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Abstract

Heavy metal contamination of wastewater presents significant environmental and public
health hazards, especially from cationic nickel (Ni*") and anionic chromium (Cr®"), which
exhibit high mobility and toxicity. The present study assessed chemically modified rice husk
(MRH) through sequential treatment with citric acid and NaOH, as an adsorbent for the
extraction of Ni** and Cr® rom aqueous solutions. MRH enhanced their surface area, alkalinity,
silica exposure, and reactive functional groups, significantly than the untreated rice husk (RH).
MRH adsorbed greater Ni** and Cr® than that obtained with RH in both single- and
binary-metal systems. Langmuir isotherms significantly fit (R*> > 0.98, p < 0.05) the
adsorption, signifying monolayer chemisorption, with maximal adsorption capacities of 52.32
mg g™! for Ni** and 42.35 mg g™* for Cr®*. MRH exhibited greater removal efficiency than that
of RH across four adsorption-desorption cycles, indicating remarkable regeneration potential
and structural integrity. Comparative analysis with alternative agro-based adsorbents (wheat
straw biochar, lemon peel, almond shell activated carbon, and maize straw biochar)
demonstrated that MRH ranks among the most efficient materials for Ni** and shows
competitive adsorption for Cr¢*. The results proved MRH as a viable and sustainable adsorbent
for dual-metal wastewater treatment, providing an effective and environmentally benign
option for industrial use.

Keywords: Adsorption Isotherm, Agro-waste adsorbents, Chromium, Kinetic modeling,
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1. Introduction

Heavy metal contamination represents a critical and persistent threat to environmental
quality and human health. Nickel (Ni**) and hexavalent chromium (Cr®*), commonly found as
CrOZZ' and Cr2072', are highly mobile, poisonous, and persistent (Li et al. 2025; Kayranli et al.
2022). Although Cr®* can be reduced to the less dangerous and mobile Cr®* species, it remains
a priority pollutant due to its high solubility and bioavailability (Li et al. 2025). Efficient
strategies are needed to remove cationic Ni** and anionic Cr®* using agro-waste adsorbents,

which is currently understudied (Dean et al. 2019). Adsorption is widely used in wastewater
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treatment because it is simple, cost-efficient, and effective (Liu et al. 2020). Nonetheless,
identifying environmentally friendly and cost-effective adsorbents remains a difficulty.
Although many synthetic adsorbents show impressive performance, they are expensive,
environmental hazardous, and non-renewable (Liang et al. 2022). Agricultural and industrial
byproducts appeared a feasible alternative by transforming waste materials into cost-effective
wastewater treatment resources (Dinh et al. 2021). Agricultural byproducts such as rice husk
(RH) are often used to remove pollutants from water (Islam et al. 2022). RH accounts for about
one-fifth of global rice output (545 million tons), with Bangladesh producing more than 9
million tons annually (Islam & Ahiduzzaman, 2013). RH contains cellulose, hemicellulose,
lignin, and silica, makes a suitable precursor for porous adsorbents (Liu et al. 2020). However,
raw RH has limited adsorption capacity, necessitating chemical treatment to improve surface
functionality and performance (Liu et al. 2020; Kurniasih et al. 2025; Zhou et al. 2025). Alkali
activation and functional group insertion to RH using NaOH and citric acid (CA) greatly
improved its adsorption efficiency (Kurniasih et al. 2025). Treated materials improved
processes including electrostatic attraction, ion exchange, hydrogen bonding, m-m
interactions, and chemisorption (Kurniasih et al. 2025; Zhou et al. 2025). While MRH has
potential, most research focused on single-metal systems or provides generalized
performance data without explaining the fundamental principles (Dinh et al. 2021; Zhou et al.
2025; Kurniasih et al. 2025). The competitive behavior of cationic and anionic metals on RH
surfaces treated with NaOH or CA is so confusing that the impact of NaOH and CA loading on
surface reactivity and stability under diverse chemical conditions is little understood. Some
studies investigated the reusability of RH and MRH during four adsorption-desorption cycles
to assess long-term sustainability (Liu et al. 2020; Zhou et al. 2025; Kurniasih et al. 2025).
They reported that the chemically modifying RH (MRH) improved its structural and surface
properties, leading to better adsorption of Ni?* and Cr®* than plain RH. We hypothesized that
MRH would be stable and reusable across multiple adsorption-desorption cycles, with
effective performance in both single and binary metal systems. The reported adsorption
capabilities for Ni** and Cr®" utilizing agro-waste-derived adsorbents exhibit significant
variability based on the precursor and modification method employed. Consequently,
comparing MRH performance with other adsorbents offers valuable background for assessing
its practical viability as an economical dual-metal sorbent. The present study aims to (i)
modify and characterize MRH using CA and NaOH; (ii) assess the adsorption capacities of MRH
for Ni?* and Cr®* in both single and binary metal systems; (iii) explore adsorption mechanisms
through isotherm and kinetic models alongside surface analyses (BET, zeta potential); and (iv)
evaluate reusability and stability across multiple adsorption-desorption cycles.

