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The increasing concentrations of toxic hexavalent chromium [Cr(VI)] in aquatic

systems pose a major threat to human health and the environment, necessitating the de-
velopment of high-performance, reasonably priced, and environmentally friendly adsor-
bents. Mesoporous silica nanoparticles (SiNPs) were synthesized from groundnut shell
waste via alkaline extraction followed by acid precipitation, yielding 21 %. Amorphous,
mesoporous silica with a high surface area (84.61 m? g!) and a large number of silanol
groups was confirmed by characterization (XRD, FTIR, SEM-EDS, and BET). Batch
adsorption experiments revealed that the maximum Cr(VI) removal efficiency reached
92 % at pH 4, with an optimum equilibrium adsorption capacity (g.) of 4.5955 mg g'.
The process followed pseudo-second-order kinetics (R? = 0.99) and the Freundlich iso-
therm model (R? = 0.9826), indicating chemisorption. Surface complexation was con-
firmed by post-adsorption analyses, demonstrating the effectiveness the SiNPs as envi-
ronmentally friendly adsorbents for wastewater treatment.
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Introduction

Heavy metals and metalloids can accumulate in
terrestrial environments as a result of various activ-
ities, including the disposal of industrial wastewa-
ter, the application of fertilizers, sewage sludge, an-
imal manure, as well as spills of petrochemicals,
paints, and gasoline containing lead. To restore the
affected land ecosystem, appropriate remediation
techniques are required. Direct exposure to metallic
pollutants through the food chain and the consump-
tion of groundwater contaminated with heavy met-
als such as lead and arsenic pose significant health
hazards. Ecosystems are also adversely affected
when untreated effluents from the agri-food indus-
try are discharged into river canals and other water-
bodies'. Therefore, effective treatment methods are
required to prevent heavy metal accumulation.
Heavy metals can enter the human body through
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four primary pathways: dermal contact with con-
taminated sites; exposure during manufacturing, ag-
ricultural, pharmaceutical, and residential or indus-
trial activities; inhalation from the atmosphere; and
ingestion of contaminated food or water. Once in-
gested or inhaled, heavy metals tend to bio-accumu-
late in the human body and are therefore catego-
rized as hazardous substances. Such bioaccumulation
can lead to physiological and metabolic disorders.
Heavy metals have been shown to affect cellular
components and organelles, including cell mem-
branes, lysosomes, enzymes, mitochondria, and nu-
clei. Metal ions can interact with nuclear proteins
and DNA, causing DNA damage that disrupts the
cell cycle and may lead to carcinogenesis or apop-
tosis?.

Chromium (Cr) is one of the most hazardous
heavy metals found in nature and is widely used in
industrial processes. It is released from both natural
sources of Cr, particularly the Earth’s crust, and an-
thropogenic activities, primarily in trivalent [Cr(I11)]
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and hexavalent [Cr(VI)] forms®. Trivalent chromi-
um [Cr(III)] is an essential trace element for hu-
mans and other living organisms; however, both
deficiency and excess can significantly affect me-
tabolism. In contrast, Cr(VI) is highly toxic, solu-
ble, and mobile and is considerably more harmful to
humans and animals than the Cr(III) form. Numer-
ous studies have demonstrated that inhalation of
Cr(VI) increases the risk of lung cancer, with pro-
longed exposure in animal studies resulting in lung
tumors*. Additionally, Cr(VI) has been shown to be
toxic to invertebrates over time. Even at low con-
centrations, Cr(VI) can damage fish DNA, inhibit
hatching, reduce lifespan, and accumulate in fish
gills, subsequently affecting their internal organs
such as the kidneys and liver>®.

Research has also indicated that Cr(VI) can
cause oxidative imbalances, mutagenesis, and re-
ductions in both above- and below-ground (root and
shoot) biomass, as well as inhibit blooming, fruit
setting, crop yield, and the degradation of food
grain quality’. Silica derived from renewable sourc-
es has recently gained attention, particularly in
fumed silica-reinforced bio-based wax-epoxy coat-
ings, which have been shown to significantly im-
prove mechanical, thermal, and moisture resistance
properties®. Major sources of chromium pollution
include chromite mining, the tannery and cement
industries, asbestos degradation, emissions from
catalytic converters, and organic solid waste. Chro-
mium concentrations increase along the food chain
and eventually reach humans in biomagnified form.
High concentrations of chromium (Cr) are commonly
detected in electroplating effluents; only 30—40 %
of Cr is effectively used during electroplating, while
the remainder is discharged in the final effluent, with
concentrations reaching up to 1000 mg L™'°.

Current studies have focused on various meth-
ods for the removal of heavy metal ions, such as
membrane technologies, advanced oxidation pro-
cesses, magnetic field applications, adsorption us-
ing natural and synthetic adsorbents, and Electro
Coagulation (EC)'°. Among these methods, adsorp-
tion has attracted attention due to its low cost, high
removal efficiency, operational flexibility, selectivi-
ty, and excellent stability in the removal of heavy
metal ions''2, Numerous studies have examined the
effectiveness of low-cost adsorbents derived from
agricultural waste and by-products in batch and
fixed-bed sorption systems. Agricultural by-prod-
ucts such as groundnut shells, soybean hulls, corn-
cobs, and rice hulls have gained significant interest
as adsorbents for the treatment of contaminated
wastewaters due to their abundance, low cost, and
strong metal-binding capabilities'®. Given that corn
and groundnuts (peanuts) are widely consumed
globally, large quantities of corncobs and groundnut

shells are discarded daily into the environment. A
wide range of agricultural materials, including plant
seeds'®, sugarcane bagasse', corncob-derived bio-
char'®, and groundnut shell bio-char, have been ex-
plored for heavy metal adsorption!’.

Comparative studies on fumed silica-dispersed
beeswax and carnauba wax epoxy coatings have
shown that the morphological and dispersion char-
acteristics of silica are the factors determining the
strength of the interfacial bonding and the perfor-
mance of the coatings, thus supporting the signifi-
cance of tailoring silica nanostructures for specific
applications'®. Silica-based metal oxide nanoparti-
cles possess unique properties, such as high surface
area, tunable pore size, excellent bio-compatibility,
and adaptable surface modification, making them
effective for heavy metal adsorption. They can also
alter form at different oxidation states. Additionally,
these are non-toxic and environmentally safe ad-
sorptive agents’. SiNPs have been successfully
used to remove heavy metals from aqueous media®.
Numerous studies have demonstrated that both un-
modified SiNPs and modified SiNPs (amino-func-
tionalized SiNPs, silica nanoparticle spheres,
non-functionalized SiNPs, and amino-functional-
ized SiNPs gel) can effectively remove heavy met-
als such as Pb(II), Cd(II), Cu(Il), Cr(VI), and Ni(II)
from aqueous media®'.

The objective of this study was to synthesize
Silica Nanoparticles (SNPs) using groundnut shells
as a raw material and evaluate their performance in
adsorbing hexavalent chromium ions from synthetic
wastewater. Key experimental parameters affecting
the adsorption process such as dosage, pH, contact
time, stirring rate, and initial metal ion concentra-
tion were systematically investigated. The adsorp-
tion mechanism was analyzed through isotherm,
kinetic, and thermos dynamic analyses. The synthe-
sized SNPs showed high adsorption efficiency and
good reusability for the removal of heavy metal
ions from synthetic waste water. While previous
studies have successfully extracted silica or sili-
ca-based adsorbents from various agricultural resi-
dues such as rice husk, corncob, and groundnut
shell ash, this work presents notable advancements
in synthesis efficiency, surface characteristics, and
adsorption behavior. Unlike traditional methods of
producing silica from rice husk requiring high tem-
peratures and lengthy purification processes, the ap-
proach presented in this study employs groundnut
shell waste and achieves approximately 21 % silica
yield through a straightforward alkaline ex-
traction-acid precipitation route. The resulting
bio-silica exhibited pore structure classified as mes-
oporous with a relatively high specific surface area
(84.61 m? g'), providing abundant active silanol
sites for Cr(VI) adsorption. The adsorption process
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closely follows a pseudo-second-order kinetic mod-
el (R? =0.99), indicating chemisorption as the most
important step, with performance comparable to or
exceeding that of previously reported agro-waste-
derived silica adsorbents. Furthermore, the total
match with the Freundlich isotherm (R*=0.9826) in-
dicates heterogeneous and multilayer adsorption
ability of the material. These combined features dis-
tinguish this study from previous reports and demon-
strate the effectiveness of mesoporous silica derived
from groundnut shells as a sustainable, high-perfor-
mance adsorbent for Cr(VI) remediation.

