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Wheat straw biochars pyrolyzed at 300 °C (WS300) and 500 °C (WS500) were compared for Cr(vi) removal.
WS500 exhibited 1.94-fold higher adsorption capacity (23.39 mg g 1) than WS300 (12.07 mg g3, attributed
to its improved pore structure and abundant redox-active groups (e.g., phenolic —OH, C-O-C). Adsorption
isotherms followed the Langmuir model, indicating monolayer adsorption. The kinetic process was better
described by the pseudo-second-order model, which, together with other analyses, suggests that the
adsorption process was likely governed by chemisorption. Integrated characterization (SEM-EDS, BET,
XRD, FTIR, XPS) revealed the mechanism: (1) initial rapid uptake via surface adsorption and pore filling; (2)
Cr(v1) reduction to Cr(i) mediated by phenolic —OH (electron donor) and C-O-C (electron mediators),
as evidenced by XPS Cr 2p (Cr(i) at 577.4 eV) and the oxidation of C-OH to O-C=0 in C 1s spectra; (3)
Cr(i) complexation with oxygen groups, as validated by FTIR Cr-O vibrations (617 cm™) and XPS Cr(i)-
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1 Introduction

Heavy metals pose significant threats to environmental integrity
and human health due to their non-biodegradability and
carcinogenic potential.»*> Among these, chromium (Cr) is
particularly detrimental, as even trace concentrations can
induce severe physiological and neurological damage.®* Chro-
mium naturally exists in two valence states: Cr(m) and Cr(vi).
Cr(vi) exhibits potent mutagenicity and teratogenicity and is
classified as a group 1 human carcinogen.* The World Health
Organization has established a strict limit for Cr(vi) in drinking
water of 0.05 mg L™ "> To address this, various wastewater
treatment technologies have been developed, among which
adsorption stands out for its efficiency, operational simplicity,
cost-effectiveness, and selectivity.>*

Biochar is a carbon-rich material produced by pyrolyzing
biomass (e.g., agricultural residues) under oxygen-limited
conditions.” Owing to its porous structure and abundant
oxygen-containing functional groups, biochar has demonstrated
considerable potential for remediating heavy metal contamina-
tion, particularly chromium.®®

Wheat straw, as one of the most abundant agricultural resi-
dues in China, has become a preferred feedstock for biochar
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structure—function relationship for efficient Cr(vi) remediation.

preparation due to its wide availability and low cost. Previous
studies have confirmed the excellent potential of wheat straw-
derived materials for Cr(vi) removal. For instance, Chen et al.®
reported that directly dried wheat straw achieved a saturated
Cr(vi) adsorption capacity of 125.6 mg g~ * under strongly acidic
conditions, attributing this performance to the abundant oxygen-
containing functional groups carried by cellulose and hemi-
cellulose in the straw. However, raw wheat straw suffers from
poor structural stability in aqueous environments and exhibits
a sharp decline in adsorption performance under neutral and
weakly acidic conditions, while pyrolysis conversion to biochar
can effectively address these limitations while retaining the
intrinsic activity of the feedstock. In this context, wheat straw-
derived biochar has been increasingly investigated for Cr(vi)
removal. Lu et al' demonstrated that biochar derived from
wheat straw via acidic concentrated lithium bromide hydrolysis
exhibited a high carbon content and abundant oxygen functional
groups, thereby achieving efficient Cr(vi) adsorption. Irfan et al.*
showed that the application of wheat straw biochar to contami-
nated soil significantly reduced the bioavailability of Cr(vi) and
suppressed its uptake by maize plants. Additionally, UV modifi-
cation has been reported to enhance the adsorption performance
of wheat straw biochar." Such treatment increases the specific
surface area and introduces additional oxygen-containing func-
tional groups, resulting in a 2-5-fold improvement in Cr(vi)
removal capacity compared with unmodified biochar.

To date, the impact of pyrolysis temperature on biochar's
Cr(vi) removal performance has been widely documented.
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Previous studies have shown that pyrolysis temperature governs
the physicochemical properties of biochar, including porous
structure and surface functional groups, both of which are
known to affect Cr(vi) adsorption.**** However, there remains
significant controversy in existing reports: Zuo et al.** and Zhang
et al.*® reported reduced Cr(vi) uptake on corn stover and L.
hexandra leaf biochars prepared at higher pyrolysis temperatures,
whereas Li et al.'’ and Singh et al.'® observed enhanced Cr(vi)
adsorption on sludge- and Citrobacter-derived biochars produced
at elevated temperatures. Moreover, the temperature-driven
evolution of surface redox-active moieties and the intrinsic
mechanism of Cr(vi) sequestration still lack systematic elucida-
tion. Furthermore, most existing studies focus on modified or
activated biochar for enhanced Cr(vi) removal. Activation
methods including H;PO,, KOH, and nano-zero-valent iron
(nZVI) can significantly increase the specific surface area of wheat
straw biochar, optimize its pore structure, and thus improve its
Cr(vi) adsorption capacity.’®** However, such post-pyrolysis
treatments inevitably introduce confounding factors, including
altered pore structures and artificially introduced active sites,
which obscure the inherent effect of pyrolysis temperature on the
intrinsic surface redox behavior of biochar.

