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� Highest Cd accumulation in rapeseed
stalks among major food crops.

� Pectin deposition increased Cd
accumulation in rapeseed stalks.

� A complete Cd release for recycling
under optimal biomass process.

� Much enhanced biomass
saccharification due to Cd
accumulation.

� A mechanism for Cd accumulation
and cellulosic ethanol production.
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Cadmium (Cd) is one of the most hazardous trace metals, and rapeseed is a major oil crop over the world
with considerable lignocellulose residues applicable for trace metal phytoremediation and cellulosic
ethanol co-production. In this study, we examined that two distinct rapeseed cultivars could accumulate
Cd at 72.48 and 43.70 ug/g dry stalk, being the highest Cd accumulation among all major agricultural food
crops as previously reported. The Cd accumulation significantly increased pectin deposition as a major
factor for trace metal association with lignocellulose. Meanwhile, the Cd-accumulated rapeseed stalks
contained much reduced wall polymers (hemicellulose, lignin) and cellulose degree of polymerization,
leading to improved lignocellulose enzymatic hydrolysis. Notably, three optimal chemical pretreatments
were performed for enhanced biomass enzymatic saccharification and bioethanol production by signifi-
cantly increasing cellulose accessibility and lignocellulose porosity, along with a complete Cd release for

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.135096&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.135096
mailto:yuli01@caas.cn
mailto:lpeng@mail.hzau.edu.cn
https://doi.org/10.1016/j.scitotenv.2019.135096
http://www.sciencedirect.com/science/journal/00489697
http://www.elsevier.com/locate/scitotenv


2 Y. Wu et al. / Science of the Total Environment 708 (2020) 135096
Chemical pretreatment
Biomass saccharification
Cellulosic ethanol
Rapeseed stalk
collection and recycling. Hence, this study proposed a mechanism model interpreting why rapeseed
stalks are able to accumulate much Cd and how the Cd-accumulated stalks are of enhanced biomass sac-
charification. It has also provided a powerful technology for both cost-effective Cd phytoremediation and
value-added bioethanol co-production with minimum waste release.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Cadmium (Cd) is a major toxic trace metal with potential pollu-
tion to agricultural soil and water source over the world. Due to its
strong mobility, Cd can pass through plant root and accumulate in
various plant tissues (Lin & Aarts, 2012; Ronzan, 2018). Hence,
phytoremediation has been considered as a cost-effective and
environmental-friendly approach by growing crops in the Cd-
polluted soil (Desai et al., 2019), and in particular, the mature crop
straws could largely accumulate Cd (Mcgrath et al., 2002; Tangahu
et al., 2011). Despite it has been documented that Cd accumulation
affects plant cell wall biosynthesis (Douchiche and Azeddine, 2010;
Yang et al., 2015) and biomass yield (Durenne et al., 2018; Ko et al.,
2017), much remains unknown about its impact on lignocellulose
features. In terms of the Cd accumulation with crop straws, it thus
remains to explore an optimal biomass process technology for
complete Cd release and recycling.

Agricultural crop straws provide huge lignocellulose residues
convertible for bioethanol production with less net carbon release.
In principle, lignocellulose conversion requires three major steps:
initial physical and chemical pretreatment for wall polymers
destruction, sequential enzymatic hydrolysis for soluble sugar
release and final yeast fermentation for bioethanol production
(Shuai et al., 2010). Over the past years, various physical and chem-
ical pretreatments have been performed to enhance biomass enzy-
matic saccharification and bioethanol production by partially
extracting lignin and hemicelluloses and characteristically altering
wall polymer features. For instance, sulfuric acid (H2SO4) is used to
partially digest hemicelluloses at high temperature, whereas
sodium hydroxide (NaOH) can effectively extract lignin under high
concentration (Huang et al., 2011; Jeong et al., 2010; Li et al., 2014).
Furthermore, lignocellulose features have been examined as major
factors affecting chemical pretreatment and sequential enzymatic
hydrolysis. In particular, DP (degree of polymerization) of b-1,4-
glucans is a negative factor accounting for lignocellulose hydroly-
sis, whereas both biomass porosity and cellulose surface accessibil-
ity positively affect biomass enzymatic saccharification in the
lignocellulose residues examined (Alam et al., 2019; Li et al.,
2017; Meng et al., 2015).

