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haracterization and RSM-based
optimization of crystal violet adsorption using
SnCl2–FeCl3 and SnCl2–ZnCl2 activated
pomegranate peel biosorbents

Nada Hamrouche,ad Chahrazed Djilani,bc Youghourta Belhocine,ad

Nawal Bouzenad,ad Lehtihet Boudjema Amir, g Sabri Meradi,a Imene Hamroucheef

and Djihane Slimane Ben Ali *ce

This study investigates the potential of modified pomegranate peel biosorbents, specifically those activated

with SnCl2–FeCl3 and SnCl2–ZnCl2, for the efficient removal of crystal violet (CV) dye from synthetic

wastewater. The physicochemical properties of the prepared materials were examined using FTIR, SEM-

EDX, XRD, TGA/DTG, BET, and pHpzc analyses. Process optimization and modeling were performed using

Response Surface Methodology (RSM) based on Central Composite Design (CCD), with statistical

validation conducted through ANOVA. The modified pomegranate peel powders (PPP/Sn–Fe and PPP/

Sn–Zn) exhibited enhanced adsorption efficiency, achieving maximum capacities of 675.47 mg g−1 and

357.18 mg g−1, respectively. The adsorption behavior was best fitted by both the Langmuir and

Freundlich isotherms, and followed a pseudo-second-order kinetic model. Thermodynamic evaluation

confirmed that the process is spontaneous and endothermic. Additionally, the biosorbents demonstrated

strong reusability, retaining high performance through up to seven adsorption/desorption cycles.
1. Introduction

Over the centuries, continuous human and industrial expan-
sion has placed growing stress on the natural environment, and
the resulting impacts are now increasingly evident. Industries
such as textiles and plastics are among the largest consumers of
dyes and water, producing substantial quantities of colored
wastewater that signicantly deteriorate aquatic ecosystems.1–3

Synthetic dyes, composed of complex organic molecules, are
intentionally engineered to resist light exposure, chemical
reactions, and microbial degradation, which makes them
highly stable and persistent pollutants.4 Crystal violet, a water-
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soluble cationic dye from the triphenylmethane group, is
commonly used in the dyeing of materials like wool and nylon,
as well as in ink and varnish production. However, CV is
recognized for its toxic and carcinogenic effects, including skin
irritation, kidney damage, and eye disorders.5 Given these
severe health and environmental risks, it is essential to develop
advanced and sustainable treatment technologies to effectively
remove such hazardous dyes from industrial effluents.6

Various methods such as biological degradation,7

membrane ltration,8 ion exchange,9 electrochemical oxida-
tion,13 reverse osmosis,12 and photo catalysis13 have been
explored for dye removal. Nevertheless, most of these tech-
niques remain costly, energy-intensive, and oen generate
secondary pollutants. In contrast, adsorption stands out as an
efficient and practical alternative for treating dye-laden waste-
water, offering advantages such as operational simplicity,
effectiveness at low dye concentrations, and ease of adsorbent
regeneration.14

In recent years, numerous agricultural by-products have
been investigated as low-cost biosorbents for CV removal,
including coconut husk,15 treated rice husk,16 orange and
banana peels,17 moringa wastes,18 and coffee waste.19 Among
these materials, pomegranate peel has attracted growing
attention due to its strong ability to capture toxic pollutants
from water. Commonly discarded as waste, this biomass is
inexpensive, abundant, and rich in biopolymers such as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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cellulose, hemicellulose, lignin, and pectin. Its surface also
contains oxygen-bearing functional groups; carboxyl, hydroxyl,
and carbonyl that enhance dye adsorption. However, the effi-
ciency of natural adsorbents oen needs to be enhanced to
reach performance levels compatible with industrial require-
ments.20,21 Pomegranate peel, an abundant residue widely
available in large quantities in Algeria, possesses porous
structure rich in organic and inorganic compounds capable of
binding them. It represents a viable alternative to conventional
adsorbents in water treatment.22,23 Physical and chemical acti-
vation methods are generally used to prepare activated carbon.
The preparation process usually includes two phases (1)
a carbonization phase, during which the raw material is pyro-
lyzed into a carbon precursor with fewer pores; (2) an activation
phase, during which developed pores are generated by the
action of an activator. Activation chemistries are relatively
complex processes. Moreover, the use of corrosive and toxic
activating chemicals such as KOH and H3PO4 for activation
requires costly equipment and produces difficult to treat
wastewater. New activation methods, such as template
methods, are difficult to implement on an industrial scale due
to their high cost. Consequently, the development of ecological
and environmentally friendly adsorbent preparation methods is
becoming increasingly important. In recent years, iron-based
activators have been used to prepare activated carbon due to
their low pollution, low corrosion, low cost, and the simplicity
of their activation process. Studies show that FeCl2 is similar to
FeCl3 and ZnCl2, thereby facilitating the dehydration and
aromatization of the biomass while preventing the formation of
tar susceptible to clogging the pores.24–26

In this regard, the modication of biosorbents has been
favored in recent years to modify the surface and thus improve
their overall quality. Ultrasonication, which involves the appli-
cation of ultrasonic waves, modies the surface of the biomass
through an acoustic cavitation mechanism. Few studies focus
on the ultrasonic modication of adsorbents for pollutant
treatment.27 No study has yet focused on the biosorption of
crystal violet using biosorbents modied by a mixture of SnCl2/
FeCl3, SnCl2/ZnCl2, and ultrasonication.10,11

Response Surface Methodology (RSM) was employed in this
study because it provides an efficient and statistically robust
approach for optimizing adsorption processes. Unlike tradi-
tional one-factor-at-a-time methods, which cannot capture
interactions between variables and require a large number of
experiments, RSM enables the simultaneous evaluation of
multiple parameters and their combined effects on system
performance. This approach signicantly reduces experimental
effort while accurately identifying the optimal operating
conditions.28,29 Among the available RSM designs, the Central
Composite Design (CCD) is particularly advantageous due to its
exibility, reliability, and successful application in numerous
dye adsorption studies. Therefore, RSM–CCD was selected to
ensure efficient optimization and a deeper understanding of the
process variables.30,31

