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Keywords: In this study, 15 plant species representing plant evolution were selected, and distinct lignocellulose composi-
Wall polysaccharides tions for largely varied biomass enzymatic saccharification were detected. By comparison, the acid-pretreated
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lignocellulose of rice mutant was of the highest Congo-red adsorption (298 mg/g) accounting for cellulose
accessibility, leading to complete cellulose hydrolysis and high bioethanol production. By conducting oxidative-
catalysis with the acid-pretreated lignocellulose of moss plant, the optimal biosorbent was generated with
maximum Cd/Pb adsorption (54/118 mg/g), mainly due to half-reduced cellulose polymerization degree and
raised functional groups accountable for multiple physical and chemical interactions. Furthermore, the acid-
pretreated lignocellulose of eucalyptus was of large and small pores for much higher adsorption capacities
with direct-yellow and direct-blue than those of the previously-reported. Therefore, this study raises a mecha-
nism model about how distinct lignocelluloses of plant evolution are selective for complete biomass
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saccharification and optimal biosorbents assembly, providing insights into lignocellulose biosynthesis and

biomass conversion.

1. Introduction

As traditional fossil energy sources are facing prominent shortage
and excessive carbon liberation, it is imperative to develop various
renewable energy as partial replacement of petrol fuels (Tan and Niel-
sen, 2022). Biomass-derived energy has thus emerged as a significant
avenue for seizing energy crisis and environmental pollution (Park et al.,
2023). Generally, plant cell walls provide the most abundant lignocel-
luloses convertible for biofuels and bioproducts (Su et al., 2024).
However, as plant cell walls form a barrier for dynamic adaptation of
various stresses, their recalcitrant property primarily decides a high-cost
biomass saccharification and low-efficiency biofuel conversion
(Zoghlami and Paés, 2019).

Plant cell walls are composed of cellulose, hemicellulose and lignin
with small amounts of pectin and wall proteins. During biological evo-
lution, plant species develop highly specific cell walls for diverse bio-
logical functions to maintain plant growth and development (Cosgrove,
2024). With increasing evolutionary advancement, lower plants are
consequently emerged such as algae, mosses and gymnosperms, whereas
angiosperms are undergoing extensive to give rise to a variety of
morphological and ecological species including herbaceous crops and
woody trees, thereby providing diverse biomass resources (Soltis et al.,
2008; Wang and Ran, 2014). Nonetheless, as current research mainly
focuses on the utilization of agricultural and forestry lignocelluloses
(Sun et al., 2018; Wang, et al., 2021), little is explored about specific
biomass applications from lower to higher plants.

As an excellent biofuel, cellulosic ethanol is typically produced
through biochemical conversion of lignocellulosic biomass (Hu et al.,
2023). However, lignocellulose recalcitrance requires extremely phys-
ical and chemical pretreatments and costly enzymatic hydrolyses along
with potential secondary waste release (Huang et al., 2022). Alterna-
tively, recalcitrance-reduced lignocellulose substrates are increasingly
employed to achieve cost-effective biofuels and value-added bio-
products (Wang et al., 2024).

Over the past decade, adsorbent has gained widespread attention in
wastewater treatment due to its simple and efficient characteristics.
Although thousands of materials are able to prepare adsorbents, ligno-
cellulose substrates are increasingly employed to generate biosorbents
(Yaashikaa et al., 2021). Due to limited active sites of lignocelluloses,
various modification methods are further performed to enhance
adsorption capacity and efficiency (Hokkanen et al., 2016; Celebi,
2020). However, it remains to explore the desirable lignocellulose
applicable for maximizing adsorption capacity.

In this study, total 15 plant species from lower plants to higher ones
were selected, and then their distinct lignocellulose compositions for
varied biomass enzymatic saccharification were determined. Mean-
while, this study attempted to achieve near-complete saccharification
towards the highest bioethanol production. The pretreated lignocellu-
loses were further employed to generate the desired biosorbents for
maximum adsorption capacity. Finally, this study proposed a novel
hypothetic model to address the following issues: (1) Whether the
representative plant species could provide distinct lignocellulose sub-
strates; (2) What is the desirable lignocellulose for near-complete
biomass saccharification; (3) Why the optimal lignocelluloses are
selectable for generations of high-performance biosorbents; (4) How a
powerful strategy is applicable for efficient bioethanol productivity or
effective exclusions of industry dyes and agriculture heavy metals.