Herein, we investigated Cr(vi) adsorption on wheat straw
biochars pyrolyzed at 300 °C (WS300) and 500 °C (WS500)
without any modification. This experimental design could
effectively isolate the intrinsic effect of pyrolysis temperature
and avoid the interference of additional treatment processes on
the physicochemical properties of biochar. Multiple analytical
techniques, including elemental analysis, thermogravimetric
analysis (TGA), Brunauer-Emmett-Teller (BET) specific surface
area analysis, scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS), were employed to charac-
terize the physicochemical properties of the biochars prepared
at different pyrolysis temperatures. Batch adsorption experi-
ments were conducted to compare the Cr(vi) removal perfor-
mance of the as-prepared biochars. The primary objective of
this work was to elucidate the fundamental evolution of biochar
surface redox chemistry driven by pyrolysis temperature,
establish the structure-activity relationship among pyrolysis
temperature, surface redox characteristics, and Cr(vi) removal
performance of biochar, and reveal the underlying mechanism
of pyrolysis temperature-regulated Cr(vi) removal by biochar.

2 Materials and methods
2.1 Materials and reagents

Wheat straw was collected from agricultural fields in Huaibei
City, Anhui Province, China. The straw was thoroughly rinsed
with deionized water, air-dried in sunlight, and then further
dried in an oven at 80 °C. The dried wheat straw was pulverized
using a laboratory mill, passed through a 2 mm sieve, and
stored in sealed containers until further use.

Biochars were synthesized via oxygen-limited pyrolysis of
wheat straw in a mulffle furnace under N, atmosphere (flow rate:
200 mL min ). Pyrolysis was conducted at 300 °C and 500 °C
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for 2 h with a heating rate of 10 °C min . After pyrolysis, the
samples were cooled to ambient temperature and collected. The
obtained products were ground using an agate mortar and
pestle, sieved through a 100-mesh sieve, and sealed in airtight
bags for subsequent use. The biochars prepared at different
pyrolysis temperatures were designated as WS300 and WS500,
respectively. Potassium dichromate (K,Cr,0;, analytical grade,
=99.8%) was used as the Cr(vi) source.

2.2 Characterization of biochar

The bulk elemental contents of carbon (C), hydrogen (H),
nitrogen (N), and sulfur (S) in the biochars were determined
using an elemental analyzer (Vario EL Cube, Elementar, Ger-
many). Oxygen (O) content was calculated via mass balance. The
thermal stability of wheat straw was measured using a simulta-
neous thermal analyzer under N, atmosphere at a heating rate
of 10 °C min™" from room temperature to 800 °C (STA200,
Hitachi, Japan). Specific surface area and pore volume were
determined by N, physisorption at —196 °C (ASAP 2460,
Micromeritics, USA; degassing under vacuum at 60 °C for 3 h).
Micromorphology and elemental mapping were examined by
SEM-EDS (Regulus 8220, Hitachi, Japan). Crystalline phases
were analyzed by XRD (Empyrean, Malvern Panalytical, Neth-
erlands; Cu-Koa radiation, 40 kV, 40 mA, 20 range: 5-80°).
Surface functional groups were characterized by FTIR (Nicolet
iS50, Thermo Fisher, USA; KBr pellet method, 400-4000 cm ™).
Surface elemental composition and chemical states were
analyzed by XPS (Axis Supra+, Kratos, Japan; monochromatic Al-
Ko source, 1486.69 eV, 150 W, vacuum level: 5 x 10~° torr,
binding energy range: 0-1200 eV for survey spectra, full-
spectrum scans: 1, narrow-region scans: 1-5 depending on
signal strength). XPS spectra were processed using CasaXPS
(v2.3.24) with charge correction to C 1s at 284.8 eV.

2.3 Adsorption experiments

For isothermal adsorption experiments, 0.100 g of biochar was
added to a 50 mL centrifuge tube containing 30 mL of Cr(vi)
solution (prepared from K,Cr,0;). The initial solution pH was
adjusted to 6.0 using 0.1 M HCI or NaOH, as this value falls
within the typical pH range of natural waters (6.0-8.0)*> and
avoids both the instability of biochar under strongly acidic
conditions and the potential precipitation of chromium
hydroxides under alkaline conditions,* thereby allowing
a focused investigation of the adsorption process. Initial Cr(vi)
concentrations ranged from 1 to 300 mg L™" (1, 20, 40, 60, 80,
100, 120, 150, 200, 300 mg L '). Biochar-free controls were
included to quantify non-adsorptive losses. Tubes were shaken
(120 rpm, 25 £ 0.5 °C) for 24 h (equilibrium confirmed by
preliminary tests). Solutions were then filtered (0.45 pm PTFE
membrane), and Cr(vi) concentrations in the filtrate were
measured using the diphenylcarbazide (DPCI) method.** The
detailed procedure, including reagent preparation and colori-
metric determination, is provided in the SI (SI. 1). To determine
total chromium, an aliquot of the filtrate was subjected to
oxidation using potassium permanganate (KMnO,) in an acidic
medium, followed by the same DPCI method analysis. The
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concentration of Cr(ur) was calculated as the difference between
total Cr and Cr(v1). The biochar from the 200 mg L™ " adsorption
group was rapidly rinsed with deionized water until the Cr(vi)
concentration in the rinse solution fell below the detection
limit, and then freeze-dried (—50 °C, 48 h) for post-adsorption
characterization.