2. Materials and Methods

2.1 Materials and chemicals

The rice husk (RH) was acquired locally and utilized analytical grade chemicals for the
experiment. The chemicals include nickel nitrate (Ni(NO,),, 99%), potassium dichromate
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(K,Cr,0., 99.5%), citric acid (CA, 99%), and sodium hydroxide (NaOH, 97%), sourced from
Merck (Germany). The additional chemicals utilized in this experiment were of analytical

quality (Merck, Germany). Distilled water was utilized for solution formulation and rinsing.

2.2 Modification of adsorbent material

2.2.1 Processing of rice husk

The collected RH was washed three times with distilled water (solid-liquid ratio 1:10),
agitated for 60 minutes at 200 rpm, centrifuged, dried at 60°C, and sieved to <250 um before
use.

2.2.2 Preparation of modified rice husk

The RH was coupled with 0.5 M CA (1:12 w/v) for 30 minutes at ambient temperature to
generate modified RH (MRH), which was then heated to 120 °C for 90 minutes, washed, and
filtered. The material was treated with 0.1 M NaOH for 60 minutes, rinsed, dried at 60 °C, and
crushed to a particle size of <250 pm before analysis (Kazembeigi et al., 2014).

2.3 Adsorbent characterization

The moisture content of RH and MRH was determined using Black's (1965) approach, and
pH was measured in distilled water at a 1:20 (w/v) ratio using a pH meter (Hanna HI3M)
(Jackson, 1958). The specific surface area was calculated using the Brunauer-Emmett-Teller
(BET) method with nitrogen adsorption at 77 K (Dogan et al, 2006). The cellulose,
hemicellulose, and lignin contents were determined using standard biochemical procedures,
whereas the ash content was determined by incinerating samples at 750 °C for 1 hour in an
open crucible (Salam et al., 2019).

The zeta potential was assessed in accordance with Jiang et al. (2012). Adsorbents (0.2 g;
RH and MRH) were suspended in 250 mL of 0.01 M NaNO,. The pH was adjusted to 2 with
0.1M HCl and 10 with 0.1 M NaOH. Suspensions were ultrasonically agitated for an hour before
being equilibrated at room temperature for 24 hours. Measurements were taken in triplicate
using a zeta analyzer (Nano Partica SZ-100V2 analyzer, HORIBA) at 50-200 mV and 10-50
readings per sample.

2.4 General batch adsorption conditions

Batch experiments were carried out at 25°C with 1 g L™* of adsorbent in 100 mL of metal
solution (100 mg L™ of Ni?*, Cr®*, or a 1:1 combination of Ni** and Cr®*) at pH 5.5. Suspensions
were agitated (120 rpm, 360 min) until equilibrium, filtered (0.22 pum), and evaluated using an
atomic absorption spectrophotometer (AAS) 240 AA (Agilent Technologies, Australia).
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2.5 Adsorption studies

2.5.1 Impact of solution pH on metal adsorption

The adsorption of Ni** and Cr®* at pH ranges of 2 to 10 was measured using 0.1 g of
adsorbent per 100 mL of solution (100 mg L™* of Ni?* or Cr®"). The adsorption capacity (q, mg
g 1) and removal efficacy (R, %) of metal were determined using the following equations
(Zhang et al. 2020):

. . (Co-Cp)v
Adsorption capacity: ¢ =——— (1)
m
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o

In this context, q represents the adsorption quantity, Co (mg L) is the starting analyte
concentration, C (mg L) is the final analyte concentration, V (L) is the analyte solution
volume, and m (g) is the adsorbent mass.

