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Crop straws provide enormous lignocellulose residues convertible to biofuels, whereas Arsenic (As) and lead (Pb)
pollute agricultural soil and water source. Hence, it becomes important to explore a compelling biomass process
technology for both bioethanol production and trace metal remediation. In this study, we selected classic rice
cultivars that distinctively accumulated As from 10.25 to 16.18 μg/g in their mature straws from the As-polluted
farming soils, being up to 10-fold higher than those of the previously-reported rice straws and other crops. By
performing various chemical pretreatments with the As-accumulated rice straws, this study sorted out that the
optimal two-step 2%H2SO4 and 2%NaOH pretreatments could cause almost complete biomass enzymatic
saccharification for high bioethanol production in all rice straws examined, along with a full As release for As
recycling as potential high-value crystallized chemical. Furthermore, all remaining lignin-rich solid resides were
finally examined to act as active biosorbent for Pb adsorption, with the optimal Pb adsorption conditions
established (1 g/L adsorbent dose at pH6.0 and room temperature). Hence, this study has not only demonstrated
a cascading-like strategy for efficient As and Pb remediation in agricultural soil and water source, but it has also
provided a value-added approach for complete utilization of crop straws towards high bioethanol production.

1. Introduction
With the rapid developments of agriculture and industry, humans
consistently use chemical fertilizers, pesticides and preservatives.
However, it results in increasingly serious pollution of toxic trace metals
in agricultural land, water resources and other daily-life location [1].
Among the trace metals, arsenic (As) and lead (Pb) are the major haz
ardous substances, and their uptakes could seriously cause the risk to
human health [2]. Despite various attempts have been made to remove

As and Pb from the polluted sources [3–5], the most techniques are of
high expense and low efficiency with potential secondary wastes release
into the environment [6].
Plant phytoremediation has been implemented as green and
ecological technology for trace metal removal by growing specified
plants that are of As hyperaccumulation such as Pteris vittata L. and
Solanum nigrum L. [6–8]. However, those plants have limitation to grow
under different ecological conditions, particularly being inapplicable for
large scale agricultural lands [9]. Alternatively, agricultural crops have
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been grown in the farming lands contaminated with relatively low As
levels, which could avoid the conflict with food security. Therefore, it is
imperative to select the desirable crops that could mainly accumulate As
in straw with minimum As uptake at its grain or seed [10]. Furthermore,
it remains to explore an economical and effective approach for As
extraction and recycling from the crop straws harvested from the
metal-contaminated land.
Adsorption technology has been conducted for Pb removal from the
polluted water resource by using either the chemically-modified ad
sorbents from industrial byproducts or biosorbents from the biomass
residues of crop straw process [11]. Despite that biomass residues could
be modified as active biosorbents [12], it becomes critical to search for
the biosorbents that are of low-cost, high-activity and well-performance.
Crop straws provide substantial lignocellulose residues applicable to
process for bioethanol and biomaterials [13,14]. Although the
biochemical conversion of lignocellulose into bioethanol has been
implemented in various crop straws, lignocellulose recalcitrance re
quires a strong biomass process to be performed for biomass pretreat
ment and enzymatic saccharification, which even causes an
unacceptably overpriced bioethanol conversion along with lignin-rich
wastes release into the environment [15,16]. To address this issue, it
could be considered to explore an integrated technology for
highly-efficient trace metal remediation and cost-effective bioethanol
processing with minimum biomass waste release by growing desirable
crops.
Rice is a major food crop worldwide for roughly 650–975 million
tons of lignocellulose-based straw annually [17]. Recently, rice has been
considered as the desirable crop for trace metal phytoremediation
[18–20], but it remains to find out the desirable rice straw for efficient
metal removal. In this study, therefore, we selected several classic rice
cultivars to be grown in the pots filled with local As-contaminated
farming soil, and then identified the desirable rice straw that accumu
lated much higher As level compared to other rice samples examined in
previous studies. Using combined mild chemical processing with mature
straws, this study detected that all accumulated As could be fully
released, and the remaining wall polysaccharides (cellulose and hemi
cellulose) were completely digested by mixed-cellulases as carbon
source for yeast fermentation. After ethanol fermentation, all lignin-rich
residues were tested as active biosorbent for Pb adsorption, indicating
much increased Pb adsorption and removal rates than those of raw rice
straws under a standard incubation condition performed in this study.
Hence, this study raised a novel cascading-like strategy for effective soil
As phytoremediation, efficient water Pb removal, and value-added
bioethanol production without any biomass residues release by using
desirable rice straw.

