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Abstract
Wheat straws (WS) were pretreated by a two-step pretreatment for enhanced enzymatic hydrolysis. The raw wheat straw (RWS)
was firstly soaked in microwave-assisted NaOH solution at the presence of a mixed solution of H2O2 and hexadecyl trimethyl
ammonium chloride (HTAC), and the residue was put into methyl orange (MO) solution to obtain the final substrate for
enzymatic hydrolysis. It was interesting to find that the WS after the first step of the pretreatment could effectively remove
MO in the second step of the pretreatment with the highest removal efficiency of 98.86% at theMO concentration of 25mg/L and
at the adsorbent-adsorbate ratio of 0.8%. Meanwhile, the enzymatic hydrolysis efficiency of the WS that was pretreated by the
two steps was higher than that of the RWS as well as the first-step-pretreated WS. Enzymatic hydrolysis experiment showed that
the glucose concentration after 48-h hydrolysis was 4.85 g/L at the solid loading of 5%, compared with the RWS of 0.90 g/L and
the first-step-pretreatedWS of 4.33 g/L. This suggested that the two-step pretreatment method could not onlymakeWS as a good
adsorbent but also a more biodegradable lignocellulosic material. Characterization analysis showed that the specific surface area
and the cellulose content of the WS were both increased after the two-step pretreatment, indicating that the pretreatment method
was significant to properly utilizing WS as biosorbent and biofuel. Besides, a possible mechanism for the effect of the pretreat-
ment on the WS was proposed.
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Introduction

The increasing consumption of fossil fuels in recent years has
urged people to find other suitable substitutes which are
greener, cheaper, and abundant. Biofuels such as bioethanol,
biogas, and biodiesel are such promising new energy that can
meet the standard of sustainable development of the

environment (Pant et al. 2012). China as a great agricultural
country in the world produces a large amount of crop residues
every year, and approximately 135 million tons of wheat
straws are annually generated, making wheat straw an abun-
dant and available biomass resource to be utilized (Zeng et al.
2007). Studies show that agricultural wastes can be used as
adsorbents to remove dyes from wastewater, because they
contain many active functional groups such as hydroxyl and
carboxyl. However, using raw agricultural residues as adsor-
bents directly obtains very low adsorption capacity, so proper
pretreatment methods are rather necessary to improve their
adsorption capacity (Wu et al. 2017). Besides, agricultural
residues are especially abundant in lignocellulose, which
makes them potential substrates for bioethanol production
(Hassan and Shukry 2008). The production of bioethanol in-
volves two steps, the first step is to hydrolyze lignocellulose
substance into reducing sugars, and the second is to ferment
reducing sugars into bioethanol. Nevertheless, some hydroly-
sis inhibitory factors like cellulose crystallinity, surface area,
the protection by lignin and hemicellulose can all impede the
process of biomass hydrolysis (Zhao et al. 2009). Besides, the
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compact heteromatrix structure of cellulose, hemicellulose,
and lignin requires pretreatment to make them more biode-
gradable and therefore produce more fermentable sugars
(Haruta et al. 2002). General pretreatment methods used to
increase the biodegradability of biomass include physical
(steam explosion, microwaving, ultrasonication, etc.), chemi-
cal (acid/alkaline pretreatment, ionic liquid pretreatment, di-
luted inorganic acids, etc.), and biological pretreatment (fer-
mentation, degradation, etc.) and their combinations (Kim
et al. 2016; Saha and Cotta 2011). However, those methods
have some shortcomings such as high cost, low efficiency, and
probable secondary pollution (He et al. 2018; Mosier et al.
2005). Therefore, proper pretreatment methods are needed to
tackle the problem and enhance the yield of reducing sugar.

Among various agricultural wastes that are used for
biofuels production, wheat straw (WS) has drawn increasing
attention not only due to its wide availability but also because
of its higher ash content and less degree of lignifications com-
pared with woody biomass (Chen et al. 2015; Anwar et al.
2014; Saini et al. 2014). Apart from being used for biofuel
production,WS is also a common biosorbent for dyes removal
(Pan et al. 2010).

Given that using agricultural residues as effective
biosorbent and biofuel both needs pretreatment, finding suit-
able pretreatment methods to simultaneously achieve both
goals is of novelty and importance. In addition, studies on
reusing agricultural waste biosorbents for producing reducing
sugar are insufficient. In other words, pretreatments can im-
prove the efficiency of enzymatic hydrolysis and the adsorp-
tion capacity of lignocellulosic materials. Therefore, if the
modified WS could effectively remove dyes from wastewater
and then produce more reducing sugar by enzymatic hydroly-
sis, the pretreatment methods would be significant.

In this study, WS samples were pretreated by a two-step
pretreatment for higher reducing sugar yield. The objective of
the present work is to find an appropriate pretreatment method
which can achieve the dual use of wheat straw, namely as an
efficient adsorbent for dye removal and a good enzymatic
hydrolysis substrate. The effects of different pretreatment
methods were evaluated on both adsorption behavior and en-
zymatic hydrolysis of wheat straw. In addition, characteristic
analyses were performed to better understand the possible
mechanism of those pretreatment methods.

