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Pretreatment of Corn Stover for Sugar Production by a
Two-Step Process using Dilute Hydrochloric Acid
Followed by Aqueous Ammonia
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A novel two-step process for pretreatment of corn stover was investigated
with the goal of increasing sugar recovery and decreasing the capital cost.
In the process, corn stover was first treated with dilute hydrochloric acid to
maximize xylan recovery, and then the residue was treated with aqueous
ammonia to alter the lignin structure and swell the cellulose surface. The
optimal conditions were 110 °C and 40 min for 1% dilute hydrochloric acid
pretreatment with a liquid to solid ratio of 10:1 followed by aqueous
ammonia pretreatment at 37% NHs, 130 °C, 30 min, and liquid to solid
ratio of 6:1. Under these pretreatment conditions, the glucan and xylan
recoveries were 83.2% and 97.3%, respectively, with cellulase dosage at
15 FPU/g of substrate. When the cellulase dosage was decreased from
15 FPU/g to 10 FPU/g of substrate, the glucan recovery only dropped to
70%, while the xylan recovery remained high at 95.1%. The results show
that this two-step pretreatment was effective for achieving high sugar
recovery from corn stover by enzymatic hydrolysis.
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INTRODUCTION

Lignocellulose is a promising alternative energy source due to its availability and
renewability, and as such it has attracted much attention all around the world.
Lignocellulose biomass (Warsamem and Danielsson 2012) such as agricultural waste,
woods, and herbage, can be used to produce monosaccharides by hydrolysis. On this basis,
a sugar platform can be established to produce a variety of liquid fuels or other high-valued
chemicals. In general, it is difficult for enzymes to degrade cellulose within lignocellulose
biomass without any pretreatment due to the recalcitrance formed by the cross-linked lignin
and the rigid cellulose structure (da Costa Sousa et al. 2009). In order to improve the
enzymatic hydrolysis efficiency, biomass must be pretreated before hydrolysis (Yu et al.
2011). Extensive research studies on biomass pretreatment have been done during the past
several decades (Nlewem and Thrash 2010; Agbor et al. 2011), such as steam explosion
pretreatment (Ohgren et al. 2007; Chang et al. 2012), liquid hot water pretreatment (Mosier
et al. 2005; Lee et al. 2009), dilute acid pretreatment (Weiss et al. 2010; Redding et al.
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2011), alkaline pretreatment (Mclintosh and Vancov 2011; Wang et al. 2010; Sills and
Gossett 2011; Jin et al. 2010; Wu et al. 2010), and ionic liquid pretreatment (Dadi et al.
2006; Shill et al. 2011).

Different pretreatment methods have different effects on the properties of the
substrate. Among various pretreatments, dilute acid and alkaline pretreatments are
considered more efficient than others and have been extensively studied (MclIntosh and
Vancov 2011; Chen et al. 2012). Dilute acid, including sulfuric acid, hydrochloric acid,
and other acids (Qin et al. 2012; Wei et al. 2012), works by mainly hydrolyzing the
hemicelluloses and effectively recovering sugars from the hemicelluloses. The porosity of
biomass can be increased after the removal of hemicelluloses, which makes it easier for the
enzyme to access the remaining cellulose. However, acid pretreatment has little effect on
lignin removal, which normally has a negative impact on enzyme hydrolysis. Alkalis, such
as sodium hydroxide, calcium hydroxide, and ammonia, are effective for delignification,
which makes cellulose more accessible to enzymes as well. The ammonia recycle
percolation (ARP) process (Kim et al. 2003), as an alkaline pretreatment, is considered an
effective method and has already been further investigated. Ammonia can swell cellulosic
materials, remove lignin, and has little interaction with carbohydrates, which can be easily
separated (Kim et al. 2003). Like all other alkaline pretreatment processes, the ARP
process can improve glucan recovery, but hemicelluloses are also partially solubilized and
their utilization requires further precipitation and separation of lignin (Mclntosh and
Vancov 2010). In order to improve total sugar recovery, a two-step biomass pretreatment
method (Kim 2011) using sulfuric acid and ammonium hydroxide has been explored. In
this method, sugars from hemicellulose are recovered with high efficiency by acid
hydrolysis, and glucan is recovered as glucose in the subsequent enzymatic hydrolysis.

