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A B S T R A C T

Although plant evolution has offered diverse biomass resources, the production of high-quality biochar from 
desirable lignocelluloses remains unexplored. In this study, distinct lignocellulose substrates derived from eight 
representative plant species were employed to prepare biochar samples under three different temperature 
treatments. Correlation analysis showed that only hemicellulose was a consistently positive factor of lignocel-
lulose substrates to account for the dye-adsorption capacities of diverse biochar samples. Furthermore, we in-
tegrated exo-xylan, a major hemicellulose in higher plants, into lignin-disassociated lignocelluloses to produce 
the desirable biochar with a uniform and symmetrical structure, resulting in a 5.2-fold increase in surface area 
(51 to 317 m2/g) and a 5.0-fold increase in total pore volume (0.02 to 0.11 cm3/g micropore, 0.02 to 0.12 cm3/g 
mesopore). This consequently improved the adsorption capacities of the remodeled biochar, with an increase of 
26 % for dual-industry dyes, 90 % for 1579 organic compounds, and 14 % for CO2. Based on the fluorescence 
observation of xylan-cellulose co-localization and physical-chemical characterization of the remodeled biochar, a 
novel hypothetical model was proposed to explain how xylan plays an integral role in desired biochar produc-
tion, providing insights into effective lignocellulose reconstruction and efficient thermochemical catalysis as an 
integrative strategy to maximize biochar adsorption capacity.

1. Introduction

Through photosynthesis, plants capture atmospheric carbon to pro-
duce carbohydrates including starch-rich foods and lignocellulose-based 
biomass resources [1]. Although plant cell walls represent the most 
convertible biomass resource for renewable biofuels and valuable bio-
products, plants have evolved diverse cell walls that enable them to 
adapt to various aqueous and terrestrial environments [2]. However, the 
complex structures and multiple biological functions of plant cell walls 
account for lignocellulose recalcitrance to the enzymatic hydrolysis and 
chemical catalysis of biomass [3]. Hence, lignocellulose recalcitrance 
not only increases the cost of biomass processing but also releases sec-
ondary waste into the environment [4].

Plant cell walls are primarily composed of cellulose, hemicellulose, 
and lignin, with small amounts of pectic polysaccharides and wall pro-
teins [5]. In general, plant cell wall composition and features dynami-
cally diverge from lower to higher plants, enabling sustained plant 
growth and development under various ecological conditions and 
geographic locations [6]. As the chief hemicellulose in higher plants, 
xylan positively affects enzymatic saccharification of biomass by 
reducing cellulose crystallinity in bioenergy crops [7]. Since the 
amorphous/non-crystalline chains of cellulose microfibrils have 
recently been identified as breakpoints for initiating and completing 
lignocellulose enzymatic hydrolysis and chemical conversion, it is 
assumed that xylan may be involved in interactions with amorphous 
cellulose chains to preserve cellulose nanofibril assembly in plant cell 
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walls [8,9]. Although xylan plays a positive role in the biochemical 
conversion of lignocellulose substrates into biofuels, little is known 
about the function of hemicellulose in thermochemical conversion for 
highly valuable bioproduction.

Lignocellulose-derived biochar has emerged as a green strategy for 
multiple applications in agriculture, industry, and the environment 
[10,11]. In particular, biochar is increasingly being utilized to remove 
toxic chemicals from factory sites and for CO2 adsorption to reduce the 
net carbon release into the environment [12]. Over the past few years, 
attempts have been made to produce high-performance biochar by 
improving the thermochemical catalysis of lignocellulose substrates 
[13]. The physicochemical properties of biochar include surface area, 
pore size distribution, functional groups, and cation exchange capacity 
[14]. Although diverse lignocellulose substrates have been used to 
produce biochar, the mechanism by which lignocellulose composition 
and features determine biochar properties and quality under various 
thermochemical conversion conditions remains unknown [15].