In this context, the objective of this study is to evaluate the
performance of biosorbents modied using SnCl2–FeCl3 and
SnCl2–ZnCl2 activating pairs for the removal of crystal violet
© 2026 The Author(s). Published by the Royal Society of Chemistry
(CV). Several experimental parameters inuencing the adsorp-
tion process were investigated, including contact time, pH,
temperature, initial dye concentration, and biosorbent mass.
RSM based on the Central Composite Design (CCD) was
employed to optimize various factors affecting the adsorption of
CV dye. Suitable isotherm and kinetic models were applied to
describe the adsorption process. The reusability of the devel-
oped biosorbents was thoroughly examined over multiple
cycles. Overall, this study aims to enhance understanding of the
activation and adsorption mechanisms and to propose opti-
mized biosorbent formulations suitable for large-scale appli-
cation in the sustainable treatment of dye-contaminated
wastewater.
2. Materials and methods
2.1. PPP/Sn–Fe and PPP/Sn–Zn biosorbents preparation

The collected pomegranate peels were initially cut into small
fragments to facilitate washing, drying, and grinding. They were
thoroughly rinsed with distilled water to remove impurities and
subsequently dried in a Digit Heat TFT oven (JP Selecta, Bar-
celona, Spain) at 105 °C with a heating rate of 5 °C min−1 for
20 h. The dried material was then ground using a SILVERCREST
500G Electric Grinder (Europe, Germany) and sieved to obtain
a uniform particle size. The resulting powder was divided into
two batches for chemical activation.

For the rst modication, 5 g of the raw pomegranate peel
powder (PPP) was combined with a solution containing 1 g of
SnCl2$2H2O (10 025-69-1) and 1 g of FeCl3$6H2O (10 025-77-1),
producing the PPP/Sn–Fe biosorbent. Similarly, another 5 g
portion of PPP was treated with a solution prepared from 1 g of
SnCl2$2H2O (10 025-69-1) and 1 g of ZnCl2 (7646-85-7) in
a 100 mL volumetric ask, yielding PPP/Sn–Zn biosorbent. Each
suspension was sonicated for 3 h at room temperature using an
Elmasonic 100 7137 S10H ultrasonic bath (Germany) to ensure
homogeneous mixing. Aer sonication, the mixtures were oven-
dried at 60 °C for 24 h, then immersed in HCl (7647-01-0)
0.1 M for 30 min under continuous stirring to remove residual
activating agents. The materials were subsequently washed with
distilled water until the ltrate reached pH z 7, as veried by
a Lab pH meter inoLab pH 7110 (WTW, Germany). Finally, the
samples were dried again at 105 °C (5 °C min−1) for 24 h, nely
ground, and sieved to achieve a nal particle size of 150–250 mm.
2.2. PPP/Sn–Fe and PPP/Sn–Zn characterization

The surface properties of the modied biosorbents, PPP/Sn–Fe
and PPP/Sn–Zn, were examined using several advanced char-
acterization techniques. Fourier Transform Infrared Spectros-
copy (FTIR-ATR, Bruker) was used to identify the functional
groups present on the biosorbents surfaces before and aer the
adsorption process. The crystalline structure of the materials
was analyzed by X-ray diffraction (XRD) at ambient temperature
using a PANalytical Empyrean diffractometer. Thermal stability
was evaluated through thermogravimetric analysis (TGA). The
morphology and surface elemental composition of the adsor-
bents were investigated using a scanning electron microscope
RSC Adv., 2026, 16, 4318–4334 | 4319
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(SEM/FEG: Quattro S) equipped with an energy-dispersive X-ray
(EDX) detector. The textural characteristics including specic
surface area, pore volume, and pore size distribution were
determined using Brunauer–Emmett–Teller (BET), Barrett–Joy-
ner–Halenda (BJH), and Dollimore–Heal (DH) methods on
a Quantachrome Autosorb iQ3 high-vacuum physisorption/
chemisorption analyzer. Prior to these analyses, the samples
were degassed at 200 °C for 8 h to remove any physically
adsorbed species. Subsequent nitrogen adsorption–desorption
measurements were performed at −196 °C (77 K).

The point of zero charge (pHpzc) of the biosorbents was also
determined to understand the inuence of pH on surface
charge behavior, an important factor in adsorption governed by
electrostatic interactions.32 For this purpose, 0.15 g of each
adsorbent was added to 50 mL of NaCl solution (7647-14-5)
0.01 M in 100 mL asks. The initial pH of each suspension was
adjusted between 1 and 10 using HCl (7647-01-0) or NaOH
(1310-73-2) 1 M, and the mixtures were stirred magnetically at
250 rpm for 24 h at room temperature.33 The pHpzc corresponds
to the point at which the nal pH equals the initial pH, indi-
cating that the surface carries no net electrical charge.34

2.3. Adsorption study in batch mode

Adsorption studies were performed at room temperature using
a set of Erlenmeyer asks, each containing a specic amount of
adsorbent mixed with 50 mL of a crystal violet dye solution (548-
62-9) at a known concentration. The inuence of several key
operational factors on the adsorption performance was system-
atically investigated, including contact time (5, 10, 20, 30, 40, 50,
60, 90, 120 and 180 min), adsorbent dosage (0.025, 0.05, 0.1, 0.15
and 0.2 g), initial dye concentration (5, 10, 20, 50 and
100 mg L−1), solution pH (2, 4, 6, 8 and 10), and temperature (20,
30, 40, 50 and 60 °C). The dye removal efficiency (R, %) from the
aqueous phase was calculated using the following relation:

%R ¼ ðC0 � CeÞ
C0

� 100 (1)

In this equation, C0 and Ce (mg L−1) denote the initial and
equilibrium concentrations of CV dye, respectively. A xed
amount of adsorbent was introduced into the dye solutions, and
the mixtures were stirred at 250 rpm using a magnetic stirring
system until adsorption equilibrium was achieved. The adsor-
bent–dye suspensions were then separated via centrifugation
using a high-speed refrigerated centrifuge (DragonLab D3024R,
China). The supernatants were ltered, and the residual dye
concentration was measured using a UV-vis spectrophotometer
(SHIMADZU UV-1900i, Japan) at a wavelength of 590 nm. The
adsorption capacities at equilibrium (qe, mg g−1) and at a given
Table 1 CCD experimental range and levels of input process variables a