A number of pretreatment approaches have been studied over a wide range of raw
materials. However, production of liquid fuels or high-valued chemicals from
lignocellulose has not become an industrial success because of the high cost of enzyme.
Any new process that can increase sugar recovery with low enzyme loading will be a
promising alternative. In this study, a novel two-step process was investigated as to its
effects on sugar recovery from corn stover. The raw material was pretreated by dilute
hydrochloric acid in the first step with an attempt to maximize xylan recovery. Compared
with dilute sulfuric acid, when dilute hydrochloric acid is used for hydrolysis, a relatively
low pretreatment temperature is needed (Bustos et al. 2003; Li et al. 2008), resulting in
lower contents of some inhibitory products such as HMF and furfural (Lee et al. 2013).
The CI- could be recycled in this way: xylose in hydrolysate could be converted to furfural
in biphasic system; thus dilute hydrochloric acid could be reused after the organic phase
was removed.

Aqueous ammonia was used in the second step to further alter lignin structure and
swell the internal surface of cellulose. Although aqueous ammonia is considered a weak
base, sugar recovery could be significantly improved under appropriate conditions.
Meanwhile, ammonia can be easily separated by evaporation. The enzymatic hydrolysis
was carried out to test the impact of the two-step pretreatment on sugar recovery of
pretreated corn stover. Different reaction temperatures, residence times, and enzyme
dosages were investigated. SEM images, crystal face indices, and degree of polymerization
were used to characterize the features of corn stover in the two-step pretreatment. To make
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a comparison, four different pretreatment methods with diverse chemical reagents
(ammonia aqueous, dilute hydrochloric acid, mixture of ammonia aqueous and ethanol,
and dilute hydrochloric acid followed by aqueous ammonia) were investigated.

METHODS

Materials

Corn stover was obtained from the northern Anhui Province of China. The biomass
was smashed and put through a 40-mesh screen. After cleaning the surface clay by washing
with deionized water, the solids were air dried and then stored in sealed plastic bucket at
room temperature.

Two-step Pretreatment of Corn Stover

In the first step, 7 g of dried biomass and 70 mL of 1.0% dilute hydrochloric acid
were mixed and reacted in a 100 mL batch reactor with agitation. The reaction temperature
(T) (110 °C) and the liquid to solid ratio (L: S) (10:1) were fixed, whereas different reaction
times (20, 30, 40, 50, and 60 min) were investigated. It took about 30 min to reach 110 °C,
and then the reaction was kept at this temperature for the different reaction times. After
pretreatment, the reactor was separated from the heating jacket and cooled down with
circulating water immediately. The pretreated biomass slurry was then filtered to separate
liquid from solids. The hydrolysate was collected to determine the amount of various
sugars by HPLC. The optimal conditions were selected based on xylan recovery and
temporal content of products. The solid phase from the optimal conditions was used for the
second step treatment with aqueous ammonia.

In the second step, the biomass pretreated by dilute hydrochloric acid was washed
with distilled water to rinse away the residual acid, and then the wet biomass was further
pretreated with aqueous ammonia in a 100 mL batch reactor with agitation. The liquid to
solid ratio (6:1) and reaction time (30 min) were kept unchanged in the aqueous ammonia
pretreatment process. Different reaction temperatures (110 °C, 120 °C, 130 °C, 140 °C, and
150 °C) were utilized to explore the effect of the second step pretreatment temperature on
the subsequent enzyme hydrolysis. After pretreatment, the solid residue was recovered by
filtration under vacuum and washed with 500 mL of distilled water to remove excess
ammonia, soluble lignin, and other byproducts.

Enzymatic Hydrolysis

Celluclast 1.5 L (cellulase complex, produced by Trichoderma reesei) and
Novozyme 188 (B-glucosidase, produced by Aspergillus niger) were kindly donated by
Novozymes (China) Investment Co, Ltd. The enzyme activities were determined to be 74.5
filter paper units (FPU)/mL (expressed as micromoles of glucose produced per minute,
with filter paper as substrate) and 261.4 cellobiose units (CBU)/mL (expressed as
micromoles of cellobiose that is converted to glucose per minute, with cellobiose as a
substrate) for Celluclast 1.5 L and Novozyme 188, respectively (Ghose 1987).

