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In this study, an innovative hybrid nanocomposite, abbreviated as NZS-D, was developed by incorpo-
rating nickel and zinc binary sulphide nanoparticles into the organic framework of date seed grains
through a straightforward co-precipitation technique. The synthesized NZS-D was comprehensively
characterized using various spectroscopic techniques which confirmed the presence of abundant
functional groups on the NZS-D surface, porous morphology, and grain size range of 70-90 nm. The
NZS-D was investigated for its capability to remediate polluted water through adsorption of two model
dyes, one cationic, i.e., Nile blue, and the other anionic, i.e., Congo red, from simulated wastewater in
the batch method. The process was investigated to check the influence of water pH, temperature, dye
concentration, NZS-D dosage, and contact time, on the sorption capacity. Remarkably, the maximum
sorption capacity (Qmax) reached to 208.333 and 121.951 mg g~! for Congo red and Nile blue,
respectively, under optimized conditions. The sorption was found to be thermodynamically feasible,
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DOI: 10.1039/d5ma01245g physicochemical process governed by the weak Van der Waals forces or electrostatic interaction
between the functional groups at the NZS-D surface and the dye molecules in water. The mechanisms

rsc.li/materials-advances of the preparation of NZS-D and the sorption process have been thoroughly investigated and explained.
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1. Introduction

Water resources are confronting with a grave peril arising from
the flow of toxic anthropogenic contaminants. Commercial
synthetic dyes are a major contributor to this predicament
which exacerbates existing water scarcity crisis and pose sub-
stantial risk to the environment and human health." The
discharge of huge volume of dye-laden wastewater into natural
water bodies is a major concern and high visibility made it one
of the first contaminants to be identified and recognized.” The
industrial wastewater poses a severe threat to the environment,
and human health, therefore, it has led to debates and legis-
lative actions. The remediation of wastewater, especially the
removal of synthetic dyes and other pollutants, is garnering
attention worldwide. Industrial sectors, such as the textile,
paper, paint, plastic, pesticide, and pharmaceutical sectors are
major contributor of wastewater containing synthetic dyes.**
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The synthetic dyes are well-known harmful pollutants that
trigger allergic dermatitis, genetic mutations and ultimately
cancer of human body.” The presence of dyes in wastewater
has reached a critical level which necessitate efficient removal
methods to reduce their harmful impact on human being.
Among the synthetic dyes, high concentrations of Congo red
(CR) in water is toxic to human and can be fatal and consump-
tion has been reported to cause cancer and cytotoxicity, includ-
ing genotoxicity, hemotoxicity, and neurotoxicity, in addition to
respiratory and reproductive disorders.® Furthermore, CR has
been linked to platelet aggregation, thrombocytopenia, and
occurrence of disseminated micro-embolism which arises due
to reductions in blood protein content.” Similarly, Nile blue (NB)
can cause cancers, allergies, and renal complexities.® Conse-
quently, the world urgently requires the development of econom-
ical methods for eliminating synthetic dyes from wastewater
before its discharge into water sources. Numerous conventional
methods are in use for treatment of wastewater to remove dyes,
including biological treatment,” coagulation,'® electro-
chemical,'" adsorption,'*"* oxidation,* catalytic reduction®>*®
and membrane filtration.'” Among these, adsorption has
emerged as a prominently favoured choice owing to its cost-
effectiveness, straightforward design, operational simplicity, and
generation of minimal toxic waste.

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


https://orcid.org/0000-0002-7321-2958
https://orcid.org/0000-0002-1558-2926
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma01245g&domain=pdf&date_stamp=2026-02-14
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01245g
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA007005

Open Access Article. Published on 17 February 2026. Downloaded on 6/14/2026 9:47:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Sulphides of transition metals, such as Ni, Zn, etc., have
gained considerable attention across various fields because of
their distinct crystal structures and chemical behaviour. Tran-
sition metal sulphide nanoparticles have significant specific
surface area which make them potential adsorbents for dyes or
other pollutants removal from wastewater. For example, in one
study, nickel sulphide was synthesized, through a ball-milling
method, and employed for the adsorptive removal of Methylene
blue.'® Another study was focused on the efficient removal of
Crystal violet and Biebrich scarlet dyes." In 2019, Chowdhury
et al., 2019, developed Ni-Co-S/SDS, a proficient and economic-
ally viable nanocomposite for the elimination of water
pollutants.®® The sorption capacity of metal sulphides for the
removal of dyes, from wastewater, has been enhanced by
functionalizing them with carboxymethyl-cellulose, chitosan,
and natural polymers. Additionally, agricultural and industrial
wastes, in either unaltered or modified form, are alternative
materials with reduced costs, for water remediation.