Variables Symbol

Initial concentration (mg L−1) A
Initial pH B
Temperature (°C) C
Adsorbent dosage (g) D

4320 | RSC Adv., 2026, 16, 4318–4334
time (qt, mg g−1) were calculated using the following equations.
Where V is the solution volume (L), m is the adsorbent mass (g),
and Ct (mg L−1) the dye concentration at time t.

qe ¼ C0 � Ce

m
� V (2)

qt ¼ C0 � Ct

m
� V (3)

2.4. Kinetic and equilibrium analysis of the adsorption
process

Adsorption kinetics provide essential insights into the rate and
mechanism of pollutant uptake, helping to identify the control-
ling steps of the process.29 To interpret the experimental data,
pseudo-rst-order (PFO), pseudo-second-order (PSO) and Intra-
particle diffusion kinetic models, along with the Langmuir,
Freundlich and Temkin isotherm models, were applied using
their respective non-linear equations summarized in Table S1.35

These models were used to describe the adsorption behavior of
CV onto PPP/Sn–Fe and PPP/Sn–Zn modied biosorbents.
2.5. Optimization of adsorption parameters using RSM

Response surface methodology is a statistical optimization
technique widely applied to enhance the performance of
modied biomass adsorbents in removing organic pollutants.36

Among its experimental designs, the CCD model is the most
frequently employed for modeling and process optimization
with fewer experimental runs.37 In this study, RSM was used to
evaluate the inuence of four key variables; initial dye concen-
tration (A), pH (B), temperature (C), and adsorbent dosage (D)
on adsorption capacity. The parameter ranges are summarized
in Table 1. The CCD model was applied to identify optimal
conditions for efficient dye removal using a quadratic second-
order model, as represented in eqn (4).

Y ¼ b0 þ
Xn

ði¼0Þ
biXi þ

Xn

ði¼0Þ
biiXi

2 þ
Xðn�1Þ

ði¼1Þ

Xn

ðj¼1þ1Þ
bijXiXj (4)

In this model, Y represents the predicted response, and X
denotes the independent variables. The coefficients b0, bj, bjj,
and bij correspond to the intercept, linear, quadratic, and
interaction effects, respectively, while n indicates the number of
coded variables. The adequacy of the quadratic model was
assessed using the coefficient of determination (R2) and Fisher's
F-test. Model tting, accuracy, and statistical signicance were
evaluated through analysis of variance (ANOVA) using Design-
Expert 13 soware. At a 95% condence level, models
ssessed

Low (−1) Central (0) High (1)

5 52.5 100
2 6 10
20 40 60
0.025 0.1125 0.2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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exhibiting higher F-values and lower p-values were considered
statistically signicant, indicating a strong correlation between
the experimental and predicted results.38

During the adsorption experiments of CV dye, the Central
Composite Design was applied within the Response Surface
Methodology framework to examine the inuence of key
process variables on the biosorption capacity (qe, mg g−1). Four
operational factors were evaluated using a full face-centered
CCD comprising 29 experimental runs (Tables S2 and S3). In
this model,N represents the number of experimental runs, k the
number of independent variables, and C the number of central
points, as dened in eqn (5). The design included 16 factorial
points, 8 axial points, and 1 central point, with an additional 4
replicates at the center to accurately estimate experimental
error. The sequence of runs was determined according to the
experimental design plan. To explore both individual and
interactive effects of the variables, a total of 29 experiments was
conducted for CCD model.31

N = 2k + 2k + C = 24 + 2 × 4 + 5 = 29 (5)

2.6. Regeneration studies

The assessment of the activity, stability, and reusability of the
prepared biosorbents represents an essential step in evaluating
their practical applicability. In adsorption systems, regenera-
tion is the most common approach for restoring adsorbent
performance and ensuring multiple reuse cycles. This process
involved desorbing the adsorbate (CV dye) from the biosorbent
materials (PPP/Sn–Fe and PPP/Sn–Zn) to restore their adsorp-
tion capacity for reuse. Following the completion of the
adsorption process, the regenerated biosorbent materials were
recovered from the desorbing solution through ltration.
Subsequently, they underwent repeated washing using distilled
water to remove any residual traces of the desorbing medium or
adsorbate. No chemical regenerant was used; this simple
washing provided an eco-friendly way to remove CV molecules
without affecting the biosorbent's structure or surface chem-
istry. Finally, the regenerated biosorbents were dried up in an
oven at 80 °C to remove residual moisture, rendering them
ready for reuse in subsequent adsorption cycles. The adsorbents
were fully loaded under the initial adsorption conditions before
each regeneration cycle, using the optimal parameters (initial
CV dye concentration, dose, pH, temperature, and contact time)
to ensure maximum dye uptake. Through this regeneration
process, the biosorbent materials can be effectively reused
multiple times, enhancing the overall efficiency and sustain-
ability of the adsorption process.39,40 The adsorption capacities
were calculated using eqn (2), where the parameters C0 and Ce

are dened in Section 2.4.
Fig. 1 FTIR spectra of PPP/Sn–Fe, PPP/Sn–Zn before and after
adsorption.
2.7. Assessment of microbial toxicity

Themicrobial toxicity of CV dye before and aer adsorption was
evaluated using three reference bacterial strains obtained from
the Algerian Pasteur Institute: Staphylococcus aureus ATCC®
6538 (Gram-positive), Pseudomonas aeruginosa ATCC® 27 853,
© 2026 The Author(s). Published by the Royal Society of Chemistry
and Escherichia coli ATCC® 25 922 (both Gram-negative). The
antibacterial activity of the dye and its degradation products
was assessed through an agar diffusion assay. Each strain was
cultivated in nutrient broth at 37 °C for 18 h, and the bacterial
inoculum was adjusted to an optical density of 0.08–0.1 at
620 nm. The suspensions were then spread uniformly over
Muller–Hinton agar plates. Sterile discs were impregnated with
30 mL of 100 mg L−1 CV solutions (before and aer adsorption
onto PPP/Sn–Fe and RPP/Sn–Zn) and placed on the agar surface.
The plates were incubated at 37 °C for 24 h, aer which inhi-
bition zones were measured to determine the extent of micro-
bial toxicity.
3. Results and discussion
3.1. Analytical techniques and characterization

