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A B S T R A C T   

Pectin is a minor wall polysaccharide with potential applications for bioproducts. Despite the application of 
specific plants and biomass-based sorbents for environmental remediation, little has been reported about char-
acteristic roles of pectin. Using the natural rice mutant (Osfc16) treated with Cd, this study explored that pectin 
could predominately enhance Cd accumulation with lignocellulose, mainly due to remarkably raised uronic acids 
deposition. The Cd-treatment further reduced lignocellulose recalcitrance for significantly enhanced biomass 
saccharification and bioethanol production along with almost complete Cd release. Using all remaining 
fermentation rice residues that are of typical ribbon-structure and large surface, this study generated novel 
biosorbents by optimal chemical oxidation with the pectin extraction from citrus peels, and examined consis-
tently raised Cd and methylene blue (MB) adsorption capacities. Therefore, this work has proposed a mechanism 
model about multiple pectin enrichment roles for Cd and MB removals in agricultural and industry locations with 
full lignocellulose utilization towards bioethanol production.   

1. Introduction 

Lignocellulose is mainly composed of three wall polymers (cellulose, 
hemicellulose, lignin), which not only determines biomass recalcitrant 
property, but is also involved in trace metal remediation (Wang et al., 
2021). As a minor wall polymer, pectin also plays an important role in 
plant growth and development with potential utilization for valuable 
bioproduction (Jensen et al., 2018; Liang et al., 2020; Wang et al., 2015; 
Xu et al., 2021). However, much remains unknown about pectin char-
acteristics for biomass saccharification and trace metal phytor-
emediation. Citrus is an important fruit tree grown in non-agricultural 
lands, but it also produces large amounts of peel residues wastes that are 
released into the environment (Perazzini, Perazzini, Freire, Freire, & 
Freire, 2021). 

Phytoremediation has been broadly applied for trace metal 

elimination in contaminated locations (Cheng et al., 2018; Cheng et al., 
2019). In general, growing desirable crops is increasingly considered as 
a green and economical bioremediation technology for the agricultural 
soil contained with small amounts of trace metals (Hossain, Bhatta-
charyya, & Aditya, 2014; Qu et al., 2018). In particular, cadmium (Cd) 
has been examined as a major trace metal contaminated in agricultural 
lands around the world (Dmuchowski, Gozdowski, & Baczewska, 2011; 
Ramrakhiani et al., 2017; Wu et al., 2020) and various phytor-
emediation technologies like phytoextraction and phytoaccumulation 
(Cheng et al., 2018; Wu et al., 2020), and adsorption technologies have 
been implemented (López-Maldonado, Oropeza-Guzman, Jurado-Bai-
zaval, & Ochoa-Terán, 2014; García, Oropeza-Guzmán, Argüelles 
Monal, & López-Maldonado, 2019; López-Maldonado & Oropeza- 
Guzmán, 2021). However, although special crop species could accu-
mulate Cd with lignocellulose residues, much is unknown about how 
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lignocellulose is effective to adsorb Cd for remediation. Accordingly, it is 
important to explore integrated technology, which is not only applicable 
for efficient Cd removal and recycling, but also for full utilization of 
lignocellulose without any waste release into the environment. 

Chemical dyes are commonly released from textile, leather, paper 
and plastics industries, and methylene blue (MB) is particularly used for 
cotton, wood and silk processes (Chen, Zhao, Xie, Liang, & Zong, 2021; 
Jiang, Wen, Zhu, Liu, & Shao, 2021; Rafatullah, Sulaiman, Hashim, & 
Ahmad, 2010). As MB could cause serious damage to human health, 
several physical, chemical and biological methods have been conducted 
for MB removal (Chen et al., 2017; Safardoust-Hojaghan & Salavati- 
Niasari, 2017). More recently, non-conventional adsorbents have been 
implemented for effective adsorption of MB such as natural materials 
(Halysh et al., 2020), biosorbents (Murray & Örmeci, 2018) and 
chemical materials (Toledo, Bernardinelli, Sabadini, & Petri, 2020; 
Wahlström, Steinhagen, Toth, Pavia, & Edlund, 2020), but low-cost and 
high-efficient biosorbent is increasingly considered for MB elimination 
from industry liquid wastes. 

Crop straws consist of substantial lignocellulose residues convertible 
for biofuels and biochemicals (Huang et al., 2017). Although cellulosic 
bioethanol has been evaluated as the excellent additive into petrol fuels 
for reduced net carbon emission, the natural recalcitrance of lignocel-
lulose leads to a costly biomass conversion with potential secondary 
waste liberation, which is unacceptable for large-scale bioethanol pro-
duction (Gao et al., 2021; Li et al., 2018). Hence, genetic modification of 
plant cell walls has been attempted to reduce lignocellulose recalci-
trance in major bioenergy crops, which could cause a cost-effective 
bioethanol conversion including mild biomass pretreatment, complete 
enzymatic hydrolysis and durable yeast fermentation (Wang et al., 
2016). For instance, selection of genetic mutants and transgenic crop 
lines has significantly improved lignocellulose features for complete 
enzymatic saccharification under mild physical and chemical pre-
treatments performed (Zhang et al., 2011; Wu et al., 2021). 

Rice is one of major food crops over the world with large amount of 
lignocellulose-rich straw (Baramee et al., 2020). In this study, we 
initially used our previously-selected rice mutant (Osfc16) to respec-
tively grow in the water and soil culture pots supplied with high con-
centrations of Cd, and then examined much raised Cd accumulation in 
young seedlings and mature straw of the mutant, compared to the wild 
type (NPB, a classic cultivar). Consequently, this study detected 
remarkably increased pectin deposition with relatively reduced cellu-
lose level in the mutant, leading to much enhanced biomass enzymatic 
saccharification for bioethanol fermentation and Cd release for recy-
cling. Furthermore, this work combined the rice mutant residue of yeast 
fermentation with the rich pectin extracted from citrus peels to generate 
active biosorbents using oxidation chemicals. Notably, we characterized 
that the biosorbents were of significantly enhanced Cd and MB ad-
sorptions, and thus proposed an eco-friendly and cost-effective strategy 
for remediation of trace metals in agricultural soil trace metal remedi-
ation and industrial dye removal without any biomass residues 
liberation. 

