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Herein, the impact of varying proportions of cellulose/lignin in bamboo on the
production of hydrothermal biochar was investigated. Different characterization
techniqueswere applied to explore the structure of hydrothermal biochar derived
from three different genotypes (215, 30-A, 52-B) of Dendrocalamus farinosus,
and the adsorption behavior of uranium by these hydrothermal biochars was
evaluated. It was found that a decrease in cellulose/lignin ratio (3.08, 2.68, and
2.58) positively influenced the specific surface area and pore volume of
hydrothermal biochar. Consequently, the prepared hydrothermal biochars
exhibited adsorption capacities for U(VI) ions at levels of 14.78 mg/g,
24.68 mg/g, and 26.02 mg/g respectively under these three ratios. The
adsorption process by 52-B-220 well complied with the Freundlich isotherm,
which indicated that the multi-layer adsorption occurred on the solid liquid
interface, but single-layer adsorption was evident in those prepared from
genotypes 30-A and 215. This study demonstrated that adjusting biomass
feedstock composition as an effective strategy for enhance the quality of biochar.
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1 Introduction

As the global nuclear industry expands, an increasing number of radionuclides are being
released into aquatic environments, posing significant health risks to both wildlife and
humans (Hinck et al., 2021; Li et al., 2019; Liu et al., 2023). U(VI), one of the most prevalent
radionuclides, has garnered extensive attention owing to its significant radioactivity and
toxicity (Domingo, 2001; Liang et al., 2022). Biochar, used as an adsorbent, is widely employed
in wastewater treatment processes to remove heavy metal pollutants from water due to its low
environmental impact, cost-effectiveness, and superior pore structure (Ahmad et al., 2014).
Biochar is produced using various biomass as raw materials, with lignocellulosic biomass
being the primary source (Cuong et al., 2021). Variations in lignocellulosic biomass result in
distinct physical and chemical properties of biochar (Elnour et al., 2019), thereby influencing
its adsorption capacity for U(VI). Consequently, it is imperative to investigate how raw
materials influence biochar and subsequently affect its adsorption capacity.

Recent research has extensively explored the formation of biochar. Yu, Titirici, Falco,
and colleagues have examined the effects of individual components on biochar formation,
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thereby establishing a theoretical framework for the role of raw
materials (Falco et al., 2011; Titirici et al., 2008; Yu et al., 2012). In
their pursuit to minimize costs and maximize efficiency, Lawal et al.
assessed the influence of cellulose content on the physicochemical
properties and adsorption capacity of biochar, utilizing materials such
as cellulose, oil palm frond, and palm kernel shell. They concluded
that a higher cellulose content significantly enhances the adsorption
capacity of biochar (Lawal et al., 2021). However, these investigations
primarily concentrated on the impacts of individual components.
Biomass materials, principally consisting of cellulose, hemicellulose,
and lignin, form the essential structural foundation for post-
carbonized biochar. During the preparation of biochar, each
polymer is subjected to pyrolysis at varying temperature ranges
(Wu et al., 2018; Zhu and Zhong, 2020). Consequently, enhancing
the microporous and mesoporous structure of biochar for improved
pollutant adsorption necessitates a detailed analysis of the biomass’s
chemical composition and thermal decomposition properties,
particularly the cellulose-lignin ratio.

Bamboo, as a lignocellulosic biomass, is an ideal material for
biochar production due to its abundance and renewable nature. In
our recent study, we reported the development of novel germplasm
resources for D. farinosus (Hu, 2022), emphasizing the cultivation of
diverse genotypes in our initial experiments. Several mutagenized
strains of D. farinosus exhibited significant intraspecific variation in
chemical composition, allowing us to negate the impact of variability
among different lignocellulosic biomasses. Ideal experimental materials
derived from these mutagenized strains were used to investigate the
influence of chemical components in raw materials on the
physicochemical properties and adsorption capacities of biochar.

Consequently, this study aimed to produce biochar from D.
farinosus with varied cellulose -lignin ratios and to assess the effects
of these variations on the physicochemical properties and

adsorption capacities of the biochar. An in-depth characterization
of various genotypes of D. farinosus and their respective biochars
was conducted to elucidate the relationship between cellulose -lignin
ratios and both the physicochemical properties and the adsorption
capacities of the biochar. Based on these insights, it becomes feasible
to tailor the physicochemical properties and adsorption capacities of
biochar through precise adjustments of the cellulose -lignin ratio.

