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The preparation of wheat straw biochar (MWSB) was optimized using
response surface methodology (RSM) with a Box-Behnken Design (BBD)
to maximize Cr(VI) removal. Parameters assessed were wheat straw
particle size, KOH modifier concentration, and pyrolysis temperature.
Optimal conditions (0.1 mm particle size, 3 mol/L KOH, 494 °C pyrolysis)
yielded 86.5% Cr(VI) removal efficiency. Adsorption kinetics followed the
pseudo-second-order model, and isotherm data fitted the Langmuir model,
indicating monolayer adsorption limited by site density. The Langmuir
model gave a maximum adsorption capacity (Qmax) of 105.28 mg/g at 25
°C. MWSB was characterized using SEM-EDS, FTIR, Raman
spectroscopy, and XPS. The optimized MWSB preparation significantly
enhanced the efficacy and feasibility of wheat straw in environmental
applications, particularly for Cr(VI) removal.
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INTRODUCTION

Chromium in the natural world is widely distributed in the Earth’s crust, primarily
existing as chromite (FeCr204) within minerals. Chromium is an important metal pollutant,
which has caused serious water pollution due to its widespread use in industries such as
tanning, metallurgy, batteries, and textiles (Lin ez al. 2018). Chromium exists primarily in
water as hexavalent chromium (Cr(VI)) and trivalent chromium (Cr(II)). Among these
two forms, Cr(Ill) serves as an essential trace element critical for human physiological
functions and is relatively non-toxic. In contrast, hexavalent chromium is a highly toxic,
carcinogenic, and mutagenic water pollutant that poses a severe threat to human health and
the environment, thus attracting widespread attention from researchers (Altundogan 2005;
Liu et al. 2016; Ahmad et al. 2022). In typical Cr(VI)-contaminated water and wastewater
from electroplating, the concentration of Cr(VI) ranges between 30 to 200 mg-L™!, which
is significantly higher than the World Health Organization's limit of 50 micrograms per
liter (Lyu et al. 2017). Considering the toxicity of hexavalent chromium, it is necessary to
find a green and sustainable method for removing hexavalent chromium from the aquatic
environment.
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The purification technologies usually used for Cr(VI)-containing sewage include
precipitation, membrane filtration, amine solvent extraction, ion exchange, adsorption,
electrodeposition, and other biological processes (Sinha et al. 2022; Jamil et al. 2023).
Among these technologies, adsorption is a preferred method due to its advantages of being
easy to handle, flexible, and efficient (Zhao et al. 2015; Bibi et al. 2018). Common
adsorbents used for the adsorption of hexavalent chromium include biochar, activated
carbon, clay minerals, organic polymers, and nano-metal oxides (Islam et al. 2019). Most
adsorbents, such as activated carbon and clay minerals, are costly and difficult to recycle.
Therefore, developing new types of adsorbents that are simple to synthesize, low-cost, and
chemically stable has become an urgent issue to address (Bachmann et al. 2022).