Materials and methods

Analytical-grade chemicals were used through-
out the study to ensure accuracy and reproducibili-
ty. Concentrated hydrochloric acid (HCI, >37 %
purity), potassium dichromate (K.Cr.07, >99.5 %
purity), sodium hydroxide pellets (NaOH, >98 %
purity), and diphenyl carbazide (>99 % purity) were
purchased from Molychem India LLP (Mumbai, In-
dia) and used without additional purification. Dis-
tilled water, produced in-house using a double-stage
glass distillation unit, was used for all solution
preparations and cleaning procedures to avoid ionic
interference. Groundnut shells (4Arachis hypogaea),
used as the lignocellulosic precursor, were collected
from local agricultural markets in Virudhunagar,
Tamil Nadu, India. The shells were washed with tap
water to remove dust and adhering soil, and rinsed
with filtered water to remove residual organic mat-
ter and surface contaminants.

The cleaned shells were oven-dried at 110 °C
for 24 hours to remove moisture and stored in air-
tight polypropylene containers until further use. All
glassware was soaked overnight in 10 % nitric acid,
thoroughly rinsed several times with distilled water,
and dried before use to prevent contamination.
Characterization was carried out using a BET sur-
face area analyzer (Micromeritics ASAP 2020,
USA), an X-ray diffractometer (Bruker DS Ad-
vance, Germany), a scanning electron microscope
coupled with energy-dispersive X-ray spectroscopy
(ZEISS, Germany), and a Fourier transform infra-
red spectrometer (Shimadzu, Japan).

Methodology

The experimental protocol was systematically
designed to synthesize mesoporous silica nanoparti-
cles (SiNPs) from groundnut shell waste, character-
ize their physicochemical characteristics, and evalu-
ate their adsorption performance for Cr(VI) removal
from aqueous solutions. The workflow consisted of
four main steps: (i) preparation and pretreatment of
raw agricultural waste; (ii) extraction and synthesis

of silica nanoparticles via alkaline solubilization
and acid precipitation; (iii) physicochemical charac-
terization using advanced analytical techniques; and
(iv) batch adsorption experiments to determine the
impact of process parameters, adsorption kinetics,
equilibrium isotherms, and potential adsorption
mechanisms. All experiments were conducted in a
strictly controlled laboratory environment to ensure
reproducibility and minimize external contamina-
tion. The synthesis process was adapted from estab-
lished bio-silica synthesis techniques and optimized
for yield, purity, and adsorption efficiency. Fourier
transform infrared (FTIR) spectra were recorded
over the range of 4004000 cm™ using a Shimadzu
IR Spirit spectrometer. X-ray Diffraction (XRD) pat-
terns were obtained using a PANalytical X’Pert
PRO diffractometer with Cu Ko radiation (4 =
1.5406 A). Surface morphology and elemental com-
position were analyzed using a Zeiss EVO18 scan-
ning electron microscope (SEM) equipped with en-
ergy-dispersive X-ray spectroscopy (EDS). Nitrogen
adsorption-desorption isotherms were measured us-
ing a Micromeritics ASAP 2020 analyzer to deter-
mine specific surface area and pore characteristics.
Cr(VI) concentrations were quantified using the di-
phenylcarbazide method at 540 nm with a Shimad-
zu UV-2600 UV-visible spectrophotometer.

Synthesis of silica nanoparticles,
preparation of Cr(VI) solutions,
and material characterization

Groundnut shells were collected and dried at
110 °C for 24 hours. The dried groundnut shells
were then combusted at 650 °C for five hours to
remove volatile gases CO and CO,, producing ash
powder. Acid pretreatment was employed to en-
hance the purity of the silica product, as it is an ef-
fective method for producing pure white silica ash
while removing most metallic impurities. Silica
powder was synthesized via a dissolution-precipita-
tion process. One gram of ash powder was mixed
with 60 mL of 1 M NaOH aqueous solution. After
three hours of agitation and continuous heating at
80 °C, the mixture was filtered through Whatman
filter paper to dissolve the silica and produce sodi-
um silicate (Na,SiO,). Gel formation was induced
by adjusting the pH of the solution to 7.0 using 5 M
HCI under continuous stirring, followed by incuba-
tion for 8-12 hours. The gel was subsequently
washed several times and centrifuged at 4000 rpm
for 5 min. After removing the supernatant, the re-
sulting gel was dried at 80 °C for 24 hours to obtain
the as-prepared xerogel, and was ground into a fine
powder using a mortar and pestle®.

The silica yield for each of the treated residues
was calculated using the following equation:
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Y= Wy/W,100 (1)

where Y is the yleld (%), W is the weight of ob-
tained silica (g), W, is the total weight of processed
residue (g).

A 1000 mg L of Cr(VI) stock solution was
prepared by dissolving 2.8 g of potassium dichro-
mate (K,Cr,0O, analytical grade, 299.5 % purity) in
1 L of distilled water. The solution was stored in an
amber glass bottle at room temperature (25 + 2 °C)
to prevent photo degradation. Working solutions
(5-50 mg L") were freshly prepared by serial dilu-
tion with distilled water. Solution pH (2-9) was ad-
justed using 0.1 M NaOH or 0.1 M NaOH and mea-
sured using a calibrated pH meter (0.01 accuracy).
All glassware was acid-washed and thoroughly
rinsed before use to prevent contamination. The
physicochemical characteristics of the synthesized
silica were characterized using advanced analytical
techniques. Surface morphology and elemental com-
position were examined using EDS coupled with
scanning electron microscopy (SEM) (ZEISS, Ger-
many). Functional groups were identified by FTIR
(Shimadzu, Japan) over the range of 4004000 cm™!
at a resolution of 1 cm™. Crystallinity and phase
composition were analyzed by XRD using Cu Ka
radiation (4 = 1.5401 A), with a scan rate of 1°
min! at 40 kV and 40 mA. Textural parameters
such as pore volume, average pore size, and specif-
ic surface area, were determined using Brunauer—
Emmett-Teller (BET) and Barrett—Joyner—Halenda
(BJH) techniques with a Micromeritics ASAP 2020
analyzer. All measurements were conducted under
strictly controlled laboratory conditions to ensure
reproducibility®.

Adsorption experiments

The synthesized silica nanoparticles derived
from groundnut shells were used as adsorbents in
batch adsorption experiments for the removal of
hexavalent chromium ions. All experiments were
conducted in triplicate to ensure reproducibility.
The effects of various operational parameters, includ-
ing initial chromium concentration (5-50 mg L),
initial pH (2-8), agitation time (0—180 minutes),
initial metal ion concentration (10-70 mg L), and
adsorbent dosage (0.2-2 %), were systematically
investigated to determine optimal adsorption condi-
tions.