Materials and methods

Materials

Raw wheat straw (RWS) was collected from a local farm in
Zhengzhou (Henan Province, China). Before pretreatment,
RWS was cut to 1–3 cm, washed with ultrapure water until
the washings were clean, dried at 80 °C for 48 h, ground and

passed through a 100-mesh sieve, and stored in plastic
sealable bags for further use. Sodium hydrate (NaOH), hydro-
gen peroxide (H2O2, 30% w/v), methyl orange (MO,
C14H14N3SO3Na), hexadecyl trimethyl ammonium chloride
(HTAC, C19H42ClN), citric acid (CA, C6H8O7), trisodium cit-
rate dehydrate (TCD, Na3C6H5O7·2H2O), and 3,5-
dinitrosalicylic acid (DNS, C7H4N2O7) were purchased from
Sinopharm Chemical Reagent Co., Ltd. and were all analyti-
cally pure grade. The cellulase (CAS # 9012-54-8) used for
enzymatic hydrolysis was purchased from Aladdin Chemistry
Co., Ltd., and the recommended BG activity and xylanase
activity was 14 and 20 IU per gram of dry biomass, respec-
tively. Ultrapure water was used in all the experiments and all
the containers were soaked in dilute nitric acid overnight and
thoroughly washed with ultrapure water before using. All the
experiments were performed in triplicate.

The first step of the pretreatment

The first step of the pretreatment could be seen as a prepara-
tion for WS adsorbents. Two kinds of WS adsorbent were
synthesized by the following steps: (1) NHWS: adding 10 g
of RWS and 250 mL of 1.5% NaOH (w/v) into a 500-mL
Erlenmeyer flask, mixing the WS and NaOH solution evenly,
and putting it at 25 °C without mechanical agitation. After
24 h, stirring the flask for 3 h at a speed of 200 rpm, using
ultrapure water to wash theWS until its pH was neutral, oven-
drying the alkali-treated WS at 80 °C for 48 h. Taking 4 g of
the NaOH pretreated WS, mixed with 100 mL of 10% H2O2

and 300mL 2.5 mmol/LHTAC solution, magnetically stirring
with a speed of 1000 rpm at 80 °C for 3 h. Washing the WS to
neutral pH, oven-drying it to constant weight, and labeling it
as NHWS. (2) NMHWS: this adsorbent was obtained by the
above pretreatment step with only one difference of using a 5-
min microwaving to supplement the alkali pretreatment.
Besides, adsorbent obtained by directly soaking RWS in the
mixed solution of H2O2 and HTAC (labeled as CK) was used
to rule out the dissolution effect of HTAC on removing MO.
All the modified WS were stored in plastic sealable bags for
later use.

The second step of the pretreatment

As mentioned before, step 1 could be regarded as a prepara-
tion ofWS biosorbents, thus step 2 was actually an adsorption
process. Three parameters including adsorbent-adsorbate ra-
tios, initial MO concentrations, and contact time were
investigated.

In order to study the effect of different adsorbent-adsorbate
ratios on the adsorption behavior of the modified WS, the
experiment was carried out by the following procedures: the
initial concentration of the MO solution was about 30 mg/L.
Adsorbents were weighed and MO solution was measured,
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the adsorbent-adsorbate ratios were set as 0.2, 0.4, 0.6, 0.8,
1.0% g/mL.When theWSwasmixed withMO solution, put it
under continuous stirring at 25 °C and 200 rpm for 12 h to
reach the adsorption equilibrium. Whereafter, filter the MO
solution by 0.45 μm syringe filters and analyzing at the wave-
length of 464 nm by a Victor 722 Vis spectrophotometer. As
the standard curve only covered a concentration range of 0–
15 mg/L, appropriate dilution was carried out to make sure
that the MO solution was within the range of the standard
curve. The adsorption capacity was calculated by Eq. (1)
and the removal efficiency of MO was measured by Eq. (2):

q ¼ C0−Ceð ÞV
m

ð1Þ

r %ð Þ ¼ C0−Ce

C0
� 100% ð2Þ

where C0 (mg/L) is the initial concentration of the MO solu-
tion and Ce (mg/L) is the final concentration of MO after
adding adsorbents; V (L) is the volume of the MO and m (g)
is the mass of the adsorbent; r (%) refers to the removal effi-
ciency of the adsorbent.

To investigate the time of adsorption equilibrium, three
MO concentrations were set: 20, 25, and 30 mg/L. After
adding adsorbent into MO solution, continuously shaking
the mixture at a speed of 200 rpm and the temperature of
25 °C, and taking 4 mL of mixed solution each time after 5,
10, 15, 30, 45, 60, 90, 120, 180, 240 min and filtering by
0.45 μm syringe filters. The concentration of MO was mea-
sured by ultraviolet spectrophotometer. Furthermore, the ef-
fect of initial MO concentration was tested at the MO concen-
trations ranging from 10 to 35 mg/L.

