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Lead (Pb) is one of the most hazardous substances contaminating water source and agricultural lands, and
Miscanthus is a leading bioenergy crop providing enormous lignocellulose residues convertible for bioethanol
and biochemicals. Using two distinct Miscanthus straws, this study compared various chemical pretreatments to
obtain relatively high cellulosic ethanol production. All remained solid wastes were then employed for Pb adsorption under diﬀerent incubation conditions (pH, initial concentration, temperature, etc). By comparison, the
solid residues were of remarkably higher Pb adsorption capacity and removal rates than those of raw materials.
Notably, the optimal one-step alkali pretreatment could not only lead to high bioethanol yield, but the remaining
solid residues from ﬁnal yeast fermentation were of the highest Pb adsorption among all pretreatments performed in this study. Chemical analyses revealed that the solid residues from the optimal alkali pretreatment
could act as active biosorbents for Pb adsorption via typical chemical binding manner, and they also exhibited
much larger surface area and pore volume relative to the raw materials, interpreting why they were of signiﬁcantly higher Pb adsorption. Hence, this study has demonstrated a powerful strategy to use full Miscanthus
straws for both enhanced cellulosic ethanol production and improved biosorbent activity for trace metal removal
without any biomass waste release into the environment.

1. Introduction
Trace metals are toxic substances to human beings and animals due
to being non-biodegradable at trace concentration (Çolak et al., 2013).
Lead (Pb) is one of the most hazardous trace metals, and it could deposit into water source and other daily-life locations (Cloquet et al.,
2006). Despite that many trace-metals removal techniques have been
established over the past years (Lo et al., 2014), the most approaches
are of high cost with potential secondary waste release (Mack et al.,
2008).
In principle, the adsorption technology for trace metals removal has
been performed using the high speciﬁc surface area of activated sludge
or industry byproducts or the chemically-modiﬁed biomass residues
(Väisänen et al., 2016; Vitas et al., 2018). In particular, the nonviable

biomass could be applied as biosorption by binding and concentrating
trace metals from aqueous solutions (Monteiro et al., 2012). However,
although biosorption is a powerful technology for removal of trace
metals (Fu and Wang, 2011), it is critical to ﬁnd out the biosorbents
that are of low-cost, value-added, high-active and well-performance
(Kurniawan et al., 2006).
Cellulosic ethanol has been evaluated as a potential additive into
gasoline with less net carbon release, and thus agricultural crops could
provide enormous biomass resource convertible for bioethanol and
biochemicals (Guan et al., 2018; Huang et al., 2019; Wu et al., 2019).
As the promising secondary generation of biofuel, the cellulosic bioethanol conversion requires three major steps: initial physical and chemical pretreatments for lignocellulose destruction, sequential enzymatic hydrolysis for soluble sugar release, and ﬁnal yeast fermentation
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2.4. Adsorption analysis of solid residues

for bioethanol production (Li et al., 2018). However, the lignocellulose
recalcitrance leads to an unacceptably costly bioethanol conversion
with potential wastes formation (Alam et al., 2019). Hence, it becomes
essential not only to establish a low-cost bioethanol conversion technology, but also to reuse all remained biomass residues with minimum
wastes release into the environment (Xie and Peng, 2011).
Miscanthus has been regarded as a leading bioenergy crop due to its
high lignocellulose yield and well adaptation to various environmental
conditions (Cheng et al., 2018). In this study, we performed one-step
and two-step chemical pretreatments with two distinct Miscanthus accessions using classic acid and alkali agents (H2SO4, NaOH) at various
concentrations, and then determined biomass enzymatic sacchariﬁcation and bioethanol production (Romero-Güiza et al., 2017; Wang et al.,
2019). By selecting three typical chemical pretreatments, this work
further collected all remained solid residues of yeast fermentation to
test adsorption capacity with Pb under various conditions (pH, initial
concentration, temperature, etc). Meanwhile, this study conducted a
characteristic analysis of the remained solid residues to test whether
they were of high activity and well performance during the Pb adsorption process. Finally, this study attempted to explore why highactive biosorbents could be obtained in the desirable Miscanthus straw.