Rapeseed (Brassica juncea L.) is a major oil crop providing large
amounts of lignocellulose residues (Kuglarz et al., 2018; Pei et al.,
2016). In this study, we collected mature stalks of two rapeseed
cultivars (Tapidor, Wanyou29) that grew in the soil pots co-
supplied with CdCl2, and examined the Cd accumulation. Mean-
while, this work performed various chemical pretreatments and
determined much enhanced biomass enzymatic saccharification
and bioethanol production, coupled with a complete Cd release
from the combined alkali and acid pretreatments in the mature
rapeseed stalks. Furthermore, this study proposed a mechanism
model to sort out why Cd was much more accumulated in the
rapeseed stalk compared to other major food crops, how Cd could
be released from optimal biomass processing and why the Cd accu-
mulation enhanced biomass enzymatic saccharification and
bioethanol production. Hence, this study could provide a potential
strategy for green-like Cd phytoremediation and valued-added cel-
lulosic ethanol co-production with minimum waste release using
rapeseed stalk and other crop straws.
2. Material and methods

2.1. Plant samples collection

The general experiment procedure is described in Fig. 1. Two
local rapeseed (Brassica napus L.) cultivars (Tapidor, Wanyou29)
were grown in the soil pots (25.0 kg soil) co-supplied with CdCl2
(CAS No.10108–64-2) at different concentrations (0.0, 20.0, 40.0,
60.0, 120 mg Cd/kg dry soil). Before rapeseed seedlings were trans-
ferred, the soil pots were soaked with water for a few days until the
CdCl2 was well mixed with the soil. Each CdCl2 concentration treat-
ment used three soil pots and each pot contained four rapeseed
seedlings. For the following experiments performed in this study,
all mature stalks of 12 rapeseed plants from each CdCl2 treatment
were collected, dried at 50 �C and ground through a 40 mesh
screen, and the well-mixed powders were stored in a sealed dry
container until use.

2.2. Wall polymer determination

Plant cell wall fractionation procedure was used to extract cel-
lulose and hemicelluloses as previously described by Peng et al.
(2000) with minor modification by Wu et al. (2013), which was
applicable for biomass residues at lab scale. The biomass powders
were well ground with potassium phosphate buffer (pH 7.0), fol-
lowed with chloroform–methanol (1:1, v/v), DMSO–water (9:1, v/
v) and 0.50% (w/v) ammonium oxalate to respectively remove sol-
uble compounds (sugars/proteins/Cd), lipid, starch and pectin. The
remaining residues were extracted with 4 M KOH with 1.0 mg/mL
sodium borohydride as KOH-extractable hemicelluloses, followed
by H2SO4 (67%, v/v) to completely dissolve cellulose and non-
KOH-extractable hemicelluloses. Cellulose content was measured
by determining hexoses of the cellulose fraction, and total hemicel-
luloses were calculated by determining hexoses and pentoses of
total hemicellulose fractions.

Two-step acid hydrolysis method was applied for total lignin
assay according to the Laboratory Analytical Procedure of the
National Renewable Energy Laboratory (USA) with minor modifica-
tion by Wu et al. (2013) applicable for small amounts of biomass
residues. Total lignin includes acid-insoluble and acid-soluble lig-
nin. The acid-insoluble lignin was calculated gravimetrically after
correction for ash, and the acid-soluble lignin was measured by
UV spectroscopy. For acid-insoluble lignin assay, the biomass sam-
ple (0.500 g as W1) was extracted with benzene-ethanol (2:1, v/v)
in a Soxhlet for 4 h, and air-dried in a hood overnight. The sample
was then hydrolyzed with 10 mL 72% H2SO4 (v/v) in a shaker at
30 �C for 1.5 h. After hydrolysis, the acid was diluted to a concen-
tration of 2.88%, and placed in the autoclave for 1 h at 121 �C
(15 psi). The autoclaved hydrolysis solution was vacuum-filtered
through the previously weighed filtering crucible, and the filtrate
was captured in a filtering flask for acid-soluble lignin. The lignin
was washed free of acid with hot distilled water and the crucible
and acid-insoluble residue was dried in an oven at 80 �C until con-
stant weight was achieved. Then, the samples were removed from
the oven and cooled in a dry container. The weight of the crucible
and dry residue was recorded to the nearest 0.1 mg (W2). Finally
the dried residue was ashed in the muffle furnace at 200 �C for



Fig. 1. General experimental procedure for Cd assay and bioethanol conversion.