Wet pretreated sample (0.2 g dry biomass) was mixed with a specific amount of
0.05 M sodium acetate buffer (pH 4.8), and the mass concentration of substrate was 5%.
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Cellulase (5, 10, and 15 FPU per gram substrate) and B-glucosidase (20 CBU per gram
substrate) were added into the mixture. The enzymatic hydrolysis was performed in a
shaking incubator at 50 °C and 120 rpm. After 72 h hydrolysis, the hydrolysate was
collected by centrifugation and analyzed for sugar concentration using HPLC. Each
enzymatic hydrolysis was carried out in duplicate.

Analysis Methods
Composition analysis of raw and pretreated biomass

The solid samples were analyzed for total solids, ash, carbohydrates, and acid-
insoluble lignin in the raw and the pretreated biomass according to the Laboratory
Analytical Procedures (LAP) established by National Renewable Energy Laboratory
(NREL) (Sluiter et al. 2005, 2008).

Sugar analysis

Sugars were determined by a high-performance liquid chromatography (HPLC)
system equipped with SHODEX SP 0810 column (8300 mm; Shodex, Tokyo) and
differential refractive index detector (Waters 2414, USA). The sugars used for calculating
the final sugar recovery included two parts (from both dilute acid hydrolysis and enzymatic
hydrolysis). The recoveries of glucan and xylan were calculated as follows:

Glucan recovery = [(grams of glucose produced in the hydrolyzate) x 0.9]
/ (grams of glucan in raw biomass) (1)

Xylan recovery = [(grams of xylose produced in the hydrolyzate) x 0.88]
/ (grams of xylan in raw biomass) 2

Scanning electron microscopy (SEM)

SEM pictures of untreated and two-step pretreated corn stover were taken at a
magnification of 1000 times and 20 kV. In order to maintain their original structures,
untreated and two-step pretreated corn stover samples were freeze-dried before observation
through SEM. All samples were sputter-coated with a thin layer of gold before pictures
were taken.

Indices of crystal face

Wide angle X-ray diffraction (WAXD) was used to measure the crystal face indices
of untreated, dilute hydrochloric acid pretreated, and two-stage pretreated corn stover (after
freeze-dried). Samples were scanned in a range from 5° to 40° using an X'pert
diffractometer (Philips). The crystal face indices of all samples were analyzed by using X-
ray diffraction technique and Rietveld refinement method (Daymond et al. 1997; Wilson
et al. 1999).

Porosity

The porosity of untreated, dilute hydrochloric acid pretreated, and two-step
pretreated corn stover was measured. Specific surface area (SSA) was calculated by N>
adsorption/desorption isotherms using the Brunauer—Emmett—Teller (BET) method on a
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Tristar 11 3020M instrument from Micrometritics. Total volume of pores was determined
by a single point adsorption total pore volume of pores with a pressure ratio (P/Po) at 0.974.

Degree of polymerization

Due to the presence of lignin in untreated and pretreated corn stover, the solids
could not be completely dissolved in 0.5 M copper diethylene amine solution. On the other
hand, further delignification could result in undesired effect on the average degree of
polymerization (DPv) of cellulose. The method reported by Kumar et al. (2009) was used
to determine the cellulose DPv by assuming that both soluble and insoluble fractions had
similar compositions. A small amount of dried and pulverized powder of untreated and
pretreated corn stover was used to minimize the lignin effect on viscosity. After a mixing
time of about 30 min, the insoluble fraction was filtered out from the solution and weighed.
The solution was then used to determine the intrinsic viscosity (dl/g) according to ASTM
standard D 1795 (ASTM 1986).

The DPv can be calculated according to a relation after the intrinsic viscosity was
determined,

111
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where n is the intrinsic viscosity (cm®/g), and H and G are the mass fractions of
hemicellulose (mainly xylan) and glucan, respectively.