Effect of initial chromium concentration

A dosage of 1 g L! of synthetic silica nanopar-
ticles was added to 100 mL of aqueous solutions
containing varying chromium concentrations (5-50
mg L', intervals of 5 mg L'). Adsorption experi-
ments were conducted at room temperature with a
neutral solution pH maintained at 7+ 0.05 using di-

lute HCI or NaOH solutions. The mixtures were ag-
itated at 120 rpm for 180 min. After equilibration,
samples were centrifuged at 6000 rpm for 10 min,
and the supernatants were analyzed at 540 nm using
a Shimadzu UV-2600 spectrophotometer. The
Cr(VI) concentrations were determined using the
standard Diphenylcarbazide (DPC) spectrophoto-
metric method**. A DPC stock solution was pre-
pared by dissolving 50 mg of DPC in 25 mL of ac-
etone containing 250 pL of 1 N sulfuric acid. For
measurement, the pH of the supernatant was adjust-
ed to approximately 2.0 using dilute hydrochloric
acid, as required for the formation of the Cr(VI)—
DPC complex. Aliquots (3 mL) of the working
solution were treated with 100 pL of the DPC re-
agent to obtain the colored Cr(VI)-DPC complex.
The absorbance of the resulting colored complex
was measured at 540 nm using a UV—visible spec-
trophotometer. The Cr(VI) concentrations were cal-
culated using a calibration curve prepared from
working standards. Percentage removal and equilib-
rium adsorption capacity (g.) were calculated from
the initial and residual chromium concentrations.

Effect of pH

To examine the effect of pH, 10 mg L'of Cr(VI)
solutions containing 1 g L' SiNPs were agitated at
120 rpm for 30 minutes over a pH range of 2-8.
Following pH adjustments using 0.1 N HCI or
NaOH, the solutions were centrifuged and analyzed
using the DPC spectrophotometric assay at 540 nm
to determine removal percentage.

Effect of time

Time-dependent adsorption was investigated
by agitating 1 g L' SiNPs in 10 mg L' Cr(VI)
solution at pH 4 and 120 rpm. Samples were col-
lected at intervals between 30 and 180 minutes and
analyzed spectrophotometrically at 540 nm using
the DPC assay. The percentage of removal was then
recorded.

Effect of adsorbent dosage

To assess the effect of adsorbent dosage, SiNP
dosages ranging from 0.2 to 1.6 g were added to
100 mL of 10 mg L' chromium solution. The solu-
tion was centrifuged, agitated at 120 rpm for 90
minutes while maintaining pH 4, and then spectro-
photometrically examined at 540 nm using the DPC
assay. The percentage removal was then calculated.

Effect of metal ion concentration

To examine the impact of different initial metal
ion concentrations (10-70 mg L') on adsorption ef-
ficiency, spectrophotometric analysis was conduct-
ed using 1 g L' SiNPs at fixed pH (4) and agitation
(120 rpm for 90 min).
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Batch adsorption studies: Langmuir, Freundlich,
and Temkin isotherms

Equilibrium isotherm experiments were con-
ducted wusing initial chromium concentrations
(10-70 mg L. The solutions were agitated at 120
rpm with 1 g L™ silica nanoparticles at pH 4 for
90 min using a shaker incubator. Data were fitted to
Temkin, Freundlich, and Langmuir isotherm models
to quantify interactions and elucidate adsorption
mechanisms.

The equilibrium adsorption capacity of ground-
nut silica ash for Cr(VI) (¢,, mg g™ ') and the remov-
al efficiency (RE/%) were calculated using the fol-
lowing equations®%,

(Ci _Ce),

g 2

g,(mgg')=

c-C
RE (%) = == =100 3)

1

where: W (g) is the amount of adsorbent (SNPs), V'
(L) is the volume of working solution, and C and C,
are the initial concentration and equilibrium con-
centration (mg L) of heavy metal ions, respectively.

Statistical analysis and model validation

To ensure consistency and reproducibility, all
adsorption datasets derived from the batch experi-
ments underwent comprehensive statistical analysis.
To avoid distortions associated with linear transfor-
mations, the kinetic profiles were examined using
nonlinear regression to fit pseudo-first-order, pseu-
do-second-order, and Elovich models. Model rank-
ing was performed using the Akaike Information
Criterion (AIC) and Akaike weights to identify the
most probable representation of the underlying ad-
sorption mechanism. Model goodness of fit was
assessed using the adjusted coefficient of determi-
nation (R? adj), Root Mean Square Error (RMSE),
chi-square (y?), and the corrected Akaike Informa-
tion Criterion (AIC).

The RMSE and y* were calculated using the
following equations:

1 n
RMSE = ;Z(qe,m, ~Geprea) )
i=1

XZ - Zi=1(qe,e><p _qe,pred)2

qg,pred

)

Similarly, a wide range of isotherm models, in-
cluding Langmuir, Freundlich, Temkin, were fitted
to equilibrium adsorption data using nonlinear opti-
mization to estimate parameters like adsorption in-
tensity (n), affinity constants (K, K,), and maxi-
mum adsorption capacity (Q, ). Ninety-five percent

confidence intervals were obtained using a paramet-
ric bootstrap approach with 2000 iterations to en-
able accurate parameter estimation while account-
ing for experimental variability. Furthermore,
Welch’s analysis of variance and Dunnett’s post-hoc
test were applied to statistically analyze optimiza-
tion experiments involving pH, contact time, and
adsorbent dosage. Effect sizes (Hedges’ g) and
achieved power were reported to supplement p-val-
ues. All analyses were conducted at a significance
level of p < 0.05. This integrated statistical frame-
work ensured that the conclusions drawn from the
kinetic, equilibrium, and optimization studies were
supported by validated models and explicit uncer-
tainty quantification, while maintaining continuity
with subsequent results, as shown in Fig. 1.

Result and discussion

Synthesis and characterization of silica particles

Silica was recovered from the groundnut shell
ash through alkaline extraction followed by acid
precipitation. The ash was obtained by calcining the
shells at 650 °C and subsequently subjecting them
to acid precipitation. A yield of 21 % based on the
initial ash weight was obtained from the procedure,
which produced 0.21 grams of silica from an initial
mass of 1 gram of groundnut shell ash. After drying
and grinding, the resulting white silica powder was
homogeneous and free-flowing, indicating that con-
taminants had been successfully removed and that
the amorphous silica had been successfully recov-
ered from the agricultural waste feedstock.

FTIR characterization

FTIR spectroscopy was employed to examine
the bonding structures and functional groups of the
synthesized silica nanoparticles. The FTIR spectra
(Fig. 2a and 2b) confirmed the effectiveness of sili-
ca extraction from groundnut shell ash, revealing
the distinctive vibrational bands associated with sil-
ica. FTIR analysis was conducted before and after
chromium adsorption onto the synthesized silica
to assess potential changes in surface functional
groups.

Strong Si—O-Si asymmetric stretching vibra-
tions were observed at approximately 1138-1141
cm! along with distinct bands near 580 cm™ and
440 cm™, corresponding to Si—O—Si symmetric
stretching and Si—O bending, respectively. These
features confirm the presence of silica in the ground-
nut shells. After chromium adsorption, these char-
acteristics persisted, suggesting that the silica net-
work structure remained intact. However, subtle
changes were observed, including alterations near
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Collection and Pretreatment of Groundnut Shells
* Washing and drying at 110 °C
* Calcination at 650 °C

Silica Extraction and Synthesis
* Alkaline extraction using NaOH
* Na:Si0Os formation
* Acid precipitation using HCI
* Gel formation, drying, and grinding

Preparation of Cr(VI) Solutions
* 1000 mg L KzCr20- stock solution
« Dilution to 5-50 mg L
* pH adjustment using HCI / NaOH

Characterization of Silica Nanoparticles
* FTIR (functional groups)
* XRD (structure)
+« SEM-EDS (morphology & composition)
+« BET-BJH (surface area & pore size)

Batch Adsorption Experiments
« pH, dosage, contact time, initial Cr(VI)
* Orbital shaker experiments
* Residual Cr(VI) by UV-Vis spectrophotometer

Data Analysis and Modelling
* Adsorption capacity (Q,, mg g=%)
* Removal efficiency (RE, %)

* Kinetics: PSO, Elovich
* Isotherms: Langmuir, Freundlich, Temkin

Outcome
* Sustainable Cr(VI) adsorbent
+ Maximum removal efficiency: 92 % at pH 4
* Freundlich isotherm best fit
* Eco-friendly wastewater remediation

Fig. 1 — Flowchart of the experimental methodology adopted for the synthesis, characterization, and Cr(VI) adsorption studies
using mesoporous silica nanoparticles derived from groundnut shell waste

980 cm™ and a slight shift and broadening of the
O-H stretching region (about 3400 cm™), suggesting
interactions between the surface silanol (Si—OH)
groups and chromium ions. Chromium was ad-
sorbed onto the silica via binding through surface
hydroxyl functionalities, as further supported by the
reduction of isolated free —OH groups, evidenced by
the diminished peak at 3609 cm™ after adsorption.