2 Materials and methods

2.1 Materials

Three genotypes of D. farinosus (i.e., 52-B, 30-A, and 215) were
provided by the Bamboo Institute of Southwest University of Science
and Technology (Sichuan, China). Uranyl nitrate hexahydrate
(UO2(NO3)2·6H2O), and arsenazo III (C22H18As2N4O14S2) were
obtained from Rhawn Reagents (Shanghai, China). Other
reagents, such as anhydrous ethanol and hydrochloric acid was
purchased from Chengdu Jinshan Chemical Reagent Co., Ltd.,
(Chengdu, China) and Chengdu United Chemical Reagent
Research Institute (Chengdu, China), respectively.

2.2 Preparation of hydrothermal charcoals

Bamboo stems were harvested at breast height from the different
genotypes of two-year-old D. farinosus. All samples were rinsed by
deionized water three times and then oven dried at 65°C to ensure
consistent weight. The dried bamboo stems were milled by a
commercial grinding machine with the powder passing through a
200-mesh sieve. Approximately 4.0 g of each bamboo powder was
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transferred to a sealed reactor with 200 mL deionized water, and
kept at 220°C for 4 h and then cooled naturally. The processed
material was centrifuged at 7500 rpm for 10 min, the liquid was
discarded, and the precipitate was repeatedly centrifuged in
aliquots of anhydrous ethanol until the supernatant was clear
and transparent. Then filtered, neutralized by washing with
deionized water and oven-dried at 65°C overnight. The resulting
solids from different bamboo samples were marked as 52-B-220,
30-A-220, and 215-220, respectively. where the samples were
identified by the genotype of the biomass and the heating
temperature. The yield of the hydrothermal charcoal (Y, %) was
calculated from Equation 1:

Y � M1

M0
× 100% (1)

M0(g): the mass of the dry matter;
M1(g): the mass of the hydrothermal charcoal.

2.3 Characterization of the adsorbents

The surface morphology was observed by Scanning Electron
Microscope (SEM, SU8020 instrument, Hitachi, Japan). FTIR
spectra were obtained by the KBr pellet method, within the range
of 4,000–1,000 cm−1 a (Nicolet iS10, Thermo Scientific,
United States). Specific surface areas and pore volumes were
measured with ASAP® 2,460 Surface Area and Porosimetry
System Analyzer (Micromeritics Instrument Corporation,
Norcross, GA, United States). Elemental composition was
obtained by Vario EL cube elemental analyzer (Elementar,
Germany). Zeta equipotential was obtained by Zetasizer Nano
ZS90 (Malvern, Britain). The electrochemical reduction of
uranium was measured on an electrochemical station
(CHI 660E).

2.4 Batch adsorption experiments

To investigated the influence of (a) adsorbent mass (0.02–0.4 g);
(b) pH (2–6); (c) contact time (0–24 h); (d) temperature
(15°C–55°C); and (e) initial concentration of U(VI) (5–45 mg/L)
on U(VI) adsorption performance. First, several solutions of uranyl
nitrate were obtained with different concentrations and adjusted to
the required pH using NaOH (0.1 M) and HNO3. Then, the
prepared solutions (50 mL) were placed into conical flasks, the
adsorbent was then added (as required), and the resulting mixture
was reacted in an oscillating (150 rpm) air-bath shaker for
predetermined periods of time at the required temperatures.
Finally, determination of U(VI) with arsenazoIII as complexing
agent, its concentration being determined by absorbance at 520 nm
on a T6 New Century UV spectrophotometer (Beijing Puxi General
Instrument Co., Ltd., Beijing, China). Overall, repeated three times
at each condition, the average concentrations of U(VI) were used for
data analysis. The adsorption capacity and removal rate of U(VI) by
biochar were used to characterize the adsorption performance of the
charcoals; their values were calculated from Equations 2, 3 (Zhao
et al., 2017):

qe � C0 − Ce( )V
m

(2)

RE � C0 − Ce

C0
× 100% (3)

qe (mg/g): the adsorption capacity;
RE (%):the removal rate at adsorption equilibrium;
C0 (mg/L): the initial concentration of uranyl ion before
adsorption;
Ce (mg/L): the concentration of U(VI) at equilibrium, mg/L; V
(L): the volume of the adsorption solution;
m(g): the mass of adsorbent.

