced for substrate pretreated with lower
NaOH loadings (0.040 and 0.052 g NaOH/g corn
stover), possibly due to the fact that their poor accessi-
bility limits enzyme-substrate interaction (Table 4). The
higher xylan to xylose yield obtained for hydrolysis with
Cellic® CTec2 supplemented with accessory enzymes
can be explained as follows. Complete hydrolysis of
xylan requires synergistic effect of endo-p-1,4 xylanase,
B-xylosidase on xylan backbone and accessory enzymes
for hydrolyzing various substituted xylans [29]. However,
many xylanases are not capable of cleaving glycosidic
bonds between xylose units that are substituted [30].
a-arabinofuranosidase and B-arabinofuranosidase remove
the arabinose substituents from the xylan backbone, as
indicated by the 1- to 4-fold increase in arabinose
concentration in the hydrolysate compared to the
controls (data not shown). Removal of side chains
allows better access by the xylanase to the linkage between
backbone components of the polysaccharide; In addition,
B-xylosidase acts synergistically with xylanases and releases
xylose monomers from xylobiose and short chain
xylooligosaccharides, which contributes to the higher
xylan to xylose conversion [28].
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Xylan conversion
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Pretreatment conditions (Temp (°C), NaOH loading (g/g corn stover), time (mins)

0O CTec2 W CTec2+accessory enzymes

Figure 1 Improvement of xylan conversion of alkaline pretreated corn stover by accessory hemicellulases.

Effect of alkali solution concentration and biomass alkali
loading

In previous studies on alkaline pretreatment, both alkali
solution concentration (g alkali/g pretreatment liquor)
and biomass alkali loading (g alkali/g biomass) are used
as indicators of chemical strength [14,15]. To distinguish
the effects of solution strength vs. biomass alkali loading
on biomass digestibility, pretreatment of corn stover was
conducted at 0.05 g, 0.10 g, and 0.15 g dry corn stover/g
slurry. At each solid loading, three NaOH dosages
(0.06, 0.08, and 0.10 g NaOH/g corn stover) were used
to compare the pretreatment efficiency. In the experiment,
pretreatment temperature and residence time were
maintained at 90°C and 120 mins, respectively. Compos-
itional analysis of the corn stover pretreated under the 9
different test conditions was performed; delignification
of the pretreated corn stover is shown in Figure 2. The
extent of delignification was closely correlated with
biomass alkali loading. For a given NaOH loading
based on corn stover dry weight, lignin removal was
relatively stable regardless of the total solids content
during pretreatment.
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Figure 2 Effect of alkali solution concentration and biomass
alkali loading on delignification of corn stover.

The pretreated corn stover was washed with deionized
water and hydrolyzed with Cellic® CTec2 at 4 mg
protein/g glucan for 120 hrs at 8.5% total solids loading.
Figure 3 shows the effect of biomass alkali loading on
glucose and xylose yields for hydrolysis (Figure 3a) and
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Figure 3 Relationship between biomass alkali loading and (a)
glucan and xylan conversion during hydrolysis and (b) glucan and
xylan conversion for the combined processes of pretreatment and
hydrolysis. Hydrolysis of pretreated corn stover was conducted at
8.5% total solids level.
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also for the combined pretreatment and hydrolysis
processes (Figure 3b). The effect of alkali solution concen-
tration is shown in Figure 4. Essentially, the enzymatic
digestibility of the corn stover correlates better with
biomass alkali loading than with alkali solution concen-
tration. Glucose/xylose concentrations in the hydrolysate
increased as the alkali charge on dry corn stover increased
(Figure 3). On the other hand, no correlation can be
established between glucan/xylan conversion and NaOH
solution concentration (Figure 4).

Among the three fractions that constitute lignocellulosic
materials, cellulose is relatively stable under alkaline
conditions due to its high degree of polymerization and
high crystallinity. However, hemicellulose is more labile
and a significant loss of hemicellulose can occur as a
consequence of the dissolution and peeling of undissolved
polysaccharides. In addition, alkaline saponification of
acetyl and uronic ester groups in hemicellulose proceeds
readily and contributes significantly to their partial
crystallization [31]. The major reactions that lead to the
removal of lignin are the cleavage of a- and p- ether
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*
80% ”0. . M
70% u
60% W L
50%

40%
30% B xylan

@ glucan

Hydrolysis yield (%)
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& o0%

10%

0%

0 50 100 150

NaOH concentration in pretreatment liquor (g/L)