All solid residues from ethanol fermentation were washed with
distilled water three times, followed with ultra-pure water for another
three times. The remained residues were collected, dried at 50 °C in an
air oven and stored as biosorbents samples for the following experiments. Solutions of Pb2+ was prepared by adding Pb(NO3)2 into ultrapure 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 determined by
ﬂame atomic adsorption spectrophotometer (FAAS HITACHI Z-2000,
Japan) equipped with air–acetylene ﬂame. The amount of adsorption at
equilibrium qe (mg g−1) and the percentage removal eﬃciency (%R)
were calculated as previously described by Yu et al. (2015). Langmuir
isotherm and Freundlich isotherm models were characterized as described by Han et al., 2015. The linear form of the pseudo-second-order
equation was completed as described by Saman et al. (2018). All assays
were conducted with independent triplicate.
2.5. Characterization of biosorbents
The synthesized biosorbents were respectively characterized using
standard assays including Brunauer–Emmett–Teller (BET) surface area
assay (Ray and Shipley, 2015), scanning electron microscopy, energy
dispersive X-ray (Raul et al., 2014), X-ray photoelectron spectroscopy
(Yu et al., 2008) and fourier transform infrared (FTIR) spectroscopy
(Rahman et al., 2014).

2. Material and methods
2.1. Plant sample collection
The general experiments procedures were described in Fig. S1. Two
typical Miscanthus species (Miscanthus ﬂoridulua/ Mﬂ31, Miscanthus
sacchariﬂorus/Msa01) were grown in the experimental ﬁeld of
Huazhong Agricultural University, Wuhan, China in 2017. All mature
straws of each Miscanthus accession were collected, crushed using a
knife-mill, dried at 50 °C and ground through a 40 mesh screen. The
well-mixed powders were stored in a sealed dry container until use. For
each Miscanthus accession, three experimental samples of the wellmixed biomass powders were equally weighed as independent triplicates for all following experiments performed in this study.

2.6. Wall polymer extraction and assay
Plant cell wall fractionation was performed to extract cellulose and
hemicelluloses as previously described by Peng et al. (2000) with minor
modiﬁcation for lab scale analysis (Alam et al., 2019). Two-step acid
hydrolysis method was applied to determine total lignin according to
the Laboratory Analytical Procedure of the National Renewable Energy
Laboratory (Pei et al., 2016).
2.7. Sugars assay

2.2. Chemical pretreatment and enzymatic hydrolysis
A UV/VIS spectrometer (V-1100D, MAPADA Instruments Co.,Ltd.,
Shanghai, China) was used for hexoses and pentoses assay as described
(Alam et al., 2019). The anthrone/H2SO4 method was applied for determination of total hexoses, whereas the orcinol/HCl method was used
for total pentoses assay (Dische, 1962). For cellulose assay, the cellulose
sample was dissolved in 67 % H2SO4 and hexose was determined.
Hemicelluloses were calculated by determining total hexoses and pentoses of the hemicellulose fractions. All experiments were performed in
independent triplicates.

One-step chemical pretreatments with H2SO4 or NaOH were respectively performed as previously described by Jin et al. (2016) and Li
et al. (2018). The acid pretreatments with H2SO4 at series of concentrations (1, 2, 4, 8, 12, 16 %) were conducted at 121 °C (15 psi) for
20 min, whereas the alkali pretreatments with NaOH(1, 2, 4, 8 %) were
undertaken at 50 °C and 150 rpm for 2 h. During the two-step chemical
pretreatments, the ﬁrst-step alkali pretreatment was carried out at 50 °C
and 150 rpm for 2 h. After the pH of ﬁrst-step pretreated residues was
washed several times with distilled water until pH7, the second-step
pretreatment with H2SO4 was conducted under the condition described
above (Si et al., 2015). For enzymatic hydrolysis, the pretreated biomass residues were incubated with the ﬁnal concentration of 2.0 g/L
mixed-cellulases (10.6 FPU/g biomass) and xylanase (6.72 U/g biomass) purchased from Imperial Jade Bio-technology Co., Ltd, while cosupplied with 1% Tween-80 as recently described by Li et al. (2018). All
experiments were conducted in independent triplicate.