the National Standard (GB 5009.11− 2014) procedure. The dry biomass
sample (1.0 g) was added to 20 mL HNO3, 4 mL HClO4 and 1.25 mL
H2SO4 and allowed to stand for 24 h. The sample was then heated until
the evaporated HClO4 was exhausted and the white smoke of H2SO4 was
emerged. After cooling, 25 mL of ultrapure water was added and
evaporated to H2SO4 to emit white smoke. After further cooling, sample
was transferred to a 25 mL volumetric flask, 2 mL thiourea and ascorbic
acid solution was added and let to be stand for 30 min. An atomic
fluorescence spectrometry (AFS-9750) was applied for As assay, and all
samples were measured in independent triplicate. For preparing sodium
arsenate, the supernatant from 2% H2SO4 pretreatment was collected
and adjust the pH to 12 with NaOH. After the solution is heated to 80 ℃,
2% H2O2 chemical (v/v) was added and stirred for 30 min, and then cool
to form crystallized sodium arsenate as previously described [21].
2.3. Biomass pretreatment and sequential enzymatic hydrolysis
One-step chemical pretreatments with H2SO4 and NaOH were
respectively performed as previously described [22]. The acid pre
treatments with H2SO4 at various concentrations were conducted at 121
℃ (15 psi) for 20 min, whereas the alkali pretreatments with NaOH were
undertaken at 50 ℃ and 150 rpm for 2 h. For the two-step chemical
pretreatments, the remaining biomass residues from the first-step H2SO4
pretreatment were adjusted at pH 7.0, and the second-step NaOH pre
treatment was conducted as described above. In terms of the sequential
enzymatic hydrolysis, the pretreated residues were reacted with the
final dosage of 2.0 g/L mixed-cellulases (10.6 FPU/g biomass) and
xylanase (6.72 U/g biomass) purchased from Imperial Jade Biotech
nology Co., Ltd, in which 1% Tween-80 was co-supplied. All reactions
were conducted under independent triplicate.
2.4. Yeast fermentation and ethanol assay
Yeast Saccharomyces cerevisiae strain (purchased from Angel Yeast
Co., Ltd., Yichang, China) was used in all fermentation reactions, and the
yeast powder was dissolved in 0.2 M phosphate buffer (pH 4.8) for 30
min for activation prior to use. The yeast powder was suspended in pH
4.8 phosphate buffer to achieve in final concentration of 0.5 g/L in all
fermentation tubes, and the fermentation was performed at 37 ◦ C for 48
h in tubes as described [23]. Ethanol was measured using K2Cr2O7
method. The fermentation liquid was distilled at 100 ◦ C for 10 min, and
appropriate amount of ethanol sample was heated in 2 mL 5% K2Cr2O7
for 10 min in a boiling water bath. The samples were cooled down and
added with distilled water to 10 mL as described above. All assays were
completed by independent triplicate.

2. Materials and methods
2.1. Rice straw sample collection

2.5. Pb adsorption analysis

The general procedure of major experiments performed in this study
was described in Fig S1. Rice cultivar was grown in the pots filled with
soil collected from a paddy field in Yangxin, Hubei Province, China (N
29◦ 48′ 40′′ ; E 115◦ 25′ 53′′ ). The soil was a sandy loam with pH of 7.7
(1:2.5 H2O), which contained As at 72.7 mg/kg, organic matter at 19.7
g/kg, total Fe at 28.3 g/kg and sodium citrate-sodium bicarbonate-so
dium dithionite extractable Fe at 7.6 g/kg [10]. After being air-dried at
room temperature, the soil was ground and stored in the pots (10 kg soil
per pot) for the following experiments. Among total 29 rice varieties
grown in the pots, four rice varieties (Zzn, Gly, Hyx, Cxy) straws were
collected, ground through a 40-mesh screen, and the well-mixed pow
ders were stored in a sealed dry container until use [20].