The presence of silica (Si0,) in the biomass
was confirmed by distinct bands in the FTIR spec-
tra of both the chromium-adsorbed sample (GN Ab-
sorbed) and the untreated groundnut shells (GNS).
In both cases, a prominent absorption peak between
1138 and 1141 cm™ corresponds to Si—O-Si asym-
metric stretching vibrations, a defining feature of
silica materials?’. Additional supporting bands at
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Fig. 2a— FTIR analysis of groundnut shell silica
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Fig. 2b— FTIR analysis of adsorbed groundnut shell silica

approximately 580-590 cm™ and 440-450 cm™
arise from Si—O-Si symmetric stretching and Si—O
bending vibrations, respectively. The occurrence of
these peaks in both the untreated and treated sam-
ples indicates that silica is a naturally occurring
component of the groundnut shell matrix and con-
tributes to its mechanical structure. Compared with
GNS (Groundnut Shell Silica), the O-H band in
chromium-adsorbed GNS appeared somewhat
broadened and shifted®®, indicating interactions be-
tween hydroxyl groups on the biomass and chromi-
um species, most likely via coordination or hydro-
gen bonding. After chromium adsorption, the

bending vibration of water molecules or surface
hydroxyl groups (~1649 cm™) became more in-
tense, suggesting enhanced water retention or Cr
interaction with surface functional groups. The peak
at approximately 980 cm™ was more pronounced
after chromium treatment. The concept that chromi-
um binds to groups that contain oxygen on the bio-
mass surface was supported by the possibility that
this is associated with Cr—O stretching vibrations®.
The weak absorption bands in the 2920-2850 cm™
region may be assigned to residual aliphatic C—H
stretching vibrations, likely originating from trace
carbonaceous residues or organic moieties remain-
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ing after calcination and acid treatment, as typically
reported for silica obtained from agricultural waste.
The low intensity of these bands indicates that most
of the organic material was effectively removed
during thermal processing.

XRD patterns of groundnut shell-derived silica
nanoparticles

The structural characteristics of groundnut
shell-derived silica (GNS) before and after chromi-

10 20 30 40 50 60 70 80

um adsorption were analyzed through XRD, as
shown in Fig. 3. The XRD pattern of untreated
bio-silica exhibited a broad diffraction hump locat-
ed in the 20 = 25-30° range, indicative of amor-
phicity®®, with no sharp crystalline peaks observed.
After chromium adsorption, the XRD pattern re-
mained largely unchanged, with the amorphous
hump appearing at an almost identical 26 position
and displaying a similar width and profile. No peak
sharpening, shifts, or new crystalline reflections
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A

Fig. 3 — XRD patterns of groundnut shell—derived silica nanoparticles before and after Cr(VI) adsorption
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Fig. 4 — SEM micrographs of groundnut shell-derived silica nanoparticles before and after Cr(VI) adsorption
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attributable to chromium-containing phases were
detected, indicating that the silica matrix retained
its structural integrity after adsorption of chromium.
The slight differences in peak heights are attributed
to surface coverage or sample packing effects rather
than changes in the bulk structure. These findings
suggest that chromium species were predominantly
adsorbed onto the surface or within the pores of the
amorphous silica, consistent with previous reports
on bio-silica based adsorbents™.

SEM characterization

Scanning Electron Microscopy (SEM) revealed
significant morphological changes in the groundnut
shell-derived silica after chromium adsorption. The
SEM images (Fig. 4) of the groundnut-derived sili-
ca revealed irregularly shaped particles®’ with a
rough, granular texture and no well-defined symme-
try, corroborating the amorphous nature inferred
from XRD analysis. The rough, porous surface
shape® of the unmodified bio-silica indicated a
large surface area conducive to adsorption. Images
taken after adsorption revealed a smoother, denser
surface with much less porosity. Furthermore, the
development of evenly spaced, luminous nanoparti-
cles further indicated the adsorption of chromium
species. These morphological changes confirmed
the effective adsorption of Cr(VI), likely facilitated
by pore diffusion and surface complexation, sup-
porting the suitability of bio-silica as an economical
and effective adsorbent for heavy metal removal
from aqueous solutions.

EDS analysis revealed elemental weight per-
centages of 27 %, 25 %, and 20 % for Si, O, and Al,
respectively. Elemental mapping images of the syn-
thesized groundnut shell silica are displayed in Fig.
5. The presence of Si was confirmed by the elemen-
tal distribution®'. This homogeneity facilitates effi-
cient surface interaction sites for GS-SiNPs metal
adsorption onto water contaminants.

BET analysis

An adsorbent’s adsorption capability is mostly
determined by its porosity and pore size*. For the
synthesized non-adsorbed groundnut shell silica
(sample D) and the chromium adsorbed groundnut
shell silica (sample C), the specific surface area
based on the BET method, mean pore size (RBJH)
based on the BJH method, and total pore volume
(V) were assessed.

tot
The adsorption capacity of groundnut-derived
silica was methodically assessed for its efficacy in
the removal of chromium from aqueous solutions.
Sample C exhibited a narrower H3/H4-type loop,
indicating partial blockage of slit-shaped pores after
chromium adsorption. Nitrogen adsorption—desorp-

tion isotherms for Sample D (Fig. 6) exhibited type
IV behavior with H, hysteresis, typical of meso-
porous materials®® with adhesion technology?**. Chro-
mium interaction with the silica surface was con-
firmed by BET surface area analysis, which showed
a significant decrease in surface area from 84.61
m? g (Sample D) to 46.39 m? g'' (Sample C) after
adsorption. BJH desorption data showed corre-
sponding reductions in average pore width (17.17 nm
to 12.78 nm) and pore volume (dropped from 0.369
cc g! to 0.309 cc g'), suggesting pore filling or
narrowing due to chromium retention. The meso-
porous morphology of the bio-silica was validated
by t-Plot analysis, which revealed minimal micro
porosity (0.005 cc g!) in Sample D and a dominant
exterior surface area of 73.34 m? g''. Collectively,
these results confirm that groundnut silica possesses
a mesoporous structure that is ideal for adsorption,
and the post-treatment decrease in textural charac-
teristics confirms its effectiveness in chromium
sequestration.

Optimization of parameters

Effect of pH

The adsorption efficiency of Cr(VI) onto
groundnut shell-derived silica was found to be
strongly influenced by the pH of the aqueous solu-
tion. Adsorption experiments were conducted by
varying the pH from 2 to 8, using a fixed Cr(VI)
initial concentration of 10 mg L', For each test, 0.1
g of synthesized silica was added to 10 mL of the
chromium solution and agitated at 180 rpm for 90
minutes at room temperature. Chromium primarily
exists as HCrO4 and Cr.O-* under acidic condi-
tions, while CrO+>~ dominates in neutral to alkaline
pH. The adsorption efficiency increased from 43.85
% at pH 2 to a peak of 92 % at pH 4. The highest
removal efficiency was observed at pH 4, suggest-
ing favorable interactions between the negatively
charged Cr(VI) species and the protonated surface
groups of the silica. This was likely due to the in-
creased electrostatic attraction under acidic condi-
tions, where the bio-sorbent surface became posi-
tively charged. However, at very low pH (pH 2),
excess H' ions may compete with chromium anions
for active sites, reducing the efficiency. Beyond pH
5, the efficiency gradually decreased, with 68.79 %
removal observed at pH 8. This decline at higher
pH levels can be attributed to the deprotonation of
surface functional groups, which reduces electro-
static attraction to the anionic chromium species®.

