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Enzymatic hydrolysis of pretreated soybean straw
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Abstract
In order to produce lactic acid, from agricultural residues such as soybean straw, which is a raw material for biodegradable plastic
production, it is necessary to decompose the soybean straw into soluble sugars. Enzymatic hydrolysis is one of the methods in common
use, while pretreatment is the effective way to increase the hydrolysis rate. The optimal conditions of pretreatment using ammonia and
enzymatic hydrolysis of soybean straw were determined. Compared with the untreated straw, cellulose in straw pretreated by ammonia
liquor (10%) soaking for 24 h at room temperature increased 70.27%, whereas hemicellulose and lignin in pretreated straw decreased to
41.45% and 30.16%, respectively.
The results of infrared spectra (IR), scanning electron microscope (SEM) and X-ray diffraction (XRD) analysis also showed that the
structure and the surface of the straw were changed through pretreatment that is in favor of the following enzymatic hydrolysis.
maximum enzymatic hydrolysis rate of 51.22% was achieved at a substrate concentration of 5% (w/v) at 50 1C and pH 4.8 using cellulase
(50 fpu/g of substrate) for 36 h.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Materials including lignocellulosic such as agricultural
residues, food processing wastes, wood, municipal solid
wastes and wastes from pulp and paper industry are
considered as low cost and abundant raw materials for
bioconversion into sugars which can be fermented to lactic
acid [1–3].
In lignocellulosic materials cellulose, a liner polymer
of glucose is associated with hemicellulose and surrounded
by lignin seal. Lignin, a complex three-dimensional (3D)
polyaromatic matrix prevents enzymes from accessing
some regions of the cellulose polymers. Crystallinity of
the cellulose further impedes enzymatic hydrolysis [4,5].
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The pretreatment of lignocellulosics is primarily employed to increase the accessible surface area of cellulose to
enhance the conversion of cellulose to glucose. Ammonia
has a number of desirable characteristics as a pretreatment
reagent. It has high selectivity for reacting with lignin
compared with other carbohydrates. Its high volatility
makes it ease to recover and reuse. The common methods
for degradation of cellulose to glucose are acid hydrolysis
and enzymatic hydrolysis. Enzymatic hydrolysis can not
only economize energy on account of the relatively mild
reaction conditions, but also avoid using toxic and
corrosive chemicals. Some lignocellulosic materials like
wheat straw, wastepaper, etc., have been used for lactic
acid production [6,7], but there is no report to the best of
our knowledge on utilization of soybean straws for lactic
acid production.
Soybean is widely cultivated in many areas and the
production of soybean straw was 25 million tons in
China in 2000 [8]. The large quantity of soybean straws
annually cannot be used effectively and are generally burnt
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in the ﬁelds causing environmental pollution. Therefore,
soybean straws, as lignocellulosics, afford a renewable and
low-cost raw material for the production of fermentable
sugars.
In order to produce lactic acid, from soybean straw
including fermentable sugars, which is a raw material for
biodegradable plastic production [2,3,9], the optimal
conditions of pretreatment using ammonia and enzymatic
hydrolysis of soybean straw were determined. Changes in
chemical characteristics, physical properties and cellulose
microstructure for pretreated soybean straw were also
observed.

2. Materials and methods
2.1. Materials
Soybean straw used in the present study was supplied by
the Environmental Engineering Laboratory of Harbin
Institute of Technology. It was smashed to 140 mesh
and was used in experiments. The initial composition of
soybean straw was determined to be 24.99% cellulose,
11.91% hemicellulose and 17.64% lignin.
a-cellulose was purchased from Sigma Company. Cellulase was obtained from the Wuxi Company of enzyme
making of China. Its ﬁlter enzyme activity was 126
FPU/mL.
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calculated according to the following formula [10]:
Hydrolysis rate ð%Þ
Reducing sugar  0:9
¼
 100
Cellulose þ hemicellulose ðin substrateÞ

2.4. Analytical methods
Filter-paper activity (FPA) of cellulase was measured
according to the standard procedure recommended by the
Commission Biotechnology, IUPAC [11] and expressed in
ﬁler paper units (FPU).One unit of enzyme was deﬁned as
the amount of enzyme capable of producing 1 mmole of
reducing sugars in 1 min.
Cellulose, hemicellulose and lignin content were determined according to the procedures of Goering and Van
Soest [12]. Reducing sugars were determined by the DNS
method [13].
Crystallinity of the soybean straw was determined by
X-ray diffraction (XRD) using a diffractometer (Rigooku
DMAX-RB) operated at 45 kV and 50 mA. The samples
were scanned at 11/min from 2y ¼ 101 to 301. Infrared
spectra were measured by a AVATAR60 FT-IR spectrometry. The microscope pictures of the samples (scanning
electron microscope (SEM)) were taken by a HITACHI
S-570 SEM.
3. Results and discussion

Powdered soybean straw was pretreated by ammonia
before enzymatic hydrolysis. Ammonia liquor (2–20%)
pretreatment of the straw was carried out in a ﬂask at room
temperature for 0–40 h. Solid:liquid ratio was maintained
at 0.1 g/ml. Solid was recovered by ﬁltration and then
washed repeatedly with distilled water until the wash water
turned to pH 7.0. Subsequently this straw was dried at
70 1C to have constant weight in oven. The pretreated
straw was used as the substrate for enzymatic hydrolysis.