2. Materials and methods 

2.1. Collection of biomass samples 

The general procedure of major experiments performed in this study 
is described in Fig. S1. The rice (Oryza sativa L.) mutant (Osfc16) as 
previously identified (Li et al., 2017) and its wild type/WT, a classic rice 
cultivar (Nipponbare/NPB), were grown in the soil pots (25.0 kg soil) 
co-supplied with CdCl2 (CAS No.10108-64-2) at 100 mg/kg dry soil. 
Prior to the growing of rice seedlings, the soil pots were soaked with 
water for a few days until the CdCl2 was well mixed with the soil. Each 
CdCl2 treatment used three soil pots as independent duplication, and 
each pot contained four rice seedlings. The mature rice straws were 
collected, dried at 50 ◦C until constant weight and ground through a 40 

mesh screen. The well-mixed powders were stored in a sealed dry 
container until use. The citrus fruits (Sichuan red orange peel) were 
purchased from commercial market and citrus peel residues were ob-
tained to extract pectin fraction as described below. 

2.2. Cd assay in rice residues 

The dry biomass sample (0.100 g) was added into the porcelain 
crucible and transferred to the muffle furnace. The temperature was 
gradually raised to 200 ◦C for 1 h, and set at 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 collected into a 25 mL volumetric flask. An 
atomic absorption spectrometer (Agilent 240Z GFAA) was applied for 
the measurement of Cd content as previously described (Cheng et al., 
2019). All samples were measured in independent triplicate. 

2.3. Wall polymer extraction and determination 

A procedure of plant cell wall fractionation was implemented to 
extract soluble sugars, pectin, hemicellulose and cellulose fractions as 
previously described by Peng, Hocart, Redmond, and Williamson (2000) 
and Xu et al. (2012). UV–VIS spectrometer (V-1100D, Shanghai 
MAPADA Instruments Co.) was used for hexose, pentose and uronic 
acids assays as previously described by Huang et al. (2017) and Liu et al. 
(2021). For cellulose assay, the sample was dissolved in 67% H2SO4 and 
hexoses were calculated by the anthrone/H2SO4 method. Hemi-
celluloses were calculated by determining total hexoses and pentoses of 
the hemicellulose fraction, and pectin was measured by calculating total 
hexoses, pentoses and uronic acids of the fraction. In addition, a two- 
step acid hydrolysis method was applied for total lignin assay accord-
ing to the Laboratory Analytical Procedure of the National Renewable 
Energy Laboratory. All experimental analyses were completed in 
triplicate. 

The monosaccharide compositions of hemicelluloses was determined 
by GC–MS (SHIMADZU GCMS-QP2010 Plus) as previously described by 
Xu et al. (2012). Trifluoroacetic acid (TFA) and myo-inositol were ob-
tained from Aladdin Reagent Inc. 1-Methylimidazole was purchased 
from Sigma-Aldrich Co. LLC. Acetic anhydride and acetic acid were 
obtained from Sinopharm Chemical Reagent Co., Ltd. 

2.4. Measurement of cellulose features (CrI, DP) 

Cellulose crystalline index (CrI) of cellulose samples was measured 
by Rigaku-D/MAX instrument (Ultima III, Japan) according to the 
equation: CrI = 100 × (I200 − Iam) / I200. I200 is intensity of the 200 peak 
(I200, θ = 22.5◦), which represents crystalline cellulose, whereas Iam (Iam, 
θ = 18.5◦) is the intensity at the minimum between the 200 and 110 
peaks, being correspondent to amorphous cellulose. The degree of 
polymerization (DP) of cellulose samples was determined by the vis-
cosity method subjective to the equation: DP0.905 = 0.75 [η] as described 
previously (Li et al., 2018; Madadi et al., 2022). All the experiments 
were performed independently in triplicate at 25 ± 0.5 ◦C. 

2.5. Characterization of biosorbents 

The chemical-crosslinked biosorbents were respectively character-
ized using our previously-established methods (Xu et al., 2021) 
including Brunauer–Emmett–Teller (BET) surface area, scanning elec-
tron microscopy (SEM), energy dispersive X-ray, X-ray photoelectron 
spectroscopy(XPS), Fourier transform infrared (FTIR) spectroscopy. 

2.6. Biomass pretreatment and enzymatic hydrolysis 

Alkali pretreatments were performed by adding various concentra-
tions of NaOH (0, 0.5%, 1%, w/v) at 50 ◦C and 150 rpm for 2 h as 
previously described (Li, Zhang, et al., 2014; Jin et al., 2016). After 
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centrifugation at 3000g for 5 min, the pellets were washed with 10 mL 
distilled water for 5 times until pH 7.0. For enzymatic hydrolysis, the 
pretreated biomass residues were incubated with the final concentration 
of 1.6 g/L mixed-cellulases (10.6 FPU/g biomass) and xylanase (6.72 U/ 
g biomass) purchased from Imperial Jade Biotechnology Co., Ltd., while 
co-supplied with 1% Tween-80 as described (Jin et al., 2016). All the 
experiments were conducted independently in triplicate. 

2.7. Yeast fermentation and bioethanol measurement 

Saccharomyces cerevisiae strain (Angel yeast Co., Ltd., Yichang, 
China) was incubated with total hexoses released from enzymatic hy-
drolysis of alkali pretreated rice straw for ethanol fermentation as pre-
viously described by Jin et al. (2016). The ethanol yield was estimated 
by K2Cr2O7 method as described by Li et al. (2018) and He et al. (2022). 
Absolute ethanol (99.9%) was used as the standard and the fermentation 
experiments were conducted independently in triplicate. 

2.8. Pectin extraction and crosslinking reaction 

The well-dried citrus peels powder (1.5 g) was consequentially 
incubated with 80% ethanol for 2 h, anhydrous ethanol for 12 h and 
acetone for 10 min to obtain alcohol insoluble residues under air as 
described by (Pattathil, Avci, Miller, & Hahn, 2012) and. The residues 
were then incubated with 50 mM ammonium oxalate solution under 
150 rpm shaken at 25 ◦C for 24 h. After centrifugation at 3000g for 5 
min, the supernatants were collected and added with 1 M NaOH to 
adjust pH = 9. After dialysis with 3500 kDa bags for 2 days, the sample 
was collected as pectin extract. 