Biochar, a structural carbon matrix characterized by high porosity and a large
specific surface area, contains complex surface-active functional groups (Ali et al. 2020;
Kapoor et al. 2021; Sinha et al. 2022; Lalmalsawmdawngliani et al. 2024), which allows
it to be used as an adsorbent or carrier of other catalysts to remove Cr(VI) from aqueous
solutions (Li et al. 2019; Zeng et al. 2021). Biochar has a wide range of sources; common
agricultural and forestry wastes, such as wheat straw, bagasse, banana peels, and peanut
shells, can all serve as raw materials to produce biochar. Fang et al. engineered
nZVI@CMBC—a chicken manure-derived biochar composite loaded with nanoscale zero-
valent iron—and applied it to effectively eliminate hexavalent chromium from wastewater
(Fang et al. 2022). The results showed that under acidic conditions, the removal efficiency
of the nZVI/CMBC composite for hexavalent chromium could reach 124 mg/g. Luo et al.
engineered BC-Ce, a nanoceria-functionalized biochar derived from peanut shells, through
a sequential impregnation-precipitation-pyrolysis approach, achieving simultaneous
adsorption and reduction of Cr(VI) in water with a low-cost, recyclable material (Luo et
al. 2023). The results showed that BC-Ce exhibited excellent adsorption efficacy for
hexavalent chromium (Cr(VI)), with the Langmuir model calculating a maximum capacity
of'47.8 mg/g. The aforementioned research has demonstrated the feasibility and advantages
of utilising agricultural waste to prepare highly efficient adsorbents, providing valuable
insights for the high-value utilisation of wheat straw. Wheat is the staple food grain in
North China and has abundant straw resources (Zhang et al. 2019; Lu et al. 2021).
Although the comprehensive utilization rate of straw is increasing each year (Wang et al.
2020a), there are still regional, seasonal, and structural excess phenomena (Zhang et al.
2019; Chen et al. 2020). According to statistics, between 2011 and 2022, China’s annual
wheat straw production increased from approximately 139 million tonnes to around 161
million tonnes (Junjie et al. 2025). However, a large amount of wheat straw is not
effectively utilized each year. Due to the time-consuming and labor-intensive nature of
straw return to fields, the phenomenon of straw burning has become increasingly common.
The burning of straw releases a large amount of pollutants, leading to many environmental
problems (Zhang et al. 2013). Using wheat straw as a raw material for the preparation of
biochar is one of the effective ways to reuse it, while also reducing its negative impact on
the environment. Concurrently, the elemental composition of wheat straw indicates
significant potential for preparing wheat straw biochar. Carbon and oxygen constitute the
primary elements in wheat straw, with carbon content accounting for approximately 40 to
50%. Although wheat straw also contains minerals such as silica and other inorganic
elements naturally, the ash content of these is mostly below 10% (Jain 2026; Wang et al.
2021). Wheat straw-based biochar demonstrates broad application prospects in wastewater
treatment (Li ef al. 2016; Liu et al. 2012; Wang et al. 2026a), soil remediation (Ma et al.
2025; Wang et al. 2025), soil improvement (Yan et al. 2025; Zhong et al. 2025), and soil
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carbon sequestration (Chang et al. 2025). Among these, there have been many studies on
the use of wheat straw to produce biochar to control heavy metal pollution (Li ef al. 2019;
Ali et al. 2020; Irfan et al. 2021; Cwielqg—Piasecka et al. 2023). However, prior research
has demonstrated that raw biochar’s adsorption and activation capacities are constrained
by its limited specific surface area, deficient functional groups, and low graphitization
levels. These issues can be effectively improved through various physical and chemical
modifications (Peiris ef al. 2017; Krasucka et al. 2021). Potassium hydroxide (KOH) is
one of the commonly used modifiers for biochar. Because of its excellent intercalation and
activation properties, KOH is widely used to enrich the porous structure of biochar, thereby
increasing its specific surface area. Wang et al. (2023) investigated the efficacy of KOH-
modified biochar in adsorbing tetracycline (TC) and Cr(VI), demonstrating its enhanced
pollutant removal capabilities. The results showed that the pore characteristics and redox
capacity of the biochar were improved after modification with KOH.

To the authors’ knowledge, no prior studies have systematically investigated the
optimization of Cr(VI) adsorption through KOH-modified wheat straw biochar (MWSB)
Therefore, this study aimed to fill this gap by investigating the optimization of Cr(VI)
removal using MWSB from an aqueous solution. The optimization protocol was further
confirmed by analyzing the influence of critical variables, including KOH concentration,
wheat straw dimensions, and thermal treatment conditions. In this study, wheat straw
biochar was modified by KOH impregnation (Jamil ef al. 2023), and then prepared by
oxygen-limited temperature-controlled term pyrolysis in different temperature (Wang and
Wang 2019). Based on the biochar preparation methodology, three parameters—wheat
straw particle size, modifier concentration, and term pyrolysis temperature—were
established as experimental variables for optimizing biochar synthesis conditions.
Therefore, BBD method was used to prepare wheat straw biochar, RSM was employed to
optimize the synthesis parameters of wheat straw biochar, followed by systematic
investigation of Cr(VI) adsorption kinetics and equilibrium isotherm behavior. In addition,
biochar has undergone several structural and chemical analysis tests such as SEM-EDS,
Raman, and FTIR.

EXPERIMENTAL

Materials

The wheat straw utilized in this investigation was sourced from Zhoukou City,
Henan Province, China. All chemical reagents, including K2Cr207, HCI, H2SO4, ZnCla,
H3POa4, C13H14N4O, CH3COCH3, and KOH, were of analytical grade and procured from
Tianjin Kemi Ou Reagent Co., Ltd. Ultrapure water was employed for all experimental
procedures.

Sample Preparation Method

The raw wheat straw material underwent a series of processing steps, commencing
with washing, followed by drying, and subsequent crushing utilizing a crusher. The particle
size distribution of the wheat straw powder, featuring varying sizes, was achieved through
usage of diverse screens. This powder was then immersed in KOH solutions of varying
concentrations, subjected to continuous stirring for 24 h.
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Subsequently, the wheat straw powder was separated through filtration, rinsed with
purified water to achieve neutrality, and finally dried at 105 °C. The dried wheat straw
powder was introduced into a high-temperature tube furnace, where biochar was generated
using a temperature-controlled term pyrolysis method with restricted oxygen. The
temperature ascended at a rate of 10 °C/min, and after 2 h, it naturally descended to room
temperature. Sample is removed and stored for future use.

Experimental Methods for Chromium Adsorption

For Cr(VI) removal assays, biochar samples were introduced into 50 mL Cr(VI)
solutions (50 mg/L) under pH-adjusted acidic conditions and incubated in a temperature-
controlled orbital shaker (25 °C, 150 rpm) for 24 h. Post-equilibration, residual Cr(VI)
concentrations in the supernatant were quantified via diphenylcarbazide (DPC)
spectrophotometric analysis (Zhou and Sun 2002; Govindaraju ef al. 2024).