For kinetic adsorption experiments, a total of 0.100 g biochar
was mixed with 30 mL Cr(vi) solution (80 mg L™, pH 6.0) in
50 mL tubes. Triplicate samples were shaken (120 rpm, 25 £ 0.5
°C), and aliquots were collected at ¢ = 1, 5, 10, 15, 30, 60, 120,
240, 480, 960, 1440 min. Solutions were filtered (0.45 pm PTFE),
and Cr(vi) concentrations were analyzed as above. Biochar-free
controls were processed identically.

2.4 Data processing

The Langmuir and Freundlich isotherm models were applied to
fit the data, with model fitting and data plotting conducted
through Origin 2021 software. Eqn (1) and (2) represent these
two models, respectively.

de = Cc X gm X KL/(I + KL X Cc) (1)
ge = K x CM™ (2)

where C, represents the equilibrium concentration of Cr(vi) (mg
L"), gm denotes the theoretical maximum adsorption capacity
according to the Langmuir model (mg g™ "), K is the Langmuir
constant (L mg ™), g. is the adsorption capacity of the adsorbent
at equilibrium (mg g™'), K; is the Freundlich constant ((mg
g M) (mg L") """, and n is a Freundlich constant indicative of
heterogeneity and adsorption intensity.

The kinetics adsorption experimental results were analyzed
using both the pseudo-first-order (PFO) kinetic model (eqn (3))
and the pseudo-second-order (PSO) kinetic model (eqn (4)). The
rate-limiting step of the adsorption process was assessed using
the intraparticle diffusion model (eqn (5)):

gt = qe — exp(In(ge) — K1) 3)
t/qt = I/quez + t/qe (4)
g =Kqt"* + C (5)

where g, (mg g ") represents the adsorption capacity at any
given time ¢ (min); g. (mg g~ ') represents the equilibrium
adsorption capacity; K; (min~') and K, (g (mg min) ") are the
equilibrium rate constants; K4 (2 (mg min*?)~?) is the internal
diffusion rate constant; and C is a constant related to boundary
layer thickness.

3 Results and discussion
3.1 Adsorption isotherm

Fig. 1 depicts the adsorption isotherms of Cr(vi) onto WS300
and WS500. It illustrates that as the concentration of Cr(vi)
increases, the equilibrium adsorption capacity of both biochars
progressively rises. When the initial concentration reached
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Fig. 1 Adsorption isotherms of Cr(vi) onto WS300 and WS500. The
solid lines represent the Langmuir model fitting curves, whereas the
dashed lines represent the Freundlich model fitting curves.

200 mg L', the adsorption process approached saturation,
evinced by the gradual leveling off of the curve. At lower
concentrations, unoccupied sites facilitate increased adsorp-
tion; additionally, higher concentrations intensify mass transfer
driving forces.”® However, saturation occurs as sites become
fully occupied.

According to Table 1, the saturated adsorption capacities
were 12.07 mg g~ (WS300) and 23.39 mg g~ ' (WS500), con-
firming a 1.94-fold higher capacity for WS500. The Freundlich
coefficient Ky values (2.642 for WS500 vs. 2.335 for WS300),
which were >1, indicating favorable adsorption and stronger
affinity of WS500.>¢ Notably, the Langmuir model achieved
higher fitting accuracy (0.994 for WS300 and 0.998 for WS500)
than the Freundlich model (0.955 for WS300 and 0.965 for
WS500) (Table 1), demonstrating monolayer adsorption domi-
nates the process.””

To further evaluate the adsorption performance of WS500,
its maximum adsorption capacity was compared with those of
other biochar-based adsorbents reported in the literature. Upon
comparison, the g, value of WS500 for Cr(vi) is at a moderate
level among unmodified biochars derived from agricultural
wastes.”**' Given the wide availability of wheat straw feedstock
and the facile, low-energy preparation process, WS500 can be
considered a promising and cost-effective adsorbent for Cr(vi)
removal from aqueous environments.

3.2 Adsorption kinetics model

Fig. 2a and b present the adsorption kinetic curves of Cr(vi) onto
WS300 and WS500. During the initial adsorption phase (the first
2 h), the adsorption capacity of both biochars increased rapidly,
with WS500 exhibiting a steeper slope than WS300. This sharp
rise was attributed to the abundant available active sites on the
surfaces of both biochars during this initial stage, which
provided ample binding sites for Cr(vi), thus facilitating rapid

RSC Adv, 2026, 16, 20103-20116 | 20105
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Table 1 Adsorption isotherm parameters of Cr(vi) adsorption on WS300 and WS500

Langmuir model Freundlich model
Samples q(mgg™) Ky (mgL™) R’ n K [(mg g™")(mg L))" R{
WS300 12.07 0.026 0.994 2.337 2.335 0.955
WS500 23.39 0.045 0.998 2.570 2.642 0.965

surface adsorption. After 2 h, the adsorption rate gradually
decelerated, and the system reached dynamic adsorption
equilibrium within approximately 12 h. Notably, WS500 ach-
ieved a higher equilibrium adsorption capacity than WS300.
This difference could be explained by the progressive depletion
of Cr(vi) in the solution and the gradual occupation of active
sites on the adsorbent surfaces until
approached.?