2.5.2 Influence of coexisting metals on metal adsorption
The influence of Ni** or Cr®" concentration on their adsorption in both single and
competing metal systems is delineated below (Zeng et al. 2024):

(i) Single-metal adsorption: Influence of starting concentrations of Ni** or Cr¢* ranging from 10
to 200 mg L™ on distinct adsorption behavior.

(ii) Adsorption of Ni?* in the presence of Cr*: The initial concentration of Ni** was maintained
at 100 mg L%, while the concentration of Cr®* was adjusted to establish initial Ni?* to Cr¢*
concentration ratios of 1:0, 1:1, 1:2, 1:4, and 1:8 to examine the effect of Cr®* on the adsorption
of Ni?",

(iii) Adsorption of Cr®* in the presence of Ni**: The starting concentration of Cr®* was 100 mg
L, while the concentration of Ni** was incrementally elevated to establish Ni?*: Cr®* ratios of
0:1, 1:1, 2:1, 4:1, and 8:1 to examine the influence of Ni** on Cr®* adsorption.

Adsorption equilibrium data for individual metals were modeled utilizing the nonlinear
Langmuir (Eq. 3) and Freundlich (Eqg. 4) isotherms (Foo & Hameed, 2010):

.. k. C
Langmuir isotherm: q. = % — (3)
L%e

1/n

Freundlich isotherm: q. = kgCe

(4)
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Ce (mg L) represents the equilibrium concentration of Ni** and Cr®, qm (mg g?)
represents the theoretical maximum adsorption capacity, K, (L mg™) reflects the Langmuir
adsorption constant associated with binding affinity, KF ((mg g™*) (L mg™)*/") denotes the
Freundlich constant pertaining to adsorption capacity, and 1/n represents the heterogeneity
factor, which indicates surface heterogeneity and adsorption intensity.

Nonlinear regression was used to determine model parameters, as well as their related
uncertainties and 95% confidence intervals. Raw fitting charts, which compare experimental
and model-predicted adsorption capabilities, as well as residual analysis, were used to assess
model adequacy. The residual plots were used to ensure that errors were random and
uniformly distributed, as well as to assess the adsorption models' goodness of fit.

2.6 Kinetic studies

Kinetic adsorption experiments for Ni?* and Cr®* were conducted throughout durations of
0 to 360 minutes under consistent batch conditions. The 360-minute duration was used as the
endpoint to guarantee adsorption equilibrium, as documented by Lyu et al. (2022). The data
were examined utilizing the non-linear variants of the pseudo-first-order and
pseudo-second-order models (Ho & McKay, 1999):

-kt
Pseudo-first order: qt=qe(l1-¢ ') ®)

2
k.get
Pseudo-second order: qt= 2 L (6)

2
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In this context, gt (mg g ') denotes the anticipated adsorption capacity at time t; ge (mg g)
indicates the equilibrium adsorption capacity; k; (min-1) and k; (g (mg min)!) represent the
pseudo-first order and pseudo-second order rate constants, respectively; and t (min) denotes
the duration of contact. The model parameters were calculated using non-linear regression
and 95% confidence intervals, as described in Section 2.5.2. The model's suitability was
assessed by comparing experimental and model-predicted qe performance, as well as
performing a residual analysis.

2.7 Desorption and regeneration studies

For regeneration testing, 0.1 g of each adsorbent was combined with 100 mL of Ni** or Cr®*
solutions at pH 5.5, with initial Ni?* and Cr®* concentrations of 100 mg L (Deng et al. 2013).
The solutions were stirred at room temperature for 300 minutes before being reactivated by
immersing in 320 mL of elution solution (0.5 M HCI for Ni?* and 0.5 M NaOH for Cr®) for 4
hours (Huang et al. 2018) and centrifuged at 3000 rpm for 10 minutes. The regenerated
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adsorbents were then washed with ultrapure water and prepared for future adsorption
cycles. The adsorption-desorption cycle was repeated four times.

2.8 Quality assurance and statistical analysis

Data from all experiments were analyzed in triplicate and presented as mean * SD. To
produce parameter errors, nonlinear regression fitting was used using experimental
uncertainties. Model performance and appropriateness were assessed using the coefficient
of determination. Treatment differences were analyzed using one-way ANOVA and Tukey's
post hoc test (p < 0.05) in SPSS version 22. All curve fits and regressions were done with
Origin Pro 2021.