The functional active groups present in the PPP/Sn–Fe and PPP/
Sn–Zn structures, both before and aer adsorption, were iden-
tied through FTIR analysis. The FTIR results are presented in
RSC Adv., 2026, 16, 4318–4334 | 4321
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Fig. 2 SEM image of (a), PPP/Sn–Fe; (b) PPP/Sn–Fe -CV; (c) PPP/Sn–Zn; and (d) PPP/Sn–Zn -CV.
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Fig. 1. Aer the biosorbents were modied, it was observed that
the majority of bands in the adsorbents structure remained at
the same position, indicating that the intrinsic structure of the
natural adsorbent was preserved an important factor in main-
taining its adsorption performance. This preservation is crucial
as it ensures that the fundamental structural integrity of the
adsorbent is maintained, which is essential for its effectiveness
in adsorption processes.41 A noticeable increase in the intensity
of certain IR bands suggested partial bond cleavage during the
activation process when comparing the spectrum of both PPP/
Sn–Fe and PPP/Sn–Zn to previously studied biosorbents,
particularly natural materials such as unmodied pomegranate
peel.42

In Fig. 1, the peaks at 3328 and 3326 cm−1 for PPP/Sn–Fe
biosorbent and at 1057 and 1047 cm−1 for PPP/Sn–Zn bi-
osorbent, are the spectral features in the natural pomegranate
peel. The absorption bands around 3328 and 3326 cm−1

corresponds to the stretching mode of – OH groups while the
highly intense peak at 1057 and 1047 cm−1 are assigned to –C–
O– linkage in phenolic, alcoholic, and carboxyl groups.23,43 The
Table 2 Elemental composition of biosorbents, the values of surface ar

Biosorbents

Atomic (%)

C O Cl Fe Sn

PPP/Sn–Fe 40.7 54.4 0.16 0.52 4.1
PPP/Sn–Zn 46.03 50.9 0.60 — 1.7

4322 | RSC Adv., 2026, 16, 4318–4334
observed peaks at 2920 and 2921 cm−1 are attributed to the C–H
stretching vibrations.44 The peaks located at 1698 cm−1,
1701 cm−1 and 1593 cm−1, 1605 cm−1 could be assigned to the
stretching of C]O and the vibration of C]C bonds from the
aromatic rings, respectively, indicating that raw peels contain
hydroxyl and carbonyl groups, as well as polyphenol groups.45

Aer CV dye adsorption onto the PPP/Sn–Fe and PPP/Sn–Zn
surfaces, the FTIR spectra exhibited similarities between bi-
osorbents both before and aer adsorption, the transmittance
of the peaks for dye-loaded biosorbents either shied or slightly
decreased aer adsorption, as shown in Fig. 1. The slight vari-
ation in wavenumbers between the biosorbents before and aer
adsorption reects the adsorptive interaction between the CV
dye molecules and the PPP/Sn–Fe and PPP/Sn–Zn surfaces. This
suggests the involvement of the main functional groups of both
biosorbents in CV dye adsorption.46,47

The surface morphology and porous structure of PPP/Sn–Fe
and PPP/Sn–Zn biosorbents were characterized using SEM–EDX
analysis. In Fig. 2, SEM micrographs illustrate the surface
features of PPP/Sn–Fe (a, before; b, aer adsorption of CV) and
ea and pore volume obtained through BET

Textural parameters

Zn
Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Pore size
(nm)

5 — 17.7 0.48 54.6
8 0.62 13.9 0.35 50.9

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TGA/DTG analysis of PPP/Sn–Fe and PPP/Sn–Zn.
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PPP/Sn–Zn (c, before; d, aer adsorption of CV). Fig. 2a and c
depicted that both biosorbents exhibited a rough and highly
porous surface, differing markedly from the unmodied
pomegranate peel surface,42 This pronounced surface rough-
ness and pore development are indicative of successful chem-
ical activation and are expected to enhance adsorption
performance by increasing the available surface area and the
number of accessible active sites.22 The EDX test further vali-
dated the successful modication by detecting characteristic
elements such as Sn, Fe, Cl, and Zn on the biosorbents surface
with the main constituents in the PPP (carbon and oxygen) as
listed in Table 2. Themorphological characteristics of both PPP/
Sn–Fe and PPP/Sn–Zn were altered aer the adsorption of the
CV dye (Fig. 2b and d), resulting in a decrease in porosity and
cracks, which is consistent with the amount of dye loaded onto
the biosorbents surface,47 indicating a successful adsorption of
CV dye molecules onto the surfaces of PPP/Sn–Fe and PPP/Sn–
Zn biosorbents.

The crystalline or amorphous structure of PPP/Sn–Fe and
PPP/Sn–Zn biosorbents were examined using XRD analysis. As
shown in Fig. 3. The diffraction patterns exhibited new peaks at
26.8° and 26.6° PPP/Sn–Fe and at 22.7° and 22.1° for PPP/Sn–
Zn, with a notable change in intensity attributed to the use of
the activating agents (SnCl2–FeCl3 and SnCl2–ZnCl2) in
comparison with the raw pomegranate peel studied previ-
ously.42 The XRD plot analysis of both samples also revealed the
absence of prominent sharp peaks that could be assigned to the
crystal line structure.23 The amorphous nature of the bi-
osorbents promotes enhanced diffusion of CV dye molecules
toward the surface and internal regions of the material.48,49 This
structural characteristic of the biosorbents is mainly attributed
to the high content of lignin, cellulose, and hemicellulose,
which disrupt crystalline order and contribute functional
groups favorable for adsorption.50

Fig. 4 presents the thermogravimetric (TGA) and differential
thermal (DTA) curves of PPP/Sn–Fe and PPP/Sn–Zn biosorbents.
Fig. 3 X-ray diffraction patterns of PPP/Sn–Fe and PPP/Sn–Zn.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Both materials display a typical three-stage thermal decompo-
sition behavior of lignocellulosic materials up to 1000 °C. The
initial mass loss below 165 °C is attributed to the evaporation of
physically adsorbed moisture. The second stage corresponds to
the decomposition of surface functional groups such as
hydroxyl and carboxyl,42 while the nal stage is associated with
the thermal degradation of the organic matrix. The DTA proles
reveal two main endothermic peaks: the rst (140–300 °C)
related to hemicellulose degradation and the second (300–400 °
C) attributed to cellulose decomposition.45,51