All remaining solid residues collected after the ethanol fermentation
were washed with distilled water for three times, followed with ultrapure water for another three times. The washed residues were dried at
50℃ in an air oven and stored as biosorbents samples for the following
experiments. Solution of Pb2+ was prepared by adding Pb (NO3)2 into
ultra-pure water at room temperature. Batch adsorption experiments
with biosorbents were performed for 4.0 h in 50 mL tubes at 150 rpm.
After stirring, the samples were filtered through a 0.45 μm membrane
filter, and the residual Pb2+ concentration in the filtrate was examined
by flame atomic adsorption spectrophotometer (FAAS HITACHI Z-2000,
Japan) equipped with air–acetylene flame. The Pb adsorption at equi
librium qe (mg/g) and the percentage removal efficiency (%R) was
estimated as previously described [24]. Langmuir isotherm and
Freundlich isotherm models were established [25], whereas the
pseudo-second-order equation was plotted [26]. All analyses were
implemented from independent triplicate.

2.2. As Assay of rice biomass samples and preparation of sodium arsenate
The As content of rice straw samples was determined according to
2
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assay [30], scanning electron microscopy (SEM), energy dispersive
X-ray [31], X-ray photoelectron spectroscopy (XPS) [32], Fourier
Transform Infrared (FTIR) spectroscopy [33].

Table 1
Comparison of Arsenic (As) accumulation with crop straws.
Rice straw
Grain
Rice Straw
Husk
Grain
Wheat straw
Grain
Wheat straw
Peeled carrot
Peanut kernel

Arsenic level (μg/g dry weight)

Reference

10.25¡16.18
0.35¡0.41
1.34− 2.13
0.67− 1.05
0.23− 0.54
2.5− 3.2
0.32− 0.42
0.129
0.38− 1.64
2.9

This study

3. Results and discussion

[34]

3.1. High As accumulation in desirable rice straws from agricultural
polluted-soils

[35]

In this study, we collected mature straws of several classic rice cul
tivars grown in the pots loaded with the As-contaminated soils of the
local farming field (Fig. S1). Using standard trace metal analysis
method, this study determined As levels (16.18, 13.21, 10.25 μg/g DW)
in rice straws of three classic cultivars (Zzn, Gly, Hyx), respectively,
which were up to 10-fold higher than those of the previously-reported As
accumulation in rice straw (Table 1) [34–38]. Compared to other agri
cultural crop straws and biomass residues such as wheat, carrot, and
peanut, these three rice straws remained extremely more As accumu
lation, indicating that rice should be the desirable agricultural crop for
As accumulation. On the other hand, three rice cultivars accumulated
small amounts of As in their grains (0.35− 0.41 μg/g DW). In addition,
despite large amounts of As accumulation in straws, three rice cultivars
remained normal plant growth with similar biomass yields. Hence, this
study suggested that the desirable rice cultivars should be of high phy
toremediation capacity for As removal from agricultural lands.

[36]
[37]
[38]

2.6. Wall polymer extraction and determination
Plant cell wall fractionation procedure was implemented for
sequential extractions of hemicelluloses and cellulose as described [15,
27]. Total lignin level was measured by two-step acid hydrolysis method
according to the Laboratory Analytical Procedure of the National
Renewable Energy Laboratory [28].
A UV/VIS spectrometer (V-1100D, MAPADA Instruments Co., Ltd.,
Shanghai, China) was employed to determine hexoses and pentoses. The
anthrone/H2SO4 method was for the determination of total hexoses,
whilst total pentoses assay was completed by the orcinol/HCl method
[29]. In terms of cellulose assay, the hexoses level of cellulose sample
dissolved in 67% H2SO4 was determined by the anthrone/H2SO4
method. Hemicelluloses levels were estimated by measuring total hex
oses and pentoses of the hemicellulose fractions. All assays were
completed from independent triplicates.

3.2. Combined chemical pretreatments for complete saccharification and
high bioethanol production in As-accumulated rice straws
In terms of three rice cultivars accumulated with large amount of As
in the mature straws as described above, this study performed various
chemical pretreatments to enhance sequential biomass enzymatic
saccharification for high bioethanol production (Fig. 1). Based on our
previously-established approaches [39,40], we first conducted one-step
acid pretreatments with three rice straws under a series of

2.7. Characterization of biosorbents
The produced biosorbents were characterized using the following
standard analyses such as Brunauer–Emmett–Teller (BET) surface area

