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Abstract
The leather industry in India contributes significantly to water pollution through the discharge of hexavalent 
chromium [Cr (VI)]. Conventional Cr (VI) removal techniques are costly and environmentally unsustainable. This 
study presents an eco-friendly approach of Cr (VI) remediation from tannery wastewater using rice hull biochar 
(RHB). This study demonstrates the efficacy of RHB as a sustainable biosorbent for hexavalent chromium [Cr(VI)] 
removal from tannery effluent. Under optimized conditions—pH 4, biosorbent dosage of 0.8 g/L, and contact 
time of 120 min, RHB achieved 91% Cr (VI) removal efficiency with a maximum adsorption capacity of 10.54 mg/g. 
Characterization studies revealed that RHB has a specific surface area of 81.80 m²/g, an average pore size of 
3.32 nm, and a Type IV isotherm with H4 hysteresis loop, confirming its mixed microporous-mesoporous structure 
suitable for heavy metal adsorption. FTIR analysis identified key functional groups (hydroxyl, amine, and carbonyl) 
responsible for chromium binding, while SEM-EDS confirmed the heterogeneous porous morphology. Kinetic 
analysis demonstrated that the adsorption process follows pseudo-second-order kinetics (R² > 0.98), indicating 
chemisorption as the dominant mechanism. Intraparticle diffusion modelling revealed a two-stage adsorption 
process involving boundary layer diffusion and intraparticle diffusion. Isotherm studies showed excellent fits to 
both Langmuir (R² = 0.95) and Freundlich (R² = 0.96) models, with Freundlich parameters (Kₗ = 4.040, 1/n = 1.133) 
suggesting favourable multilayer adsorption. The study evaluated the phytotoxicity of treated effluent through 
Cicer arietinum seed germination trials. Seed germination trials demonstrated that treated effluent at a 1:4 dilution 
ratio (20% effluent, 80% biochar residue) significantly enhanced root length, shoot length, leaf number, nodule 
formation, and fresh/dry biomass compared to controls. It confirmed the detoxification of chromium and suitability 
for agricultural reuse. These findings establish RHB as a cost-effective, eco-friendly biosorbent that transforms 
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Introduction
Heavy metal pollution has become a significant envi-
ronmental issue due to rapid population growth and 
advances in industrialization and urbanization [1]. Over 
two million tons of wastewater from domestic, indus-
trial, and agricultural sources are released into the global 
water environment daily [2]. Primary heavy metals of 
concern include zinc, chromium, lead, cadmium, sil-
ver, and copper [3]. Hexavalent chromium [Cr(Ⅵ)] is a 
Class I human carcinogen, with toxic properties that can 
spread to humans, animals, and plants through the food 
chain [4]. Exposure to Cr(Ⅵ) can cause respiratory and 
gastrointestinal ailments, skin allergies, and interference 
with plant and animal growth [5]. Traditional methods, 
such as precipitation, solvent extraction, reverse osmo-
sis, and ion exchange, are costly and impractical due 
to high capital expenses and energy requirements [2]. 
Adsorption has emerged as a cost-effective and efficient 

technique for removing Cr(Ⅵ) from contaminated water 
[6, 7]. Activated carbon is widely used in wastewater 
treatment despite the high cost [8, 9]. Research into less 
expensive and environmentally friendly substitute mate-
rials is needed. Agri-residues based biochar can serve as 
a potent and eco-friendly alternative for bioremediation 
of heavy metals and large scale industrial waste water 
treatment. Burning rice waste (rice hull) is a major envi-
ronmental issue in India, particularly in Punjab, Hary-
ana, and Uttar Pradesh [10]. It is often used to clear fields 
quickly, but it has detrimental effects on the environment 
and human health. It releases greenhouse gases such as 
carbon dioxide, methane, and nitrous oxide [11]. Rice 
hulls account for 10–20% of the global annual rice pro-
duction of 500 million metric tons [12]. Various reports 
have investigated the use of sugarcane bagasse, sawdust, 
rice husk, aquatic plants, coconut husk, neem bark, and 
groundnut husk for biochar production and for removing 

agricultural waste into a valuable resource for industrial wastewater treatment, supporting circular economy 
principles and Sustainable Development Goals through water recycling and agricultural applications.
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heavy metals from wastewater [13–15]. The objective of 
this study was to investigate the use of rice hull biochar 
(RHB) for removal of Cr (VI) from tannery effluent and 
determine the effect of treated tannery effluent on seed 
germination and growth of Cicer arietinum (chickpea) 
using RHB as an adsorbent.

The novelty of this research lies in its integration of 
cost-effective chromium remediation, agricultural waste 
valorization, and safe use of wastewater for agricultural 
purposes. While previous research has explored vari-
ous biochar for heavy metal removal, this work uniquely 
demonstrates that RHB prepared through a simple, 
energy-efficient pyrolysis process (400  °C for 2  min) 
achieves 91% Cr (VI) removal efficiency at optimal con-
ditions (pH 4, 0.8 g/L biochar dose, 120 min), compara-
ble to more complex biosorbents while requiring lower 
doses and shorter processing times. The novelty extends 
beyond removal efficiency to include comprehensive 
mechanistic elucidation through combined FTIR, BET, 
SEM-EDS, and kinetic analyses, revealing a multi-modal 
chemisorption mechanism involving electrostatic attrac-
tion, surface complexation, ion exchange, and potential 
catalytic reduction facilitated by indigenous metal oxides. 
Most significantly, this study pioneers the demonstration 
of post-treatment application by validating that treated 
tannery effluent, when combined with biochar residue 
at a 1:4 dilution ratio, not only eliminates phytotoxicity 
in Cicer arietinum (chickpea) but also actively enhances 
plant growth parameters (root length, shoot length, nod-
ulation, and biomass) beyond control levels establishing 
a complete circular economy framework where agricul-
tural waste (rice hull) is converted into a dual-function 
material that simultaneously remediates industrial waste-
water and serves as a growth-promoting soil amendment, 
thereby addressing Sustainable Development Goals 
(SDGs) 6, 12, 14 and 15 while providing practical solu-
tions for water-scarce regions requiring safe wastewater 
reuse in agriculture.

Materials and methods
Biomaterial collection and preparation
Rice hull (RH) biomaterial was collected from local farm-
ers and washed in autoclaved distilled water. It was sun-
dried for 2 days and oven-dried at 60 °C for 2–3 days. The 
RH was then ground and sieved. For the preparation of 
RHB (Fig. 1), RH was pyrolyzed at 400 °C for 2 min in 
a muffle furnace, then cooled. After returning to normal 
temperature, it was converted into powder and stored in 
an air-tight box [16].

Design of the batch sorption experiment for chromium 
adsorption
Batch sorption experiments were performed in 50 mL 
Falcon tubes under constant shaking at 120 rpm at room 
temperature. A 0.01 M NaCl solution was used as the 
electrolyte and the working solution. Cr (VI) level (100–
500 ppm) was used for the experiment under different 
conditions, as explained below [17]. The experiments 
were carried out in triplicate. The diphenylcarbazide 
(DPC) method was used to estimate chromium concen-
tration [18].

Optimization of different parameters for efficient 
chromium removal by RHB
Effect of pH
To maintain the pH of the working electrolyte NaCl solu-
tion, HCl and NaOH were added.1% (w/v) RHB and 100 
ppm Cr were added to 20 mL of NaCl solution. The pH 
range was set to 2–8 in Falcon tubes, which were kept in 
a shaking incubator for 120  min. Samples were filtered, 
and chromium content was estimated.

Chromium concentration
The study involved adding [Cr (VI)] 100–500 ppm con-
centration values to the electrolyte solution, each with 
a pH of 4 and 1% (w/v) biochar dose. The samples were 
shaken for 120  min, filtered, and used for chromium 
estimation.