The remaining solid residues from ethanol fermentation were 
washed with distilled water for three times and dried at 50 ◦C in an air 
oven. The well-mixed residues (0.06 g) were added with different dos-
ages (1, 3, 6, 9, 12 mL) of the pectin extract described above, and then 
incubated with different concentrations of H2O2 chemicals (0.25%, 
0.75%, 1.5%). After mixing well, the residues were shaken under 150 
rpm for 3 h at different temperatures (25 ◦C, 35 ◦C, 55 ◦C) and stored as 
synthesized biosorbents for the following adsorption analysis. All ex-
periments were performed independently in triplicate. 

2.9. Cd and MB adsorption analysis 

The remaining solid residues from ethanol fermentation were 
washed with distilled water three times, followed with ultra-pure water 
for another three times. The washed residues were collected, dried at 
50 ◦C in an air oven, and stored as biosorbents samples for the following 
experiments. 

Solutions of Cd2+ was prepared by adding Cd(NO3)2∙4H2O into 
ultra-pure water at room temperature. Batch adsorption experiments 
with different types of biosorbents were performed for 4.0 h in 50 mL 
tubes under 150 rpm shaken. After mixing well, the samples were 
filtered through a 0.45 μm membrane filter, and the residual Cd2+

concentration in the filtrate was detected by flame atomic adsorption 
spectrophotometer (FAAS HITACHI Z-2000, Japan) equipped with air-
–acetylene flame as previously described (Xu et al., 2021). 

Solution of MB was prepared by adding C16H18ClN3S into ultra-pure 
water at room temperature (25 ± 2 ◦C). Batch adsorption experiments 
with different types of biosorbents were performed for 4.0 h in 50 mL 
tubes under 150 rpm shaken. After stirring, the samples were filtered 
through a 0.45 μm membrane filter, and the residual MB concentration 
in the filtrate was determined by UV–VIS spectrometer (V-1100D, 
Shanghai MAPADA Instruments Co.) at λmax = 668 nm as described by 
Hameed and Ahmad (2009). 

The amount of adsorption at equilibrium qe (mg/g) and the 
adsorption rate (%) were calculated as previously described (Gurgel, 
Freitas, & Gil, 2008; Xu et al., 2021). Langmuir isotherm and Freundlich 
isotherm models were characterized as described (Xie et al., 2015) The 

linear form of the pseudo-second-order equation was plotted as 
described (Saman et al., 2018). All the assays were conducted inde-
pendently in triplicate. 

2.10. Rice seedling hydroponic culture and immunolabeling for wall 
polysaccharide detection 

Rice seeds (WT, Osfc16) were soaked in distilled water for 3 days and 
the germinated rice seeds were put into 96 well plates with water to 
grow for 15 days. Then, the young seedlings were added with 0.6 mM 
(141.2 mg/kg water) CdCl2 (CAS No. 10108-64-2) for another 15 days 
growth, while co-supplied with/without the synthesized biosorbents 
described above. Meanwhile, the young seedlings were only cultured 
with distill water as experimental control. Each treatment contained 96 
rice seedlings with three biological duplications. 

Rice sections (3 mm–5 mm) were cut from leaf vein of rice seedlings, 
5 μm thick transverse sections embedded in paraplast plus for immu-
nolabeling. Paraffin sections were de-waxed with xylene and rehydrated 
through an ethanol series from 100% to 0%. Sections were then washed 
extensively in PBS, incubated with 5-fold dilution of cell wall glycan- 
directed monoclonal antibodies (mAbs) followed by 200-fold and 100- 
fold dilution of anti-mouse IgG linked to fluorescein isothiocyanate 
(FITC). One glycan-directed mAb was used in this study. CCRC-M38 
recognizes epitopes in de-esterified homogalacturonan (pectin). Sam-
ples were washed at least three times as described (Yang et al., 2020). 
FITC fluorescence was observed with an Olympus BX61 microscope 
equipped with epifluorescence optics as previously described (Yang 
et al., 2020). 

2.11. Statistical analysis 

Analyses of variance (ANOVA), regression coefficients and Spear-
man's rank correlation coefficient were respectively accomplished using 
Superior Performance Software System (SPSS version 16.0, Inc., Chi-
cago, IL). Pair-wise comparisons were conducted between two mea-
surements by Student's t-test. The line graph, histogram, and regression 
analysis for the best fit curve were plotted using Origin 8.5 software 
(Microcal Software, Northampton, MA). The average values were 
calculated from the original independent triplicate measurements for 
these analyses. 

3. Results and discussion 

3.1. Remarkably raised Cd accumulation in desirable Osfc16 mutant 

Using our previously-identified natural rice mutant (Osfc16) defec-
tive at cellulose biosynthesis (Li et al., 2017), this study initially detected 
its Cd accumulation capacity (Fig. 1). While young seedlings were grown 
with the hydroponic culture supplied with 0.6 mM (141.2 mg/kg water) 
CdCl2 for 15 days, the Osfc16 mutant showed much more Cd accumu-
lation than that of the WT (NPB) by over 3-folds (Fig. 1A & B). Mean-
while, this work examined Cd accumulation with rice straws using the 
soil pots for rice growth supplied with high concentration of Cd2+ (100 
mg CdCl2/kg dry soil). As a result, the Osfc16 mutant respectively con-
tained Cd levels at 4.65 μg/g and 14.38 μg/g dry matter in mature stem 
and leaf tissues, which were significantly higher than those of the WT by 
32% and 58% at p < 0.01 level (Fig. 1C & D). However, even though 
grown soil pots supplied with high concentration of Cd, the Osfc16 
mutant accumulated relatively low Cd level at grain tissue, being almost 
less 9-fold than its leaf tissue (Fig. S2). Hence, the Osfc16 mutant could 
consistently accumulate much Cd in almost all lignocellulose residues, 
and it should be considered as the desirable crop for Cd 
phytoremediation. 
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3.2. Predominately enhanced pectin deposition for large Cd accumulation 