Date seeds, a waste product, contains polyphenolics, phe-
nolic acid, carotenoids, fibre, fat, protein, minerals, and var-
ious other functional compounds. It has been considered as an
inexpensive, effective adsorbing material; however, only limited
research has been reported. Mahdi et al., 2018, have investi-
gated the use of date-seed-derived biochar for heavy metal
remediation from wastewater.>’ In another study, date-seed
biochar has exhibited 99% removal efficiency for Cu®* and
Ni**.?> However, additional modification and detailed investi-
gation of date seed powder, as an adsorbent, is required to
produce materials with enhanced stability and adsorption
efficiency. The present study was aimed to evaluate the
potential of nanocomposite produced by embedding nickel-
zinc binary sulphide nanoparticles into date seed grains which
has improved stability and adsorption capacity of the date seed
grains. The prepared NZS-D was investigated for the removal of
two model dyes, CR and NB, from simulated wastewater, in
a batch system. The NZS-D was characterized using infrared
spectroscopy (FT-IR), powder X-ray diffraction (P-XRD),
ultraviolet-visible (UV-Vis) spectroscopy, field emission scan-
ning electron microscopy (FE-SEM), transmission electron
microscopy (TEM), elemental analysis (EDX), zeta potential
measurement and thermogravimetric analysis (TGA). The nano-
composite displayed a remarkable maximum adsorption capa-
city of 208.33 and 121.95 mg g ' for CR and NB dyes,
respectively. Its facile synthesis, high sorption capacity and
cost-effectiveness make NZS-D a potential nanocomposite for
water treatment.

2. Experimental section
2.1 Materials

Ni(OAc),-4H,0 and C,H;NS (thioacetamide) were obtained
from Sisco Research Laboratories, while AR-grade ZnSO,-
7H,0 was sourced from S D Fine-chem. Ltd, New Delhi. CR
and NB dyes were obtained from Loba Chemie Pvt. Ltd, New
Delhi. Date seed powder was purchased from Distihub Pvt. Ltd,
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New Delhi. Laboratory-prepared double-distilled water was
used throughout the experiment.

2.2 Preparation of NZS-D

The NZS-D was prepared, through a co-precipitation method,
using Ni(OAc),-4H,0, ZnSO,-7H,0, C,HsNS and date seed
powder. Both nickel acetate and zinc sulphate salts were
dissolved in 100 mL of distilled water so that each had a
0.1 M concentration. In another flask, 1.0 g date seed powder
was dispersed in distilled water, and the dispersion was then
poured into the metal ion mixture and sonicated. The saturated
dispersion was stirred magnetically at 90 °C for 1 h. In another
beaker, 0.3 M thioacetamide solution was prepared, sonicated,
and then added dropwise to the dispersion prepared above. The
resulting reaction mixture was stirred for another 2 h at 90 °C.
The reaction mixture was neutralized to precipitate the binary
metal sulphide, then cooled and centrifuged. The precipitate
was washed with distilled water multiple times and then oven-
dried at a mild temperature.?®

2.3 Instrumentation and characterization

A detailed investigation was performed to ascertain the surface
characteristics of the synthesised NZS-D using various analyti-
cal techniques. The IR spectrum was recorded using a Bruker
Tensor 37 spectrometer, equipped with ATR mode in the range
of 4000-600 cm™'. HR-TEM images of NZS-D were captured
using the TECHNAI G20 HR-TEM (Thermo Scientific Com-
pany), operated at 200 kV, to study the morphology of the
synthesized binary sulphide nanoparticles. The optical proper-
ties of the NZS-D were investigated by recording the UV-vis
spectrum with a T-80 UV-vis spectrophotometer.

The powder XRD crystallographic analysis was carried out,
using a Rigaku X-ray diffractometer equipped with Cu Ko
radiation (1 = 1.5419 A), to obtain the diffraction pattern of
the NZS-D. High resolution-SEM imaging was also conducted
using a ZEISS microscope (EVO18) integrated with EDS to
investigate the surface microstructure. The thermal stability
of NZS-D was investigated by recording its TGA plot using a
LABSYS EVOTGADSC 131 EVO analyzer (SETARAM Instrumen-
tation, France) in the temperature range of 25-800 °C under N,
atmosphere. The surface charge of NZS-D was determined, in
terms of zeta potential, using a Malvern Zetasizer Nano-ZS
analyzer. These characterizations played a crucial role in under-
standing the mechanism of the formation of the NZS-D nano-
composite and its interactions with dyes during adsorption.

2.4 Dye sorption experiment

The adsorption efficacy of the prepared NZS-D nanomaterial
was explored for the adsorptive remediation of NB and CR dyes
from wastewater through batch-mode experiment. The simu-
lated contaminated water was prepared, from aqueous stock
solutions, by dissolving fixed weights of NB and CR dyes in
laboratory-prepared double-distilled water. Subsequent dilu-
tions were carried out to achieve the required 10-60 mg L™
concentrations. The sorption investigations were first carried
out with 10 mL solutions of each dye in a set of 50 mL
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Erlenmeyer flasks and a fixed weight of NZS-D in each flask to
optimize the dosage, concentration, time, pH, etc. The Erlen-
meyer flasks were mechanically stirred in a water bath shaker at
150 rpm and after certain time the supernatants were removed
from each set, and the unadsorbed dye concentrations were
determined spectrophotometrically.”® The sorption perfor-
mance of NZS-D, towards NB and CR, was evaluated by sub-
stituting the experimental sorption data into mathematical
relationships (eqn (1) and (2)).>>** The obtained sorption
parameters were utilized to gain valuable insights into the
potential application of NZS-D for the commercial-scale devel-
opment of wastewater treatment systems.

