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A B S T R A C T

Fenton-based processes with four different iron salts in two different dosing modes were used to pretreat rice
straw (RS) samples to increase their enzymatic digestibility. The composition analysis shows that the RS sample
pretreated by the dosing mode of iron salt adding into H2O2 has a much lower hemicellulose content than that
pretreated by the dosing mode of H2O2 adding into iron salt, and the RS sample pretreated by the chloride salt-
based Fenton process has a much lower lignin content and a slightly lower hemicellulose content than that
pretreated by the sulphate salt-based Fenton process. The higher concentration of reducing sugar observed on
the RS sample with lower lignin and hemicellulose contents justifies that the Fenton-based process could en-
hance the enzymic hydrolysis of RS by removing hemicellulose and lignin and increasing its accessibility to
cellulase. FeCl3·6H2O adding into H2O2 is the most efficient Fenton-based process for RS pretreatment.

1. Introduction

Recently, the conversion of lignocellulosic biomass into bioethanol
has received great attention, which is mainly driven by the rising
concerns about environmental problems relating to fossil fuel use
(Zhang et al., 2013; Zhu et al., 2017). Lignocellulose is mainly com-
posed of cellulose, hemicellulose and lignin, and the conversion of
lignocellulose into bioethanol involves essentially two steps: the enzy-
matic hydrolysis of cellulose into reducing sugars, and the microbial
fermentation of these sugars into bioethanol (Sun and Cheng, 2002).
Currently, the enzymatic hydrolysis efficiency is relatively low, largely
due to the recalcitrance of lignocellulose resulting from its compact
structure and the existence of hemicellulose and lignin (Zhu et al.,
2015a). Various chemical, physical, physiochemical and biological
pretreatment methods have therefore been developed with the inten-
tion of interrupting the dense structure of lignocellulose and/or re-
moving hemicellulose and lignin, thus facilitating the exposure of the
embedded cellulose to enzymes (Ravindran and Jaiswal, 2016; Zhang
and Zhu, 2016). Among the various pretreatment methods, bio-pre-
treatment, which bears the advantages of low energy consumption and
low inhibitor generation, has attracted particular attention. In bio-
pretreatment, microorganisms such as white- and brown-rot fungi are

able to produce cellobiose dehydrogenase to generate hydroxyl radicals
(%OH) through Fenton’s reaction (Eq. (1)) (Arantes et al., 2012), and the
generated hydroxyl radicals can attack and degrade lignin and hemi-
cellulose, thus making cellulose more accessible to enzymes (Arantes
et al., 2011; Sindhu et al., 2016).
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Although Fenton-based bio-pretreatment has the advantages of low
energy requirement and mild reaction conditions, it is very time-con-
suming, largely due to the low concentration of hydroxyl radicals
generated during the pretreatment process (Cheng and Timilsina, 2011;
Zhang et al., 2016). Recently, the generation of hydroxyl radicals by
directly using chemicals for lignocellulose pretreatment, the reaction
mechanism of which is just like lignin degradation by fungi, has at-
tracted great attention because it is able to efficiently improve the en-
zymatic hydrolysis efficiency while preserving the advantages of bio-
pretreatment (Sheng et al., 2017). Jain and Vigneshwaran (2012) found
that the cellulose substrates treated with 0.5mM of FeSO4·7H2O and
2 vol% of H2O2 for 48 h gave the highest enzymatic activity. Kato et al.
(2014) demonstrated that biomass treated with 176mmol of H2O2 and
1.25mmol of FeCl2·4H2O showed an average of 212% increase relative
to untreated control. Jung et al. (2015) found that an enzymatic
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digestibility that was 93.2% of the theoretical glucose yield could be
obtained by using 30mM of FeCl3 and 2250mM of H2O2 for pretreat-
ment for 24 h at room temperature. Zhang and Zhu (2016) found that
Fenton’s reagent of 10 wt% of H2O2 and 20mM of FeCl2·4H2O could
disrupt the structure of sugarcane bagasse. It is interesting to note that
different iron salts (FeSO4·7H2O, FeCl2·4H2O and FeCl3) were used in
the above-mentioned studies for hydroxyl radical generation. It is well
known that the traditionally accepted Fenton mechanism is represented
by Eq. (1), which is recognized as Fenton’s reaction and requires ferrous
ions rather than ferric ions to decompose H2O2 into hydroxyl radicals.
When ferric ions were used to decompose H2O2, the Fenton-like reac-
tion (Eq. (2)) will occur first to generate the weaker oxidant hydro-
peroxyl radical (HO2%) and Fe2+, and then the generated Fe2+ can
react with H2O2 to generate hydroxyl radicals (Eq. (1)).
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It can be seen that both ferrous ions and ferric ions could decompose
H2O2 to generate hydroxyl radicals, although the former via a direct
pathway while the latter via an indirect pathway. Nonetheless, the ki-
netics of the Fenton-like reaction (Eq. (2)) is much slower than that of
the conventional Fenton’s reaction (Eq. (1)), which makes the Fenton-
like reaction a rate-limiting step in the Fenton process. The different
generation rates of hydroxyl radicals from the two pathways may in-
fluence the pretreatment efficiency, which deserves further investiga-
tion. In addition, it is reported that some substances can scavenge hy-
droxyl radicals and chloride is one of the best known “scavengers” (Eq.
(3)). Therefore, the iron salts with different anions used for Fenton
process may also influence the pretreatment efficiency.