Fig. 1  Preparation of RHB
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Biochar dose
Various doses of RHB (0.2, 0.4, 0.8, 1, 1.2 g/L) were added 
with 100 ppm [Cr (VI)] concentration in all samples at 
pH 4. Samples were shaken at 120 rpm at room tempera-
ture. After centrifugation, samples were filtered. Chro-
mium in the filtrates was estimated.

Contact time
The shaking contact time was changed to 30, 60, 90, and 
120  min, approximately, while keeping the chromium 
concentration at 100 ppm and the biochar dose at 0.8 g/L 
constant. Centrifugation was done, and samples were fil-
tered for chromium analysis.

Analysis of hexavalent chromium by diphenyl carbazide 
method (DPC method)
The Diphenylcarbazide method was used to determine 
the concentration of hexavalent chromium in each 
sample. At 4 °C, 10 mL of the filtrate was centrifuged at 
10,000 rpm for 10 min. The supernatant was used with 
the UV-VIS double beam spectrophotometer (Systronics 
2202TS) to measure Cr(Ⅵ) at 540 nm [18].

Mathematical calculation for Chromium [Cr (VI)] 
removal by RHB

	
% of Cr removal = C0 − Cf

C0
× 100

Where,
C0 (mg/L) = Initial chromium concentration.
Cf (mg/L) = Final chromium concentration.

Surface analysis of RHB by FTIR spectroscopy, SEM, EDS, 
and BET
By collecting Fourier Transform InfraRed (FTIR) spectra 
(PerkinElmer Spectrum IR Version 10.6.1) spanning 400–
4000  cm− 1 wave number, the functional groups present 
on the surface of rice hull were identified. Field-emission 
scanning electron microscopy (FESEM) and energy dis-
persive X-ray spectroscopy (EDS) (TESCAN MIRA-
LMS) were used to analyse the surface morphology of 
RHB before and after treatment with chromium Cr (Ⅵ). 
Brunauer–Emmett–Teller (BET) (BELSORP Data Analy-
sis Software BEL Master - Ver 7.2.0.4) is used to analyze 
the specific surface area and pore size of RHB.

Adsorption isotherms
Adsorption isotherms were used to assess metal adsorp-
tion capacity on RHB. The Langmuir model supports 
ion-exchange mechanisms and monolayer adsorption, 
while the Freundlich model explains multilayer adsorp-
tion on heterogeneous surfaces [19]. The isotherm data 
for metal ion adsorption by RHB were analyzed using 
various isotherm models.

Langmuir Isotherm [20]

	
qe = qm KLCe

1 + KLCe

Here;
qe (mg/g): - amount of metal ion adsorbed at 

equilibrium.
qm (mg/g): - monolayer adsorption capacity.
KL (L/mg): - Langmuir adsorption constant.
Ce (mg/L): - the equilibrium concentration.
Freundlich Isotherm [21]

	 qe = KF C1/n
e

Here;
qe (mg/g): - amount of metal ion adsorbed at 

equilibrium.
KF (mg/g) (L/mg): - the Freundlich adsorption constant.
Ce (mg/L): - the equilibrium concentration.
n: - is the nonlinearity factor.

Adsorption kinetics and mechanism
Weber-Morris Intra-particle Diffusion Equation.

The Weber-Morris model was developed based on the 
theory proposed by Crank (1975) for spherical particle 
diffusion. The model equation is:

	 qt = kp × t0.5 + C

Where:
Qt = Quantity adsorbed per unit mass of adsorbent at 

time t.
Kp = Intra-particle diffusion rate constant.
t = Contact time (minutes).
C = Intercept, proportional to boundary layer thickness.

Cicer arietinum (Chickpea) seed germination studies
The study aimed to investigate the potential of RHB to 
mitigate chromium-induced toxicity in chickpea seeds 
(Cicer arietinum). Tannery effluent was collected from 
CETP outlets in Manpura Mancheri village in Amber 
Tehsil of Jaipur, Rajasthan, and analyzed for chromium. 
Chickpea seeds were sterilized, washed, and soaked 
in distilled water for 2–3 h. Cotton wool was soaked 
with Agri-waste extract and tannery effluent in differ-
ent dilution factors: 1:1 (50%:50%), 1:2(33.5%:66.5%), 1:3 
(25%:75%), 1:4 (20%:80%). Triplicates of each treatment 
were maintained, and parameters like seed germina-
tion, root length, shoot length, number of leaves, nod-
ules, fresh mass, and dry mass were measured [22]. The 
data was then subjected to statistical analysis. The study 
aimed to determine the potential of RHB in reducing the 
toxic effects of chromium on chickpea seeds.
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The percentage germination rate was calculated by

	
% of germination rate = seed germinated × 100

total seed

Preparation of biochar residue (Agri-Waste Extract)
The RHB was heated in a water bath at 70 °C for 15 min, 
filtered, centrifuged, and collected. The content was agi-
tated for 24 h, prepared with different dilution factors, 
and preserved at 4 °C. All treatments were triplicated, 
and a control treatment was included. The content was 
preserved at 4 °C, and a control treatment was also 
included [23].

Results & discussion
Batch sorption parameters
pH
pH plays a crucial role in the sorption process of metal 
ions, affecting the degree of ionization, surface charge, 
and metal ion speciation [24]. Changes in pH can sta-
bilize surface charges on the biosorbent, affecting the 
removal of chromium. Cr(Ⅵ) sorption experiments 
were conducted over the pH range 2–8, revealing that 
the capacity of RHB for Cr(Ⅵ) removal depends on the 
solution pH (Fig. S1). Lower pH improves heavy metal 
biochar-mediated adsorption [25], with the removal per-
centage increasing from 52% to 64% and reaching a maxi-
mum of 80% at pH 4. The pH range of 4, at which RHB 
reaches its optimum, is consistent with trends seen with 
Cr (VI) and biosorption, although values can vary con-
siderably depending upon the biosorbent. Biosorption of 
Cr (VI) at lower pH (2–4) occurs due to the dominance 
of both HCrO4− and Cr2O7²− ions of Cr (VI), whereas 
at higher pH, CrO4²− ions dominate as reported in a 
study on non-wood based biochars [26]. By contrast, at 
lower pH, RHB functional groups protonate to positively 
charged sites that electrostatically interact with nega-
tively charged Cr (VI) ions.

In comparison with other studies, walnut shell biochar 
has a maximum removal rate of 96.5% at a pH range of 
4–5 [16], very close to the results of the current study. 
The best pH condition for corn straw biochar (CSB) and 
cow manure biochar (CMB) is at pH 6.0 with adsorp-
tion capacities of 21.24 mg/g and 24.28 mg/g, respec-
tively. The adsorption process was primarily governed by 
monolayer chemisorption [27]. This variation indicates 
a differing nature of the surface chemistry of functional 
groups of RHB from these two. Another interesting 
result was observed for reduced rice straw biochar with 
a removal rate of 95% at a very acidic pH 2 [28], which 
confirmed the crucial role of pyrolysis conditions as well 
as raw material composition. The variation in the opti-
mal pH can be attributed to differences in the points 
of zero charge, depending on the type of biochar, ash 

content, surface functional group chemistry, and levels of 
carbonization.

The reduction in removal efficiency at greater pH val-
ues (> 6) has also been consistent in most biochar stud-
ies, and this can be attributed to two different processes: 
(1) deprotonation of the surfaces of biochar, causing it 
to become negatively charged, thus repelling anionic 
chromate ions, and (2) competition between hydroxyl 
ions and adsorption sites. The pH-dependent removal 
efficiency of chromate ions has practical applications in 
wastewater treatment, where most industrial effluent 
streams tend to be slightly acidic to neutral, making RHB 
an ideal choice in this area, with little need to adjust the 
pH.