Qe = (Co — C)VIm (1)

(CO - Ce)

0

%Removal = x 100 (2)

The symbols Cy and C, represent the initial and equilibrium
concentration of dyes, respectively, while V and m indicate
volume of the solution used in each experiment and mass of
NZS-D employed in the study.

2.5 Batch adsorption experiments

The contact time, dosage of NZS-D, concentrations of CR and
NB, pH of dyes solutions, and temperature, were optimized in
batch-mode sorption experiments. For dosage optimization,
the sorption experiments were performed with different
weights of NZS-D for CR and NB dyes solutions at normal
temperature and neutral pH. For this, 10 mL of 20 mg L™ " NB or
CR solution was taken in a conical flask and supplemented
with 0.5 to 2.5 g L™ dosage of NZS-D. These reaction mixtures
were agitated for 2 h at room temperature in a mechanical
water bath shaker. The result revealed that the removal of these
dyes reached saturation at a 0.5 g L' dosage of NZS-D for CR,
and 1.0 g L' for NB. Thereafter, no substantial variation
in the extent of removal was observed, and consequently, these
weights were selected as the optimized dosages for the
entire study.

The impact of contact time on the percentage remediation of
CR and NB was also assessed. During the sorption experiments,
aliquots of the simulated polluted water samples were collected
from the reaction system at 15 min intervals. The experiments
revealed that at the optimum NZS-D dosage, the CR and NB
remediation was approximately 91 and 90% within 15 min and
reached equilibrium at 60 min. In the early stage of the
sorption process, the higher abundance of active sites on the
surface of NZS-D might have facilitated the high removal of dye
molecules. As time progressed, the sorption sites became
increasingly occupied, by the dye molecules, and a substantially
lower number of vacant sites were available for interaction with
dye molecules. Consequently, the rate of adsorption decreased
significantly over time. The assessment of the contact time
effect was performed at neutral pH and 303 K and the findings,
from this investigation, provide valuable insights into the
dynamics of CR and NB dye remediation under specific experi-
mental conditions.
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The impact of variation of solution pH on the dye adsorption
was also examined. Investigation of the effect of pH on sorption
was carried out using a dye solution with a 20 mg L™* concen-
tration, a 1.0 g L' dosage of NZS-D, and a batch volume of
10 mL. The sorption experiments were carried out in a water
bath shaker at 120 rpm and 30 °C. The pH of the dye solutions
was adjusted to pH range 3-10 by adding 1 N HCI or 1 N NaOH
solution, and spectrophotometric analysis was conducted to
examine any change in A, value. The investigation revealed
that increasing pH of NB solution did not alter the percentage
sorption, specifically, it only increased from 93 to 95%, with
maximum removal observed at pH 7, therefore, throughout the
experiments, NB solution was maintained at pH 7. In contrast,
the solution pH showed a substantial effect on the efficiency of
CR removal, which increased from 85 to 97% as the pH
decreased from 10 to 3, with maximum removal in the pH
range of 4-6. Consequently, the CR solution was maintained at
pH 6 for further experiments.

2.6 Statistical error analysis of the adsorption process

The results obtained from the adsorption isotherms and
kinetics were analyzed through calculation of the Chi-squared
(%*) and sum of square error (SSE) values. These two tests were
utilized to confirm the best fitting of models, namely, the
Langmuir and the Freundlich isotherms and pseudo-first order
and pseudo-second order kinetic models. The best-fitting iso-
therm and kinetic models should have higher regression coef-
ficients and minimum y* and SSE values. The statistical error
factor > and SSE were evaluated using the following relation-
ships:*®

2 "~ (Om(exp.) — Qm(cal.))2
7= ; Om(cal.)

SSE = Zn: (Om(exp.) — O (cal.))’
i=1

The Chi-squared test and SSE values have been discussed
herein in respect of isotherm and kinetics modelling.

3. Results and discussion
3.1 Mechanism of the preparation of NZS-D

The goal of developing a cost-effective material, for water
treatment, was achieved by preparing NZS-D, which possesses
excellent biocompatibility, following a published method with
certain modifications.”® The various phytochemicals of date
seed interacted with Ni*" and Zn>" ions, and in the presence of
thioacetamide, led to the formation of binary metal sulphide
nanoparticles on the grains in a straightforward single-
step process, resulting in an organic-inorganic hybrid
nanocomposite.>® The synthesis of the binary metal sulphide
was achieved by the addition of NaOH solution, which resulted
in the precipitation of the binary metal sulphide.?”"*® Following
this, the as-synthesized nanocomposite grains were effectively

© 2026 The Author(s). Published by the Royal Society of Chemistry
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separated using centrifugation and washed with deionized
water and finally, dried in an oven at 70 °C for 24 h.