The kinetic fitting results (Fig. 2 and Table 2) demonstrated
that the pseudo-second-order (PSO) model yielded higher R*
values (0.992 for WS300; 0.991 for WS500) compared to the
pseudo-first-order (PFO) model, and its calculated g. values
(8.67 and 10.78 mg g ') were in closer agreement with the
experimental data. The PSO model assumes that the adsorption

saturation was

12

Qt( mg/g)

1 1
1200 1400 1600

rate is governed by chemisorption, which involves valence
forces between the adsorbent and adsorbate through electron
sharing or exchange.*® However, the PSO model is empirical in
nature, and its fitting results should only be considered as
a reference for the possibility that chemisorption may be the
rate-controlling step. Further confirmation requires integration
with additional characterization analyses.

For the intraparticle diffusion model (Fig. 2c and Table 3):
stage 1 involves liquid film diffusion, stage 2 intraparticle
diffusion/adsorption, and stage 3 equilibrium.** Non-zero
intercepts in Table 3 indicated that intraparticle diffusion was
not the sole rate-limiting step. The higher K4, values than Ky,
(0.747 > 0.13 for WS300; 0.835 > 0.19 for WS500) confirmed
faster liquid film diffusion relative to intraparticle diffusion.*
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Fig. 2 Fitting results of the adsorption kinetic models: (a) PFO model; (b) PSO model; (c) intraparticle diffusion model.
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PFO model PSO model

Samples ge (mgg™) K; (min™") R,* ge (mg g™ K, (g (mg min)™") R,”
WS300 7.86 0.003 0.962 8.67 0.002 0.992
WS500 9.78 0.017 0.955 10.78 0.002 0.991
Table 3 Fitting parameters of the intraparticle diffusion model
Samples Kai Ka» Kas c, C, C; Rz R)%
WS300 0.747 0.13 1.78 x 10°* —0.386 4.861 8.422 0.987 0.999
WS500 0.835 0.19 4.44 x 107° —0.317 5.424 10.447 0.983 0.935
Table 4 The characteristic parameters of wheat straw biochar prepared at various pyrolysis temperatures

Elemental mass ratio (%) Atomic molar ratio
Samples C H N S (o) H/C O/C (N+0)/C Ash mass content (%)
WS300 57.10 4.21 2.14 0.40 36.15 0.074 0.632 0.670 10.6
WS500 79.39 4.10 3.05 0.33 13.13 0.052 0.168 0.204 31.6

Critically, WS500 exhibited greater K, values in stages 1-2 (0.835
vs. 0.747; 0.19 vs. 0.13), indicating that WS500 exhibited faster
adsorption rate. This may be attributed to the provision of more
available adsorption sites on WS500.

3.3 Elemental and thermogravimetric analyses

The organic element composition and ash content of wheat
straw biochars prepared at various pyrolysis temperatures are
presented in Table 4. As the pyrolysis temperature increased,
the mass content of carbon (C) rose from 57.10% to 79.39%,
while the oxygen (O) content decreased from 36.15% to 13.13%.
The contents of N, H, and S remained relatively constant. The H/
C atomic molar ratio declined from 0.074 for WS300 to 0.052 for
WS500, indicating an enhanced aromatic condensation degree
in WS500. Additionally, the O/C atomic molar ratio decreased
from 0.632 to 0.168, signifying a reduced oxidation degree in the
higher-temperature biochar. The (N + O)/C atomic molar ratio
decreased significantly from 0.670 to 0.204, implying that
WS500 possesses lower polarity and higher hydrophobicity than
WS300.

To investigate the pyrolysis behavior and thermal stability of
wheat straw under an N, atmosphere, thermogravimetric
analysis was performed, and the resulting thermogravimetric
(TG) and derivative thermogravimetric (DTG) curves are pre-
sented in Fig. 3. The pyrolysis process of wheat straw can be
divided into three distinct stages. The first stage (30-200 °C)
corresponds to the drying and dehydration phase. In this stage,
the TG curve exhibits a gradual decline, with a cumulative mass
loss of approximately 5% to 10%, primarily attributed to the
evaporation of free and bound water in the raw wheat straw
sample.* The second stage (200-450 °C) represents the pyrol-
ysis stage and constitutes the core phase of thermal

© 2026 The Author(s). Published by the Royal Society of Chemistry

decomposition. Within this temperature range, the TG curve
shows a sharp decline, with a mass loss accounting for
approximately 70% to 80% of the total mass loss. A sharp
characteristic peak appears in the DTG curve, with a peak
temperature ranging from 300 °C to 400 °C, indicating the
maximum mass loss rate throughout the entire pyrolysis
process. During this stage, hemicellulose and cellulose undergo
extensive pyrolytic decomposition, generating substantial
amounts of volatile gases (e.g., CO, CO,, methane, aldehydes,
and ketones) and tar.*”*® The third stage (450-800 °C) is asso-
ciated with the carbonization stage. As the temperature exceeds
450 °C, the TG curve gradually flattens, and the rate of mass loss

