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ioactive, and bifunctional sorbent
p–n–p visible light heterogeneous photocatalyst
utilizing ultra-fine ZnS nanoparticles embedded in
a polymeric nanocomposite

Hanieh Bagheri,a Mohammad Akbarzadeh Pasha, *a Moslem Mansour Lakouraj, b

Vahid Hasantabarb and Mojtaba Mohsenic

This study reports the successful synthesis of a ZnS@GO@Pani polymeric nanocomposite (NC) via chemical

polymerization. The product was used for simultaneous photocatalytic degradation–adsorption of

malachite green (MG), a carcinogenic and widely used dye. The physicochemical properties of the

prepared NC were characterized by various techniques. Morphological and XRD results confirmed the

fine size of ZnS nanoparticles (NPs) with an approximate mean size of 5 nm, uniformly distributed within

the polymeric matrix. For comparative purposes, photocatalytic dye degradation–adsorption of this

nanohybrid was explored both in the dark and under natural light. It was observed that 0.1 g of the

ternary NC in MG aqueous solution (20 ppm) leads to dye adsorption within 15 minutes with an

efficiency of 70% under dark conditions. Also, MG removal efficiency of up to 90% was achieved in 15

minutes under natural light owing to integrated photocatalytic degradation–adsorption mechanisms.

Adsorption isotherm studies were performed considering Langmuir, Freundlich, Temkin, and Dubinin–

Radushkevich (D–R) models. The results showed that the Freundlich isotherm with R2 ¼ 0.988 is well

consistent with the experimental data. Integrated photocatalytic degradation–adsorption kinetics were

modeled with pseudo-first-order (PFO) and pseudo-second-order (PSO) models where PSO with R2 ¼
0.999 best fitted the data, implying the predominant role of chemical adsorption in the dye removal

process. Antibacterial tests revealed superior antibacterial activity of the prepared ZnS@GO@Pani NC

against both Gram-negative and Gram-positive bacteria, demonstrating the remarkable synergistic effect

of ZnS NPs embedded in the GO@Pani matrix. Accordingly, the prepared NC could be regarded as

a promising candidate for wastewater treatment applications. The leaching and regeneration studies also

confirmed that the prepared NC is a non-toxic dye removal agent with good reusability.
1. Introduction

The rapid growth of industry and the release of large quantities
of wastewater have increased environmental pollution. Waste-
water may contain hazardous substances such as heavy metals,
dyes, drugs, and complex chemical materials. Low biodegrad-
ability and high chemical stability of dyes have made them
a serious environmental threat. In this regard, eliminating
these pollutants from the environment is one of the most
prominent goals for researchers. Different methods such as
membrane ltration, coagulation, adsorption, and photo-
catalytic degradation have been used to remove organic dyes
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from aqueous solutions.1–4 This study aims to design an optimal
nanostructured composite for fast and efficient dye removal
from an aqueous solution based on both adsorption and pho-
tocatalysis mechanisms. Either adsorption and photocatalysis
are surface phenomena. Therefore, surface characteristics such
as the surface area and its chemistry play important roles in the
adsorptive/photocatalytic removal of pollutants. In the adsorp-
tion process, the contaminant reacts with the adsorbent
surface, based on the nature and properties of the adsorbent/
adsorbate, to change the liquid/gas contaminant to the solid
state. Nanosorbents are preferred over conventional adsorbents
due to their high surface area, small size, adjustable surface
properties, high adsorption capacity, high affinity, and nano-
scale's improved magnetic, optical, and catalytic properties.5

The dye adsorption mechanism by adsorbents is based on
different interactions, including electrostatic interactions, p–p
interactions, van der Waals forces, ion exchange, hydrogen
bonding, and surface complexation. According to the literature,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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various adsorbents have been employed to remove dyes from
polluted water, including activated carbon, nanocarbon-based
composites, polymeric composites, bio-adsorbents, and
metal–organic framework (MOF).5,6 On the other hand, photo-
catalysis relies on semiconductor materials to remove dye from
aqueous solutions. The most signicant photocatalysts are
semiconductor metallic compounds, particularly metal oxides
and suldes like TiO2, ZnO, NiO, CuO, MgO, CdS, and ZnS.
Organic nanomaterials, such as carbon nanostructures and
conducting polymers, have recently been employed as co-
catalysts, gaining prominence in this eld. The most critical
challenges to using metallic compound photocatalysts are
inactivity in visible light due to their wide bandgap and fast
recombination of photogenerated electron/hole pairs. Bandgap
engineering, which is accomplished by elemental doping or
chemical surface modication of the semiconductor nano-
particle, has been proposed to address the problem of visible
light inactivity.5,7–9