3. Results and discussion

3.1 Adsorbent characterization

The alteration significantly enhanced the characteristics of the RH (Table 1). The pH rose
from 6.50 to 7.70, rendering the material's surface more alkaline, which enhanced its capacity
for binding metal ions. The surface area increased significantly from 20.75 to 92.65 m* g%,
signifying the formation of new pores and enhanced adsorption sites (Liu et al. 2020).

Table 1. Physical and chemical analysis of unmodified and modified rice husk (mean * SD)

Parameters Rice husk (RH) Modified rice husk (MRH)
pH 6.50+0.76 7.70+0.55
Moisture content (%) 6.60+0.55 6.20+0.47
Surface area (m2g1) 20.75+1.12 92.65+1.85
Ash Content (%) 23.65+1.23 15.52+0.96
Cellulose (%) 34.53+1.54 54.35+1.14
Hemicellulose (%) 20.72+1.02 16.83+1.00
Lignin (%) 19.62+1.11 12.65+0.86
Silica (Si02) 17.85+£1.05 97.55+1.94

Alterations in composition further illustrate the impact of the treatment. The decrease in
ash coupled with the significant rise in silica indicates that contaminants were eliminated,
hence revealing the silica-rich structure more prominently. Simultaneously, cellulose grew
while hemicellulose and lignin decreased (Table 1), indicating that less-ordered components
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were partially eliminated, resulting in a greater availability of reactive hydroxyl groups for
metal absorption (Liu et al. 2020). The enhanced surface area, elevated alkalinity, and greater
abundance of reactive groups elucidate why the MRH is more effective for metal adsorption
compared to the unprocessed material. The pHpzc values for RH and MRH were 5.0 and 5.5,
respectively (Fig. 1). The surface charge of the adsorbents determines the adsorption behavior
of Ni%*, a cationic metal, and Cr®, an anionic metal; hence, the solution pH dictates these
behaviors in relation to the pHpzc (Liu et al. 2020; Msimango et al. 2025). At pH values below
pHpzc, the adsorbent surfaces acquire a positive charge, causing electrostatic repulsion of the
cationic Ni** and attraction of the anionic Cr®. Conversely, above pHpzc, the surface charge
becomes negative, therefore improving Ni** adsorption by electrostatic attraction and
lowering Cr® adsorption. These zeta potentials closely match with the pH-dependent
adsorption behavior (Liu et al. 2020; Msimango et al. 2025).

3.2 Adsorption study

3.2.1 Impact of initial pH on metal adsorption

Metal adsorption on RH and MRH depends on solution pH, with MRH adsorbing more than
RH (Fig. 2). Ni** adsorption capacity of RH and MRH increased with pH, peaking at pH 8.
Alkaline conditions increase adsorption efficiency because negatively charged surface
functional groups, notably deprotonated-COOH groups, interact electrostatically with
positively charged Ni** molecules (Liu et al. 2020). However, Cr®* adsorption is enhanced in
very acidic conditions, peaking at pH 3 (Fig. 2). The -COOH groups of RH and MRH remained
protonated at low pH, creating a positively charged adsorbent surface that attracts negatively
charged Cr®* molecules. Surface modification boosts functional group availability and
optimizes pH-dependent adsorption behavior, enhancing Ni?* and Cr®* removal efficiency (Liu
etal, 2020).

40
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Fig. 1 Zeta potential of raw and modified RH to explore changes in surface charge that
influence heavy-metal adsorption
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Fig. 2 Effects of initial solution pH on the adsorption of Ni?** (a) and Cr®* (b) by RH and MRH, to
evaluate the role of solution pH on metal adsorption behavior (mean * SD (n = 3)

