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INTRODUCTION

Water plays a vital role in sustaining life and supporting biological processes. However,
increasing water contamination from a variety of pollutants including pesticides, synthetic dyes,
heavy metals, pharmaceuticals, radioactive substances, and microbial agents poses serious risks
to both human health and aquatic ecosystems (Foong et al., 2022; Sahoo et al., 2023; Khan et al.,
2023). Among the contaminants, synthetic dyes, especially crystal violet (CV) is particularly
hazardous (Salahudeen et al., 2020), recognized for its high toxicity, non-biodegradability, and
carcinogenic potential (Abu Elella et al., 2019). Even in small concentrations, CV contributes
to severe color pollution, hindering sunlight penetration in water and disrupting aquatic life
(Lellis et al., 2019; Hussein et al., 2019).

Among the alternative methods, adsorption stands out due to its cost-effectiveness, high
efficiency, and environmental friendliness (Rapo et al., 2020). Studies have demonstrated
biochar’s efficacy in dye removal, with varying adsorption capacities depending on the
feedstock: peanut hull (526.31 mg/g), palm kernel shell (24.45 mg/g), banana peel (1.68 mg/g),
rice husk (185.6 mg/g), and cassava bagasse (149.96 mg/g) (Khan et al., 2023; Kyi et al., 2020;
Azhar-ul-Haq et al., 2024; Luyen et al., 2019; Gongalves et al., 2024). Sugarcane bagasse
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(SCB), a fibrous residue rich in cellulose, lignin, and hemicellulose, has also gained interest
due to its abundance and favorable adsorption properties. SCB contains natural polysaccharides
and functional groups (carboxyl, hydroxyl, carbonyl) that promote dye adsorption via hydrogen
bonding, electrostatic attraction, and chelation (Omer et al., 2022; Bhatti et al., 2021; Kumar
et al., 2021). Previous studies have demonstrated the potential of rice straw biochar for dye
removal, with crystal violet (CV) adsorption efficiencies reaching up to 92.70%, and magnetic
composites achieving around 90% removal (Elhamid et al., 2020; Geetha et al., 2024).
However, existing research is limited in scope, often examining a narrow range of dye types
and overlooking essential optimization parameters. Furthermore, comprehensive studies on
enhancing CV removal through biochar modification remain scarce.

Therefore, the objective of this research is to develop a cost-effective and sustainable method
for removing crystal violet dye from wastewater using rice straw-derived biochar, by optimizing
critical adsorption parameters and evaluating performance through isotherm, kinetic, and
thermodynamic models.

MATERIALS AND METHODS

Rice straw was obtained from an agricultural field (Bohar village) and sugarcane bagasse
from a sugarcane juice shop in Rohtak city.

Reagents

Sodium hydroxide (Loba Chemicals Private Limited), hydrochloric acid (HCI) (Loba
Chemicals Private Limited), and crystal violet dye (CV, 99.9%, Loba Chemicals Private
Limited) were used as reagents, and all solutions were prepared using distilled water. A stock
solution of 1000 mg/L CV was prepared by the dissolution 1 g of dye with 1 L of distilled water
in a volumetric flask. The stock solution was stored in a dark place to prevent depolarization.
All solutions with the desired concentrations used in this study were prepared according to
APHA (APHA,1995).

Instruments

The instruments used during the experimental investigations included a pH meter (LMMP-
30, LABMAN), UV-Vis spectrophotometer (Single Beam, Model LI-296, LABMAN), Hybrid
muffle furnace (Harrier HMF-1200P, Faridabad, Hry.), Hot air Oven (Biogen Scientific, Meerut
U.P) analytical balance (UniBloc AUW 120D, SHIMADZU), and incubator shaker (Widsons
Scientific Works, Rohtak, Hry.). Separate sets of equipment and reagents were used as required
throughout the study to maintain consistency and avoid contamination.