Additionally, heterogeneous photocatalysts have been
proven to suppress electron/hole recombination and boost
photocatalytic efficiency substantially. This kind of photo-
catalysts comes in various forms, including Schottky, plas-
monic, p–n, and Z-scheme.5,10 In a p–n heterojunction
photocatalyst, an internal electric eld is formed at the inter-
facial of the composite components, leading to effective
electron/hole separation and severe repression of photoinduced
charge pairs recombination. Polyaniline (Pani) is a conducting
polymer that also serves as an effective sorbent with advantages
including high effective surface area, high reactivity, high
environmental stability, easy synthetic routes, cost-
effectiveness, reusability, and thermal stability. Furthermore,
due to their instinctive redox potential, high absorption coeffi-
cient in visible light, high mobility of charge carriers, visible
range bandgap that can also be tuned chemically, and acting as
an electron donor/hole acceptor, the fabrication of Pani-based
nanocomposites (NCs) has been proposed to achieve better
photocatalytic performance.11 Various nanoparticles such as
GO, rGO, Au, Fe2O3, ZnO, CdS, TiO2, and ZrO2 have been
incorporated into Pani NCs to serve as adsorbents or photo-
catalysts in the removal of organic dyes.12–15 Generally, carbon
nanostructures, including carbon nanotubes, graphene (and its
derivatives), and fullerene, have been widely used as supports of
metallic compound photocatalyst NPs.5,9 Among these nano-
carbons, graphene provides better interfacial contact with the
supported particle (due to its planar morphology), its produc-
tion is simpler and less expensive, and it has much stronger
absorption across the entire visible spectrum.9 Furthermore,
graphene provides a larger surface area because both sides of
the sheet can be used for adsorption.5,9 The combination of
photocatalyst NPs and graphene in a composite brings a better
performance through the mutual synergistic effect between
graphene and photocatalyst NPs. The spatial connement
imposed by the supporting graphene plane and the large
number of surface functional groups that act as anchor sites for
the growth of photocatalytic NPs allows for improved dispersion
of smaller photocatalyst NPs. In contrast, the presence of pho-
tocatalytic NPs prevents the accumulation of graphene planes,
© 2022 The Author(s). Published by the Royal Society of Chemistry
enhancing the effective surface area. Additionally, due to its
exceptional mechanical and chemical stability, graphene-
supported photocatalyst provides an enhanced photostability
for the composite.5 Regarding operational cost and reusability,
photocatalytic nanoparticles supported or immobilized on
a suitable substrate such as nanocarbons or polymers have
a clear preference over the powder form. Immobilization of
photocatalytic NPs increases their quantum efficiency, facili-
tates their post-processing recovery, and reduces their loss in
reuse.9 Zinc sulde (ZnS) has been utilized as a photocatalyst
semiconductor NP due to its high thermal resistance, biocom-
patibility, and cost-effectiveness.16 Owing to its high bandgap
(3.6 eV), ZnS fails to absorb visible light. Its rapid electron–hole
pair recombination can also result in a photo-corrosion reac-
tion. Some studies have shown that the binding of broad
bandgap metal sulde semiconductors to graphene can
promote their visible light activity. By serving as an electron
transport channel, graphene can enhance the half-life of elec-
tron–hole pairs and the oxidation–reduction reactions on the
surface of the composite nanostructure. In addition, graphene
oxide (GO) helps the adsorption of contaminants thanks to its
surface functional groups.17–20 Single-functionality adsorbent or
photocatalyst materials have been extensively investigated.
However, few reports can be found on the bi-functionality
materials that combine photocatalytic degradation and
adsorption processes for the dye contaminant removal from
aqueous solutions.21–23 The term integrated photocatalyst–
adsorbent (IPCA) designates an adsorbent capable of decom-
posing toxic compounds upon exposure to visible or ultraviolet
light. These nanostructures retain all the interesting properties
of their constituents and may also overcome some serious
disadvantages such as low adsorption and rapid recombination
of photo-generated electron/hole pairs. Pani is a p-type semi-
conductor and reductive photocatalyst (RP). GO is a p-type
semiconductor, while ZnS is an n-type and wide bandgap
semiconductor that can be considered both oxidative and
reductive photocatalyst (OP and RP).24–26 In combination with
broadband semiconductor NPs, either graphene or polyaniline
has been reported to operate as a photosensitizer, boosting the
visible light responsiveness of the nanoparticles.9 On the other
hand, Pani and GO are effective sorbents due to their large
surface areas and numerous surface functional groups.27,28 As
a result, a ternary heterostructure composed of Pani, GO, and
ZnS NPs is expected to work simultaneously as an effective
sorbent and a visible-driven photocatalyst. The current research
is the rst to describe a highly effective bi-functional sorbent
that can operate as a p–n–p double type II heterogeneous pho-
tocatalyst for the quick and efficient removal of a hazardous
organic pollutant (malachite green (MG)) from aqueous
media.29,30 The presence of Pani also reduces photo-corrosion of
ZnS NPs upon exposure to light, hence, improving the stability
of this new type of IPCA material.31 The photocatalytic func-
tionality of the designed NC is available under natural light
without using any hazardous irradiation source. It also provides
good reusability. As an interesting achievement, the proposed
facile wet chemical method results in a Pani-based NC deco-
rated by very ne zinc sulde NPs (average size � 5 nm) with
RSC Adv., 2022, 12, 15950–15972 | 15951
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narrow size distribution. The metal sulde–carbon–polymeric
NC also exhibited excellent antibacterial activity against Gram-
positive and Gram-negative bacteria. The synthesized ternary
NC can be considered a remarkable candidate for wastewater
treatment and environmental remediation due to these valu-
able properties.
2. Experimental
2.1. Materials

Zinc chloride (ZnCl2 $ 98%), sodium sulde (Na2S, $97%),
sodium dodecyl sulfate (SDS, $98%), hydrogen peroxide (30%
H2O2), graphite powder($99.5%), sodium nitrate (NaNO3,
99.99%), potassium permanganate (KMnO4, $99%), hydro-
chloric acid (37% HCl), distilled aniline monomer($99.5%),
and ammonium peroxy-di-sulfate (APS ($98%), serving as
a radical oxidant for Pani), para-toluene sulfonic acid (p-TSA)
($98%), sulfuric acid (98% H2SO4), and ethanol (96%) were
used to synthesize the ZnS@GO@Pani composite. All chemical
reagents were of analytical laboratory grade and purchased
from Merck and Sigma-Aldrich. They were used without further
purication. Distilled water was used as a solvent in all reac-
tions, and pure N2 gas was purchased from Airgas (99.99%).
2.2. Characterization

The scanning electron microscopy (SEM; TESCAN MIRAIII,
Czech) equipped with an energy-dispersive X-ray spectropho-
tometer (EDX; SAMX Detector) was employed to assess the
morphology of the samples and recognize their elemental
composition. Transmission electron microscopy (TEM, Philips
EM208S 100 kV) was also used to further study the morphology
and microstructure of the synthesized nanomaterials. Ther-
mogravimetric analysis (TGA; TAQ50V6.3 Build 189 Germany)
was also carried out at 25–600 �C and the heating rate of
20 �Cmin�1 in the presence of argon gas. The Fourier transform
infrared (FTIR) spectra were recorded by an FTIR spectrometer
(BRUKER TENSOR27; Germany) using KBr pellets in the range
of 600–4000 cm�1. The crystalline structure and the approxi-
mate size of NPs were examined by X-ray diffractometer (XRD,
Philips PW1730, Netherlands) at a scan rate of 10� min�1. The
alterations in the bandgap of the samples were explored by
ultraviolet-diffuse reection spectroscopy (UVDRS; Shimadzu,
MPC-2200, Japan) in the wavelength range of 195 to 1100 nm.
Dye removal performance, adsorption isotherms, and kinetics
were measured using Cecil-5503 (Cambridge-England) UV-vis
spectrophotometer. Brunauer–Emmett–Teller (BET; Belsorp II,
Bell, Japan) analysis has been performed to determine the
surface area and pore size of GO@Pani and ZnS@GO@Pani
NCs. A dynamic light scattering (DLS) analyzer was used to
assess the colloidal particle size distribution and surface charge
of NPs (SZ-100z; Horiba Jobin Jyovin; United States). Gas
chromatography-mass spectrometer (GC-MS) (Agilent 6890/
5973N) equipped with a non-polar HP5 MS, 30 m � 0.32 mm
� 0.25 mm was used in order to separate and identify the
leaching by-products of NC solution in scan mode from a range
ofm/z¼ 46 tom/z¼ 550. Helium was used as carrier gas with 2.7
15952 | RSC Adv., 2022, 12, 15950–15972
mL min�1
ow. First, the column temperature was maintained

at 50 �C for 4 minutes. It then rises to 190 �C with a rate of
7 �C min�1. Aer that, the temperature was increased to 230 �C
with a rate of 10 �C min�1 and kept at this temperature for
5 min. The identication of by-products was carried out by
comparing the obtained mass spectra with the NIST08 data-
base. Atomic absorption analysis (NOV AA400P; Analytik Jena;
Germany) was used to investigate the leaching of zinc ions.