As the Osfc16 mutant could largely accumulate Cd in lignocellulose- 
rich tissues, this study determined lignocellulose composition in young 
rice seedlings and mature straws (Table 1). After treatment with Cd, 
both Osfc16 mutant and WT showed remarkably raised pectin de-
positions by 17%–42% with relatively increased hemicellulose levels by 
2%–12% in the seeding, stem and leaf tissues examined. Accordingly, 
significantly reduced cellulose levels by 8%–33% were detected in those 

tissues, but the lignin contents were altered marginally. Hence, the data 
suggested that the mostly raised pectin deposition should be a major 
factor for Cd accumulation. Meanwhile, the Osfc16 mutant showed 
enhanced pectin and hemicellulose rates than those of the WT, in 
particular for the stem tissue, which should be accountable for much 
more increased Cd accumulation in the mutant as described above. As 
uronic acids are the typical components of pectin, this study further 
observed that the Cd treatments led to much more raised uronic acids 
levels in the Osfc16 mutant than the ones in the WT at p < 0.01 levels (n 

Fig. 1. Cd accumulation with lignocellulose tissues 
of rice mutant (Osfc16) and WT (NPB). (A) Images of 
rice seedlings (scale bar = 5 cm) grown with water 
culture supplied with 0.6 mM (141.2 mg/kg water) 
CdCl2 (+Cd) and control (without CdCl2); (B) Cd 
contents in rice seedling; (C) Images of mature rice 
straw grown in the soil pots supplied with 100 mg/kg 
(+Cd) and control (without CdCl2); (D) Cd contents 
in rice straw (scale bar = 20 cm). * and ** indicated 
significant difference between two samples by t-test 
at p < 0.05 and 0.01 (n = 3). Increased percesntage 
calculated by subtraction between two samples 
divided by the control. Bar as mean ± SD (n = 2). 
DM: dry matter.   

Table 1 
Lignocellulose composition of rice Osfc16 mutant and WT incubated with Cd.  

Sample Tissue Treatment Cell wall composition (% DM) 

Cellulose  Hemicellulose  Lignin Pectin  

WT Seedling Control + Cd 17.41 ± 0.17  25.16 ± 0.38  24.80 ± 0.06 2.42 ± 0.04  
13.58 ± 0.29**  − 21.99% 25.75 ± 0.21*  +2.34% 24.28 ± 0.14 2.84 ± 0.03**  +17.11% 

Osfc16 16.02 ± 0.48  24.23 ± 0.06  25.30 ± 0.69 2.45 ± 0.03  
10.77 ± 0.35**  − 32.73% 25.23 ± 0.16*  +4.09% 25.52 ± 0.54 3.01 ± 0.02**  +23.00% 

WT Stem Control + Cd 33.99 ± 0.43  18.48 ± 0.44  12.54 ± 0.42 3.06 ± 0.03  
30.90 ± 0.80*  − 9.09% 20.17 ± 0.21*  +9.15% 12.88 ± 0.19 3.82 ± 0.05**  +22.84% 

Osfc16 25.56 ± 0.77  22.58 ± 0.15  14.45 ± 0.52 3.33 ± 0.13  
22.96 ± 0.50*  − 10.16% 25.21 ± 0.65*  +11.61% 14.83 ± 0.50 4.74 ± 0.07**  +42.64% 

WT Leaf Control + Cd 29.59 ± 0.59  19.14 ± 0.20  15.80 ± 0.44 2.51 ± 0.10  
27.14 ± 0.39*  − 8.27% 20.25 ± 0.33*  +5.79% 15.60 ± 0.05 3.05 ± 0.02**  +21.71% 

Osfc16 23.94 ± 1.49  23.78 ± 0.18  16.45 ± 0.30 2.57 ± 0.10  
20.13 ± 0.58*  − 15.93% 26.07 ± 0.53*  +9.64% 16.34 ± 0.40 3.14 ± 0.03**  +22.08% 

DM as dry matter of biomass. * 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 control (without Cd incubation). Bar as mean ± SD (n = 3). 
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= 3) in all tissues examined (Fig. 2A–B); this was confirmed by immu-
nofluorescence detection using specific antibody (CCRC-M38) against 
uronic acids of pectin (Fig. 2C). By comparison, the Osfc16 mutant and 
WT showed large variations of hexoses and pentoses among the three 
rice tissues from the Cd treatments (Fig. S3). Therefore, the Cd treatment 
mainly enhanced the uronic acids deposition in the Osfc16 mutant. 

Furthermore, this study detected Cd accumulation with the pectin 
fractions of young rice seedlings and mature straws (Fig. 2D & E). 
Despite pectin levels being less than 5% of total lignocellulose residues 
examined in rice samples (Table 1), this study estimated remarkably 
high proportions of Cd in the pectin fractions of rice tissues, which 
accounted for 30%–62% of total Cd detected in rice samples. Notably, 
the Osfc16 mutant demonstrated much higher Cd levels than those of the 
WT in the pectin fractions (Fig. 2F & G), consistent with its much more 
enhanced Cd accumulation in three tissues described above (Fig. 1). 
Since uronic acids of pectin could interlink with trace metals via 
chemical bonds (Cheng et al., 2019; Jia et al., 2019; Kartel, Kupchik, & 
Veisov, 1999), this result suggested that the deposition of uronic acids 
could be a key factor for much enhanced Cd accumulation in 
lignocellulose-rich tissues of the Osfc16 mutant. 