2. Material and methods
2.1. Collection of biomass samples

The chlorella powder was purchased from Shengqing Biotechnology
Co., Ltd, Xi’an, China, and the stem tissues of chlorella (Chlorella vul-
garis), moss (Hypnum plumaeforme) and fern (Adiantum capillus-veneris)
were obtained from Shangcheng County, Xinyang, China. The straws/
stem tissues were collected from ginkgo (Ginkgo biloba), sugarcane cul-
tivars (GT42), corn (Z31 and bk1), wheat (ZM9023 and ZT5), poplar
(Populus nigra), rice cultivar (NPB) and its mutant (snc11) and cotton
(KZ201) grown in experimental fields of Huazhong Agricultural Uni-
versity. The corn mutant (bk1) is identified as previously reported (Wu
et al., 2019), and rice mutant (snc11) was obtained from site mutation of
OsCESA7 with 3 bp deletion (CTGip12.1014) of P-CR region by using
CRISPR/Cas9 system as previously described (Hu et al., 2023). The stem
tissues of eucalyptus (Eucalyptus 3229) were collected from Guangdong
Eucalyptus Germplasm Field, Zhanjiang, China. The bamboo plants
(Phyllostachys edulis) were planted in the experimental field of Zhejiang
Agricultural University. All mature tissues were dried at 55 °C, cut into
small pieces, screened by a 40-mesh sieve and stored in a dry container.

2.2. Wall polymers extraction and determination

Plant cell wall fractionation was accomplished as previously
described (Zhang et al., 2023). The hexose, pentose and uronic acids
assays were measured by UV-VIS spectrometer (V-1100D, Shanghai
MAPADA Instruments Co.) (Yu et al., 2019). Total lignin was measured
using a two-step acid hydrolysis method (Yuan et al., 2021).

2.3. Monosaccharides and cellulose feature assays

Monosaccharides of wall polysaccharides were determined by
GC-MS (Shimadzu GCMS-QP2010 Plus) (Ai et al., 2024). Cellulose
crystalline index (CrI) was detected by X-ray diffraction method (Hu
et al,, 2023). The degree of polymerization (DP) of cellulose was
measured by the viscometry method (Fan et al., 2022).

2.4. Biomass pretreatment, enzymatic saccharification and yeast
fermentation

The chemical (H2SO4) pretreatments were conducted as previously
described (Gu et al., 2021). After pretreatment, the whole slurry was
directly added for enzymatic hydrolysis containing 2.0 g/L mixed-
cellulase enzymes (Imperial Jade Biotechnology Co., Ltd. Ningxia,
China) with final concentrations of cellulases at 13.25 FPU g-1 biomass
and xylanase at 8.4 U g-1 biomass with 3.3% (w/v) solid loading for 48 h
in tubes as described (Zhang et al., 2023). Yeast Saccharomyces cerevisiae
strain (purchased from Angel Yeast Co., Ltd., Yichang, China) was used
in all fermentation reactions, and the yeast powder was dissolved in 0.2
M phosphate buffer (pH 4.8) for 30 min for activation prior to use. The
yeast powder was suspended in pH 4.8 phosphate buffer to achieve in
final concentration of 0.5 g/L in all fermentation tubes, and the
fermentation was performed at 37°C for 48 h in tubes as described (Fan
et al., 2022). The ethanol yield was estimated by K3Cr,0; method (Fan
et al., 2022). All experiments were performed in independent triplicate.

2.5. Measurements of Simons’ stain and Congo red adsorption

Simons’ stain was performed to detect lignocellulose porosity (Kwok
et al., 2017). Congo red (CR) stain was applied to detect cellulose
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Fig. 1. Variation of lignocellulose compositions and features of plant evolution resources. (A) Cell wall components (n = 15, except lignin n = 12); (B)
Monosaccharides composition (%) of non-cellulosic polysaccharides (n = 15); (C) Cellulose crystalline index (CrI) (%) (n = 15); (D) Hexoses yield (% cellulose) from
enzymatic hydrolysis after 1% H,SO4 pretreatment or from direct hydrolysis of raw material/Raw (n = 15); (E) Correlation analysis between wall polymer levels (%
dry matter) or cellulose CrI value and hexoses yields under 1% H,SO4 pretreatment (n = 15). The line and square within the box presented as the median and mean
values of all data, the bottom and top edges of the box accountable for 25 and 75 percentiles of all data, and the bottom and top bars presented the maximum and
minimum values of all data; * and ** as significant correlation at p < 0.05 and 0.01 levels, respectively.

accessibility (Wiman et al. 2012). All measurements were conducted at
independent triplicate.

2.6. Adsorption of heavy metals

The lignocellulose residues were obtained as biosorbents samples
from pretreatment and enzymatic hydrolysis after distilled water
washing and drying at 50 °C. Batch adsorption experiments of Cd(NO3),
and Pb(NOs3); solutions were performed for 4.0 h at room temperature
with 150 rpm shaking. The biomass loading is 1 g/L, and initial Cd**
concentration Pb?" concentration are 50 mg/L and 30 mg/L respec-
tively. After reaction, the residual Cd*" and Pb?* levels were determined
by flame atomic adsorption spectrophotometer (FAAS HITACHI Z-2000,
Japan). All experiments were accomplished from independent triplicate.