2.3. Synthesis of GO@Pani and ZnS@GO@Pani NCs

ZnS NPs were synthesized according to our previous work, with
signicant modications.32 Aer mixing two aqueous solutions
of zinc chloride (0.15 M) and sodium sulde (0.15 M), the
mixture was sonicated for 30min, followed by adding 0.06 g SDS
as a capping agent. Aer adjusting the pH to 5, the solution was
stirred for 1 h at 60 �C. The resulting milky color product was
separated through centrifugation at RCF of 3300g, washed
continuously with distilled water, and nally dried in a vacuum
oven at 50 �C for 24 h to obtain ZnS NPs. To synthesize
ZnS@GO@Pani polymeric NC, 2.26 g of prepared ZnS NPs and
0.34 g GO (synthesized by Hummer's method) were dispersed in
150 mL distilled water using the sonication for 15 min to reach
a monotonic dispersion. Under rapid stirring (1200 rpm), the
pre-dissolved solution containing 6 mL aniline monomer in
20 mL distilled water and 0.9 g (p-TSA) acid were transferred to
the above mixture as a dopant to protonate Pani. Aer
measuring the pH of the solution (pH ¼ 4), it was transferred to
a 3-neck ask under N2 gas in an ice bath and stirred for 2 h.
The p-TSA acted as a dopant molecule composed of a hydro-
philic (SO3

�H+) and a benzene ring that served as a hydrophobic
group. Aniline monomer also contains a hydrophilic (NH2) and
hydrophobic (benzene ring) group; thus, p-TSA facilitates the
interaction between the reactants during polymerization and
contributes to the uniform growth of Pani grains on GO plates.
APS solution (at APS : aniline molar ratio of 1 : 1) was added
dropwise to the above mixture. Aniline and dopant molecules
are assumed to be adsorbed on the surface of graphene; they are
also susceptible to oxidation by APS. As a result, the mixture
color changed to sludge green, indicating the polymerization of
Pani. Aer stirring (for about 4 h), the precipitates were
centrifuged (RCF ¼ 4465g) and washed with distilled water and
ethanol to remove unwanted species. Finally, the precipitates
were dried in a vacuum oven at 70 �C for 12 hours. The synthesis
of Pani (96% wt)@GO (4% wt) involved the same procedures as
that of the ZnS (26%)@GO (4%)@Pani (70%) in the absence of
ZnS. Unreacted monomers and Pani oligomers were eliminated
by Soxhlet using water and ethanol for 24 h. Fig. 1 shows the
ZnS@GO@Pani synthesis process.

2.4. Dye removal studies

Malachite green is a highly toxic, mutagenic, and tumor-
stimulating dye. Although banned in many countries, it is
widely used as an antiseptic to control fungal infections in
many sh farms. The darkness condition was performed by
a black box (35 cm � 25 cm � 22 cm) that could not be pene-
trated by light for the adsorption study. In the dye removal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis processes of ZnS@GO@Pani NC.
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experiments, the following parameters were examined: (1)
concentration effect: 0.05 g of NC was dispersed in 50 mL of MG
aqueous solution (pH ¼ 7, room temperature) with different
concentrations (10, 20, 30, and 40 ppm). The solution was
stirred for 45 min to determine the optimum concentration. (2)
Effect of NC dosage: the different dosages of adsorbent (0.05,
0.1, 0.15, and 0.2 g) were dispersed in 50 mL of dye solution
(20 ppm; pH ¼ 7; room temperature) and stirred for 45 minutes
to select the optimum adsorbent dosage. (3) Time effect: aer
determining the optimal concentration and dosage of adsor-
bent, 0.1 g of NC was dispersed in 50 mL of dye solution
(20 ppm; pH ¼ 7; room temperature) and stirred at different
times (0, 5, 15, 30 and 45 min) to select the optimum time. (4)
Temperature effect: in order to study the temperature effect,
0.1 g of the catalyst was dispersed in 50 mL of dye solution
(20 ppm; pH ¼ 7) at different temperatures (25, 35, 45, 55, and
65 �C) and stirred for 15 min.

The dye solution was stirred on a magnetic stirrer at 700 rpm
in all stages. Aer separating the adsorbent from the dye solu-
tion by centrifugation, the residual dye concentration was
determined by measuring the absorption of the solution at the
wavelength of 616 nm using a UV-vis spectrometer. Adsorption
capacity (Qe; mg g�1) and adsorption efficiency (h) were calcu-
lated according to the following equation:

Qe ¼ ðC0 � CeÞ
M

V (1)

h ¼ ðC0 � CeÞ
Ce

� 100 (2)

where C0 and Ce are the initial and equilibrium concentrations
of dye solution, respectively.M denotes the mass of NC, and V is
the volume of solution. Additionally, to exploit the integrated
photocatalytic degradation and adsorption of MG by the
prepared ternary NC, the dye removal tests in natural light
without direct sunlight were carried out during the day and
inside the laboratory. The dye removal experiments related to
© 2022 The Author(s). Published by the Royal Society of Chemistry
light conditions were conducted under the same parameters
like the dark tests.
2.5. Antibacterial study

Kirby–Bauer disk diffusion test on the Mueller–Hinton agar was
utilized to assess the antibacterial activity of the prepared
samples against four types of Gram-positive and Gram-negative
bacteria (Staphylococcus aureus ATCC 35923 (S. aureus) and
Bacillus subtilis PTCC 1023 (B. subtilis), Escherichia coli PTCC
1330 (E. coli), and Pseudomonas aeruginosa PTCC 1074 (P. aeru-
ginosa)). Gentamicin and chloramphenicol were considered
reference antibiotics. In this test, 0.13 g of sample powder were
prepared as tablets under the pressure of 14 MPa (diameter: 13
mm, thickness: 1 mm). Aer culturing the bacteria on Muller–
Hinton agar, the tablets were placed on this medium and
incubated at 37 �C for 24 h. The inhabitation zone was
measured around each tablet.
3. Results and discussions
3.1. XRD study

The crystalline structure of NCs was determined by X-ray
diffraction (XRD) analysis. Fig. 2 shows the XRD patterns of
GO@Pani and ZnS@GO@Pani NCs. Two prominent diffraction
peaks can be observed in GO@Pani NCs at 2q¼ 19.1� and 25.8�,
which belong to (010) and (200) planes of Pani, respectively. The
emergence of these peaks can be assigned to the parallel and
perpendicular periodicity of the Pani polymer chain.33,34 The
characteristic peaks of GO disappeared (a weak peak can be
detected at 2q ¼ 11.32�)35 which can be attributed to the exfo-
liation of GO layers in the NC matrix and also the small content
of GO (4% W/W) in the NC structure. In the GO@ZnS@Pani NC
spectrum, three diffraction peaks can be observed at 2q¼ 29.2�,
48.2�, and 57.6� corresponding to (111), (220), and (311) planes
of face-centered cubic (FCC) crystal phase of ZnS NPs. The d-
spacing values of Pani in GO@Pani and ZnS in ZnS@GO@Pani
RSC Adv., 2022, 12, 15950–15972 | 15953
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Fig. 2 The XRD spectra of GO@Pani and ZnS@GO@Pani NCs.
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were calculated by Bragg's equation (eqn (3)), for n ¼ 1 as
summarized in Table 1:

dhkl ¼ nl/2 sin qhkl (3)

