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Abstract

In this study, shells of money tree chestnuts (Pachira aquatic, MT) were oxidatively modified using potassium
permanganate to produce a MnOx-functionalized biosorbent (mMT) for efficient removal of hexavalent chromium
(Cr(V1)) from aqueous media. Surface oxidation with KMnQy significantly enhanced the adsorption performance
by introducing oxygen-containing functional groups and Mn-based redox sites on the biomass surface. Adsorption
experiments showed that Cr(VI) uptake increased with increasing concentration and was best described by the
Langmuir model, yielding a maximum adsorption capacity of 179.31 mg/g. Sorption kinetics reached equilibrium
within 60 min and were best fitted by the pseudo-second-order model, suggesting that chemisorption governs the
rate-limiting step. The surface chemistry and structural changes of the materials were investigated using FTIR,
SEM-EDX), XRD, and TGA analyses. The modified biomass exhibited strong pH-dependent behavior, achieving
nearly complete Cr(VI) removal at pH 2.5 due to the combined effects of electrostatic attraction and surface-
mediated redox interactions. Interference studies revealed moderate effects of coexisting ions, with phosphate
showing the strongest competition for adsorption sites. Regeneration experiments using NaOH demonstrated that
the sorbent retained approximately 75% of its initial adsorption capacity after five cycles.
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I.  Introduction

Hexavalent chromium, (Cr(VI)), is among the most hazardous inorganic contaminants commonly
detected in industrial wastewater [1,2]. Its high solubility and mobility in aqueous environments enable it to
migrate readily through soil and water systems [2], thereby posing persistent risks to ecosystems and human
health. In water, Cr(VI) predominantly exists as chromate (CrO4>), hydrogen chromate (HCrOx), and dichromate
(Cr204%) species that can easily penetrate biological membranes due to their small size and strong oxidizing nature
[3]. Once internalized, Cr(VI) may induce oxidative stress, DNA damage, and carcinogenic effects [2], making
its removal from contaminated water a critical environmental priority. Consequently, considerable research
attention has shifted toward the development of biomass-derived sorbents capable of removing toxic Cr(VI)
species from aqueous media.

Lignocellulosic biomass has emerged as an attractive precursor for low-cost adsorbents because of its
natural abundance, renewability, and intrinsic surface chemistry [4,5]. Agricultural residues are composed mainly
of cellulose, hemicellulose, and lignin, which collectively provide a framework rich in hydroxyl, phenolic, and
ether functionalities capable of interacting with metal ions [5]. These functional groups can participate in
adsorption processes through electrostatic attraction, hydrogen bonding, surface complexation, and in some cases
redox interactions [6]. However, untreated biomass materials frequently exhibit modest adsorption performance
due to limited accessibility of active sites, surface passivation, and relatively low surface polarity [6]. As a result,
chemical modification strategies are commonly employed to enhance the adsorption capacity of biomass by
introducing additional functional groups and improving the structural accessibility of binding sites [7].

A variety of oxidizing agents have been investigated to activate biomass-derived adsorbents by
introducing additional surface functionalities and improving structural accessibility. For instance, H>O: has been
used as a mild oxidant to generate oxygen-containing functional groups on carbon surfaces; Murtazaoglu and co-
workers reported that H,O»-treated activated carbon exhibited increased densities of surface oxygen
functionalities and enhanced adsorption of Cu?" and Zn?' ions due to improved hydrophilicity and pore
accessibility [8]. Acid-based oxidative treatments have also proven effective in tailoring biomass surfaces. Li
Zhang and colleagues modified bagasse using H3PO4, HNO3, and C,H,04, producing adsorbents with increased
surface area, larger pore volume, and higher concentrations of oxygen-containing functional groups, which
significantly improved Cr(VI) removal [9]. Similarly, H;POs-activated cocopeat biochar reported by Sireesha and
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Sreedhar exhibited enhanced porosity and phosphorus-containing surface groups that facilitated efficient
adsorption of Cu?" and Ni** ions from aqueous and real wastewater systems [11]. Incorporation of oxidized
biochar into polymeric matrices has further improved adsorption performance; for instance, a H;POs-modified
biochar-chitosan nanocomposite containing abundant -NH», -OH, and -COOH groups demonstrated effective
removal of several heavy metals including Cu?, Ni?*, and, Zn?" [11]. Other oxidants such as HNO; and
ammonium persulfate (APS) have also been employed to introduce reactive oxygenated groups and enhance
surface reactivity. HNOs-modified biomass has shown significantly improved Pb?* adsorption through additional
-COO" and -OH binding sites [12], while APS-modified chitosan-derived biochar and activated carbon fibers have
demonstrated increased surface area for removal of Cr(VI) [13], tetracycline antibiotics [13], and Pb*from
contaminated water [14].