The amount of adsorption at equilibrium g, (mg/g) and the per-
centage removal efficiency (% R) were calculated (Vo et al., 2020).
Langmuir isotherm and Freundlich isotherm models were characterized
(Yang et al, 2020). The linear form of the pseudo-second-order equation
was accomplished (Saman et al., 2018).

2.7. Two-step chemical modification of lignocellulose as high-
performance biosorbent

The remaining residues (0.3 g) obtained from 1% HySO4 pretreat-
ment were incubated with 6 mL 1 % NaOH containing 0.9% H02
chemicals and shaken under 150 rpm for 2 h at 50 °C. After washing
with distilled water, the residue was collected, dried at 50 °C, and stored
as biosorbent sample for heavy metal adsorption assay. All experiments
were accomplished from independent triplicate.

2.8. Characterization of biosorbents

The synthesized biosorbents were respectively characterized using
Brunauer-Emmett-Teller (BET), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM) and fourier transform
infrared (FTIR) spectroscopy (Ramrakhiani et al., 2017; Huang et al.,
2019).

2.9. Statistical analysis

Statistical analysis was completed using SPSS version 16.0 (Inc.,
Chicago, IL). Significant differences were conducted between two
measurements by a two-tailed Student’s t-test.

3. Results and discussion
3.1. Diverse lignocellulose substrates for varied biomass saccharification

As plant evolution drives diverse species to adapt various ecosys-
tems, this study collected biomass samples of total 15 plant species
representative from lower plants to higher ones, and then determined
their cell wall compositions (Fig. 1). As a result, total 15 plant species are
of largely varied cellulose, hemicellulose, lignin and pectic levels on a
dry matter basis (Fig. 1A). As a comparison, cellulose levels are ranged
from 3% to 73% (% dry matter) with coefficient variation (CV) of 56%
and lignin contents are varied from 9% to 40% with CV of 41%, whereas
hemicelluloses and pectin levels showed relatively less variations (see
supplementary material). Particularly, total 15 plant species exhibited
even more variations of major monosaccharides relative to their wall
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Fig. 2. Hexoses and bioethanol yields from enzymatic hydrolyses of six plant species after H,SO4 pretreatment at different concentrations. (A) Experimental flow
chart for biomass saccharification and bioethanol fermentation; (B) Hexoses yield; (C) Total sugars (hexoses and pentoses) yield from enzymatic hydrolysis after
pretreatment; (D) Ethanol yield by real yeast fermentation with hexoses released from enzymatic hydrolysis after 4% H,SO4 pretreatment; (E) Total ethanol yield by
yeast fermentation with total sugars released from both enzymatic hydrolysis and 4% H,SO,4 pretreatment with xylose-ethanol conversion in theory; Bar as means +

SD (n = 3).

polysaccharides (Fig. 1B). As cellulose crystallinity is a key feature (Ai
et al., 2024), this work also determined varied cellulose crystalline index
(CrI) values with CV of 33% (Fig. 1C). Hence, the diverse wall polymer
levels/compositions and features should reflect plant dynamic adapta-
tions to varied environments during plant evolution (Soltis et al., 2008;
Wang and Ran, 2014).

Furthermore, this study performed direct enzymatic hydrolysis of
raw biomass of 15 plant species, and determined their hexoses yields (%
cellulose) from 4% to 100% or total sugars (hexoses and pentoses) yields
(% dry matter) from 2% to 14% (Fig. 1D; see supplementary material).
The Chlorella plant showed a complete biomass saccharification with
hexoses yield of 100 %, due to its much lower cellulose level examined.
Despite acid pretreatment could enhance sequential biomass sacchari-
fication (Zhang et al., 2021), this study detected steadily varied hexoses
and total sugars yields, confirming their distinct lignocellulose compo-
sitions and features. Notably, the rice site-mutant was of the highest
hexoses and total sugars yields among all sampled examined, being
consistent with other OsCESAs site-mutans as previously reported (Hu
et al., 2023). In addition, classic correlation analysis was performed
between lignocellulose compositions/features and hexoses/total sugars
yields of 15 plant species (Fig. 1E). Significantly, the cellulose levels and
Crl values are examined as the negative factors accounting for hexoses
and total sugars yields, whereas the hemicellulose contents positively
affected biomass saccharification, in agreement with the previous
findings (Leu and Zhu, 2013; Hu et al., 2023). As cellulose crystallinity is
an integrative parameter accounting for cellulose nanofibrils assembly
and cellulose microfibrils interaction with hemicellulose and lignin (Ai
et al., 2024), which are major lignocellulose recalcitrant factors (Wang
et al., 2024), total 15 plant species should be sufficient to represent
diverse lignocellulose sources for largely varied lignocellulose

recalcitrance and biomass enzymatic saccharification.