3. Results and discussion
3.1. Distinct biomass enzymatic sacchariﬁcation under various chemical
pretreatments
Based on our previous analyses of Miscanthus accessions (Huang
et al., 2012; Si et al., 2016; Wu et al., 2013), this study collected two
representative Miscanthus straws that showed distinct cell wall compositions including cellulose, hemicellulose and lignin. In comparison,
the Msa01 accession (Miscanthus sacchariﬂorus) contained signiﬁcantly
higher cellulose level (39 % dry matter) than that of the Mﬂ31 (Miscanthus ﬂoridulua) sample (33 %) at p < 0.01 level (n = 3), but both
Miscanthus samples had similar hemicellulose (34 % dry matter) and
lignin (23 %–24 %) contents (Table S1).
As illustrated in the general experimental procedure (Fig. S1), this
study performed one- and two-step pretreatments with NaOH and

2.3. Yeast fermentation and ethanol measurement
Saccharomyces cerevisiae strain (Angel yeast Co., Ltd., Yichang,
China) was applied for yeast fermentation with total hexoses released
from enzymatic hydrolysis of pretreated biomass residues, and the
ethanol was measured as previously described by Li et al. (2018). All
experimental assays were performed with independent triplicate.
2
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Fig. 1. Hexoses yields (% cellulose) released from enzymatic hydrolysis under chemical pretreatments with two Miscanthus accessions (Mﬂ31, Msa01). One-step
pretreatments with NaOH (A) and H2SO4 (B) at a series of concentrations.Two-step alkali and acid pretreatments (C). Data as means ± SD (n = 3).

H2SO4 at a series of concentrations and then determined biomass enzymatic sacchariﬁcation by calculating hexoses yields (% cellulose)
released from enzymatic hydrolysis of the pretreated Miscanthus residues as described previously (Li et al., 2018). By comparison, two
Miscanthus accessions showed the highest hexoses yields of 81.8 %–82.6
% (% cellulose) upon the one-step alkali pretreatments with 4% NaOH
(Fig. 1A), but they had hexoses yields of less than 60 % even though
under pretreatment with H2SO4 at high concentration of 16 %
(Fig. 1A,B). Based on chemical analysis, the NaOH pretreatments could
extract much more lignin than those of H2SO4 pretreatments, leading to
relatively higher cellulose levels in the alkali-pretreated residues of two
Miscanthus accessions for more hexoses release (Table S2). Because it
has been characterized that lignin negatively aﬀects biomass enzymatic
hydrolysis in Miscanthus and other bioenergy crops (Wang et al., 2016;
Alam et al., 2019), it should well interpret why the mild alkali pretreatments led to much higher biomass enzymatic sacchariﬁcation than
that of the acid pretreatments in two Miscanthus samples, consistent
with the previous ﬁndings (Li et al., 2014; Wang et al., 2016).
Using our previously-established approaches (Si et al., 2015), this
study performed two-step pretreatments with relatively low concentrations of alkali and acid (NaOH + H2SO4) for further enhancing
biomass enzymatic sacchariﬁcation. Compared to the optimal one-step
alkali pretreatment, the two-step (4%NaOH + 2%H2SO4) pretreatments led to almost complete biomass sacchariﬁcation with hexoses
yields of 96 %–100 % (Fig. 1C), in agreement with the previous reports
(Li et al., 2014; Si et al., 2015). In addition, the Mﬂ31 samples showed
slightly higher hexoses yields than those of the Msa01 samples under
one- and two-step chemical pretreatments, partially due to its relatively
lower cellulose level (Table S2).