Physical and chemical pretreatments have been widely performed to 
reduce lignocellulose recalcitrance and enhance sequential biomass 
enzymatic saccharification [16,17]. However, they release toxic bio-
chemicals that inhibit microbial fermentation during the final biofuel 
production [18]. Therefore, biochar is considered an effective bio-
sorbent for eliminating toxic chemicals. In this study, we collected 
distinct lignocellulose substrates from eight plant species that repre-
sented the evolution from lower to higher plants (Fig. S1). To avoid any 
external chemical activation impact on lignocellulose carbonization, 
this study focused on producing biochar samples by simply performing 
thermal treatments with those eight lignocellulose substrates under 
three temperatures (400, 600, and 800 ◦C), and then detected biochar 
adsorptive capacities with industry dyes. Based on the correlation 
analysis, we identified hemicellulose as a consistently positive factor 
accounting for biochar adsorption capacity compared to other wall 
polymers of lignocellulose substrates. Furthermore, by employing 
exogenous xylan in an in vitro model of plant cell walls for biochar 
production, we demonstrated that hemicellulose dynamically improved 
biochar porosity to extensively increase biochar adsorption of either 
industrial dyes, phenolic compounds, and diverse organic chemicals 
from biomass pretreatments or environmental CO2. Finally, we pro-
posed a mechanistic model that links all the major findings of this study 
to interpret the major role of xylan in biochar production with a rela-
tively high adsorption capacity.

2. Material and methods

2.1. Collection of biomass samples

Chlorella powder was purchased from Shengqing Biotechnology Co., 
Ltd. (Xi’an, China), and the stem tissues of moss (Hypnum plumaeforme) 
and fern (Adiantum capillus-veneris) were obtained from Shangcheng 
County, Xinyang, China. Straws and stem tissues were collected from 
corn (Z31) [1], wheat (ZM9023) [16], poplar (Populus nigra) [19] and 
rice cultivar (NPB) and its mutant (Osfc16) [20] grown in the experi-
mental fields of Huazhong Agricultural University, Wuhan, China. Stem 
tissues of eucalyptus (Eucalyptus 3229) [19] were collected from 
Guangdong Eucalyptus Germplasm Field, Zhanjiang, China. All mature 
tissues were dried at 55 ◦C, ground through a 40-mesh screen, and stored 
in a dry container until in use.

2.2. Wall polymers extraction and determination

Plant cell wall fractionation was performed as described previously 
[21]. An ultraviolet-visible (UV–VIS) spectrometer (V-1100D; Shanghai 
MAPADA Instruments Co.) was used for hexose, pentose, and uronic acid 
assays, as previously described [22]. The total lignin content was 
determined using a two-step acid hydrolysis method according to the 
Laboratory Analytical Procedure of the National Renewable Energy 

Laboratory [23].

2.3. Monosaccharides and cellulose feature assays

The monosaccharides of the wall polysaccharides were determined 
using gas chromatography–mass spectrometry (GC–MS) (Shimadzu 
GCMS-QP2010 Plus) with myo-inositol as the internal standard [24]. The 
cellulose crystalline index (CrI) was determined using the X-ray 
diffraction method [25]. The degree of polymerization (DP) of cellulose 
was measured using viscometry [26].

2.4. Molecular weight assay of xylan samples

The molecular weights of various xylan fractions were measured 
using size-exclusion chromatography with multi-angle laser-light scat-
tering and refractive index detection (SEC-MALLS-RI) as previously 
described [27].

2.5. Immunolocalisation of xylan and cellulose

Co-immunolocalization of xylan and cellulose was performed as 
previously described [28] with minor modifications. Approximately 10 
mg of the biomass sample was incubated with a diluted antibody solu-
tion (LM11 against xylan, Leeds University), a secondary antibody (anti- 
rat IgG, Invitrogen) linked to fluorescein isothiocyanate (FITC), and S4B 
(Sigma-Aldrich, Missouri, USA) [29]. Fluorescence was observed using a 
microscope with epifluorescence irradiation and differential interfer-
ence contrast (DIC) optics (NE910; Yong Xin Optics Co., Ltd., Zhejiang, 
China). Images were captured using a Hamamatsu ORCA285 camera 
and Improvision Velocity software. Fluorescence intensities were 
calculated using ImageJ software (National Institutes of Health, Mary-
land, USA).

2.6. Biochar preparation

Approximately 2 g of the biomass sample was placed in a tube 
furnace (OTF-1200×) that had been heated to a certain temperature, as 
described previously [30] with minor modifications. The biomass 
carbonization was processed under N2 at a rate of 5 ◦C min− 1 and heated 
to 400, 600, or 800 ◦C for 2 h, and then cooled down to 300 ◦C at a rate 
of 10 ◦C min− 1. After cooling to room temperature, the carbon residues 
were collected, washed with 1 M HCl aqueous solution for 6 h, and then 
washed with double-distilled water until at neutral pH value.