Enzymatic hydrolysis

After NHWS and NMHWSwere used to absorbMO, the used
adsorbents were collected and oven-dried at 80 °C, labeled
them as NHWS-MO and NMHWS-MO, and then prepared
for enzymatic hydrolysis experiment. To evaluate the effec-
tiveness of the pretreatment, five samples were chosen to per-
form enzymatic hydrolysis experiment, namely, RWS,
NHWS, NMHWS, NHWS-MO, and NMHWS-MO. Of each
sample, 0.1 g was added to a 50-mL centrifuge tube contain-
ing 10 mL of CA-TCD buffer solution (pH = 4.8) and 0.006 g
of cellulase. Besides, 50 μL 250 mg/L tetracycline solution
was added into the tube to inhibit the influence of microor-
ganisms. The enzymatic hydrolysis reactions were respective-
ly conducted for 0, 4, 6, 8, 12, 24, 36, 48, and 72 h, shaking at
150 rpm and at the temperature of 50 °C. Nine tubes of each
type of WS were prepared, one tube was withdrawn when the
reaction was terminated at each time point by taking 2 mL of
hydrolysates using 0.22 μm syringe filters, and the filtrate was
stored at − 20 °C for further reducing sugar measurement. The

amount of total reducing sugars was determined by
dinitrosalicylic acid method (DNS method). Enzymatic hy-
drolysis efficiency was evaluated by reducing sugar concen-
tration and reducing sugar yield, and the latter was calculated
by Eq. (3):

YRS %ð Þ ¼ mRS

mD
� 0:9� 100% ð3Þ

where mRS (mg) is the total mass of reducing sugar obtained
by enzymatic hydrolysis, mD (mg) is dry weight of the sam-
ples, and YRS (%) is reducing sugar yield.

The effect of different solid loadings on enzymatic hydro-
lysis was examined by setting five solid loadings: 2, 4, 5, 10,
and 15%. The final reducing sugar concentration obtained at
each solid loading was compared to determine the optimal
condition.

Characterization and compositional analysis

Three samples, RWS, NHWS, and NMHWS, were character-
ized by scanning electron microscope (SEM, JEOL, JEM-
200CX, Japan) and Brunauer-Emmett-Teller surface area
measurement (BET, BELSORP-miniII_Microtrac. BEL,
Japan). The infrared spectra of RWS, NHWS, NMHWS,
NHWS-MO, and NMHWS-MO were determined by Fourier
transform infrared spectroscopy (FTIR, IR Affinity-1, Japan).
The main compositions of the WS including cellulose, hemi-
celluloses, lignin, and ash were measured according to NREL
method (Sluiter et al. 2008). High performance liquid chro-
matography (HPLC, 1200, Agilent, Switzerland) was used to
determine the quantities of acid hydrolysis products.

Results

Effect of adsorbent-adsorbate ratios on the removal
efficiency of methyl orange

In order to investigate the optimum adsorption efficiency of
the WS adsorbents and the effect of MO amount absorbed
onto the adsorbents on further enzymatic hydrolysis, different
adsorbent-adsorbate ratios were set to demonstrate this.
Sufficient contact timewas given to ensure a complete adsorp-
tion and enzymatic hydrolysis process. Figure 1a showed the
removal efficiency of MO at five adsorbent-adsorbate ratios:
0.2, 0.4, 0.6, 0.8, 1.0% (g/mL). From Fig. 1a, it could be seen
that the two adsorbents had much higher removal efficiency
than that of the RWS. The removal efficiency ofMO increased
with the increase of adsorbent-adsorbate ratio, and at the ratios
of 0.8 and 1.0%, the removal efficiencies were approximately
the same. When the adsorbent-adsorbate ratio was 0.8%, the
removal efficiency of RWS, NHWS, and NMHWS was
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21.35, 97.72, and 99.32%, respectively. Figure 1b presented
the enzymatic hydrolysis performance of those used adsor-
bents with different amount of MO absorbed. No obvious
changes of reducing sugar yield of each sample at different
adsorbent-adsorbate ratios were observed. The reducing sugar
yield decreased in the series of NMHWS>NHWS>RWS, and
for each sample its reducing sugar yield was on a slight rise
with the increase of the adsorbent-adsorbate ratio.

Effect of contact time on the removal of methyl
orange

The adsorption performance of NHWS and NMHWS as a
function of contact time was presented in Fig. 2a and b, re-
spectively. Three initial concentrations of MO solution (20,
25, and 30mg/L) were set to study the adsorption equilibrium.
As shown in Fig. 2, both adsorbents had a rapid adsorption
stage during the first 15 min, and the adsorption capacity

increased with the increase of the initial MO concentration.
Another phenomenon that drew attention was that the time of
adsorption equilibrium was a little bit different for the three
initial MO concentrations. When the initial MO concentration
was 20mg/L, it only took 15min to finish the rapid adsorption
stage, while at concentrations of 25 and 30mg/L, it took about
45 min to cover this stage. After the rapid adsorption stage, a
relatively slow adsorption stage came. When the initial MO
concentration was 20 mg/L, the slow adsorption stage was the
period of 15–180 min while at the initial concentrations of 25
and 30mg/L, the slow adsorption stage moved to the period of
45–180 min. Therefore, the time of adsorption equilibrium
for both adsorbents was 180 min. Compared with the ad-
sorption capacity of NHWS and NMHWS, it could be
seen that the later was higher than the former. The max-
imum adsorption capacity of NMHWS was 2.57 mg/g
when the initial MO concentration was 30 mg/L, while
the adsorbent of NHWS obtained a maximum adsorption
capacity of 2.24 mg/g.