Y. Wu et al. / Science of the Total Environment 708 (2020) 135096 3
30 min and at 575 �C for 4 h. The crucibles and ash were weighed
to the nearest 0.1 mg recorded as W3. The acid-insoluble lignin
(AIL) of the original sample was calculated as follows: AIL (%) =
(W2–W3) � 100/W1%. The acid-soluble lignin was solubilized dur-
ing the hydrolysis process, and the hydrolysis liquor was trans-
ferred into a 250-mL volumetric flask and brought up to 250 mL
with 2.88% sulfuric acid. The absorbance of the sample was read
at 205 nm using UV–vis spectroscopy (Beckman Coulter Inc.,
Du800), and 2.88% sulfuric acid was used as blank. The calculation
for acid-soluble lignin was performed as follows: ASL(%) =
(A � D � V/1000 � K � W1) � 100%, Where A is the absorption
value, D is the dilution ratio of the sample, and K (the absorptivity
constant) = 110 L/g/cm.

For each Cd treatment described in Section 2.1, three experi-
mental samples of the well-mixed biomass powders were equally
weighed as independent triplicates for the wall polymer extraction
and analysis.
2.3. Colorimetric assay

UV/VIS Spectrometer (V-1100D, MAPADA Instruments Co., Ltd.,
Shanghai, China) was applied for total hexoses and pentoses assay
as described by Wu et al. (2014). For cellulose assay, sample was
dissolved in 67% H2SO4 and hexoses were calculated by the
anthrone/H2SO4 method. Hemicelluloses were calculated by deter-
mining total hexoses and pentoses of the hemicellulose fraction,
and pectin was measured by calculating total hexoses, pentoses
and uronic acids of the fraction. All experiments were performed
in independent triplicates as described in Section 2.2.
2.4. Cadmium analysis

The dry biomass sample (0.100 g) was added into the porcelain
crucible and transferred to the muffle furnace. The temperature of
muffle furnace was gradually raised to 200 �C for 1 h, and set
600 �C for 6–8 h. The ash was dissolved with 1.0% HNO3 (v/v),
washed with 1.0% HNO3 for 3 times, and all solutions were col-
lected into a 25 mL volumetric flask. Atomic Absorption Spectrom-
eter (Agilent 240Z GFAA) was used for Cd detection, and all
experiments were conducted in independent triplicates as
described in Section 2.2. In addition, the potassium phosphate
(pH 7.0) fraction (Section 2.2) was used for soluble Cd assay of
all rapeseed stalk samples.
2.5. Cellulose DP detection

The dry biomass powders (0.200 g) were extracted with 4 M
KOH (containing sodium borohydride at 1.0 mg/mL) at 25 �C for
1 h. After centrifugation at 3000g for 5 min to remove super-
natants, the remaining residues were washed once with 4 M
KOH and five times with distilled water until pH at 7.0 to make
sure of all alkali removal. The pellet was further extracted with
10 mL 8.0% NaClO2 at 25 �C for 72 h (change NaClO2 every 12 h).
After centrifugation, the remaining residues were again washed
five times with distilled water until pH at 7.0, and dried with vac-
uum suction filtration. The DP of crude cellulose sample was mea-
sured using the viscosity method (Puri, 2010) with minor
modification by Li et al. (2017) and Wu et al. (2019). All experi-
ments were performed in independent triplicates as described in
Section 2.2.
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2.6. Biomass porosity and cellulose accessibility measurements

Simons’ stain (SS) was applied to determine the overall accessi-
ble surface area of biomass as previously described by Chandra
et al. (2010) and Sun et al. (2017). Congo red (CR) stain was applied
to estimate cellulosic surface area as previously described by Alam
et al. (2019). All experiments were conducted in independent trip-
licates as described in Section 2.2.

2.7. Fourier transform infrared (FTIR) spectroscopy scanning

FTIR spectroscopy was used to observe the chemical linkages in
the raw and pretreated rapeseed samples using Perkin-Elmer
Ppectro-photometer (NEXUS 470, Thermo Fisher Scientific, Wal-
tham, MA, USA) as previously by Alam et al. (2019).

2.8. Chemical pretreatment and enzymatic hydrolysis analyses

One-step chemical (H2SO4, NaOH) pretreatments were respec-
tively performed as previously described by Jin et al. (2016) and
Li et al. (2018). For acid pretreatment, the biomass powders were
added with 6.0 mL H2SO4 at various concentrations (2.0%, 4.0%,
8.0%, 12%, 16%, v/v) and heated at 121 �C for 20 min in an auto-
clave. For alkali pretreatment, the biomass powders were added
with 6 mL NaOH at various concentrations (1.0%, 2.0%, 4.0%, 8.0%,
w/v) under shaking (150 rpm) at 50 �C for 2 h. The two-step
alkali-acid chemical (NaOH + H2SO4) pretreatments were per-
formed as previously described by Si et al. (2015). The biomass
powders were treated with 6.0 mL 4.0% NaOH under shaking
(150 rpm) at 50 �C for 2 h. After centrifugation at 3000 g for
5 min, the remaining residues were washed with 10 mL distilled
water for 5–6 times until pH at 7.0, and then added with 3.0 mL
H2SO4 (2.0%, 4.0%, 8.0%, w/v). Distilled water was added to make
the final volume up to 6.0 mL and heated at 121 �C for 20 min in
an autoclave. The samples added with 6.0 mL distilled water and
shaken for 2 h at 50 �C were used as control.