3.2.2 Impact of coexisting metals on metal adsorption

Adjacent ions had a considerable effect on metal adsorption, suggesting both individual and
competitive interactions (Figs. 3-4). Ni** and Cr®* adsorption increased from 10 to 200 mg L ™%,
with MRH exhibiting high adsorption capabilities (Ni**: 46.00 mg g™*, 23.00% removal; Cr®*:
37.23 mgg*, 18.62% removal) compared to RH (Ni**: 9.01 mg g%, 4.51% removal; Cr®*: 8.40
mg g%, 4.20%). The differences reflect the increased surface area, functional groups, and
electrostatic properties formed during the modification process, which improves metal
binding (Liu et al. 2020). Fig. 3-4 and Table 2 show the Langmuir and Freundlich isotherms, as
well as the raw fitting and residual analyses. The Langmuir model provided the best match (R?
> 0.99 and randomly distributed residuals), indicating a probable monolayer chemisorption.
The predicted gm values for MRH were the highest (Ni**: 52.32 mg g™*%; Cr®*: 42.36 mg g™*), but
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the Freundlich fits were not quite right (Table 2). These findings suggest that adsorption might
occur on homogeneous active sites with strong binding energies (monolayer adsorption),
which corresponds to the surface uniformity generated by modification (Kayranli et al. 2022).

Table 2. Langmuir and Freundlich isotherm parameters for Ni** and Cr®* adsorption onto RH
and MRH in single-metal systems, highlighting their contribution to adsorption

efficiency (mean + SD, n = 3)

Adsorbents
Pollutants Model Parameters
RH MRH

qm (mg g1) 10.65+0.05 52.32+1.78

Ki (L mg1) 0.02762+0.00 0.038239+0.02
Langmuir

R? 0.998+0.03 0.993+0.03

p value 2.96x10-7+0.00 3.2x10-11+0.00

Niz2+

Ke((mgg™) (L mg )" 1.25286768+0.04 6.77530901+0.07

1/n 0.387958+0.02 0.391556+0.01
Freundlich

R? 0.960+0.02 0.976+0.02

p value 3.23x10-4+0.03 9.1x10-5+0.03

qm (mg g1 10.56+0.04 42.36%1.11

Ki (L mg1) 0.021886+0.00 0.048693+0.00
Langmuir

R? 0.993+0.03 0.998+0.02

p value 4.75x10-6 1.12x107

Creé+

Kr((mgg™) (L mg )4 1.253+0.04 6.77530920.45

1/n 0.38796+0.02 0.391556+0.01
Freundlich

R? 0.960+0.02 0.976+0.02

p value 3.23x10+ 9.10x10-5
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Within the realm of agro-waste-derived adsorbents, the Ni?* Langmuir capacity of MRH
(52.32 mg g ) is comparable to numerous documented biochars and unmodified wastes, such
as wheat straw biochar, rice husk biochar, lemon peel, almond shell activated carbon, and
sugarcane bagasse (Kayranli et al. 2022; Msimango et al. 2025). Some chemically treated
materials exhibit enhanced adsorption capabilities, such as modified rice husk (86.00 mg g™*)
and modified sugarcane bagasse (125.70 mg g™') (Msimango et al. 2025). The CA/NaOH
alteration significantly improves Ni?* binding relative to unmodified RH. For Cr®*, MRH
demonstrates a moderate Langmuir adsorption capacity of approximately 42.35 mg g™,
which is comparable to certain low-cost biochars, such as lemon-peel biochar (Ahmadian et
al, 2022), yet inferior to specialized engineered adsorbents, including nitrogen-doped
biochars and maize straw biochar (Li et al, 2025). Nonetheless, MRH surpasses most
untreated or minimally modified agricultural by-products (Liang et al. 2022), underscoring its
viability as an efficient Cr®* adsorbent where simplicity and cost-effectiveness are paramount.

Adsorption in the mixed-metal system was not significantly reduced by competitive
interactions. Ni** absorption increased from 34.24 to 68.56 mg g™* (34.24 to 68.56%) as Cr®*
concentration increased to 800 mg L%, indicating a synergistic effect (Table 3). Cr®*
adsorption increased with higher Ni** concentrations (32.12 to 62.03 mg g%, 32.12 to
62.03%), but not as significantly as Ni** (Table 4). These patterns indicate that coexisting
metals interact in both competitive and cooperative ways, either by altering surface charge or
disclosing more sites (Kayranli et al., 2022; Liu et al., 2020). The higher adsorption of Ni?*
might be due to its greater affinity and enhanced sensitivity to surface changes. The findings
show that MRH outperforms RH in both single- and dual-metal systems and that competitive
and synergistic interactions might influence adsorption behavior in mixed-metal situations
(Kayranli et al, 2022; Liu et al,, 2020).