The mechanism of formation of the material was rationa-
lized as follows. Initially, the abundant functional groups on
the date seed grain (D-OH/D-COOH) might have served as
attractive sites for the adsorption of Ni** and Zn>" ions, leading
to their bonding interaction. Subsequently, co-precipitation
reactions were initiated, and the significant concentration of
NaOH, employed during the reaction, provided a substantial
number of OH™ ions on the surface, which further facilitated
attraction of the Ni*" and Zn** towards the date seed grains.
The high pH of the solution might has been responsible for the
fast nucleation and resulting formation of bimetallic sulphide
nanoparticles.”® It is conceivable that extract from the date
powder might has served as a capping agent during the
nanoparticle growth by protecting the surface of the binary
metal sulphide to produce smaller particles through preventing
nanoparticle aggregation.>® Comprehensive investigation of the
surface composition, crystallinity, morphology, particle size,
stability and presence of functional groups of the synthesized
NZS-D nanomaterial was undertaken using characterization
techniques including P-XRD, SEM, EDS, TGA, TEM, and FT-IR.

FT-IR is a valuable analytical technique which was used for
elucidating the presence and characteristics of functional
groups, bond vibrations, and stretching modes on the surface
of the synthesized NZS-D. The spectrum, of NZS-D, exhibited
distinct IR absorption peaks attributed to the presence of date
grain and bimetallic sulphide particles, which contain different
functional groups at the surface. The FT-IR spectrum showed a
sharp, low-intensity, peak at 3650 cm ™' and wide absorption
peaks around 3350 cm ™, corresponding to the hydroxyl groups
on the cellulosic part of the seed grains (Fig. 1).>° The notable
peaks at 2940 and 2860 cm™ " could be associated with ~CH;
and -CH, group stretching vibrations, respectively.”® The
presence of -C(0)O-, which might be due to carboxyl groups
in the date grain-metal sulphide structure, was indicated by the

L
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Fig. 1 FT-IR spectrum of NZS-D before and after adsorption of CR.
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peak at 2372 cm™".%>° The protein content of the seed grain was
apparent from the peaks at 1640 and 1540 cm™', which
corresponded to the amide I and II groups, respectively.**
Moreover, the composite sample demonstrated IR peaks at
1430, 1270, and 1030 cm™ ", in agreement with ~OH in-plane
bending and C-O stretching vibrations due to the lignocellu-
losic material of the seed grain and C-O stretching of car-
boxylic, ester, and ether groups present in cellulose or
hemicellulose, respectively.>” The peaks in the range of 725-
930 cm™ " might be due to C-H out-of-plane bending vibrations,
which are characteristic of long-chain alkanes or out-of-plane
C-H bending in aromatic rings in the NZS-D. The IR band in
the 600-700 cm ™' range indicated Zn-S or Ni-S bond vibrations
in the bimetallic sulphide nanoparticles (Fig. 1).** Moreover,
this peak might also correspond to C-S stretching vibrations
because of the organic-sulphur bond formed during nanopar-
ticle synthesis on the date grains. These functional groups on
the date seed grains played a vital role in facilitating the
formation of metal sulphide nanoparticles on the seed grain
surface. Thus, the IR spectrum of the NZS-D exhibited distinct
peaks associated with the inherent functional groups of date
seed grains, along with vibrations characteristic of bimetallic
sulphide, indicating the presence of Ni-Zn-S nanoparticles.

The various functional groups on the NZS-D surface con-
tribute to its suitability for pollutant adsorption. The IR spec-
trum of NZS-D after CR adsorption was examined in order to
understand the role of various functional groups. The results
indicated remarkable shifts in the wavenumbers of certain
absorption peaks following adsorption. Specifically, the peak
around 3650 cm ! attributed to hydroxyl groups nearly disap-
peared after adsorption. Similarly, the peak assigned to ~OH in-
plane bending (1270 cm™') became almost indistinguishable
after CR adsorption. These spectral alterations after CR adsorp-
tion provided evidence of interaction between the functional
groups of NZS-D and the CR molecules.

FE-SEM imaging, another essential technique for visualizing
surfaces at the sub-microscopic scale, offered crucial insights
into material topography, crystal shape, and structural char-
acteristics. SEM imaging of NZS-D (Fig. 2a and b) was employed
to confirm the growth of Ni-Zn-S nanoparticles at the seed
grain surface. The SEM images revealed the rough and quasi-
spherical shape of NZS-D due to the agglomeration of bimetal-
lic sulphide nanoparticles. The images also revealed the porous
nature of the NZS-D.

EDX analysis of the NZS-D (Fig. 2c) confirmed the presence
of carbon, nitrogen and oxygen, nickel, zinc, and sulphur at the
surface. The presence of carbon, oxygen, and nitrogen was
attributed to the date grain having various functional groups,
as indicated by FT-IR analysis. Conversely, the elements nickel,
zine, and sulphur originated from the formation of binary
metal sulphide nanoparticles at the surface of date grains. This
observation confirmed the successful integration of bimetallic
sulphide nanoparticles within the carbon framework of the
date seed grain, validating the formation of the NZS-D.