For enzymatic hydrolysis, the sample was centrifuged at 3000 g
for 5 min, and the remaining residues from pretreatments were
washed with 10 mL distilled water for 5–6 times until pH at 7.0,
and once more with 10 mL of mixed-cellulase reaction buffer until
pH at 4.8. The washed residues were incubated with mixed-
cellulases (containing b-glucanase � 5.96 � 104 U and cellu-
Fig. 2. Cd content (A) and biomass yield (B) in mature stalks of two rapeseed cultivars (T
CdCl2. Letter (a, b, c, d, e) indicated significant difference by LSD-test at p < 0.05. Bar as
lase� 596 U and xylanase� 9.60� 104 U, purchased from Imperial
Jade Bio-technology Co., Ltd., China) with the final enzyme concen-
tration at 2.0 g/L and Tween-80 concentration at 0.80% (v/v), and
shaken under 150 rpm for 48 h at 50 �C. All experiments were con-
ducted in independent triplicates as described in Section 2.2.

2.9. Yeast fermentation and ethanol detection

Yeast fermentation was conducted using total hexoses released
from above enzymatic hydrolysis and ethanol was measured as
previously described by Li et al. (2018). Yeast Saccharomyces cere-
visiae strain (Angel yeast Co., Ltd., Yichang, China) was used in all
fermentation reactions and all experiments were performed in
independent triplicates as described in Section 2.2.

2.10. Statistical analysis

Superior Performance Software Systems (SPSS version 16.0, Inc.,
Chicago, IL) was applied for any calculations. Means were sepa-
rated by least significant difference (LSD) test at p = 0.05. Pair-
wise comparisons were conducted between two measurements
by Student’s t-test. The line graphs were generated using Origin
8.5 software (Microcal Software, Northampton, MA). The average
values were calculated from the original triplicate measurements
for these analyses.

3. Results and discussion

3.1. High Cd accumulation in two rapeseed stalks

As illustrated in the general experimental procedure (Fig. 1),
this study initially examined the Cd accumulation in mature stalks
of two local rapeseed cultivars (Tapidor, Wanyou29) grown in the
soil pots supplied with five concentrations of CdCl2 (0.0, 20.0, 40.0,
60.0, 120 mg/kg dry soil). In general, as the CdCl2 concentration
was increasing in the soil pots, the Tapidor and Wanyou29 culti-
vars showed significantly increased Cd accumulation in the mature
stalks at p < 0.05 level (Fig. 2A). In comparison, the Wanyou29 cul-
tivar accumulated much more Cd than that of the Tapidor in their
mature stalks. In particular, the Wanyou29 and Tapidor respec-
tively contained Cd levels at 72.5 and 43.7 ug/g dry stalk from
the soil pots supplied with 120 mg/kg dry soil. Further compared
apidor, Wanyou29) grown in the soil pots supplied with different concentrations of
mean ± SD (n = 3).



Table 1
Comparison of Cd content in rapeseed stalks with other plants as previously reported.

Plant species CdCl2 supplied
into soil
(mg/kg soil)

Cd content
in stalk
(lg/g dry matter)

Reference

Rapeseed
(Tapidor)

120 43.7 This study

60.0 15.7
(Wanyou29) 120 72.5

60.0 35.8
Wheat 13.7 0.63 Shi et al., 2015
Rice 100 28.0 Lin et al., 2016
Maize 6.00 0.60 Liu et al., 2018
Cotton 20.3 3.30 Chen et al., 2015
Forage grasses 8.00 28.0 Zhang et al., 2010
Edible

amaranth
2.28 0.55 Xu et al., 2017

Soybean 4.29 2.40 Murakami et al, 2007
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to other major crops as previously reported (Table 1), both rape-
seed cultivars could accumulate much more Cd in the stalks with
the increased rates of Cd from 2.5 to 131 folds relative to the
referred crops (Chen et al., 2015; Lin et al., 2016; Liu et al., 2018;
Murakami et al., 2007; Shi et al., 2015; Xu et al., 2017; Zhang
et al., 2010), indicating that the rapeseed should be distinctive
for Cd phytoremediation.