Preparation of Bio-Adsorbent

Bagasse and rice straw was dried in sunlight and then at 70 °C for in oven. It is breakdown
into tiny pieces (about 1 to 1.5 cm long) with the help of scissor, ground using a grinding
machine, and then pass through a sieve with a mesh size of 1 mm to get uniform size particles
of rice straw and bagasse (Chen et al.,2016). After that it was again dried for one hour at 70 °C
in the oven to completely remove the moisture. Both bioadsorbent then pyrolyzed at 550 °C in
a modified muffle furnance to obtain biochar.

Adsorption Experiment

The adsorption performance of RSB and SCB in solution was evaluated in the batch adsorption
studies. All adsorption tests were carried out three times, and the average data was calculated.
In a typical experiment, 250 mL conical flasks were filled with a predetermined quantity of
adsorbents and 100 mL of CV solution. For a predetermined amount of time, the flasks were
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Fig. 1. Flow chart of the preparation of biochar and optimisation of parameters

shaken at 150 rpm in a Wilson Scientific Works incubator shaker at room temperature (25 + 2
°C). Using Whatman 0.45pum filter paper, the solutions were filtered. Following filtering, UV-
Vis spectroscopy was used to measure the residual CV in solution at an ideal wavelength of 590
nm, which corresponds to the maximal adsorption capacity for CV.

A number of preliminary tests were conducted with varying solution pH (1-12), adsorbent
dosage (0.1-0.5 g/L), CV concentration (10-50 mg/L), and contact period (30-150 min) in
order to identify the ideal experimental conditions. Further, the percentage CV removal was
determined as per following equation:

Dye removal (%) = %X 100 (D

0

where CO is the initial concentration and Ce is the final concentration.

Kinetic Models Study
The amount of CV adsorbed at different time intervals, g, (mg/g), in the adsorption kinetics
experiment was determined as follows:

_CO_Ct><
m

4, 4 (2)

where V is the volume of the solution (L), m is the mass of the biochar utilised (g), C, is
the initial concentration of CV (mg/L), and C, is the concentration of CV at time t (mg/L). The
experimental data in this work were assessed using the pseudo-first-order, pseudo-second-order
and intra-particle diffusion models. Egs. (3), (4), and (5) present three models, respectively
(Rezazadeh et al., 2021).
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g, = kpto.s i C (5)

The levels of adsorbed adsorbate at equilibrium are denoted by q, (mg/g); the pseudo-
first-order model’s rate constant is k, (1/min); the pseudo-second-order model’s response rate
constant is k, (g/mg/min); intra-particle diffusion rate constant kp (mg/g-min), and boundary
layer thickness constant C.

Isotherm Models Study

The Langmuir model (5), the Freundlich model (6) and the Temkin model (8) were used to
fit the isotherm adsorption data (Khan et al., 2023). The Langmuir model holds true when every
molecule has a single layer of adsorption coverage on a completely homogeneous surface.
Nevertheless, multilayer sorption and non-ideal adsorption on heterogeneous surfaces can
also be addressed by the Freundlich isotherm and the Temkin isotherm considers the effects
of adsorbent-adsorbate interactions and assumes that the heat of adsorption decreases linearly
with coverage.

Ce 1 Ce

= —+ ©)

de qm'Ki dm

Logq, = LogK , + lLogCe (7)
Ton

q, = BLnK, + BLnC, (8)

Where q_ (mg/g) is the maximum adsorption capacity; C_(mg/L) is the CV concentration in
the solution phase at the equilibrium time; K, (mg/g) is the Freundlich constant represented by
the sorption; n is the Freundlich exponent; K, (L/g) is the Langmuir equilibrium constant; B (J/
mol) is Temkin constant related to adsorption heat, and K (L/g) is Temkin isotherm equilibrium
binding constant.

RESULTS AND DISCUSSION

Characterization
SEM Analysis

The sugarcane bagasse biochar SEM micrograph is displayed in Fig. 2 with before and
after photos at varying magnification levels. The sugarcane’s carbonisation produced holes and
micropores. The activated carbon that was created had a consistent porosity structure. There is
a chance that the dye will be absorbed because of the many voids on the thermally carbonised
carbons’ surfaces. Hazzaa et al. (2015) suggest that incomplete microsphere formation during
aromatization/polymerization events is what causes the uneven shapes embedded on the surface.