Fig. 1. Hexoses and ethanol yields achieved from enzymatic saccharification and yeast fermentation after various chemical pretreatments with mature straws in
three rice cultivars. (A) Hexoses yields (% cellulose) released from enzymatic hydrolysis after H2SO4 pretreatments. (B) Hexoses after NaOH pretreatments. (C)
Hexoses after one-step (H2SO4) and two-step acid and alkali pretreatments (H2SO4+ NaOH). (D) Bioethanol yields (% dry matter) using hexoses released from
enzymatic hydrolysis after various chemical pretreatments. (E) Estimation of total ethanol yields using both hexoses and pentoses released from enzymatic hy
drolysis, based on the average xylose-ethanol conversation rate of 35% as previously reported by Rodrussamee et al. (2018) [41] and Valinhas et al.(2018) [42]. (F)
Sugar–ethanol conversion rates, subjective to hexoses and ethanol yields examined in this study.
3
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Fig. 2. Comparison of Pb adsorption rates
under different pH values using solid residues of
rice straw samples. 2% H2SO4-PT: Residues
after 2% H2SO4 pretreatment; 2% H2SO4-FT:
Residues remained from enzymatic hydrolysis
and yeast fermentation after 2% H2SO4 pre
treatment; 2% H2SO4 + 2%NaOH-FT: Residues
remained from enzymatic hydrolysis and yeast
fermentation after two-step chemical pretreat
ment (2% H2SO4 + 2%NaOH). (A, B) as two
distinct rice cultivars (Gyl, Hyx). Incubation
conditions: (A) and (B), C0 = 5 mg/L, adsorbent
dose =1 g/L, T = 25 ± 2 ℃, t = 4.0 h.

concentrations (0.5%, 1%, 2%, 4%) of H2SO4 (Fig. 1A). In general, three
rice straws respectively showed the hexoses yields at 16.45%, 15.16%
and 15.94% (% cellulose) released from enzymatic saccharification
under the pretreatment with high acid concentration (4% H2SO4). In
particular, the Hyx straw remained consistently higher hexoses yields
than those of the other two rice cultivars (Zzn, Gly), partially due to less
As accumulation in the Hyx straw. Then, we conducted one-step alkali
pretreatments using four concentrations (1%, 2%, 4%, 8%) of NaOH
(Fig. 1B). By comparison, the Hyx straw exhibited complete enzymatic
hydrolysis with hexoses yield of 100% under the 4% NaOH pretreat
ment, whereas the other two rice cultivars had hexoses yields of less
than 80% even though under 8% NaOH pretreatment. By performing
two-step of acid and alkali pretreatments, however, we examined that
all three rice cultivars were of almost complete enzymatic saccharifi
cation under the 2% H2SO4 pretreatment followed with the 4% NaOH
(Fig. 1C). Because acid and alkali pretreatments involve in distinct
mechanisms for wall polymers extraction and destruction [13], the
optimal two-step pretreatments performed in this study should cause an
integrated enhancement on the biomass enzymatic saccharification.
Using total hexoses obtained from the enzymatic hydrolyses of pre
treated lignocellulose, we further performed a classic yeast fermentation
for bioethanol production in three rice straw samples. In comparison, all
two-step pretreatments led to significantly higher bioethanol yields (%
dry straw) compared to the one-step acid (2% H2SO4) pretreatment
(Fig. 2D). In particular, this two-step optimal chemical (2%H2SO4+2%
NaOH) pretreatments caused the highest bioethanol yields of 9.0–9.3%
(% dry matter) achieved in all three rice straw samples. Furthermore, as
the two-step pretreatments could completely release all pentoses of
hemicellulose, we also estimated the total bioethanol yields from both
hexoses and pentoses co-fermentation, being subjected to the average
xylose-ethanol conversion rate reported from previous studies [41,42].
Hence, the two-step chemical pretreatment could lead to the bioethanol
yields of 12–15% (% dry matter) in three rice straw samples, and the
Hyx sample particularly remained a relatively higher bioethanol yield
(Fig. 1E), consistent with its more hexoses and pentoses released from
enzymatic hydrolysis. In addition, this study calculated sugar-ethanol
conversion rates, and the two-step pretreatment showed slightly
higher conversion rates (80–85%) than those of the one-step acid pre
treatments (74–82%), probably due to more As and toxic compounds
released from the two-step pretreatments [39]. On the other hands, the
bioethanol yields and conversion rates obtained in this work were
relatively lower than those of the previous reports (ours and others in
rice, e.g. Huang et al. [16]; Li et al. [23]), which should be mainly due to
the accumulated heavy metals that inhibit yeast growth and fermenta
tion capacity. Taken all together, therefore, this study demonstrated that
the two-step acid and alkali pretreatments were effective for complete
biomass enzymatic saccharification towards high bioethanol yields and