Meanwhile, this study found that two rapeseed cultivars did not
show significantly affected biomass yields while incubated with
CdCl2 at concentrations of 20.0, 40.0 and 60.0 mg/kg dry soil
(Fig. 2B). But, two cultivars had significantly reduced biomass
yields in the pots supplied with 120 mg CdCl2/kg dry soil. On the
other hand, despite that the Tapidor contained much lower Cd
level than that of the Wanyou29, it had much higher biomass yield,
leading to similar Cd amounts per plants in two rapeseed cultivars
in almost all CdCl2 supplement experiments (Table S1). Hence, the
results revealed that two rapeseed cultivars could much accumu-
late Cd in their stalks.

3.2. Enhanced biomass saccharification and bioethanol production in
Cd-accumulated stalks

Based on our previously-established approaches (Alam et al.,
2019

Pei et al., 2016), this study performed various chemical (alkali,
acid) pretreatments in the mature stalks of two rapeseed cultivars,
and then determined biomass saccharification by calculating hex-
oses yields (% dry matter) released from enzymatic hydrolysis or
total sugars (hexoses and pentoses) yields (% dry matter) released
from both pretreatment and enzymatic hydrolysis. To find out the
optimal chemical pretreatments, this study initially used a series of
concentrations of NaOH (1.0%, 2.0%, 4.0%, 8.0%) and H2SO4 (2.0%,
4.0%, 8.0%, 12%, 16%) in two rapeseed cultivars. By comparison,
both Wanyou29 and Tapidor cultivars showed the highest hexoses
and total sugars yields under one-step pretreatment with 4.0%
NaOH or 12% H2SO4 (Fig. S1A, B, D, E). Furthermore, this work per-
formed two-step alkali and acid pretreatments and sorted out that
two rapeseed cultivars could reach to the highest hexoses (or total
sugars) yields under 4.0% NaOH pretreatment followed by 2.0%
H2SO4 (Fig. S1C,F). Using three optimal pretreatments (4.0% NaOH
12% H2SO4 4.0% NaOH + 2.0% H2SO4), we examined biomass sac-
charification in the Cd-accumulated rapeseed stalks (Fig. 3A-C).
Compared to controls (CK/without Cd), two Cd-accumulated rape-
seed cultivars showed significantly higher hexoses yields (% cellu-
lose) at p < 0.01 level (n = 3) with the increased rates of 12%-17%,
but the Wanyou29 had consistently higher hexoses yields than
those of the Tapidor under three optimal pretreatments (Fig. 3A-
C). Notably, the Wanyou29 showed an almost complete biomass
saccharification with hexoses yield of 100% (% cellulose) only
under 4.0% NaOH + 2.0% H2SO4 pretreatment.

Using total hexoses released from enzymatic hydrolysis of pre-
treated biomass residues, this study further conducted a classic
yeast fermentation for bioethanol production. As predicted, the
Cd-accumulated stalks showed significantly higher bioethanol
yields (% dry matter) than those of the controls in two cultivars
at p < 0.05 or 0.01 (n = 3) under three optimal pretreatments with
increased rates of 7.0%-12% (Fig. 3 D-F). Due to its relatively higher
hexoses yields, the Wanyou29 remained consistently higher
bioethanol yields than those of the Tapidor, and two rapeseed cul-
tivars respectively had the highest bioethanol yields of 13% and
11% (% dry matter) under two-step (4.0% NaOH + 2.0% H2SO4) pre-
treatments. Therefore, this study demonstrated that the Cd accu-
mulation in rapeseed stalks could significantly enhance biomass
enzymatic saccharification and bioethanol production under two-
step (4.0% NaOH + 2.0% H2SO4) chemical pretreatment.