Fig. 1 a Effect of adsorbent-adsorbate ratio on the removal efficiency of
MO (initial MO concentration was 30mg/L, adsorption time was 12 h); b
effect of mass of MO absorbed by RWS, NHWS, and NMHWS on their
enzymatic hydrolysis efficiency

Fig. 2 Effect of contact time on the adsorption capacity of pretreated WS
(T = 25 °C, C0 = 20, 25, 30 mg/L). aNHWS as adsorbent; bNMHWS as
adsorbent
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Effect of initial methyl orange concentration
on removal efficiency

Figure 3 demonstrated how the removal efficiency of the two
adsorbents changed with the variation of the initial MO con-
centration. In general, the removal efficiency of NHWS and
NMHWS was above 95% when the initial MO concentration
was between 10 and 30 mg/L. As the MO concentration in-
creased, the removal efficiency of both adsorbents was on the
slight decline. For NMHWS, at the concentrations of 10, 15,
and 20 mg/L, the removal efficiency of MO was over 99.00%
and no obvious difference was observed. When the MO con-
centrations were 25 and 30 mg/L, the removal efficiency was
98.86 and 97.17%, respectively, and when the concentration
was 35 mg/L, the removal efficiency was only 93.60%. For
NHWS, the overall variation trend was similar to NMHWS
but lower removal efficiency was obtained.

Effect of hydrolysis time on enzymatic hydrolysis

The enzymatic hydrolysis experiment was performed using
five kinds of substrate, namely RWS, NHWS, NMHWS,
NHWS-MO, and NMHWS-MO. Referring to the above ex-
periment results, NHWS-MO and NMHWS-MO were the
used adsorbents with the maximum amount of MO absorbed.
From Fig. 4, it could be seen that in the first 24 h, the produc-
ing speed of reducing sugar was very fast, and it gradually
slowed down from 24 to 48 h.When the enzymatic hydrolysis
time was over 48 h, the concentration of reducing sugar did
not increase anymore, so it took 48 h for cellulose to be
completely hydrolyzed. After 12-h enzymatic hydrolysis, the
reducing sugars’ concentrations of NHWS, NMHWS,
NHWS-MO, and NMHWS-MO were very close to each oth-
er, while the reducing sugars’ concentration produced by
RWS was relatively low. Figure 4 also showed that the

reducing sugar concentration of NMHWS-MO after 48 h of
hydrolysis was the highest among the five samples.

Effect of pretreatment methods on compositional
change of wheat straw

The structure of lignocellulose was so compact that it was
rather difficult for lignocellulose to be hydrolyzed.
Hemicellulose and lignin were linked together by covalent
bonds, and cellulose was embedded between them (Xu et al.
2010). It formed a mesh-shaped framework that hindered the
hydrolysis process. The change of the cellulose, hemicellu-
lose, and lignin content in the WS could indirectly reflect its
enzymatic hydrolysis efficiency, so the compositional analysis
of the raw and pretreated WS was conducted. As presented in
Table 1, the RWS contained 34.5% of cellulose, 23.1% of
hemicellulose, and 20.6% of lignin. Apart from that, it also
contained 5.8% of ash. After pretreatment and adsorption, the
proportions of cellulose, hemicellulose, and lignin were
changed. A general trend of the compositional change was
that the cellulose content was increased while the hemicellu-
lose and lignin contents were decreased. According to Table 1,

Fig. 3 Effect of initial MO concentration on the removal efficiency of
MO

Fig. 4 Effect of contact time on enzymatic hydrolysis of RWS, NHWS,
NMHWS, NHWS-MO, and NMHWS-MO

Table 1 Composition of wheat straw samples

Sample Main composition (%)

Cellulose Hemicellulose Lignin Ash

RWS 34.5 (0.35) 23.1 (0.26) 20.6 (0.26) 5.80 (0.30)

NHWS 49.5 (0.26) 16.8 (0.52) 17.6 (0.26) 5.60 (0.36)

NMHWS 44.0 (0.20) 17.2 (0.44) 17.6 (0.46) 5.70 (0.36)

NHWS-MO 39.2 (0.47) 15.3 (0.36) 15.3 (0.35) 5.50 (0.35)

NMHWS-MO 52.2 (0.46) 14.7 (0.35) 14.8 (0.26) 5.60 (0.36)

All samples were performed in triplicate and standard deviations were
presented in parenthesis
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the cellulose content of the NHMWS-MO increased the most,
about 51.3% higher than that of the RWS. The contents of
hemicellulose and lignin were slightly decreased. For in-
stance, hemicellulose content of NMHWS-MO decreased
from 23.1 to 14.7%, showing that the amount of hemicellulose
was reduced by the first and second step of pretreatment.
Moreover, the lignin content of NMHWS-MO was also re-
duced to 14.8%. It suggested that the amount of hemicellulose
might be reduced by pretreatment and MO adsorption.