Potassium permanganate (KMnOs) has attracted significant interest due to its strong oxidative potential
and multifunctional role in surface modification. KMnOj4 has standard reduction potential of about +1.51 V in
acidic media which can oxidize alcohol, aldehyde, and phenolic groups in lignocellulosic materials [15], while
Mn(VII) is simultaneously reduced to lower-valence manganese oxides such as MnO, or Mn,Os and deposit on
the biomass surface [16]. This dual process produces a hybrid material with both adsorption and redox properties.
Previous studies have shown that KMnO4-modified biomass, including corncob [17], hydrochar [18], and bamboo
biochar [19], exhibits enhanced removal of heavy metals and dyes due to the combined effects of MnOy particles
and newly introduced functional groups that promote electrostatic attraction, surface complexation, and redox
interactions. In addition, KMnO4 modification generates surface acidic groups more effectively than conventional
mineral acids and does not produce large volume of acidic wastes [20]. It also possesses superior oxidation
capacity compared to APS and H,O; due to its multi-electron transfer capabilities [21,22].

Herein, the present study explores the use of empty shells of money tree chestnuts (Pachira aquatica) as
a sustainable precursor for the development of a KMnO4-modified biosorbent for Cr(VI) removal from aqueous
solution. Chestnut shells represent an abundant agricultural by-product that is typically discarded despite
possessing a lignocellulosic framework rich in reactive functional groups. Through KMnOj4 oxidation, the surface
chemistry of this biomass can be significantly enhanced while simultaneously introducing MnOx species capable
of participating in redox reactions. Such modification is expected to generate a multifunctional adsorbent in which
oxygenated surface groups promote electrostatic binding of Cr(VI) oxyanions, while surface-associated
Mn(II1)/Mn(IV) species facilitate the reduction of Cr(VI) to the less toxic Cr(III) form. By transforming an
otherwise underutilized biomass residue into a value-added material, this approach provides a sustainable pathway
for waste valorization and water purification. The structural and chemical characteristics of the modified
biosorbent were therefore systematically investigated, and its performance toward Cr(VI) removal was evaluated
through kinetic, equilibrium, and thermodynamic studies in order to elucidate the underlying adsorption and
reduction mechanisms.

II. Materials and methods

2.1 Materials

The reagents used in this work, including K>Cr,07, KMnOy, Abs ethanol (99%), and NaOH pellets, were
purchased from Sigma Aldrich and were used as received without further purification. Deionized water, NaCl,
and HCI (37%) were supplied by Pascal Chemical Limited, Nigeria. Pristine empty shell of money tree chestnuts
(MT) were generously supplied by the Department of Plant Science and Biotechnology at Adekunle Ajasin
University, Nigeria. A stock solution of Cr(VI) (1000 mg/L) was prepared by dissolving 2.83 g of K,Cr,O7 in
deionized water and making up the volume to 1 L, based on its 35.35% Cr(VI) content.

2.2 Methods

2.2.1  MT shell Modification with KMnQ4

The biomass (Pachira aquatica) was initially rinsed with tap water to remove surface debris, then soaked in 1%
HCI to eliminate residual impurities, followed by repeated washing with deionized water until a neutral pH was
achieved. It was subsequently dried at 80 + 3 °C to constant weight, ground, and sieved through a 0.25 mm mesh
to obtain the unmodified sample (MT).

For modification, 10 g of the powdered biomass was dispersed in 100 mL of 0.05 M KMnOy4, sonicated for 30 min,
and then refluxed for 1 h in 250 mL conical flasks. After cooling and standing for 2 h to complete oxidation, the
biomass was filtered using a Buchner funnel, rinsed with deionized water until clear, and oven-dried at 100 °C for
24 h to yield the modified biomass (mMT).