3.3. Complete Cd release from optimal chemical biomass processing

With respect to the Cd accumulation in mature stalks of two
rapeseed cultivars, this work examined how much the accumu-
lated Cd could be released during three optimal pretreatments
and sequential enzymatic hydrolyses (Fig. 4). As a result, two opti-
mal chemical pretreatments (12% H2SO4, 4.0% NaOH + 2.0% H2SO4)
could release 99% (of total in raw stalk) Cd from the mature stalks
of two rapeseed cultivars, and thus the sequential enzymatic
hydrolysis led to an almost complete Cd release into the super-
natants. By comparison, the 4.0% NaOH pretreatments only
extracted 34% and 58% Cd (of total) in the Tapidor and Wanyou29
stalks, respectively (Fig. 4A), but the sequential enzymatic hydrol-
ysis caused 91% and 97% Cd release in two cultivars (Fig. 4B).
Hence, compared to other two optimal pretreatment, the optimal
two-step chemical pretreatment also caused a complete Cd release
for Cd collection in two rapeseed cultivars. Because acid and alkali
pretreatments distinctively extract and destruct wall polymers
(Huang et al., 2011; Jeong et al., 2010; Li et al., 2014), the results
suggested that the acid pretreatments performed in this study
could not only digest non-cellulosic polysaccharides (hemicellu-
lose, pectin), but also efficiently release Cd probably due to Cd
interaction with polysaccharides as described below. In addition,
this study examined that the Tapidor and Wanyou29 respectively
contained soluble Cd at 41% and 55% (of total) in their mature
stalks (Fig. 4C), indicating that the Wanyou29 cultivar was of much
more extractable Cd in the mature stalk relative to the Tapidor. It
also suggested that the soluble Cd should be not interacted with
wall polymers in the mature stalks.

3.4. Altered cell wall compositions and increased soluble sugars in the
Cd-accumulated stalks

To understand why the Cd-accumulation could largely enhance
biomass saccharification and bioethanol production in two rape-
seed cultivars, this study determined cell wall compositions in
the mature stalks (Fig. 5). Compared to the controls (CK, without
Cd), two rapeseed cultivars showed significantly reduced wall
polymers levels including cellulose, hemicellulose and lignin at
p < 0.05 or 0.01 level. In particular, lignin was decreased by 13%
and 18% in two rapeseed cultivars, whereas cellulose and hemicel-
lulose had the reduced rates of 5.4%-8.3%. By contrast, both rape-
seed cultivars showed largely increased pectin contents and
soluble sugars in the mature stalks. Hence, despite that Cd-
accumulated stalks contained relatively low cellulose levels, the
increased soluble sugars by 14% and 25% could be directly applied
for yeast fermentation. In addition, although it has been character-



Fig. 4. Cd released from various chemical pretreatments (A), and total Cd released from chemical pretreatment and sequential enzymatic hydrolysis (B) in mature stalks of
two rapeseed cultivars. Soluble Cd determined in the mature stalks (C). Letters (a, b, c, d, e) indicated significant difference by LSD-test at p < 0.05. Bar as mean ± SD (n = 3).

Fig. 3. Hexoses and bioethanol yields obtained in two rapeseed cultivars (Tapidor and Wanyou29). (A, B, C) Hexoses yields (% cellulose) released from enzymatic hydrolysis
after one-step (4.0% NaOH, 12% H2SO4) and two-step (4.0% NaOH + 2.0% H2SO4) pretreatment with mature rapeseed stalks supplied with 120 mg/kg CdCl2 (+Cd) or without
CdCl2 (CK). (D, E, F) Bioethanol yields (% dry matter) using hexoses from enzymatic hydrolysis as described (A, B, C). * and ** indicated significant difference between two
samples by t-test at p < 0.05 and 0.01 (n = 3). Increased percentage calculated by subtraction between two samples divided by the CK. Bar as mean ± SD (n = 3).
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Fig. 5. Cell wall polymer and soluble sugars (% dry matter) in mature stalks of Tapidor (A) and Wanyou29 (B) supplied with 120 mg/kg CdCl2 (+Cd) or without CdCl2 (CK). *
and ** indicated significant difference between two samples by t-test at p < 0.05 and 0.01 (n = 3). Increased or decreased percentage obtained by subtraction between two
samples divided CK. Bar as mean ± SD (n = 3).
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ized that Cd accumulation could inhibit cell wall biosynthesis for
reduced biomass yield (Durenne et al., 2018; Ko et al., 2017; Liu
et al., 2010), the increased soluble sugars and pectin may be par-
tially from the excess carbohydrates that were not used for cellu-
lose and hemicellulose biosynthesis via dynamical carbon
partitioning regulation in the Cd-accumulated stalks (Fan et al.,
2017; Yao et al., 2018).