Figure 4 Relationship between alkali solution concentration
and (a) glucan and xylan conversion in hydrolysis and (b)
glucan and xylan conversion for the combined processes of
pretreatment and hydrolysis. Hydrolysis of pretreated corn stover
was conducted at 8.5 % total solids level.
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bonds in phenolic units and of - ether linkages in non-
phenolic units. In these reactions, NaOH participates in
the ionization of C1 and/or C2 hydroxyl groups on
monosaccharide rings, free phenolic hydroxyl groups, and
hydroxyl groups at a- or y- position in lignin monomers.
Because NaOH is consumed as these reactions proceed
[20], it stands to reason that NaOH loading on dry corn
stover is more crucial in determining substrate digestibility
than is alkali solution concentration. Based on this study, it
can also be concluded that a reduction in chemical
consumption is unlikely to be realized simply by increasing
the solids loading in the pretreatment reactor.

Potential of alkaline pretreatment technology

Alkaline pretreatment has a unique application in many
integrated biorefineries where value added products,
other than ethanol, are produced from lignocellulosics.
The advantage of this pretreatment technology lies in
the fact that it would create a washed clean substrate
which is highly digestible and rich in cellulose and xylan.
After enzymatic hydrolysis, a relatively clean sugar
stream (both xylose and glucose) could be obtained at
reasonably high yield and economically relevant enzyme
dose. For processes that are highly sensitive to impurities
(inhibitors, salts), alkaline pretreatment is certainly a
better choice.

Since alkali loading is the most crucial parameter
affecting hydrolysis efficiency and alkali loading on dry
biomass governs the digestibility of pretreated corn stover,
chemical cost becomes one of the major components of
the operating cost as well as total capital investment. For a
biomass-to-ethanol plant that has a capacity of 50 million
gallons of ethanol per year (processing 2,205 dry ton corn
stover per day) [32], approximately 176 tons of NaOH is
required per day for pretreatment given the fact that 0.08 g
NaOH/g corn stover is needed to reach satisfactory glucan
and xylan conversions. The black liquor generated during
alkaline pretreatment has to be treated before it can be
recycled or released to the environment. Spent chemicals
from alkaline processes can be separated from biomass by
washing and regenerated through well-established lime kiln
technology. The black liquor is concentrated in evaporators
to form concentrated black liquor (65-80% solids) which
can then be combusted in a recovery boiler to generate
sodium carbonate from inorganic sodium. The sodium
carbonate salt is subsequently dissolved in water and sent
to a causticizing plant to regenerate NaOH by contact with
slaked lime. The resulting calcium carbonate is filtered off
and returned to a lime kiln where burnt lime is produced,
slaked and returned to the causticizer [33,34]. The
estimated capital cost of such a chemical recovery system
is approximately $121.7-242.1 million [35,36]. Depending
on the system installed, this cost may exceed the total
equipment cost ($232 million) proposed by the National
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Renewable Energy Laboratory for a lignocellulosic ethanol
plant using dilute acid pretreatment [32]. Therefore, from
an economic point of view, an alkali-based biorefinery is
less economically attractive unless the cost of chemical
recovery can be significantly reduced or, alternatively,
low cost recovery systems can be identified and com-
mercialized. A great opportunity to implement alkaline
pretreatment process while significantly reducing capital
investment would be the repurposing of existing Kraft
paper mills to bioethanol plants [37]. Repurposing can
take advantage of proven manufacturing infrastructure,
existing skilled operating personnel, and an established
biomass supply chain [38]. Another possibility would be to
co-locate bio-ethanol plants with existing pulp mills that
have excess capacity in their chemical recovery systems,
such that black liquor produced from pretreatment could
be regenerated by nearby pulp mills. However, a thorough
energy and economic assessment of a given integrated
biorefinery processes is still needed to determine its
economical feasibility and to establish the most appropriate
operating conditions.

Conclusions

The effect of pretreatment parameters on enzymatic
hydrolysis of corn stover was investigated. It was concluded
that the NaOH loading is the most dominant variable
for enzymatic digestibility. Although alkali concentration
(g NaOH/g pretreatment liquid) has been widely used as
an indication of alkali strength in the literature, the
experimental results suggest that alkali loading based
on total solids (g NaOH/g dry biomass) governs the
pretreatment efficiency. Supplementing cellulase with
accessory enzymes such as a-arabinofuranosidases and
B-xylosidase significantly improved the conversion of
the hemicellulose by 6—-17%. High chemical consumption
can be one of the major hurdles for the commercialization
of a biorefinery using alkaline pretreatment technology.
However, repurposing or co-locating biorefinery with a
paper mill can be a strategy to lower the operating cost as
well as total capital investment.
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