Welch’s one-way ANOVA was applied to ana-
lyze the percentage removal values calculated from
repeated OD measurements at pH 2—-8 (control set
to pH 4) to determine statistical differences across
pH levels. The omnibus test revealed a significant
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Fig. 5 — EDS spectrum and elemental mapping of groundnut shell—derived silica nanoparticles before and

after Cr(VI1) adsorption

effect of pH (Welch’s ANOVA, F = 69.38, df = 6,
3.00, p = 0.0026) with achieved power of = 1.00 at
o = 0.05. Post-hoc comparisons to pH 4 were con-
ducted using Welch t-tests with Holm-adjusted fam-
ily-wise error control (Dunnett-style). The removal
efficiency at pH 2 was significantly lower than at
pH 4 (87.60 %, 95 % CI from duplicates) (A =
—43.75 %, t = —18.90, df = 1.91, p_adj = 0.0207;
Hedges’ g = —10.80, 95 % CI = [-13.37, —8.22]).
Differences observed at pH 3 (A = —9.04 %, t =
=5.00, df = 1.85, p_adj = 0.1317; g = —2.86, 95 %

CI=[-5.51,-0.20]), pH 5 (A=—-2.53 %, t =—1.74,
df = 1.45, p_adj = 0.5274; g = —0.64, 95 % CI =
[-3.55, 2.28]), pH 6 (A =—4.70 %, t = =3.00, df =
1.54, p_adj = 0.3662; g = —1.43, 95 % CI = [4.36,
1.50]), pH 7 (A = =6.15 %, t = —1.45, df = 1.26,
p_adj = 0.3463; g = —0.83, 95% CI = [-5.35, 3.69])
and pH 8 (A = —18.80 %, t = —11.63, df = 1.47,
p_adj=0.1003; g=—-6.64, 95 % CI =[-10.18, -3.11])
did not reach adjusted significance at a = 0.05.
Complete statistical details are provided in Table 2,
while the observed disparities are illustrated in Fig. 7.
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Effect of contact time

Contact time is one of the most critical factors
influencing adsorption efficiency. The effect of con-
tact duration on Cr(VI) adsorption by groundnut
shell-derived silica was studied using a 10 mg L'
chromium solution over a time range of 30 to 180
min. As shown in Fig. 8, chromium adsorption in-
creased with time until equilibrium was reached at
90 minutes. The rapid initial adsorption was due to

the availability of a large number of vacant sites,
whereas the subsequent plateau resulted from satu-
ration of adsorbed sites. The optimum contact time
was identified as 90 minutes with adsorption effi-
ciency of 92 %. A reduction in efficiency to 85.8 %
at 180 minutes, following a minor decline after 90
minutes, maybe attributed to desorption processes
or saturation of surface sites. Many bio-sorption
systems exhibit a rapid initial absorption followed
by a plateau, with equilibrium often being reached
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Table 1 — Functional group analysis of groundnut shell silica

Wa\(’zﬁgl)lber Vibration type Functional group/Assignment Observation
3740-3360  O-H stretching (broad) Hydroxyl groups (~OH) from cellulose, Shift and broadening after Cr

hemicellulose, and silanol groups (Si-OH)  adsorption

29482881  C—H stretching Aliphatic —CH: groups from organic matter No major shift

2313-2314 - Atmospheric CO: or overtone region Unchanged

1649 H—O-H bending (3 H20) / Adsorbed water or carbonyl groups Slight increase after Cr adsorption
C=0 stretching

1555-1421  C=C stretching / C-O-H bending Lignin structure and associated groups Minor shifts

1138-1141  Si—O-Si asymmetric stretching Silica (Si0O2) network Present in both samples

980 Cr-O stretching / Si—~OH deformation Cr interaction or silica-related vibration Slight shift and increase after Cr

adsorption

850-725 Si—O-Si symmetric stretching / Silica network and possible metal-oxygen =~ More pronounced after Cr
Cr-O vibration bonds adsorption

580440 Si—O bending Silica structure Present in both

Table 2 — Robust ANOVA (Welch) and post-hoc comparisons (Dunnett-style vs control)

Levels Welch’s ANOVA [ Achieved | Dunnett-style post-hoc vs control s o
Factor (control in bold) | (F, dfl, df2, p) power (Welch t; Holm-adjusted p) Hedges’ g (95 % CI)
2 vs4:t=-18.90, p_adj = 0.0207; 2 vs 4: —10.80 [-13.37, —8.22]
F = 6938 3vs4:t=-5.00,p adj=0.1317; 3 vs4: —-2.86 [-5.51, —0.20]
_ A _ Svs4:t=-1.74, p_adj = 0.5274; 5 vs 4: —0.64 [-3.55, 2.28]
pH 2,3,4,5,6,7.8 dfﬁ 6, 3.00, ~1.00 6 vs 4:t=-3.00, p_adj = 0.3662; 6 vs 4: —1.43 [-4.36, 1.50]
=0.0026
p=0 7 vs4:t=-1.45p adj=0.3463; 7 vs4:—0.83 [-5.35, 3.69]
8vs4:t=-11.63, p_adj =0.1003 8 vs 4: —6.64 [-10.18, —3.11]
n/a (single
Contact time 30, 60, 90, 120, measurement n/a n/a n/a
150, 180
per level)
Initial 10, 15, 20, 25, 30,  n/a (single
concentration35’ 40, 45, 50, 55, measurement n/a n/a n/a
60, 65, 70 per level)
Dosace 0.2,0.4, 0.6, 0.8, n/a (single
( Lg‘) 1.0,1.2,1.4, 1.6, measurement n/a n/a n/a
g 1.8, 2.0 per level)

“n/a” = not applicable due to single observation per level

within 60—120 minutes!’3%¥, These results confirm
that 90 min is the optimal contact time for achiev-
ing maximum Cr(VI) removal using the synthesized
bio-silica. Similar observations were reported by
Mifti Hulijana et al.>” who evaluated Cr(VI) remov-
al using rice husk-derived silica and reported an op-
timum contact time consistent with this study.

The expected rise-to-plateau behavior was evi-
dent in the contact-time profiles (30—180 min), with
peak removal (92.08 %) occurring at 90 min, fol-
lowed by a slight decline at longer durations (120-
180 min). Group-wise inferential tests (Welch’s
ANOVA/Dunnett) could not be performed due to
the absence of replicate measurements since the op-
timization sheet only included one measurement at
each time level (n = 1 per group). Therefore, non-

parametric LOESS smoothing with bootstrap rib-
bons (generated by resampling residuals from the
calibration curve), was employed to visualize un-
certainty and provide precise point estimates with-
out altering the experimental values. Time-wise
Welch ANOVA and Dunnett comparisons are re-
ported as not applicable (n per level = 1) in Table 2.

Effect of initial concentration

As shown in Fig. 9, increasing the initial Cr(VI)
concentration resulted in a progressive decrease in
removal efficiency. At a lower concentration of 10
mg L', the removal efficiency was 92.8 %, whereas
at a higher concentration of 50 mg L', it decreased
to 59 %. The adsorption capacity of the Cr(VI) ion
increased as the initial concentration increased.
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Fig. 8 — Effect of contact time on Cr(VI) removal by groundnut shell-derived silica

nanoparticles

Subsequently, the system reached equilibrium, indi-
cating that hexavalent chromium extraction from
the solution had ceased. At higher concentrations,
adsorption sites became saturated, resulting in re-
duced removal efficiency, whereas at lower concen-
trations, the available sites can interact with all met-
al ions, yielding greater efficiency®®*. In contrast,

as the Cr(VI) ion concentration increased, the limit-
ed number of adsorptive sites became a limiting
factor, thereby reducing the overall removal effi-
ciency.