3.3. Improved biomass saccharification for bioethanol production and Cd 
collection 

As the Osfc16 mutant has been characterized with high biomass (Li 
et al., 2017), this study examined if the Cd treatment could further 
enhance biomass enzymatic saccharification for bioethanol production 
(Fig. 3). By means of our previously-established approaches, we found 
that the Cd-treated mutant and WT samples showed significantly higher 
yields of hexoses (% cellulose) released from enzymatic hydrolyses after 
mild alkali (0.5%, 1% NaOH) pretreatments were of mature straws 
(stem, leaf), compared to their control (without Cd) samples (Fig. 3A–C). 
Further performing yeast fermentation with total hexoses, only partially 
Cd-treated straw samples showed significantly raised bioethanol yields 
than those of their controls (Fig. 3D–F), probably due to the released Cd 
that inhibited yeast fermentation. To understand why the biomass 

saccharification was significantly enhanced in the Cd-treated samples, 
this study also detected major lignocellulose recalcitrant factors such as 
cellulose crystalline index (CrI) and degree of polymerization (DP), and 
arabinose substitution (xylose/arabinose ratio) of xylans (Fig. 4) (López- 
Maldonado & Oropeza-Guzmán, 2021). As a result, all Cd-treated straws 
demonstrated improved lignocellulose recalcitrance relative to their 
control samples, and particularly, the Osfc16 mutant had the lowest 
values of those three recalcitrant factors, consistent with its highest 
biomass enzymatic saccharification. In addition, because uronic acids of 
pectin could positively affect biomass enzymatic hydrolyses in bio-
energy crops (Wang et al., 2015; Wang et al., 2016), the raised uronic 
acids from the Cd treatment should be another factor for enhanced 
biomass saccharification examined in this study. 

Assuming that the Cd-treated rice straws could be almost completely 
digested, this study calculated how much Cd could be released from 
alkali pretreatments and sequential enzymatic hydrolyses (Table 2). In 
general, more than 85% of total Cd could be collected from supernatants 
of pretreatments and enzymatic hydrolyses in both Osfc16 mutant and 
WT. In particular, only Osfc16 mutant released 90% of total Cd after 1% 
NaOH pretreatment and enzymatic hydrolyses were performed with its 
stem tissue. Furthermore, the rest of Cd could be collected from the solid 
residues of yeast fermentation for all rice straw samples. Thereby, the 
Osfc16 mutant could not only showed near-complete biomass enzymatic 
saccharification for bioethanol production as a desirable bioenergy crop, 
but it also should be considered as the most effective phytoremediation 
plant for Cd accumulation with lignocellulose tissues in vivo and 
sequential Cd release for collection in vitro. 

3.4. Chemical crosslinking between citrus peels pectin and rice 
fermentation residues for Cd adsorption 

To avoid any biomass residues release into environment during 
bioethanol conversion, the remaining lignin-rich residues from yeast 
fermentation were evaluated as biosorbents for trace metal removal, but 
the adsorption capacity was relatively low (Xu et al., 2020; Xu et al., 
2021). As the minor pectin of plant cell walls is predominately 

Fig. 2. Enhanced pectin deposition with lignocellulose tissues of rice mutant (Osfc16) and WT supplied with CdCl2. (A, B) Uronic acids contents of pectin in 
lignocellulose tissues; (C) In situ immunofluorescence observation of pectin epitopes in transverse sections of leaf vein of rice seedlings by using antibody (CCRC-M38) 
labeled with FITC (green) (scale bar = 100 μm); (D, E) Cd proportion in the pectin fractions of rice samples; (F, G) Cd level in the pectin fractions of rice. “+Cd” as rice 
seedling supplied with 0.6 mM (141.2 mg/kg water) CdCl2, mature straw tissue (stem, leaf) grown in the soil pots supplied with 100 mg/kg. * and ** indicated 
significant difference between two samples by t-test at p < 0.05 and 0.01. Increased percentage calculated by subtraction between two samples divided by the control. 
Bar as mean ± SD (n = 3). 
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responsible for enhanced Cd adsorption as described above, this study 
attempted to extract large amount of pectin from citrus peels under 
different solid-liquid ratios and pH values (Fig. S4), and then perform a 
chemical crosslinking reaction between the extracted pectin and all 
remaining biomass residues from yeast fermentation to generate bio-
sorbents by using different concentrations of H2O2 under three incuba-
tion temperatures (Table S1). Integrating different dosages of the citrus 
peel pectin with the rice fermentation residues, we observed that the 
Osfc16 mutant sample showed consistently higher Cd adsorption 

capacities than those of the WT (Fig. 5A). To test this finding, we con-
ducted classic Cd adsorption analyses by means of our previously- 
established approaches (Xu et al., 2020; Xu et al., 2021). Under a se-
ries of initial Cd concentrations, this study examined much higher Cd 
adsorption capacities in the fermentation residues of both Osfc16 mutant 
and WT, compared to their raw straw materials (Fig. 5B &C), consistent 
with the previous findings (Xu et al., 2020; Xu et al., 2021; Zeng et al., 
2019; Zhang et al., 2018). However, the chemical crosslinking of rice 
fermentation residues with the pectin of citrus peels, termed as FR-CP 

Fig. 3. Hexoses and bioethanol yields obtained in rice mutant (Osfc16) and WT grown with soil pots supplied with CdCl2. (A, B, C) Hexoses yield released from 
enzymatic hydrolysis after NaOH pretreatment with mature straw. (D, E, F) Bioethanol yields (% cellulose) by yeast fermentation with the hexoses released from 
pretreatment and 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 control. Bar as mean ± SD (n = 3). 

Fig. 4. Alteration of cellulose and hemicellulose features in rice mutant (Osfc16) and WT grown with soil pots supplied with 100 mg/kg CdCl2 (+Cd). (A) Cellulose 
CrI; (B) Cellulose DP; (C) Hemicellulose Xyl/Ara. * 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 control. Bar as mean ± SD (n = 3). 
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biosorbents, showed further raised Cd adsorption capacities than those 
of the residues by 54% and 35% in the Osfc16 mutant and WT samples, 
respectively (Fig. 5D). Consistently, the FR-CP biosorbents had higher 
Cd adsorptions than those of their fermentation residues under different 
incubation conditions (temperature, time and pH value) or adding 
various dosages of biosorbents (Figs. S5 & S6). Furthermore, while the 
batch experimental data were applied to establish Langmuir and 
Freundlich isotherm models, the Langmuir model showed extremely 
high R2 values at more than 0.99, whereas the Freundlich isotherm were 
of the R2 values ranged from 0.83 to 0.95 (Fig. S7; Table S2), suggesting 
that the adsorption of Cd on biosorbents better fitted at Langmuir 
isotherm model. Importantly, the Osfc16 mutant samples showed higher 
Cd adsorptions than those of the WT by their FR-CP biosorbents exam-
ined in all experimental analyses. In addition, in terms of the 10-time 
cycling tests of the FR-CP biosorbents, the Osfc16 mutant sample 
showed slightly reduced Cd adsorption capacities, whereas the WT 

sample showed a substantial decrease of Cd adsorption (Fig. 5E). Taken 
together, therefore, the results indicated that the Osfc16 mutant could 
provide the desirable lignin-rich residues to crosslink with the pectin of 
citrus peels to generate active biosorbents for efficient trace metal 
adsorption. 