The removal efficiency # (Eq. 1) and the equilibrium adsorption capacity Q. (Eq.
2) (Santhosh et al. 2020), were confirmed to illustrate the adsorption effect. They are
calculated by the following formulas:

n= (C%O” x 100% (1)
— (Co—Ce)XV

m

Qe 2

where Co and C. represent the initial concentration of Cr(VI) and the equilibrium
concentration level at the end of the reaction, mg/L; Qe represents the equilibrium
adsorption of the reaction, mg/ g; V' is the reaction volume of the Cr(VI) solution, mL; and
m 1s the mass of the adsorbent added, g.

Optimization and Preparation of MWSB

This study implemented Response Surface Methodology (RSM) to systematically
optimize biochar preparation parameters. The Cr(VI) adsorption capacity of biochar served
as the response variable (Xiao et al. 2022). A Box-Behnken experimental design (Yavari
et al. 2017) was adopted to optimize three critical preparation parameters including wheat
straw particle size (Nartey and Zhao 2014), modifier concentration (Yu et al. 2024), and
term pyrolysis temperature (Ameen Hezam Saeed ef al. 2022), and the experimental factors
and levels are shown in Table 1. The experimental design comprised 17 biochar variants,
each synthesized and subsequently assessed for Cr(VI) adsorption performance in 50 mg/L
aqueous solutions.

The experimental data were analyzed and fitted with a quadratic model using
Design-Expert 13.0 software (Ashfaq et al. 2022), and this model helped predict the
optimum preparation conditions for biochar and explored the interaction between
dependent and independent factors. Analysis of variance (ANOVA) was applied to
evaluate the validity of the quadratic model and statistically assess the significance of
individual terms within the regression equation (Saini ef al. 2022). Biochars synthesized
under optimized preparation parameters were designated as MWSB. In parallel, the
unmodified wheat straw biochar (WSB) was synthesized under the same conditions applied
for the optimized MWBC preparation, facilitating a comprehensive comparative analysis
of their respective physicochemical characteristics and Cr(VI) sorption properties (Fenta
and Ali 2024; Tetteh et al. 2024).
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Table 1. Codes and Levels of Experimental Factors for BBD

. . . Coded Levels and Values
Experimental Variable Symbol Units 1 0 "
Wheat straw size A mm 0.1 0.3 0.5

Modifier concentration B mol/L 1 2 3
Term pyrolysis temperature C °C 300 500 700

Adsorption Kinetics Experiments of The Biochar for Cr(VI)

The kinetic studies employed adsorption data gathered by examining temperature
and time effects. The adsorption kinetics of target biochars for Cr(VI) were determined by
adding 0.1 g of the optimized WBC to 50 mL of a 50 mg/L Cr(VI) solution. The adsorption
experiments were conducted at 25, 35, and 45 °C under continuous agitation at 150 r/min.
Supernatant samples were taken at 10, 30, 60, 120, 240, 480, 720, 960, and 1440 min to
measure the concentration of Cr(VI).

The rate kinetics for Cr(VI) uptake was examined by both pseudo-first-order (Eq.
3) and pseudo-second-order (Eq. 4) models (Tran et al. 2017; Wang et al. 2020). The
standard equation for both models is described below.

The pseudo-first-order kinetics is given by Eq. 3,

In(qe — q¢) = In (qe — kqt) (3)

where gt and g (mg/g) denote the adsorption uptake of Cr(V1) at any time t (min) and at
equilibrium, and k1 denotes the first order rate constant (min™).
Similarly, pseudo-second-order rate equation is given by Eq. 4,

t 1 t

+— (4)

qc  (k2'q3)  qe

where k2 (g/mg min) represents rate constant for second order.

Adsorption Isotherm Experiments of the MWSB for Cr(VI)

Adsorption isotherm experiments for target heavy metal ions were performed by
adding 0.1 g of MWSB to 50 mL Cr(VI) solutions with concentrations ranging from 10 to
250 mg/L (10, 25, 50, 100, 150, 200, 250 mg/L) under varying temperatures (25, 35, 45
°C), pH 2, and a rotational speed of 150 r/min. The residual Cr(VI) concentration in each
solution was determined following a 24-h reaction period. Langmuir (Eq. 5) and Freundlich
(Eq. 6) models were chosen to reveal adsorption mechanism and the adsorption
performance of the adsorbent on Cr(VI) (Zhou et al. 2022). Their equations are shown as
follows,

Langmuir model:

_ QOm'KLCe
Qe = 1+K;-Co )