Table 3. Adsorption efficacy of RH and MRH for Ni** and Cr®* at 100 mg L-1 Ni**
concentration with increasing Cr®* concentrations, highlighting their distinct
contributions to dual metal elimination (mean + SD, n = 3)

Crs+ Adsorption capacity, q (mg g1)
(mg L) RH MRH

Nj2+ Cré+ Nj2+ Cré+
0 7.38+£0.75c  0.00+0.00e 34.24+2.43e  0.00+0.00e
100 8.97+1.02c  6.95+0.76d 40.46+2.17d 31.87+1.75d
200 10.25+1.04b 27.69+1.28c  44.54+2.54c 92.64+2.36¢
400 11.48+0.97b 72.81+2.32b  52.75%#1.88b 240.53%3.75b
800 14.05+1.15a 116.85+#3.58a 68.56+1.57a 398.74+3.87a

Means with different letters in the same column differ significantly at p < 0.05 (Turkey’s post hoc
test)
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Table 4. Adsorption efficacy of RH and MRH for Ni** and Cr®* at 100 mg L-1 Cr®* with
increasing Ni** concentrations, highlighting their distinct contributions to dual
metal elimination (mean * SD, n = 3)

Niz+ Adsorption capacity, q (mg g1)
(mgL1) MRH
Ni2+ Cré+ Ni2+ Cré+

0 0.00£0.00e 7.28+0.76¢ 0.00£0.00e 32.12+1.15d
100 7.08+0.87d 8.28+0.88¢ 34.23+2.14d  36.02+1.08c
200 17.57+1.12c 8.81+0.58¢ 138.78+3.54c  38.64+1.10c
400 46.97+1.87b 10.65+1.01b  294.56+3.78b 45.12+1.35b
800 112.68+2.48a  12.37+1.12a  398.74+3.90a 62.03+2.18a

Means with different letters in the same column differ significantly at p < 0.05
(Turkey’s post hoc test)

3.3 Kinetic studies

The adsorption kinetics of Ni?* and Cr®* on RH and MRH were analyzed to ascertain the
duration and potential mechanism of metal removal from the system (Figs. 5-6; Table 5). Both
metals exhibited swift initial absorption within the first 60 minutes, followed by a decelerated
rate, achieving equilibrium between 180 and 360 minutes. This pattern signifies swift
colonization of plentiful surface places at first, succeeded by gradual spread into more
inaccessible areas (Liu et al, 2020). The highest equilibrium adsorption capacity and removal
were observed for MRH (Ni?**: 37.00 mg g, 37.00%; Cr®*: 34.00 mg g, 34.00%), succeeded by
RH (Ni*: 7.25 mg g?, 7.25%; Cr®: 6.95 mg g!, 6.95%). The significant increase
post-modification indicates improved functional groups and enhanced binding affinity on
MRH (Liu et al, 2020). At 60 min, MRH had adsorbed 34.12 mg g (34.12%) of Ni** and 30.88
mg g (30.88%) of Cr®*, achieving 93.38% and 90.08% of its equilibrium capacity, respectively
(Figs. 5-6).

This indicates that the majority of adsorption transpired swiftly owing to the readily
available active sites (Msimango et al. 2025). The pseudo-second-order model demonstrated
the most accurate fit for Ni?* (R 0.98-0.99) and Cr®* (R? 0.98); however, the pseudo-first-order
models were inadequate (Ni?*: R? 0.87-0.95; Cr®": R? 0.92) (Table 5). This optimal fit indicates
that chemisorption might be the primary process, possibly governed by electron transfer and
robust surface coordination. Surface complexation and m-m interactions might enhance
chemisorption, as demonstrated by random residuals and a strong correlation between



64 N. Das et al.

predicted and experimental qe in the pseudo-second order relative to pseudo-first order (Figs.
5-6; Table 5). These findings suggest that altered surfaces promote enhanced bonding
interactions, might elucidating the accelerated kinetics and superior capacity of MRH in
comparison to RH (Msimango et al. 2025; Liu et al. 2020).