2.3. Enzymatic hydrolysis
The pretreated straw was hydrolyzed using cellulase in
stoppered Erlenmeyer ﬂasks. The hydrolysis was performed in 0.1 M citrate buffer (pH 4.8) at 150 rpm at
50 1C for 36 h under shaking. To determine the effectiveness of different factors such as pretreatments, substrate
concentration, temperature and time of enzymatic hydrolysis, enzyme to substrate ratio was maintained at 30 FPU/
g of substrate. The effect of substrate concentration
(2–20% w/v), enzyme loading (5–70 FPU/g substrate),
temperature (40–55 1C) and hydrolysis time (6–48 h) on
enzymatic hydrolysis of soybean straw was also studied.
The percentage of hydrolysis of soybean straws was

3.1. Pretreatment of soybean straw by ammonia liquor and
smash
Figs. 1–3 show, respectively, the effect of ammonia
liquor concentrations (2–20% w/v), pretreated time
(0–40 h) and smash size on the enzymatic hydrolysis of
soybean straw. When soybean straw was milled to pass
through 140 mesh size and pretreated by ammonia liquor
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Fig. 1. Effect of ammonia liquar concentration on the enzymatic
hydrolysis of soybean straw. Enzyme loading 30 FPU/g, substrate
concentration 5%(w/v), pH 4.8, temperature 50 1C, pretreated time 36 h.
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3.3. Physical properties and cellulose microstructure of
pretreated soybean straw
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Fig. 2. Effect of ammonia liquar pretreated time on the enzymatic
hydrolysis of soybean straw. Enzyme loading 30 FPU/g, substrate
concentration 5% (w/v), pH 4.8, temperature 50 1C, ammonia liquor
concentration 10%.
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The chemical composition was not the sole factor
inﬂuencing the enzymatic hydrolysis. Physical properties
and cellulose microstructure were among the potential
factors inﬂuencing enzymatic hydrolysis. One frequently
cited property was soybean straw crystallinity. The XRD
of pretreated, untreated soybean straw and a-cellulose was
measured (Fig. 4), showing that crystallinity of soybean
straw actually decreased with time development of
ammonia liquor pretreatment. The content of cellulose
increased due to partly removal of lignin and hemicellulose.
Infrared spectroscopy is frequently used for investigating
the structure of constituents and chemical changes in
lignocellulosic materials. Pandey [21] reported speciﬁc
band positions of each constituent in his study of chemical
structure of wood. Soybean straw, being a grass species,
has two types of lignin (guaiacyl and syringyl lignin).According to the report, the lignin characteristic peaks were
observed at 1238 cm1 (C–O of guaiacyl ring), 1315 cm1
(C–O of syringyl ring), and 1504–1630 cm1 (aromatic
skeletal vibration). The FTIR spectra of two pretreated
samples and untreated soybean straw are shown in Fig. 5.
The band intensities at all lignin peaks (1504–1630 cm1) of
the untreated sample were higher than those of all
pretreated samples. This again proves the deligniﬁcation
effect of the ammonia liquor pretreatment.
Because a large fraction of hemicellulose and lignin was
removed by pretreatment, there was some physical changes
in the straw. For this reason, SEM pictures of pretreated
and untreated soybean straw were produced (Figs. 6
and 7). The untreated soybean straw exhibited rigid and
highly ordered ﬁbrils, while the ﬁbers of pretreated samples
by ammonia liquor were distorted. The microﬁbrils were
also separated from the initial connected structure and
fully exposed, thus increasing the external surface area and
the porosity.

Fig. 3. Effect of different smash size on the enzymatic hydrolysis of
soybean straw. Enzyme loading 30 FPU/g, substrate concentration 5%
(w/v), pH 4.8, temperature 50 1C, ammonia liquar concentration 10%,
pretreated time 36 h.
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at 10% concentration for 24 h at room temperature, the
hydrolysis effect was best.
3.2. Chemical characteristics of pretreated soybean straw
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Optimally pretreated soybean straw has been analyzed
for chemical components. Pretreated soybean straw contains 42.55% cellulose, 6.97% hemicellulose and 12.32%
lignin. Therefore, compared with the chemical components
in the untreated straw, it is clear that pretreatment
increased cellulose 70.27%, and decreased hemicellulose
and lignin 41.45% and 30.16%, respectively.
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Fig. 4. FTIR spectra of ammonia liquor pretreated soybean straw.
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3.4. Enzymatic hydrolysis

1 - untreated
2 - pretreated 6h

Enzymatic hydrolysis of pretreated soybean straw was
carried out by cellulase. The various parameters such as
hydrolysis time, substrate concentration, temperature and
enzyme loading were optimized to achieve maximum
hydrolysis rate of the pretreated soybean straw.
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Fig. 5. The XRD diagram of ammonia liquor pretreated soybean straw.