Freundlich model:
Q. =Kp-C," (6)

where Ce represents the adsorbent concentration (mg/L), Q. denotes the equilibrium
adsorption capacity (mg/g), Om is the maximum adsorption capacity (mg/g), and KL stands
for the adsorption equilibrium constant. Kr and » are Freundlich parameters, which are
associated with the adsorbent type and adsorption temperature.
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Characterization Method

The surface morphology and elemental composition of biochar were examined
using scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-
EDS, Quanta 250). A Raman spectrometer (Raman, inVia Reflex) was used to detect the
structure characteristics of the carbon layer of biochar to obtain molecular vibration
information and analyze its crystal structure according to the characteristic peak of the
material. Thermo Fisher Nicolet 6700 FTIR was employed for an in-depth analysis of the
molecular structure and chemical composition of the biochar. X-ray photoelectron
spectroscopy (XPS, Thermo Kalpha) was employed to analyze the chemical composition
and structural morphology of carbon materials.

RESULTS AND DISCUSSION

Response Surface Design and Results

According to the BBD experimental design, with wheat straw size (WSS), modifier
concentration (MC), and term pyrolysis temperature (CT) as the influencing factors and
Cr(VI) removal efficiency as the response value, the Cr(VI) adsorption performance of
wheat straw biochar was optimized. The experimental design and results are shown in
Table 2.

Table 2. BBD Design and Experimental Results

Factor 1 Factor 2 Factor 3 Response

Run AWWS B:MC c:cT Removal

(mm) (moliL) (°C) efficiency

of Cr(VI) (%)

1 1 0 1 48.22
2 1 0 -1 52.25
3 0 0 0 73.65
4 1 -1 0 55.23
5 1 1 0 65.53
6 0 0 0 71.66
7 0 -1 1 53.59
8 0 1 1 61.17
9 -1 1 0 89.45
10 0 0 0 70.29
11 -1 0 1 68.95
12 0 0 0 72.77
13 0 -1 -1 48.21
14 0 0 0 70.16
15 -1 0 -1 65.98
16 -1 -1 0 70.32
17 0 1 -1 65.84

The response model was developed by fitting experimental data using a quadratic
multiple regression. Response surface methodology (RSM) was applied to establish the
relationship between Cr(VI) removal efficiency and preparation parameters (A,B,C), as
well as to analyze interactions among these parameters and their impact on removal
performance. The response model (Eq. 7) incorporates positive sign (+) and the negative

Li et al. (2026). “Cr(V1) removal water using biochar,” BioResources 21(2), 3954-3980. 3959



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

sign (—) coefficients to represent synergistic and antagonistic effects, respectively, among
the variables (Siddiqui et al. 2019).

Removal ef ficiency of Cr(VI) = 71.706 —9.184 X A+ 6.83 X B —
0.044 X C —2.208 X AB — 1.75 X AC — 2.513 x BC + 0.037 X A% —
1.611 X B2 —12.893 x C?

(7

The variance analysis of the model is shown in Table 3.

Table 3. ANOVA for Quadratic Model

Source Sum of Squares | df | Mean Square | F-value | p-value
Model 1829.47 9 203.27 98.04 | <0.0001
A-Wheat Straw Size 674.73 1 674.73 325.42 | <0.0001
B-Modifier concentration 373.19 1 373.19 179.99 | <0.0001
C-Term pyrolysis temperature 0.0153 1 0.0153 0.0074 | 0.9339
AB 19.49 1 19.49 9.4 0.0182
AC 12.25 1 12.25 5.91 0.0454
BC 25.25 1 25.25 12.18 0.0101
A2 0.0058 1 0.0058 0.0028 | 0.9594
B2 10.92 1 10.92 5.27 0.0554
C? 699.91 1 699.91 337.56 | <0.0001
Residual 14.51 7 2.07
Lack of Fit 5.21 3 1.74 0.7456 | 0.5786
Pure Error 9.31 4 2.33
Cor Total 1843.98 16

The Model F-value of 98.04 indicates the significance of the model, suggesting that
the observed results are unlikely to be due to random variability. Model terms with p-values
less than 0.05, such as A, B, AB, AC, BC, and C?, are considered statistically significant.
The Lack of Fit F-value, being 0.75, suggests that the Lack of Fit is not statistically
significant, which is favorable for the model’s adequacy (Kang et al. 2022).

Table 4. Statistical Analysis of Error of Regression Equation

Statistical ltem Numeric Value Statistical Item Numeric Value
Std. Dev. 1.44 R? 0.9921
Mean 64.9 Adjusted R? 0.982
CV.% 2.22 Predicted R? 0.9469
Adeq Precision 36.6551

It can be seen from Table 4 that the fitted equation conformed to the above test
principles and had good adaptability. The Predicted R?, calculated as 0.9469, is reasonably
consistent with the adjusted R? of 0.9820, with a difference of less than 0.2. This suggests
a good fit of the model to the data. The C.V. was less than 10%, indicating high reliability
and accuracy of the experiment. Adeq Precision was within a reasonable range (a signal-
to-noise ratio greater than 4 is considered reasonable) (Kang et al. 2022).
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Fig. 1. (a) Normal probability distribution of residuals; (b) Distribution of residual and predicted
values; (c) Distribution diagram of predicted and actual values