3.4 Desorption and regeneration study

The effectiveness of regeneration is a crucial factor for evaluating the long-term
sustainability of adsorbents in wastewater treatment. MRH exhibited exceptional stability and
reusability during four adsorption-desorption cycles, with negligible declines in metal
removal effectiveness (Ni**: 90.05% to 92.87%; Cr¢*: 80.44% to 85.08%) (Fig. 6). This minor
decline indicates that the most active sites may persist, exhibiting strong structural integrity
and resilient surface chemistry (Msimango et al, 2025; Liu et al, 2020).

Conversely, RH demonstrated considerable efficiency declines, with fourth-cycle
adsorption decreasing to 70.62% for Ni** and falling below 70% (64.55%) for Cr®. The
improved regenerative characteristics of MRH are attributed to its stable Fe-0 and hydroxyl
groups, which may facilitate reversible chemisorption and sustain electrostatic equilibrium
with repeated applications (Msimango et al, 2025; Liu et al, 2020). The results, together with
the data on adsorption and Kkinetics, offer a thorough understanding of the adsorption
mechanisms and highlight the considerable potential of MRH for effective wastewater
treatment.



65

Modified Rice Husk for Heavy Metal Adsorption

Adeanooe

dumy [epouw pue .Joiaeyaq uondiospe Suimoys ‘HYIW pue HY 10j [opowl dijauly Japlo-isay-opnasd ayy duisn (p )
1D pue (q ‘e) ,,IN .10j sienpisal pue saneded uondiospe pajdipatd-[opow pue [ejuswLIadXa U0 dWI) J0BIU0D JO S19)3H S "SI

(ur) ourey (HAIW) (122b) 1y 19pao-)sf-opnasq (HAW) (dx27b) [pyuowitrodxy @
00¥ 0S¢ 00€ 0S¢ 002 0S1 001 0 0
L L L L N L L L | (HY) (1897b) 1y 19pa0-)s[-opnasq (HY) (dx37Db) pyuowpdxy @
- (urA) duiry,
& z 06€ 09€ 0€E 00€ 0LZ OFT OIT 08T OSI 0ZI 06 09 0€ O
ol \ " " " L L " " " " "
£ 0
oo [V E c o—0 or
|||||||||||||||||||||||||| e 1, =
[} ® o ¥ . k= 0z 2
3 B
[4 PY 0€ oq
(HAI) [enpisoy € ° ° b
14
51D (P (HD) [enpisay @ < S0 0
[CLAVELUNS _
(gds) (18d7b) 3y 19p10-)s7-0pnasq (gds) (dxa7b) [pyuowiadxy @
00¥ 0S€ 00€ 0S¢ 002 0S1 001 0 0
L 1 : L 1 L 1 1 G- (dS) (1ea”b) 313 19pa0-)sy-opnasg (gS) (dxo7b) [ppuswiLiadxy @
e (ury) duury,
L Ml
L .- w 06§ 09€ 0€E 00€ OLZ OvT OIT 08I OSI 0II 06 09 0€ O
. £ . ; : X ; . . X ; N A . R L0
L1 £
° ° 2 o1
A itk St Taad bbbt (UNINCY
° o
I 0z 2
2 2
t —o . 0€ o
(HIIN) [enp1soy [ € =
L v L @ g < L ® Ug
N (@ (HY) [enpisay @ L ¢ N 0S




N. Das et al.

66

Aoeanooe

Sumy [epow pue Joiaeyaq uondiospe Suimoys ‘HYN pue HY 10j [opoul d13auny| JopIo-puodas-opnasd ay3 Suisn (p )
1D PUe (q ‘e) ,,IN J10J s[enpisal pue sanedes uond.iospe pajdipaid-[opoul pue [ejusWLIadXd U0 dWI) JDBIU0D JO S1I9JJH 9 "Si