3.5. Characteristics of biosorbents involved in chemical interaction with 
Cd 

With respects to the chemical-crosslinked biosorbents that were of 
high Cd adsorption capacity as described above, this study characterized 
physical and chemical properties of the biosorbents using our 
previously-established approaches (Xu et al., 2020; Xu et al., 2021). 
Under scanning electronic microscopy, we first observed a ribbon-like 
structure of the biosorbents that showed pores of different sizes 
(Fig. 6A), which could provide large surfaces for chemical crosslinking 

Table 2 
Cd proportion released from NaOH pretreatment and sequential enzymatic hydrolysis of lignocellulose tissues in rice mutant (Osfc16) and WT.  

Sample Tissue Total Cd (μg/g) NaOH pretreatment (%) Cd in residues (μg/g) Cd in supernatant (μg/g) Cd released (% of total) 

WT Stem  9.09  0  1.32  7.77  85.5  
0.5  1.08  8.01  88.1  
1  1.08  8.01  88.1 

Osfc16  14.38  0  1.74  12.64  87.9  
0.5  1.56  12.82  89.2  
1  1.41  12.96  90.1 

WT Leaf  3.54  0  0.45  3.09  87.3  
0.5  0.40  3.14  88.7  
1  0.37  3.16  89.3 

Osfc16  4.65  0  0.61  4.04  86.9  
0.5  0.55  4.11  88.4  
1  0.54  4.11  88.4  

Fig. 5. Comparison of Cd adsorption capacity of the fermentation residues (FR) and biosorbents (FR-CP) by chemical crosslinking FR with the pectin extracted from 
citrus peel. (A) Cd adsorption of the biosorbents crosslinked with different dosage of pectin of citrus peels; (B, C) Cd adsorption under initial Cd concentrations; (D) 
Cd adsorption capacity of different types of biosorbents; (E) Cycles test of Cd adsorption. FR obtained from enzymatic hydrolysis and yeast fermentation after 1% 
NaOH pretreatment with mature rice straw. Incubation conditions (A, D), pH = 7.0, C0 = 20 mg/L, biosorbent dose = 1 g/L, T = 25 ± 2 ◦C, t = 4.0 h, (B) and (C), pH 
= 7.0, biosorbent dose = 1 g/L, T = 25 ± 2 ◦C, t = 4.0 h, (E) C0 = 2 mg/L, pH = 7.0, T = 25 ± 2 ◦C, t = 4.0 h, biosorbent dose = 1 g/L. 
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Fig. 6. Physical and chemical characterization of biosorbents for Cd adsorption. (A) SEM images; (B) FTIR spectrum; (C) XPS assay; (D) XPS of Cd 3d, C 1s and O 1s 
spectrum; CP: pectin extracted from citrus peels by ammonium oxalate; FR obtained from enzymatic hydrolysis and yeast fermentation after 1% NaOH pretreatment; 
FR-CP obtained by H2O2 oxidation between FR and CP. 

Fig. 7. Reduced Cd accumulation with rice seedlings of the Osfc16 mutant and WT grown in hydroponic culture supplied with pectin-crosslinked biosorbents. (A) 
Growth of rice seedlings, scale bar = 5 cm; “Control”, water only in culture; “+Cd”, added with 0.6 mM (141.2 mg/kg water) CdCl2; “+Cd + FR-CP”, added with 0.6 
mM (141.2 mg/kg water) CdCl2 and the biosorbents at 1 g/L; (B) weight of fresh rice seedlings; (C) dry matter weight of rice seedlings; (D) Cd levels in rice seedlings; 
(E) uronic acids levels in the pectin fractions. * 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 sample (+Cd + FR-CP); bar as mean ± SD (n = 3). 
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between the pectin of citrus peels and the fermentation residues of 
Osfc16 mutant. Fourier transform infrared (FTIR) spectroscopy, further 
showed five altered peaks located at 894 cm− 1 (C–H), 1041 cm− 1 

(C–O–C), 1450 cm− 1(–C–H3), 1510 cm− 1 (C––C) and 1629 cm− 1 

(–COOR) in the biosorbents, compared to either the pectin of citrus peels 
or the fermentation residues of Osfc16 mutant straw (Fig. 6B); this 
confirmed chemical crosslinking between the pectin of citrus peels and 
the lignin of fermentation residues (Table S3). Meanwhile, XPS was 
applied to detect metal element interlinkage style, and two typical peaks 
were observed in the biosorbents incubated with Cd solution, whereas 
the control (without Cd) did not show those peaks (Fig. 6C). Further-
more, we detected three typical C-linkages of solid residue by XPS, and 
found that the solid residue incubated with Cd2+ exhibited a slight 
alteration of two peaks (C–C/C–H; C–O), compared to the control 
without Cd2+ (Fig. 6D; Table S4), suggesting that the groups of three 
peaks should involve in chemical interactions with Cd (Allouche, 
Mameri, & Guibal, 2011; Taty-Costodes, Fauduet, Porte, & Delacroix, 
2003). Therefore, this work demonstrated that the biosorbents were of 
high Cd adsorption capacity, mainly through typical chemical 
interaction. 