Based on eqn (4), the average lattice parameter of ZnS NPs
was calculated as a0 ¼ 5.3080 �A:

a0 ¼ dhkl(h
2 + k2 + l2)1/2 (4)

and the inter-chain separation length of Pani was determined
based on the equation presented by Klug and Alexander:

R ¼ 5l/(8 sin q) (5)

This parameter showed a decrease from 4.312 to 3.819�A due
to ZnS NPs, implying higher compactness of the polymer chains
in the GO@ZnS@Pani structure compared to GO@Pani.36

According to the X-ray pattern of ZnS NPs recorded in our
previous work, the characteristic peaks exhibited a slight shi
which could be due to the formation of NPs in the Pani matrix
Table 1 d-Spacing (dhkl), inter-chain separation length (R), and crys-
tallite size of GO@Pani and ZnS@GO@Pani NCs derived from XRD
patterns

Sample name 2q hkl dhkl (�A) R (�A)
The crystallite
size (nm)

ZnS@GO@Pani 29.2 (111) 3.055 3.82 3.7 (ZnS)
48.2 (220) 1.885
57.6 (311) 1.598

GO@Pani 25.8 (200) 3.449 4.31 4.5 (Pani)
19.1 (010) 4.641

15954 | RSC Adv., 2022, 12, 15950–15972
as a result of the changes in bond length and bond stretching in
the composite.32,36 On the other hand, the intensity of the peaks
related to GO and Pani in GO@ZnS@Pani decreased, which can
be due to the predominance of the crystalline structure of ZnS
NPs over the quasi-crystalline structure of GO@Pani. Based on
the Debye–Scherrer equation (eqn (6)), the size of Pani crystal-
lites in GO@Pani NC and ZnS crystallites in ZnS@GO@Pani
NCs were 4.5 and 3.7 nm, respectively:

D ¼ Kl/b cos q (6)

where l shows X-ray wavelength (Cu Ka ¼ 1.54 �A), k is
a dimensionless shape factor (usually considered 0.9), D
denotes the average size of crystallites, b represents the full
width at the half-maximum of a diffraction peak in radian
(FWHM), and q stands for the Bragg angle.

3.2. FTIR study

The surface chemistry and functional groups of the synthesized
samples were examined by FTIR spectroscopy. Fig. 3 shows the
spectra of GO as well as the binary and ternary NCs. Based on
Table 2, in the GO spectrum, the broadband centered in 3400
and the bands at 1727 and 1610 cm�1 correspond to the
hydroxyl groups in water, C]O stretching vibration in carbox-
ylic acid, and C]C bond in aromatic rings, respectively.
Moreover, the peak at 1215 cm�1 belongs to the C–O stretching
vibrations of epoxy groups in the GO structure.32 The peak
emerging at 1049 cm�1 can be attributed to the stretching
vibration of the etheric bond.37–39 The presence of these oxygen
functional groups indicates the proper oxidation of GO.35 Con-
cerning the spectrum of GO@Pani with 4 wt% GO content, the
band at 3436 cm�1 corresponds to the hydrogen bond between
the NH group of Pani and the OH group of GO. Besides, the
appearance of peaks at 1499 and 1582 cm�1 can be assigned to
C]C stretching of the benzenoid and quinonoid rings of
polymer chains in Pani, respectively.34 Furthermore, a sharp
Fig. 3 FTIR spectra of synthesized nanostructures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A summary of FTIR results of the synthesized samples

Item GO (cm�1) GO@Pani (cm�1)
ZnS@GO@Pani
(cm�1) Functional groups

1 3400 3436 3370 Stretching OH & NH
2 — 3235 3235 NH stretching of Pani
3 1727 — — C]O stretching
4 1610 — — C]C in aromatic rings
5 — 1582 1579 C]C stretching of Pani quinonoid ring
6 — 1499 1502 C]C stretching of Pani benzenoid ring
7 1215 — — C–O stretching in epoxy
8 1049 — — Stretching vibration of etheric bond
9 — 1143 1147 C–N stretching vibration in benzenoid ring
10 — 1299 1290 C–N stretching of the secondary amine
11 — 824 822 Para substitutions in benzene ring

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:0

6:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
peak at 1299 cm�1 belongs to the C–N stretching of secondary
amine, while the peaks at 3235 and 1143 cm�1 indicate NH
stretching of Pani and C–N stretching vibration in the benze-
noid ring of Pani, respectively.33 In the spectrum of
ZnS@GO@Pani, the intensity of GO peaks showed a dramatic
reduction relative to GO and GO@Pani, as NC is mainly
composed of Pani segments. A decrement in the intensity of OH
and NH groups in this NC can be attributed to the coordination
with ZnS NPs. According to Table 2, some common peaks of
GO@Pani and ZnS@GO@Pani NCs exhibited a slight shi
Fig. 4 FESEM images, EDX, and X-map analysis of GO@Pani composite

© 2022 The Author(s). Published by the Royal Society of Chemistry
(items of 5, 6, 9, 10, 11), which can be ascribed to the dispersion
of ZnS NPs in the graphene–polymer matrix40,41 The peak at 697
cm�1 can be attributed to the Zn–S bond in ternary NC.42

Furthermore, the intensity of benzenoid and quinonoid rings
showed a signicant increase in ZnS@GO@Pani compared to
GO@Pani. In the absence of ZnS NPs, electrostatic repulsion
occurs between the Pani chains with similar charges.43 In the
ternary NC, however, the interchain spaces between these
chains declined due to the electrostatic interaction of sulde
ions of ZnS NPs and ammonium sites. These observations are
.
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consistent with the XRD results indicating decreasing the
interchain separation length in ternary NCs compared to the
binary NC, implying improved Pani formation and longer
chains in ZnS@GO@Pani.
3.3. Morphological studies and elemental composition

GO is a non-stoichiometric two-dimensional honeycomb
carbon structure with oxygen-containing functional groups,
especially on its edges. These areas are suitable sites for Pani
Fig. 5 ZnS@GO@Pani NC characterization (a) FESEM images (low and h
and (c)TEM image and ZnS particle size distribution histogram.