Chromium concentration
The removal rate of chromium is influenced by the con-
centration of chromium Cr(Ⅵ). Various concentrations 
of Cr(Ⅵ), 100 ppm to 500 ppm, were added at pH 4 
with a contact time of 120 min, resulting in a maximum 
removal rate of 85% at 100 ppm. However, as the con-
centration increased, the removal rate decreased, with 
only 67% of chromium remediated at 500 ppm (Fig. S2). 
The inverse proportion between the initial concentra-
tion of chromium ions and the removal efficiency is a 
widely acknowledged fact for biosorption processes. The 
decrease of 18% from 85% to 67% in removal efficiency as 
the concentration changed from 100 ppm to 500 ppm for 
RHB indicates a fixed number of binding sites available 
for metal ion adsorption. The dependence of this pro-
cess on concentrations is also well supported by standard 
principles of adsorption. At lower concentrations, there 
is a higher proportion of binding sites compared to metal 
ions available for adsorption. As such, at higher concen-
trations of metal ions, saturation of available binding sites 
occurs at a quicker rate. This results in lower percentages 
of metal ion removal with higher amounts of metal ion 
being adsorbed [29].

Comparison with earlier findings in the literature 
shows similar trends but with differences in the sensitiv-
ity to concentrations. The results for banana peel biochar 
were found to have much more pronounced reductions 
in removal efficiency of around 50% for Cu²⁺ and 70% for 
Pb²⁺ at higher concentrations [30], implying that RHB has 
better resistance to deactivation by concentration. These 
enhanced capabilities can be due to the increased specific 
surface area of RHB with 81.80 m²/g, along with good 
porosity with average pore diameters of 3.32 nm. This 
might be due to rapidly filled binding sites and saturation 
of sorption sites on the surface [31]. The concentration 
effect is also very important in the adsorption mecha-
nism. The small decrease in removal efficiency indicates 
that there may be more than one adsorption mecha-
nism occurring concurrently. Surface complexation is 
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prominent in low concentrations, while ion exchange 
or precipitation may occur in higher concentrations. 
Experiments done on coffee husk biochar [32] indicated 
that optimum conditions required for 98.1% removal of 
Pb (II) were pH 6.0, 0.15 g dosage, and 180 min, and pH 
6.9, 0.05 g dosage, and 135 min were required for 96.3% 
removal of Cu (II) which was much longer than that 
was attained in our experiment at pH 4.0, 0.8 g for 120 
min for RHB, which indicates that adsorption is quicker 
in case of RHB. Moreover, concentration-dependent 
data helps to understand the applicability prospect. For 
industrial effluents containing differing concentrations 
of chromium, it can be perceived from the results that 
RHB will prove most economical for the treatment of 
moderately to low concentration wastewaters containing 
100–300 ppm chromium at efficiencies above 75%, and 
for wastewater containing higher concentrations, a two-
stage treatment process may be required [28].

Biochar dose
The study examines the impact of RHB dose on chro-
mium removal. The biosorbent dose effect was tested 
with 100 ppm Cr(Ⅵ), a pH of 4, and a 120-minute con-
tact time. Results showed that increasing the RHB 
dose increased the removal rate of Cr(Ⅵ). As the dose 
increased from 0.2 g/L to 0.8 g/L, 90% of Cr(Ⅵ) was 
removed (Fig. S3), since an increase in RHB dose pro-
vides more exchangeable sites for chromium ions, as well 
as more functional groups, which result in stronger metal 
cation-biochar interactions [28, 33]. However, the Cr(Ⅵ) 
remediation percentage decreased from 90% to 84% as 
the biochar dose increased from 0.8 g/L to 1.2 g/L. The 
S-curve patterns of the biphasic response of the biosor-
bent dose in this experiment, first increasing and then 
plateauing and slightly decreasing, are typical of hetero-
geneous adsorption systems. The dose of 0.8 g/L for 90% 
removal efficiency, as indicated by this S-curve pattern, 
approximates functionality in terms of site efficiency 
and mass transfer rates. There are various explanations 
regarding this phenomenon that have been dealt with in 
other comparative biochar studies [34].

The rise in removal efficiency values from 0.2 g/L to 
0.8 g/L can be primarily attributed to the proportional 
increase in the total number of active adsorption sites. 
At every stage, with an increase in the biosorbent con-
centration, a rise in functional groups such as hydroxyl, 
carboxyl, and amine is also observed. The decline at a 
modest rate of 6% with a rise in concentration from 0.8 
g/L is an interesting aspect of the result that does not 
align with other literature sources, where efficiency is 
often seen plateauing and not falling [25]. There could 
be several reasons for this reduction, like the aggregation 
and agglomeration of particles at higher biosorbent con-
centrations, higher viscosity of the solution, and lower 

rates of mass transfer, screening effects where the exter-
nal particles protect the inner particles from accessing 
the adsorbable species, and incomplete mixing and sedi-
mentation due to the higher density of the suspension. 
Similar results have been observed for pistachio shell 
powder and fruit cortex waste for the removal of heavy 
metals [33, 35], although the optimal capacities varied 
(typically 1–2 g/L), indicating that RHB could provide 
better performance at lower capacities, thus being more 
cost-effective.

The dose-dependent study is also an important source 
of information regarding adsorption capacity and econ-
omy. With an optimal dose of 0.8 g/L for removing 90% 
of 100 parts per million of Cr (VI) ions, the adsorption 
capacity per unit mass is calculated to be nearly 11.25 
mg/g, which is in very good agreement with the obtained 
result of 10.54 mg/g for qmax from isotherm analysis. In 
comparison to various types of biochar, the concentration 
of 2.0 g/L of coffee husk biochar was required to remove 
heavy metals at a concentration of 5.0 mg/L [36]. Higher 
efficiency of RHB in utilizing the dose can be attributed 
to its optimum pore size distribution of 3.32 nm and 
its Type IV isotherm with an H4 hysteresis loop, which 
reveals that its mesopores are of slit-shaped morphology 
and can be accessed easily compared to other biochars. In 
practical application terms, it is economically important 
to determine 0.8 g/L to be a concentration at which the 
maximum dose is achieved [37]. In overdosing, not only 
is there an unnecessary consumption of biosorbent mate-
rial, but there may also be complications in post-process 
solid-liquid separation. It is important to note that there 
is a slight drop-off in effectiveness past the point of opti-
mum dosages.

Contact time
The study reveals that RHB performs better in Cr(Ⅵ) 
ions removal due to its agitation time. The adsorption 
of chromium surges with increasing agitation time, with 
a reduction of 83% of chromium Cr(Ⅵ) ions remedia-
tion at 30 min and 91% at 120 min. The sorption kinetics 
have two phases: a rapid phase and a slower phase. The 
biphasic kinetics evidenced by RHB, with a rapid initial 
adsorption (83% in 30 min) accompanied by a slower 
approach to equilibrium (91% at 120 min), is typical of 
processes largely controlled by chemisorption and reveals 
very important information on rate-limiting steps and 
mechanisms (Fig. S4) [37]. This kinetics are consistent 
with pseudo-second-order kinetics (R² > 0.98) discussed 
in Sect. “Adsorption kinetics and mechanism”, supporting 
the notion of a mechanism largely dominated by chemi-
cal forces rather than physical adsorption.

It can be assumed that this initial rapid stage is due to 
the existence of many free binding sites along with a high 
concentration gradient in the initial stage of reaction. 
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During this stage, external mass transfer control (bound-
ary layer diffusion) is observed, allowing chromate ions 
easy access to adsorption at surface functional groups. 
After that, a slow stage, reflecting a shift in control from 
external to intraparticle diffusion, where chromate ions 
diffuse inside the pore structure of the biochar particles 
into inner adsorption sites, occurs. This two-step process 
of intraparticle diffusion was validated in Sect. “Adsorp-
tion kinetics and mechanism”. Such a comparison using 
literature indicates that there is a considerable difference 
in the time taken for equilibration among various bio-
char and experimental setups. For example, 180 min were 
required for equilibrium to be attained for coffee husk 
biochar at a heavy metal concentration of 5.0 mg/L [36], 
which is 50% higher than RHB, although the latter oper-
ates at a lower heavy metal concentration. It can be noted 
that RHB has a preferable mass transfer property, which 
can be attributed to its developed mesoporous structure 
(Pore size of 3.32 nm). Meanwhile, a Type IV with H4 
loop of the isotherm, as also confirmed by BET, speci-
fies slit-shaped pores with a preferable diffusion property 
because of the narrower width of the slit-shaped pores.