3.2. Biochemical conversions of distinct lignocelluloses for high-yield
bioethanol

As total 15 plant species exhibited largely varied biomass sacchari-
fication, this study further performed HySO4 pretreatments at three
concentrations with six representative plant species (Fig. 2A). By com-
parison, the corn and rice mutants respectively showed nearly complete
biomass saccharification with hexoses yields of 100% (% cellulose) and
total sugars yields of 22% (% dry matter) under 4% H3SO4 pretreatment,
whereas the fern and two woody trees had much lower hexoses (15%-
34%) and total sugars (4%-8%) yields (Fig. 2B-C). Meanwhile, the moss
plant remained incomplete cellulose hydrolysis with hexoses yield of
79% even upon 4% HySO4 pretreatment, mainly due to its much high
cellulose CrI value (see supplementary material). Despite all plant spe-
cies showed a rising saccharification under higher H,SO4 concentra-
tions, the two crop mutants maintained much more increased hexoses
and total sugars yields, which should be due to their reduced lignocel-
lulose recalcitrance as previously reported (Leu and Zhu, 2013; Wu
et al., 2019; Hu et al., 2023).

Furthermore, this study conducted a classic yeast fermentation with
enzymatic hydrates of six plant species after 4% H3SO4 pretreatments to
achieve different bioethanol yields (Fig. 2D), consistent with their var-
ied hexoses yields examined above. Despite of a similar hexoses yield,
the rice mutant produced relatively higher bioethanol yield than the
corn mutant did, probably due to less toxic compounds release that
inhibit yeast fermentation in rice mutant (Wu et al., 2018). Notably,
while all xylose was calculated for ethanol conversion in theory (Wu
et al.,, 2019), the rice mutant could even produce much more total



H. Zhang et al.

A

Bioresource Technology 417 (2025) 131856

SO;Na

Direct Blue 15 (DB)

&

TN~ 400 T 900 Toraw
W-ﬂ orr-1% 50, A © PT-1% H,S0, v
\ < > A PT-4% H,S0, I A PT-4% H,SO,
e —— -~ 5 § 300 {y kro1o HZSO‘ A ;g 800 1 wERr-1% 111250: &
LSO €3 ER-4% H,50, ® L4 N ] @ ER4% H,50, ¢ 4
2% 4 = — T)
) [ g8 A
pretreatment S 2 2004 S 700 1
< &0 A A < 80 A A
NN PNNNA ) E® ¥ ®
‘ - D . L g & 1507 SE ¢ o
“’.,-3\‘ o — — ;b - ® @ o 600 'Y
P e e ANAN P “u
" . FZ 100{ A g2 v °
H,S0, Enzymatic S 3 g & '
NS pretreatment hydrolysis ©s o & 2 500 1
= N ’ 50 s
S T ) p
o~ X a% - . T ; 4001 — . .
T—_— S AL ‘\ oS ¥ S ‘\ &
. ANAA We ?e“ \\V’e‘“\\g \gv‘ goQ\ WOP gef “\\;t‘ﬂ“ “\\;\‘5“ “Q“‘ Qﬂ\‘)
~ [ o™it g
; N e
D E
Adsorption Adsorption Adsorption T . s;wl o+ .50 ,: B Raw
SOsNa 2 161 ° PT-4% ILSO, £ 30 - . 1% H,50,
19 =
NH, _ ;\ _— £ V ER-1% H,SO, g
NN N=N NaOsS—{  H—N=N—" " > ) @ ER-4% H,SO,
: @_@ NH; U Hom < v v L] z
o0 12 =
SOsNa 0 12 3 o0 20 1
Congo Red (CR) Direct Yellow 11 (DY) é )
= * * E
£ 8 -
. HaCO OCH3 & [ ] (] E 10
Py N‘{\_/>_<\_§*N v, T S ° M =)
ca»  Pb2 oo g, Y 3 ¢ 5
NaO;S' SOsNa NaOsS )\,/ = x =}
< =
o 2o
=

Heavy metal

W ger® \\V‘“‘

0 -

T T T T T "
o ‘JQ“) o Q\\ﬁ? o™
o™ e @\\0

S o™ ant
WP e “\\\“’“ \\g‘\ >

o™ et

Fig. 3. Acid-pretreated lignocelluloses of six plant species as the biosorbents for absorptions with three organic dyes and two heavy metals. (A) Experimental flow
chart; (B) Congo-red stain adsorption capacity; (C) Simons’ Stain total dye (direct yellow/DY + direct blue/DB) adsorption capacity; (D) Cd adsorption capacity; (E)
Pb adsorption capacity; Raw as raw biomass of plant species; PT-1% H,SO4 and PT-4% H,SO, refer to 1% H,SO4 and 4% H,SO,4 pretreated residues; ER-1% HySO4

and ER-4% H,SO0, refer to enzyme-undigestible residues after 1% H,SO,4 and 4% H,SO, pretreatments, respectively; Bar as means + SD (n = 3); *
difference relative to the Raw (raw material) at p < 0.01 level by t-test (n = 3).