15956 | RSC Adv., 2022, 12, 15950–15972
polymerization at the surface of GO. In addition, stacking force
and hydrogen bonding favor Pani nucleation on the surface of
GO. The FESEM images of GO@Pani and ZnS@GO@Pani NCs
are shown in Fig. 4 and 5. As can be seen, GO@Pani had
a cauliower-like aggregate structure. The presence of ZnS NPs
at the ZnS@GO@Pani NC matrix altered the morphology of NC
from granular to a planar structure composed of a more
uniform dispersion of small NPs. As mentioned in the XRD
result, the polymer chains of the ZnS@GO@Pani structure are
more compact compared to GO@Pani, due to the presence of
igh magnifications) and EDX analysis, (b) elemental X-map distribution,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ZnS NPs, which may promote the formation of the mentioned
planar morphology. EDX analyses were also employed to assess
the elemental composition of the samples. As seen in Fig. 4 and
5, carbon has the highest weight percentage in both samples
since Pani and GO are carbon-rich compounds. Moreover, the
dopant molecules also encompass some carbon atoms. The
presence of Zn in ZnS@GO@Pani NC and a relative increment
in the sulfur content (from 1.71 to 3.30 A%) could be assigned to
the graing of ZnS NPs to the ternary polymeric NC. Moreover,
the X-map of the elemental distribution can be found in Fig. 4
and 5 reveal the spatial distribution of the expected elements in
the synthesized NCs. As can be seen, the distribution of carbon
was denser in GO@Pani compared to ZnS@GO@Pani, which
could be due to the higher carbon content of the matrix of the
binary composite. The sulfur map of the GO@Pani was more
uniform than the ZnS@GO@Pani. Besides, the map of this
element in ZnS@GO@Pani showed a cluster pattern, which can
be a consequence of the presence of ZnS NPs. Noteworthy, the
X-map of Zn revealed its homogeneous distribution, reecting
the uniform spreading of ZnS NPs in the matrix of ternary NC,
which is in good accordance with TEM observations.

TEM was used to conrm the hierarchical and ne structure
of the ternary NC, as shown in Fig. 5(c). The dark spots repre-
sent the small ZnS NPs in the polymeric substrate. The narrow
particle size distribution implied the size homogeneity of ZnS
NPs. Based on this histogram, the average size of ZnS NPs was
5.02 � 0.7 nm (�d � s), demonstrating proper consistency with
the Debye–Scherrer-estimated crystallite size. Therefore, the
proposed wet chemical method can result in a Pani-based NC
decorated by very ne zinc sulde NPs with uniform size
spreading. Furthermore, this image conrms the successful
graing of ZnS NPs to the GO@Pani matrix.
3.4. Thermal study

The thermal stability and the patterns of thermal degradation
can be well explored by thermal analysis. The TGA thermograms
of the GO@Pani and GO@ZnS@Pani are displayed in Fig. 6(a).
In line with previous works,32 a three-step weight loss can be
Fig. 6 Thermogravimetric analysis (a) TGA curves and (b) DTA curves of

© 2022 The Author(s). Published by the Royal Society of Chemistry
observed in both patterns. In the case of GO@Pani, the rst
stage of weight loss (6%) occurred below 150 �C, which can be
assigned to the evaporation of water and moisture content as
well as water entrapped in the NC structure. The second weight
loss (10%) can be detected at 150–330 �C, corresponding to the
removal of (i) reactive functional groups such as O–H, C–O, and
–COOH, (ii) volatile spices attached to the Pani polymeric
chains, and (iii) dopant release from Pani backbone.41,44,45 The
third weight loss was a rapid mass drop (23%) at 330–600 �C,
which can be attributed to the thermal decomposition of the
Pani matrix, breaking of its backbone, the loss of the covalent
bonds between GO and Pani, and destruction of GO carbon
rings.46 Compared with the TGA diagram of pure Pani in the
literature, the prepared GO@Pani sample showed higher
thermal stability (i.e., higher decomposition temperature and
char yield) as binding of Pani with GO resulted in the homo-
geneous dispersal of GO in a polymeric matrix. The strong
interaction between these counterparts can be explained
through p–p stacking forces and hydrogen bonds between
amino groups of Pani and the hydroxyl groups of GO.47

The ZnS@GO@Pani showed a similar three-step weight loss
pattern but at smaller drops. The rst (4 wt%), second (8 wt%),
and the third (18 wt%) weight losses occurred below 150 �C,
150–300, and above 300 �C, respectively. Additionally, the third
step of weight loss in the ZnS@GO@Pani NC occurred due to
the elimination of the interaction between ZnS NPs and the
GO@Pani matrix. The char yield of GO@Pani and ZnS@GO@-
Pani NCs was 60.7% and 70.1%, respectively, suggesting
a signicantly higher thermal stability of ZnS@GO@Pani NC.
Such higher thermal stability can be assigned to the coordina-
tion of ZnS NPs by GO@Pani counterpart and embedding of
these NPs in the mesoporous structure of the NC. DTA diagrams
of the two NCs (Fig. 6(b)) showed an endothermic peak at
83.2 �C and 72.7 �C for GO@Pani and ZnS@GO@Pani, respec-
tively; both of which can be attributed to the loss of water.
Moreover, a broad exothermic peak centered at about 430 �C in
both NCs, is related to the gradual decomposition of Pani
chains and destruction of GO structure, as mentioned in the
GO@Pani & ZnS@GO@Pani NCs.

RSC Adv., 2022, 12, 15950–15972 | 15957
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third step of weight loss observed in TGA analysis.44 In addition,
a sharp exothermic peak at 299 �C in the DTA curve of
ZnS@GO@Pani, could be assigned to the release of ZnS NPs
from graphene oxide–polymeric texture.
3.5. Bandgap study

Regarding the importance of optical parameters, the DRS
analysis was used to derive the bandgap of GO@Pani and
ZnS@GO@Pani NCs, as presented in Fig. 7. Photons with
energies higher than the bandgap energy can be absorbed and
excite electrons of the valence band to the conduction band.
The optical bandgap (Eg) can be determined by the Tauc
relation:

(ahn)1/n ¼ A(hn � Eg) (7)

where a, hn, and A refer to the absorption coefficient, photon
energy, and a constant, respectively, n is a constant equal to 0.5
for a direct bandgap and 2 for an indirect optical bandgap. Here,
n ¼ 0.5 was used for direct electronic transitions. As shown in
Fig. 7, the bandgap of GO@Pani and ZnS@GO@Pani samples
was evaluated 2.76 and 2.72 eV, respectively, reecting the
Fig. 7 Tauc plots for bandgap determination of GO@Pani and ZnS@GO

Fig. 8 N2 adsorption–desorption isotherms of GO@Pani and ZnS@GO@

15958 | RSC Adv., 2022, 12, 15950–15972
photoactivity of these Pani-based NCs under visible light. A slight
reduction can be detected in the bandgap upon incorporating
ZnS NPs into the GO@Pani sample. The bandgap of the prepared
GO@Panimatched with the one of pure Pani, probably due to the
small amount of GO (4% wt) in the binary polymeric composite.
Doping and surface modication are two main factors in the
bandgap engineering of materials.48 In line with the XRD results,
the presence of ZnS NPs decreased the interchain separation of
Pani, causing the strong interactions between these counterparts,
resulting in tension within the Pani lattice structure and even-
tually a slight bandgap narrowing.
3.6. BET analysis

Fig. 8 presents the N2 adsorption–desorption isotherms of
GO@Pani and ZnS@GO@Pani samples at 77 K. These curves
correspond to the type II isotherms of IUPAC classication with
slight hysteresis of type H3.49,50 The mentioned isotherm indi-
cates the mesoporous structure of the NCs. The H3 hysteresis
loop indicates pores with slit geometry resulting from agglom-
erates of parallel plate-shaped particles as expected based on
the morphological study of the prepared NCs. Mesoporous
materials have pores with diameters ranging between 2 and
@Pani NCs.