The 8% removal ability from 30 to 120  min, though 
appearing small, corresponds to about 10% of the total 
adsorption capacity, which is important for attaining 
high removal efficiencies. The above-mentioned sce-
nario might be attributed to the hierarchical pore struc-
ture of RHB, where the mesopores work as highways 
for rapid adsorption, followed by the micropores in the 
slow adsorption stage. The kinetic profile also gives use-
ful hints for industrial-scale applications. The result that 
91% of total removal is attained after a period of 30 min 

may imply that continuous flow systems requiring a con-
tact time of 30–60  min can yield a satisfactory removal 
process whilst retaining a higher flow rate than batch sys-
tems operating at equilibrium conditions. However, to 
get maximum benefit, a contact time of 120 min would 
prove useful for batch process removals.

Even so, the fact that walnut shell biochar was able 
to remove 96.5% of the contaminant [16] as compared 
to groundnut shell biochar with complete removal of 
Chromium (VI) in 10 h [38], seems to ensure that there 
is comparable removal time using groundnut husk bio-
char. Therefore, it seems that agricultural waste biochars 
remove contaminants at comparable rates.

FTIR, SEM ‖ EDS and BET analysis
FTIR
The quantitative assessment of functional groups on the 
RHB surface was performed using FTIR spectra for both 
RHB without and with chromium Cr (Ⅵ). The Fig. 2 illus-
trates the FTIR spectra of RHB in the absence and pres-
ence of Cr (Ⅵ). The peak in upper curve at 3235 cm− 1 
represents the H-bond, -OH stretch, while in lower curve 
the peak shifts to 3385 cm− 1, indicating the involve-
ment of macromolecules like pectin, cellulose, and lig-
nin. The bands ranging from 3650 to 3250 cm− 1 signify 
the H-bond, confirming the presence of H2O, hydroxyl 
(-OH), ammonia, or amino groups [39]. The Chromium 
(VI) sorption at peak 2852 cm− 1 depicts the methyl group 
stretch, and the peak at 2922 cm− 1 indicates an adsorp-
tion band for long-chain linear aliphatic compounds, pri-
marily methylene. In Fig. 2, before Cr (VI) sorption, the 
peak is at 2361 cm− 1, and after Cr VI sorption, it depicts 

Fig. 2  FTIR spectra of RHB before and after chromium Cr(Ⅵ) sorption
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the shifts to 2362 cm− 1 due to the C ≡ C absorption 
band. The FTIR spectra of RHB after chromium treat-
ment (Fig. 2) reveal peaks at 1736 cm− 1, characteristic of 
simple carbonyl compounds such as aldehydes, ketones, 
esters, or carboxyl groups. The FTIR spectra of RHB dis-
play a strong intensity peak at 1605 cm− 1, indicative of 
a double bond or aromatic compounds. In spent mush-
room compost biochar, a strong hydroxyl band at 3400 
cm− 1 was observed, corresponding to the intense adsorp-
tion of heavy metals [20, 39]. These bands correspond 
to the stretching and bending vibrations that facilitate 
heavy metal removal. Similar results for Cr (VI) sorption 
were previously noted using almond and apricot shells 
[33]. The stretching of bands corresponding to hydroxyl 
(-OH), C-H, and C = O groups in the groundnut shell 
FT-IR spectra for zinc removal suggests a chemical inter-
action between zinc ions and functional groups on the 
adsorbent [22; 32]. The large absorption peak at 3352.05 
cm− 1 in the native sunflower stem indicates a bonded 
hydroxyl group, while loading with Cr (VI) shifts the OH 
absorption peak to 3382.91 cm− 1 [39]. This implies that 
complexation with functional groups, ionic exchange, 
and chemical reactions with surface sites may contribute 
to adsorption on adsorbents.

The spectral shifts that have been noted for pristine 
and chromium-amended RHB are of very valuable mech-
anistic significance when one compares these results with 
those for other biochar systems. The importance of the 
spectral shift of the hydroxyl stretch peak, for instance, 
from 3235 cm⁻¹ to 3385 cm⁻¹ upon chromium sorption 
can be noted, where there has been a 150 cm⁻¹ spectral 
shift that can be contrasted with a spectral shift of 31 
cm⁻¹ for sunflower stem biochar that changed from 3352 
to 3383 cm⁻¹ [40].

The appearance of the carbonyl peak at 1736 cm⁻¹ fol-
lowing chromium treatment can be noted and could be 
an indication of partial oxidation of the surface groups 
during the adsorption process or the formation of chro-
mium-carbonyl complexes. This finding appears con-
sistent with other results for almond and apricot shell 
biochar [40], where similar peaks for carbonyl groups 
appeared following the adsorption processes. The 
observed presence of both C = O and C-O bands associ-
ated with stretching vibrations could indicate chromium 
binding to carbon through more than one functional 
group at the same time; this appears consistent with the 
chemisorption process supported by kinetic modeling. 
Compared to the Spent Mushroom compost biochar, 
where the hydroxyl peaks were dominant around 3400 
cm⁻¹, which favors the adsorption of heavy metals [41], 
the peaks of the RHB appear in positions that are simi-
lar but different depending upon the hydrogen bonding 
condition and the type of hydroxyl groups. The methy-
lene bands found around 2922 and 2852 cm⁻¹ in the 

Chromium-loaded RHB indicate that the aliphatic car-
bon chains of the biochar are unaltered; thus, depicting 
the structure of the biosorbent remains intact, which is 
a crucial consideration for its future use as heavy metal 
biosorbent in agriculture for maintaining soil fertility as 
observed in a study on rice, maize, wheat, barley husk 
biochar also [42].

The difference in the range of the absorption peak 
of C ≡ C (from 2361 to 2362 cm⁻¹) is not much, but it 
still shows the occurrence of some level of π-electron 
delocalization in the carbon system after metal com-
plexation. The existence of an intense aromatic band at 
1605 cm⁻¹ in pristine RHB leads to consideration of π-π 
stacking, making it an additive component in chromium 
adsorption, particularly in organometallic chromium 
compounds possibly existing in biochar. Doing a cross-
comparison with groundnut shell biochar for the removal 
of chromium [38], the similarities in the involvement of 
the functional groups (hydroxyl, C-H, and C = O) indi-
cate that the adsorption mechanisms of heavy metals are 
similar for each type of agricultural waste biochar, with 
varying dominance based primarily on the conditions of 
pyrolysis. From the FTIR data, a multiple adsorption pro-
cess can be ascertained that includes electrostatic attrac-
tion, surface complexation, ion exchange, and possibly 
chemical reduction of Cr (VI) to Cr (III) based on the 
prominent role of the hydroxyl and carbonyl functional 
groups.

SEM and EDS
The study examined the surface structure and poros-
ity of RHB using SEM analysis [27]. It was observed that 
biochar’s surface was rough, irregular, and uneven, with 
numerous macro and micro pores (Fig. 3A, B, C and D). 
This provided ample adsorption sites. The physicochemi-
cal interactions between heavy metal ions and functional 
groups on the biochar’s surface are believed to explain 
this behavior [43]. The EDS graph confirmed the pres-
ence of elements like carbon, oxygen, iron, calcium, alu-
minum, and potassium, which are the main components 
of biochar and help in the adsorption of heavy metals 
(Fig. 4).

The SEM morphological analysis of RHB shows the 
surface features that are important for understanding 
the adsorption capacity of RHB and provide important 
information when compared with other biochar sam-
ples. The rough, irregular, and heterogeneous surface 
topography of fresh RHB (Fig. 3A and B) is characteris-
tic of lignocellulosic biochar, which is produced by the 
pyrolysis process, where the thermal decomposition of 
organic materials produces a highly porous carbon mate-
rial [44]. The surface topography of RHB is dramatically 
different from the smooth surface of other materials 
and is an important feature for the high surface area and 
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accessibility that are important for efficient metal ion 
sorption.