TEM imaging, one of the most effective techniques for
examining the dimensions of solid particles at the nanoscale,

Mater. Adv,, 2026, 7, 3004-3017 | 3007
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Fig. 2 (a) and (b) SEM images and (c) EDX spectra of NZS-D.

visually demonstrated the development of quasi-spherical
nanoparticles on the carbon framework of the date seed grains
(Fig. 3a). The presence of nanoparticle agglomeration was also
discernible within the TEM image, further indicating the
effective growth of metal sulphide nanoparticles on the carbon
framework of the date grain. Furthermore, the binary metal
sulphide particle sizes were analyzed and histogram was drawn,
using Image]J software, from the TEM images which showed the
particle size distribution in the range 70-90 nm.

Thermal stability assessment of the synthesized NZS-D was
carried out through TGA analysis by subjecting the composite

(@)

Fig. 3 (a) TEM micrograph of NZS-D. (b) Size distribution histogram.
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material to heating over the temperature range of 30-900 °C
with an incremental heating rate of 10 °C min ' (Fig. 4). The
TGA plot exhibited the distinct degradation of the NZS-D with
three prominent stages. The initial degradation phase spanned
from 95 °C to approximately 200 °C, in which the weight
remained nearly unchanged, i.e., 95%, with only 5% weight
loss. The DTA plot showed a small dip in this temperature
range, indicating the minor loss of adsorbed moisture or
volatile materials via endothermic evaporation from NZS-D
surface.*® A second degradation phase occurred between 200
and 500 °C, during which the weight decreased gradually from
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Fig. 4 TGA and DSC plots of NZS-D.

95 to 85%. The DTA plot showed a broad exothermic peak
starting at 200 °C and peaking around 400-500 °C. This
indicated the combustion of carbonaceous residues, specifi-
cally cellulose, hemicellulose, lignin and other principal con-
stituents of NZS-D.** At around 550 °C, a major weight loss
from ~ 85 to ~60-65% occurred, and the DTA peak reached its
maximum value and then declined sharply, indicating the
thermal breakdown of NZS-D. The final decomposition
stage occurred at approximately 600-700 °C and above, with
the weight stabilization at around 60% corresponding to the
remaining inorganic compound. The DTA line dropped, indi-
cating endothermic sublimation of the NZS-D matrix.*® The
TGA analysis demonstrated that NZS-D possessed excellent
thermal stability and maintained its integrity up to 750 °C.
This level of stability suggests that the material can perform
effectively in real-world high-temperature applications.

The P-XRD pattern of the NZS-D (Fig. 5) showed discernible
peaks at 30.66, 46.48, and 54.84° (20), which corresponded to
Miller planes (111), (220), and (311) of NiS and ZnS nano-
particles, respectively (JCPDS File No. 65-4586).”” Furthermore,
the peaks observed at 38.88 and 60.68° could be attributed to
the presence of NiS, aligning with (220) and (012) planes,
respectively.*®*® This angular data unequivocally confirmed

—— NZS-D
Date powder

Intensity (a.u)

M
|

I
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Fig. 5 X-ray diffraction pattern of the synthesised NZS-D.
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the composite nature of the NZS-D with bimetallic sulphide
encompassing both Ni and Zn. An XRD investigation of the
pristine seed grains was additionally conducted (depicted in
the green spectrum) for comparison. Examination of the XRD
patterns highlighted the emergence of new peaks subsequent
to the synthesis of the NZS-D, unequivocally confirming the
successful formation of bimetallic sulphide integrated into the
carbon framework of the seed grains. Furthermore, there is a
noticeable reduction in the intensity of the peaks of the pristine
date grains after the formation of the composite. This distinct
alteration unequivocally signified the successful creation of
NZS-D.

3.2 Role of temperature, thermodynamics and isotherms

The influence of temperature on the sorption capability of NZS-
D was investigated. The experimental findings revealed a
decline in the sorption capacity of NZS-D, for CR and NB, with
increasing temperature which is consistent with observations
reported by others.”® This behaviour might be attributed to the
crucial role of the functional groups present on NZS-D surface,
which served as the driving force for the sorption process.' As
the temperature increased, the bonds between NZS-D and dye
molecules might have weakened, leading to the escape of dye
molecules from binding sites and hence a reduction in adsorp-
tion efficiency. Furthermore, at elevated temperatures, the
kinetic energy of CR and NB molecules might have increased,
hindering the possibility of strong interactions between these
molecules and the functional groups of the NZS-D.

Furthermore, the investigation was extended to ascertain the
thermodynamic parameters of the sorption process, and the
viability of NB and CR sorption was predicted from the sign and
magnitude of the Gibbs free energy, AG, enthalpy, AH, and
entropy, AS (Table 1)."* The enthalpy change was found nega-
tive for the sorption of NB, suggesting an exothermic reaction,
whereas it was positive for CR, suggesting an endothermic
nature. The entropy change was also determined and found
to be positive for the adsorption of both NB and CR, which
indicated an increase in randomness at the interface of the
solid and the aqueous medium.