In the range of 10-70 mg L™, O increased to-
wards a plateau, whereas the percentage of removal
declined as Ci increased, which is consistent with
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Fig. 9 — Effect of initial Cr(VI) concentration on removal efficiency by groundnut shell-

derived silica nanoparticles

site saturation at higher loadings. Similar to contact
time optimization, the concentration series included
only one observation per level, making formal
group-wise inference (Welch’s ANOVA/Dunnett)
impossible. Accordingly, without altering the cur-
rent results, we saved our exact experimental val-
ues, and when new replicates were added, descrip-
tive stream plots and/or violin-box overlays were
presented to illustrate distribution shape, as shown
in Fig. 9.

Effect of adsorbent dosage

Cr(VI) adsorption increased rapidly as the ad-
sorbent dosage was raised from 0.2 to 1.0 g L', af-
ter which it remained constant. The Cr(VI) removal
efficiency increased from 39.5 % to 92 %. This im-
provement is attributed to the increased number of
available adsorption sites and larger effective sur-
face area at higher adsorbent dosages. However,
further increases in dosage beyond 1.0 g resulted in
a decline in removal efficiency. This decrease may
be explained by adsorbent particle agglomeration,
which reduced the effective surface area and limited
accessibility to active sites. The gradient of concen-
tration between the solute and the adsorbent surface
may also diminish with increasing adsorbent dos-
age, thereby decreasing the driving force for mass
transfer’.

The statistical analysis of the experimental data
revealed that factors such as solution pH, contact
time, adsorbent dosage, and initial Cr(VI) concen-

tration had a statistically significant effect on ad-
sorption performance. ANOVA confirmed that the
impact of pH on Cr(VI) removal efficiency was
quite significant (p < 0.05), thus supporting the
maximum removal at pH 4 that was observed ex-
perimentally. Likewise, contact time and adsorbent
dosage were also found to have statistically signifi-
cant effects (p < 0.05), hence supporting the choice
of 90 min and 1 g L' as the best operating condi-
tions. On the other hand, if the variations go beyond
the optimal ranges, they will lead to a decrease in
the yield because of surface saturation and particle
agglomeration.

Removal efficiency increased rapidly with dos-
age screening (0.2-2.0 gL ") upto 1.0 g L' =90.88
%. Agglomeration and decreased site accessibility
caused a minor decline (e.g., 2.0 g L = 85.65 %).
Welch’s ANOVA and Dunnett post-hoc versus 1.0
g L' could not be estimated from the current work-
sheet because only one observation was available at
each dosage level. Therefore, a violin-box visual-
ization with superimposed bootstrap interval esti-
mates was used to preserve the original values, as
shown in Fig. 10.

Adsorption kinetics

Kinetic studies provided insight into adsorption
mechanisms, rate-controlling steps, and overall re-
moval efficiency. The kinetic models of pseudo-first
and pseudo-second order are suitable for summariz-
ing adsorption reactions. The kinetics of adsorption
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derived silica nanoparticles

are governed by a proportionate connection between
the density of occupied sites and the square of the
number of vacant sites*. In this study, chromium
adsorption onto groundnut shell-derived silica was
evaluated over a contact time range of 0—180 min at
an initial concentration of 10 mg L', adsorbent dos-
age of 1 g mL™! and pH 4. The adsorption rate in-
creased rapidly during the initial stage before reach-
ing equilibrium at ninety minutes, after which it
remained nearly constant. To assess the rate of
chromium adsorption onto groundnut shell silica,
pseudo-first order, pseudo-second order, and Elovich
kinetic models were applied to the experimental
data.

Pseudo-first order kinetics

The pseudo-first order kinetic model describes
adsorption processes that are primarily governed by
diffusion and rapid adsorption of the adsorbent from
solution. The model is expressed by Eqn. 6, as fol-
lows:

In(g, —¢,)=Ing, —K (6)

where K| is the pseudo-first order rate constant, g,
(mg g') is the amount of Cr(VI) in a given time,
and ¢, (mg g') is the equilibrium amount of Cr(VI)
adsorption

The K, values for different concentrations
range from 0.0853, while the R? values range from
0.0324, which indicates very low R? values in com-
parison to other kinetics. Deviation from linearity in
the adsorption kinetics data suggests that the chro-

mium adsorption onto the silica is not well de-
scribed by the pseudo-first-order kinetics. Similar
results were reported when silica was used to ad-
sorb chromium from volcanic ash*.

Pseudo-second order kinetics

As the rate-limiting stage in the adsorption pro-
cess, the pseudo-second order model explains how
chemical adsorption affects electrostatic forces.
Eqn. 7 indicates the equations that were used to cal-
culate the pseudo-second-order kinetics.

1 1 1
R 5 + f—
a9 Kq, q.

Eqn. (7) adheres to pseudo-second-order kinet-
ics when K is used as the rate constant. (#/g) was
used to plot Fig. 11 versus z. A better fit is indicated
by higher R?value (R? ~ 0.99), and the rate of ad-
sorption in Table 3, which represents pseudo-sec-
ond-order kinetics, was modified by chemisorption.
The results presented here are supported by a
chemisorption process that is compatible with the

kinetic adsorption behavior detailed in referenc-
29,41
es?4l,

(7

Elovich kinetics

According to the Elovich model, the surface is
heterogeneous and second-order kinetics are sup-
ported. The following equation was used to calcu-
late the Elovich kinetics analysis. Eqn. (8) was used
to obtain the adsorption capacity, where /5 stands for
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Fig. 11 — Pseudo-second-order kinetic plot for Cr(VI) adsorption onto groundnut
shell-derived silica nanoparticles

Table 3 — Adsorption kinetics

Model Rate constant/Slope Intercept | R | Interpretation

Pseudo-first-order K, =0.00853 min™' -2.947 0.0324  Poor fit, not applicable

Pseudo-second-order 1/q,=1.063 10.19 0.9882  Best fit, indicates chemisorption

Elovich 0.8871

A=0.627 mg g"' min’!

1/ =10.1439 0.186

Moderate fit, supports surface interaction

the desorption constant, and o for the initial adsorp-
tion rate.

q, =%ln(aﬂ)+%lnt (®)

Therefore, assuming adsorption data fit the
model, a plot of ¢, against In(z) would provide a
straight line. The plots’ intercept and slope, respec-
tively, can be used to calculate the variables a and
p. The Elovich kinetic plot is given in Fig. 12.

A straight line with a slope of 1/6=0.1439 and
an intercept of 0.186 was produced by plotting ¢,
against In ¢. The Elovich constants, which stand for
the desorption rate constant and the initial adsorp-
tion rate, respectively, were determined using these
values as =6.95g mg' and ¢=0.627 mg g ' min".
The regression coefficient R>=0.8871 shows a mod-
erately satisfactory fit, suggesting that the Elovich
model suitably describes the Cr(VI) adsorption pro-
cess onto silica. The results suggest that adsorption
occurs on a heterogeneous surface and is influenced
by chemisorption involving surface interactions*.

The pseudo-second-order model best describes
the kinetic data for Cr(VI) adsorption onto silica,
suggesting a mechanism driven by chemisorption.
While the Elovich model’s reasonably good fit fur-
ther highlights the significance of surface interac-
tions on a heterogeneous adsorbent, the pseu-
do-first-order model was found to be unsuitable for
defining the system.