+ → = × − ×
− − − −Cl ·OH HOCl· k 8.9 10 6.4 10 M s3
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The discrepancy in the use of iron salts for Fenton-based pretreat-
ments impels us to investigate whether the iron salt type has an influ-
ence on the efficiency of Fenton-based pretreatment. In addition,
Fenton-based process for lignocellulose pretreatment is a competitive
reaction system because lignocellulose, H2O2 and Fe2+ all can react
with hydroxyl radicals. The dosing mode of H2O2 and iron salt de-
termines the time-dependent concentrations of H2O2, Fe2+ and Fe3+,
thus affecting the efficiency of lignocellulose pretreatment. Rice straw
(RS), one of the most abundant and renewable agricultural residue, has
long been recognized as a potential feedstock for cellulosic ethanol
production. In this work, Fenton-based processes with four different
iron salts, FeSO4·7H2O, FeCl2·4H2O, Fe2(SO4)3 and FeCl3·6H2O, in two
different dosing modes were used to pretreat RS and the efficiency of
the pretreatment was evaluated by performing the enzymatic sacchar-
ification test.

2. Materials and methods

2.1. Materials

Raw RS was collected from a farm located in Xiantao, Hubei pro-
vince, China. Before pretreatment, the RS straw was washed, air-dried,
and then milled to small particles (-20/+80 mesh) with a grinder.
Cellulase Cellic™ Ctec2 purchased from Novozymes, Novo Nordisk A/S
(Demark) was used for enzymatic hydrolysis. The other chemicals of
analytical grade were purchased from Shanghai Macklin Biochemical
Co., Ltd. All solutions were prepared in ultrapure water (18.2MΩ cm).

2.2. Pretreatment of rice straw

Fenton-based pretreatment was carried out in a 200-mL jacketed
beaker with 5 g of RS and 100mL of solution containing 2mmol of iron
salt and 88mmol of H2O2. Two types of Fe2+-salt FeSO4·7H2O and
FeCl2·4H2O and two types of Fe3+-salt Fe2(SO4)3 and FeCl3·6H2O were
used for Fenton-based pretreatment. In order to decrease the amount of
froth generated during Fenton process, two dosing modes, namely,

either 50mL of H2O2 or iron salt solution with a pH value of 3 was
batch dosed at the beginning of reaction, whereas 50mL of the other
reagent solution with a pH value of 3 was delivered at a flow rate of
0.0201mLmin−1 by using a stepper motor-driven peristaltic pump.
H2SO4 in the case of FeSO4·7H2O/Fe2(SO4)3 and HCl in the case of
FeCl2·4H2O/FeCl3·6H2O were used to adjust the pH value of solution to
3, which is generally believed to be the optimal pH value for Fenton-
based reaction (Brillas et al., 2009). To prevent H2O2 volatilization, the
mouth of the beaker was covered with a piece of plastic film. The
suspension kept at 30 °C with circulating water was constantly stirred
by using a magnetic stirring bar for 24 h. The resultant suspension was
filtrated and the obtained residue was sequentially rinsed with ultra-
pure water, 5 wt% oxalic acid solution and ultrapure water, and then
dried at 105 °C for 24 h. The untreated RS and the RS samples pre-
treated with FeSO4·7H2O, FeCl2·4H2O, Fe2(SO4)3 and FeCl3·6H2O were
denoted as RS-U, RS-Fe(II)-S, RS-Fe(II)-Cl, RS-Fe(III)-S and RS-Fe(III)-
Cl, respectively. The sample obtained from H2O2 batch dosed mode was
labeled with a subscript H, while that obtained from iron salt batch
dosed mode was labeled with a subscript F. For example, the sample RS-
Fe(II)-SH indicates that it was obtained from the dosing mode that
FeSO4·7H2O solution was continuously added into the H2O2 solution
while the sample RS-Fe(III)-ClF indicates that it was obtained from the
dosing mode that H2O2 solution was continuously added into the
FeCl3·6H2O solution.

2.3. Enzymatic hydrolysis

The enzymatic hydrolysis was carried out in a 100-mL Erlenmeyer
flask containing 0.5 g of RS sample, 50mL of citric acid-NaOH buffer
with a pH value of 4.8, 20 μL of cellulase and 0.002 g of tetracycline.
The mixture was incubated on a rotary shaker at 50 °C and 150 rpm for
72 h, and the hydrolysate was withdrawn at intervals for reducing sugar
analysis.

2.4. Analytical methods

Van Soest method was used to determine the cellulose, hemi-
cellulose and acid-insoluble lignin contents in RS samples (Van Soest
et al., 1991). Scanning Electron Microscopy (SEM, JEOL JSM-5510LV)
was used to characterize the surface structure change of RS sample
before and after pretreatment. Attenuated Total Reflectance-Fourier
Transform Infrared Spectroscopy (ATR-FTIR, Bruker Alpha) was used to
characterize the functional group change in RS sample. X-ray diffrac-
tion (XRD, Bruker D8 Advance) was used to characterize the crystal-
linity index (ICR) of RS sample, which can be determined by the peak
intensity method (Eq. (4)) (Jain and Vigneshwaran, 2012),

= −I (I I )/ICR 002 am 002 (4)

where I002 is the intensity for the peak at 2θ value of ca. 21.8°, and Iam is
the intensity of the diffraction at 2θ value of ca. 18.8°. DNS (3,5-dini-
trosalicylic acid) method was used to determine the concentration of
reducing sugar released from RS after enzymatic hydrolysis (El-Zawawy
et al., 2011).

3. Results and discussion

3.1. Morphologies of RS samples

SEM was used to obtain insight into change in surface structure of
RS sample after pretreatment. It can be seen that RS-U has a relatively
smooth and continuous surface, while the pretreated RS samples exhibit
a rugged surface containing lots of cracks and voids (Supplementary
File), indicating that the Fenton-based pretreatment has changed the
surface structure of RS. It is known that the highly reactive radicals like
hydroxyl radical from Fenton-based process could strongly oxidize or-
ganic compounds in RS (Zhang and Zhu, 2016), resulting in the
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