ethanol yield than other plant species (Fig. 2E), which should be owing
to its complete cellulose hydrolysis, more soluble sugars accumulation
and relatively higher hemicellulose deposition as previously examined
in other similar site mutants of OsCESAs (Hu et al., 2023). Therefore,
such distinct lignocellulose substrates of six plant species should be
accountable for large variations of biomass saccharification and bio-
ethanol conversion.

3.3. Desirable biosorbents selective for organic dyes and heavy metals
adsorptions

Because six plant species provide distinct lignocellulose substrates,
this study attempted to test their applications as biosorbents for rela-
tively low-costly and high-effective adsorptions of three organic dyes
and two heavy metals (Fig. 3). To find out the optimal biosorbents, this
study explored five lignocellulose sources such as raw straw, two acid-
pretreated lignocelluloses, and two enzyme-undigested residues of
pretreated-lignocelluloses (Fig. 3A). As the CR is a major industry dye,
its adsorption capacities with all lignocellulose samples of six plant
species were examined (Fig. 3B). As a comparison, the 1% HySOg4-pre-
treated and 4% H,SO4-pretreated lignocelluloses showed the average CR
adsorption capacities at 177 mg/g and 226 mg/g, whereas the raw
biomass and enzyme-undigestible residues had the average CR adsorp-
tions ranged from 104 mg/g to 150 mg/g (Fig. 3B). On the other hands,
the corn and rice mutants exhibited much higher CR adsorption ca-
pacities (214 mg/g and 223 mg/g) than those of other four plant species
(from 70 mg/g to 176 mg/g) in all five lignocellulose sources. Since CR
staining is broadly applied to detect cellulose accessibility (Wiman et al.,
2012), the acid-pretreated lignocelluloses of both corn and rice mutants
should be of sufficiently accessible cellulose microfibrils as previously
reported (Leu and Zhu, 2013; Wu et al., 2019), which could be employed
as the desirable biosorbents for CR adsorption.

Since Simons’ stain is a semi-quantitative assay for the porous vol-
umes of accessible lignocellulosic substrates by using Direct Yellow 11

* As significant

(DY) and Direct Blue 15 (DB) (Meng et al., 2015), this study also
detected these two dyes adsorptions with all lignocellulose samples. As
DY and DB dyes are accounting for relatively large and small pore sizes
(Kwok et al., 2017), this study measured generally varied adsorption
capacities of total (DY + DB) dyes among all lignocellulose substrates
(Fig. 3C). Excepting the raw materials showing low adsorption capac-
ities with DY and DB at 279 mg/g and 212 mg/g, the acid-pretreated
lignocelluloses and enzyme-undigested residues were of much higher
adsorption capacities such as average DY (315-343 mg/g) and DB
(289-351 mg/g). Moreover, the lignocellulose substrate of eucalyptus
plant consistently maintained the highest DY and DB adsorption ca-
pacities (Fig. 3C), suggesting that the woody species could generate the
desirable biosorbents for efficient DY and DB adsorptions.

Moreover, this study employed all lignocelluloses substrates to test
their adsorption capacities with Cd, a toxic heavy metal polluted in
agricultural soil and daily location (Fig. 3D). In general, the 1% H5SO4-
pretreated lignocelluloses and sequential enzyme-undigestible residues
of all six plant species showed consistently high Cd adsorption capac-
ities. In particular, two lower plants (moss, fern) remained the highest
Cd adsorption capacities among all lignocellulose sources (Fig. 3D),
which may mainly be owing to their rich pectin and hemicellulose
proportions. As an exception, the raw materials of six plant species even
had a slightly higher Cd adsorption value on average than those of the
4% HySOg4-pretreated lignocelluloses and sequential enzyme-
undigestible residues, suggesting that the HySO4 pretreatment at high
concentration may remove active chemical groups of lignocellulose
associated with Cd adsorption (He et al., 2021). In addition, this study
utilized raw materials and 1% HySO4-pretreated lignocelluloses to
detect adsorption capacities with Pb, another major toxic heavy metal
(Dubey et al., 2018). Likewise, two lower plants maintained consistently
higher Pb adsorption capacities than those of other four plant species
(Fig. 3E), which revealed that the moss and fern species could provide
desirable biosorbents for heavy metals removals. Taken together, the 1%
HySOg4-pretreated lignocelluloses substrates have mostly showed much
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enhanced adsorptive efficiencies with three dyes and two heavy metals,
but each type of plant species has its unique advantage for the highest
adsorptive capacities.