The normal probability distribution of the residuals is depicted in Fig. 1(a),
illustrating a linear trend and suggesting an approximate normal distribution. Examining
Fig. 1(b), it is evident that residuals and predicted values exhibited an irregular distribution,
with residuals evenly dispersed on both sides of the horizontal line and no apparent skew.
Despite the relatively large dispersion of residuals, this indicates that the model fitting the
data lacked significant problems. Figure 1(c) reveals that the predicted values align well
with the actual values, portraying an ideal scenario and affirming the model’s robust
predictive performance. The comprehensive analysis of these three figures establishes the
model's strong adaptability and high reliability in predicting outcomes (Zhou et al. 2020).

Response Surface and Interaction Analysis

It can be observed from Fig. 2 that the contour lines in subfigures (a), (b), and (c)
exhibited an elliptical pattern, indicating a significant pairwise interaction among the
corresponding factors.

In Fig. 2(a), the relationship between wheat straw size and modifier concentration
was found to be antagonistic. Specifically, at a wheat straw size of 0.1 mm, the removal
efficiency increased from 70.3% to 89.5% with an increase in modifier concentration to 3
mol/L. Conversely, when the modifier concentration was 3 mol/L, the removal efficiency
decreased to 65.5% with an increase in wheat straw size to 0.5 mm. Research by Ahmad
and Danish (2018) shows that the smaller the particle size of straw raw material, the larger
its specific surface area, which means that biochar has more adsorption sites, thus
improving its ability to adsorb target substances (Ahmad and Danish 2018). Ding et al.
(2023) believed that KOH acted as an activator in the pyrolysis process and could promote
the etching of carbon in the straw powder, thus helping to improve the adsorption capacity
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of biochar. To achieve the maximum removal efficiency, it is imperative to employ a
relatively small wheat straw size coupled with a higher modifier concentration.

Analyzing Fig. 2(b), it is evident that the impact of wheat straw size and term
pyrolysis temperature on each other was notably distinct. When the wheat straw size was
0.1 mm, the removal efficiency initially increased and then decreased with the rise in
pyrolysis temperature, reaching its peak near 500 °C. At a pyrolysis temperature of 500 °C,
the removal efficiency decreased further with an increase in wheat straw size. lamsaard et
al. (2023) showed that at medium and low temperatures (< 500 °C), straw biochar
predominantly generates acidic oxygen-containing functional groups (e.g., aliphatic
functional group -COOH). As the temperature increased, the alkaline functional group
(e.g., aromatic functional group -COQO-) on the biochar’s surface became more dominant
(Tripathi et al. 2016). Therefore, biochar prepared through low-temperature pyrolysis was
more conducive to Cr(VI) removal. In conclusion, achieving a higher Cr(VI) removal
efficiency involved preparing biochar under conditions of a smaller wheat straw size and a
moderate term pyrolysis temperature.

Examining Fig. 2(c), it is evident that under the same term pyrolysis temperature,
the Cr(VI) removal efficiency increased with an increase in KOH modifier concentration.
Conversely, under the same modifier concentration, the removal efficiency initially
increased and then decreased with increasing pyrolysis temperature, peaking near 500 °C.
Wang et al. investigated the effects of pyrolysis temperature and KOH modifier
concentration on the specific surface area and porosity of biochar. They found that aliphatic
carboxylic groups and alkyl groups began to decompose with increasing pyrolysis
temperature. Furthermore, KOH could remove impurities in biochar, optimize its pore
structure, and improve its adsorption performance. Additionally, high pyrolysis
temperature may also lead to partial pore structure collapse or excessive sintering of
biochar, thus affecting its adsorption performance (Wang et al. 2020b). Consequently,
biochar prepared under conditions of higher modifier concentration, and a moderate
pyrolysis temperature yields a higher Cr(VI) removal efficiency.

Removal rate of Cr(VI) (%)

Removal rate of Cr(V1) (%)
B: Modifier concentration (moliL)

A: Wheat Straw Size (mm)
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(b)

Removal rate of Cr(V1) (%)

Removal rate of Cr{V1) (%)
C: Carbonization temperature (*C)

03
(C: Carbonization temperature (“C) . A: Wheat Straw Size (mm)

A: Wheat Straw Size (mm)

Removal rate of Cr(V1) (%)

(c) .