3.4.1. Effect of time on the enzymatic hydrolysis
The hydrolysis of pretreated soybean straw was carried
out at a range of 6–48 h and the results are presented in
Fig. 8. The hydrolysis of soybean straw yielded 437.2 mg
reducing sugars per gram cellulose and hemicellulose for
36 h, i.e., hydrolysis rate was 44%. The reducing sugars
as well as percent hydrolysis rate decreased as soon as
prolong the time after optimum. This behavior might due
to the inhibition of the enzyme action by the accumulated
hydrolysis products [14].
3.4.2. Effect of substrate concentration on the enzymatic
hydrolysis
The results of the effect of substrate concentration
(2–20%w/v) on enzymatic hydrolysis were shown in Fig. 9.
The hydrolysis rate increased up to substrate concentration
of 5%. Maximum hydrolysis rate of 43.73% was achieved
at substrate concentration of 5%. Further increase in the
substrate concentration decelerated the rate of hydrolysis.
Stirring difﬁculties, reduction of the aqueous movable
phase and end product inhibition might hinder the
enzymatic hydrolysis at higher substrate concentration
[14,15].

Fig. 6. SEM photograph of untreated soybean straw.

3.4.3. Effect of temperature on the enzymatic hydrolysis
The hydrolysis of pretreated soybean straw was carried
out at temperature ranging from 40 to 55 1C (Fig. 10). The
initial hydrolysis rate increased with enhancing temperature, and maximum hydrolysis rate was observed at 50 1C.
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Fig. 7. SEM photograph of pretreated soybean straw.
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Fig. 8. Effect of hydrolysis time on the enzymatic hydrolysis. Enzyme
loading 30 FPU/g, substrate concentration 5% (w/v), temperature 50 1C,
pH 4.8.
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Fig. 9. Effect of substrate concentration on the enzymatic hydrolysis.
Enzyme loading 30 FPU/g, temperature 50 1C, pH 4.8, time 36 h.
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Fig. 11. The effect of enzyme loading on the enzymatic hydrolysis.
Substrate concentration 5% (w/v), temperature 50 1C, pH 4.8, time 36 h.

4. Summary and conclusions
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Fig. 10. Effect of temperature on the enzymatic hydrolysis. Enzyme
loading 30 FPU/g, substrate concentration 5% (w/v), pH 4.8, time 36 h.

Then hydrolysis rate decreased when temperatures exceeded 50 1C. This result could be attributed to the thermal
inactivation of endoglucanase I and cellobiohydrolase I
[16,17]. The temperature of 50 1C was also found to be
optimum for enzymatic hydrolysis of different lignocellulosic materials [15,18–20]).
3.4.4. Effect of enzyme loading on the enzymatic hydrolysis
The effect of cellulase loading (5–70 FPU/g of substrate)
on the hydrolysis of pretreated soybean straw had been
studied and the results were presented in Fig. 11. The rate
of hydrolysis increased with increase in the enzyme loading.
Maximum hydrolysis rate (51.22%) was observed at the
enzyme loading 50 FPU/g substrate. Slow decrease in
reducing sugars afterwards might be due to the less
adsorption efﬁciency for higher enzyme loading than for
diluted ones or saturation of the cellulose surface with
enzyme [10,18].

This study examined the effects of ammonia liquor
pretreatment on the enzymatic hydrolysis. Among the
conditions employed, the optimum condition of the
pretreatment was that soybean straw smashed (140 mesh)
was soaked in ammonia liquor (10%) for 24 h at room
temperature. Compared with the untreated straw, cellulose
in pretreated straw increased 70.27%, while hemicellulose
and lignin decreased 41.45% and 30.16%, respectively. The
result of FTIR analysis also conﬁrmed that lignin was
partly removed by ammonia liquor pretreatment. The
SEM pictures indicated that the straw structure was
deformed and ﬁbers exposed by the pretreatment. The
XRD spectra showed decrease of crystallinity with increase
of pretreated time, in favor of following enzymic hydrolysis. Furthermore, in order to increase hydrolysis rate of
soybean straw, the inﬂuence factors during the enzymic
hydrolysis of soybean straw had been studied. The
optimum hydrolysis of soybean straw was that the 5%
(w/v) pretreated soybean straw was treated with cellulase
of 50 FPU/g of substrate at 50 1C and pH 4.8 for
36 h. When pretreatment and hydrolysis as prescribed,
the hydrolysis rate was 51.22%. The higher hydrolysis
rate also indicated that ammonia liquor pretreatment
is effective for improving the enzymic hydrolysis of
soybean straw. The factor of the hydrolysis after ammonia
liquor pretreatment depends on the enzyme loading.
Future work will focus on increasing the efﬁciency of the
enzymes.
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