Effect of different pretreatment methods
on enzymatic hydrolysis

Pretreatment methods such as dilute acid and alkaline pretreat-
ment could remove lignin and hemicelluloses so as to increase
not only the porosity and specific surface area but also the
reducing sugar yield (Cheng et al. 2016a). Figure 5a, b
showed the reducing sugar concentration and reducing sugar
yield of RWS, NHWS, NMHWS, NHWS-MO, and
NMHWS-MO after 48 h of enzymatic hydrolysis. The final
reducing sugar concentration of RWS, NHWS, NMHWS,
NHWS-MO, and NMHWS-MO was 0.90, 3.93, 4.07, 4.33,
and 4.85 g/L, respectively, as presented in Fig. 5a, showing
that the concentration of reducing sugar produced by the WS
was greatly enhanced after pretreatment. The concentration of
reducing sugar released by NMHWS-MO ranked the highest
among the five samples, and it was nearly six times higher
than that of the control group. Besides, the reducing sugar
concentrations of NHWS, NMHWS, and NHWS-MO were
all four to five times higher than that of the RWS after hydro-
lysis. As Fig. 5b suggested, the reducing sugar yield of
NMHWS-MO was the highest of 87.33% among the five
samples.

Effect of solid loadings on enzymatic hydrolysis

Five solid loadings were set to examine the influence of solid
loadings on enzymatic hydrolysis. NMHWS-MO was chosen
to investigate this effect as it had the highest reducing sugar
concentration after enzymatic hydrolysis according to the
aforementioned result. The experiment results showed that
cellulose in the NMHWS-MO was completely hydrolyzed
after 48 h at five solid loadings. Among these solid loadings,
namely 2, 4, 5, 10, and 15%, the highest reducing sugar con-
centration was observed at solid loading of 5%, followed by
10, 4, 15, and 2%. The final reducing sugar concentrations of
the NMHWS-MO at the solid loadings of 2, 4, 5, 10, and 15%
were 2.54, 4.66, 4.85, 4.82, and 3.22 g/L, respectively. When
the solid loading was lower than 10%, the final reducing sugar
concentration was increased with the substrate concentration;
while at solid loadings higher than 10%, the enzymatic hydro-
lysis efficiency was slightly declined.

Characteristics of pretreated wheat straw

SEM analysis was used to examine the morphological chang-
es caused by the step 1 and step 2 pretreatment. Figure 6
showed the SEM images of RWS, NHWS, and NMHWS.
From the image of RWS, a tube-like structure with a relatively
dense, smooth, and continuous surface could be seen. SEM
images of NHWS and NMHWS showed rugged surfaces,
their structures seemed to be torn and broken, besides,
split and fibrillation could be observed. In addition, the
specific surface area data of the RWS, NHWS, and
NMHWS was 0.616, 2.073, and 4.256 m2/g, respectively.
It clearly showed that the pretreated WS had larger spe-
cific surface area than the RWS.

FTIR analysis was performed to examine the structural
changes of WS after pretreatment. In Fig. 7, it suggested that
the characteristic peaks of the RWS were mainly located at the
wavenumber of 3500–3350 cm−1 (–OH stretching vibration
region), 3000–2800 cm−1 (–CH3 and –CH2 stretching vibration

Fig. 5 Enzymatic hydrolysis performances of RWS, NHWS, NMHWS,
NHWS-MO, and NMHWS-MO. a Reducing sugar concentration of five
samples after 48 h of enzymolysis; b reducing sugar yield of five samples
after 48 h of enzymolysis
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region), 2400–2100 cm−1 (triple bond and cumulative double
bond stretching vibration region), 1900–1630 cm−1 (C=O
stretching vibration region), 1675–1500 cm−1 (double bond
stretching vibration region), and 1475–1300 cm−1 (saturated –
CH in-plane bending vibration region). The FTIR spectra of the
unpretreated and pretreated WS were different from one anoth-
er. For NHWS and NHWS-MO, the major characteristic peaks
did not change so much. At the wavenumber of 3500–
3300 cm−1 and 3000–2800 cm−1, the intensity of the adsorption
peaks was weakened, indicating that the amount of –OH and –
CH was decreased.