Mass fraction (%)
dm/dt (%/min)

1 1 1 1 1 1 1

-0.5
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 3 Thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves of wheat straw obtained from 30 °C to 800 °C under a N,
atmosphere.
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Table 5 Specific surface area, pore volume, average pore diameter and zeta potential (pH = 6.0) of wheat straw, WS300, and WS500

Specific surface

Pore volume

Average pore Zeta potential

Samples area (m> g™ ") (em® g™ diameter (nm) (mv)
Wheat straw 4.7315 0.007 6.3405 —
WS300 0.2723 0.861 36.6197 —34.21
WS500 2.7165 1.020 38.1201 —-31.15

decreases markedly. By 800 °C, the pyrolysis process is essen-
tially complete, the sample mass remains stable, and the final
carbon residue is approximately 20% to 30%.

3.4 BET and zeta potential analysis

The pore structures of raw wheat straw and its derived biochars
were characterized via N, adsorption-desorption isotherms
measured at —196 °C. As shown in Table 5, the specific surface
area (SSA) was 0.2723 m? g~ ' for WS300 and 2.7165 m* g~ * for
WS500, while that of the raw wheat straw was 4.7315 m” g~ ".
The total pore volume of WS500 reached 1.02 cm® g *, corre-
sponding to an approximately 18.5% increase relative to WS300
(0.861 cm® g ), and both values were substantially higher than
that of the raw wheat straw (0.007 cm® g~ '). Given that the pore
volume data were derived from robust adsorption signals in the
high-pressure region (P/P, = 0.99) and exhibited high
measurement reproducibility,® this increase reliably reflects
a substantial enhancement in porosity during high-temperature
pyrolysis. Moreover, the average pore diameters of the two bi-
ochars (36.6 nm for WS300 and 38.1 nm for WS500) were
notably larger than that of the raw wheat straw (6.34 nm). The
comparable average pore diameters between the two biochars
demonstrate that pyrolysis temperature imposed no significant
effect on the characteristic pore dimensions.

1.4

—=— WS300
—o— WS500

dV/dlog(D) (cm3/g-nm)
S S s s = =
5} S (=} -] [} ~
T T T T T T

S
=
T

PR R R R RS R R S
0 20 40 60 80 100 120 140 160

Pore Diameter (nm)

Fig. 4 The pore size distribution curves of WS300 and WS500
determined by the Barrett—Joyner—Halenda (BJH) method. Both bi-
ochars exhibit similar distribution patterns; WS500 displays higher pore
volumes than WS300 across the measured range.
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Fig. 4 presents the pore size distribution curves for both
samples obtained using the Barrett-Joyner-Halenda (BJH)
method. WS300 and WS500 exhibited similar distribution
patterns, both showing pronounced peaks around 52 nm,
indicating consistent pore architectures spanning the meso-
porous to macroporous range (according to IUPAC pore classi-
fication). However, a key distinction lies in the consistently
higher pore volume observed for WS500 across the entire
measured pore size range, particularly between 20-140 nm. This
overall elevation may suggest that elevated pyrolysis tempera-
ture contributed to an increase in pore number density rather
than modifying the characteristic pore size.

In summary, despite the limited SSA values that constrain
direct comparison via BET analysis, the marked increase in pore
volume and the overall elevation of the pore size distribution
collectively confirm that WS500 possesses a more developed
porous network. From a structural standpoint, this makes
WS500 more advantageous than WS300 as an adsorbent, as it
can theoretically provide greater adsorption accommodation
capacity and a higher density of accessible active sites.

The zeta potentials of the two biochars were measured at pH
6.0, and the results are shown in Table 5. At this pH, both bi-
ochars were negatively charged, with zeta potentials of
—34.21 mV for WS300 and —31.15 mV for WS500. At this pH,
Cr(vi) predominantly exists as anionic species, primarily
HCrO,  and CrO,*>”,* creating an electrostatic barrier to their
approach toward the negatively charged biochar surfaces.
Nevertheless, the substantial Cr(vi) uptake, especially by WS500,
indicates that the adsorption process itself surpasses the elec-
trostatic repulsion.

3.5 SEM-EDS analysis

The results of SEM imaging analysis of the biochar samples are
presented in Fig. 5, and the EDS elemental mapping results for
WS300-Cr and WS500-Cr are shown in Fig. 6 and 7, respectively.
The wheat straw biochars exhibited a porous tubular
morphology, which is potentially favorable for Cr(vi) adsorption.
Elevating the pyrolysis temperature from 300 °C (Fig. 5a) to
500 °C (Fig. 5b) resulted in a marked increase in both pore
quantity and volume within the biochar structure. These
morphological observations were consistent with the pore
volume and pore size distribution data presented in Table 5.
The EDS elemental mapping for C (Fig. 6b and 7b) confirmed
the carbon-rich nature of the biochars. For WS300, the
elemental mapping revealed strong spatial overlap between the
distributions of silicon (Si, Fig. 6c) and oxygen (O, Fig. 6e).
Furthermore, the distribution patterns of Si (Fig. 7¢), aluminum

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM image (a) and corresponding EDS elemental mapping images (b—e) of WS300-Cr.
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Fig. 7 SEM image (a) and corresponding EDS elemental mapping images (b—f) of WS500-Cr.
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Fig. 5 SEM images of WS300 (a) and WS500 (b). Both biochars exhibit porous tubular structures; WS500 shows increased pore quantity and
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Fig. 8 X-ray diffraction patterns of wheat straw biochars (WS300 and
WS500) before and after Cr(vi) adsorption. Both pristine biochars
display multiple sharp diffraction peaks. After adsorption, a universal
attenuation of all diffraction peak intensities is observed in both
WS300-Cr and WS500-Cr, with some peaks showing near-complete
disappearance.