2.5 Elution/regeneration study

We conducted an elution/regeneration study using an improved
version of the method of Li et al. (2019), to investigate the reusability
of 52-B-220 through five adsorption-desorption cycles.

2.6 Statistical analyses

Statistical product and service solutions (SPSS) software (SPSS
statistics 22, IBM Corporation) was used to perform the significance
analysis between chemical composition. Letters indicate differences
in chemical composition of the three genotypes of D. farinosus
according to Tukey b’s honestly significant difference (p < 0.05).

3 Results and discussion

3.1 Characterization of the biomass

3.1.1 Composition
The chemical compositions of the three D. farinosus genotypes

are detailed in Table 1. Among the various raw materials, the
largest difference in cellulose content (12%) was observed between
genotypes 215 and 52-B. No significant differences in lignin
content were observed. Consequently, the cellulose-to-lignin
ratio varied significantly across the genotypes. Additionally, the
carbon content among the three D. farinosus genotypes remained
consistent at 44.6%–46.2%, whereas substantial variations in
oxygen content were observed, ranging from 30.7% to 40.1%
(Table 1). Therefore, the D. farinosus genotypes exhibited
significant differences both individually and in their relative
compositions.

3.1.2 Thermogravimetric analysis
TG (thermogravimetry) and DTG (derivative

thermogravimetry) analyses were conducted to evaluate the
properties of raw biomass following thermal decomposition
(Figure 1). The devolatilization zone (150°C–400°C) for each
genotype showed variations in mass loss, ranging from 70.46%
(52-B) to 59.08% (215), attributed to the differing compositions
of the biomasses. Finally, mass loss within the continuous
devolatilization zone (400°C–600°C) ranged from 7.47% (52-B) to
6.45% (30-A).
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To determine the optimal hydrothermal temperature for
preserving lignin as the structural framework of hydrothermal
charcoal and for forming cellulose-associated carbon microspheres,
the DTG curve was deconvoluted to isolate the pyrolysis peaks of each
component (Wu et al., 2018). The DTG curve revealed four distinct
peaks at approximately 60°C (peak 1), 200°C (peak 2), 300°C (peak 3),
and 350°C (peak 4), corresponding to moisture, hemicellulose,
cellulose, and lignin, respectively (Figure 1). A thorough
examination of these component peaks revealed that their pyrolysis
onset temperatures varied significantly. Specifically, the pyrolysis onset
temperatures were 180°C for hemicellulose, 200°C for cellulose, and
300°C for lignin, consistent with findings from previous studies (Liang
et al., 2018; Tong Thi et al., 2014; Yang et al., 2017). Furthermore,
during the hydrothermal reaction, the subcritical state of the liquid
phase (i.e., water) can accelerate the reaction rate and induce sample
corrosion (Zanon Costa et al., 2020). To ensure the complete reaction
of hemicellulose and cellulose into carbon microspheres and retention
of the lignin-based hydrothermal charcoal framework, a final
hydrothermal temperature of 220°C was selected.

3.2 Characteristics of
hydrothermal charcoals

3.2.1 Surface morphology and pore structure
SEM images of the hydrothermal charcoals were captured to

elucidate the surface morphologies of the three D. farinosus
genotypes (Figures 2A–C). The agglomeration of carbon
microspheres intensified with increasing cellulose/lignin ratios,
ultimately resulting in the complete envelopment of the surface.
At this final stage, the filamentous structure became

indistinguishable, and the pore structure significantly
diminished (215–220).

A lignin skeleton with attached carbon microspheres was
observed in 52-B-220 (Figure 2A), signifying its superior efficacy
in biochar production. This observation is consistent with previous
studies that demonstrate the effective cross-linking of hemicellulose,
cellulose, and lignin within a three-dimensional matrix (Deanin
et al., 1978; Kang et al., 2019). Consequently, the lower cellulose-to-
lignin ratio in 52-B likely enhanced the exposure of the polymer
network to the processing conditions at 220°C.