Discussion

Effective pretreatment methods could enhance the enzymatic
hydrolysis efficiency of the biomass materials, and the key to
realizing higher lignocellulosic conversion rate is to break the
compact cross-linked polysaccharide network that was con-
structed by cellulose, hemicellulose, and lignin (Unrean et al.
2015; Wang et al. 2014). Alkali and microwave had long been
used for the removal of hemicellulose and lignin, and NaOH
solution was a common reagent for this purpose. Moreover,
the use of surfactant to pretreat agricultural residues was also
often reported (Zhou et al. 2010a). For example, Tween 80
could be used to pretreat WS with the enzymatic hydrolysis
efficiency increased by 21.3% (Jalc 2002); Triton X-100 could
enhance the enzymatic hydrolysis ofWS by 18–25% (Qi et al.
2009). In this study, a two-step pretreatment method combin-
ing microwave-assisted dilute alkali at the presence of surfac-
tant of HTAC and MO solution was employed to improve the
enzymatic hydrolysis efficiency ofWS. For the second step of
the pretreatment was actually an adsorption process,

variations concerning adsorption were investigated, and thus
the whole experiment was divided into three parts, which in-
cluded adsorption experiment, enzymatic hydrolysis, and
characterization analysis.

The effect of different adsorbent-adsorbate ratios on MO
removal was clearly demonstrated (Fig. 1). When the
adsorbent-adsorbate ratio was lower than 0.8%, the removal
rate of MO improved with the adsorbent-adsorbate ratio, and
at the ratio of 0.8%, most MO would be removed thus there
was no need to increase the adsorbent dosage (Fig. 1a). This
also showed that the first step of the pretreatment was effective
to make the WS a good biosorbent. In other words, the com-
bined pretreatment of microwave-assisted NaOH solution to-
gether with a mixture of H2O2 and HTAC achieved the highest
removal efficiency of MO. The results were consistent with
literature about alkali, microwaving or surfactant pretreatment
of crop straw that improved the removal efficiency of dyes
was numerous (He et al. 2017; Wu et al. 2018). For instance,
Pirbazari et al. (2015) used anionic surfactant to pretreat rice
straw and obtained a high removal efficiency of methylene
blue. The phenomenon could be explained by the reason that
those pretreatment methods could help straws get much
rougher surface and therefore increased their adsorption ca-
pacity (Cheng et al. 2016b). Besides, the enzymatic hydrolysis
efficiency of the pretreatedWSwas slightly increased with the
increase of the mass of MO that it had absorbed (Fig. 1b),
which meant that before using as enzymatic hydrolysis sub-
strate, the pretreatedWS could be used an effective biosorbent
and absorb as much MO as possible.

Contact time and the adsorption capacity were two impor-
tant factors that could show some properties of the adsorbents.
The equilibrium time decided how long the second step of
pretreatment should take; therefore, an adsorption time of

50 µm

10 µm

5 µm

RWS NHWS NMHWS

Wax layer

Rugged surface Rugged surface

Fig. 6 SEM images of RWS,
NHWS, and NMHWS
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180 min was appropriate for the second step of pretreatment
(Fig. 2a, b). The adsorption capacity of both NHWS and
NMHWS increased with the increase of the initial MO con-
centration. What lay behind this phenomenon might be that
the adsorbents did not reach their maximum adsorption capac-
ity at lowMO concentration.When the initial concentration of
MO was low, the MO only occupied some of the adsorption
sites of the adsorbents and many other unoccupied sites
remained to be occupied, so it took shorter time to finish the
rapid adsorption stage than that of the higher initial MO con-
centration (Huang et al. 2015; Yu et al. 2018). Comparing the
adsorption capacity of the two adsorbents, it was found that
NMHWS was higher than NHWS, suggesting that the first
step pretreatment with the assistance of microwave improved
the adsorption capacity of the WS more obviously. The sam-
ple CK was used to investigate the effect of HTAC alone on
the removal of MO, and the result was that the removal effi-
ciency of the CK was about 37.56%, which was much lower

than that of the NHWS and NMHWS, suggesting that the
dissolution effect of HTAC was not remarkable.

Enzymatic hydrolysis as one of the common methods for
degradation of cellulose into glucose can take place under
relatively mild conditions, and it produces nontoxic chemicals
when the reaction was over. In this study, the enzymatic hy-
drolysis of pretreated WS was conducted by cellulase. The
performance of enzymatic hydrolysis was determined by re-
ducing sugar production from the conversion of the biomass.

The enzymatic hydrolysis experiment mainly focused on
four aspects, namely the hydrolysis time, the compositional
changes, final reducing sugar concentration, and different sol-
id loadings. For the hydrolysis time of the enzymatic hydro-
lysis, it was similar to the previous adsorption process. A fast
enzymolysis stage was observed in the first 36 h, this might be
due to the fact that at the beginning of the enzymatic hydro-
lysis the substrate fully contacted with cellulase so that the
enzymatic hydrolysis rate was rapid. With time passing and
the amount of reducing sugar increasing, inhibitory effect of
reducing sugar producing was becoming seeable, which
caused the slow enzymatic hydrolysis stage of the WS.
However, slight difference could be observed regarding
the enzymolysis time of the RWS. This suggested that
the RWS itself did not have much cellulose to be hy-
drolyzed, and all the cellulose was totally hydrolyzed by
the cellulase in the first 12 h.