3.5. Reduced cellulose DP and raised lignocellulose porosity in the Cd-
accumulated stalks

To further find out how the biomass enzymatic saccharification
was enhanced in the Cd accumulated stalks, this work examined
cellulose DP and lignocellulose porosity in two rapeseed cultivars.
Compared to the controls (CK, without Cd), the Cd accumulated
stalks showed significantly reduced cellulose DP by 7.6% and
9.5% in two rapeseed cultivars at p < 0.01 level (Fig. 6A; Fig. S2A),
whereas the cellulose accessibility (cellulose surface area mea-
sured by Congo red dye staining) of two cultivars was respectively
increased by 13% and 16%, probably due to the Cd accumulation
Fig. 6. Cellulose features and biomass porosity in raw materials and pretreated biomass
with 120 mg/kg CdCl2 (+Cd) or without CdCl2 (CK). (A) Cellulose DP; (B) Cellulose surfac
pore amounts) measured by Simons‘ stain. The pretreated residues were obtained using
significant difference between two samples by t-test at p < 0.01 (n = 3). Increased or decr
material. Bar as mean ± SD (n = 3). (For interpretation of the references to colour in thi
(Fig. 6B; Fig. S2B). Notably, the optimal two-step chemical (4.0%
NaOH + 2.0% H2SO4) pretreatments could also reduce cellulose
DP by 12%-21% with much increased accessibility by 120%-146%
in both Cd accumulated stalks and controls (CK, without Cd) of
two rapeseed cultivars, compared to their raw materials (Fig. 6A,
B). Because the reduced cellulose DP is accountable for more ends
of b-1,4-glucans allowed for cellobiohydrolase attack (Huang et al.,
2011; Li et al., 2018), and the increased cellulose accessibility could
provide more space for major cellulases enzymes loading (Alam
et al., 2019), it should be understandable why largely enhanced
biomass enzymatic saccharification occurred in the Cd-
accumulated rapeseed stalks particularly after two-step chemical
pretreatments as described above.

Using Simons’ stain, this study evaluated that the Cd-
accumulated stalks had significantly increased biomass porosity
by 6.3%-14% including large pore (DY), small pore (DB) and total
pore amounts in two rapeseed cultivars, compared with their con-
trols (Fig. S2C-D). As Simons’ stain is accounting for plant cell wall
porosity (Alam et al., 2019; Macaskill et al., 2018; Meng et al.,
2015), the increase of DY and DB should be mainly due to much
residues of mature stalks in two rapeseed cultivars (Tapidor, Wanyou29) supplied
e area (accessibility) measured by Congo red (CR) stain; (C) Biomass porosity (total
optimal two-step chemical (4.0% NaOH + 2.0% H2SO4) pretreatments. ** indicated

eased percentage obtained by subtraction between two samples divided by the raw
s figure legend, the reader is referred to the web version of this article.)



8 Y. Wu et al. / Science of the Total Environment 708 (2020) 135096
reduced wall polymers (cellulose, hemicellulose, lignin) in the Cd-
accumulated stalks. Meanwhile, this work found that the optimal
two-step chemical (4.0% NaOH + 2.0% H2SO4) pretreatment could
only lead to significant increase of DB, rather than DY in two rape-
seed cultivars (Fig. 6C), probably due to effective extraction of wall
polymers from the two-step pretreatment. To confirm this, we
observed fourier transform infrared (FTIR) spectroscopic profiling
in the raw materials and pretreated residues of two rapeseed cul-
tivars (Fig. 7; Table S2) (Goshadrou et al., 2013; Goshadrou &
Lefsrud, 2017; Haque et al., 2013; Ravindran et al., 2017; Guan
et al., 2018; Zhou et al., 2016). Compared to the raw materials,
the pretreated residues exhibited distinct alterations of seven
peaks corresponding for three major wall polymers inter-linkage
styles (C-O-C, C = C, -C = O, C–H, C-H2, C-H3), in particular for the
Cd-accumulated stalks (Fig. 7C,D). For instance, the peak for lignin
linkage style (C = C located at 1590 cm�1) was almost lost and the
peak for hemicellulose and lignin linkage (C = O located at
1735 cm�1) was large reduced in the pretreated residues compared
to their raw materials, suggesting that the optimal two-step
Fig. 7. Fourier transform infrared (FTIR) spectroscopic profiling in raw material and pr
supplied with 120 mg/kg CdCl2 (+Cd) or without CdCl2 (CK). The pretreated residues were
Information about characteristic bands of the FTIR listed in Table S2.
chemical pretreatment could effectively extract major wall poly-
mers (hemicellulose, lignin). The results were also consistent with
almost complete Cd release from the optimal two-step chemical
pretreatments in two rapeseed cultivars as described above.