The FTIR spectra of the three hydrothermal charcoals are shown in
Figure 2D. No significant differences were observed in the peaks
associated with functional groups among the three hydrothermal
charcoals. The characteristic bands and their corresponding
assignments are as follows: 3348 cm−1 (broad, O-H stretching
vibration); 1700 cm−1 [C=O stretching vibrations of aldehyde,
ketone, ester, and carboxyl (Fang et al., 2014)]; 1,608 cm−1 (C=O
stretching vibrations of the benzene ring) and 1,316 cm−1 [C-O
stretching vibration of the carboxylate anion (Chen et al., 2018)];
1,265 cm-1 (C-O-C and phenolic -OH stretching vibration of aromatic
hydrocarbons); 1,160 cm−1, 1,110 cm−1, and 1,058 cm−1 (C-O
vibrations of ethers, alcohols, phenols). The presence of these
characteristic bands indicates that the surface composition of
hydrothermal charcoal is predominantly composed of hydroxyl and
carboxyl groups. However, the peaks at 1,510 cm−1, 1,425 cm−1, and
1,265 cm−1 are attributed to lignin (Aleeva et al., 2020; Liu et al., 2017),
indicating that its structure was preserved during the preparation
process, a finding consistent with SEM observations.

The yields of hydrothermal charcoals from the threeD. farinosus
genotypes are shown in Figure 2E. No significant differences (p >
0.05) were observed in the yields among the three D. farinosus

TABLE 1 Cellulose content, lignin content, cellulose-lignin ratio, and elemental abundance of the three genotypes of D. farinosus.

Sample Cellulose % Lignin % Cellulose-lignin Element abundance %

C H O N

52-B 42.4 ± 0.26c 16.4 ± 0.07b 2.58 ± 0.01c 45.3 6.09 40.1 0.38

30-A 43.8 ± 0.38b 16.4 ± 0.20b 2.68 ± 0.03b 44.6 6.10 30.7 0.54

215 53.5 ± 0.06a 17.4 ± 0.36a 3.08 ± 0.06a 46.2 5.87 33.2 0.41

FIGURE 1
TG and deconvolution of the DTG curves showing the peaks due to each component for the three genotypes of D. farinosus: (A) 52-B; (B) 30-A;
(C) 215.
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genotypes, indicating that utilizing D. farinosus with low cellulose/
lignin ratios for hydrothermal charcoal production is unlikely to
raise production costs.

Given that pore structure is a critical factor influencing sorbent
adsorption performance, the pore diameters, specific surface areas,
and pore volumes of each hydrothermal charcoal are shown in
Table 2. No significant differences were observed in the pore
diameters among the three-genotype charcoals, while specific
surface areas and pore volumes decreased with increasing
cellulose/lignin ratios. This phenomenon can be attributed to the
increase in carbon microsphere formation, as cellulose is the
primary precursor for these structures (Sevilla and Fuertes, 2009;
Titirici et al., 2008). The subsequent agglomeration of excess carbon
microspheres blocks the formation of new pores or constricts
existing ones, leading to a reduction in specific surface area and
pore volume (Yu et al., 2012).

3.3 Adsorption performance

3.3.1 The effect of experimental parameters on
adsorption

pH is a crucial factor in adsorption processes as it significantly
influences charge transfer at the solid−liquid interface (Fang et al.,
2020). Consequently, it is imperative to systematically investigate

the effect of pH on U(VI) adsorption (Hui et al., 2019). The surface
charge of the adsorbent was evaluated across a pH range of 2.0–8.0,
while the adsorption performance of hydrothermal charcoals was
assessed at pH 2.0–6.0. The surface charge of the adsorbent
continues to decline until pH 6.0 (Supplementary Figure S1),
indicating that the adsorbent surface is severely protonated at
low pH. That leads to adsorption competition between UO2

2+

and H+, as well as electrostatic repulsion occurred between the
adsorbent and UO2

2+. As pH increases, protonation weakens, and
the adsorption capacity of the adsorbent gradually increases (Zhao
et al., 2017). Additionally, when the pH exceeds 5.0, the species of U
in the solution change and begin to form precipitates rather than
adsorb, leading to a decrease in adsorption capacity (Liao et al.,
2022). This observation is consistent with the results shown in
Figure 3A and those reported in previous studies (Abdi et al., 2017;
Humelnicu et al., 2014). Therefore, pH 5.0 is considered more
suitable for U(VI) adsorption.

Furthermore, Figure 3B illustrates the influence of contact time,
ranging from 0 to 300 min, on the adsorption capacity of the
hydrothermal charcoals. The adsorption of U(VI) increased rapidly
during the first 120 min, then gradually slowed as it approached
equilibrium at 300 min. This trend is consistent with the decrease in
available adsorption sites, which are progressively occupied byU(VI) ions.