2.7. Preparation of xylan-modified biomass samples for biochar 
production

The crude cell walls of the rice straw were termed as Rice-Raw, and 
extracted as described: (1) The Rice-Raw was suspended in 4 M KOH 
(containing 1.0 mg mL− 1 sodium borohydride) for 1 h at 25 ◦C, and the 
residues were obtained by centrifugation at 3000 xg for 5 min, and 
washed with 75 % ethanol until pH 7 as the rice xylan-removed residue 
sample (termed as deXylan for its biochar). (2) In a parallel experiment, 
the total solution (supernatant and residue) after 4 M KOH extraction of 
rice straw was directly added with anhydrous ethanol (3:1, v/v), vor-
texed for 10 min, and incubated at 4 ◦C for 72 h. After the supernatant 
was removed, the remaining residue was washed with 75 % ethanol 
until the pH reached 7 to obtain a rice xylan-recovery residue sample 
(termed de-xylan-recovery). (3) The rice xylan-recovery residues were 
respectively added with commercial exo-xylan (Macklin Biochemical 
Co., Ltd., Shanghai, China) at four proportions (1:1, 3:1, 5:1, and 7:1; w/ 
w), vortexed for 10 min and incubated at 4 ◦C for 72 h. After the su-
pernatants were removed, the remaining residues were washed with 75 
% ethanol to pH 7 as an exo-xylan-supplemented xylan-recovery residue 
sample (termed de-Xylan-recovery@Xylan). All xylan-modified biomass 
samples were applied to produce biochar using the 600 ◦C treatment as 
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described above.

2.8. Analysis of biochar adsorption with dyes and phenols

Methylene blue (MB) and Reactive Blue 19 (RB19) were prepared by 
adding C16H18ClN3S and C22H16N2Na2O11S3, respectively, into ultra- 
pure water at room temperature (25 ± 2 ◦C). After mixing 20 mL of 
the dye and 20 mg of biochar, batch adsorption experiments were per-
formed for 12 h under 150 rpm shaking. After stirring, the samples were 
filtered through a 0.45 μm membrane filter, and the concentration of the 
residual dye in the filtrate was determined using a UV–VIS spectrometer 
(V–1100D, Shanghai MAPADA Instruments Co.) at λmax = 668 nm and 
595 nm as described [31,32]. The equilibrium adsorption capacity (qe, 
mg g− 1) was determined using eq. (1): 

qe =
(C0 − Ce)V

W
(1) 

where C0 and Ce were the initial and equilibrium solution concentrations 
of the dyes (mg L− 1), respectively; V (L) was the volume of the solution; 
and W (g) was the weight of the biochar used. Approximately 20 mL 
phenol (1 g L− 1) solution was incubated with 20 mg biochar for 12 h 
under 150 rpm shaking as performed with dyes above and measured at 
λmax = 270 nm [33].

The adsorption kinetics were fitted using pseudo-first- and pseudo- 
second-order kinetics. The Langmuir and Freundlich models were 
fitted to the adsorption equilibrium data [34].

2.9. Total organic carbon (TOC) adsorption analysis

Another adsorption experiment was performed with biochemicals 
released from alkali and acid (NaOH, H2SO4) pretreatments with rice 
(NPB) straw. The chemical pretreatments with rice straw were con-
ducted as previously described [35]. For NaOH pretreatment, the straw 
powder was supplemented with 6 mL 1 % NaOH (w/v). For H2SO4 
pretreatment, the powder was added with 6 mL 1 % H2SO4 (v/v) and 
heated at 121 ◦C for 20 min in an autoclave. The samples were then 
shaken at 150 r/min for 2 h at 50 ◦C, and centrifuged at 3000 xg for 5 
min. About 20 mL supernatants of the pretreatments were added with 
20 mg of biochar samples, and batch adsorption experiments were 
performed for 12 h under 150 rpm shaking. After stirring, the samples 
were filtered through a 0.45 μm membrane filter. Residual total organic 
carbon (TOC) concentration in the filtrate was determined using a TOC 
analyzer (Multi N/C 3100, Analytik Jena, Germany), and the equilib-
rium adsorption capacity (qe, mg g-1) was determined using eq. (1). 
Organic compounds in the pretreatment supernatants were detected 
using an ultra-high-performance liquid chromatography coupled with 
quadrupole/electrostatic field orbitrap high-resolution mass spectrom-
etry (UPLC-Orbitrap-MS) system (UPLC/Vanquish, MS/HFX) and a Q- 
Exactive HFX Hybrid Quadrupole Orbitrap mass spectrometer equipped 
with a heated electrospray ionization (ESI) source (Thermo Scientific), 
as previously described [36].