Table 2
Arsenic (As) rate released from chemical pretreatments with four rice straws.
Rice
straw
Gly
Hyx
Yh
Fd

2%H2SO4

2%H2SO4+2%NaOH

Released As level
(ug/L)

% of
total

Released As level
(ug/L)

% of
total

379
485
174
513

93%
95%
95%
91%

407
512
182
563

100%
100%
100%
100%

Table 3
Crystallized Na3AsO4 rate by oxidation of the As released from rice straws.
Sample

Total arsenic
extracted (μg/L)

Non-crystallized
arsenic (μg/L)

Crystallized arsenic rate
(Na3AsO4)

Gly
Hyx

587.37 ± 2.56
405.70 ± 11.03

354.90 ± 3.29
348.02 ± 3.39

40%
14%

sugar-ethanol conversion rates in the AS-accumulated rice straws.
3.3. Complete As release and recycling from combined acid and alkali
pretreatments and chemical oxidation
As chemical pretreatments could lead to distinct wall polymers
extraction and destruction [43], this study detected how much As was
released from various chemical pretreatments performed with rice
straws as described above. Under one-step NaOH pretreatment at
different concentrations, three rice straws samples released 79–92% As
of total, whereas the one-step H2SO4 pretreatments showed 86–97% As
releases (Table S1). Despite the acid pretreatments caused higher pro
portions of As release than those of the alkali pretreatments even though
under high concentrations, the accumulated As with rice straws could
not completely be released in this study. However, using two-step acid
and alkali pretreatments (2%H2SO4+2%NaOH) optimal for enzymatic
saccharification as described above, we found that all accumulated As
could be released in four rice straws samples (Table 2). Hence, the
two-step pretreatment with low concentrations of acid and alkali could
not only lead to a complete biomass enzymatic saccharification of rice
straws for high bioethanol production, but it has also caused a complete
As release in all rice straws.
Furthermore, this study performed an oxidation reaction to crystal
lize the As released from chemical pretreatment and sequential enzy
matic hydrolysis of rice straws by using chemical (H2O2) and NaOH. The
crystallized sodium arsenate (Na3AsO4) respectively covered 40% and
14% of total As in two rice cultivars (Gly, Hyx) straws (Table 3). With
4
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Fig. 3. Pb adsorption capacity and removal
rates under initial Pb concentrations using solid
residues of rice straw samples. 2% H2SO4-PT:
Residues after 2% H2SO4 pretreatment; 2%
H2SO4-FT: Residues remained from enzymatic
hydrolysis and yeast fermentation after 2%
H2SO4 pretreatment; 2% H2SO4 + 2%NaOH-FT:
Residues remained from enzymatic hydrolysis
and yeast fermentation after two-step chemical
pretreatment (2% H2SO4 + 2%NaOH). (A, B) as
two distinct rice cultivars (Gyl, Hyx). Incuba
tion conditions: (A) and (B), pH = 6.0, adsor
bent dose =1 g/L, T = 25 ± 2 ℃, t = 4.0 h.

respect to the two rice straws with quite different crystallized As rates, it
suggests that the accumulated As may have distinct interactions with the
lignocellulose residues in different rice cultivars. Therefore, it remains
interesting to find out advanced technology to obtain completely crys
tallized As recyclable for high-value chemical in the future.

Table 4
Langmuir and Freundlich isotherm model for Pb adsorption.
Langmuir
Sample*

3.4. Raised Pb2+ adsorption of the solid biomass residues from different
pH conditions

Gly

As described above, we performed optimal two-step acid and alkali
pretreatment (2%H2SO4+2%NaOH-FT) for complete biomass enzymatic
hydrolysis and As release. Because much lignin-rich solid residues
remained after bioethanol fermentation, this study attempted to use all
of them as active biosorbent for Pb2+removal from potential Pbcontaminated aqueous sources, and it meanwhile compared with other
two solid residues obtained from the one-step H2SO4 pretreatment (2%
H2SO4-PT) and its final fermentation (2%H2SO4-FT) as shown in Fig. S1.
To achieve high Pb adsorption, this study conducted Pb adsorption assay
in two representative rice straws (Gly, Hyx) samples under different pH
conditions (Fig. 2). As a result, all three types of solid residues appeared
to have the highest Pb2+ adsorption rates at pH 6.0 and the lowest
adsorption rates at pH 3.0, which should be due to the high H+ dosage
that was competitive for the adsorption sites on the biomass surfaces
[44]. As pH values remained increasing, all solid residues were of
consistently raising adsorption rates, because the decrease of H+ dosage
should be beneficial for Pb2+ interaction with the biosorbents examined
[12], suggesting that the pH values should characteristically change the
disconnection style of related groups among major wall polymers, and
then affected the adsorption efficiency [45]. Notably, the solid residues
generated from the optimal two-step pretreatments remained relatively
higher Pb2+ adsorption rates than those of other two residues from the
one-step acid pretreatment in two rice straws particularly under pH 6.0,
indicating that the solid residues of two-step pretreatments should be of
more active groups for Pb2+ adsorption.