Notably, the adsorption capacity of each hydrothermal
charcoal exhibited an inverse relationship with the mass of

FIGURE 2
The SEM images of hydrothermal charcoals (A) for 52-B-220, (B) for 30-A-220, (C) for 215–220. (D) FTIR spectra of hydrothermal charcoals. (E)
Yields of hydrothermal charcoals.
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the adsorbent, while their removal rates increased with higher
adsorbent masses (>95%) (Figure 3C). The optimal adsorbent
masses for 52-B-220, 30-A-220, and 215−220 were determined to
be 0.08 g, 0.16 g, and 0.16 g, respectively. The observed increase
in removal rate can be attributed to the greater availability of
adsorption sites for U(VI) ions due to the increased mass of the
adsorbent. Given that a larger specific surface area enhances the
adsorption capacity per unit mass, an equivalent removal rate
can be achieved with a smaller adsorbent mass. Consequently,
52-B-220 exhibited optimal adsorption performance at the
lowest adsorbent mass.

As illustrated in Figure 3D, the effects of a broad temperature
range (15°C–55°C) and varying initial concentrations of U(VI) ions
(5–45 mg/L) on the adsorption performance of each hydrothermal
charcoal were examined. Consistent with published data, the
adsorption capacities of each hydrothermal charcoal increased
with rising temperature, likely due to the enhanced mass transfer
of ions in solution at elevated temperatures. This effect accelerates
the mass transfer rate of the adsorbate from the outer layer of the
adsorbent to the inner pores (Inyang et al., 2016; Mishra et al., 2006).
The adsorption capacity also exhibited a direct correlation with the
initial concentration of U(VI) ions, reaching saturation at 35 mg/L.

TABLE 2 Pore diameter, specific surface area, and pore volume measurements were obtained from the analysis of each hydrothermal charcoal.

Sample Surface area (m2/g) Pore volume (cm3/g) Average pore diameter (nm)

52-B-220 90.7914 0.198,307 7.5515

30-A-220 54.4164 0.113,982 7.4554

215–220 36.0689 0.077575 7.3017

FIGURE 3
(A) Influence of pH on the adsorption capacity of each hydrothermal charcoal. (B) Influence of contact time on the adsorption capacity of each
hydrothermal charcoals. (C) Influence of adsorbent mass on adsorption capacity of each hydrothermal charcoal. (D) Effects of initial concentration of
U(VI) ions and temperature on the adsorption capacity of each hydrothermal charcoal.
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Previous studies have demonstrated that increasing the initial
concentration enhances adsorption capacity by amplifying both
the driving force for mass transfer and the contact rate of U(VI)
ions with adsorption sites (Wegener et al., 2009). Adsorption
saturation was achieved when the concentration of uranyl ions in
the solution became sufficient to fully occupy the adsorption sites on
the hydrothermal charcoal.

3.3.2 Adsorption kinetics
The adsorption mechanism of U(VI) ions in the solid-liquid

system was examined using Lagergren’s pseudo-first-order and
McKay’s pseudo-second-order kinetic models. The relevant fitting
parameters are summarized in Supplementary Figure S1;
Supplementary Table S1. The kinetic data for each
hydrothermal charcoal showed a better fit with the pseudo-
second-order kinetic model (R2 = 0.999, 0.998, and 0.998) than
with the pseudo-first-order kinetic model (R2 > 0.96 for 30-A-220;
R2 < 0.96 for 52-B-220 and 215–220). This suggests that
chemisorption is the primary adsorption mechanism (Li et al.,
2019; Rodríguez-Reinoso, 1998).

3.3.3 Adsorption isotherms
To validate the adsorption behavior and assess the adsorption

capacity of hydrothermal charcoal, the U(VI) adsorption isotherm
was thoroughly examined. The isotherm data were analyzed using
the Langmuir and Freundlich adsorption models (Supplementary
Figure S2; Supplementary Table S2). The adsorption data for U(VI)
on 52-B-220 exhibited a superior fit to the Freundlich adsorption
model (R2 = 0.998) compared to the Langmuir model (R2 = 0.980),
indicating that adsorption occurred as a multilayer process on a
heterogeneous surface (Xu et al., 2019). Given that the value of n
ranged between 1 and 10, increasing temperature and concentration
were favorable for enhancing adsorption performance. For 30-A-
220 and 215−220, Supplementary Table S2 shows that the Langmuir
model’s fitting coefficients (R2) were all greater than 0.99, slightly
outperforming those of the Freundlichmodel. This indicates that the
primary driving force for U(VI) adsorption was point-to-point
monolayer adsorption on a homogeneous surface (Im and
Choi, 2018).