2.10. CO2 capture analysis

The CO2 capture capacity was measured using an Autosorb IQ MP 
(Quantachrome Instruments, USA) at 0 ◦C and 25 ◦C, respectively, and 
the CO2 adsorption isotherm curve was acquired by testing at two 
temperatures and a pressure range of 0–1 bar. The capacity of the sample 
was calculated according to the adsorption isotherm as previously 
described [37].

2.11. Characterization of biomass and biochar samples

The biomass and biochar samples were characterised using the 
volumetric method (ASAP 2460, Micromeritics, USA), scanning electron 

microscopy (GeminiSEM 300, ZEISS, Germany), X-ray photoelectron 
spectroscopy (K-Alpha, Thermo Scientific, USA), diffraction of X-rays 
(SmartLab SE, Rigaku, Japan), Raman spectra (Alpha300R, WITec, 
Germany), and Fourier transform infrared (FTIR, Nicolet iS 10, Thermo 
Scientific, USA) attenuated total reflection (ATR) spectroscopy.

2.12. Statistical analysis

Student’s t-test and analysis of variance (ANOVA) were performed 
using the SPSS 23 software (IBM, USA). The line graph, histogram, and 
regression analysis for the best-fit curve were plotted using the Origin 
software (OriginLab, USA).

3. Results and discussion

3.1. Diverse lignocellulose resources for biochar production

We collected eight lignocellulose substrates from three representa-
tive lower plants and five higher plants, because plant evolution drives 
diverse plant cell walls that enable adaptation to various environmental 
conditions. Higher plants represent major global crops (corn, wheat, and 
rice) and forestry trees (eucalyptus and poplar), whereas the three lower 
plants cover both aquatic and terrestrial plants. Using the well- 
established method, we determined the cell wall composition of 
mature stem tissues from eight plant species (Table 1). Plants exhibited 
large variations in the levels of the four wall polymers, with coefficient 
variations (CVs) ranging from 32 % to 42 %. Cellulose levels varied from 
3 % to 32 % (% dry matter), whereas non-cellulosic polysaccharide 
(hemicellulose or pectin) levels showed relatively less variation. 
Furthermore, we examined many more variations in the mono-
saccharide proportions of non-cellulosic polysaccharides in the eight 
plant species, with CVs ranging from 64 % to 154 % (Table S1), sug-
gesting that hemicellulose variation is a major cause of plant cell wall 
evolution [38]. The five higher plants had much higher proportions of 
xylose and arabinose, confirming that xylan is the predominant hemi-
cellulose in higher plants [39,40]. Additionally, we detected two key 
features of cellulose (CrI and DP). With CVs of 32 % and 36 % (Table S2), 
the eight plants showed relatively fewer variations in CrI and DP values, 
respectively, compared to that of the monosaccharide proportions of the 
non-cellulosic polysaccharides. Hence, these eight plant species repre-
sented diverse lignocellulose substrates and provided prominent 
biomass resources for bioenergy crops for biochar production.

3.2. Adsorptive performances of biochar produced from lignocellulose 
resources

Using eight plant species of diverse lignocellulose composition, this 
study performed thermal treatments with those biomass substrates to 
produce biochar under three temperatures (400 ◦C,600 ◦C and 800 ◦C) 
without any extra chemical activation, then detected biochar adsorption 
capacity with methylene blue (MB), a typically cationic dye designed to 

Table 1 
Cell wall composition (% dry matter) of eight plant species.

Sample Hemicellulose Cellulose Lignin Pectin

Chlorella 5.40 ± 0.28 2.59 ± 0.09 ND 0.66 ± 0.02
Moss 10.83 ± 0.54 14.53 ± 0.51 ND 1.11 ± 0.09
Fern 11.15 ± 0.30 26.35 ± 0.70 40.97 ± 2.87 1.23 ± 0.05
Corn 15.93 ± 0.81 22.34 ± 1.01 16.34 ± 0.91 0.88 ± 0.14
Wheat 20.83 ± 0.99 30.79 ± 1.45 22.73 ± 1.02 1.35 ± 0.10
Rice 17.89 ± 0.65 20.04 ± 1.05 14.72 ± 0.37 0.76 ± 0.04
Eucalyptus 13.59 ± 0.17 30.74 ± 0.60 25.54 ± 0.66 1.13 ± 0.09
Poplar 13.58 ± 0.47 32.28 ± 0.79 28.73 ± 1.86 1.81 ± 0.04
Median 13.59 24.35 24.14 1.12
CV (%) 32.72 41.57 37.19 32.46