The nitrogen adsorption–desorption isotherms of PPP/Sn–Fe
and PPP/Sn–Zn adsorbents are presented in Fig. 5, while the
corresponding textural parameters are summarized in Table 2.
According to the IUPAC and BDDT (Brunauer–Deming–
Deming–Teller) classications,52,53 both materials display type
III isotherms with H3-type hysteresis loops, characteristic of
solids composed of aggregated plate-like particles that generate
slit-shaped pores.54 The hysteresis behavior also reects the
inuence of pore-network connectivity. BET analysis showed
that PPP/Sn–Fe and PPP/Sn–Zn possess specic surface areas of
17.7 m2 g−1 and 13.9 m2 g−1, and total pore volumes of 0.483
cm3 g−1 and 0.356 cm3 g−1, respectively, demonstrating
a substantial increase compared with the unmodied PP.42 As
shown in Table 2, the pore size distribution conrmed the
macroporous nature of both materials (54.6 nm and 50.9 nm).
RSC Adv., 2026, 16, 4318–4334 | 4323
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Fig. 5 N2 adsorption–desorption isotherm of PPP/Sn–Fe and PPP/
Sn–Zn biosorbents.
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These results indicate that chemical activation using SnCl2–
FeCl3 and SnCl2–ZnCl2 effectively improves the structural and
surface properties of the biosorbents by enlarging their specic
surface area and pore volume.
3.2. The point of zero charge pHpzc

The inuence of solution pH on the adsorption of CV onto PPP/
Sn–Fe and PPP/Sn–Zn was interpreted based on their points of
Table 3 Kinetics models parameters

Model

PFO

C0 (mg L−1) qexp (mg g−1) qcal (mg g−1) k1 (min−1) R2

PPP/Sn–Fe 5 4.54 4.45 0.58 0.99
10 9.82 9.13 2.19 0.90
20 14.9 15.5 0.06 0.91
50 50.3 45.1 9.19 0.70

100 96.3 88.1 17.2 0.91
PPP/Sn–Zn 5 4.87 4.86 0.47 0.99

10 9.60 9.37 0.16 0.99
20 16.2 15.3 0.23 0.93
50 50.6 48.2 9.90 0.94

100 96.6 93.8 18.4 0.97

4324 | RSC Adv., 2026, 16, 4318–4334
zero charge (pHpzc). The pHpzc values were found to be
approximately 3.83 for PPP/Sn–Fe and 5.41 for PPP/Sn–Zn.
When the pH of the solution exceeds the pHpzc, the adsorbent
surface becomes negatively charged due to the deprotonation of
basic functional groups, promoting electrostatic attraction with
the cationic CV molecules. In contrast, at pH values below the
pHpzc, protonation of acidic groups leads to a positively charged
surface, which hinders cation adsorption and favors anionic
species.50,55 Therefore, the pHpzc provides valuable insight into
the surface charge behavior of the modied adsorbents under
different pH conditions, directly inuencing their adsorption
performance toward CV dye.

3.3. Adsorption performance

3.3.1. Effect of initial dye concentration and contact time.
As depicted in Fig. S1, the adsorption behavior of CV at varying
initial concentrations (5–100 mg L−1) was monitored over
contact times ranging from 0 to 180 min for both adsorbents.
The removal efficiency increased steadily with time and reached
equilibrium aer approximately 90 min for PPP/Sn–Fe and PPP/
Sn–Zn. At lower concentrations, CV molecules readily occupy
the available active sites on the adsorbent surfaces. However, as
the dye concentration increases, these sites become progres-
sively saturated, leading to a decline in removal efficiency.56 The
adsorption process proceeds in three distinct phases: an initial
rapid uptake within the rst 10 min due to the abundance of
vacant sites, a slower diffusion-controlled phase (20–40 min) as
active sites become limited, and nally, a plateau phase around
90 min, corresponding to near-saturation of the adsorbent
surface.57

3.3.2. Effect of adsorbent dosage. As illustrated in Fig. S1,
the removal efficiency of CV is strongly inuenced by the
amount of adsorbent used, revealing a direct correlation
between adsorbent dosage and adsorption performance. This
trend arises from the increasing availability of active surface
sites and the larger specic surface area at higher doses, which
enhance the interaction between the dye molecules and the
adsorbent.58 Nevertheless, beyond a certain threshold, this
effect stabilizes as adsorption sites begin to overlap or aggre-
gate, leading to a slight decline in adsorption capacity.59 The
observed results indicate that the optimal adsorbent dose for
efficient CV removal is 0.025 g, achieving removal efficiencies of
PSO Intraparticle diffusion

qcal (mg g−1) k2 (g mg−1 min−1) R2 kInt (mg g−1 min−1/2) R2

4.47 0.94 0.99 0.28 0.61
10.2 0.02 0.99 0.65 0.68
16.9 0.01 0.95 1.12 0.87
53.3 0.01 0.97 3.26 0.65
94.9 0.01 0.99 5.73 0.62
4.93 0.83 0.99 0.36 0.64
9.99 0.02 0.99 0.62 0.65
16.2 0.02 0.97 0.98 0.74
51.0 0.01 0.99 2.72 0.51
96.9 0.01 0.99 5.15 0.57

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09290f


Table 4 Isotherms models parameters

Isotherm model

Parameters

R2qmax (mg g−1) KL (L mg−1)

Langmuir PPP/Sn–Fe 675.47 0.03 0.98
PPP/Sn–Zn 357.18 0.01 0.99

Isotherm model

Parameters

R2KF (mg g−1) 1/n

Freundlich PPP/Sn–Fe 23.2 0.86 0.99
PPP/Sn–Zn 20.4 0.85 0.99

Isotherm model

Parameters

R2bT (J mol−1) KT (L mg−1)

Temkin PPP/Sn–Fe 23.4 5.97 0.88
PPP/Sn–Zn 25.0 4.03 0.86
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98.2% for PPP/Sn–Fe and 96.4% for PPP/Sn–Zn. These ndings
emphasize the importance of accurately optimizing the adsor-
bent dosage to ensure maximum removal efficiency in practical
applications.