The feasibility of the present sorption process, at various
temperatures, was investigated through calculation of Gibbs
free energy. The numerical values of AG at three temperatures
were found consistently negative (Table 1), suggesting the
sorption of NB and CR onto NZS-D a feasible and spontaneous
phenomenon in the tested temperature range.

Table 1 Thermodynamic parameters for the adsorption of the dyes CR
and NB onto NZS-D

Temperature AG AH AS
Pollutants  (K) (K mol™) (ky mol™") (kJ mol ' K™
303 —4.966
NB 313 —5.113 —0.512 0.015
323 —5.260
303 —0.138
CR 313 —0.786 19.496 0.065
323 —1.434
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The adsorption experiments were performed at 303, 313 and
323 K while maintaining the optimum concentration, dosage,
and contact time. The observed reduction in the percentage
adsorption with increasing temperature suggested an endother-
mic nature of the sorption phenomenon for both CR and
NB. Subsequently, the collected sorption data were analyzed
by substituting in the Langmuir, Freundlich, and Temkin
isotherms, and the pertinent parameters were calculated to
determine a probable mechanism of interaction between NZS-
D and the CR and NB molecules. The Langmuir and the
Freundlich isotherms are given by eqn (3) and (4), respec-
tively:*>*3

C. Ce 1
B 3
Q. Qo QoKL ®
1
log Q. = logkr + ;10g Ce (4)

In the present context, the equilibrium sorption capacity of
NZS-D, denoted as Q. (mg g '), is correlated with the dye
concentration at equilibrium, C. (mg L™'). The Langmuir
constant Ky (L mg™ '), is an indicator of the binding energy
between the dye and NZS-D. The maximum sorption capacity of
NZS-D for CR or NB sorption is denoted as Qp, (mg g ). The
Freundlich isotherm, which is based on the concept of a
pollutant adsorbing onto a heterogeneous surface, describes
the attachment of CR or NB to sites with varying binding
affinities.”* The parameters kp and n represent the degree of
pollutant adsorption capacity of the NZS-D and intensity when
the concentration is at a unit level. The Langmuir isotherm is
built upon the idea that pollutants form a monolayer on a
uniformly energetic surface, and assumes that the dye ions are
evenly spread across a surface with nearly identical affinities for
the CR or NB dye molecules.*>*

In parallel with the aforementioned isotherms, the Temkin
isotherm, whose formula is given below, includes a component
that describes the interaction between the solid and the pollu-
tant as a chemical bond. The derivation of the Temkin isotherm
takes into consideration the heat of sorption, which decreases
linearly with the coverage of the solid surface rather than

0.25
NB
0.2 4
$ 0.15
<
3
© o1 *303K
o 313K
A3BK
0 . .
0 5 10 15

Fig. 6 Langmuir isotherms for NB and CR at 303, 313 and 323 K.
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exhibiting an exponential decrease as surface coverage
increases.”’

RT RT
Qc=—IndAr+—InC,
br br

(5)

Here, by is a constant corresponding to the heat of sorption
(J mol™"), and Ay is a constant that is a measure of the binding
energy (L g ).

The regression coefficients, Chi-squared (¢*), and sum of
square error (SSE), of the values obtained from the plots were
used to validate the fitting of the sorption data to the Temkin,
Freundlich and Langmuir isotherms. The slope and intercept
of the plots provided the values of various process parameters,
which were exploited to propose a mechanism for the sorption
of the dyes CR and NB onto the surface of NZS-D.

Freundlich isotherm plots (Fig. 7) exhibited correlation
coefficients of 0.999 in the investigated temperature range,
signifying the good fit of the adsorption data to the Freundlich
isotherm. This fitting implied that NZS-D possessed a non-
homogeneous surface. The value of the heterogeneity factor (n)
was found greater than unity, suggesting a physisorption
phenomenon and a relatively heterogeneous nature of the
NZS-D surface. The isotherm plots have the highest R* values
and minimum #?* value.*®

However, the regression coefficients for the Langmuir iso-
therm plots (Fig. 6) were also found nearly unity, which
suggested that the sorption system might follow both these
isotherms. The observation that the sorption system was con-
sistent with both Langmuir and Freundlich isotherms revealed
that the solid surface might be partially homogeneous and
partially heterogeneous, and that bonding between the dyes
and NZS-D might occurred through specific functional groups.
In the lower concentration range, used in the present sorption
system, the experimental sorption data might not challenge the
differences between the two models significantly.*® However,
the sorption capacities of the NZS-D for CR and NB have been
compared based on the Langmuir parameters only. The results
indicated a variation in the sorption capacity of NZS-D for
CR, with a higher sorption capacity of 208.333 mg g~ ', as

0.025
CR
0.02 |
& 001s 1
O
0.01 - ))/I/./. 303K
WK
0.005 |
A3BK
0 ; :
0 1 2 3
C.
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Fig. 7 Freundlich isotherms for NB and CR at 303, 313 and 323 K.

Fig. 8 Temkin isotherms for NB and CR at 303, 313 and 323 K.

compared to that for NB, with a maximum sorption capacity of
121.951 mg g~ .