The compositional change of WS was a significant param-
eter which could indirectly reflect the effectiveness of the
pretreatment methods applied to the WS. Compositional
change of RWS, NHWS, NMHWS, NHWS-MO, and
NMHWS-MO was studied to understand the enzymatic hy-
drolysis from a molecular perspective. The increase of cellu-
lose content after the two-step pretreatment proved that the
pretreatment methods could increase the accessibility of the
cellulose and thus guaranteed higher enzymatic hydrolysis
(Table 1). A possible explanation was that as alkali could
destroy the intricate structure of cellulose, hemicellulose,
and lignin, the NaOH pretreatment could dissolve a part of
hemicellulose and lignin, which could increase the content of
cellulose and expand the cellulose to get larger porosity
(Mcintosh and Vancov 2011). Previous researches proved that
cellulose, hemicellulose, and lignin formed a compact entity
by chemical bonds such as covalent bond and ionic bond, and
Van der Waals force (Pant and Adholeya 2007; Zhou et al.
2010b; Zhu et al. 2018). The loss of hemicellulose and lignin
indicated that those pretreatment methods destroyed the
compact entity of cellulose, hemicellulose, and lignin so that
the relative content of cellulose would increase. Sitepu et al.
(2014) pointed out that NaOH and H2O2 could efficiently
remove hemicellulose and lignin of agricultural residues.
Satpathy et al. (2014) used different powers of microwave to
pretreat WS and found that the carbon content of the WS
increased with the increase of power and time, and it
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could also reduce the content of lipid materials existed on the
surface of the WS. Thus, both alkali and microwaving could
help to accelerate the Bdewaxing^ process of WS. This result
was also in accordance with the result of FTIR, showing that
NMHWS and NMHWS-MO were supposed to acquire the
higher enzymatic hydrolysis efficiency and reducing sugar
concentration than RWS, NHWS, and NHWS-MO.

In addition, it was interesting to notice that both the reduc-
ing sugar concentrations of NHWS-MO and NMHWS-MO
were a little higher than the two unused adsorbents, namely
NHWS and NMHWS (Fig. 3). A possible reasonwas thatMO
changed the structure of the WS and made cellulose more
accessible (Inglesby and Zeronian 1996). The results showed
that the pretreatment methods and adsorption process did
change the structure of WS and enhance their enzymatic hy-
drolysis. Besides, WS pretreated by microwave-NaOH at the
presence of HTAC together with adsorption was proved to be
an effective pretreatment method to improve enzymolysis ef-
ficiency, which might be attributed to that the combined pre-
treatment method could effectively change the structure of
WS. This provided a new insight into enzymolysis of agricul-
tural residues.

High solid loading is beneficial to the production of reduc-
ing sugars; however, it is inevitable that the enzymatic hydro-
lysis efficiency will be inhibited by high solid loadings. In
general, the reducing sugar concentration was higher at higher
solid loading, but the end-product inhibition could hinder the
enzymolysis of cellulose, the glucose as a final product might
have a direct inhibitory effect on the activity of cellulase
(Larsson et al. 1999). Moreover, the decrease of reducing sug-
ar yield at higher solid loading could have something to do
with the cellulase adsorption behavior (He et al. 2017; Wang
and Chen 2006;Wang et al. 2011). For these reasons, only part
of the substrate could be hydrolyzed by the enzyme.
Meanwhile, the sampling process might also bring deviations.
Considering the completeness of the enzymatic hydrolysis,
the proper solid loading should be 5% in this experiment.
Under this condition, the concentration of reducing sugar
was 4.85 g/L.

SEM pictures were provided to further characterize the
surface changes of RWS and the pretreated WS. The results
proved that the pretreatment methods could damage the inner
structure of the WS. A smooth surface of the RWS was pre-
sented, and it was the wax layer of the WS which mainly
contained saturated hydrocarbon compounds and their deri-
vates, and advanced fatty acid that made the surface smooth
(Thomsen et al. 2009). The disrupted structure of NHWS and
NMHWS indicated that the two pretreatment methods
changed the structure of the WS to some extent, and compo-
nents such as hemicellulose, lignin, and pectin might be re-
moved after the pretreatment (Rossana et al. 2016). The less
smooth surface of the pretreated WS suggested that the wax
and siliceous layer that covered the surface of the WS was

more or less removed. Such a loose structure would increase
the binding sites of both MO and cellulase. As a result, the
adsorption capacity of MO and enzymatic hydrolysis efficien-
cy of cellulose might be both enhanced. Comparing the SEM
images of NHWS with NMHWS, the later had more cracked
and open structure than that of the former, demonstrating that
microwaving resulted in more structural damages to the WS.
It could make more microfibrils expose to the environment,
which was expected to increase the specific surface area of the
WS and thus enhance the adsorption capacity (Kabel et al.
2017). Some studies showed that microwaving pretreatment
could change the crystal structure of cellulose (Yu et al. 2017).
Moreover, microwaving was beneficial to the breakage of the
hydrogen bond between cellulose molecules, making other
solutions easily permeate through the inner area of the WS.
The combination of microwaving and alkali would make the
pretreatment of the WS more complete, which was embodied
by the result that more lignin was removed. According to
Zhang et al. (2011), alkali could basify WS and promote the
etherification in follow-up pretreatment steps. NaOH dam-
aged the structural unit of the lignin which was connected
by ether linkage so that the lignin with high molecular weight
would break down into smaller ones and be dissolved in so-
lutions (Lin et al. 2018). At the same time, the ester linkage
that linked lignin and hemicellulose was broken due to sapon-
ification, and the strength of hydrogen bond between hemicel-
lulose and cellulose weakened (Abubackar et al. 2015; Chen
et al. 2018). Because 10% H2O2 was added to assist the pre-
treatment, the content of lignin should be decreased, for H2O2