3.3.3. Effect of initial pH. The inuence of pH on CV dye
adsorption by PPP/Sn–Fe and PPP/Sn–Zn was evaluated over
a pH range of 2–10, using an initial dye concentration of
10 mg L−1, an adsorbent dose of 0.025 g, and a stirring speed of
250 rpm at room temperature (Fig. S1). The pH was adjusted
with 1 M HCl and NaOH solutions. Both adsorbents exhibited
consistently high removal efficiencies, ranging from 98.9% to
97.8% for PPP/Sn–Fe and 98.5% to 96.7% for PPP/Sn–Zn. These
results conrm the comparable performance of both materials
across a broad pH range, indicating that pH adjustment of
water samples may not be required to ensure effective dye
removal.

3.3.4. The inuence of temperature. The inuence of
temperature on CV dye adsorption by PPP/Sn–Fe and PPP/Sn–
Zn was investigated between 20 and 60 °C (Fig. S1). As
temperature increased, the removal efficiency rose progres-
sively, reaching 98.5% and 97.5% at 60 °C for PPP/Sn–Fe and
PPP/Sn–Zn, respectively. This enhancement can be attributed to
the reduction in solution viscosity and the consequent
improvement in adsorbate diffusion and interaction with active
sites. The observed trend conrms the endothermic nature of
the adsorption process.60
Table 5 Thermodynamic parameters at different temperatures

Biosorbents
T
(°K)

DG°
(kJ mol−1)

DH°
(kJ mol−1)

DS°
(J mol−1 K−1)

PPP/Sn–Fe 293 −5.46 35.3 139.0
303 −6.53
313 −8.84
323 −9.38
333 −10.9

PPP/Sn–Zn 293 −6.65 12.4 64.7
303 −7.11
313 −7.61
323 −8.60
333 −9.12
3.4. Adsorption kinetics and isotherms

The adsorption kinetics of CV dye onto PPP/Sn–Fe and PPP/Sn–
Zn were analyzed using pseudo-rst-order, pseudo-second-
order, and intraparticle diffusion models for concentrations
ranging from 5 to 100 mg L−1. Fig. S2(a–j) and S3(a–j) corre-
spond to the PFO/PSO and intraparticle diffusion models,
respectively. The corresponding kinetic parameters are
summarized in Table 3. The higher determination coefficients
(R2) and the strong agreement between experimental and
calculated adsorption capacities indicate that the PSO model
provides a superior t for both adsorbents, compared to the
rst-order and intraparticle diffusion models.61 This suggests
that the adsorption process is primarily governed by chemi-
sorption, involving chemical interactions between CV mole-
cules and the active sites on the adsorbent surfaces.62

The adsorption behavior of CV dye onto PPP/Sn–Fe and PPP/
Sn–Zn was evaluated using the Langmuir, Freundlich and
Tamkin isotherm models. The tting plots of these isotherm
models are shown in Fig. S4, while the calculated parameters for
the Langmuir (qmax, KL), Freundlich (1/n, KF) and Temkin (KT,
bT) models, along with their correlation coefficients R2 values
for CV dye adsorption, are summarized in Table 4. The experi-
mental data showed good agreement with Langmuir and
Freundlish isotherm models. The Langmuir model describes
monolayer adsorption on a homogeneous surface, while the
Freundlich model, with high correlation coefficients, indicates
adsorption on heterogeneous surfaces.63,64 In contrast, the
Temkin model exhibited the lowest correlation coefficients,
indicating that the assumption of a linear decrease in
© 2026 The Author(s). Published by the Royal Society of Chemistry
adsorption energy with increasing surface coverage is less
applicable to the present adsorption system.35 The maximum
monolayer adsorption capacities (qmax) obtained from the
Langmuir model were 675.47 mg g−1 for PPP/Sn–Fe and
357.18 mg g−1 for PPP/Sn–Zn, conrming the strong affinity of
these materials for CV dye.

The excellent t of experimental adsorption data to both
Langmuir and Freundlich isotherm models, evidenced by
correlation coefficients (R2) approaching unity for each, indi-
cates that the pomegranate peel biosorbent exhibits a hybrid
adsorption mechanism involving both monolayer and multi-
layer processes. While the Langmuir model assumes homoge-
neous surface sites with uniform monolayer coverage and no
adsorbate interaction, the Freundlich model accommodates
heterogeneous surfaces permitting multilayer adsorption and
site energy variation; the concurrent applicability of both
suggests a surface with distinct homogeneous domains
(favoring Langmuir behavior) alongside heterogeneous regions
(aligning with Freundlich characteristics). This dual tting is
thus interpreted as initial monolayer adsorption saturating
high-affinity sites, followed by multilayer formation at higher
adsorbate concentrations, a phenomenon commonly observed
RSC Adv., 2026, 16, 4318–4334 | 4325
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in complex biosorbents with diverse functional groups.65 The
Freundlich constant (1/n), reecting adsorption favorability
within the studied concentration range, was 0.86 for PPP/Sn–Fe
and 0.85 for PPP/Sn–Zn, conrming their strong affinity for CV
molecules. Moreover, the dimensionless separation factor (RL)
values of 0.74 and 0.65, respectively, further demonstrate that
the adsorption process is favorable for both materials.
3.5. Adsorption thermodynamics

Thermodynamic parameters such as Gibbs free energy,
enthalpy, and entropy (DG°, DH°, and DS°) were evaluated to
Fig. 6 The 3D response surface plots and contour plots for interactive

4326 | RSC Adv., 2026, 16, 4318–4334
elucidate the nature of CV dye adsorption on PPP/Sn–Fe and
PPP/Sn–Zn surfaces. The parameters were derived from the
linear plot of ln KD versus 1/T (Fig. S5), with DH° and DS° ob-
tained from the slope and intercept, respectively (Tables S4 and
5).66 Negative DG° values conrm the spontaneous nature of
adsorption, while the positive DH° values (35.3 kJ mol−1 for
PPP/Sn–Fe and 12.4 kJ mol−1 for PPP/Sn–Zn) indicate an
endothermic process.67,68 The relatively low enthalpy values
(<40 kJ mol−1) suggest that physical adsorption predominates.
Moreover, the positive entropy changes (139.0 and 64.7 J mol−1

K−1) reect increased randomness at the solid–liquid interface,
effect of initial concentration and biosorbent dosage (CCD model).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 CV dye adsorption on regenerated PPP/Sn–Fe and PPP/Sn–Zn
biosorbents

Number of cycle 1 2 3 4 5 6 7

Adsorption capacities (mg g−1)
PPP/Sn–Fe 183.1 197.9 177.8 169.7 160.1 159.7 159.5
PPP/Sn–Zn 183.4 182.7 180.3 176.8 171.5 171.4 171.4

Fig. 7 FTIR spectra of (a) PPP/Sn–Fe, PPP/Sn–Fe-CV, recycled PPP/
Sn–Fe-CV, CV and (b) PPP/Sn–Zn, PPP/Sn–Zn-CV, recycled PPP/Sn–
Zn-CV and CV. Dotted lines highlight the FTIR bands from CV dye.
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likely due to the displacement of solvent molecules by CV dye
during adsorption Table 5.