The Temkin isotherm (Fig. 8) constants Ay and by denote
binding energy and heat of sorption, respectively. The Ar
values, for the dyes CR and NB, decreased with increasing
temperature, suggesting reduced sorption at elevated temperature.
CR exhibited a higher Ar value than NB, indicating a higher
binding energy or greater sorption probability. These observations
further reinforced the sorption capacity predictions made based on
the Langmuir isotherm analysis (Table 2).>°

Table 2 Langmuir, Freundlich, and Temkin isotherm parameters for the
dyes CR and NB at 303 K

Model Parameter CR (anionic dye) NB (cationic dye)
Langmuir Om (mgg™ 208.333 121.951
Ky, (L mg™) 0.087 0.413
R,? 0.963 0.973
b 0.424 0.068
SSE 26.878 2.058
Freundlich Kp (L mg ™) 109.194 15.111
ngp 1.434 1.301
R 0.999 0.926
i 0.351 0.109
SSE 33.787 5.246
Temkin At 15.021 2.370
by 37.701 19.491
Ry? 0.945 0.949

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

The effect of contact time on the performance of NZS-D, for CR
and NB adsorption, was investigated. The assessment of the
sorption capacity and efficiency over time provided valuable
insights into the kinetics for the specific pollutants, enabling
the proposal of the underlying mechanism governing the
sorption process. The investigation of sorption kinetics was
conducted at a concentration of 20 mg L™ and a temperature
of 303 K for both CR and NB, with a dosage of 0.5 ¢ L™" for CR
and 1.0 g L " for NB. The pseudo-first order (PFO) and pseudo-
second order (PSO) models given below (eqn (6) and (7)) were
used to analyze the adsorption kinetics data:**

k
log(Qe ~ Q) =log Qe — 5353t (6)
t 1 t
o 1o 7)

In the present context, the symbol Q; (mg g~ ') denotes the
NZS-D adsorption capacity at time ¢, while k; (min~") represents
the rate constant associated with the PFO kinetics and
k, (z mg ' min ") pertains to the rate constant for the PSO
kinetics. By employing the aforementioned correlations, the
relevant parameters, for both dyes, were determined (Table 3).

For NZS-D, the PSO plots exhibited strong agreement with
the theoretical and experimental adsorption capacities, and the
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Table 3 Kinetic parameters obtained from the PFO and PSO kinetic models

PFO PSO
Dye Q. expmgg ' Qe,calmgg ' K, min' R Chi square SSE Qe,calmgg ' K,gmg 'min' R®> Chisquare SSE
CR  39.695 7.244 0.041 0.938 145.366 1053.083  40.650 0.011 1 0.022 0.912
NB 19.136 3.663 0.070 0.910 65.347 239.4 19.379 0.048 1 0.003 0.059

regression coefficients were almost unity, which suggested that
the PSO model was the most suitable choice for the investiga-
tion of the kinetics of the sorption of CR and NB (Table 3).
Moreover, the low y*> and SSE values revealed that the PSO
kinetics model fitted the sorption data better for the adsorption
of both CR and NB.*® The better fitting of the sorption data to
PSO model implied that the primary factors which influenced
the adsorption process were dosage of NZS-D and concen-
tration of the CR and NB in water. Furthermore, for the PSO,
the rate constant k, was determined to be lower than that for
the PFO model, further confirming that the CR and NB sorption
process adhered to the PSO kinetic model.>*>*

3.4 Mechanism of adsorption

An in-depth investigation was undertaken to comprehend the
mechanism of the adsorption of CR and NB onto NZS-D surface
(Fig. 9). various aspects, such as the surface heterogeneity,
surface roughness, and solution pH data, were employed to
propose the sorption mechanism. The obtained sorption data
were exploited to identify the types of forces between the NZS-D
surface and CR and NB, ie., electrostatic or Van der Waals
forces and coordination bonding. Initially, the only considera-
tions were the potential role of the surface and Van der Waals
interactions, but these factors alone could not explain the
selective adsorption of CR and NB with high efficacy. Coordina-
tion bonding was excluded because no significant shifts in
peaks in the FT-IR spectra were observed after dye adsorption
onto the NZS-D surface. Consequently, Van der Waals forces or

Electrostatic
interactions

Congo red

electrostatic interaction emerged as the pivotal determinants
which were substantiated by the investigation of pH effect on
the dye adsorption. At lower pH levels, a slight decrease in CR
adsorption was observed, likely due to protonation of the CR
molecules which reduced their anionic character or constantly
competed with the H' ions for functional sites on the proto-
nated NZS-D surface.

Furthermore, the zeta potential of NZS-D was found
—12.66 mV which confirmed the negative charge on the sur-
face. The surface charge of NZS-D played a pivotal role in
fostering electrostatic interactions with the anionic CR ions at
lower pH. The percentage removal demonstrated a decline
under highly acidic conditions due to the binding of the
protonated CR molecules through the unshared electron pairs
of the nitrogen atoms with protonated NZS-D surface which
caused repulsion by the increasing concentration of H' ions in
the solution.>® Therefore, a competitive environment was cre-
ated between the H' ions and the CR molecules for adsorption
on the NZS-D surface, and consequently, the percentage
removal decreased. Upon increasing the pH to 6, the H' ions
were neutralised and the CR molecules thus had enough space
to be adsorbed on the NZS-D surface.>® Above neutral pH, the
CR molecules transitioned to an anionic state, augmenting the
electrostatic repulsion, which resulted in a lowering of the
percentage adsorption.