RESULTS AND DISCUSSION

Sugar Recovery for Different Pretreatment Methods

The initial compositions of raw biomass were as follows: 39.6% glucan, 19.5%
xylan, 2.0% arabinan, 1.2% galactan, 19.1% acid-insoluble lignin, 3.1% ash, and 15.5%
other components. Figure 1 shows the sugar recovery (the recovery of glucan and xylan)
using different pretreatments. In these five-group experiments, the same enzymatic
hydrolysis conditions were adopted: 15 FPU cellulase and 20 CBU B-glucosidase per gram
of substrate, 50 °C, and 72 h. The experimental data (Fig. 1) suggest that the sugar recovery
from corn stover with aqueous ammonia pretreatment was much higher than that from the
untreated sample. Compared with agueous ammonia pretreatment, the addition of ethanol
had no effect on improving sugar recovery. In the aqueous ammonia pretreatment process,
the xylan recovery was only about 33.7%. It is generally believed that much of the sugars
from hemicelluloses are damaged by aqueous ammonia and could not be recovered. The
low content of hemicelluloses in the pretreated materials leads to the low xylan recovery.
The xylan recovery using dilute hydrochloric acid pretreatment was high (the xylan
recovery was 92.3%), but the glucan recovery was comparatively low (the glucan recovery
was 70.5%). After a two-step pretreatment by dilute hydrochloric acid followed by aqueous
ammonia, the sugar recovery increased significantly (the glucan recovery was 80.6%, the
xylan recovery was 92.7%). With respect to the dilute hydrochloric acid pretreatment, a
slight increase of sugar recovery was observed by the two-step pretreatment. The two-step
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pretreatment method was shown to be a more effective method than single-step
pretreatment using either chemical (dilute hydrochloric acid or aqueous ammonia) for
improving sugar recovery.
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Fig. 1. Sugar recovery (glucan and xylan) by different pretreatment methods: (a)Untreated; (b)
Pretreated by aqueous ammonia: T-110 °C, t-30 min, L:S-6:1; (c) Pretreated by aqueous
ammonia and ethanol: T-110 °C, t-30 min, L: S-6:1,Vaqueous ammonia :Vethona-5:1; (d) Pretreated by
dilute hydrochloric acid: T-110 °C, t-30 min, L:S-10:1; (e) Pretreated by acid and ammonia
aqueous: HCl treatment: T-110 °C, t-30min, L:S-10:1; Alkali treatment:T-110 °C, t-30 min, L:S-
6:1.

Effect of Acid Hydrolysis Time on Sugar Recovery

Sugar recovery results for pretreated corn stover at different acid hydrolysis times
are shown in Table 1. The experiments were operated at these conditions: HCI treatment
step (1.0 % dilute hydrochloric acid based on the weight of acid solution, T of 110 °C, L:S
of 10:1, reaction time of 20, 30, 40, 50, and 60 min); Alkali treatment (37.0% aqueous
ammonia, T of 110 °C, time of 30 min, L:S of 6:1); Enzymatic hydrolysis conditions were
15 FPU/g cellulase and 20 CBU B-glucosidase per gram of substrate, 50 °C,72 h.

As can be seen from Table 1, the xylan recovery increase depended on the acid
hydrolysis time, and it reached 94.0% and 97.1% at 40 min and 60 min, respectively. Most
of the xylan was recovered as xylose in the acid hydrolysate, and only a little was obtained
from the enzymatic hydrolysate. It was shown that much of the hemicelluloses was
hydrolyzed by dilute hydrochloric acid, which made it easier for cellulase to absorb on
cellulose. However, very little glucan was recovered from the first step pretreatment (dilute
acid hydrolysis), which indicated that cellulose was not significantly hydrolyzed by dilute
hydrochloric acid under these conditions. Table 1 shows that the glucan recovery amounts
derived from enzymatic hydrolysate at different acidolysis time were not significantly
different, and the total glucan recovery at different time also showed no big difference (the
maximum discrepancy was only 4.4% difference from the 78.7% to 74.3%). It is not
beneficial to increase the glucan recovery by changing the acid pretreatment condition in
this two-step pretreatment method. In order to improve glucan recovery, the aqueous
ammonia pretreatment step deserved to be studied. Based on the recovery of both glucan
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and xylan, 40 min was chosen as the best acid hydrolysis time. The substrate pretreated by

dilute hydrochloric acid was washed using distilled water and used for the next step.