Pani NCs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Data derived fromBET study of GO@Pani, and ZnS@GO@Pani
NCs

GO@Pani ZnS@GO@Pani

Mean pore diameter (nm) 4.79 3.90
Surface area (m2 g�1) 38.65 0.598
Total pore volume (cm3 g�1) 0.046 0.0006
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50 nm, matching the mean pore diameters of the prepared
binary and ternary NCs. As shown in Table 3, the average pore
diameter, BET specic surface area, and total pore volume of
ZnS@GO@Pani showed a drastic decrease compared to
GO@Pani. This result is consistent with XRD analysis and SEM
and TEM observation and can be attributed to the penetration
of ZnS NPs onto the mesoporous texture of GO@Pani. The
planar structure of ternary composite, in contrast to the gran-
ular morphology of binary composite and a decrease in the
separation length of Pani chains (observed in the XRD result),
can explain this difference. ZnS NPs were mainly encapsulated
in the body of the GO@Pani matrix, while a minor part of them
became immobilized on the surface of the binary one. The
mean pore diameter of GO@Pani was evaluated to be 4.79 nm,
very close to the average size of ZnS NPs derived from TEM
observation, 5.02 nm, which can support the idea of embedding
ZnS NPs into the porous texture of GO@Pani composite.

3.7. Dynamic light scattering (DLS) and zeta potential

The stability, electrostatic and dynamic behavior of nano and
micron-sized particles are studied using DLS analysis.51 The
Fig. 9 Dynamic light scattering (DLS) studies of synthesized GO, ZnS, P

© 2022 The Author(s). Published by the Royal Society of Chemistry
particle size distribution and zeta potential of charged colloids
can be determined based on light scattering. Due to Brownian
motion, the local density of suspended particles uctuates
temporarily in a colloid. As a result, the intensity of light scat-
tered by the colloid uctuates, which is dependent on the
diffusion constant of the suspended particles. The hydrody-
namic radius of the suspended particles can be extracted from
the diffusion constant. It is noteworthy that the particle size in
liquids and solutions is generally much larger than their actual
sizes due to the interaction between the functional groups on
the surface of the NPs and other species in the solution, like
solvent molecules.52 Fig. 9 shows the colloidal size distribution
diagram of synthesized NPs and their NCs. According to the
results in Table 4, the average hydrodynamic size of ZnS, GO,
Pani, Pani@GO, and ZnS@Pani@GO are 16, 29, 20, 220, and
377 nm, respectively. Zeta potential is used to estimate colloidal
particles' surface charge and surface potential. If the dispersed
particles have a high zeta potential ($�30 mV), a strong
repulsive intraparticle force prevents their accumulation, indi-
cating a stable dispersion, while a low zeta potential (#�30 mV)
indicates an unstable dispersion.

Due to the obtained zeta potentials, the colloids of ZnS, GO,
and Pani NPs (the composite components) are stable. The
surface charge of these particles is negative. The zeta potential
values observed are in agreement with previous studies.53–55 GO
colloid has the highest zeta potential, which is expected given
many oxygen-containing functional groups on its surface. The
ternary NCs zeta potential is higher than the binary one.
Furthermore, based on their values, the ternary NC colloid
appears to be signicantly more stable than the binary one.
ani NPs, and their NCs.
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Table 4 The zeta potential and average hydrodynamic size of
synthesized NPs and their NCs

Specimen
Zeta potential
(mV)

The average hydrodynamic
size (nm)

ZnS �31.3 16
Pani �33.8 20
GO �54.2 29
Pani@GO �23.5 220
ZnS@Pani@GO �38.4 377

Fig. 11 The effect of ternary NC dosage on MG adsorption process.
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3.8. MG removal from aqueous solution

Compared to the binary GO@Pani, the ZnS@GO@Pani NC
exhibited several interesting features such as ternary structure
beneting three synergetic counterparts, higher thermal
stability, narrower bandgap, signicantly higher surface charge
and zeta potential (making the ternary NC colloid very more
stable), excellent antibacterial property (further presented), and
the presence of very ne sizes of zinc sulde NPs. Therefore, the
bi-functional adsorption–photocatalysis behavior of this NC
was explored in an aqueous solution of MG. The evaluated
parameters included initial dye concentrations (10, 20, 30 and
40 ppm), contact time (5, 15, 30 and 45 min), NC dosage (0.05,
0.1, 0.15, and 0.2 g) and temperature (25, 35, 45, 55 and 65 �C).
All experiments were carried out in triplicates, and the average
was reported.

3.8.1. Effect of the initial dye concentration. The adsorp-
tion behavior of the adsorbent has been dependent on the
initial dye concentration. So, the effect of dye concentration was
studied on dye removal efficiency at room temperature. The pH
of the dye solution was 7 (neutral), and the NC dosage was
considered 0.05 g with a 45 minute contact time. Fig. 10 shows
the UV-vis spectra of different concentrations of MG solution
aer exposure to polymeric NCs in darkness and under natural
light. The MG concentration of 20 ppm was selected as the
optimal concentration with a removal percentage of 70% in
darkness (attributed only to the adsorption mechanism) and
Fig. 10 Effect of dye concentration on the removal process at (a) ligh
respectively.

15960 | RSC Adv., 2022, 12, 15950–15972
86% under natural light (integrated absorption and photo-
catalysis activities). Regarding the abundance of active sites in
NC, the adsorption effect decreases with increasing initial dye
concentration as the entire surface of the adsorbent will be
covered by dye molecules, weakening the adsorbent interac-
tions. In other words, the electrostatic interaction at the
adsorbent site decreased by enhancing the initial concentra-
tion, hence declining the affinity of the dye to the adsorbent.56

On the other hand, increasing dye concentration blocks the
light absorbance of the photocatalyst, decreasing the rate of
photoexcited electron–hole generation and consequently the
photocatalytic degradation of dye molecules.

3.8.2. Effect of NC dosage on the adsorption process. The
effect of ternary polymeric NCs dosage on the MG adsorption
was investigated, as shown in Fig. 11. A rise in the adsorbent
dosage from 0.05 to 0.1 g enhanced the adsorption rate to 92%.
Further increase of the adsorbent dosage to 0.2 g incremented
dye adsorption only by 6% (reach 98%), which means the
adsorption percentage of the dye remained almost constant.
t and (b) dark conditions. B and A imply before and after treatment,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The effect of contact time on the MG removal process under (a) darkness and (b) light.

Fig. 13 The plot of dye concentration C/C0 versus time in the pres-
ence of ternary NC in darkness and illumination.

Fig. 14 The effect of temperature on MG removal in light condition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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This trend can be attributed to the relative accumulation of
adsorbent particles. On the other hand, the dye density is
constant, leaving many adsorption sites empty and unused.
Thus, the adsorbent dosage of 0.1 g was considered the optimal
value.