2.2.2  Batch Adsorption Studies
The impact of oxidative modification on Cr(VI) adsorption was examined through batch experiments. A fixed
dose of 50 mg mMT was dispersed in 100 mL of 100 mg/L Cr(VI) solution and stirred at 150 rpm until
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equilibrium. At predetermined intervals, aliquots were withdrawn, filtered, and the residual Cr(VI) concentration
in the filtrate was determined using a standard calibration curve (y = 0.0676x + 0.0346; R’ = 0.999] constructed
from Cr(VI) solutions (1-5 mg/L) at the Anax of Cr(VI) on a UV/vis spectrophotometer, Figure 1. Kinetic studies
were conducted at room temperature over a 1-60 min range using 50 mg of mMT at pH 2.5.0 +£ 0.1 with 100 mg/L
Cr(V]) solution. For isotherm studies, initial Cr(VI) concentrations ranging from 10 to 100 mg/L were stirred for
60 min under similar conditions, and residual concentrations were determined as described above. Removal
efficiency (%) and adsorption capacity (q.) were calculated using Eqns. 1 and 2, respectively.

.Removal rate (%) = % x 100 1

qe = (Co - Ce)V/m 2

In the formula, ¢, (mg/L) is the initial concentration of Cr(VI), c¢; (mg/L) is the concentration of Cr(VI) after time
t of contact with adsorbents, ¢, (mg/L) is the residual pollutant concentrations at equilibrium, V (mL) is the volume
of the pollutants, m (mg) is the mass of the adsorbent added, and q, (mg/g) is the adsorption capacity at
equilibrium.

The adsorption process was also investigated under varying solution pH and in the presence of different interfering
anions to determine the effects of these factors on the adsorption performance of mMT. For the effects of solution
pH, 30 mg of adsorbent was separately dispersed into 20 mL of Cr(VI) (50 mg/L) solutions in 40 mL vials, and
the pH of each solution was adjusted within the range of 2.0 - 10. To examine the potential interference of anions
like Mg?*, NO;~, Na*, Ca?’, COs?", POs*", SO4*, on the adsorption performance was tested in aqueous solutions
of MgCl,, NaCl, NaNO3, CaCl,, Na,CO3, NasPOs, NaxSOs, respectively.
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2.3 Materials Characterization

X-ray Diffraction: The XRD spectra were obtained with Bruker D8 ADVANCE diffractometer (Germany) using
Cu Ka (1.5406 A) radiation, a voltage of 40 kV, and a generator current of 35 mA. The scanning scope angle (26)
varied from 10—80 degrees at room temperature.

Scanning electron microscope (SEM)/energy dispersive X-ray: The surface morphology and elemental
composition of the sorbents were analyzed using SEM equipped with energy dispersive analysis of X-ray
equipment (EDAX) (XL 30 FEG ESEM).

Fourier Transmitted Infra-Red Spectroscopy (FTIR): The surface functional groups on the samples were recorded
on a Thermo Fisher Scientific FTIR spectrophotometer, using pressed KBr pellets.

2.5 Determination of pH of point zero charge (pH PZC)

The pH of point zero charge (PZC) was determined using the solid addition method viz [23]: to a series of 100
mL conical flasks, 40 mL of 0.1M KNOj; solution was transferred. The initial pH (pH 0) values of the solution
were adjusted from 2 to 10 by adding either 0.1N H2SO4 or NaOH. The total volume of the solution in each flask
was made exactly to 50ml by adding the KNO3 solution. Then 0.05g of sample was added to each flask and
securely capped immediately. The suspension was then manually agitated for 24h. The pH values of the

DOI: 10.9790/5736-1906014253 www.iosrjournals.org 44 | Page



Permanganate-mediated oxidation of Pachira aquatica shells as biosorbent for ..

supernatant liquid were noted after 24 h and denoted as pHy. The difference between the initial (pHo) and final pH

(pHy) values (ApH = pHo — pHr) was plotted against the pHo. The point of intersection of the resulting curve at
which ApH equals zero gave the PZC.

III.  Results and discussion

The surface functionalities of both pristine and permanganate-modified biomass were elucidated using
FTIR spectroscopy, and their respective spectra are displayed in Figure la. In the unmodified biomass, a broad
vibrational band centered at 3324 cm ™! corresponds to OH stretching due to adsorbed moisture. A small but visible
band at ~2905 ¢cm™! is attributed to the C—H stretching vibration in the biomass backbone, Figure 1a. Other
vibrational bands at 1607.02, 1531.23, and 1038.3 ¢m™' correspond to the -COO-, C-C, and C-O bonds,
respectively. In the spectrum of the modified biomass (mMT), the OH and C-H vibrational stretchings appear
broader and more intense compared to the unmodified spectrum (MT), indicating the successful oxidation of the
biomass with permanganate. Notably, the presence of carbonyl groups on the surface of the oxidized biomass is
indicated by the peak at ~1724.4 cm™' [24]. Moreover, vibrational bands at 1029, 1255, and 1624 cm,
corresponding to C-O, OH bending, and -COO- groups, respectively, exhibit greater intensity in the modified
biomass compared to the unmodified biomass spectrum.