Table 1. Recovery of Sugar from Corn Stover Pretreated at Different Acidolysis

Times
t Glucan Xylan
(min) Acid (9) Enzymatic Total (g)* | Recovery Acid(g) Enzymatic Total (g) | Recovery
hydrolysate (9) (%) hydrolysate (9) (%)
hydrolysate hydrolysate

20 1.26 28.44 29.7 74.9 14.58 1.66 16.2 83.3
30 1.47 28.54 30.0 75.8 15.29 1.71 17.0 87.2
40 1.45 29.75 31.2 78.7 16.51 1.82 18.3 94.0
50 1.45 28.75 30.2 76.3 16.90 1.86 18.8 96.2
60 1.46 27.94 29.4 74.3 17.03 1.90 18.9 97.4

* total sugar=sugar from acid hydrolysate + sugar from enzymatic hydrolysate

Weight Calculation was based on the 100 g raw biomass

Effect of Agueous Ammonia Pretreatment Temperature on Sugar Recovery

The corn stover pretreated by diluted hydrochloric acid at the optimal condition
was used in the aqueous ammonia pretreatment step. The effect of aqueous ammonia
pretreatment temperature (110, 120, 130, 140, and 150 °C) on sugar recovery was studied,
and results are shown in Fig. 2.
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Fig. 2. Effect of aqueous ammonia pretreatment temperature (110, 120, 130, 140, and 150 °C) on
sugar recovery from corn stover after two-step pretreated: treated with dilute hydrochloric acid at

110 °C for 40 min and followed by aqueous ammonia at different temperatures for 30 min.
Enzymatic hydrolysis condition: (15 FPU cellulose and 20 CBU R-glucosidase per gram of
substrate, 50 °C, 72 h)

Initially the glucan recovery increased slightly from 78.7% to 83.2% with the
increase of temperature from 110 °C to 130 °C. However, there was a big decline (about
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18% from 83.2% to 65.7%) when the temperature reached 150 °C. A possible reason was
that more cellulose was damaged due to the peeling reaction. The same trend was also
observed for xylan. However its effect on xylan recovery was very small because most of
the xylan was recovered in the first dilute acid pretreatment step. The optimal conditions
of aqueous ammonia pretreatment were determined to be 130 °C and 30 min in terms of
glucan recovery.

Effect of Enzyme Dosage on Sugar Recovery

The effect of enzyme dosage on sugar recovery (cellulases loading of 5, 10, and 15
FPU/g of substrate supplemented with B-glucosidase 20 CBU per gram of substrate) was
investigated. The results in Fig. 3 suggest that, as opposed to a slight increase of xylan
recovery due to little xylan left in the substrate after two-step pretreatments, the glucan

recovery increased significantly when the cellulase dosage was increased from 5 FPU/g to
15 FPU/g.
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Fig. 3. Effect of cellulase dosage (cellulase loading of 5, 10, and 15 FPU/g of substrate
supplemented with B-glucosidase 20 CBU/g of substrate) on sugar recovery from corn stover
after two-step pretreatment: treated with dilute hydrochloric acid at 110 °C for 40 min and
followed by aqueous ammonia at 130 °C for 30 min.

The glucan recovery after the two-step treatment was 54.3%, 70.0%, and 83.2%
with an enzyme loading 5 FPU/g of substrate, 10 FPU/g of substrate, and 15 FPU/g of
substrate, respectively. The glucan recovery of 54.3% was relatively low with an enzyme
loading of 5 FPU/g of substrate. However, when the cellulase dosage was increased 1.5
times from 10 FPU/g of substrate to 15 FPU/g of substrate, the glucan recovery was only
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improved by 13.2% from 70% to 83.2%. Overall a glucan recovery of 70% may be
acceptable. Compared with dilute sulfuric acid, the dilute hydrochloric acid pretreatment
gave less condensed lignin (Freudenberg 1971; Sharma and Goldstein 1990), which may
make it easy for aqueous ammonia to remove the lignin in the subsequent step, resulting in
the reduced dosage of enzyme in this two-step pretreatment method.