3.8.3. Effect of contact time. The effect of contact time was
assessed using 0.1 g of NC and 50 mL of dye solution at
a concentration of 20 ppm, and the results can be found in
Fig. 12. The MG removal using ZnS@GO@Pani NC was very fast
at the beginning of the process, i.e., 90% of MG dye was
removed in the rst 15 minutes (light condition). The process
then proceeded slowly, and the dye removal of 96% was ach-
ieved aer 45 minutes. Thus, a contact time of 15 minutes was
selected as the optimum value. Based on Fig. 13, a decline in the
C/C0 ratio indicates an increase in dye removal. The reduction
rate of dye concentration under light was signicantly greater
than that of the dark condition, which can be due to the inte-
grated photocatalytic activity of the ternary NC.

3.8.4. Effect of temperature. The temperature effect is one
of the important parameters in the adsorption and removal of
pollutants from the aquatic environment. Increasing the
RSC Adv., 2022, 12, 15950–15972 | 15961
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temperature increases the adsorbate molecules' diffusion rate,
reduces the solution's viscosity, and changes the adsorption
capacity. In order to study the temperature effect on the removal
of MG from the aqueous solution, 0.1 g of NC was dispersed in
50 mL of solution (20 ppm; pH ¼ 7) at different temperatures
(25, 35, 45, 55, and 65 �C), and the removal percentage and
adsorption capacity were investigated. As shown in Fig. 14,
increasing the temperature of the dye solution reduced the dye
removal, indicating the exothermic nature of the reaction. This
increase in temperature reduces the gravitational force between
the dye molecules and the adsorbent surface and weakens the
physical bonds.57,58 On the other hand, the physical bonds
between the dye molecules and water will be stronger than their
bonds with the adsorbent surface59 so the adsorption capacity
will be reduced.

3.8.5. Adsorption isotherm study. Adsorption isotherm
curves are valuable tools describing the phenomena governing
the adsorption or desorption processes in the aquatic environ-
ment at a constant temperature and pH. In the darkness, the
removal of MG is an adsorption-based process. Thus, dye
Fig. 15 Langmuir (a), Freundlich (b), Temkin (c) and (D–R) (d) isotherm p

15962 | RSC Adv., 2022, 12, 15950–15972
removal data under darkness was used to study the adsorption
isotherms. In this study, Langmuir, Freundlich, Temkin, and
Dubinin–Radushkevich (D–R) models were employed to eval-
uate the equilibrium data to clarify the adsorption mechanism,
properties of the adsorbent surface, and adsorption of
contaminants. In the Langmuir model, the adsorption process
occurs at specic homogeneous sites within the adsorbent. It is
assumed that whenever a dye molecule occupies a site, no other
adsorption can occur at that location.60 This model is thus
suitable for monolayer adsorption processes. In this model, all
molecules have constant activation and enthalpy energy,
implying that all adsorption sites have the same adsorption
affinity. Adsorbate molecules are assumed to be non-interactive.
The mathematical expression of the Langmuir model is as
follows:61

Ce/qe ¼ 1/KLQm + Ce/Qm (8)

RL ¼ 1/(1 + KLC0) (9)
lots for dye adsorption of ternary NC.

© 2022 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/d2ra01810a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:0

6:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In which Ce is the equilibrium concentration of adsorbate in
solution (mg L�1), qe denotes the amount of dye adsorbed in
equilibrium (mg g�1), Qm represents the maximum adsorption
capacity, KL is the Langmuir constant (L mg�1) which can be
obtained by plotting Ce/qe versus Ce. The basic features of
Langmuir adsorption can be determined by RL, which demon-
strates the ability of the adsorbent to separate contaminants.
The lower the amount of RL, the better the adsorption on the
adsorbent. RL > 1 indicates unfavorable adsorption, while RL ¼
1, 0 < RL < 1, and RL ¼ 0 represent linear, favorable, and irre-
versible adsorption processes. According to Fig. 15(a) and Table
5, the maximum adsorption capacity of the adsorbent deter-
mined by the Langmuir model was Qm,call ¼ 35.7 mg g�1, and RL

was 0.2, implying favorable adsorption.
The Freundlich isotherm describes multilayer surface

adsorption on a heterogeneous adsorbent surface with non-
uniform heat distribution. The heterogeneous surface implies
the presence of different types of bonds or active adsorption
sites such as carboxyl, hydroxyl, and amine on the surface.62 The
Freundlich isotherm assumes that stronger junctions are rst
occupied; the strength of the junction decreases with the
occupation of the site.63 The linear form of this model has the
following form:

Ln qe ¼ ln KF + (1/n) ln Ce (10)

where KF (L g�1) and 1/n can be obtained from the slope and the
interception of the plot of ln qe versus ln Ce, respectively. The
Freundlich coefficient (n), related to the adsorption intensity,
must be in the range of 1 to 10 for desirable adsorption. Based
on Fig. 15(b) and Table 5, this value was n ¼ 2.22, so the MG
adsorption on the NC is desirable.

Temkin isotherm also addresses the adsorbent–adsorbate
interaction. In this model, the adsorption process is determined
by the uniform distribution of the bonding energy at the
adsorbent surface. It is assumed that the heat of adsorption is
not constant and decreases with increasing adsorption surface
coverage due to the adsorbent–adsorbate interactions.64 In this
Fig. 16 (a) pseudo-first-order kinetic (b) pseudo-second-order kinetic o

© 2022 The Author(s). Published by the Royal Society of Chemistry
model, free adsorption energy is a function of surface
coverage.65 The linear form of Temkin isotherm can be
expressed by:

Qe ¼ B ln KT + B ln Ce (11)

B ¼ RT/bT (12)

where R is the universal gas constant (8.3 J mol�1 K�1), T shows
the temperature (K), KT denotes the equilibrium binding
constant (L g�1), B is a dimensionless constant related to the
heat of adsorption, and bT (kJ mol�1) is an indicator of the
adsorption ability of the adsorbent. B and KT can be determined
by plotting Qe versus ln Ce, as shown in Fig. 15(c). According to
Table 5, B, KT, bT, and R2 are 6.8, 2.6 L g�1, 3.63 kJ mol�1, and
0.8, respectively.