Both modified and unmodified biomass responses to temperature were analyzed via thermogravimetry
analysis in the 30-800 °C range, with a heating rate of 25.00 °C/min under N, Figure 2b. The TGA curve for MT
exhibited two degradation stages: the first at 180 °C, resulting in a 4.6% mass loss attributed to adsorbed water
removal, and the second step at 201-800 °C, with a 32% mass loss due to direct biomass decomposition. The
mMT profile displayed three stages at 171 °C (9.12% mass loss), 180-365 °C (42.2% mass), and 368-800 °C
(64.6% mass loss), corresponding to moisture evaporation, MnO- phase transition to Mn3O4 [25]. and organic
residue pyrolysis. The process of oxidation accelerated the decomposition rate of mMT [26], leading to a more
significant mass loss compared to unmodified biomass.
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Figure 2: FTIR spectra and TGA profiles of modified and unmodified biomass.

The SEM analysis reveals clear morphological differences between unmodified and KMnO4-modified
biomass, Figure 3. The unmodified biomass exhibits a rough, irregular surface with visible porosity, fragmented
textures, and prominent ridges and cavities, indicative of its natural structure. In contrast, the KMnOs-modified
biomass shows a smoother, more compact morphology, suggesting that KMnQOy treatment significantly alters the
surface structure, reducing porosity and introducing fine fibril-like features.
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Figure 3: Scanning electron microscope (SEM) images of modified and unmodified biomass.

The energy-dispersive X-ray (EDX) spectra of unmodified biomass (a) and biomass modified with
KMnO4 (b) display significant differences in their elemental compositions, Figure 4. The EDX spectrum of
unmodified biomass is characterized by prominent peaks corresponding to C and O, which are typical for organic
materials. Additionally, smaller peaks for potassium (K), calcium (Ca), magnesium (Mg), and chlorine (Cl) are
observed, reflecting the natural mineral content of the biomass. In contrast, the EDX spectrum of the KMnOy-
modified biomass reveals the presence of new peaks for manganese (Mn), indicating successful incorporation of
Mn from the KMnOjy treatment.
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Figure 4: EDX spectra of unmodified biomass (a) and biomass modified with KMnQOy4 (b)

The XRD patterns of pristine biomass (MT) and modified biomass (mMT) are shown in Figure 5. The
pristine biomass exhibits a broad diffraction band centered around 20 = 20.34°, which is typical of amorphous
lignocellulosic materials, including the disordered structure of cellulose, lignin, and hemicellulose [27]. The broad
feature indicates that pristine biomass is non-crystalline. The XRD image of mMT shows a similar broad peak
around 26 = 22.24° and with reduced intensity, suggesting partial disruption or structural rearrangement of the
original lignocellulosic materials due to surface oxidation by KMnOjs. The absence of sharp crystalline phases in
both patterns confirms that the materials remain largely amorphous after modification.
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Figure 5: XRD patterns of unmodified biomass (black) and biomass modified with KMnOj4 (red)
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Batch Adsorption Experiment

Effect of pH on Cr(VI) adsorption

The pH-dependent performance of mMT was evaluated over a range of 2.5 to 10.5 using a 100 mg/L Cr(VI)
solution. As shown in Figure 6a, the Cr(VI) removal efficiency declined progressively with increasing pH, with
removal values of ~99.99% at pH 2.5, 92.34% at pH 4.5, 62.39% at pH 6.5, 28.22% at pH 8.5, and 18.1% at
pH 10.5. The pronounced removal at low pH is attributed to the combined effect of electrostatic attraction and
surface-mediated redox activity [28-30]. Cr(VI) exists in aqueous solution as different oxyanions depending on
pH. In solution, Cr(VI) exists as HCrO4 and Cr,O7%, below pH 6, and as CrO4* at higher pH [31], following
Eqns. 3-6:

K,Cr,0, + H,0 » 2K* +Cr,0%~ + OH™ + H* 3

Cr,0%~ + H,0 — 2HCrOz,pKa=2.2 4
H,Cr0%~ —» HCrO; + H*,pKa=4.1 5

HCrO; - CrO3~ + H*,pKa=5.9 6

Simultaneously, the mMT surface undergoes pH-dependent speciation [32], with surface protonation prevailing
under acidic conditions and deprotonation under basic conditions, as represented in Eqns. 7 and 8, respectively.
mMT — OH} —» mMT — OH +H* (pH < pHpzc) 7

mMT — OH - mMT — 0~ + H* (pH > pHpzc) 8

Below the point of zero charge (pHpzc = 4.4), mMT carries a net positive surface charge, favoring electrostatic
attraction of Cr(VI) anions and favouring both adsorption and reduction. At higher pH (> 6.5), CrO4* becomes
the dominant species, and the mMT surface is deprotonated and negatively charged. These changes result in
electrostatic repulsion and increased competition from OH, significantly diminishing Cr(VI) uptake. Therefore,
acidic conditions (pH 2.5-4.5) provide the most favorable environment for Cr(VI) removal via both adsorption
and redox conversion, while alkaline conditions hinder performance due to reduced surface activity and
unfavorable Cr(VI) speciation. Acidic conditions were selected to elucidate intrinsic adsorption behaviour;
practical implementation may involve pre-acidification or integration with acidic industrial streams. Based on
these findings, subsequent Cr(VI) adsorption experiments were conducted at pH 2.5.
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Figure 6: (a) Effect of pH on Cr(VI) removal by mMT (conditions: C, = 100 mg/L, adsorbent = 50 mg, t = 60
min, T = 25°C); (b) pHPZC determination for mMT

Point of Zero Charge Determination

The pH of point zero charge (pHPZC) for mMT was determined using the solid addition method, and the result is
presented in Figure 6b. The pHPZC was found to be approximately 4.4, meaning that the mMT surface carries a
net positive charge at pH values below 4.4 and a net negative charge above this value. This finding corroborates
the pH-dependent adsorption behavior discussed above, as the maximum Cr(VI) removal occurred at pH 2.5,
where the surface is strongly protonated and electrostatically favorable for anion adsorption.

Effect of contact time and adsorption kinetics

The effect of contact time on Cr(VI) adsorption by mMT was investigated at an initial concentration of 100 mg/L,
pH 2.5, and adsorbent dose of 50 mg in 100 mL solution. As shown in Figure 7, Cr(VI) removal increased rapidly
during the first 30 minutes, with approximately 87% removal achieved within this period. The adsorption
gradually slowed and reached equilibrium at about 60 minutes, with a maximum removal efficiency of 99.9%.
The initial rapid phase is attributed to the abundant availability of active sites on the mMT surface, while the
subsequent slower phase corresponds to the gradual occupation of remaining sites and intraparticle diffusion
effects.

For the underlying adsorption mechanism, the experimental data were fitted with pseudo-first-order (PFO; Eqn.
11) and pseudo-second-order (PSO; Eqn. 12) kinetic models. The pseudo-second-order model provided an
excellent fit to the experimental data (R? = 0.998), with calculated q. values closely matching the experimental
values (Table 1). This suggests that chemisorption, involving valence forces through electron sharing or exchange
between the adsorbent and adsorbate, is the rate-limiting step. The involvement of chemical interactions is
consistent with the redox-mediated adsorption mechanism proposed for mMT.

?me:%)ihme_kﬂ 11

—= — 4 —t 12
ac k2q%  qe

Where, g.and ¢, are the adsorption capacities at equilibrium, and at time t, respectively (mg/g), ki and k> are
respectively the rate constants of PFO and PSO equations (g(mg/min)).
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Figure 7: Effect of contact time on Cr(VI) adsorption by Mmt
Table 1: Kinetic Parameters for Cr(VI) Adsorption onto mMT
Kinetic model Parameter Value
Experimental e, €Xp (Mg/g) 95.30
Pseudo-first-order e, cal (mg/g) 68.42
k; (min™") 0.072
R? 0.912
Pseudo-second-order q., cal (mg/g) 98.04
k; (g.mg” min™") 0.0018
R? 0.998