(Al, Fig. 7d), and O (Fig. 7e) on the WS500 surface exhibited
substantial spatial overlap. From the SEM image (Fig. 5), it is
evident that the small particles dispersed on the biochar
surfaces primarily comprise mineral components containing Si,
Al, and O, such as silicates and aluminosilicates.

The EDS analysis of WS300-Cr and WS500-Cr samples (post
Cr(vi) adsorption) demonstrated contrasting results. Specifi-
cally, WS300-Cr did not exhibit a significant Cr signal following
adsorption, whereas a relatively prominent Cr signal was
observed for WS500-Cr (Fig. 7f). This finding underscores the
superior Cr(vi) removal capacity of WS500 compared to WS300.
The distribution patterns of O and Cr on the WS500-Cr surface
were highly consistent (Fig. 7e and f), suggesting that chromium
was deposited in association with oxygen. This co-localization
implies that some adsorbed Cr(vi) may have existed as oxy-
anions (e.g., HCrO, ), while another portion is reduced to
Cr(m), forming amorphous hydroxides (e.g., Cr(OH)3) or surface
complexes, thereby leading to the observed Cr-O spatial corre-
lation.** The absence of a distinct Cr signal by EDS for WS300-
Cr, despite its lower adsorption capacity confirmed later by
XPS, may be attributed to detection sensitivity limitations or the
nature of the adsorbed species.

3.6 X-ray diffraction analysis

As illustrated in Fig. 8, the diffraction peaks observed at 20.8°,
26.6°, 36.5°, 50.6°, and 60.0° for both WS300 and WS500 cor-
responded to a-quartz. Peaks at 28.3°, 39.4°, 40.5°, and 68.1°
were indicative of potassium salts, including KCl and K,COs.
Potassium was derived from the alkali metals inherent in the
wheat straw,” primarily existing in ionic form within the
organic matrix of the biomass.*® During pyrolysis, the
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decomposition of the organic components released potassium,
which subsequently combined with CI~ and CO;>~ to form
crystalline potassium salts.* The broad diffraction feature
observed between 20.8° and 26.0° suggested the presence of
residual carbonaceous structures derived from cellulose/
hemicellulose.*

A universal attenuation of XRD peak intensities was observed
for the Cr(vi)-adsorbed biochars (WS300-Cr and WS500-Cr). This
attenuation arose from the following mechanisms: (1) dissolu-
tion of soluble minerals during post-adsorption washing,
particularly affecting KCI and K,CO3, as evidenced by the near-
disappearance of their characteristic peaks, consistent with the
high solubility of these potassium salts; (2) surface amorph-
ization induced by newly formed non-crystalline chromium
species (e.g., Cr(m)-containing complexes or hydroxides), which
may have reduced X-ray penetration efficiency or introduced
disorder. This surface layer contributed to the uniform attenu-
ation observed for quartz peaks. The presence and trans-
formation of these mineral components have important
implications for chromium immobilization. Although potas-
sium salts themselves are not reducing agents, their dissolution
may locally alter the surface micro-environment (e.g., ionic
strength or pH), thereby affecting Cr(vi) adsorption. The inhib-
itory effect of potassium salts on Cr(vi) adsorption was
confirmed by background ion interference experiments
(Fig. S1). Additionally, the attenuation of mineral reflections,
together with the spatial co-localization of elements observed
via EDS, suggests that mineral components served as substrates
for the deposition or complexation of reduced Cr(m) species.

3.7 Fourier transform infrared spectrum analysis

Fourier-transform infrared spectroscopy was employed to
characterize the surface functional group composition of the
biochar samples. Fig. 9 presents comparative spectral profiles
obtained before and after Cr(vi) adsorption. Broad bands
centered around 3413 cm ' were assigned to O-H stretching
vibrations.*® Peaks at approximately 1617 cm ™' (WS300) and
1624 cm™' (WS500) represented stretching vibrations of
aromatic C=C rings.”” The absorption band near 1402 cm ™"
demonstrated asymmetric bending vibrations of C-H bonds.
Multiple peaks within the 1030-1140 cm ™" range (specifically at
1030 cm ™', 1067 cm ™', 1120 cm ™', and 1140 cm ") arose from
C-O-C stretching vibrations in ester, ether, and phenol
groups.***® Additional spectral features included a band at
949 cm™ ' potentially associated with O-H bending vibrations or
other functionalities, and out-of-plane C-H bending vibrations
of aromatic systems observed at 615 cm !, 617 cm ', and
761 cm™1.***° Notably, the peaks around 615-617 cm ™ * may also
originate from metal-oxygen vibrations (e.g., Cr-O), particularly
in Cr-laden samples.® This spectral evidence confirms the
presence of diverse oxygen-containing functional groups
(hydroxyl, carboxyl, ester, ether) on the biochar surface.