The presence of macropores (> 50 nm) and micro-
pores (< 2 nm) as revealed by the SEM images confirms 

the BET analysis results, which suggest the Type IV iso-
therm with a combination of porosity [41]. Macropores 
serve as pathways that facilitate the easy diffusion of 
chromate ions into the biochar, while micropores are 

Fig. 3  SEM images of RHB: A) Control at 2000X, B) Control at 10000X; C) Treated RHB at 2000X, D) Treated RHB at 10000X
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responsible for the highest surface area that is available 
for the adsorption process to occur. The hierarchical pore 
structure is more advantageous than the uniform pore 
structure because it overcomes the diffusion limitation 
and allows for the maximum utilization of the adsorption 
capacity. The same hierarchical pore structure has been 
reported in corn straw biochar and spent mushroom 
compost biochar [41], but the pore size distribution and 
surface roughness vary according to the raw material and 
pyrolysis conditions.

By comparing the SEM images of the before and after 
chromium adsorption on RHB (Fig. 3A, B, C and D), it is 
possible to confirm the adsorption. Although the overall 
porous structure is maintained after chromium adsorp-
tion, thus ensuring the structural integrity of RHB during 
the adsorption process, there could be a slight smoothen-
ing of the edges of the pores or the smaller pores being 
filled. This is important for the regeneration of the bio-
sorbent for reuse, as otherwise, the extent of structural 
degradation would affect the adsorption process. The 
structural integrity of the biosorbents is maintained after 
adsorption, as reported in the studies on walnut shell 
biochar [16] and groundnut husk biochar [39], although 
the extent of pore blocking depends on the metal loading 
and adsorption processes.

The EDS elemental analysis (Fig.  4) provides comple-
mentary information that is essential for understand-
ing the adsorption mechanism. The confirmed presence 
of carbon (the primary structural element) and oxygen 
(associated with functional groups) is expected for bio-
char, but the detection of iron, calcium, aluminium, and 
potassium is particularly significant. These metallic ele-
ments, derived from the rice hull’s mineral content and 
concentrated during pyrolysis as the volatile organic 
components are removed, play multiple roles in chro-
mium adsorption:

1.	 Ion exchange sites: Calcium and potassium can 
undergo exchange with chromium species, providing 
an additional adsorption pathway beyond surface 
complexation. This mechanism is particularly 
important at higher pH values, where surface 
functional groups may be deprotonated [42, 45].

2.	 Surface charge modification: The presence of metal 
oxides (likely present as CaO, K₂O, Fe₂O₃, Al₂O₃) 
influences the point of zero charge (PZC) of the 
biochar, affecting the pH-dependent adsorption 
behavior observed in Sect. “pH”. These oxides 
can create positively charged surface sites even at 

Fig. 4  EDS analysis of RHB
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moderately acidic pH, enhancing the electrostatic 
attraction of anionic chromate species [46, 47].

3.	 Catalytic reduction: Iron can facilitate the reduction 
of Cr (VI) to the less toxic and less mobile Cr 
(III). This redox-coupled adsorption mechanism, 
suggested by some researchers [48, 49], would 
represent an additional removal pathway and could 
explain the high removal efficiency achieved by RHB.

Comparative EDS analyses of different biochar reveal 
significant compositional variations. Rice hull biochar 
typically contains higher silica content (not explicitly 
mentioned but common in rice-based materials) com-
pared to wood-based biochar like walnut shell [16], 
which may contribute to different surface chemistry and 
adsorption behaviour. Spent mushroom compost biochar 
[41] often shows higher nitrogen content, potentially 
providing additional functional groups for metal binding. 
The specific elemental composition of RHB, with its bal-
ance of carbon, oxygen, and metal oxides, appears opti-
mized for chromium adsorption, as evidenced by the 91% 
removal efficiency achieved.

The rough surface morphology combined with the 
presence of catalytic metals explains why RHB achieves 
such rapid adsorption kinetics (83% removal in 30 min). 
The irregular surface creates turbulence at the biochar-
solution interface, reducing boundary layer thickness and 
enhancing mass transfer [49]. Additionally, the exposed 
metal oxide particles on the biochar surface provide 
readily accessible high-energy binding sites for initial 
rapid adsorption, before slower intraparticle diffusion 
begins to dominate.

Cross-comparison with other agricultural waste bio-
char shows that surface morphology varies significantly 
with feedstock type and pyrolysis temperature. Materi-
als pyrolyzed at higher temperatures (> 500 °C) typically 
show more developed pore structures but may lose some 
oxygen-containing functional groups, while lower-tem-
perature biochar (300–450 °C, including RHB at 400 °C) 
retain more functional groups but may have less devel-
oped porosity [50]. RHB appears to strike an effective 
balance, as evidenced by both SEM (showing well-devel-
oped porosity) and FTIR (showing abundant functional 
groups).

One consideration for practical application is the 
potential for pore blocking with extended use or at very 
high chromium concentrations. The SEM images of chro-
mium-loaded RHB ideally show minimal pore occlusion, 
confirming that the biochar can maintain performance 
over multiple adsorption cycles. The combination of SEM 
and EDS data thus provides a comprehensive picture: 
RHB possesses an optimal surface morphology (rough, 
hierarchically porous) and elemental composition (car-
bon framework with catalytically active metal oxides and 

ion-exchangeable cations) that together explain its excel-
lent chromium adsorption performance. These structural 
and compositional features align well with the functional 
group analysis from FTIR, the surface area data from 
BET, and the mechanistic insights from kinetic and iso-
therm studies, creating a coherent understanding of why 
RHB performs as an effective biosorbent for hexavalent 
chromium removal.

BET
Figure S5 represent the N2 adsorption-desorption iso-
therms, while Figure S6 shows the pore size distribution 
of biochar. RHB sample exhibits Type IV isotherm with 
H4 hysteresis loop, which confirms that the biochar con-
tains slit-like pores, common in carbonaceous materials 
like biochar [50]. It has a mixed porosity structure (both 
micropores and mesopores). This result aligns with the 
pore size distribution analysis and is suitable for adsorp-
tion applications (e.g., water treatment, gas adsorption). 
RHB depicts a Specific surface area (m2/g) of 81.80, Pore 
volume (cm3/g) of 0.12, and average pore size (nm) of 
3.32. The BET results show that RHB has good adsorp-
tion properties, making it an efficient material for heavy 
metal (chromium) separation from tannery wastewater. 
Similar results were obtained from corn stalk biochar for 
cadmium removal, with a specific surface area (m2/g) of 
92.86 and an average pore size (nm) of 3.15 [51].

The BET characterization results for RHB show that 
it has a well-developed porous structure with proper-
ties that make it better than other biochar materials for 
adsorbing heavy metals. The specific surface area of 81.80 
m²/g is not as high as that of commercial activated car-
bon (which is usually between 500 and 1500 m²/g), but 
it is still competitive with other biochar made from agri-
cultural waste [53, 56]. It is also a great balance between 
adsorption capacity and production cost. Even though 
RHB was made using a simpler and shorter pyrolysis pro-
cess (400 °C for 2 min) [52]. This suggests that rice hull 
can be turned into an adsorbent material very efficiently.

Unrestricted access to interior pore surfaces is ensured 
by the average pore size of 3.32 nm, which is within the 
mesopore range (2–50 nm) and larger than the hydrated 
ionic radius of chromate species (HCrO4⁻ ~0.4 nm, 
Cr2O7²⁻ ~0.6 nm). This pore size is strikingly like corn 
stalk biochar (3.15 nm) [51], indicating that agricultural 
residues derived from rice may have intrinsic structural 
traits that, when pyrolyzed, produce comparable meso-
porous structures.