3.4. Characterization of desired biosorbents in three representative plant
species

Given that three types of plant species (moss, rice mutant, euca-
lyptus) could produce distinct lignocelluloses as unique biosorbents, this
study further detect their porosity by performing classic BET assay
(Fig. 4). Based on pore distribution profiling (Fig. 4A-C), the acid-
pretreated lignocelluloses showed much improved specific surface
area, pore volume and pore size, compared to their raw materials
(Fig. 4D-F), which should be generally accountable for their remarkably
raised adsorption capacities examined above. In particular, the acid-
pretreated lignocellulose of rice mutant exhibited much larger surface
area and more pore volume than the moss and eucalyptus did (Fig. 4D,
E), interpreting why the rice mutant was of the highest CR adsorption
capacity examined. On the other hand, the acid-pretreated lignocellu-
lose of eucalyptus showed relatively larger pore size on average than the
moss and rice mutant did (Fig. 4F), which should be a major cause about
the highest DY and DB adsorption capacities examined in two woody
trees.

By performing FTIR scanning, chemical group alteration in three
representative plant species was observed (see supplementary material).
Compared to their raw materials, the acid-pretreated lignocelluloses
exhibited multiple characteristic peaks altered for corresponding to
functional groups (see supplementary material), revealing that acid-
pretreatment could partially digest hemicellulose (1053 cm™!, 1371
em ™) and pectin (1631/1640 em™) with co-extraction of lignin (1231
em!, 1512 em™1, 1735 ecm™Y). In terms of more chemical group alter-
ation in the rice mutant, effective lignocellulose destruction should
occur from acid pretreatment enabled for its near complete cellulose
digestion and highest cellulose accessibility examined above. Under

Table 1
Cellulose degree of polymerization (DP) before and after 1% H2SO4
pretreatment.

Sample Raw material 1 % H,S04 pretreated lignocellulose

Moss 625.93 £ 2.65 309.81 £ 0.00**
(=50 %) *

Fern 900.57 + 2.16 640.56 £ 0.00**
(—29 %)

Corn mutant 891.64 + 0.00 683.26 + 1.40%*
(-23 %)

Rice mutant 746.55 £ 0.93 691.94 £ 7.37**
(=7%)

Eucalyptus 1062.11 + 3.03 582.95 =+ 1.23**
(—45 %)

Poplar 958.05 =+ 8.40 831.82 £ 2.75%*
(-13 %)

** As significant difference between the raw material and lignocellulose by t-test
atp < 0.01 levels (n = 3);

# As reduced percentage of lignocellulose DP value relative to raw material;
Data as means + SD (n = 3).

SEM observation, the acid-pretreated lignocelluloses exhibited much
rougher faces than those of their raw materials, but moss sample was of
much smaller grain-like structure (see supplementary material), which
should be assembled from its relatively higher proportions of hemicel-
lulose and pectin and less cellulose microfibrils with a low degree of
polymerization (310 DP) (Table 1). By comparison, the rice mutant and
eucalyptus samples exhibited relatively smooth and large grain struc-
tures, mainly due to their partial lignin assembly and longer cellulose
microfibrils deposition (583-832 DP). Because hemicellulose and pectin
are rich at active chemical groups, it may explain much higher Cd/Pb
adsorption capacities examined in two lower plant species.
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Fig. 5. Characterization of two-step chemical-modified biosorbent of moss plant as biosorbent for heavy metals adsorption. (A) Experimental flow chart; (B) Cd and
Pb adsorption capacities of two-step chemical (1% H;SO4 — NaOH + H,0,) modified biosorbent relative to the raw material and one-step acid-pretreated ligno-
cellulose; (C) Scanning electron microscopy (SEM) observation of biosorbent surfaces; (D) X-ray photoelectron spectroscopy (XPS) spectrum profiling of biosorbent
before and after Cd/Pb adsorption; (E) XPS of Cd 3d spectrum for Cd adsorption. (F) XPS of Pb 4f spectrum for Pb adsorption.

3.5. Integrated chemical modification to maximize heavy metal
adsorption

Although the lower plant species were of relatively higher Cd/Pb
adsorption capacities, they appeared to be slightly lower compared to
the optimal biosorbents as previously generated from other biomass
resources (Abdolali et al., 2017; Gonzalez-Feijoo et al., 2024). Hence,
this study used well-mixed chemicals (NaOH, H05) to incubate with the
acid-pretreated lignocellulose of moss plant to modify biosorbent by
oxidative reaction (Fig. 5A). As comparison with the one-step acid-
pretreated lignocellulose, this two-step oxidative-modified biosorbent
showed significantly increased adsorption capacities with Cd and Pb by
2.4- and 2.0-folds, respectively (Fig. 5B). Under SEM observation, the
two-step modified biosorbent exhibited a typical micro- and nano-scale
biosorbent assembly with a regular porous structure (Fig. 5C), which
was obviously different from the one-step acid-pretreated lignocellulose
observed (see supplementary material). Such porous biosorbent con-
struction should maintain a high porosity favor for physical interaction
with heavy metals (Wu et al., 2022). By performing X-ray photoelectron
spectroscopy (XPS) analysis with two-step modified biosorbent, two
typical peaks corresponding for Cd 3d and Pb 4f (398 eV-417 eV and
134 eV-149 eV) were observed, indicating chemical interactions