A comparative analysis of the FTIR spectra of WS300 and
WS500 revealed distinct differences in functional group
composition. The O-H stretching vibration band (~3413-
3415 em ') exhibited significantly higher intensity in WS500

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 FTIR spectra of wheat straw biochars (a) WS300 and (b) WS500 before and after Cr(vi) adsorption. WS500 exhibits stronger absorption
intensities than WS300. After adsorption, intensity changes occur in both biochars; WS500 additionally shows band position shifts in the low-

wavenumber region.

compared to WS300, suggesting a greater abundance of
hydroxyl groups in the biochar pyrolyzed at 500 °C. The peak at
1617 cm ™', associated with conjugated aromatic C=C vibra-
tions, showed enhanced intensity in WS500 relative to WS300,
indicating increased aromaticity at higher pyrolysis tempera-
tures. In the region associated with C-O-C stretching vibrations
(1000-1300 cm "), WS500 demonstrated stronger signals at
1067 cm ' and 1120 cm ™" relative to the peak at 1030 cm ™'
observed for WS300. Notably, a distinct characteristic peak at
949 cm™ " was observed in the spectrum of WS500, which was
absent or extremely weak in that of WS300. Critically, after Cr(v)
adsorption, the characteristic peak at 615 cm™' in pristine
WS500 underwent a 2 cm ™' blue shift to 617 cm™!, with
a pronounced increase in absorption intensity, while no such
spectral change was observed for WS300. This evolution corre-
lates with Cr-O vibrations from newly formed Cr(m) surface
complexes.

While elemental analysis indicated a lower bulk O/C ratio for
WS500, suggesting a higher degree of carbonization and
enhanced aromaticity, FTIR analysis revealed prominent
absorption signals attributable to surface oxygen-containing
functional groups on WS500. This phenomenon reveals the
bulk-surface chemical heterogeneity of WS500: although its
bulk phase is rich in aromatic carbon structures, its surface
layer or pore edges retain or form abundant oxygen-containing
functional groups, particularly hydroxyl and ether groups.
These groups facilitate Cr(vi) reduction and subsequent Cr(1)-O
complexation, potentially contributing to its superior Cr(vi)
adsorption capacity compared to WS300.

3.8 X-ray photoelectron spectroscopy

Fig. 10a and b illustrate the XPS survey spectra of WS300 and
WS500 before and after Cr(vi) adsorption. Prior to adsorption,
distinct peaks corresponding to Si 2p (103.1 eV), C 1s (calibrated
to 284.8 eV), N 1s (400.1 eV), and O 1s (532.7 eV) were observed
for both biochars. Following Cr(vi) adsorption, a new peak
emerged at 580.3 eV, attributable to Cr 2p in both materials.*>**

© 2026 The Author(s). Published by the Royal Society of Chemistry

Notably, while EDS analysis did not detect a significant Cr
signal for WS300 post-adsorption, XPS confirmed Cr adsorption
on WS300-Cr, albeit with lower intensity compared to WS500-
Cr.