Several particles that resemble microspheres are condensed on the surface as seen in Fig.
2(a). Conversely, compacted smaller microsphere forms gathered on the surface are depicted in
Fig. 2(b). This study aligns with the findings of Zhao et al. (2013) by demonstrating that higher
acid concentrations facilitate the formation of larger microspheres. Consistent with Jais et al.
(2021), the microsphere formation is driven by the degradation of cellulose, hemicellulose,
and partial lignin breakdown. Together, these findings confirm that acid-mediated biomass
decomposition is essential for microsphere development.

The SEM micrographs of rice straw samples are displayed in Fig. 2. Additionally, the rice
straw sample in Fig. 2(c) and 2(d) was made by pyrolysis in a muffle furnace at 550°C. This
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Fig. 2. SEM analysis of (a) SCB before adsorption, (b) SCB after adsorption, (c) RSB before adsorption, and (d) RSB after
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Fig. 3. FTIR analysis of (a) Sugarcane bagasse biochar and (b) Rice straw biochar

micrograph shows the presence of contaminants and pieces, which were shown in cluster form
in Fig. 2(a). Peng et al. (2011) also reported on this phenomenon. Additionally, the biochar’s
porous structure and uneven, spherical bulges were visible in the SEM images, and these features
served as efficient catalyst adsorption sites. It was determined that the biochar surface’s tiny
spherical bulges might be the cause of the material’s increased catalytic activity. Furthermore,
the majority of the macropores were discovered in the RSB, especially at the sample’s open end
Fig. 2(b). Since more CV can be adsorbed in the biochar, the existence of macropores in the
biochar is crucial (Abd-Elhamid et al., 2020).

FTIR Analysis

The FTIR spectrum of Fig. 3 presented shows transmittance as a function of wavenumber
(cm-1). Key absorption peaks include strong bands around 3400 cm-1, indicating O-H stretching
typically associated with hydroxyl groups, which may originate from adsorbed moisture,
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alcohols, or phenolic compounds present in the biomass structure, and around 1700 cm-1,
suggesting C=0 stretching from carbonyl groups. Peaks near 2900 cm-1 could be attributed
to C-H stretching in alkanes. The fingerprint region (below 1500 cm-1) shows multiple peaks,
indicating the presence of various functional groups and complex molecular structures. The
hydroxyl groups of sugarcane bagasse will condense into alkoxide groups during thermal
treatment to create biochar, lowering the quantity of surface adsorbed (Moharm et al., 2021).

Band shifting may suggest that these functional groups interact with the CV molecules.
Many abrupt decreases are thought to be caused by CV species in addition to ionic interactions
between the O-H groups in the structure.

The transmittance against wavenumber in the rice straw biochar FTIR spectrum (Fig. 3a and
3b) indicates the presence of several functional groups. In sugarcane bagasse biochar (Fig. 3a)
presence of O-H stretching vibrations, indicative of hydroxyl groups likely stemming from water
or phenolic compounds, is evidenced by the broad peak at approximately 3400 cm-1. Peaks at
around 2900 cm-1 are associated with aliphatic hydrocarbons having C-H stretching, according
to Zhang et al. (2018). The prominent absorption observed at about 1700 cm-1 indicates the
presence of C=0 stretching vibrations, potentially originating from carbonyl or carboxyl groups.
Rice straw biochar (Fig. 3b) shows similar peaks, with O—H and aliphatic C—H stretches, a clear
C=0 stretch at 1700 cm-1, and aromatic C=C vibrations at 1600 cm-1. According to Kamal et
al. (2017), the proximity of the C=C stretching bands around 1600 cm-1 suggests the existence
of aromatic compounds generated during the pyrolysis process. Additionally, multiple peaks in
the fingerprint region (below 1500 cm-1) imply a structurally diverse composition with various
functional groups, including alcohols, ethers, and phenols exhibiting C-O stretching. These
functional groups underscore the biochar’s capacity for adsorption and reactivity, rendering it
advantageous for environmental and agricultural applications.