Effect of Cr(VI) concentration and adsorption isotherms

The effect of initial Cr(VI) concentration on adsorption capacity was investigated over the range of 10-100 mg/L
at pH 2.5 and at room temperature. As shown in Figure 8, the adsorption capacity (qc) increased progressively
with increasing initial concentration, from 18.6 mg/g at 10 mg/L to 176.4 mg/g at 100 mg/L. This trend is
attributed to the higher driving force provided by the increased concentration gradient, which overcomes mass
transfer resistance between the aqueous and solid phases. The equilibrium data were analyzed using Langmuir
and Freundlich isotherm models. The Langmuir model assumes monolayer adsorption onto a homogeneous
surface with finite identical sites, while the Freundlich model describes multilayer adsorption on heterogeneous
surfaces. The Langmuir model provided a better fit (R?~0.996) compared to the Freundlich model (R?~0.931),
suggesting that removal of Cr(VI) occurs via monolayer coverage on a homogeneous surface, Table 2. The qmax
calculated from the Langmuir model was 179.31 mg/g, which compares favorably with other biosorbents reported
in recent literature (Table 3). The relatively high adsorption capacity of mMT compared to other biosorbents can
be attributed to the synergistic effects of: (i) the abundant oxygen-containing functional groups introduced by
KMnO4 modification, (ii) the redox-active MnOx species that may facilitate redox transformation and/or reduction
of Cr(VI), and (iii) preserved structural integrity that provides accessible binding sites. Nevertheless, future work
will include XPS and chromium speciation analysis to quantitatively confirm the extent of Cr(VI) reduction during
adsorption.
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Figure 8: The time-concentration profiles of Cr(VI) adsorption process at different initial concentrations.

Table 2: [sotherm Parameters for Cr(VI) Adsorption onto mMT

Parameter Langmuir Freundlich
Gmax (Mg g1) 179.31 -
K (L mg"h) 0.184 -
Kr (mg/g)(L/mg)"™ - 38.47
n - 2.36
R? 0.996 0.931

Table 3: Comparison of adsorption capacities of various biosorbents for Cr(VI)

Biomass Oxidant pH Time (min) Percentage removal (%) Ref.
Walnut NaOH 2.0 60 73.40 33
Citric acid 2.0 60 68.98
- 2. 60 63.78
Teff straw H3PO, 2 240 92.5 34
KOH 2 240 95.2
chinar leaves KMnO, and AICI;-6H,0 3 300 83.86 28
Rice husk 1-[3-(trimethoxysilyl) 2 120 97 35
propyl] urea
Poultry litter H,SO4 2 90 - 36
Tea waste Polyvinyl alcohol 2 300 96 37
Rice husk boiling water 2 71.0 38
Formadehyde 2 76.5
Olive pomace H,PO, 2 240 96 39
Money tree KMnO, 2.5 60 99 This study
shell

Effect of Ionic Strength and Interfering Ions

Real wastewater typically contains various coexisting ions that may compete with Cr(VI) for active
adsorption sites. The effect of ionic strength on Cr(VI) adsorption was investigated by adding different
concentrations of NaCl, ranging from 0 to 1.0 M (Figure 9a). Increasing NaCl concentration from 0 to 1.0 M
resulted in a gradual decrease in removal efficiency from 95.3% to 78.6%. This reduction is attributed to the
screening effect of electrolyte ions [40], which weakens the electrostatic interaction between the positively
charged mMT surface and Cr(VI) anions.

The influence of coexisting anions, including SO%*4, NO3, PO*4, and CO?3, and cations (Ca?', Na*, Mg”")
on Cr(VI) removal was examined at a concentration of 0.1 M for each ion (Figure 9b). It is noteworthy to mention
that PO exhibited the strongest interference among the anions tested, reducing adsorption efficiency of Cr(VI)
from 95.3% to 63.2%, followed by CO%*3, SO%4, and NO; at adsorption efficiencies of 71.4%, 82.1%, and 89.3%,
respectively. The significant interference by PO*4 and CO?; is attributed to their high charge density and specific
adsorption onto the mMT surface, which competes directly with Cr(VI) for binding sites [41]. Additionally, these
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anions may form complexes with surface Mn species, potentially blocking redox-active sites. The cations showed
relatively minor interference, with Mg?" and Ca?' marginally reducing performance efficiency to 91.2% and
92.4%, respectively. The slight reduction may result from competition for negatively charged surface sites or the
formation of cation-chromate complexes in solution that have different adsorption affinities.
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Figure 9: (a) Effect of ionic strength on Cr(VI) adsorption by mMT; (b) Effect of coexisting ions on Cr(VI)
removal efficiency

Adsorption thermodynamics
The temperature effect on the removal of Cr(VI) by mMT was investigated at 25°C, 35°C, and 45°C.