Table 1
Bioethanol yield and solid residue level (% dry matter) in two Miscanthus accessions.
Accession

Pretreatment

Ethanol yield

Mﬂ31

4%NaOH
12 %H2SO4
4%NaOH+2%H2SO4
4%NaOH
12 %H2SO4
4%NaOH+2%H2SO4

11.3
7.00
11.6
10.8
7.20
12.8

Msa01

±
±
±
±
±
±

0.18
0.03
0.18
0.27
0.10
0.01

Solid residue level
b
a
b
b
a
c

21.8
44.8
17.4
30.8
52.7
21.4

b
c
a
b
c
a

Data as means ± SD (n = 3). Letters (a, b, c) as signiﬁcantly diﬀerent values
among three optimal pretreatments at p < 0.05.

two-step pretreatments after yeast fermentation in particular on the
Msa01 sample (Table 1), suggesting that the one-step alkali pretreatment should be of the advantage not only to achieve high bioethanol
yield, but also to collect much more solid biomass residue applicable for
biosorbent as examined below.

3.3. Increased Pb2+ adsorption with solid residues under diﬀerent pH
values
Crop biomass residues have been applied for adsorption of trace
metals (Gadd, 2010; Ozer and Ozer, 2003; Park et al., 2010), but it
remains to explore the solid biomass residues of yeast fermentation as
biosorbents in particular for Pb2+ adsorption. Because the optimal onestep alkali pretreatments could lead to high bioethanol yield and much
solid biomass residue recovery as described above, this study used all
solid residues of yeast fermentation under the optimal one-step alkali
(4% NaOH) pretreatment, and tested the Pb2+ adsorption capacity
under diﬀerent pH conditions (Fig. 2). Compared to the raw materials
(mature straws), the solid residues of two Miscanthus accessions showed
remarkably higher Pb2+ adsorption rates. However, both raw materials
and solid residues exhibited the highest Pb2+ adsorption rates at pH
5.5–6.0 and the lowest adsorption rates at pH 3.0, probably due to the
acidic condition with high H+ concentration competitive with the Pb2+
for the adsorption site on the surface of biomass. In addition, as pH
values remained increasing, two Miscanthus samples showed consistently raising adsorption rates, mainly due to the decrease of H+
concentration beneﬁcial to the combination of Pb2+ with biosorbents
(Chen et al., 2010). The results also suggested that the diﬀerent pH
values may distinctively alter the dissociation state of related groups
among major wall polymers, thereby aﬀecting the adsorption rates
(Jain et al., 2016).

3.2. Enhanced bioethanol production and diverse biomass residues recovery
Using hexoses released from enzymatic hydrolysis after optimal
one- and two-step pretreatments as described above, this study conducted a classic yeast fermentation for bioethanol production (Sun
et al., 2017). As a result, the optimal one-step alkali pretreatment
achieved bioethanol yield of 11 % (% dry matter; g ethanol per 100 g
dry biomass residue), and the optimal two-step (4%NaOH + 2%H2SO4)
pretreatments caused bioethanol yield of 12 % in two Miscanthus
samples (Table 1). Hence, despite the optimal one-step alkali (4%
NaOH) pretreatment showed relatively less hexoses yields (Fig. 1C), it
caused similar bioethanol yields to the two-step pretreatment, suggesting that the optimal one-step alkali pretreatment may produce relatively less toxin formation that inhibits yeast fermentation (Dodson
et al., 2015). As a comparison, the optimal one-step acid (12 % H2SO4)
led to much low bioethanol yield of 7%, consistent with its less hexoses
yield. On the other hands, the optimal one-step alkali pretreatments
remained signiﬁcantly more solid biomass residues than those of the
3
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Fig. 2. Pb adsorption rates under diﬀerent pH values in raw materials (Raw) and solid residues (Residue) of yeast fermentation under optimal one-step alkali (4%
NaOH) pretreatments with two Miscanthus accessions (Mﬂ31, Msa01). Incubation conditions: C0 = 5.0 mg L−1, adsorbent dose =1.0 g L−1, T = 25 ± 2 °C, t =4.0 h.

high concentration of metal ion should be available for more driving
force for adsorption to overcome the mass transfer resistance of the
metal (Guo et al., 2015; Vaghetti and Royer, 2008). Meanwhile, the
solid residues of two Miscanthus samples were of signiﬁcantly higher Pb
adsorption capacity and removal rates than those of their raw materials
(Fig. 3A, B), consistent with their Pb adsorption assay under diﬀerent
pH values as described above.
Furthermore, this work examined the Pb2+ adsorption isotherm,
and all samples showed a regular shape with a steep initial slope,