3.6. Significantly reduced Cd accumulation by co-supplying pectin- 
crosslinked biosorbents into hydroponic culture with rice seedlings 

To test Cd adsorption capacity in trial of the chemical-crosslinked 
biosorbents generated from pectin of citrus peels and lignin-rich resi-
dues of Osfc16 biomass fermentation, this study performed hydroponic 
culture with rice seedlings co-supplied with both high concentration of 
Cd and low dosage of biosorbents (Fig. 7). While supplied with Cd only, 
the Osfc16 mutant and WT obviously showed much defective seedlings 
phenotypes with relatedly reduced biomass yields (Fig. 7A–C). 

However, under co-supplements with both Cd and chemical-crosslinked 
biosorbents, the Osfc16 mutant and WT were mostly restored from those 
defective phenotypes with remarkably reduced Cd accumulation in their 
seedlings (Fig. 7D), consistent with significantly altered uronic acids 
levels of pectin (Fig. 7E). On the other hand, even though those co- 
supplements could significantly restore the defective phenotype in the 
Osfc16 mutant, it continued to accumulate higher Cd levels than those of 
the WT in their seedlings; this further confirmed the findings that the 
Osfc16 mutant was of relatively enhanced Cd accumulation capacity due 
to its increased uronic acids deposition. Hence, this study demonstrated 
that the pectin-crosslinked biosorbents were of remarkably Cd adsorp-
tion in rice seedling growth. 

3.7. Distinct methylene blue adsorption with pectin-crosslinked 
biosorbents 

Although the pectin-crosslinked biosorbents demonstrated high Cd 
adsorption capacity in vitro by chemical interaction as described, this 
study attempted to test its adsorption capacity with methylene blue 
(MB), a typical organic dye released from industry factories (Fig. 8). By 
performing classic adsorption analyses, this study examined that the 
fermentation residues (FR) of both Osfc16 mutant and WT were of high 
MB adsorption capacities under various conditions such as initial MB 
concentration, incubating temperature, pH and time, and biosorbent 
dosage. However, the pectin-crosslinked biosorbents (FR-CP) showed 
obviously higher MB adsorptions than those of the fermentation residues 
under almost all experiments performed, except the pH values. Notably, 
either the fermentation residues or the biosorbents from the Osfc16 
mutant sample showed higher MB adsorptions than ones from the WT, 
consistent with its more raised Cd adsorption as described above. 

However, the biosorbents had distinct MB adsorption trends 

Fig. 8. Comparison of the MB adsorption capacities with biosorbents of the Osfc16 mutant sample under various incubation conditions. (A) Image of MB adsorptions 
with biosorbens; (B) MB adsorption capacity under different initial MB concentration (C, D, E, F), MB adsorption rates under different pH value, temperature, time 
and biosorbent dose; FR, Residues obtained from enzymatic hydrolysis and yeast fermentation after 1% NaOH pretreatment; FR-CP, FR crosslinked with the pectin 
extracted from citrus peels. Incubation conditions: (A), pH = 6.0, biosorbent dose = 1 g/L, T = 25 ± 2 ◦C, t = 4.0 h. (B), C0 = 10 mg/L, biosorbent dose = 1 g/L, T =
25 ± 2 ◦C, t = 4.0 h. (C), pH = 6.0, C0 = 10 mg/L, biosorbent dose = 1 g/L, t = 4.0 h; (D), C0 = 10 mg/L, pH = 6.0,T = 25 ± 2 ◦C, t = 4.0 h; (E), C0 = 10 mg/L, pH =
6.0, biosorbent dose = 1 g/L, T = 25 ± 2 ◦C. 
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compared to their adsorption with Cd under different incubation tem-
peratures and pH values. For instances, the MB adsorption reached the 
maximum at pH 6, whereas the maximum Cd adsorption occurred at pH 
9 (Fig. 8C; Fig. S5). Meanwhile, an increase in temperature deceased the 
absorption of MB but did not alter that of Cd significantly (Fig. 8D; 
Fig. S5). Further based on the experimental data, both Langmuir and 
Freundlich model could fit the data for MB as seen from high R2 values 
(Fig. S8; Table S5), which was different from the Cd adsorption that 
showed better fit with the Langmuir model described above (Fig. S7; 
Table S2). As Brunauer–Emmett–Teller (BET) surface area analysis has 
been well applied to account for biosorbent porosity, this study also 
determined the surface areas in solid residues, particularly in the resi-
dues from the pectin-crosslinked biosorbents (FR-CP), compared to the 
fermentation residues (FR) of rice straw (Table S6). Particularly, the 
cross-linked adsorbent showed a 4-fold increase in the specific surface 
area in the mutant FR-CP, rendering it beneficial for adsorption of Cd 
and MB. The data also suggested that the pectin-crosslinked biosorbents 
for adsorption of MB could be relatively complex than that of the Cd 
adsorption examined in this study. 

3.8. Synchronous Cd and MB adsorptions with the pectin-crosslinked 
biosorbents 

As the pectin-crosslinked biosorbents (FR-CP) were of high Cd and 
MB adsorptions, this study further examined its synchronic adsorption 
capacity in vitro by mixing Cd and MB as incubation solution (Fig. 9). In 
general, both the fermentation residues (FR) and pectin-crosslinked 
biosorbents showed synchronic adsorption capacity for Cd and MB in 
vitro, but the pectin-crosslinked biosorbents demonstrated relatively 
higher adsorption levels (Fig. 9A & B). Further compared to the indi-
vidual Cd or MB adsorption (Fig. S9), the synchronic Cd adsorption rates 
were much reduced by more than 30% in the WT samples, whereas the 
synchronic Cd and MB adsorption rates were slightly altered in the 
Osfc16 mutant samples (Fig. 9C & D). In particular, the pectin- 
crosslinked biosorbents of Osfc16 mutant samples had the same rates 
of MB adsorption at 94% in both individual and synchronic experiments. 
Its synchronic Cd adsorption rate was decreased only by 8%, indicating 
that chemical-crosslinking between the fermentation residues of Osfc16 
mutant and pectin of citrus peels could also generate efficient bio-
sorbents for synchronic removals of trace metal and dye chemical. In 
addition, as the synchronic adsorption rates of MB were much higher 
than those of the Cd examined in all samples, it has also explained why 
the pectin-crosslinked biosorbents could fit both Langmuir and 
Freundlich isotherm models for maximum MB adsorption, and the only 
Langmuir model for Cd adsorption. In addition, compared with the 
previously-reported sorbents generated from biomass residues, the 
pectin-crosslinked biosorbents showed relatively higher Cd and MB 
adsorption capacities (Table S7), indicating that the pectin-crosslinked 
biosorbents should be more affective for both Cd and MB removals. 