Data as mean ± SD (n = 3), ND as non-detectable; CV as coefficient of variation.
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indicate the typical wall polymer role in biochar adsorption (Fig. 1A). As 
the thermal-treatment temperatures were increased from 400 ◦C to 
800 ◦C, all biochar samples showed a consistently higher MB adsorption 
capacity. However, that of the five higher plants remained much higher 
than that of lower plants, particularly for the two woody plants at 800 ◦C 
(Fig. 1B), suggesting a distinctive biochar production from diverse 

lignocellulose substrates of the eight plant species. Furthermore, we 
conducted a correlation analysis between biochar dye adsorption ca-
pacity and lignocellulose composition in the eight plant species exam-
ined (Fig. 1C-F). As a comparison, hemicellulose levels exhibited a 
consistently positive correlation with biochar samples produced under 
three temperatures at p < 0.05 or 0.01 (n = 8) (Fig. 1C), whereas the 

Fig. 1. Distinct biochar production from eight diverse lignocellulose substrates for MB dye adsorption. (A) Experimental procedure: (B) MB adsorption with the 
biochar obtained from eight plant lignocelluloses, bar as mean ± SD (n = 3); (C, D, E & F) Correlation analysis between wall polymer levels and MB adsorption 
capacity. * and ** as significant correlations at p < 0.05 and 0.01 (n = 8, except for lignin n = 6), respectively.

Fig. 2. Xylan-modified lignocellulose substrates for distinct remodeled-biochar production with high dye-adsorption. (A) The schematic diagram for major exper-
iments conducted; (B-G) Biochar adsorption capacities with two industry dyes (MB, RB19); Data as mean ± SD (n = 3); ** As a significant difference between 
remodeled-biochar and control biochar (Raw) by t-test at p < 0.01 (n = 3) and % calculated by subtraction between remodeled-biochar and control one (Raw) divided 
by Raw; NPB as rice cultivar (wild type/WT) and Osfc16 as OsCESA9 site-mutant.
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cellulose or lignin levels only had a significantly positive or negative 
correlation with the biochar samples produced under two temperatures 
(600 ◦C and 800 ◦C) (Fig. 1D) or one temperature (400 ◦C) (Fig. 1E), 
suggesting that the hemicellulose played a consistently positive role in 
biochar production for high dye adsorption. In contrast, the correlation 
analyses also indicated that cellulose at a low temperature (400 ◦C) and 
lignin at high temperatures (600 ◦C and 800 ◦C) play minor roles in high 
biochar adsorption with MB dye. In addition, pectin levels did not show 
any significant correlation (Fig. 1F), mainly because of their low levels 
in all eight plant species examined. Hence, as the biochar samples were 
produced without any additional chemical activation, the results 
demonstrated the consistently positive role of hemicellulose in 
enhancing biochar adsorption capacity [14,41,42].

3.3. Dynamic enhancement of dye adsorption by xylan-modified biochar

To test the positive role of hemicellulose in biochar production for 
high dye adsorption, we initially performed 4 M KOH extraction to 
remove 67 % xylan from rice cultivar (NPB) straw and measured the 
molecular weight of the extracted endo-xylan (Mw 5181.77 kDa, Mn 
485.32 kDa, and Mw/Mn 10.68). After xylan removal, the remaining 
residue was used to produce biochar at 600 ◦C (deXylan sample) and 
biochar adsorption capacity with MB and reactive blue-19 (RB19), 
another anionic dye, was examined (Fig. 2A). In comparison, the 

deXylan biochar showed significantly lower adsorption capacities with 
MB and RB19 than the control biochar (Rice-Raw) at p < 0.01 level (n =
3) (Fig. 2B & C), which was consistent with correlation result about the 
hemicellulose level as a positive factor for biochar adsorptive capacity 
(Fig. 1C). Although 4 M KOH extraction partially removed xylan and 
small lignin from lignocellulose [43], the remaining lignin levels in the 
KOH-extracted residues did not show any significant correlation with 
dye adsorption capacities of the biochar samples produced from these 
lignocellulose residues under 600 ◦C treatment (Fig. 1E). This suggests 
that the reduced dye adsorption capacities in the deXylan biochar, 
compared with raw biochar, should be primarily due to xylan removal 
rather than the lignin coextraction. To test this finding, we used xylan- 
recovered lignocellulose substrate to produce a biochar sample 
(termed as deXylan-recovery), and then detected slightly increased 
adsorption capacities for MB and RB19 dyes compared to that of the raw 
biochar, providing dual evidence of the positive role of hemicellulose 
deposition in biochar production for high dye adsorption capacity.