could also promote dissolution of other materials and there-
fore increase the content of cellulose. Furthermore, H2O2

could also have non-selective oxidation effect on cellulose.
Therefore, the WS expanded and got bigger volume. This
result was supported by the specific surface area data. The
increase of specific surface area might be attributed to the
change of the microstructure of the WS (Abubackar et al.
2016; Pant and Adholeya 2009). The increase of roughness
and specific surface area could not only improve the adsorp-
tion capacity of the WS but also enhance its efficiency of
enzymatic hydrolysis. This made the reuse of the adsorbents
as suitable enzymatic hydrolysis substrates possible.

FTIR was often performed to reveal the changes of func-
tional groups during different pretreatments. The FTIR data of
the five samples demonstrated that the two-step pretreatment
method changed the functional groups of the WS to some
degree. It showed that NaOH did cause damage to the struc-
ture of cellulose and hemicellulose of the WS, and MO also
had an impact on it. The missing of the region of 1850–
1750 cm−1 showed that NaOH affected the –C=O and dis-
solved lignin and hemicellulose. This would increase the con-
tent of cellulose as well as the tensile strength of the WS,
which would provide more cellulose to be hydrolyzed and
increase the reducing sugar yield.
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Possible mechanism that the pretreatments affected the
structure of the WS was proposed. Generally speaking, the
aims of pretreatment are to make the surface of WS much
rougher or to change its inner structures so that both adsorp-
tion capacity and biodegradability will be enhanced. Different
pretreatment methods have different effects on WS. For ex-
ample, one of the prominent effects of microwaving is to
remove the wax layer which is attached to the surface of the
WS. In addition, microwaving could change the super-
molecular structure of the plant fiber, which is embodied by
the variation of the hydrogen bonds and the minifying of the
size of crystalline regions (Wang and Chen 2009). Although
the microwaving process alone could not remove the wax
layer completely, it could assist the NaOH and H2O2 solutions
to exert a better effect on WS pretreatment. As it was men-
tioned before, NaOH and H2O2 could decrease the content of
lignin and increase the content of cellulose. Bothmicrowaving
and alkaline pretreatment could enhance the accessibility and
reaction activity of cellulose because a larger specific surface
area was obtained. Besides, NaOH solution broke the struc-
tural unit of lignin which was connected by ether bonds,
which could greatly reduce the percentage of the lignin and
increase the reducing sugar yield (Yang et al. 2018). In addi-
tion, it was worth noticing that when alkaline solution was
used to pretreat WS, lignin would be dissolved rather than
degraded (Zhou et al. 2018).

HTAC as a cationic surfactant as well as a kind of quater-
nary ammonium salts could also change the structure of WS.
With previous alkaline pretreatment by NaOH solution, most
lignin inWSwas dissolved while hemicellulose was degraded
into low molecular sugars. Meanwhile, insoluble cellulose
was etherified by HTAC under alkaline condition, and cellu-
lose cationic etherate was produced (Yang et al. 2010). From
the FTIR figure, it could be seen that the characteristic peak of
the quaternary ammonium salt was detected, which meant that
the WS was quaternized successfully. A possible mechanism
for the effects of NaOH and HTAC on cellulose was presented
in Fig. 8. The H+ of the cellulose was replaced by Na+ when

NaOHwas added to pretreat WS, and then the basifying prod-
ucts combined with HTAC, quaternary ammonium cationic
group was introduced to the WS. Although in this experiment
those pretreated WS got slightly higher reducing sugar con-
centration after absorbing MO, studies on dyes’ effects on the
enhancement of the enzymatic hydrolysis of WS was not
enough. A reasonable guess was that MO made more cellu-
lose exposed to the outside environment, and when cellulase
was added it would be hydrolyzed more sufficiently. To fur-
ther analyze the mechanism behind it, deeper researches
should be carried on in future studies.

In conclusion, a biosorbent of NMHWS was successfully
synthesized by the first step of pretreatment, and the highest
removal efficiency was 98.86% at the initial MO concentration
of 25 mg/L and adsorbent-adsorbate ratio of 0.8%. The adsorp-
tion process was regarded as the second step of pretreatment,
and the following enzymatic hydrolysis experiment showed
that the NMHWS-MO obtained the highest reducing sugar
concentration of 4.85 g/L and reducing sugar yield of 87.33%
among five samples within 48 h at the solid loading of 5%. The
increased specific surface area and cellulose accessibility guar-
anteed both favorable adsorption capacity and reducing sugar
yield of WS, indicating that the pretreatment methods were
promising and effective for the reclamation of the WS.
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