between the biosorbent and Cd*>* and Pb* ions (Fig. 5D). The peaks for
C-C, C-O-C, and O-C=01in C 1 s, and peaks for C=0 and C-Oin O 1 s, and
the Cd 3d and Pb 4f are respectively accounting for the formations of Cd-
O and Pb-O bonds (Fig. SE, F; see supplementary material). Based on
three typical C-linkages and two typical O-linkages analyses, the two-
step modified biosorbent showed a decrease of C-C/C=0 proportion
with relatively increased C-O after Cd*>t and Pb?" adsorptions, sug-
gesting that the -COOH and -OH groups of biosorbent should involve in
chemical interactions with heavy metals (see supplementary material).
Hence, the two-step modified lignocellulose of moss plant should be of
an optimal biosorbent assembly from more active chemical modification
occurrences.

3.6. Characteristic Cd/Pb adsorptive models for optimal biosorbents

To understand the two-step chemical-modified biosorbent of moss
plant with much higher Cd/Pb adsorption capacity, this study further
conducted classic adsorption experiments by supplying different dos-
ages of heavy metals under a time course incubation (see supplementary
material). As the initial concentrations of Cd and Pb are rising until
being saturated, the two-step modified biosorbent maintained consis-
tently higher adsorption capacities and efficiencies, compared to the

Table 2
Langmuir and Fruendlich isotherm model for Cd/Pb adsorptions with two biosorbents of moss plant.
Sample Langmuir Freundlich
Qmax(Mg/g) b(L/mg) R? Kg n R2
Ccd 1 % HyS04 14.33 2.17 0.9993 7.37 3.90 0.6621
1 % H,SO4 — NaOH + Hy0, 53.76 0.98 0.9906 27.05 4.50 0.8865
Pb 1 % HySO4 41.32 1.07 0.9996 26.27 8.40 0.8376
1 % H,SO4 — NaOH + H;0, 117.68 0.36 0.9988 62.99 7.00 0.9441
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Table 3
Kinetic parameters of the pseudo-second-order equation for Cd/Pb adsorptions
with two biosorbents of moss plant.

Sample Experimental Kinetic parameters
value
qe(mg/g) Ka(g/ qe(ng/g) R?
min-mg)
cd 1% 13.46 0.08 13.50 0.9998
H,S04
1% 23.71 0.13 23.70 0.9999
H,S04 —
NaOH +
Hz0,
Pb 1% 44.08 0.03 44.25 0.9999
H,S04
1% 118.71 0.05 119.05 0.9995
HyS04 —
NaOH +
H,0,

one-step acid-pretreated lignocellulose (see supplementary material),
which confirmed much enhanced Cd and Pb adsorption capacities in the
two-step modified biosorbent (Fig. 5B). From the initial incubation with
Cd and Pb for 10 mins, the modified biosorbent immediately showed
much higher adsorption capacity and efficiency than those of the acid-
pretreated lignocellulose by 3.8- and 2.8-folds (see supplementary ma-
terial). During sequential long-time incubation, the modified biosorbent
preserved consistently higher Cd/Pb adsorption, and reached to
adsorption saturation at 60 min as reaction equilibrium. Further per-
forming Langmuir and Freundlich modeling, both acid-pretreated
lignocellulose and modified biosorbent were of extremely high R?
values at > 0.99 from Langmuir equation, whereas the modified bio-
sorbent remained higher values (0.88, 0.94) than the acid-pretreated
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lignocellulose did (0.66, 0.83) from Freundlich equation (Table 2).
These findings thus revealed that both acid-pretreated lignocellulose
and modified biosorbent mainly involve in single-layer chemical inter-
action with heavy metals due to extremely high R? values of Langmuir
modeling, but the modified biosorbent should be more active for
multiple-layer physical adsorption from its relatively higher R? value of
Freundlich modeling (Sabarish and Unnikrishnan, 2018). Importantly,
the pseudo-second-order dynamic modeling also showed extremely high
R? values at > 0.999 for both acid-pretreated lignocellulose and modi-
fied biosorbent (Table 3), which further pointed out highly active
chemical adsorptions with Cd and Pb (Sabarish and Unnikrishnan,
2018). Therefore, those models have confirmed that two-step chemical-
modified biosorbent of moss plant could be applied as the optimal bio-
sorbent for efficient heavy metal adsorption, due to extremely high
chemical adsorption and active physical interaction.