3.4. Characteristic adsorption capacity under diﬀerent Pb concentrations
To conﬁrm Pb adsorption capacity with solid residues of yeast fermentation from the optimal one-step alkali pretreatment, this study
used ﬁve Pb concentrations to incubate with the solid residues and raw
materials of two Miscanthus accessions (Fig. 3A, B). In general, both raw
materials and solid residues exhibited a constantly increasing Pb2+
adsorption capacity while the incubated Pb concentration remained
raising, leading to a continually reducing Pb2+ removal rate, because

Fig. 3. Pb adsorption capacity (A, B) and removal rate under diﬀerent initial Pb concentrations in raw materials (Raw) and solid residues (Residue) of yeast
fermentation (A, B) under optimal one-step alkali pretreatments and three optimal pretreatments (C, D) 4%NaOH, 12 %H2SO4, 4%NaOH+2%H2SO4) with two
Miscanthus accessions (Mﬂ31, Msa01). Incubation conditions: pH = 5.5, adsorbent dose =1.0 g L−1, T = 25 ± 2 °C, t =4.0 h.
4
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0.9998
1.0000
0.9999
0.9999
3.00
4.07
2.99
3.90
0.12
0.30
0.17
0.19
0.0185
0.0033
0.0168
0.0030
0.3351
0.7632
0.662
0.7151
2.973
3.083
3.003
2.462

2.97
4.07
2.97
3.90
1.298
2.177
1.163
4.166

0.9721
0.9983
0.9849
0.9971

3.111
5.683
3.718
5.371

Because the optimal one-step alkali pretreatment led to the highest
Pb adsorption capacity as described above, this work then focused to
use its solid residues as active biosorbents to characterize the Pb adsorption capacity under diﬀerent doses of biosorbents in two Miscanthus
accessions (Fig. 4A, B). As a result, all solid residues and raw materials
of two Miscanthus samples showed a consistently reducing Pb2+ adsorption capacity as their doses remained increasing, with a relatively
increasing Pb2+ removal rate. As a comparison, the solid residues remained much higher Pb2+ adsorption capacities or removal rates than
those of their raw materials under all doses (0.2–1.8 g/L) incubations
(Fig. 4A, B). In addition, this study tested the incubation temperature
impact on the Pb2+ adsorption rates (Fig. 4C). Under incubations from
15 °C to 45 °C, all solid residues and raw materials showed slightly altered Pb2+ adsorption rates, suggesting that the incubation temperature should not be a major factor on Pb adsorption.
Because the rates of adsorption and desorption could attain an
equilibrium state during a long incubation time course (Dobrowolski
et al., 2019; Ho and Mckay, 1999), this work attempted to test Pb2+
adsorption rates under an incubation time course (Fig. 4D). Once incubated for 1 min, all solid residues and raw materials showed a rapid
Pb adsorption with adsorption rates from 35.3%–60.6% in two Miscanthus accessions. After 30 min incubation, the adsorption rates were
up to 60.4 %–87.0 %, and almost all samples reached to the maximum
adsorption rates at 60 min incubation, suggesting that one hour contacting time should be suﬃcient for Pb2+ adsorption. Hence, the results
indicated that a fast initial Pb adsorption occurred in all solid residue
and raw materials of two Miscanthus samples. Notably, the solid residues of Miscanthus samples consistently remained much higher Pb
adsorption rates than those of their raw materials at diﬀerent

4.530
7.077
5.006
7.162
Msa01

Raw material
Solid Residue
Raw material
Solid Residue
Mﬂ31

4.854
7.087
5.097
7.348

n
K
qmax,cal (mg/g)

b (L/mg)

R2

Freudlich isotherm

0.80
0.22
0.72
0.35

0.5238
0.0410
0.6698
0.0501

R2
qe,cal (mg/g)
K2 (g/mg min
R2
K1 (1/min)

3.6. Altered Pb adsorption capacity under diﬀerent substrate doses and
incubation conditions

qe,exp (mg/g)
R2

qe,cal (mg/g)