Fig. 10c presents the high-resolution Cr 2p spectra for
WS300-Cr and WS500-Cr. The spectra exhibited characteristic
spin-orbit doublets with Cr 2p;/, at 577.6 eV and Cr 2p4), at
587.6 eV. Deconvolution of the Cr 2p;, region resolved two
components: a dominant peak at 577.4 eV assigned to Cr(u) and
a minor peak at 580.3 eV assigned to Cr(vi). Similarly, the Cr
2p,, region revealed a primary contribution from Cr(m) at
587.3 eV and residual Cr(vi) at 589.8 eV. This confirms the
partial reduction of adsorbed Cr(vi) to Cr(i).>* The reliability of
this peak assignment was validated by a control XPS analysis of
pure K,Cr,0,, which showed no detectable Cr(m) signals under
the same measurement conditions (Fig. S2). Additionally,
diffuse reflectance spectroscopy (DRS) was attempted to char-
acterize Cr species on the biochar surface after adsorption;
however, no discernible signals were detected due to strong
background absorption of the biochar matrix (Fig. S3). This
reduction was further corroborated by aqueous chromium
speciation analysis. In a representative adsorption experiment,
0.1 g of WS500 was used to adsorb 30 mL of Cr(vi) solution with
an initial concentration of 20 mg L™" (where initial total Cr was
equal to Cr(vi)). After adsorption, the residual Cr(vi) concentra-
tion was 6.78 mg L™, while the residual total Cr concentration
was 7.10 mg L™ ". The difference of 0.32 mg L " between total Cr
and Cr(vi) indicated the presence of Cr(m) in the post-
adsorption solution. This Cr(ur) could have originated from
the reduction of Cr(vi) by the biochar, providing independent
evidence that reduction occurred during the adsorption
process. Mass balance calculations further revealed that the
amount of Cr(vi) removed from the solution (12.90 mg L)
substantially exceeded the total Cr remaining in solution, con-
firming that the majority of the reduced Cr(m) was simulta-
neously adsorbed onto the biochar surface. The more
pronounced Cr(im) signals for WS500-Cr indicated its stronger
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reduction capability, likely facilitated by its abundant phenolic
—-OH groups (acting as electron donors) and enhanced C-O-C
moieties (potentially acting as electron transfer mediators),** as
evidenced by the intensified FTIR vibrations. Furthermore,
FTIR analysis revealed a significantly higher intensity of the
aromatic C=C bond in WS500, suggesting that its enhanced
reduction capability may also be associated with aromatic
carbon structures. The enhanced aromatic carbon structures in
biochar may provide additional electron donors for Cr(vi)
reduction by hosting persistent free radicals.** However, this
potential contribution requires further targeted investigation.
Fig. 10d illustrates the high-resolution C 1s spectra of
WS300, WS500, WS300-Cr, and WS500-Cr. Prior to adsorption,
the C 1s spectrum of WS300 was deconvoluted into three peaks:
C-C/C-H at 284.8 eV (53.44%), C-OH/C-O-C at 285.6 eV
(40.12%), and O-C=0 at 288.7 eV (6.44%). For WS500, the
corresponding peaks were C-C/C-H (284.8 eV, 40.98%), C-OH/
C-0O-C (286.4 eV, 52.51%), and O-C=0 (289.5 €V, 6.51%).*' The
significantly higher relative abundance of C-OH/C-O-C groups
in WS500 (52.51% vs. 40.12% in WS300) aligned with the FTIR
observations, contributing to its superior affinity for Cr(vi).*
After adsorption, the C 1s spectrum of WS300-Cr exhibited
peaks at 284.8 eV (C-C/C-H, 69.59%), 286.0 eV (C-O, 18.25%),
and 287.9 eV (O-C=0, 12.16%), while WS500-Cr showed peaks
at 284.8 eV (C-C/C-H, 57.18%), 285.9 €V (C-O, 32.12%), and
288.7 eV (0-C=0, 10.70%). The marked reduction in C-OH/C-
O-C content alongside the increase in O-C=O intensity
confirmed the oxidation of C-OH groups to carboxyl moieties
during the reduction of Cr(vi) to Cr(m).*® Additionally, Cr(m)
formed coordination bonds with oxygen-containing functional
groups on the biochar surface (including pre-existing C-O and
newly generated O-C=0), leading to the stabilization of Cr-O
coordination complexes and subsequent immobilization.*”
Fig. 10e depicts the high-resolution O 1s spectra before and
after adsorption. Pre-adsorption analysis showed for WS300:
0-C=0 at 531.7 eV (31.09%) and C-OH at 533.2 eV (68.91%),
while WS500 exhibited O-C=0 at 532.2 eV (38.24%) and C-OH
at 533.5 eV (61.76%).”* Post-adsorption, WS300-Cr retained
similar peaks at 531.7 eV (attributed to overlapping O-C=0 and
potential O-Cr contributions, 44.05%) and 533.2 eV (C-OH,
55.95%), consistent with its lower Cr adsorption capacity. In
contrast, WS500-Cr displayed significant changes: a peak at
531.4 eV (assigned to O-C=0 and O-Cr, 19.80%) showed an
absolute decrease of 18.44% in the O-C=0 component inten-
sity compared to pre-adsorption, and a dominant new peak
emerged at 532.7 eV (80.20%). This new peak at 532.7 eV was
assigned to overlapping C-OH and Cr(ur)-OH surface hydroxyl
groups formed during the reduction and complexation process.
The emergent Cr(ur)-OH component (532.7 eV) directly corre-
lated with the intensified Cr-O vibration observed at 617 cm ™"
in FTIR spectra, providing complementary molecular-level
evidence for Cr-O bonding. The pronounced decrease of pre-
existing O-C=O0 groups and the emergence of the dominant
Cr(u1)-OH/C-OH peak at 532.7 eV provided direct evidence for
Cr(m) complexation with surface oxygen functional groups.
Crucially, the lack of characteristic diffraction patterns for
crystalline chromium oxides (e.g., Cr,O; at 24.3° and 36.2°) in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the XRD spectra of WS500-Cr (along with WS300-Cr) further
verified that the immobilized chromium exists predominantly
as atomically dispersed surface complexes or amorphous
hydroxides rather than long-range ordered oxides.

Collectively, the XPS detection of Cr(ur)-OH bonds, FTIR
evidence of Cr-O vibrations, and XRD absence of crystalline Cr
phases confirmed that chromium was immobilized through
coordination with surface functional groups rather than
through mineral precipitation, with EDS elemental colocaliza-
tion further supporting this mechanism.

4 Conclusion

Pyrolysis temperature critically controlled wheat straw biochar
properties and its Cr(vi) adsorption performance. Elevating
temperature from 300 °C to 500 °C increased carbon content
and pore volume while reducing polarity. Concurrently, higher
pyrolysis temperature enriched redox-active functional groups
(e.g., phenolic -OH) and enhanced their electron-donating
capacity. Consequently, WS500 achieved a 1.94-fold higher
adsorption capacity than WS300. The process followed Lang-
muir monolayer adsorption and pseudo-second-order chemi-
sorption, with mechanisms involving: (1) initial rapid uptake
via pore filling; (2) Cr(vi) reduction to Cr(m) via electron transfer;
(3) Cr(m) complexation.
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