3.7. Mechanisms of high-yield biomass saccharification and high-
performance biosorbent assembly

Regarding all major findings achieved in this study referred with the
previous reports, a hypothetic model was proposed to elucidate how
distinct lignocelluloses of plant evolution are digestible and convertible
for high bioethanol productivity and desired biosorbent assembly
(Fig. 6). As a typical lower plant species, the moss plant consists of
relatively high proportions of hemicellulose and pectin and small
amount of low-DP cellulose with non-lignin deposition, which could
effectively cause high-porosity lignocellulose formation with active
chemical groups after 1% HySO4 pretreatment was implemented for
non-cellulosic polysaccharide disassociation and cellulose de-
polymerization (Koz and Cevik, 2014). The following oxidation of
acid-pretreated lignocellulose from mixed-chemicals (NaOH, H,03)

4 N
Distinct lignocelluloses of representative
plant species
| l l
Moss Rice mutant Eucalyptus
Cellulose level (-) Cellulose level (-) Cellulose level (+)
Cellulose DP () DP (-) & C1l (-) DP (+) & C1l (+)
Hemicellulose level (+) Amorphous density (+) Lignin level (+)
Pectin level (+) Hemicellulose level (+) Hemicellulose level (-)
1% H,S0, 1% H,S0, 1% H,S0,
pretreatment pretreatment pretreatment
v v v
Lignocellulose porosity Cellulose accessibility Biomass large pores
(++) ++) (++)
Active chemical groups Cellulose breakpoints Biomass small pores
() (++) (+H
NaOH + H,0,
v v
Porosity (+++) Enzymatic
Functional groups saccharification DY & ]_)B
b () adsorption
(++++)
adsorption
Cd & Pb Bioethanol )
adsorption production
(+H++++) (++++)
(. J

Fig. 6. A mechanism model about distinct lignocelluloses of three representative plant species selective for either complete biomass enzymatic saccharification

towards high bioethanol production or desirable biosorbent assembly applicable
direct-yellow (DY) and direct-blue (DB)) adsorption capacities. (+) & (—) in blac

for maximizing two heavy metals (Cd, Pb) and three diverse dyes (Congo-red (CR),
k highlighted as raised and reduced major factor of lignocellulose, respectively; (+)

in red as upgrading scale for high-yield biomass saccharification and high-performance biosorbent assembly.
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incubation causes a regular grain-like biosorbent assembly upgrading
multiple-layer porosity and functional chemical groups (Mahmood-ul-
Hassan et al., 2015), which simultaneously enables physical and
chemical interactions with heavy metals to achieve the maximum
adsorption capacity (Fig. 5B). Since several rice site-mutants of OsSCESAs
are identified for reduced cellulose level and recalcitrant factors such as
cellulose Crl and DP (Hu et al., 2023), it has been also characterized that
the length-reduced cellulose nanofibrils of rice mutants are assembled
by increasing amorphous chains as breakpoints for initiation and
completion of cellulose digestion into fermentable glucose for high
bioethanol production (Zhang et al., 2023). As acid pretreatment could
effectively digest amorphous cellulose chains and partial hemicellulose,
it thus explains why the acid-pretreated lignocellulose of rice mutant is
of remarkably upgraded cellulose accessibility for either complete
biomass enzymatic saccharification or much higher CR adsorption ca-
pacity examined (Figs. 2, 3C). However, as eucalyptus plant contains
relatively low proportion of hemicellulose, the 1% HySO4 pretreatment
should effectively create diverse large and small pores of lignocellulose
by mostly digesting its hemicellulose linked between cellulose microfi-
brils and lignin, which results in the highest DY and DB adsorption ca-
pacities examined in this study (Fig. 3D). Therefore, this hypothetic
model has sorted out how each representative plant species could pro-
vide its unique lignocellulose substrate selective for complete biomass
saccharification and the optimal biosorbent assembly.

4. Conclusion

By selecting 15 plant species representing plant evolution from lower
to higher plants, this study examined distinct lignocelluloses for diverse
biomass enzymatic saccharification. The rice mutant is of near-complete
cellulose hydrolysis and upgraded cellulose accessibility, interpreting
how bioethanol productivity and Congo-red adsorption capacity are
remarkably elevated. Performing oxidative catalysis with lignocellu-
loses, the optimal moss biosorbent is assembled for the maximum ad-
sorptions with heavy metals, whereas the eucalyptus biosorbent has the
highest adsorptions with organic dyes. A novel strategy is proposed to
elucidate how characteristic lignocelluloses of plant evolution are
convertible and selective for high-yield bioethanol and high-
performance biosorbents.
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