Effects of parameters study
Effect of pH

Using rice straw and sugarcane bagasse biochars, the influence of pH on the percentage
of crystal violet dye removed reveals that both biochars function better at higher pH levels,
with sugarcane bagasse biochar showing improved overall efficiency (Fig. 3a). At acidic pH
levels (2-5), the removal percentage of rice straw biochar is still very low (40-50%); however,
when pH climbs to 10, it increases dramatically to almost 90%, reaching an optimal removal
percentage of 91% at pH 11. The increase in adsorption at high pH is likely because the biochar
surface becomes more negatively charged (deprotonation of -OH and —COOH groups) and the
CV dye remains cationic, enhancing electrostatic attraction. At low pH, excess H" competes with
CV for adsorption sites and protonates the surface, reducing dye uptake (Shamkhi & Hussein,
2022). Studies have shown similar results P. Homagai et al., in 2022 use rice-biomass chars
(rice husk or straw) that typically show better CV uptake under neutral/alkaline conditions;
they report >98% removal at pH 10. Sugarcane bagasse biochar, on the other hand, exhibits a
higher removal efficiency of roughly 70% at lower pH levels and reaches nearly total removal
(~100%) at pH values between 8 and 9. It even maintains a high level of effectiveness at pH
10, with pH 9 being the optimal removal percentage. In comparison to rice straw biochar,
sugarcane bagasse biochar shows better performance across a wider pH range. So, sugarcane
bagasse biochar is more effective in this study.

Effect of Dose

The CV removal efficiency increased with adsorbent dose for both biochars (Fig. 3b). Rice
straw biochar (RCB) removed only around 50% of CV at the lowest tested dose, but this rose
to about 95-100% at the optimum dose of 0.7 g. Sugarcane bagasse biochar (SCB) showed
a similar trend, reaching around 96% removal at its optimum dose of 0.4 g. Beyond these
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doses, the removal plateaued, indicating saturation of available adsorption sites. Notably, SCB
achieved high removal at a lower dose than RCB, reflecting its relatively higher adsorption
efficiency per gram of material. SCB is more efficient due to its higher surface area and well-
developed porous structure. It contains more oxygen-containing functional groups, enhancing
dye binding. SCB has a higher cation exchange capacity, promoting electrostatic interactions
with CV. Ibrahim et al., in 2020 found that increasing the dose of activated rice-straw biochar
from 0.01 to 0.05 g raised CV removal from 29% to 95%, mirroring the positive dose—response
seen here.

Effect of Initial Dye Concentration

Increasing the initial CV concentration led to a decrease in removal percentage for both
biochars (Fig. 3¢). RCB removed about 95% of CV at 40 mg/L but only around 90% at 100 mg/L,
while SCB dropped from 96% to 93% over the same range. This drop in efficiency at higher dye
loads is expected: with a fixed amount of adsorbent, more dye molecules must compete for the
limited sites. Nevertheless, the removal remained high (>90%) even at 100 mg/L, indicating that
both biochars have substantial capacity. This behavior is consistent with the literature. Ibrahim
et al., in 2020 reported that increasing CV concentration reduced the percentage removal on
rice-straw biochar, attributing it to active site limitation. Similarly, Hong Phuc et al., in 2025
found around 99.0% CV removal at 20 mg/L and 96.7% at 100 mg/L using a coffee-ground
biochar. So, as initial dye concentration rises, removal (%) declines modestly due to saturation
of adsorption sites, even though the absolute amount adsorbed increases.