Characterization of Raw and Pretreated Corn Stover

SEM pictures of untreated and two-step pretreated corn stover at a magnification
of 2000 are shown in Fig. 4. The pictures show that the structure of untreated corn stover
had a neat and tight structure, which might make it difficult for enzyme to absorb onto the
surface and attack the cellulose. After the two-step pretreatment, the tight structure of
lignocellulose was damaged, the microfibrils were separated from the initial connected
structure and exposed, and the surface of corn stover was swollen. This suggested that a
lot of hemicellulose and lignin were removed in the two-step pretreatment process.

AccY Mag
2040 KV, 2000%

3

AccV Magn Det WD F————— 10%im (b)
200kV 2000x SE 1256

Fig. 4. SEM images of (a) untreated corn stover, (b) corn stover pretreated with dilute
hydrochloric acid followed by aqueous ammonia (two-stage pretreated)
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The indices of crystal face of untreated, dilute hydrochloric acid pretreated, and
two-stage pretreated corn stover are shown in Fig. 5. The crystal indices were estimated in
different space groups (Nishiyama et al. 2003; Wada et al. 2006). Each peak in the diagram
was composed by several crystal faces. Before and after pretreatment, some crystal faces
and the space groups disappeared and some new crystal faces formed. In particular, the
main crystal faces and space groups were all changed after aqgueous ammonia pretreatment.
This demonstrates that the crystal structure was changed after pretreatment, which was
advantageous for hydrolysis.
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Fig. 5. The crystal face indices of untreated, dilute hydrochloric acid pretreated and two-step
pretreated corn stover

Table 2. Porosity of Untreated, HCl-pretreated, and Two-step Pretreated Corn
Stover

Untreated HCl-pretreated Two-step pretreated
SSA(m?/g) 2.66 3.40 5.02
Pore volume(cm?3/g) 0.0037 0.0140 0.0207

Porosity is one of the important factors that govern the efficiency of enzymatic
hydrolysis. With high porosity, the corn stover sample is easily attacked by enzymes. The
specific surface area (SSA) (measured by BET absorption) and pore volume of untreated,
HCl-pretreated and two-step pretreated corn stover are shown in Table 2. After two-step
pretreatment, the specific surface area was increased by nearly two times from 2.66 to
5.02(m?/g), and the total pore volume was also increased enormously from 0.0037 to
0.0207(cm?®/g). This may be caused by the deconstruction of lignocellulose and the removal
of hemicellulose and lignin. When lignin was removed, the corn fibre became swollen. The
swelling of cellulose can increase the specific surface and pore volume. In another words,
the pretreatment method using dilute acid followed by aqueous ammonia improved the
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porosity of the biomass, resulting in improved accessibility of enzymes to cellulose, which
resulted in improved enzymatic hydrolysis.

CONCLUSIONS

A novel two-step pretreatment of corn stover using dilute hydrochloric acid
followed by agueous ammonia could effectively recover xylan and glucan as sugar after
enzymatic hydrolysis. At the optimal pretreatment conditions (110 °C and 40 min for dilute
hydrochloric acid pretreatment, 130 °C and 30 min for aqueous ammonia pretreatment),
the glucan and xylan recoveries were 83.2% and 97.3%, respectively, with cellulase dosage
of 15 FPU/g of substrate and cellobiase dosage of 20 CBU/g of substrate. When the
cellulose dosage was decreased from 15 FPU/g of substrate to 10 FPU/g of substrate, the
glucan recovery was reduced to 70%, while the xylan recovery remained high at 95.1%.
The two-step pretreatment process resulted in a substrate with a rougher deconstructed
surface, a higher porosity, and a changed crystal structure, which improved the overall
enzymatic hydrolysis. Compared with dilute hydrochloric acid, a slight increase was
observed in the two-step pretreatment. Even though the two-step process is more
complicated, the savings in expensive enzymes may justify this modification, and the scale
effect of industrialization can cut down the overall cost.
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