Adsorption isotherm investigation
Langmuir isotherm

The Langmuir isotherm describes monolayer
sorption onto the surface of an adsorbent with a
small number of identical adsorption sites and no
interactions between them*. To evaluate the mod-
el’s ability to replicate the interactions between the
adsorbent and the bio-sorbent surface, the adsorp-
tion of chromium ions onto groundnut silica was
investigated using the Langmuir isotherm. The lin-
ear and nonlinear forms of the Langmuir equation
are represented by Eqgs. 9 (a and b).
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C. =icg o (9a)
qe qm KLqm
qe :qm KLCe (9b)
1+K,C,

where ¢ is the maximum adsorption capacity
(mg g'), and K, is the Langmuir constant (L mg™).
The plot of C/q, versus C, in (Fig. 13) exhibited a
linear pattern with a strong correlation coefficient

(R*=0.9693) suggesting that the Langmuir model
provided a fair preliminary account of the adsorp-
tion kinetics. The maximum adsorption capacity
(g,) of 45955 mg g' and the Langmuir constant
(K,) of 0.1568 L mg"' (calculated from the slope
and intercept, respectively) suggest a moderate af-
finity between the chromium ions and the ground-
nut silica**. On the other hand, nonlinear regression
of the original Langmuir equation was applied to
evaluate the Langmuir model further, as lineariza-
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Fig. 12 — Elovich kinetic plot for Cr(VI) adsorption onto groundnut shell-derived

silica nanoparticles
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Fig. 13 — Langmuir isotherm plot for Cr(VI) adsorption onto groundnut shell-

derived silica nanoparticles
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tion could generate statistical bias. The nonlinear fit
yielded an RMSE of 0.210 mg g and a chi-square
(x?) value of 0.574, thus, reporting significant dis-
crepancies between the experimental and predicted
adsorption capacities. These findings suggest that
the Langmuir model can still characterize the ad-
sorption equilibrium to a certain degree*, but does
not deliver the most accurate representation of the
experimental data; hence, it can be concluded that
adsorption is not always confined to the ideal mono-
layer coverage situation.

Freundlich isotherm

The Freundlich isotherm is the first known re-
lationship that describes reversible and non-ideal
adsorption that is not limited to monolayer forma-
tion. With a heterogeneous surface and an uneven
distribution of adsorption heat and affinities, this
empirical model can be used for multilayer adsorp-
tion*. This research investigated the adsorption of
chromium ions onto groundnut silica, using the Fre-
undlich model of adsorption. The linear and nonlin-
ear forms of the Freundlich equation are represent-
ed by Egs. 10 (a and b).

1
log g, =—logC, +1logk . (10a)
n

q. =K;C, " (10b)
where K is the Freundlich constant (mg g™'), and n
is the adsorption intensity. The log g, versus log C,
plot, as depicted in Fig. 14, yielded a linear regres-
sion line with a high R? value of 0.9826, suggesting

that the Freundlich model fitted the data well. The
values of n and K, were calculated from the plot’s
slope and intercept, respectively; n = 2.4396 and K,
= 0.9975. To obtain a more reliable assessment,
nonlinear regression of the original Freundlich
equation was performed using the ¢, and C, experi-
mental data. The nonlinear fitting yielded the lowest
RMSE (0.134 mg g') and y? (0.089) values among
all tested models. The close agreement between ex-
perimental and predicted values across the entire
concentration range confirms that the Freundlich
model provided the most accurate description of
Cr(VI) adsorption onto groundnut shell-derived sil-
ica. This behavior reflects surface heterogeneity and
non-uniform energy distribution of adsorption sites,
which is characteristic of bio-silica based adsor-
bents. Adsorption is most favorable when n > 1.
The adsorption behavior observed in this study indi-
cated that groundnut shell-derived silica possesses a
heterogeneous surface capable of multilayer adsorp-
tion. Based on the strong correlation and favorable
adsorption values, the Freundlich model provides
an appropriate description of the chromium adsorp-
tion equilibrium in this study*.

Temkin isotherm

The Temkin isotherm considers how the inter-
actions between adsorbates change the process of
adsorption. It assumes that the adsorbent and adsor-
bate interact, that the heat of adsorption decreases
linearly with surface coverage, and that the binding
energy is evenly distributed across the adsorbent
surface*®. For this study, we used the linear and
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Fig. 14 — Freundlich isotherm plot for Cr(VI) adsorption onto groundnut shell-

derived silica nanoparticles
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nonlinear forms of the Temkin equation to explain
how chromium ions adhere to groundnut silica:

q, =ElnCe +EanT (11a)
by b,
0 zganTce (11b)

T

The Temkin constant for the heat of adsorption
(J mol™) is b, the Temkin isotherm constant (L g™')
is K, the universal gas constant (8.314 J mol™" K™')
is R, and the absolute temperature (K) is 7. Fig. 15
shows that ¢, and In C, are linearly related, with a
coefficient of determination of R?=0.9375. The
slope and intercept of the plot revealed a heat of
adsorption (b,) of 2854.99 J mol ™. The Temkin con-
stant (K,), according to the equilibrium binding en-
ergy, was derived as 2.2766 L g''. Nonlinear fitting
of the original Temkin equation resulted in a com-
paratively higher RMSE of 0.244 mg g!' and y* of
0.776, indicating poorer agreement with the experi-
mental data. The larger deviations, particularly at
low and high equilibrium concentrations, suggest
that the Temkin model is less suitable for describing
Cr(VI) adsorption on the present bio-silica material.
This suggests a moderate interaction between the
chromium ions and the surface of the groundnut
shell-derived silica. Although the Temkin model
had a lower R? and higher RMSE and y* values
than the Freundlich model, the Temkin model pro-
vides a valuable thermodynamic explanation of the
adsorption behavior in this system.

Chemically functionalized and composite sili-
ca-based materials have been widely investigated

for Cr(VI) removal, where adsorption is governed
by surface interactions between chromium oxyan-
ions and active functional groups on the silica
framework?’. Surface functionalization of meso-
porous silica has been reported to significantly en-
hance Cr(VI) adsorption, particularly under acidic
conditions due to favorable electrostatic interac-
tions*’. Iron oxide—silica nanocomposites with high
surface area have also demonstrated effective
Cr(VI) removal, with adsorption behavior well de-
scribed by Langmuir and Freundlich isotherms and
pseudo-first- and pseudo-second-order kinetic mod-
els, indicating surface-controlled adsorption mecha-
nisms*. Additionally, functional porous silica
nanoparticles have been shown to retain adsorption
efficiency over multiple reuse cycles, highlighting
their practical applicability in water treatment sys-
tems®.

Rice husk—derived silica adsorbents reported in
the literature typically exhibit moderate to high
Cr(VI) removal efficiencies under strongly acidic
conditions (pH = 2-3) and often require higher ad-
sorbent dosages or specific operating parame-
ters®* 2, In comparison, the groundnut shell-derived
silica developed in the present study achieved high
Cr(VID) removal efficiency at comparable initial
concentrations under mildly acidic conditions (pH
4) without chemical functionalization. This combi-
nation of efficient removal, reduced acidity require-
ment, and simpler material preparation highlights
the improved practical applicability of groundnut
shell silica for chromium remediation. Comparative
statistical analysis confirmed the pseudo-second-or-
der kinetic model and the Freundlich isotherm as
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Fig. 15 — Temkin isotherm plot for Cr(VI) adsorption onto groundnut shell-derived

silica nanoparticles
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Table 4 — Isotherm models and factors

Isotherm model Linear parameters R? (linear) Nonlinear parameters RMSE (mg g™) 7
Langmuir q,=45955mg g’ 0.9693 q,=468mgg" 0.210 0.574
K, =0.1568 L mg" K, =0.142 L mg'
Freundlich K, =0.9975 0.9826 K, =1.004 0.134 0.089
n=2.4396 n=245
Temkin b, =2854.99 J mol! 0.9375 b, =2854.99 J mol! 0.244 0.776
K,=22766 L g K,=22766 L g

the best and most appropriate representations of the
experimental data. Their superiority was evidenced
by the highest correlations and minimal error values
among the models tested. The model differences in
performance were consistent throughout the fit
quality indicators, such asreduced residual disper-
sion and improved predictive accuracy. These find-
ings further confirm the validity of the chosen ki-
netic and isotherm models for the description of
Cr(VI) adsorption onto groundnut shell-derived sil-
ica. Comprehensive statistical metrics, including
Akaike Information Criterion (AIC), Root Mean
Square Error (RMSE), and residual analyses, are
provided in the Supplementary Material.