Additionally, Supplementary Table S3 provides a comparative
analysis of the qm values of hydrothermal charcoals from this study
and those reported in other studies.

In its unmodified form, 52-B-220 biochar exhibits superior
adsorption capacity. This enhanced capacity is attributed to
methodological adjustments made in this study, which fully
exploit the natural template provided by the raw material’s three-
dimensional lignin network structure, thereby increasing the specific
surface area and pore volume of 52-B-220. Although the adsorption
capacity of functionalized biochar exceeds that of 52-B-220, the
improvements in physical adsorption in 52-B-220 do not hinder
subsequent functionalization processes. Future studies can employ
adaptable functionalization processes tailored to specific adsorbates,
positioning 52-B-220 as an ideal precursor for further
enhancements. The cellulose/lignin adjustment strategy has
proven successful, establishing 52-B-220 as a cost-effective,
readily available adsorbent, particularly well-suited for large-scale
pollution control applications. Moreover, 52-B-220 serves as an
outstanding precursor for developing highly efficient adsorbents.

3.3.4 Thermodynamics of adsorption
The results for each hydrothermal charcoal are illustrated in

Supplementary Figure S3 and outlined in Supplementary Table S4.
The thermodynamic curves and parameters for U(VI) ion
adsorption by each hydrothermal charcoal suggest that the
process is both spontaneous and endothermic. According to the
equation ΔG = ΔH - TΔS, where ΔH° > 0 (endothermic) and ΔS° > 0,
the ΔG° values for U(VI) adsorption by each charcoal between
288.15 K and 328.15 K were negative.

3.3.5 Elution/regeneration study
The regeneration study of hydrothermal charcoal is of

substantial importance for its practical applications. Following
adsorption, biochar can be regenerated by washing with
hydrochloric acid, which restores adsorption sites and renders
the biochar reusable (Chen et al., 2016). The experiment was
performed under optimal adsorption conditions (T = 25°C, t =
6 h, pH = 5, C₀ = 20 ppm, Dose = 0.02 g) (Figure 4). After five cycles,
the adsorption capacity of 52-B-220 decreased from 22.58 mg/g to
19.94 mg/g, retaining 86.13% of its original adsorption capacity. The
slight reduction in adsorption capacity is attributed to the
incomplete desorption of U(VI) ions from the biochar surface.
The regeneration results indicate that 52-B-220 is a promising
candidate for U(VI) adsorption.

3.3.6 Effect of the coexisting ions
Given the diverse array of coexisting ions in natural wastewater,

it is crucial to investigate the selective adsorption of U. Figures 4B, C
illustrate that the adsorption capacity and distribution factor of 52-
B-220 for U(VI) are 23.35 mg/g and 2.24 L/g, respectively. These
values are significantly higher than those for other coexisting ions,
indicating that 52-B-220 exhibits strong adsorption affinity and
capacity for U(VI), making it a suitable adsorbent for separating
U(VI) from multicomponent systems.

3.4 Adsorption mechanism

In order to further clarify the possible adsorption mechanism of U
(Ⅵ) by the hydrothermal charcoals, the chemical composition, and
surficial chemical states of 52-B-220 before and after adsorption are
characterized by FTIR, XPS and LSV. As depicted in Supplementary
Figure S4, comparison of the FTIR spectra of 52-B-220 (Supplementary
Figure S4) revealed a new absorption band at 915 cm−1 post-adsorption.
This peak technically corresponds to the asymmetric stretching
vibration of U (Ⅵ) (Quilès and Burneau, 2000; Su et al., 2022).
Indicating that uranyl ions were successfully adsorbed onto the
surface of 52-B-220. Meanwhile, the FTIR spectra of the adsorbent-
before and after adsorption-shows that the peak at 1,696 cm−1 slightly
shifted to 1703 cm−1 after adsorption, what indicates the involvement of
-C=O group in the adsorption of U(VI) (Jin et al., 2018); the intensity of
peak at 1,205 cm−1 decreases after adsorption, suggesting the
participation of -OH (phenol) in the adsorption of U(VI) (Liu et al.,
2013); and peaks at 1,058 cm−1, 1,110 cm−1, and 1,160 cm−1 also
decrease after adsorption, indicating the involvement of -OH (alcohol)
in the adsorption of U(VI) (Mishra et al., 2017).