Despite the optimal alkali (4% NaOH) pretreatments could lead to
high Pb adsorption with the solid residues of yeast fermentation as
described above, this study meanwhile compared Pb adsorption capacity among the solid residues of yeast fermentation under three optimal
chemical pretreatments (Fig. 3C, D). Among three optimal pretreatments with two Miscanthus samples, the solid residues of optimal alkali
(4% NaOH) pretreatments remained the highest Pb adsorption rates
incubating from diﬀerent doses of substrates (Fig. 3C, D). Surprisingly,
the raw materials of two Miscanthus samples remained signiﬁcantly
higher Pb adsorption rates than those of other two optimal pretreatments, and the two-step pretreatments showed the lowest Pb adsorption
rates. Hence, the optimal one-step alkali pretreatments could not only
lead to relatively high bioethanol production, but also caused the
highest Pb adsorption rates. In addition, in terms of low Pb adsorption
rates of solid residues from the one-step acid pretreatment and two-step
alkali and acid pretreatments, we assumed that the acid pretreatment at
high temperature performed in this study may largely destruct functional groups or reduce surface areas and porosity of Pb adsorption
(Kapoor and Viraraghavan, 1997; Wang and Liu, 2018).

qmax,exp (mg/g)

Langmuir isotherm

revealing that both solid residues and raw materials could act as high
eﬃcient biosorbents at low Pb2+ concentration. Importantly, the batch
experimental data were further applied into the Langmuir and
Freundlich isotherm equations (Table 2; Fig. S2). According to the
correlation coeﬃcients, the Langmuir model showed the R2 value >
0.98 in almost all solid residues and raw materials except for the raw
material of Mﬂ13 (0.97), indicating that the Pb2+ adsorption could be
better characterized by the Langmuir model. It also suggested that all
adsorption sites should be homogeneously distributed over the external
and porous surfaces of materials in all samples (Khormaei et al., 2007).
3.5. Distinct Pb adsorption capacity among three optimal chemical
pretreatments

Accession

Table 2
Isotherm Modelling and Kinetics Modelling for Pb2+ adsorption with raw materials and solid residues in two Miscanthus accessions.

Pseudo-ﬁrst-order equation

Pseudo-second-order equation

Y. Zhang, et al.
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Fig. 4. Pb adsorption rates under diﬀerent incubation biosorbent doses (A, B), temperatures (C) and time courses (D) with raw materials (Raw) and solid residues
(Residue) of yeast fermentation after optimal alkali pretreatments with two Miscanthus accessions (Mﬂ31, Msa01). Incubation conditions (A, B): pH = 5.5,
C0 = 5.0 mg L−1, T = 25 ± 2 °C, t =4.0 h; (C): pH = 5.5, C0 = 5.0 mg L−1, adsorbent dose =1.0 g L−1, T = 25 ± 2 °C; (D): pH = 5.5, C0 = 5.0 mg L−1, adsorbent
dose =1.0 g L−1, t =4.0 h.

incubation temperatures or during time course of incubation (Fig. 4D),
consistent with Pb adsorption capacity under other conditions as described above.
Kinetic models have been well established to understand biosorption mechanism, and the quasi-secondary model is commonly applied
to interpret the adsorption process (Farooq et al., 2010). Hence, this
study characterized the pseudo-second-order kinetics using the data
obtained (Fig. 4D), and all related parameters were calculated (Table 2;
Fig. S2). Among four samples of Miscanthus, three samples were of high
correlation coeﬃcients with R2 values of more than 0.99, and the R2
value of Mﬂ31 solid residue reached to 1.00 (Table 2). Because the
calculated qe values agreed well with experimental q values, the experimental data should be perfect to ﬁt with the pseudo-second-order
analysis(Yang et al., 2012), suggesting that the solid residues of Miscanthus samples could act well as Pb biosorbents by mainly involving in
chemical adsorption process(Ahmad et al., 2017).
Fig. 5. FTIR spectrum of solid residues (Residue) of yeast fermentation under
optimal alkali pretreatment with Miscanthus accession (Mﬂ31) after Pb adsorption (Red line) with three peaks (as highlighted in Table S2) retention time
altered relative to the control (Black line before Pb adsorption).