Effect of Contact Time

The adsorption was rapid initially and reached equilibrium by 120 minutes for both biochars.
In batch tests (Fig. 3d), the removal increased steeply during the first 60—120 min and then
levelled off. By 120 min, both RCB and SCB had essentially saturated their adsorption sites,
with RCB attaining slightly higher removal than SCB at earlier times (suggesting marginally
faster kinetics). This faster initial uptake by RCB could be due to its pore structure or surface
chemistry; for example, if RCB has smaller pore diameters or certain functional groups that
bind CV more quickly, the initial adsorption rate would be higher. However, both biochars
ultimately reach a similar high removal. The fact that SCB achieves higher capacity (q_) but
RCB has a slightly steeper initial uptake suggests that SCB’s greater porosity and site density
allow it to bind more dye overall, while RCB’s surface properties enable rapid early adsorption.
These results indicate that nearly all CV uptake occurs within the first two hours of contact.
This time dependence agrees with other reports. Hong Phuc et al., in 2025 observed 89.3% CV
removal in just 10 min and 96.5% by 60 min on a coffee-ground biochar. Likewise, Ashour et
al., in 2022 found 88% removal in 15 min and equilibrium by 120 min for CV adsorbent. Thus,
our biochars show typical adsorption kinetics, a rapid initial phase followed by saturation,
similar to many other agricultural-waste-derived sorbents.

Adsorption isotherm

Fig. 4 and Table 1 showed the results of isotherm study. According to the Langmuir
isotherm model, there are only a limited number of identical sites on a homogeneous surface
where adsorption takes place. For rice straw biochar, the q_value is 161.29 mg/g, with a
Langmuir constant (K,) of 7.91x10* L/mg and an R? value of 0.9838, indicating a good fit
and high adsorption capacity. This reflects the effective utilization of adsorption sites at lower
concentrations. With a K, of 3.12x10™ L/mg and an R* value of 0.9926, sugarcane bagasse
biochar has a much larger q_ at 476.2 mg/g, indicating a somewhat lower affinity but still a
greater adsorption capacity. Because sugarcane bagasse biochar has a bigger surface area and
more adsorption sites, it performs better as seen by its higherq_ .
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Table 1. Parameters of adsorption isotherm models for removal of crystal violet dye by bio-adsorbent

Model Parameter Rice Straw Biochar Sugarcane Bagasse Biochar
qm(mg/g) 161.29 476.2
Langmuir Ki (L/mg) 7.91 x 10 3.12x10*
R? 0.9838 0.9926
n 1.4 1.16
Freundlich Kr(mg/g) 2.205 2.225
R? 0.9939 0.9985
B(J/mol) 10.853 13.159
Temkin K: (L/g) 1.441 1.377
R? 0.9767 0.9637

Both biochars fit very well into the Freundlich isotherm model, best fit in this study, which
postulates adsorption on a heterogeneous surface with sites of different affinities; the rice straw
biochar has an R? value 0f 0.9939, while the sugarcane bagasse biochar has a value 0of 0.9985. The
adsorption capabilities on heterogeneous surfaces of rice straw biochar and sugarcane bagasse
biochar are similar, as indicated by their respective Freundlich constants (K,) of 2.205 mg/g
and 2.225 mg/g. For both biochars, the n values are more than 1, 1.4 for rice straw and 1.16 for
sugarcane bagasse biochar, showing favourable adsorption conditions and increasing adsorption
intensity at higher concentrations.The Temkin isotherm analysis yielded moderate correlations
for both adsorbents. These B values indicate moderate adsorption heats and are consistent with
the Temkin assumption that adsorbate—adsorbate interactions lead to a roughly linear decrease
in adsorption energy as surface coverage increases, suggesting that heterogeneous surface
adsorption dominates the behaviour. A higher K| value indicates a stronger binding interaction
between the dye and the surface, so the slightly larger K, for RSB implies that it binds crystal
violet marginally more strongly than SCB. The Freundlich isotherm provided the best overall
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fit, followed closely by Langmuir. In summary, while Freundlich best describes the equilibrium
data, the Temkin constants highlight that the heat of adsorption decreases approximately linearly
with coverage, consistent with moderate adsorbate interactions observed in this system. Recent
studies of CV removal on biochars often find the Freundlich isotherm provides the best fit.
For example, biochars from coffee grounds (Hong Phuc et al., 2025b) and sugarcane bagasse
(Mahdi et al., 2023) both showed Freundlich R? around 0.99, with exponent n >1 indicating
favourable, multilayer adsorption.