3.6. Mechanism of much Cd accumulation and high cellulosic ethanol
production in rapeseed stalks

To sort out why the rapeseed stalks largely accumulated Cd and
how the Cd-accumulated stalks showed high biomass enzymatic
saccharification and bioethanol production, this study performed
correlation analysis and proposed a hypothetic model (Fig. 8).
Although it has been characterized that non-cellulosic polymers
(hemicellulose, lignin, pectin) could be tightly associated with
trace metals in the mature crop straws (Isaure et al., 2015; Ma
et al., 2015), this study determined relatively higher pectin con-
tents (ranged 7.0%-8.0% dry matter) in two rapeseed cultivars
(Fig. 5), which may partially explain why rapeseed stalks accumu-
lated much more Cd than those of other crop straws (Table 1).
etreated residues of mature stalks in two rapeseed cultivars (Tapidor, Wanyou29)
obtained using optimal two-step chemical (4.0% NaOH + 2.0% H2SO4) pretreatments.



Fig. 8. Correlation analysis and hypothetic model on Cd accumulation and bioethanol co-production in rapeseed stalks. (A) Correlation coefficients between uronic acids of
pectin or pentoses of hemicellulose and Cd released from various chemical pretreatments and enzymatic hydrolysis (n = 12); (B) Correlation coefficients between cellulose DP
or cellulose accessibility (surface area) or biomass porosity (total pore amounts) and hexose yields released from enzymatic hydrolysis (n = 6). ** indicated significant
correlation at p < 0.01 level. (C) A hypothetic model highlighting major factors or impacts on the Cd accumulation and hexoses and ethanol yields in mature rapeseed stalks; ‘‘
+” and ‘‘-” indicated as positive and negative impacts, respectively.
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Notably, despite of significantly reduced hemicellulose and lignin
in the Cd-accumulated stalks of two rapeseed cultivars (Romero-
Güiza et al., 2017), their pectin levels were remarkably increased,
suggesting that pectin may be a major factor for Cd adsorption in
the rapeseed stalk probably due to chemical binding between
Cd+ and uronic acids of pectin (Higuchi et al., 2016; Krzesłowska,
2011). To confirm this finding, correction analyses were performed
between one major component (uronic acids) of pectin and the Cd
amounts released from various chemical pretreatments and enzy-
matic hydrolysis as described above (Fig. 4). Significantly, the uro-
nic acids of pectin showed a positive correlation with the Cd at
p < 0.01 level, with extremely high correlative coefficient value at
0.972 (Fig. 8A). Meanwhile, this study also examined a strongly pos-
itive correlation between the pentoses of hemicellulose and Cd
released from various chemical pretreatments and enzymatic
hydrolysis with correlative coefficient value of 0.886 (Fig. 8A),
which confirmed that there was a strong Cd interaction with hemi-
cellulose and pectin in the mature rapeseed stalks.
With regard to much enhanced biomass enzymatic saccharifica-
tion, this work performed correlation analyses between major lig-
nocellulose features and hexoses yields released from enzymatic
hydrolysis in two rapeseed cultivars (Fig. 8B). By contrast, cellulose
DP was negatively correlated with hexoses yield at p < 0.01 level,
whereas both cellulose accessibility and biomass porosity showed
significantly positive correlations with hexoses yields, consistent
with the previous reports about their distinct impacts on biomass
enzymatic saccharification in various lignocellulose residues
examined (Alam et al., 2019; Hu et al., 2018; Karimi &
Taherzadeh, 2016; Li et al., 2018; Meng et al., 2015). Based on
the major findings achieved in this study, a hypothetic model
was proposed to highlight major factors accounting for much Cd
accumulation and high biomass enzymatic saccharification and
bioethanol production in rapeseed cultivars (Fig. 8C). Therefore,
this study could not only provide a green-like strategy for Cd phy-
toremediation by increasing pectin level in rapeseed and other
crops, but it also indicated an applicable approach for value-
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added cellulosic ethanol production with minimum waste release
into the environment.

4. Conclusion

Two rapeseed cultivars were examined with remarkably more
Cd accumulation in their mature stalks compared to other major
food crops, mainly due to much pectin deposition and significantly
altered cell wall compositions and polymer features. Under three
optimal chemical pretreatments, the Cd-accumulated rapeseed
stalks showed largely enhanced biomass enzymatic saccharifica-
tion and bioethanol production by significantly increasing cellu-
lose accessibility and lignocellulose porosity, along with a
complete Cd release. Therefore, this study has provided a powerful
strategy for both Cd phytoremediation and value-added cellulosic
ethanol co-production in rapeseed and beyond.
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