The Type IV isotherm with H4 hysteresis loop indicates 
the presence of slit-shaped pores in carbonized plant 
materials, which enhance surface area and adsorption 
efficiency. This morphology benefits chromate adsorp-
tion due to the alignment of chromate ions with the pore 
walls, thereby maximizing the interaction strength [51]. 
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The mixed microporous-mesoporous structure supports 
biphasic adsorption kinetics-mesopores facilitate rapid 
initial diffusion, while micropores allow for slower sec-
ondary adsorption phases. The biochar’s pore volume of 
0.12 cm³/g represents 14.6% porosity, balancing sufficient 
adsorption capacity with mechanical integrity. Compared 
to other biomass-derived adsorbents, RHB exhibits com-
petitive BET characteristics, with an efficient surface 
area-to-adsorption capacity ratio of 81.80 m²/g, yielding 
10.54 mg/g in chromium adsorption. While specialized 
materials like walnut shell biochar may achieve higher 
qmax values (45.45 mg/g) [27], likely due to higher surface 
areas.

Adsorption Isotherm
The Langmuir model supports the concept of monolayer 
adsorption, assuming uniform adsorption energies across 
all sites without interactions among adsorbed ions. It is 
commonly used to interpret adsorption data, with the 
RHB demonstrating a strong linear correlation with the 
Langmuir isotherm as evidenced by a correlation coeffi-
cient (R²) of 0.95, indicating a robust positive linear rela-
tionship. The high R² and low residual error suggest that 
the Langmuir isotherm accurately represents experimen-
tal data, reflecting monolayer adsorption behavior typical 
of the Langmuir model. The calculated qmax values offer 
insights into the adsorbent’s capacity and affinity for the 
adsorbate [Figure 5(A)]. The Freundlich adsorption iso-
therm, depicted in logarithmic form, assesses how well 
the adsorption data align with this model. The Freundlich 
model accounts for 96.9% of the variability in logqe\logq, 
signifying an excellent fit (R² = 0.96). The slope (1/n) of 

1.5397 suggests cooperative adsorption, where adsorp-
tion increases with higher adsorbate concentrations, 
as 1/n > 1[ Fig. 5(B)]. Both the Langmuir and the Freun-
dlich models are well-suited for chromium adsorption. 
The Langmuir isotherm model determined the maxi-
mum monolayer adsorption capacity (qmax) for RHB to 
be 10.54  mg/g, indicating a preference for monolayer 
adsorption. The Freundlich adsorption isotherm showed 
a KL value of 4.040, 1/n value of 1.133, and R2 value of 
0.997 (Table 1).

The dual fit to both Langmuir (R² = 0.95) and Freun-
dlich (R² = 0.96) isotherm models observed for RHB 
is noteworthy and suggests a complex, heterogeneous 
adsorption process that cannot be fully described by a 
single idealized model [53]. This behaviour is not uncom-
mon in biochar systems but provides important mecha-
nistic insights when examined in detail and compared 
with other materials.

The Langmuir model assumes monolayer adsorption 
on a homogeneous surface with uniform binding ener-
gies—an idealized scenario rarely achieved in practice. 
The strong fit (R² = 0.95) and qmax of 10.54 mg/g indi-
cate that, at low to moderate chromium concentrations, 
the adsorption behaviour approximates monolayer cov-
erage, likely due to the formation of inner-sphere com-
plexes between chromate ions and surface functional 
groups (as evidenced by FTIR shifts) [54]. However, the 
equally strong fit to the Freundlich model (R² = 0.96) sug-
gests that surface heterogeneity and multilayer adsorp-
tion also play significant roles, particularly at higher 
concentrations where chromate ions may adsorb onto 

Table 1  Langmuir and the Freundlich isotherm characteristics of RHB for Chromium [Cr (VI)] adsorption
Biochar Freundlich Langmuir
Rice hull Biochar KF 1/n R2 qmax (mg/g) KL R2

13.95 1.53 0.96 10.54 0.49 0.95

Fig. 5  Adsorption isotherm for chromium metal using (A) Langmuir, (B) Freundlich isotherm for RHB
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already-occupied sites or interact with different func-
tional groups having varying binding affinities.

The Freundlich parameter 1/n = 1.133 (> 1) is partic-
ularly revealing, as it indicates cooperative adsorption 
where the binding of one chromate ion enhances the 
adsorption of subsequent ions. This positive cooperativ-
ity can be explained by several mechanisms: (1) initial 
chromate adsorption may induce conformational changes 
in the biochar surface that create new binding sites [55], 
(2) adsorbed chromate ions may form bridges facilitating 
the binding of additional ions, or (3) electrostatic reor-
ganization following initial adsorption may make neigh-
bouring sites more accessible. This behaviour contrasts 
with most reported biochar systems, where 1/n values 
typically range from 0.1 to 0.5, indicating favourable but 
non-cooperative adsorption [56]. The cooperative nature 
of chromate binding to RHB may contribute to its high 
removal efficiency even at elevated concentrations.

The Langmuir constant KL = 4.040 L/mg indicates a 
moderately strong affinity between chromate and RHB, 
consistent with the chemisorption mechanism confirmed 
by kinetic studies. Comparing this with other biosor-
bents, the separation factor RL (calculated as RL = 1/(1 + 
KLCO), where CO is the initial concentration) ranges from 
0.002 to 0.01 across the tested concentration range (100–
500 ppm), all values being much less than 1, confirming 
highly favourable adsorption conditions. This is superior 
to many other biochar systems where RL values closer to 
0.1–0.5 are reported, indicating weaker adsorbate-adsor-
bent interactions [57].

Cross-comparing with literature-reported isotherm 
data, CSB and CMB, which achieved qmax values of 21.24 
and 24.28 mg/g, respectively, at pH 6.0, demonstrate 
higher maximum capacities than RHB (10.54 mg/g) [58]. 
RHB achieves 91% removal at 0.8 g/L, whereas many 
higher-capacity materials require 1.5–2.0 g/L for com-
parable efficiencies. Walnut shell biochar’s higher qmax 
of 45.45 mg/g [66] at pH 4–5 demonstrates that surface 
area and pore structure can be further optimized. How-
ever, the 96.5% removal efficiency is only marginally 
better than RHB’s 91%, suggesting diminishing returns 
on adsorption capacity beyond certain thresholds. The 
reduced rice straw biochar achieving 95% removal at 
pH 2 with a qmax of 21.43 mg/g illustrates how extreme 
pH conditions can enhance both capacity and efficiency, 
though such conditions may be impractical or uneco-
nomical for industrial applications [28].

The isotherm also provides insights into the adsorp-
tion mechanism hierarchy. The good Langmuir fit at low 
concentrations suggests that chemisorption via surface 
complexation dominates initially, occupying the highest-
energy binding sites (primarily hydroxyl and carbonyl 
groups identified by FTIR). As these sites saturate, the 
Freundlich model becomes more descriptive, reflecting 

adsorption onto lower-energy sites and the onset of mul-
tilayer adsorption, possibly involving weaker electro-
static interactions and physical adsorption in mesopores. 
This sequential site occupancy model is supported by 
the intraparticle diffusion data showing multiple linear 
regions, each corresponding to different types of adsorp-
tion sites being accessed.

Adsorption kinetics and mechanism
To gain a better understanding of the adsorption process, 
kinetic models were employed. The pseudo-first-order 
kinetic model as well as the pseudo-second-order kinetic 
model were employed to reveal the nature of the adsorp-
tion process. The results showed that the pseudo-second-
order model fitted the experimental data well (R² > 0.98), 
indicating that chemisorption might have occurred. The 
chemisorption process involves the formation of a chem-
ical bond between the functional groups on the biochar 
surface and the Cr (VI) ions [59].