Thermodynamic parameters such as Gibbs free energy change (AG®), enthalpy change (AH®), and entropy change
(AS®) were calculated using the following Eqns. 13- 15:

Ks=q./Ce 13
AG®=-RT In Ky 14
In Kz=AS°/R - AH°/RT 15

Table 4 shows negative AG® values for all temperatures, confirming that the adsorption process of Cr(VI) is
spontaneous. The decrease in magnitude of AG® with increasing temperatures from 25°C to 45°C indicates that
the sorption process is more favourable at higher temperatures.

In Table 5, the positive value of AH® (that is + 28.64 kJ/mol) suggests that the sorption process is endothermic,
and the absorption of heat enhances the interaction between HCrO4 /Cr,07% and the mMT surface. The magnitude
of AH® (28.64 kJ/mol) falls within the range typically associated with chemisorption (20-80 kJ.mol"), suggesting
that chemical interactions play a dominant role in the adsorption mechanism. This finding aligns with the kinetic
results, which favored the pseudo-second-order model. The positive value of AS° value (+112.7 J.mol! K)
reflects increased randomness at the solid-solution interface during adsorption, due to the release of hydration
water molecules when HCrO4 /Cr,0-* ions bind to the mMT surface.

Table 4. Temperature-dependent Gibbs free energy

Temperature (°C) AG® (kJ.mol ™)
25 -4.82
35 -6.07
45 -7.31

Table 5: Temperature-independent thermodynamic constants

Parameter Value
Enthalpy change (AH®) (kJ.mol ™) +28.64
Entropy change (AS°) (J.mol! K!) +112.7

Desorption and regeneration studies

The reusability of an adsorbent is a critical factor for practical applications. Desorption experiments were
conducted using various eluents, including NaOH, EDTA, distilled water, and HCI (Figure 10a). Among these,
0.1 M NaOH showed the highest desorption efficiency (86.4%), indicating that Cr(VI) adsorbed onto mMT can
be effectively recovered under alkaline conditions. This pH-dependent desorption is consistent with the
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electrostatic nature of the adsorption mechanism, where negatively charged surfaces at high pH repel the Cr(VI)
anions.

The regeneration efficiency of mMT over five consecutive adsorption-desorption cycles was evaluated using 0.1
M NaOH as the desorbing agent (Figure 10b). The adsorption capacity decreased gradually from 95.3 mg.g™! in
the first cycle to 71.6 mg.g! in the fifth cycle, representing a retention of approximately 75% of the initial capacity.
The gradual decline may be attributed to: (i) incomplete desorption of Cr species, (ii) progressive saturation of
redox-active sites, and (iii) minor structural changes in the biomass during repeated use. Despite this decrease, the
material maintained reasonably good performance after five cycles, demonstrating its potential for repeated use
in wastewater treatment applications.
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Figure 10: (a) Desorption efficiency of various eluents; (b) Regeneration performance of mMT over five
consecutive cycles

IV.  Conclusion

This study reports the transformation of empty shells of Pachira aquatic, an abundant and typically
discarded lignocellulosic biomass, into a high-performance adsorbent for Cr(VI) removal through KMnOg-
mediated oxidative modification. The treatment introduced oxygen-containing functional groups and Mn-based
redox-active sites, enhancing both the adsorption capacity and the surface-mediated reduction of Cr(VI).
Characterization analyses, including FTIR, SEM-EDX, XRD, and TGA confirmed successful surface
functionalization and increased accessibility of binding sites. Batch adsorption experiments revealed that the
modified biomass (mMT) achieved near-complete Cr(VI) removal at acidic pH, with equilibrium reached within
60 min, and kinetic modeling indicated chemisorption as the rate-limiting step. Adsorption isotherms fitted the
Langmuir model, with a maximum capacity of ~179 mg/g, while thermodynamic parameters confirmed that the
process is spontaneous and endothermic. The material exhibited good selectivity in the presence of common
coexisting ions and retained approximately 75% of its initial capacity over five regeneration cycles. The current
work presents a low-cost, sustainable, and efficient biosorbent for Cr(VI) remediation, and provide a practical
avenue for valorizing an otherwise underutilized agricultural residue.
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