Removal rate of Cr(VI) (%)
C: Carbonization temperature (°C)

C: Carbonization temperature (°C) B: Modifier concentration (mol/L)

B: Modifier concentration (mol/L)

Fig. 2. The different factors that interact with the response surface

Considering the diverse factors interacting with the response surface in Fig. 2, it
can be concluded that the straw size was inversely related to the removal efficiency, the
modifier concentration was directly proportional to the removal efficiency, and the removal
efficiency exhibited a trend of first increasing and then decreasing with the rise in term
pyrolysis temperature. Therefore, to produce biochar with a superior Cr(VI) removal
efficiency, it is advisable to adopt a smaller wheat straw size, a higher modifier
concentration, and a moderate temperature. The smaller straw particle sizes provide greater
specific surface area, thereby increasing the adsorption sites of biochar. Higher KOH
concentrations optimize pore structure and remove impurities by enhancing etching
activation. Meanwhile, moderate pyrolysis temperatures enrich the biochar surface with
acidic oxygen-containing functional groups (e.g., -COOH). The synergistic effects of these
three factors are expected to significantly enhance biochar's adsorption capacity for Cr(VI).
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Optimization of Preparation Conditions and Verification of Results

Through the optimization analysis of the experimental results by Design-Expert
13.0 software, the optimal combination of preparation conditions of MWSB were obtained
as follows: a wheat straw size of 0.1 mm, KOH modifier concentration of 3 mol/L, and a
term pyrolysis temperature of 493.8 °C. The corresponding theoretical removal efficiency
of Cr(VI) predicted value is 88.4%. In three parallel experiments under these conditions,
the observed result was 86.5%, The prediction accuracy was 97.85% when compared with
the theoretical value, indicating a satisfactory model performance.

Cr(VIl) Adsorption Kinetics of MWSB
The kinetics curves for Cr(VI) removal by MWSB is displayed in Fig. 3.
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Fig. 3. Adsorption kinetics fitting curves of MWSB

Li et al. (2026). “Cr(V1) removal water using biochar,” BioResources 21(2), 3954-3980. 3965



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Kinetic study for the adsorption process is essential, as it illustrates the adsorbate
adsorption rate at solid-liquid interface depending on different reactions at the surface. The
adsorption mechanism is highly dependent on the physicochemical characteristics of
biochar, including mass transfer phenomena, as it is a complex process (Xie et al. 2021).

Graphical representation for both the kinetic models is displayed in Fig. 3(a) and
(b), and the kinetic parameters are represented in Table 5. The high coefficients of
determination (R?), indicated that the experimental results fitted better with pseudo-
second-order equation relative to pseudo-first-order kinetics.

Table 5. Kinetic Parameters for the Adsorption

T PFO PSO
K1 Qe R2 Ko Qe R?
25°C 0.04499 22.0596 0.8639 0.0042 22.6706 0.9998
35°C 0.06595 25.5806 0.9365 0.0043 27.0124 0.9999
45 °C 0.07924 28.6470 0.9520 0.0045 30.4414 0.9999

The pseudo-second-order kinetic model demonstrated clear linearity in the fitting
results, as indicated by a coefficient of determination (R?) of 0.99, where the fitted Q. value
closely matched the experimental value.
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Fig. 4. Intra-particle diffusion kinetics fitting curves of MWSB

The adsorption process of adsorbents typically involves both film diffusion and
intra-particle diffusion (Tran et al. 2017). Therefore, to elucidate the adsorption mechanism
in greater detail, the intra-particle diffusion model was employed for a comprehensive
analysis of the kinetic experimental data, followed by fitting procedures. As shown in Fig.
4, the model exhibited linear behavior during Cr(VI) adsorption, indicating that the
removal process underwent a rapid phase governed by film diffusion before transitioning
to an internal diffusion stage, with adsorption equilibrium reached around 4 h. The fitted
curves did not pass through the origin, indicating that internal diffusion was not the sole
rate-limiting step in the adsorption process (Guowen et al. 2026; Wang, B. et al. 2026).
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Concurrently, the coefficient of determination R* suggested that the entire process
conformed more closely to pseudo-second-order kinetics.

Cr(VI) Adsorption Equilibrium Isotherms of MWSB

To further study the adsorption capacity and mechanism of MWSB to Cr(VI) in
water, a common isothermal adsorption model was used to carry out nonlinear fitting
analysis on the experimental data, and the results are shown in Fig. 5 and Table 6.
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Fig. 5. Adsorption isotherm fitting curves of MWSB

As illustrated in Fig. 5 and summarized in Table 6, at temperatures of 25 and 45
°C, the Langmuir equation exhibited superior data fitting for Cr(VI) adsorption, yielding a
higher coefficient of determination. Thus, the Langmuir equation proved to be a more
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effective model for describing the adsorption behavior of Cr(VI) by MWSB in the solution.
At temperatures of 25°C, the R? attained a high value of 0.9712, corresponding to a
maximum adsorption capacity of 105 mg/g. The Langmuir isothermal adsorption model
assumes adsorption occurs exclusively through active sites on the adsorbent’s surface,
specifically designed for homogeneous monolayer adsorption processes (Khalil et al.
2020). The absence of interactions between solute molecules during the adsorption process
leans towards monolayer adsorption (Ali et al. 2020). At temperatures of 35 °C, the
Freundlich equation adequately describes the adsorption process of Cr(VI) onto MWSB in
solution, indicating that multi-layer adsorption occurs on the heterogeneous surface. The
increase in temperature might have altered the distribution of chromium oxidation states,
potentially promoting the reduction of Cr(VI) to Cr(IlI), thereby influencing the adsorption
behaviour. This could explain the observed discrepancies in the adsorption isotherm model
fitting at 35 °C.