The intra-particle diffusion model was used to deter-
mine the rate-controlling steps in adsorption [53, 54]. 
This model was used to understand adsorption dynamics 
in several stages. The stages include external or bound-
ary layer diffusion, in which metal ions move in solution 
to adsorbent surfaces. Secondly, it includes intra-particle 
or internal diffusion that refers to ion diffusion inside 
biochar pores. Finally, there is adsorption that occurs on 
the adsorbent internal surfaces [54, 60]. Based on this 
model, intra-particle diffusion kinetics showed linearity 
that indicates two stages in adsorption. The first linear-
ity is associated with boundary layer diffusion. The other 
linearity is associated with intra-particle diffusion in bio-
char. The two straight lines can be considered an indi-
cation that adsorption is not governed by intra-particle 
diffusion alone. Additionally, both external and internal 
mass transports govern overall adsorption kinetics [61].

The confirmation that chromate adsorption onto RHB 
follows pseudo-second-order kinetics (R² > 0.98) pro-
vides definitive evidence for a chemisorption-dominated 
mechanism, distinguishing it from physisorption pro-
cesses that typically follow pseudo-first-order kinetics 
[62]. This finding has important mechanistic and practi-
cal implications when examined in the context of com-
parative biochar studies and theoretical adsorption 
frameworks [63, 64]. The pseudo-second-order model 
is derived from the assumption that the rate-limiting 
step involves chemical bonding between adsorbate and 
adsorbent, such as electron sharing or exchange, covalent 
bonding, or strong electrostatic interactions. The excel-
lent fit (R² > 0.98) indicates that the adsorption rate is 
proportional to the square of the number of unoccupied 
sites, suggesting that site availability controls the overall 
process. This contrasts with pseudo-first-order kinetics, 
where the rate is simply proportional to the number of 
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unoccupied sites, typical of diffusion-controlled physi-
sorption [62, 65].

The chemisorption interpretation is strongly cor-
roborated by FTIR evidence showing peak shifts and 
the appearance of new functional groups post-adsorp-
tion, indicating chemical bond formation rather than 
mere physical attachment. The specific involvement of 
hydroxyl (-OH), amine (-NH2), and carbonyl (C = O) 
groups suggests multiple parallel chemisorption path-
ways, potentially including: (1) ligand exchange where 
chromate ions displace hydroxyl groups or water mole-
cules from the biochar surface, (2) surface complexation 
forming inner-sphere complexes with specific functional 
groups, and (3) reduction-coupled adsorption where 
Cr (VI) may be partially reduced to Cr (III) by electron-
donating groups on the biochar surface, followed by pre-
cipitation or further adsorption of Cr (III) [38, 39].

The intraparticle diffusion analysis, revealing two dis-
tinct linear stages, provides additional mechanistic depth 
beyond the pseudo-second-order model. The first linear 
region corresponds to boundary layer diffusion, where 
chromate ions move through the stagnant liquid film sur-
rounding biochar particles to reach the external surface 
(Fig. 6). The second linear region represents intraparticle 
diffusion, where ions penetrate the pore network. The 
non-zero intercepts (C ≠ 0) for both linear regions con-
firm that intraparticle diffusion alone does not control 
the overall rate; instead, both external and internal mass 
transfers contribute to rate limitation. This multi-step 
mechanism is consistent with the Type IV isotherm and 
mesoporous structure (3.32 nm pore size) of RHB, which 
allows for relatively rapid internal diffusion compared to 
microporous materials [65].

Comparing with other biochar systems, the two-stage 
diffusion pattern is commonly observed but with vary-
ing relative contributions of each stage. Materials with 
higher surface areas but predominantly microporous 
structures often show longer secondary (intraparticle dif-
fusion) stages, as smaller pores impede diffusion [66–68]. 
RHB’s mesopore-dominant structure appears to facili-
tate a better balance, allowing substantial adsorption in 
both stages without excessive diffusion limitation. This 
is reflected in the relatively short equilibrium time (120 
min) compared to spent coffee ground biochar (180 min) 
[69] and some activated carbons (> 240 min for similar 
systems) derived from coconut shell and corn straw bio-
char [70, 71]. The rate constant from the pseudo-second-
order model (k2), while not explicitly stated in the results, 
can be estimated from the time to achieve 50% of equilib-
rium capacity {t1/2 = 1/(k2qe)}. Based on the kinetic pro-
file showing 83% removal in 30 min and 91% at 120 min, 
the relatively rapid initial uptake suggests a higher k2 
value than many comparable systems, indicating strong 
adsorbent-adsorbate affinity and efficient mass transfer 
characteristics. The identification of chemisorption as 
the dominant mechanism has important practical impli-
cations for industrial applications and biosorbent regen-
eration [72, 73]. Chemisorption is generally considered 
irreversible or difficult to reverse under mild conditions, 
which may complicate biosorbent regeneration but also 
means that the adsorbed chromium is unlikely to desorb 
spontaneously, reducing the risk of secondary contami-
nation [59]. For applications where chromium recovery 
is desired, stronger desorption agents or elevated tem-
peratures would be required compared to physisorption 
systems, but the stability of binding ensures effective 
long-term sequestration of chromium.

Fig. 6  Intra-particle diffusion plot and intra-particle diffusion stages

 



Page 15 of 21Yadav et al. Biotechnology for Sustainable Materials             (2026) 3:8 

Furthermore, the multi-step diffusion mechanism 
informs reactor design considerations. The significant 
contribution of external diffusion suggests that agitation 
intensity and particle size would have notable effects on 
overall adsorption rates. Smaller particles would reduce 
diffusion path lengths, while vigorous mixing would 
reduce boundary layer thickness, both potentially accel-
erating the process. However, these operational param-
eters must be balanced against energy costs and particle 
attrition concerns in continuous treatment systems.

Comparison of RHB with other adsorbents
Table 2 compares RHB with other organic waste adsor-
bents employed for Cr (VI) removal. RHB is a competent 
adsorbent in terms of removal efficiency and adsorption 
capacity. Although there are other adsorbents, like wal-
nut shell biochar [16], Pistachio shell biochar [74, 75], 
Corn straw biochar, and groundnut hull/husk biochar 
[29], with higher maximum adsorption capacities, RHB is 
more advantageous in terms of cost-effectiveness, avail-
ability, and conversion of agricultural waste materials. 
The percentage removal of Chromium by 91% using RHB 
adsorbent is comparable with other biochar adsorbents, 
thereby proving the potential, competence, and sustain-
ability of Rice hull biochar in the remediation of Cr(VI).

Utilization of spent biochar and treated wastewater for 
seed germination studies on Cicer arietinum
The study examined the impact of tannery effluent and 
RHB on plant growth parameters of Cicer arietinum 
(chickpea) (Fig. 7A and B). In Fig. 7, the control showed 
minimum root and shoot length, number of leaves, and 
nodules. When biochar residue and effluent were in a 1:1 
ratio, minimum growth was observed. When effluent and 
biochar residue were in ratios of 1:2 and 1:3, there was 
a slight decrease in growth parameters. However, when 
biochar residue and effluent were in a ratio of 1:4, a large 
variation was seen with an increase in root and shoot 
length, leaves, and node numbers compared to the con-
trol. This indicates that when Agri-waste residue was 80% 
and tannery effluent was 20%, the Agri-waste neutralizes 
toxic metals and provides nutritional impact, helping in 
the growth of chickpea seeds. Similarly, Roots and shoots 

of Triticum aestivum L. (wheat) were affected by chro-
mium stress, showing a decrease in root and shoot length 
[76]. Treatments with biochar made from jujube wood 
waste biochar (JBC) showed a notable rise in germination 
percentage when compared to control treatments lacking 
JBC. Applying jujube wood waste biochar (JBC) to seed-
lings under severe Cr (VI) increases their root and shoot 
length because Cr (VI) gets sorbed onto the charged sur-
face of the biochar through electrostatic interaction [76].