To confirm the role of hemicellulose in biochar production, we 
further obtained other four biochar samples (deXylan-recover-
y@1,3,5,7Xylan) by supplying exogenous xylan (Mw 5.25 kDa, Mn 3.67 
kDa, and Mw/Mn 1.43) into the xylan-recovered lignocellulose sub-
strates at different proportions (1-, 3-, 5- and 7 fold; w/w). Compared 
with the raw biochar (control sample), the four deXylan- 
recovery@Xylan biochar samples all showed much higher adsorption 

Fig. 3. Xylan-remodeled biochar adsorption with organic chemicals. Adsorption capacities with commercial phenol (A) and total organic carbon (TOC) released from 
rice (NPB) biomass pretreatments with acid (B) and alkali (C); TOC from chemical pretreatment supernatant; (D) Removal rate of seven types of organic compounds 
(released from alkali pretreatment) after remodeled-biochar adsorption; (E) The proportion of seven organic compounds of the total; (F) Removal proportions (%) of 
seven organic compounds; Bar as mean ± SD (n = 3); ** As significant difference between the two samples by t-test at p < 0.01 (n = 3) and % calculated by 
subtraction between remodeled-biochar and control one (Raw) divided by Raw; @3Xylan as 3-fold exo-xylan remodeled-biochar and Raw as control biochar as 
termed in Fig. 2.
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capacities for MB and RB19 dyes (Fig. 2D & E), which confirmed that the 
hemicellulose supplement could consistently improve their biochar 
production for dye adsorption. Given the 3-fold exo-xylan supplemen-
tation resulted in the biochar with the highest dye adsorption capacity, 
this study found that 5-and 7-fold exo-xylan supplementations did not 
further improve biochar production, along with slightly reduced 
adsorption capacities relative to the 3-fold sample, indicating a dynamic 
impact of exo-xylan deposition on biochar production. This also suggests 
that excessive xylan deposition may significantly alter lignocellulose 
homogeneity and integrity, leading to an adverse impact on biochar 
production [44].

Concerning the dynamic impacts of exo-xylan supplements on bio-
char production, we also obtained the biochar sample at 600 ◦C by 
employing our previously identified rice mutant (Osfc16), which had 
much increased hemicellulose proportion in lignocellulose substrate of 
mature straw (Fig. S2) [20]. Importantly, the mutant biochar sample 
exhibited 22 % and 13 % higher adsorption capacities for MB and RB19 
dyes, respectively, compared with the wild-type (NPB) sample (p < 0.01, 
n = 3) (Fig. 2F & G). This is likely due to the higher proportion of 
hemicellulose in mutant lignocellulose applied for biochar production. 
This finding confirmed the positive role of hemicellulose deposition in 
biochar production for high dye adsorption. However, by supplying 3- 
fold exo-xylan to the mutant lignocellulose substrate, we determined a 
similar adsorption capacity between the mutant and NPB samples, 
providing further evidence that excessive xylan deposition did not 
significantly affect the biochar adsorption capacity.

Furthermore, the isothermal adsorption curves and fitting parame-
ters of the two dyes were obtained using the control (raw) and modified 
biochar (@3Xylan) samples (Fig. S3A & B; Table S3). In comparison, the 
Langmuir model showed much higher R2 values (> 0.99), whereas the 
Freundlich model maintained R2 values from 0.93 to 0.99. Based on the 
adsorption kinetic curves and fitting parameters (Fig. S3C & D; 
Table S4), the two biochar samples rapidly adsorbed most dyes within 
60 min and then entered a slow adsorption stage until equilibrium. 
Compared with the pseudo-first-order model, the adsorption was better 
fitted by the pseudo-second-order model, suggesting a multifaceted 
adsorption mechanism consisting of both monolayer and multilayer 
adsorption processes driven by chemical interactions and the incorpo-
ration of physical adsorption. This observation implies that both the 
specific surface area and abundance of surface functional groups of 
biochar materials are major factors accounting for dye adsorption 

capacity, which further clarifies how the modified biochar was of 
enhanced dye adsorption capacity [45]. Therefore, it is assumed that 
hemicellulose deposition plays a central role in biochar production for 
highly adsorptive performance.