Table 6. Parameters of Kinetic Models of MWSB

Langmuir Freundlich
T Qm Ki R? n Kr R2
25°C 105 0.0249 0.9712 1.84 6.10 0.9639
35°C 122 0.0250 0.9379 1.69 7.13 0.9468
45 °C 132 0.0309 0.9397 1.83 8.30 0.9159

In the Freundlich model, the constants Kr and n depict the relationship between
adsorption capacity and strength, with n also serving as the non-ideal index for the
adsorbent surface. When n > 1, adsorption is favored, and when n = 1, it represents linear
adsorption. Conversely, when n < 1, adsorption becomes nearly impossible. Notably, the
calculated value of n in this study significantly exceeded 1, signifying the overall
adsorption process is highly favorable (Trivedi ef al. 2019; Zhou et al. 2022).

Characterization of the Samples
SEM and EDS

To comprehensively assess the impact of the modification process on the
morphological characteristics of wheat straw biochar, SEM and EDS analyses were
conducted on three distinct biochar materials: WSB, MWSB, and MWSB-Cr. The findings
are illustrated in Fig. 6.
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Cr (¢') ; pore diameter distribution plots of WSB and MWSB (d)

As depicted in Fig. 6, prior to the modification process, the surface of the biochar
particles appeared to be rough, exhibiting small cracks or bumps, yet lacking an evident
pore structure (Fig. 6(a)). Following KOH modification, the biochar particles assumed a
clear and uniform appearance, showcasing a smooth surface with a well-defined pore
structure. This resulted in the formation of larger pores and cracks, thereby establishing a
more intricate pore network (Fig. 6(b)).

The pore diameter distribution of WBS and MWBS was determined by BET
analysis (Fig. 6(d)). MWBS material predominantly exhibited small mesopores with
increased micropores. Compared to WBS (SBer = 89 m%g, Vi = 0.24 cm?®/g), MWBS
exhibited a larger specific surface area (Sser = 165 m?/g) and total pore volume (Vi = 0.63
cm?®/g). This indicates that MWBS provided a greater interaction area and more adsorption
sites for Cr(VI) adsorption. This transformation may be attributed to the strong alkaline
nature of KOH and its robust reaction at elevated temperatures, enhancing the pore-forming
capability of wheat straw biochar and rendering it more conducive to the adsorption of
hexavalent chromium in water (Wang et al. 2020b; Ding et al. 2023).

The EDS analysis served to further corroborate both the occurrence of the
modification process and the effectiveness of the adsorption process. Following KOH
modification, there was an increase in the surface oxygen content of the material (Fig. 6
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(a") and (c')). Additionally, KOH can react with SiO: to form K.SiOs or K4SiO4 (Abbaci et
al. 2022; Huang et al. 2017). The reduced silicon content on the surface of MWSB
materials indicates that KOH also participated in the removal of silica (Fig. 6(a') and(b")).
The energy spectrum of the adsorbed material exhibited a pronounced peak corresponding
to Cr, providing tangible evidence of the efficacy of the adsorption process (Zhou et al.
2020; Jamil et al. 2023).

Raman analysis

Raman spectral analysis typically exhibits D and G peaks around 1350 cm™ and
1600 cm™!, respectively, providing insights into the carbon structure of the material. Here,
the D peak signifies the disorder and defect degree of the carbon material, the G peak
represents the symmetry of the carbon material, and /p/lc reflects the degree of disorder
(Siddiqui ef al. 2019; Lu et al. 2022). Upon comparing the peak signals before and after
KOH modification in Fig. 7, it becomes evident that the introduction of the modifier
substantially increased the defects in the wheat straw biochar material. The Ip//G ratio also
rose from 1.62 to 1.84, highlighting a more pronounced degree of disorder in the modified
material. This undoubtedly facilitated the subsequent adsorption processes. Following the
adsorption, significant alterations in the peak values of the adsorbent were observed, with
the In/Ic decreasing to 0.86. This indicates that hexavalent chromium adhered to the surface
of the material structure, filling the original surface irregularities to some extent (Tetteh ef
al. 2024).
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Fig. 7. Raman spectral analysis map of different materials