Adsorption Kinetics

The processes controlling the adsorption process of crystal violet dye onto rice straw and
sugarcane bagasse biochars are thoroughly understood thanks to the adsorption kinetics data
(Fig. 5, Table 2). Lower R? values for the pseudo-first-order kinetic model (0.8487 for rice straw
and 0.8951 for sugarcane bagasse) indicate that it is not as well suited to describe the adsorption
process. The rate constants (k) are low, indicating a slower initial adsorption rate. Conversely,
the pseudo-second-order kinetic model provides a much better fit with R? values of 0.9917 for
rice straw and 0.9907 for sugarcane bagasse biochar, indicating that the adsorption process
is likely governed by chemisorption involving valence forces through sharing or exchange
of electrons between adsorbent and adsorbate. The higher rate constants (k,) for sugarcane
bagasse biochar (17.4 g/mg/min) compared to rice straw biochar (8.29 g/mg/min) reflect a
faster adsorption process for sugarcane bagasse biochar.

The adsorption mechanism is further elucidated by the intraparticle diffusion model, with
rice straw biochar exhibiting a value of 0.884 and sugarcane bagasse biochar exhibiting a value
of 0.9264. This indicates the significance of intraparticle diffusion in the adsorption process.
The higher K, value of rice straw biochar (0.3374 mg/g/min'/?) compared to sugarcane bagasse
biochar (0.2302 mg/g/min'/?) suggests a faster diffusion rate. Additionally, the sugarcane bagasse
biochar has a higher intercept value (3.3048) than rice straw biochar (1.3898) which shows a
stronger boundary layer influence during the adsorption process. The result shows that both
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Table 2. Parameters of adsorption kinetic models for removal of crystal violet dye by bio-adsorbent

Model Parameter Rice Straw Biochar Sugarcane Bagasse Biochar
ki (1/min) 0.0024 0.0066
Pseudo-First-Order e (mg/g) 1.9955 3.61
R? 0.8487 0.8951
k> (g/mg/min) 8.29 17.4
Pseudo-Second-Order e (mg/g) 6.44 6.72
R? 0.9917 0.9907
Kid (mg/g/min'/?) 0.3374 0.2302
Intraparticle Diffusion C 1.3898 3.3048
R? 0.884 0.9264
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Fig. 6. Adsorption Kinetics of SCB and RSB; (a) Pseudo-first order, (b) Pseudo-second order, (c) Intraparticle diffusion model.

surface adsorption and intraparticle diffusion mechanisms take place, and sugarcane bagasse
biochar has a more complex adsorption process which is particularly influenced by boundary
layer diffusion. In studies of crystal-violet adsorption on biochars, the pseudo-second-order
(PSO) model almost invariably provides the best fit (R? ~0.99-1.00), reflecting chemisorption-
controlled kinetics. For example, (Mahdi et al., 2023) found that PSO fitting of CV uptake
on sugarcane-bagasse biochars at 500 and 650 °C gave R? = 1.000 and 0.9998, respectively.
Likewise, (Moharm et al., 2022) report R? =0.999 for PSO (CV) versus only 0.888 for pseudo-
first-order, with a PSO rate constant k> ~1.2x1072 g/mg/min. In both cases the calculated q.
(PSO) closely matches experiment, which these authors interpret as a chemisorption-driven
rate. Importantly, these works also find that intra-particle diffusion contributes significantly as
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Table 3. Comparative study of adsorption of crystal violet dye by different bio-adsorbent.

Dye Contact Maximum  Maximum
Biochar H Dose concent time adsorption Removal Isotherm  Kinetics References
Material P (g ration (min) capacity efficiency models model
(mg/T) (mg/g) (%)

. 0.025 .
Modified 10 1000(10 70 (10- « Homagai et
rice husk (1-12) (0.01- -1000) 180) 90.02 96.16 LI% FI PSO al., 2022
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B0 e e e e e
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Platanus
. . 6.25 Ahmad
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(2.62- 30.01 >90 LI, FI % Khan et al.,
polsjdfer 6.52) (0.5-3) 40) 60) PSO 2023
Nithyalaksh
Aerca leaf 8 50 (10- LI*, FI, PFO, mi &
plate waste  (3-10) 3 (1-10) 200) . ) 87.44 R-P, SI PSO* Saraswathi,
2023a
Sugarcane 9 45 100 6o (10 PFO Patil et al
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ey e UGN e e o
& IPD Current
PFO study
. 11 40 (20- 120 (30- LI, FI*, .
Rice straw (3-12) 7 (1-10) 100) 120) 161.29 >90 TI PISP(])) s

* Represents best fit model in the study

they observed a two-stage uptake (fast surface binding followed by slower pore diffusion) with
an intraparticle-diffusion fit of R =0.905.