3.7. Mechanism of solid residue adsorption with Pb
To understand how the solid residue involves in Pb adsorption, this
study initially observed the FTIR spectrum using the solid residue
sample of yeast fermentation under optimal one-step alkali pretreatment with the representative Miscanthus (Mﬂ31) accession (Fig. 5).
Compared to the control (without Pb), the solid residue with Pb exhibited a shift of three typical perks corresponding to four groups

(Table S3) (Han et al., 2015; Zhao et al., 2008), suggesting that those
groups may involve in Pb2+ adsorption. To conﬁrm this ﬁndings, XPS
has been applied to detect metal element interlinkage style in this
study. As a result, two typical peaks (Pb4 f3/2,Pb-O) were observed in
6
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Fig. 6. Characterization of solid residues of yeast fermentation under optimal alkali pretreatments with Miscanthus accession (Mﬂ31) after Pb adsorption (+Pb). (A)
XPS spectrum showing a typical Pb-O linkage; (B) C1s curve of solid residue before Pb adsorption; (C) C1s curve of solid residue showing alteration of two perks
ration (as highlighted in Table S3) relative to the control (B) before Pb adsorption.

Table 3
C1s parameters of Pb adsorption with solid residue.
Mﬂ31

Sold residue only
Solid residue + Pb
#

CeO#

CeC/CeH

O]CeO#

CeN

Binding energy
(eV)

Area ration
(%)

Binding energy
(eV)

Area ration
(%)

Binding energy
(eV)

Area ration
(%)

Binding energy
(eV)

Area ration (%)

284.64
284.64

27.16
23.55

286.33
286.36

40.5
26.6

287.87
286.56

9.12
35.82

285.75
285.18

23.2
14.0

Indicated alterations of peak area ration as highlighted in red after Pb adsorption as shown in Fig. 6 (B, C).

the solid residues of one Miscanthus accession incubated with Pb2+
solution, and the controls (without Pb2+) did not show those peaks
(Fig. 6A)(Yu et al., 2008). Furthermore, we detected four typical Clinkages of solid residue by XPS, and found that the solid residue linked
with Pb2+ exhibited an obvious alteration of two peaks (CeO;
O]CeO) areas (Table 3), compared to the control without Pb2+
(Fig. 6B, C), suggesting that the groups of two peaks should involve in
Pb2+ adsorption (Alimohammady et al., 2017). In addition, this study
used SEM-EDS to observe several peaks corresponding for Pb2+ adsorption with the solid residue (Fig. S3) (Urban et al., 2017). Hence, the
data revealed that the solid residue could act as active Pb biosorbent via
a chemical binding manner (Raul et al., 2014).
Because it has been characterized that the biomass surface area and
porosity could aﬀect trace metal adsorption (Raul et al., 2014), this
study also performed Brunauer–Emmett–Teller (BET) surface area assay
using representative Miscanthus (Mﬂ31) accession sample. Compared to
its raw material, the solid residue of Mﬂ31 exhibited remarkably larger
BET surface area with increased rate by 6.9 fold, as well as much more
pore volume with raised rate by 5.4 fold (Table 4), partially interpreting
why the solid residue of yeast fermentation under optimal one-step
alkali pretreatment was of much higher Pb adsorption capacity relative
to its raw material in Miscanthus.

pretreatment. Furthermore, the solid residue exhibited much larger
surface area and pore volume for signiﬁcantly higher Pb adsorption.
Hence, this study has demonstrated that the optimal one-step alkali
pretreatment is eﬀective not only to achieve high cellulosic ethanol
yield, but also to obtain large solid residues as active biosorbent for Pb
adsorption, providing a powerful strategy for both cellulosic ethanol
production and trace metal removal using Miscanthus and other bioenergy crops.
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Table 4
Textural parameters of BET in raw material and solid residue.
Miscanthus (Mﬂ31)

BET surface area (m2/g)

Pore volume (cm3/kg)

Raw material
Solid residue

0.61
4.2

2.0
11
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