FTIR analysis

The infrared spectra of WSB, MWSB, and MWSB-Cr display absorption bands at
1091, 1639, and 3328-3526 cm™!, corresponding to characteristic functional groups in
biochar. Specifically, the broad band at 3328 to 3526 cm’! is assigned to -OH and -NH-
stretching vibrations (Li et al. 2019; Fenta and Ali 2024); the peak near 1639 cm
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correlates with C=0 (ester) and O-H stretching vibrations (Siddiqui et al. 2019; Fenta and
Ali 2024), and the 1091 cm™ band indicates C-O vibrational absorption (Li et al. 2019).
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Fig. 8. FTIR analysis of different materials

Upon comparing the spectra before and after modification, significant differences
in the characteristic functional groups at 3440 and 1095 cm™ were observed. After
modification, the peak value of biochar decreased at 1095 cm™ and it increased at 3440
cm’!, indicating an increase in the -OH content and emphasizing the crucial role of KOH
modification (Wang et al. 2020b). Following the adsorption reaction, the absorption
strength of -OH reached its peak, underscoring the significant involvement of -OH in
hexavalent chromium removal from water (Ding et al. 2023). These oxygen-containing
functional groups also facilitate the adsorption of Cr(VI) ions in the solution, showcasing
the rapid removal characteristics.

XPS analysis

The XPS analysis of MWSB before and after Cr(VI) adsorption was conducted to
characterize surface elemental composition and chemical states, as illustrated in Fig. 9.

Figure 9(a) displays the overall spectra of MWSB before and after adsorption. It
reveals the presence of three elements: C, O, and K. Notably, a Cr peak was observed after
adsorption, confirming the successful adsorption of hexavalent chromium. Figure 9(b)
shows the high-resolution scan XPS spectrum of the C1s of MWSB, where the four peaks
at 293.61, 290.19, 285.72, and 284.8 eV correspond to C n-n*, O-C=0, C-O, and C-C/C-
H, respectively (Sun et al. 2023). As shown in Fig. 9(d) and 9(e), the characteristic peaks
of Ols experienced a shift of about 0.7 eV; this shift indicates that the oxygen-active group
participates in the redox reaction between O and Cr. Figure 9(f) characterizes the Cr 2p of
the MWSB material after adsorption, with photoelectron peaks of Cr 2p3/2 and Cr 2p1/2
appearing at 576.50 eV and 586.59 eV, respectively (Luo ef al. 2023; Qian et al. 2023).
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Fig. 9. (a) Wide-scan XPS spectra of MWSB and used MWSB, (b) C1s of MWSB, (c) C1s of used
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Removal mechanisms of Cr(VI)

Based on the foregoing discussion, the Cr(VI) removal mechanism proposed is
illustrated in Figure 10: (1) Adsorption: The abundant pore structure and oxygen-containing
functional groups generated van der Waals forces between Cr(VI) and MWBS, enabling
Cr(VI) removal through pore filling. (i1) Electrostatic attraction: Protonated oxygen-
containing functional groups on the MWBS surface became positively charged, facilitating
the adsorption of negatively charged Cr(VI) ions (e.g., HCrO4"). (ii1) Reduction: Surface
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oxygen-containing groups on MWBS could act as electron donors, reducing some of the
adsorbed hexavalent chromium to trivalent chromium (Shakya et al. 2022). (iv) Surface
complexation: Cr(VI) (or Cr(IIl)) might also undergo surface complexation with MWBS
surface functional groups through specific metal-ligand interactions (Ahmad et al. 2022).

Fig. 10. Removal mechanisms of Cr(VI)

Future Perspectives
To advance the efficient synthesis of modified biochar and its application potential
in wastewater treatment, future research must delve deeper into the following key areas:
1. Research into dynamic continuous-flow treatment processes for real wastewater:
Overcoming the limitations of single/batch systems by transitioning to continuous-flow
column adsorption processes, systematically evaluating their dynamic adsorption
capacity, competitive selectivity, and practical engineering feasibility.

2. Data-driven optimisation through artificial intelligence and machine learning: Further
leverage emerging tools such as machine learning (ML) and artificial intelligence (AI)
to construct large-scale databases. Employ Al models to predict adsorption capacities
and identify key influencing factors. Conduct in-depth analysis of micro-interaction
mechanisms between adsorbents and pollutants under complex environmental
conditions, providing deeper theoretical guidance for optimising synthesis pathways.
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CONCLUSIONS

1. Adsorption Efficacy and Mechanism: Modified wheat straw biochar (MWSB)
achieved an 86.5% Cr(VI) removal efficiency with a maximum adsorption capacity of
105 mg/g.

2. Adsorption Behavior: At temperatures of 25°C, isothermal adsorption aligned closely
with the Langmuir model (R? = 0.9712), indicating monolayer adsorption. Kinetics
were best described by the pseudo-second-order kinetic model.

3. Application Value: The preparation and application of this environmentally friendly
adsorbent provide valuable theoretical insights for Cr(VI) removal from aqueous
solutions.

4. Optimized Preparation: The RSM determined the optimal preparation parameters:
wheat straw particle size of 0.1 mm, KOH modifier concentration of 3 mol/L, and
pyrolysis temperature of 494 °C.
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