3.4. Enhanced organic chemical adsorption with biochar

Because the biochar sample obtained from the 3-fold exo-xylan 
supplement (@3Xylan) had the highest adsorption capacity for two in-
dustrial dyes relative to the control (Raw) sample as described above, we 
also examined its adsorption capacities for organic chemicals (Fig. 3). In 
general, the modified biochar (@3Xylan) sample showed significantly 
higher adsorption capacities for phenol and two sources of total organic 
carbon (TOC) released from acidic (H2SO4) and alkaline (NaOH) pre-
treatments with mature rice straw by 42 %–90 %, compared to the 
control (raw) biochar sample (Fig. 3A-C). As the TOC composition 
released from alkali pretreatment was identified using LC-MS, 1579 
compounds could be adsorbed by the modified biochar, and those 
compounds were classified into seven types of chemicals including al-
kaloids (52, 3.29 %), organic acids (178, 11.27 %), benzenoids (195, 
15.52 %), phenylpropanoids and polyketides (269, 17.04 %), lipids 
(308, 19.51 %), organoheterocyclic compounds (332, 21.03 %), and 
others (245, 15.52 %) (Fig. 3D-F). Among the 1579 adsorptive com-
pounds, approximately 77 % compounds had adsorption capacities over 
50 %, but the adsorption capacities of 46 % of the compounds reached 
80 %, revealing that the xylan-modified biochar had excellent adsorp-
tion capacities for a wide range of organic compounds from biomass 
processing. Given that biochar has a high adsorption capacity for or-
ganics [46], this study also examined efficient adsorption with pre-
treatment compounds, probably resulting from the generation of more 
active groups during the alkali pretreatment performed.

3.5. Uniform structure of modified biochar for higher porosity

As carbon materials are increasingly considered promising adsor-
bents for CO2 capture, this study also tested modified biochar adsorption 
with CO2 at two representative temperatures (0 ◦C and 25 ◦C) under 
atmospheric pressure (1 bar) (Fig. 4A & B). In comparison, the modified 
biochar showed a consistently higher CO2 adsorption capacity than the 
control biochar sample, suggesting that the modified biochar had a 
relatively higher porosity, as described previously [47]. This study thus 
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measured the porosity and observed the morphology of the two biochar 
materials to understand the modified biochar with high capacities for 
diverse chemical removal and CO2 capture (Fig. 4C-F). Based on BET 
analysis, the modified biochar showed consistently higher N2 adsorption 
and pore volume than the control biochar (Fig. 4C & D), which is in 
agreement with the CO2 adsorption capacity examined above. At low 
relative pressures (below 0.02), the N2 adsorption capacity of modified- 
biochar (@3Xylan) was up to 6-fold higher than that of control biochar 
(Raw), implying that the modified biochar was rich in micropores. The 
modified biochar had a typical hysteresis loop, which may result from 
narrow cylindrical pores, whereas the control biochar (Raw) had slit- 
shaped pores [48]. The data suggest that xylan deposition not only in-
creases the pore size of biochar but may also reshape its pore structure, 
thereby leading to an integrative enhancement of adsorption capacity. 
The control biochar (Raw) sample exhibited an uneven distribution with 
a partially plant-vascular-tissue-like structure. In contrast, the modified 
biochar (@3Xylan) sample was uniformly and symmetrically con-
structed with a sponge-like structure (Fig. 4E & F). Notably, the specific 
surface area of the modified biochar reached 317 m2/g, which was 
significantly higher than that of the control biochar by 5.2-fold 
(Fig. S4A). Similarly, the.

volumes of three types of pores consistently increased by 4.5–5.0- 
fold in the modified biochar relative to the control sample (Fig. S4B–D), 
confirming that the increased pore volumes were responsible for the 
enlarged specific surface area of the modified biochar sample. However, 
to maximize biochar porosity by exploring the optimal exo-xylan sup-
plementation and biochar production conditions should be investigated 
in future studies.