Comparison with Previous Crystal Violet Adsorption Studies

Table 3 summarizes recent CV adsorption on various biochars under their respective
experimental conditions. Homagai et al. (2022) prepared xanthated rice husk (XRH) and
conducted adsorption at pH 10, 25 °C, initial (CV) = 50 mg/ L, 0.25 g L' adsorbent, and 60
min contact, yielding qm = 90.02 mg g'. Azhar-ul-Haq et al. (2024) used raw banana peel
powder at pH 7, 20 °C, initial (CV) =90 mg L™, 1 g adsorbent, and 10 min contact, achieving
93 % removal. Yang et al. (2024) synthesized succinic-anhydride-modified eucalyptus biochar
at pH 9, 25 °C, initial (CV) = 100 mg L, 0.3 g L' adsorbent—finding qm = 469.5 mg g
Patil et al. (2022) prepared microwave and acid-activated sugarcane leaf char, operating at
pH 9, 25 °C, initial (CV) = 100 mg L™, 4.5 g L' adsorbent, and 60 min contact, with qm =
149.25 mg g'. In our present work, unactivated rice straw biochar (550 °C pyrolysis) at pH
11, 25 °C, initial (CV) =40 mg L', 7 g L' adsorbent, 120 min contact shows qm = 161.29 mg
g!, whereas unactivated sugarcane bagasse biochar (550 °C) at pH 9, 25 °C, initial [CV] =40
mg L', 4 g L' adsorbent, 120 min contact yields gm = 476.2 mg g'. This comparison shows
that despite similar feedstocks, surface chemistry and operating conditions drastically affect
adsorption capacity for CV. The literature shows that dye uptake on biochars is generally driven
by a few recurring processes. In almost all cases studied, cationic or anionic dyes are attracted
to oppositely-charged sites on the biochar surface via strong electrostatic interaction, while
aromatic dyes also engage in m—n (and n—m) stacking with the biochar’s graphitic or aromatic
domains. At the same time, polar surface functional groups (—OH, -COOH, -NH2, etc.) form
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hydrogen bonds or dipole interactions with complementary groups on the dye.
CONCLUSION

The study found that the optimal conditions for the adsorption of crystal violet dye using
biochars derived from rice straw and sugarcane bagasse included a pH of 11 for rice straw
biochar and 9 for sugarcane bagasse biochar, a biochar dose of 7 g/1 for rice straw and 4 g/1 for
sugarcane bagasse, an initial dye concentration of 40 mg/L for both biochars, and an optimal
contact time of 120 minutes. While these pH values are higher than those typically found in
real wastewater (pH 6.5-8.5), they represent the maximum adsorption capacity under ideal
conditions. Further optimization or surface modification may enhance performance under
natural pH conditions. The data fitted the Freundlich isotherm best (R? = 0.9939 for rice straw;
R?=0.9985 for sugarcane bagasse), indicating multilayer adsorption on heterogeneous surfaces
and favourable adsorption intensity (n > 1). While the Freundlich model gave the best fit, the
Langmuir model also showed high correlation, suggesting the presence of monolayer adsorption
at specific homogeneous sites, and the Temkin model indicated moderate adsorbate—adsorbate
interactions through its linear decrease in adsorption energy. The most suitable kinetic model
for the adsorption process was pseudo-second order, implying that the rate-limiting step likely
involves valence forces through electron sharing or exchange in a chemisorption process.
These results demonstrate that both biochars have promising potential for dye removal in
wastewater treatment under optimized conditions. Furthermore, they are relatively practical and
applicable, offering environmentally friendly disposal options and potential reuse in agricultural
applications, such as soil amendment or nutrient retention.
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