Adsorption mechanism

The interaction between Cr(VI) and groundnut
shell-derived silica is strongly supported by struc-
tural and surface analyses. FTIR spectra revealed
shifts in the O-H stretching region (~3400 cm™)
and the emergence of a peak at 980 cm! after ad-
sorption, indicating that Cr(VI) ions chemically in-
teracted with surface hydroxyl and silanol groups,
likely through complexation or hydrogen bonding.
SEM images showed a morphological transforma-
tion from a rough, porous surface to a smoother,
less porous structure post-adsorption, while BET
analysis confirmed a notable reduction in pore vol-
ume diameter and surface area, suggesting pore dif-
fusion and surface occupation by Cr(VI) ions. Addi-
tionallyy, XRD patterns indicated increased
crystallinity, and EDS analysis verified the presence
and even distribution of chromium, confirming its
effective immobilization on the silica surface.

The process exhibited pseudo-second-order ki-
netics (R* = 0.99), according to kinetic modeling,
indicating that chemisorption through electron shar-
ing or exchange was the rate-limiting phase. The
ideal fit among the isotherm models was given by
the Freundlich model (R*> = 0.9826), which suggest-
ed heterogeneous and multilayer adsorption. An ex-
cellent fit was also demonstrated by the Langmuir
model (R* = 0.9693), suggesting partial monolayer
adsorption on homogeneous high-energy active
sites. By taking into consideration adsorbate—adsor-

bent interactions, the Temkin isotherm (R*= 0.9375)
provided additional evidence for the process, as
shown in Table 4. Its linear decline in adsorption
heat indicated a moderate binding energy between
the silica surface and Cr(VI) ions.

Additionally, the adsorption efficiency was
strongly pH-dependent, with pH 4 yielding the
highest Cr(VI) removal. At this pH, electrostatic at-
traction is promoted because the bio-silica surface
is protonated and Cr(VI) is mostly present as
HCrO,". At lower pH levels, competition from H*
ions reduced adsorption efficiency, whereas at high-
er pH values, surface deprotonation reduced affinity
for anionic Cr(VI) species. The overall adsorption
of Cr(VI) onto groundnut shell-derived silica was
governed by a chemisorption-driven mechanism in-
volving surface complexity, electrostatic attraction,
pore diffusion, and heterogeneous multilayer inter-
actions, all supported by a mesoporous, functionally
rich bio-silica matrix. The pseudo-second-order ki-
netic fitting (R? = 0.99) and Freundlich isotherm
conformity (R? = 0.9826) that favored the Cr(VI)
adsorption on groundnut shell-derived silica with
pseudo-second-order  kinetics and adsorption
through chemisorption and heterogeneity, suggest
the possibility of an adsorption process dominated
by chemisorption and heterogeneous adsorption.
Nevertheless, advanced surface-sensitive techniques
such as X-ray photoelectron spectroscopy (XPS)
and zeta potential analysis could provide more de-
finitive evidence of surface complexation and elec-
trostatic interactions. The absence of these analyses
represents a limitation of this study. However, the
combined results from kinetic, isotherm, and FTIR
analyses are internally consistent and can be consid-
ered reliable for interpreting the adsorption mecha-
nism.

Conclusion

This study demonstrates the effective removal
of hexavalent chromium from aqueous solutions us-
ing bio-silica derived from groundnut shells as an
inexpensive and sustainable adsorbent. Structural
analysis using FTIR and XRD confirmed the pres-
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ence of silica and indicated that chromium was suc-
cessfully adsorbed through interactions with surface
hydroxyl groups. EDS and elemental mapping con-
firmed the homogeneous distribution of key ele-
ments, whereas SEM analysis revealed significant
morphological changes after adsorption, including
surface smoothing and reduced porosity. By verify-
ing pore blockage and interaction after chromium
uptake, BET analysis provided additional support
for the adsorption process by demonstrating notice
able reductions in pore volume, pore diameter, and
surface area.

The removal of Cr(VI) was shown to be highly
dependent on contact time, pH, initial concentra-
tion, and adsorbent dosage, with the best removal
occurring at pH 4 and 90 minutes, according to ad-
sorption experiments. Although slight decreases
were observed at very high dosages due to particle
agglomeration, the system exhibited optimal re-
moval efficiency at lower chromium concentrations

and higher adsorbent dosages. Kinetic modeling re-
vealed that adsorption followed pseudo-second-or-
der kinetics (R* = 0.99), indicating that chemisorp-
tion governed the rate-limiting phase. Although the
Langmuir and Temkin models also showed a signif-
icant adsorption capacity and moderate interaction
energies, the Freundlich isotherm offered the best
fit among the isotherm models used (R> = 0.9826)
with the lowest y? (0.089) and RMSE value (0.134),
suggesting multilayer adsorption on a heteroge-
neous surface. Overall, groundnut shell-derived sil-
ica showed considerable promise as an effective
and sustainable adsorbent for Cr(VI) removal, driv-
en by a chemisorption-based mechanism on a mes-
oporous and functionally active surface. Future re-
search will primarily focus on adsorbent regeneration
and reusability using suitable desorbing agents,
evaluation of performance with real industrial efflu-
ents, and cost-benefit analysis to determine material
stability, scalability, and industrial applicability.

Supplementary

Model selection and error analysis

To strengthen the kinetic and equilibrium mod-
els used in this study, additional statistical perfor-
mance indicators were employed, including the
Akaike Information Criterion (AIC), root mean
square error (RMSE), and residual error analysis.
These metrics evaluate model suitability in terms of
goodness-of-fit, predictive accuracy, and model par-
simony, providing complementary insight alongside
correlation coefficients.

S1. Akaike Information Criterion (AIC)

The Akaike Information Criterion (AIC) was
used to compare competing kinetic and isotherm
models where model complexity is weighed against
goodness-of-fit. Lower AIC values indicate superior
model performance with minimal information loss.
Among the kinetic models evaluated, the pseu-
do-second-order kinetic model showed the lowest
AIC value, confirming its statistical superiority over
the pseudo-first-order and Elovich models. Similar-
ly, the Freundlich isotherm model produced the
minimum AIC value compared with the Langmuir
and Temkin models, confirming its suitability for
describing Cr(VI) adsorption onto groundnut
shell-derived silica.

S2. Root Mean Square Error (RMSE)

RMSE was used to quantify the extent of the
difference between adsorption values proposed by

the model and those obtained experimentally.
A lower RMSE indicates higher predictive accura-
cy. The pseudo-second-order kinetic model exhibit-
ed the lowest RMSE value, demonstrating the clos-
est agreement between experimentally measured
adsorption capacities and model predictions over
the entire contact time range. In equilibrium model-
ing, the Freundlich isotherm also yielded the lowest
RMSE, further supporting its applicability to hetero-
geneous multilayer adsorption.

S3. Residual Error Analysis

Residual analysis involved examining the dis-
tribution of residuals (i.e., difference between ex-
perimental and predicted values) for all evaluated
models. The pseudo-second-order kinetic and Fre-
undlich isotherm models displayed randomly dis-
tributed residuals without systematic trends, indi-
cating the lack of model bias and the suitability of
these models. In contrast, the residuals associated
with other models were larger, especially at higher
adsorption capacities, indicating reduced prediction
reliability.

S4. Statistical Consistency with Main Text Findings

The combined evaluation of AIC, RMSE, and
residual distributions consistently reinforces the
main findings of this study: Cr(VI) adsorption onto
groundnut shell-derived silica is best described by
the pseudo-second-order kinetic model and the Fre-
undlich isotherm.
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