3.6. Design of experiments by CCD

The ANOVA results show that all main factors, such as initial
dye concentration (A), pH (B), temperature (C), and biosorbent
dose (D) signicantly inuence adsorption efficiency, which
aligns with the known mechanisms of dye uptake involving
electrostatic interactions, diffusion, and available active sites.
Additionally, the signicant two-level interaction between bi-
osorbent dose and dye concentration (AD) indicates that the
effect of concentration on adsorption is strongly dependent on
the number of available active sites, a relationship consistent
with adsorption saturation behavior. Because these interaction
terms played an important role, the Reduced Quadratic Model
was selected as the most appropriate representation of the
system (Tables S8 and S10). The p-values (probability values)
associated with the model terms in the ANOVA conrm the
robustness and reliability of the models used to predict process
responses.69 Overall, this statistical analysis validates the
inuence of experimental parameters and their interactions in
the biosorption process and justies the use of CCD models for
optimizing the experimental conditions of the biosorbents
studied. The nal regression models are expressed by the
following equations eqn (6) and (7).

CCD model (PPP/Sn–Fe) = +22.18 + 45.59A − 41.90D

− 37.55AD + 32.18D2 (6)

CCD Model (PPP/Sn–Zn) = +22.32 + 46.37A − 42.99D

− 38.43AD + 33.18D2 (7)

The correlation coefficients (R2 and adjusted R2) for CCD
model, summarized in Tables S5–S8, were close to unity,
demonstrating an excellent agreement between experimental
and predicted values. Specically, R2 values of 0.9777 and
0.9841 were obtained for PPP/Sn–Fe and PPP/Sn–Zn. The close
proximity between R2 and adjusted R2 values further conrms
the robustness and predictive reliability of the proposed
models. Moreover, the high Fisher's F-statistics (262.95 and
370.63) and p-values below 0.05 validate the strong statistical
signicance of both models in describing the adsorption
process.

Three-dimensional surface plots and two-dimensional
contour maps (Fig. 6) were generated from the quadratic
models given in eqn (6) and (7) to visualize the effects and
interactions of the studied parameters.70,71 These graphical
representations reveal that the initial concentration and bi-
osorbent dose are among the most signicant variables
affecting the responses. The CV adsorption increased with
a decrease in biosorbent dose as shown in Fig. 6 (The transition
from the blue zone to the red zone signies the progression
from minimum to maximum CV adsorption). When the surface
area of adsorbents increases and more adsorption sites become
available for a constant quantity of adsorption particles, it
facilitates the overlap ping of adsorption sites, thereby leading
to a reduction in adsorption capacity. The increase in the initial
© 2026 The Author(s). Published by the Royal Society of Chemistry
CV dye con centration from 5 to 100 mg L−1 resulted in an
increase in the response. This in turn would increase the driving
force for mass transfer and therefore the rate at which CV ions
pass from the solution to the particle surface.
3.7. Multi-response optimization based on desirability
criteria

The RSM optimization aimed to identify the optimal conditions
for maximizing adsorption performance, with accuracy
RSC Adv., 2026, 16, 4318–4334 | 4327
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depending on the dened experimental boundaries rather than
achieving a perfect desirability value of 1.0. The optimization
plots for the CCD model (Fig. S6) revealed ideal parameters for
CV dye adsorption at an initial concentration of 100 mg L−1, pH
6, temperature of 40 °C, and an adsorbent dose of 0.025 g for
both PPP/Sn–Fe and PPP/Sn–Zn. The CCD model provided
slightly higher values of 189.12 and 187.05 mg g−1, each with
a desirability of 0.996. These ndings demonstrate that CCD
model conrming the robustness of the RSM-based optimiza-
tion for efficient CV dye removal.

Based on this model, the optimal adsorption performance
for CV dye removal was evaluated under the optimized param-
eters. The experimental and predicted capacities were 192.67
and 189.12mg g−1 for PPP/Sn–Fe, and 192.62 and 187.62mg g−1

for PPP/Sn–Zn, respectively. The close agreement between
experimental and predicted values conrms the reliability in
accurately describing the CV dye adsorption process.
Fig. 8 The assay on microbial toxicity displays the impact of untreated
C = 100 mg L−1, V = 50 mL).

4328 | RSC Adv., 2026, 16, 4318–4334
3.8. Reusability of the various adsorbents

Aer the adsorption and optimization experiments, the regen-
eration process consisted of desorbing the CV dye from the
saturated biosorbents, recovering them by ltration, washing
repeatedly with distilled water, and nally drying at 80 °C to
restore their adsorption capacity for reuse. The reusability of
PPP/Sn–Fe and PPP/Sn–Zn was evaluated using 0.025 g of
adsorbent in contact with 50 mL of crystal violet solution under
the optimal adsorption conditions determined in this study
(initial CV concentration of 100 mg L−1, pH 6, and temperature
40 °C). Both materials exhibited excellent stability over succes-
sive adsorption–desorption cycles.72 Aer seven cycles, the CV
adsorption capacity showed only a moderate decline,
decreasing from from 183.1 mg g−1 to 159.5 mg g−1 for PPP/Sn–
Fe and from 183.4 mg g−1 to 171.4 mg g−1 for PPP/Sn–Zn. These
ndings conrm the strong regeneration potential and long-
term applicability of the modied biosorbents for dye-
and treated CV dye solution on three types of bacteria (m = 0.025 g,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contaminated wastewater treatment.42 The corresponding
adsorption capacities are presented in Table 6.