Hyx
*

2% H2SO4-PT
2% H2SO4-FT
2% H2SO4 +
2%NaOH-FT
2% H2SO4-PT
2% H2SO4-FT
2% H2SO4 +
2%NaOH-FT

Freundlish

qmax
(mg/g)

B (L/
mg)

R2

KF

1/n

R2

4.54
6.87

1.04
0.50

0.9970
0.9879

2.80
3.11

0.15
0.24

0.9050
0.9071

12.35

0.30

0.9914

3.58

0.39

0.9707

4.76
6.27

0.57
1.28

0.9954
0.9931

2.40
3.77

0.21
0.17

0.9434
0.8855

12.36

0.36

0.9862

3.85

0.38

0.9560

Sample information as described in Fig. 2.

Table 5
Comparison of Cd sorption capacities of various biosorbents (mg/g).
Materials

qe(mg/g)

Reference

2% H2SO4-PT
2% H2SO4-FT
Gly
2% H2SO4 þ 2%NaOH-FT
2% H2SO4-PT
2% H2SO4-FT
Hyx
2% H2SO4 þ 2%NaOH-FT
Sugarcane bagasse
Cassava peels
Almond shell
Corn straw
Barley straws
Miscanthus straws

4.54
6.87
12.35
4.76
6.27
12.36
8.3
5.80
8.08
15.03
23.20
7.16

This work

[24]
[48]
[49]
[50]
[51]
[52]

to the other two types of solid residues collected from the one-step acid
pretreatments and its yeast fermentation, consistent with the findings of
Pb2+ adsorption under various pH conditions as described above.
Meanwhile, we detected the Pb2+ adsorption isotherm, and found
that all solid residues showed a regular profile with a sharp initial slope
(Table 4; Fig. S2), revealing that these biomass residues could act as
efficient biosorbents even though under low dosage of Pb2+. Further
more, the batch experimental data were used to generate the Langmuir
and Freundlich isotherm equations. With the respects to the correlation
coefficients, the Langmuir model displayed the R2 value > 0.98 in all
solid residues examined, revealing that the Pb2+ adsorption could be
well illuminated by the Langmuir model [46,47]. Notably, the Pb2+
adsorption capacity of the solid residues generated from the yeast
fermentation upon the optimal two-step pretreatment was almost twice
higher than those of other two types of the solid residues collected from
the one-step acid pretreatment and yeast fermentation. Hence, the data
confirmed that those lignin-rich residues could act as a highly-active
biosorbent for Pb removal.
In addition, compared with the previously-reported sorbents

3.5. Consistently high Pb2+ Adsorption capacity from various dosages of
Pb incubations
For further testing Pb adsorption capacity of the solid residues in two
rice straws samples, this study performed Pb2+ adsorption assay using
different Pb incubating concentrations (Fig. 3). In general, while the Pb
incubation concentration was rising, all three types of solid residues
were of a constantly raising Pb2+ adsorption capability with a relatedly
reducing Pb2+ removal rate, which should be mainly due to the high
metal ion concentration that causes more drives force for adsorption and
thus overcomes the mass transfer resistance of the metal [44]. In
particular, the solid residues obtained from the yeast fermentation after
optimal two-step acid and alkali pretreatments, exhibited remarkably
raised Pb2+ adsorption and removal rates in two rice straws, compared
5
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Fig. 4. Pb adsorption capacity and removal
rates under different dose of solid residues of
rice straw samples as biosorbents.2% H2SO4-PT:
Residues after 2% H2SO4pretreatment; 2%
H2SO4-FT: Residues remained from enzymatic
hydrolysis and yeast fermentation after 2%
H2SO4 pretreatment; 2% H2SO4 + 2%NaOH-FT:
Residues remained from enzymatic hydrolysis
and yeast fermentation after two-step chemical
pretreatment (2% H2SO4 + 2%NaOH). (A, B) as
two distinct rice cultivars (Gyl, Hyx). Incuba
tion conditions:(A) and (B), C0 = 5 mg/L, orig
inal pH 6.0, T = 25 ± 2 ℃, t = 4.0 h).