As one of the most complicated macromolecules in plant cell walls, 
pectin is of the typical carboxylate and methoxylate groups, and the 
carboxylate groups act as the chelating cause favor for Cd interaction 
and MB entrapment (Ibarra-Rodríguez, Lizardi-Mendoza, López-Mal-
donado, & Oropeza-Guzmán, 2017). As a comparison, the Cd2+ could 
interact with biosorbents via a polar covalent bond, whereas the MB 
should associate with the negative charges of surface functional groups 
of biosorbent such as carboxyl, carbonyl and hydroxyl (Kumar & Dwi-
vedi, 2019). As the amino and hydroxyl groups of biosorbents could 
provide a part of adsorption sites, the ion exchange should also occur 
between the Cd and the trace elements (Na, K, Ca) on the surface of 
biosorbents (Kumar & Dwivedi, 2019). As chemical interlinking modes 
of three lignin monomers (H, G, S) mainly include ether bond (β-O-4, 4- 
O-5, α-O-4) and carbon‑carbon bonds (5-5, β-5, β-1, β-β) and the hy-
droxyl (–OH) and carboxyl groups (–COOH) of lignin can form chemical 
bonds with pectin (Li, Zhao, et al., 2014; López-Maldonado et al., 2020; 
Zhang et al., 2021), we assumed that the functional groups of lignin-rich 

biosorbents involved in adsorption with metal ion and dye should be the 
aliphatic and phenolic hydroxyls (–OH), methoxyls (–OCH3), carbonyls 
(–C––O), carboxyls (–COOH) and sulfonic (SO2-OH) groups. Due to the 
electrostatic interaction between the amino group and the hydroxyl 
group, the Cd and MB molecule may co-share adsorption sites under a 
competitive action manner. The addition of other metal cations and dyes 
would compete with the adsorption of Cd and MB, and their adsorption 
capacity should be reduced due to the limited adsorption sites. 

3.9. Mechanism of the predominant role of pectin in enhancing in Cd and 
MB adsorptions and biomass saccharification 

Based on all data obtained in this study, we proposed a mechanism 
model that links all major findings to explain why the Osfc16 mutant was 
of consistently enhanced Cd and MB adsorption and biomass sacchari-
fication relative to the WT (Fig. 10). Despite that the Osfc16 mutant has 
been characterized with significantly reduced lignocellulose recalcitrant 
factors such as cellulose CrI and DP values and hemicellulose Xyl/Ara 
ratio, the Cd treatment with the mutant could further improve ligno-
cellulose recalcitrance. These could lead to an integrative enhancement 
on biomass enzymatic saccharification and bioethanol production 

Fig. 9. Comparison of synchronous Cd and MB adsorptions. (A, B) Cd and MB 
adsorption capacity from Langmuir models using biosorbents of rice Osfc16 
mutant and WT samples; (C, D) Synchronous adsorption of biosorbents with Cd 
and MB; FR: Residues obtained from enzymatic hydrolysis and yeast fermen-
tation after 1% NaOH pretreatment with rice straws in rice Osfc16 mutant and 
WT; FR-CP, FR crosslinked with the pectin extracted from citrus peels; 
Increased percentage calculated by subtraction between two samples divided by 
the “FR (WT)” or “FR-CP (WT)”. Incubation conditions: (C, D), pH = 7.0, bio-
sorbent dose = 1 g/L, CCd = 2 mg/L, CMB = 10 mg/L, T = 25 ± 2 ◦C, t = 4.0 h. 
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coupled with accumulated Cd to be released. In particular, the Osfc16 
mutant was remarkably rich in uronic acids from pectin, indicating that 
pectin did play a predominated role for much Cd accumulation with 
lignocellulose tissues. Meanwhile, the remaining lignin-rich residues 
after enzymatic hydrolysis and yeast fermentation in the Osfc16 mutant 
showed significantly high Cd adsorption capacities than those of the WT, 
probably due to its near-complete biomass enzymatic hydrolysis for 
ribbon-like structure with large surfaces and diverse nanopores as 
described above (Fig. 6A). Furthermore, the fermentation residues of 
Osfc16 mutant could be applied to generate active biosorbents for Cd 
adsorption by chemical crosslinking with the pectin residues extracted 
from citrus peels. Notably, the biosorbents of Osfc16 mutant not only 
showed significantly enhanced Cd adsorption capacity, but also had 
largely raised MB adsorption. Hence, this model has highlighted the 
multiple roles of pectin in biomass enzymatic saccharification, trace 
metal phytoremediation and organic dye removal in the Osfc16 mutant. 

4. Conclusion 

Using the natural rice mutant (Osfc16) defective at cellulose 
biosynthesis, this study examined enhanced Cd accumulation with 
lignocellulose tissues than that of the WT, mainly due to significantly 
raised pectin deposition rich at uronic acids. Meanwhile, the Cd- 
treatment could further reduce lignocellulose recalcitrance in the 
Osfc16 mutant, which enhanced biomass enzymatic saccharification for 
bioethanol production along with almost all Cd release for recycling. 
Furthermore, this study used all remaining residues to generate novel 
biosorbents by chemical crosslinking with the pectin extracted from 
citrus peels under optimal conditions. Further compared to the WT, the 
pectin-crosslinked biosorbents showed significantly higher adsorption 
capacities for Cd and MB, and also showed high synchronic adsorption 
of MB with Cd, probably due to relatively complicated chemical 
adsorption process. This study has demonstrated the multiple roles of 
pectin in Cd and MB adsorptions, and biomass enzymatic saccharifica-
tion, providing an integrated approach for phytoremediation of trace 
metal and chemical dye as well as in bioethanol production. 
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