A similar electrostatic interaction was also observed with the
NB molecules. The highest uptake was observed at pH 7, and
the adsorption became saturated thereafter. This phenomenon

Electrostatic
interactions

Fig. 9 Plausible mechanism of CR and NB adsorption onto the NZS-D surface.
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Table 4 A comparative study of various sorbents used for the elimination of the dye CR

Sorbent Dose (gL ) Temperature (K) pH Qmax (mg g™ Ref.
ZnFe,0,/Si0,/tragacanth gum 0.2 — 5 159.90 57
Chitosan/montmorillonite nanocomposite 4.0 323 7 54.52 58
FeNi/SiO,/CuS 1.0 323 5 42.73 59
Fe;0,@graphene 0.4 — 10 33.66 60
Alginate/y-Fe,03/CdS 0.5 — — 20.31 61
Chitosan-coated magnetic Fe;O, nanocomposite — — — 1.8257 62
L-Cys/rGO/PANI — 333 7 56.57 63
Magnetic cellulose/Fe;0,/activated carbon — 298 4 66.09 64
Au-Fe;0,-AC — — 4 43.88 65
N,O-Carboxymethyl-chitosan/montmorillonite — 323 7 74.24 66
SiO, nanoparticle 0.5 — 4 22.4 67
NZS-D 0.5 303 4-6 208.333 This work
might be ascribed, in part, to the prevalence of negatively Conclusion

charged sites on the NZS-D and a relatively higher abundance
of H' ions in the solution, thereby causing electrostatic com-
petition between the H' ions and NB molecules at lower pH
values. As the pH was increased, the H' ion concentration
decreased, and no positive species other than the NB molecule
were present, facilitating an augmentation of negatively
charged sites that might have attracted the positively charged
NB molecules.>® This phenomenon was observed up to neutral
PH and became almost constant thereafter.

In conclusion, the intricate interplay of electrostatic inter-
actions among the negatively charged surface of NZS-D and the
anionic CR and cationic NB molecules served as the driving
force for their selective and efficient adsorption, as substan-
tiated by the pH-dependent variations in adsorption efficacy.
This electrostatically mediated adsorption phenomenon holds
significant implications for optimizing dye removal processes
in water treatment applications.

3.5 Comparative study of adsorption based on prior literature
data

A comparison of different adsorbents has been made based on
their efficiency for the removal of dyes under various conditions.
Comparisons of NZS-D with other materials in the literature, in
terms of sorption capacity, for CR and NB dyes, is given in Tables 4
and 5. This comparative study demonstrated that NZS-D outper-
formed the previously reported materials.

Table 5 A comparative study of various sorbents used for the elimination
of the dye NB

Dose Temperature Qmax
Sorbent (gL™) (K) pH (mgg™") Ref.
AC/CoFe,0, — — 8 8624 68
CuWO, 4.0 — 10 1.069 69
Activated carbon 0.5 — 7 27 70
Graphene oxide — — 7 50
Guava leaf powder (GLP) 0.5 — — 14.85 71
Fe;0,@P(MMA-co-GMA) — — — 1094 72
Hydroxyapatite@Mn-Fe 1.0 298 10 91.36 73
CNT/MgO/CuFe,0, 1.0 298 8 35.60 74
Ferrofluid-modified sawdust — — 9.2 51.093 75
Clay/starch/MnFe,0, — — 72.25 76
NZS-D 0.5 303 4-6 121.951 This
work

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

In this work, a facile co-precipitation technique was employed
for the development of the composite NZS-D, as a potential
material for the sorptive elimination of the dyes, Congo red and
Nile blue, from water. The synthesized NZS-D has been com-
prehensively characterized through IR, XRD, SEM, EDX, TGA
and TEM techniques which revealed the porous structure with
abundant functional sites on the surface. TEM imaging has
demonstrated the size distribution of NZS-D particles in the
ranged 70-90 nm. The adsorption investigation unveiled the
remarkable efficacy of the NZS-D with sorption capacities,
computed from the Langmuir isotherm, of 208.333 mg g '
for Congo red and 121.951 mg g~ * for Nile blue at 303 K. The
sorption data fitting analysis followed the Freundlich isotherm,
suggesting physical sorption of dyes on the NZS-D surface,
which could be attributed to the electrostatic interaction
between the surface functional groups and Nile blue and Congo
red molecules. The findings of this study underscore the
efficacy of the NZS-D composite as a proficient material for
wastewater treatment via adsorption technology. However,
pilot-scale adsorption evaluation using real industrial waste-
water is essential to validate the practical applicability of the
developed material. For future prospects, other materials may
be explored for sustainable development.””””®
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