(urA) dury,
00p 0S¢ 00€ 0S? 002 0ST 001 0S 0 (HYUIA) (189 b) )1J 19PI0-PUT-0PNIS e (HAW) (dxd7b) [eyuowiadxy @
L 1 L L N L 1 L -
(HY) (129 b) 31y 19pao-puz-opnasq (HY) (dx27b) [pyuowiadxy @
¢
(urp) owry,
-
. z 06€ 09¢€ 0€€ 00€ OLT OFPT OIT 08I OSI 0TI 06 09 0 O
00 0S¢ 00€ 0ST 00T 0SI 001 0s .. m. b * * * * * * * * * * * 0
e e - ————- =gt -=S---q -0 = ¢ —e o1
P P
-
. = 0T o
0¢ qm
€ [) o )
(HYIA) [enprsay -
b oy
(HY) 1enpissy @
+1D (P S 401D (@ 0s
(urp) dwiry, (HYUIA) (189 D) 31§ 19PA0-PUZ-0PNIS ] e (HIW) (dxa b) [pyuowuadxy @
00¥ 0s€ 00€ 0ST 00T 0sT 001 0s _ _
L 1 1 1 1 1 1 N - (HY) (1827 b) 113 J9p.1o-puz-opnasg (HY) (dxa b) rppuowradxy @
¢- (urA) duurp,
(4 = 06€ 09¢ o0€€ 00€ OLT ObT OIT O8I OSI O0CL 06 09 0 O
- (53 L L L 1 L L 'l 'l L 1 1 1 1 e c
H I £,
oor 0S¢ 00€ 0sT 00T 051 001 0s M.
Dl et L e et st e r U - -
1 em =
s, _
(AN 2
(HIIN) [enpisay € ™%
° a o N
(HY) [enpissy @ 14
+IN (g S IN (¢




Modified Rice Husk for Heavy Metal Adsorption 67

Table 5. Kinetic model parameters (pseudo-first-order and pseudo-second-order) for Ni2+
and Cr6+ adsorption onto RH and MRH in single-metal systems, contributing to
adsorption mechanism analysis (mean #* SD, n = 3)

Pollutants Model Parameters Adsorbents
RH MRH

qm (mg g1) 6.87+0.32 32.76+1.21
ki (min-1) 0.103966+0.04 0.160276+0.02

_ Pseudo-first-order R? 0.868+0.03 0.953£0.02

N qm (mg g1) 7.34+0.22 41.01+1.32
Kz (g mg min1)  0.024424+0.00 0.001643+0.00

Pseudo-second-order R? 0.995+0.02 0.982+0.01

qm (mg g1) 6.64+0.32 33.52+1.21
ki (min-1) 0.065397+0.00 0.03036+0.00

Pseudo-first-order R? 0.923+0.02 0.920£0.02

e qm (mg g1) 7.20+0.06 38.84+1.32
Kz (g mg? min1)  0.013395+0.00 0.001178+0.00

Pseudo-second-order R? 0.977+0.02 0.978+0.02

Table 6. Regeneration study of RH and MRH for Ni** and Cr®* adsorption to explore their

reusability and long-term adsorption stability (mean * SD, n = 3)

Cycles Removal efficiency of Niz+ (%) Removal efficiency of Cré+ (%)
RH MRH RH MRH

Cycle 1 76.23+1.12 92.87+1.85 69.28+1.82 85.08+2.16

Cycle 2 74.29+1.07 92.15+1.77 68.45+1.94 84.12+1.59

Cycle 3 72.88+1.42 91.37+x1.90 66.61+£1.05 82.12+1.62

Cycle 4 70.62+1.17 90.05+1.45 64.55+1.55 80.44+1.28
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4. Conclusions

This study illustrates that citric acid and alkali alteration significantly improved the
structural, chemical, and adsorption characteristics of rice husk (RH), converting it into an
effective and sustainable adsorbent for the removal of Ni** and Cr®*. The modified rice husk
(MRH) demonstrated a markedly increased surface area, enhanced surface charge
characteristics, and a greater abundance of functional groups. Adsorption exhibited
significant pH dependence, with MRH attaining optimal Ni** absorption in mildly alkaline
settings and Cr®" uptake in acidic conditions. The equilibrium results were optimally
represented by the Langmuir model, signifying probable monolayer chemisorption; however,
kinetic analysis validated pseudo-second-order kinetics, implying possible robust surface
contacts and electron-sharing mechanisms. MRH exhibited consistent removal effectiveness
over several adsorption-desorption cycles, affirming its structural integrity and reusability.
The findings proved MRH as a viable, environmentally sustainable material for the treatment
of mixed-metal wastewater. Additional research is recommended to test MRH effectiveness in
actual industrial effluents, evaluate long-term operational stability, and improve large-scale
implementation for effective wastewater treatment systems.
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