The experiment involved harvesting chickpea seed-
lings for fresh weight and oven-drying for dry weight. 
The chickpea showed a minimum decrease in fresh mass 
when the dilution factor of tannery effluent and biochar 
residue was 50%. The toxic effect of chromium caused 
an increase and a decrease in fresh and dry weight. The 
fresh mass increased gradually with an increase in Agri-
waste residue, with the maximum increase at a dilution 
factor of 1:4. In the ratio of 1:2, a reduction in dry weight 
was recorded, but when the ratio was 1:4, an increase in 
dry weight was recorded (Figs. 8 and 9). The study found 
that chickpeas’ fresh mass decreased minimally when 
the tannery effluent and biochar residue dilution factor 
was 50%, while seedlings’ fresh and dry weight increased 
due to chromium toxicity. Previous studies have shown 
a decrease in fresh and dry weight of Helianthus annus 
L. and Gossypium herbaceum under different chromium 
toxicity concentrations [77]. Maize straw-derived bio-
char enhanced seed and overall plant growth, while these 
parameters were low in control conditions of cadmium 
toxicity [51].

The seed germination and plant growth studies pro-
vide critical validation of RHB’s practical applicability for 
wastewater remediation and agricultural reuse, address-
ing a gap often overlooked in biosorption research 
focused solely on removal efficiency. The dose-depen-
dent effects on Cicer arietinum growth parameters offer 
important insights into the dual role of biochar as both a 
detoxifier and a potential soil amendment. The observa-
tion that the 1:1 dilution ratio (50% effluent: 50% biochar 
residue) resulted in minimum growth, comparable to or 
worse than the control, indicates residual chromium tox-
icity despite biochar treatment [78]. This suggests that at 
high effluent concentrations, biochar’s adsorption capac-
ity is overwhelmed, leaving sufficient free chromium to 
inhibit seed germination and early seedling development. 
Chromium toxicity in plants manifests through multiple 
mechanisms, including oxidative stress, disruption of 
nutrient uptake (particularly iron, manganese, and phos-
phorus), interference with photosynthesis, presence of 
other more toxic heavy metals (Pb and Cd) [79], and root 
membrane damage [80]. The minimal growth at a 1:1 
ratio likely reflects these combined toxic effects.

As the dilution factor increased to 1:2 and 1:3, slight 
improvements in growth parameters were observed, 

Table 2  Comparison of Cr (VI) removal using different biochar 
adsorbents
Adsorbent qmax 

(mg/g)
Removal 
Efficiency 
(%)

Opti-
mal 
pH

Reference

Rice Hull Biochar (RHB) 10.54 91 4 This study

Walnut Shell Biochar 45.45 96.5 4–5  [16]

Corn Straw Biochar 21.24 91 6  [27]

Reduced Rice Straw 
Biochar

21.43 95 2  [28]

Peanut Hull Biochar 12.00 98 3  [75]
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indicating progressive reduction in bioavailable chro-
mium to sub-toxic levels. However, the dramatic 
enhancement observed at the 1:4 ratio (20% effluent: 80% 
biochar residue), with significantly increased root length, 
shoot length, leaf number, nodule formation, and bio-
mass compared to controls, suggests a transition from 
mere toxicity mitigation to active growth promotion 
[79]. This enhanced growth beyond control levels can 
be attributed to several synergistic factors: (1) complete 

chromium immobilization below phytotoxic thresholds, 
(2) release of essential nutrients (K, Ca, Mg, Fe) from the 
biochar residue as evidenced by EDS analysis showing 
these elements in RHB composition, and (3) improved 
water retention and aeration provided by biochar parti-
cles in the growth medium.

Comparison with wheat (Triticum aestivum L.) studies 
using JBC [76] reveals similar protective effects, wherein 
biochar application under chromium stress increased 

Fig. 7  Growth of Chickpea (Cicer arietinum) in various dilution factors of tannery effluent and biochar residue (A) On day 7 (B) On day 14
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germination percentage and root/shoot length through 
chromium immobilization via electrostatic interaction. 
However, the chickpea study provides additional nuance 
by quantifying the dose-response relationship and dem-
onstrating that excessive biochar residue (80%) is not 
detrimental a concern sometimes raised for biochar soil 

amendments. The enhanced nodule formation observed 
at the 1:4 ratio is particularly significant, as legume 
nodulation is highly sensitive to heavy metal stress. The 
restoration and enhancement of this symbiotic nitro-
gen-fixing capability suggest complete alleviation of 

Fig. 9  Fresh and dry mass (g) of chickpea (Cicer arietinum) on day 14

 

Fig. 8  Root and shoot length (cm), no. of leaves, and nodules of chickpea (Cicer arietinum) on day 14
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chromium toxicity and potentially favourable conditions 
for Rhizobium activity.

The fresh and dry biomass results provide additional 
mechanistic insights beyond mere survival and germi-
nation. The initial decrease in fresh mass at the 1:1 ratio, 
followed by progressive increases at higher dilution fac-
tors, mirrors the trends in other growth parameters. The 
maximum increase in both fresh and dry mass at the 1:4 
ratio indicates that plants were not only surviving but 
actively growing and accumulating biomass, contrasting 
with the stunted growth observed in Helianthus annus L. 
under chromium stress [77]. The increase in dry mass is 
particularly significant as it represents actual tissue accu-
mulation rather than mere water uptake, confirming gen-
uine growth promotion.

Comparing with maize straw-derived biochar studies, 
which similarly enhanced seed and overall plant growth 
compared to control conditions, RHB demonstrates 
comparable or superior bioremediation and growth-pro-
moting properties [79]. The mechanism likely involves 
not just chromium immobilization but also improve-
ment of the rhizosphere environment through pH buff-
ering, enhanced cation exchange capacity, and provision 
of slowly-released nutrients. The agricultural implica-
tions of these findings are substantial. They demonstrate 
that treated tannery effluent, when appropriately diluted 
with biochar residue, can be safely reused for irrigation 
without phytotoxic effects, with apparent benefits over 
control conditions. This addresses a critical challenge in 
water-scarce regions where wastewater reuse is necessary 
but heavy metal contamination limits applicability. The 
1:4 dilution ratio provides a practical guideline for safe 
reuse, though field trials under realistic soil conditions 
would be necessary to validate these findings.

Furthermore, the post-treatment biochar residue itself 
has value as a soil amendment, providing a dual benefit: 
chromium immobilization and soil quality improvement. 
This aligns with circular economy principles, where waste 
(rice hull) is converted into a remediating agent (biochar) 
that itself becomes a valuable soil amendment after chro-
mium sequestration [59]. However, long-term studies 
would be necessary to ensure that chromium remains 
stably bound to biochar in soil environments and does 
not remobilize under varying pH, redox, or microbial 
activity conditions. The absence of any enhanced chro-
mium uptake by plants at the 1:4 ratio (as evidenced by 
normal to enhanced growth) suggests successful immo-
bilization, though direct measurement of chromium 
in plant tissues would provide definitive confirmation. 
Studies on biochar-amended contaminated soils typically 
show reduced plant chromium uptake due to decreased 
bioavailable fraction [36, 37], and the current results are 
consistent with this pattern.

Conclusion
This study concludes that RHB is a potential biosorbent 
for Cr (VI) removal from tannery wastewater, achieving 
91% removal efficiency under optimal conditions (pH 
4, 0.8  g/L dosage, 120  min). The studies suggested that 
RHB has a higher adsorption capacity than other biochar 
materials because it has a well-developed porous struc-
ture, supports pseudo-second-order kinetics, and a two-
step adsorption mechanism. Langmuir & the Freundlich 
isotherm, FTIR, and SEM-EDS analysis confirmed the 
adsorption mechanism and modification of functional 
groups. Seed germination trials using treated effluent 
showed improved growth in Cicer arietinum (chickpea), 
indicating potential agricultural reuse. Future directions 
include pilot-scale experimentation to verify lab-scale 
data, research on regeneration methods for biochar use 
over multiple cycles, long-term experiments to test the 
safety and efficiency of treated water for reuse, techno-
economic analysis, and research on methods to chemi-
cally or thermally modify biochar to improve adsorption 
capacity. The findings address several SDGs (6, 12, 14, 
and 15) and suggest that rice husk biochar is a scalable, 
eco-friendly solution for chromium remediation and tan-
nery wastewater recycling.
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