3.6. Characterization of xylan-modified lignocellulose substrate for high- 
performance biochar production

To understand how xylan-modified lignocellulose is favored for high- 
performance biochar construction, we observed xylan and cellulose 
distribution in situ in the lignocellulose substrate supplemented with 3- 
fold exo-xylan based on fluorescence localization using a specific anti-
body (LM11/green) against xylan or S4B dye (red) staining with cellu-
lose microfibrils (Fig. 5A, B & Fig. S5). In general, both raw 
lignocellulose and xylan-supplemented samples exhibited a fully fluo-
rescent distribution of xylan and cellulose in all tissues examined. 
However, compared to the raw lignocellulose, the xylan-modified 
lignocellulose showed significantly increased fluorescence intensities 
for either xylan and cellulose deposition or the xylan/cellulose ratio at p 
< 0.01, providing evidence of the extensive exo-xylan distribution and 
interaction with cellulose microfibrils. To confirm this finding, we 
determined a significantly reduced cellulose CrI value of 44 % in the 
xylan-modified lignocellulose compared with that in raw lignocellulose 
(Fig. 5C), which should be partially accounting for the exo-xylan 
interaction with cellulose microfibrils via hydrogen bonds [7,24]. 
Under Fourier transforms infrared (FT-IR) spectroscopy, we further 
observed relatively reduced intensities of chemical bonds in the modi-
fied lignocellulose such as peaks at 782 cm− 1 (C–H vibration of the 
aromatic ring), 1241 cm− 1 (C-O-C stretching of aryl-alkyl ether), 1513/ 
1627 cm− 1 (C––C stretching of the aromatic ring), and 1732 cm− 1 (C––O 
stretching of acetyl or carboxylic acid), whereas the intensities were 
increased about the hemicellulose and cellulose at 900 cm− 1 (C–H vi-
bration), 1040 cm− 1 (C–O stretching), 1150 cm− 1 (C-O-C asymmetric 
stretching), 2900 cm− 1 (C–H stretching), and 3360 cm− 1 (O–H 
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stretching) (Fig. 5D; Table S5). Although the increase in chemical groups 
suggests a possible interaction between exo-xylan and native cellulose 
microfibrils in the xylan-modified lignocellulose substrate, further 
investigation is required to confirm this.

Furthermore, we determined the elemental composition and chem-
ical characteristics of the biochar samples by X-ray photoelectron 
spectroscopy (XPS) (Fig. 5E-J). Compared with the control (Raw), the 
xylan-modified biochar sample contained less carbon at 82.43 %, with a 
relatively higher proportion of oxygen at 17.57 %, indicating that more 
oxygen-containing functional groups were present in the modified bio-
char. By estimating three peaks in C 1 s (C-C/284.8 eV, C-O/286.4 eV, 
C=O/287.9 eV) and three peaks for O 1 s (C=O/531.7 eV, C-O-C/533.0 
eV, -OH/534.0 eV) [49,50], the xylan-modified biochar showed a much- 
raised proportion of the C–O group and relatively reduced C–C and 
C––O groups, compared to the control biochar (Table S6). Using X-ray 
diffraction (XRD) and Raman spectroscopy, we found that both the 
control and xylan-modified biochar samples had similar graphite and 
crystalline properties (Fig. S6), suggesting that exo-xylan supplementa-
tion may mainly improve the biochar structure and porosity rather than 
its graphitizing properties.

Based on the major findings of this study, we proposed a hypothetical 
model to interpret how exo-xylan supplementation enhanced the xylan- 
cellulose interaction in the modified lignocellulose substrate, thereby 
improving the biochar structure and porosity to account for the high 
adsorption capacity for diverse organic chemicals and CO2 (Fig. 6). The 
initial 4 M KOH extraction and recovery should mainly disassociate the 
endo-xylan from cellulose and lignin, enabling 67 % of the exo-xylan to 
interact with native cellulose microfibrils for wall-network remodel. 
This explains why the xylan-modified lignocellulose had a reduced CrI 
value because of the increased xylan-cellulose association via hydrogen 
bonds and other possible interlinks, as well as the reduced xylan-lignin 
association [51]. Because xylan plays a central role in uniform and 
symmetrical carbon construction, it would be interesting to explore 
specific xylan involvement in lignocellulose carbonization. Given that 
this study was originally designed to focus on xylan’s specific role in 
biochar production, chemical coactivation could be explored in the 
future to further improve the biochar structure for maximizing its 
adsorption capacity.

4. Conclusion

We performed a simple thermal conversion to produce distinct 

biochar samples by using diverse lignocelluloses from plant evolution, 
and identified hemicellulose as a consistently positive factor for biochar 
production. We achieved a sponge-like biochar with a uniform and 
symmetrical structure for upgraded porosity accountable for raised 5.2- 
fold surface area and 4.5–5.0 folds micropore/mesopore volumes by 
supplying low-molecular-weight exo-xylan to reconstruct lignocellulose 
substrates. The modified biochar was further detected with significantly 
enhanced adsorption capacities for diverse chemical elimination or CO2 
capture. We thus propose a novel model for xylan as a central interlink of 
lignocellulose substrate for desired biochar production, revealing a 
powerful strategy for high-performance biochar construction by inte-
grating xylan-modified lignocellulose with an effective thermochemical 
process.
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