Prior to the adsorption of U(VI) ions, the XPS survey spectra of
52-B-220 peaked at 286 eV and 533 eV corresponding to C1s and
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FIGURE 4
(A) Regeneration of U(VI) adsorption on 52-B-220. (B) Adsorption capacity and (C) distribution factor of 52-B-220 for co-existing ions.

FIGURE 5
XPS spectra of 52-B-220 before and after the adsorption of U(VI) ions: (A) XPS survey spectra; (B–D) high-resolution XPS spectra of U4f, C1s, and
O1s, respectively, obtained post adsorption.
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O1s, respectively (Figure 5A). The new peak binding energy at
390eV is attributed to U(VI), implying that U(VI) was successfully
adsorbed onto the surface of 52-B-220. Two peaks with binding
energies of 382.3 and 393.2 eV are detected in the U 4f spectrum,
which are related to U 4f7/2 and U 4f5/2 peaks, respectively
(Figure 5B). Notably, each of these were deconvoluted to peak at
381.3 eV and 391.9 eV, and 382.3 eV and 393.3 eV, which agreed
with U (Ⅳ) and U(VI). The satellite peaks of U(VI) 4f5/2 (400.0 eV),
and U(IV) 4f7/2 (389.0 eV) verified the existence of both U species,
implying that some U(VI) was reduced to U(IV) during the
processing of the biomass (Ilton and Bagus, 2011; Xiang et al., 2018).

The high-resolution C1s signals were deconvoluted to peak at
284.8 eV (C-C/C-H), 286.7 eV (C-O of hydroxyl and ether), and
288.3 eV (C=O of carboxyl and ester) (Figure 5C) (Biesinger, 2022;
Chen et al., 2022; Moeini et al., 2022; Yang et al., 2022). After
adsorption, due to the involvement of C=O, the peak at 288.3 eV
shifted slightly to 288.4 eV, and its relative intensity decreased.
Additionally, the high-resolution O1s signal was deconvoluted to
give three peaks located at 531.5 eV (C=O), 533.2 eV (C-O-C/-OH),
and 533.3 eV (O=C-O) (Figure 5D). After adsorption, the peaks at
533.3 eV and 531.5 eV shifted to 533.56 eV and 531.6 eV,
respectively, due to the participation of O=C-O and C=O; and
their relative intensities decreased accordingly. The small shifts in
binding energy and decrease in signal intensity of O=C-O and C=O
were indicative of their interaction with U(VI) (Chen et al., 2022; Yu
et al., 2019; Zhang et al., 2020). Meanwhile, we recorded the linear
sweep voltammetry (LSV) curves in the presence of 20ppm U(VI)
within a 0.5 M Na+ electrolyte solution (Supplementary Figure S6).
In the presence of uranium, two distinct peaks were recorded
at −0.67 V and −0.89 V vs. Ag/AgCl, corresponding to the
reduction of U(VI) to U(V) and U(V) to U(IV), respectively.
These results suggest that the observed processes may occur via
electron transfer and coordinate bond formation between the
carboxyl and ester groups of 52-B-220 and U(VI).

4 Conclusion

The increase in the cellulose/lignin ratio inD. farinosus resulted in
enhanced aggregation of carbon microspheres within the
hydrothermal biochar, leading to a reduction in specific surface
area and pore volume, ultimately resulting in decreased adsorption
capacity of the hydrothermal biochar. In comparison to biochar with a
high cellulose/lignin ratio, 52-B-220 exhibited a significantly larger
specific surface area (an increase of 151.71%) and higher adsorption
capacity (an increase of 76.05%), indicating that adjusting raw
materials is a viable approach for achieving higher adsorption
capacity. Batch adsorption results revealed that the adsorption
process of 52-B-220 primarily involved multi-layer endothermic
chemisorption. FT-IR and XPS spectra demonstrated that U (Ⅵ)
adsorption by 52-B-220 mainly occurred through carboxyl and
hydroxyl groups. Reducing the cellulose/lignin ratio serves as a
fundamental method for enhancing the performance of
hydrothermal biochar while reducing post-treatment costs.
Modifying the structure of raw materials offers a feasible solution
for cost reduction and efficiency improvement in biochar adsorption.
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