Fig. 5. Pb adsorption rates during incubation time course in the solid residues of rice straw samples as described in Fig. 3. (A, B) as two distinct rice cultivars (Gly,
Hyx). Incubation conditions: (A) and (B), (C0 = 5 mg/L, original pH 6.0, adsorbent dose =1 g/L, T = 25 ± 2 ℃.

generated from biomass residues, the solid residues obtained from the
yeast fermentation after optimal two-step acid and alkali pretreatments
were of much higher Pb adsorption capacity (Table 5) [24,48–52]. On
the other hand, as it has been characterized that chemical and physical
modification could distinctively increase adsorption capacity of biomass
residues, it remains interesting to modify the solid lignocellulose resi
dues of the desirable rice straws in the future, which should enable to
further raise adsorption capacity for Pb and other heavy metals.
2+

3.6. Raised Pb
incubation time

Table 6
Kinetic parameters of the pseudo-second-order equation.
Sample*

Gly

Hyx

Adsorption capacity by solid residues dosages and

*

With respect to the solid residues as the active biosorbent applicable
for Pb adsorption, this study detected how the Pb adsorption capacity
was affected by biosorbent dosage at optimal pH condition (pH = 6.0).
As the dose of biosorbent (solid residue) was raising, the Pb2+ removal
rates were respectively increased from 39% to 83% and from 39% to
88% in two representative rice (Gly, Hyx) samples, whereas the Pb2+
adsorption capacities were relatedly reduced until all three solid sam
ples remained the lowest and similar adsorptions (Fig. 4) [53], which
may be due to the overlapping of active sites at a higher dose and their
competition for the Pb2+ among the adsorption sites [54,55]. However,
the solid residue samples obtained from yeast fermentation after optimal
two-step pretreatments remained much raised Pb2+ adsorption capac
ities and removal rates even though under low dosage of biosorbent
loading, compared to other two solid residues samples collected from
the one-step acid pretreatment and yeast fermentation.
Furthermore, we observed the incubation time impacts on Pb2+
adsorption rates. As the sorption process is fast in the initial stage, about
30–66% of total Pb2+in solution is removed within the five minutes of

2% H2SO4-PT
2% H2SO4-FT
2% H2SO4 + 2%NaOHFT
2% H2SO4-PT
2% H2SO4-FT
2% H2SO4 + 2%NaOHFT

qe(mg/
g)

K2 (g/min
mg

qe(mg/
g)

R2

3.08
3.55

0.18
0.64

3.10
3.54

0.9999
0.9999

3.69

0.02

3.83

0.9981

2.80
3.83

0.30
0.32

2.80
3.81

0.9999
0.9999

3.67

0.05

3.74

0.9995

Sample information as described in Fig. 2.

contact in three solid residues of two rice straw samples (Fig. 5). Hence,
the adsorption equilibrium was almost attained only after 30 min in
cubation, and the subsequent slow step involves the rearrangement of
the adsorbed Pb2+ on the surface, which may result in a more thorough
utilization of the adsorption sites [44]. Because the kinetics of the
adsorption process is very applicable to understand the rate of reaction
and solute uptake rate [56], the R2 value of more than 0.99 revealed that
the pseudo-second-order kinetics fits well with all adsorbents examined
in this study (Table 6) [57]. In addition, we found that the incubation
temperature had little impact on the Pb2+ adsorption (Fig. S3). There
fore, about one-hour incubation at room temperature should be appli
cable for the optimal adsorption.
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straw, this study applied XPS to examine the interlinkage styles of metals
[63]. Notably, we observed two typical peaks in the solid residue
incubated with Pb2+ adsorption solution, whereas the control (without
Pb2+) sample appeared not to display those peaks (Fig. 7A). Meanwhile,
this work detected four typical C-linkages by XPS, and the solid residue
incubated with Pb2+ displayed obviously changed areas of two peaks
(C–C/C–H; C–O) (Table S5), compared to the control sample without
Pb2+ (Fig. 7B, C), implying that these groups of two peaks should
participate for Pb2+ adsorption [24,32,64]. In addition, we used the
SEM-EDS to confirm those several peaks that should be corresponding
for Pb2+ adsorption (Fig. 8). Hence, despite that the solid residue was of
relatively low BET surface area (Table S3), its surface should have a
large number of micron size channels enabled for high Pb2+ adsorption
[65], indicating that the solid residue generated in this work could act as
the active Pb biosorbent through multiple chemical binding [66].
In sum, this study could propose a powerful strategy for effective Pb
phytoremediation by growing desirable rice cultivars in polluted agri
cultural lands, followed by the optimal two-step acid and alkali pre
treatments with rice straws for complete enzymatic saccharification to
produce high bioethanol, and the finally remained lignin-rich residues
used as active biosorbent for efficient As removal of any water sources,
which leads to collection and recycling of both Pb and As without any
biomass wastes release into the environment.