Furthermore, the successful regeneration of PPP/Sn–Fe and
PPP/Sn–Zn was corroborated by FTIR analysis (Fig. 7). Aer
adsorption, several characteristic vibrational bands associated
with CV dye were observed in the spectra of both materials,
conrming effective dye uptake. Overall, PPP/Sn–Fe and PPP/
Sn–Zn can be regarded as highly competitive biosorbents that
can be reused multiple times without signicant deterioration
of their adsorption performance.
3.9. Adsorption mechanisms of CV onto PPP/Sn–Fe and PPP/
Sn–Zn

The adsorption of the cationic crystal violet dye onto both
composite adsorbents PPP/Sn–Fe and PPP/Sn–Zn, is governed
by a combination of key physicochemical interactions. Elec-
trostatic attraction is considered the primary driving force,
facilitated by the deprotonation of functional groups (such as
carboxyl and hydroxyl groups) on the pomegranate peel -derived
matrix, resulting in a negatively charged surface that strongly
attracts the positively charged CV molecule. This interaction is
highly sensitive to the solution pH and the point of zero charge
(pHPZC) of the materials. Furthermore, the aromatic nature of
the CV molecule and the conjugated structures inherent to the
biomass backbone promote signicant p–p stacking
Table 7 Comparison of different adsorbents based on CV dye sorption

Adsorbents Modication

PPP/Sn–Fe SnCl2–FeCl3

PPP/Sn–Zn SnCl2–ZnCl2

Raw pomegranate peel (RPP) —

RPP/SnCl2–FeCl2 SnCl2–FeCl2

Date pits powder/sodium alginate NaOH

Xanthated rice husks (XRH) NaOH/CS2

Coconut husk powder (CHP) H2SO4

Magnetized bentonite clay particles (MBCP) Fe3O4

Natural zeolite —

Leaves of Suaeda monoica (LP) NiCuZnFe2O4–biochar (3

Fe- benzene dicarboxylic acid MOF —
Metal–organic framework PCN-222(Fe) HCl/DMF activation (120

TFPB-Pa-SO3H COF Sulfonation
TFPB-BDSA COF (–SO3H)
TpStb-SO3Na COF Schiff-base condensation

and Stb-SO3H

© 2026 The Author(s). Published by the Royal Society of Chemistry
interactions, which provide strong chemical stability to the
adsorbed dye layer. Finally, Hydrogen bonding also contributes
to the overall stability, forming between the surface's hydroxyl/
carbonyl groups and the nitrogen atoms and polarized C–H
bonds of the CV dye.47,73 While these core mechanisms are
shared, the specic metal ions (Fe3+ versus Zn2+) incorporated in
the composites are anticipated to inuence the surface prop-
erties, porosity, and availability of Lewis acid sites, subtly
modulating the overall adsorption capacity and efficiency,
particularly in relation to complexation or specic binding with
the dye molecule.
3.10. Microbial toxicity ndings

Microbial toxicity tests revealed that the CV stock solution
(100 mg L−1) produced inhibition zones exceeding 20 mm,
indicating strong toxicity toward E. coli, Pseudomonas, and
Staphylococcus aureus. In contrast, the CV solutions treated with
PPP/Sn–Fe and PPP/Sn–Zn exhibited negligible inhibition, as
illustrated in Fig. 8. This demonstrates that adsorption effec-
tively reduces CV toxicity compared with previously studied bi-
osorbents, particularly natural materials such as unmodied
pomegranate peel.42 The absence of microbial inhibition
further conrms that the treated effluents are environmentally
safe and non-toxic.
capacity (mg g−1)

Experimental conditions qmax (mg g−1) Ref.

[CV] = 100 mg L−1 675.47 Our work
m = 0.025 g
pH = 6 357.18
T = 40 °C
[CV] = 100 mg L−1 172.40 42
m = 0.025 g
pH = 6 389.88
T = 40 °C
[CV] = 50 mg L−1 169.88 74
m = 0.02 g
m = 0.025 g 90.02 75
pH = 10
[CV] = 200 mg L−1 500.00 60
pH = 5
T = 45 °C
T = 30 °C 588.23 76
pH = 6 177.75 77
T = 40 °C

00 °C) [CV] = 200 mg L−1 325.50 68
m = 0.03 g
pH = 8
[CV] = 5 mg L−1 26.65 78

°C) [CV] = 200 mg L−1 812 79
m ∼ 0.003 g
pH = 7
T = 25 °C
[CV] = 20 mg L−1 1559 80
m = 0.005 g 1288

of Tp [CV] = 30 mg L−1 1861 81
T = 25 °C

RSC Adv., 2026, 16, 4318–4334 | 4329
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3.11. Comparative investigation on adsorption performance

A comparative assessment of the results demonstrates that the
PPP/Sn–Fe and PPP/Sn–Zn adsorbents exhibit outstanding
performance for CV dye removal from aqueous solutions. The
adsorption capacities achieved in this work exceed those re-
ported in most previous studies (Table 7), underscoring the
remarkable efficiency of these materials. These ndings
emphasize the strong potential of pomegranate peel–based
adsorbents as sustainable and effective candidates for the
treatment of CV-contaminated wastewater.
4. Conclusion

In this study, biosorbents modied with SnCl2–FeCl3 and
SnCl2–ZnCl2 were successfully evaluated for the removal of
crystal violet (CV) from aqueous solutions. The investigation of
key experimental parameters, including contact time, pH,
temperature, initial dye concentration, and biosorbent dosage,
provided a thorough understanding of the factors inuencing
adsorption efficiency. The application of Response Surface
Methodology (RSM) with Central Composite Design (CCD)
enabled the systematic optimization of these parameters,
ensuring maximum dye removal. The adsorption behavior was
accurately described using appropriate isotherm and kinetic
models, conrming the suitability of the developed biosorbents
for efficient dye uptake. Importantly, the reusability tests
demonstrated that the materials maintained high adsorption
performance over multiple cycles, highlighting their practical
potential. Overall, the study not only elucidates the activation
and adsorption mechanisms of SnCl2-based biosorbents but
also provides optimized formulations that are promising for
scalable, sustainable treatment of dye-contaminated waste-
water, aligning with environmental and industrial application
goals.
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