Fig. 6. FTIR spectrum of the solid residues in rice straw (Hyx) samples.

3.7. Characterization of high Pb2+ adsorption of solid residues in rice
straws
To understand why the solid residues of the rice straws were of high
Pb2+ adsorption capacity, this study examined their chemical and
physical properties using representative rice straw (Hyx) sample. As
predicted, this study examined that three types of solid residues were
rich at lignin with small proportions of hemicelluloses (Table S2). Except
for the solid residues from one-step acid pretreatments containing undigested cellulose, the other two types of solid residues only contained
76–86% lignin and 14–24% hemicelluloses in rice straw samples. As
Brunauer–Emmett–Teller (BET) surface area assay has been well applied
to account for biosorbent property, this study also determined much
raised surface areas and pore volumes in three types of solid residues,
particularly in the residue obtained from the one-step acid pretreatment,
compared to the raw material of rice straw (Table S3) [58,59]. In
addition, we observed the wall polymer linkage styles using Fourier
Transform Infrared (FTIR) spectroscopy. Compared to the raw material,
three types of solid residues exhibited obvious variations of at least three
characteristic peaks (Fig. 6; Table S4) [60–62]. For instance, the peak
areas of 2918 cm− 1 (–CH), 1633 cm− 1 (–COOH /–NH2), 1517
– C) appeared to be higher and shifted, suggesting an increase in
cm− 1(C–
– C) on the surface of
the functional groups (–CH, –COOH /–NH2, C–
the adsorbent.
To sort out how the solid residue acts as an active biosorbent
particularly from the yeast fermentation after optimal two-step acid and
alkali pretreatment (2%H2SO4+2%NaOH) with the As-accumulated rice

4. Conclusions
This study examined that the desirable rice cultivars could accu
mulate 10.25− 16.18 μg/g of As in their mature straws with much low As
contents with grains about 0.35− 0.41 μg/g from the agricultural Ascontaminated soils. By performing optimal two-step acid and alkali
(2%H2SO4+2%NaOH) pretreatments with rice straws, this work detec
ted that three As-accumulated rice straws showed a full biomass enzy
matic saccharification with hexoses yield of 100% (% cellulose) for high
bioethanol production, which meanwhile caused a complete As release
for As collection and recycling. Furthermore, the lignin-rich solid resides
that remained after bioethanol fermentation could act as active bio
sorbent via multiple chemical bindings for Pb adsorption and removal
from the potential Pb-polluted water source. Therefore, this study has
demonstrated a cost-effective and green-like technology for complete
utilization of crop straws towards high bioethanol production, providing
a recyclable cascading strategy for effective arsenic phytoremediation in
agricultural soils and efficient lead removal in water sources.

Fig. 7. XPS assay for Pb adsorption with the solid residues remained from yeast fermentation after optimal two-step pretreatment (2% H2SO4 + 2%NaOH) with rice
straw (Hyx). (A) XPS of Pb 4f spectrum; (B) XPS of C 1s spectrum; (C) XPS of C 1s spectrum; (D) XPS of O 1s spectrum; (E) XPS of O 1s spectrum on solid residues.
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Fig. 8. SEM-EDS analysisof the solid residues incubated with Pb in Hyx.(A, B) the solid residues remained from yeast fermentation after optimal two-step pre
treatments (2% H2SO4 + 2%NaOH). (C, D) the solid residues (A,B) as biosorbent incubated with Pb.
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