The D–R isotherm model investigated the adsorption
mechanism on both heterogeneous and homogeneous
surfaces.66 Also, it is an experimental model to describe the
mechanism of lling adsorbent pores. The linear D–R isotherm
was represented in eqn (13):

Ln Qe ¼ ln Qm � KDR3
2 (13)

3 ¼ RT ln(1 + 1/Ce) (14)

E ¼ (1/2KDR)
1/2 (15)

where Qe shows the amount of adsorbate material adsorbed per
unit mass of adsorbent at equilibrium, Qm is the maximum
adsorption capacity, KDR denotes a constant related to adsorp-
tion energy, and 3 is adsorption potential. The parameter of KDR

can be obtained by plotting ln Qe vs. 32, while the mean free
energy, E (kJ mol�1), can be calculated by eqn (15) to determine
the type of adsorption. For E < 8 kJ mol�1, physisorption governs
the reaction, while 8 < E < 16 kJ mol�1 indicates chemisorption.
Due to the low regression coefficient (R2 ¼ 0.72), the adsorption
of MG by polymeric NC is not consistent with this model.67 The
sequence of regression coefficient of the four isotherm models:
f MG removal by ternary NC.
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Table 5 Calculated parameters from several adsorption isotherm models for the adsorption of MG on ternary NC

Freundlich Langmuir Temkin (D–R)

n 2.22 Qm (mg g�1) 35.7 B 6.8 KDR (mol2 kJ�2) 0.28
KF (L g�1) 8.130 KL (L mg�1) 0.18 KT (L g�1) 2.6 qm (mg g�1) 20.49

RL 0.2 bT (kJ mol�1) 3.63 E (kJ mol�1) 1.3
R2 0.988 R2 0.76 R2 0.80 R2 0.72

Table 6 Parameter of kinetics models for removal of MG using ternary
NC under light and dark conditions

Pseudo-rst
order

Pseudo-second
order

Light Dark Light Dark

Qe,cal (mg g�1) 10.28 8.8 Qe,exp (mg g�1) 17.2 13.85
K1 (min�1) 0.008 0.015 Qe,cal (mg g�1) 19.69 12.82
R2 0.68 0.87 K2 (g mg�1 min�1) 0.018 0.0058

R2 0.999 0.952
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RFrendlich
2 ¼ 0.988 > RTemkin

2 ¼ 0.80 > RLongmuyer
2 ¼ 0.76 > RD–R

2

¼ 0.72, clear that the correlation coefficient of the Freundlich
model was much higher than the three other isotherms. It can
be concluded that the adsorption of MG by ternary NC follows
the Freundlich isotherm, which is consistent with the hetero-
structure of the prepared ternary NC. Furthermore, the second
rank isotherm in the correlation coefficient order was the
Temkin model conrming the non-uniform surface coverage of
the adsorbent, which is expected in the heterogenous NC
sorbent.

3.8.6. Kinetics of removal process. A quantitative percep-
tion of adsorption and the rate of adsorption on the solid–liquid
interface can be achieved by kinetic models. Removal
(adsorption/degradation) reaction constants can be calculated
using the Lagergren equation (pseudo-rst-order) and the Hu
equation (pseudo-second-order).68 The reaction time was varied
while all other parameters were kept constant to explore reac-
tion kinetics. The pseudo-rst-order (PFO) equation associates
the adsorption rate of occupation sites with non-occupied
sites.69 Moreover, it suggests the monolayered kinetics of
diffusion. In this model, qe and qt demonstrate the amount (mg
g�1) of removed dye in equilibrium and at the time of t (min),
respectively. The PFO rate constant (k1 in min�1) shows the
reaction speed, which can be obtained by the plot of log(qe � qt)
versus t as follows:

Log(qe � qt) ¼ log qe � k1t/2.303 (16)

The plot of PFO kinetics of dye removal is shown in
Fig. 16(a), and corresponding derived parameters are exhibited
in Table 6.

The pseudo-second-order (PSO) kinetics assumes that
chemical adsorption controls the interactions. In adsorption
processes, changing the concentration of a reactant or product
per unit time determines the reaction rate in a chemical
process.69 Eqn (17) states PSO kinetics of reactions, in which k2
is the second-order rate constant (g mg�1 min�1).

t/qt ¼ 1/k2qe
2 + t/qe (17)

The linear plot of t/qt versus t is depicted in Fig. 16(b), and the
corresponding derived parameters are exhibited in Table 6. As
seen in this table, the correlation coefficient of PSO model is
much higher than that of the PFO model (both for dark and
light conditions), so it can be concluded that the removal
process of MG by the synthesized ternary NC predominantly
followed the PSO kinetic model, suggesting the dependence of
adsorption and removal on the amount of solutes adsorbed on
15964 | RSC Adv., 2022, 12, 15950–15972
the adsorbent surface as well as the number of active sites. It
can be said that dye removal by the NC is mainly due to
chemisorption and electron transfer capability.70,71

3.8.7. Catalyst regeneration test. From an environmental
and economic point of view, one of the most critical issues in
adsorbing and removing contaminants by the catalyst is its
regeneration and reuse. In this regard, 0.1 g of the synthesized
NC has been dispersed in 50 mL of MG solution (20 PPM; pH ¼
7) and stirred for 15 min at room temperature. The residual dye
concentration has been determined by a UV-visible spectro-
photometer. The catalyst was then removed from the solution
and stirred with 50 mL HCl (0.1 M) for 10 min and rinsed with
a mixture of water and ethanol several times and used again
under the previous conditions to remove the dye. This process
was repeated in 5 cycles. Fig. 17 shows the percentage of dye
Fig. 17 Reusing plot of the NC in light and dark conditions at 5 cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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removal by the catalyst in dark and light conditions in 5 cycles.
As shown in the diagram, the catalyst can be regenerated and
reused well.

3.8.8. Mechanism of adsorption. The interactions between
the ZnS@GO@Pani NC and the MG dye during the adsorption
process are schematically illustrated in Fig. 18. The accumula-
tion of a substance at the liquid–solid or gas–solid interface is
called the adsorption process. The adsorption is usually dened
by interactions such as hydrogen bonding, coordination
bonding, ionic bonding, and p–p interactions. Electrostatic
attraction is formed between the positively charged ammonium
group of MG dye and the negatively charged adsorbent sites
such as the carboxyl group of GO and the sulfonate group of the
dopant. Moreover, hydrogen bonding between the amine group
of MG and the (–NH) groups of Pani and OH groups of GO is
another interaction involved in the adsorption process.
Furthermore, the adsorption mechanism can also be enhanced
through the p–p stacking interaction of conjugated MG mole-
cules and the aromatic skeleton of the GO@Pani NC.11,50,60
Fig. 18 The interaction between the Pani@GO@ZnS NC and the MG dy

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.8.9. Mechanism of photocatalytic degradation of MG.
The energy band structure of ternary NC must be studied to
understand the charge transfer processes and probable redox
reaction pathways involved in the photocatalytic degradation of
MG. Regarding previous reports, Pani has been known as a p-
type semiconductor with the lowest unoccupied molecular
orbital energy (ELUMO) of �1.9 eV (relative to standard hydrogen
electrode potential; NHE) and the highest occupied molecular
orbital (EHOMO) energy of 0.8 eV (versus NHE), resulting in an
energy gap of 2.7 eV.50,72 GO is a p-type semiconductor whose
conduction and valence band edges (CB and VB, respectively)
lay in ECB ¼�0.75 and EVB ¼ 2.05 eV (versus NHE), giving rise to
an energy gap of 2.8 eV. Finally, ZnS is an n-type semiconductor
with a wide energy gap of 3.56 eV due to the conguration of its
band edges (ECB ¼�1.07, EVB ¼ 2.49 eV; versus NHE).73,74 Fig. 19
shows the energy band structures of these materials versus NHE
potential before and aer contact. The Fermi level for the n-type
semiconductor is near its CB edge, while that of the p-type one
lies near the VB edge. A p–n–p heterojunction is formed upon
e molecule during the adsorption process.

RSC Adv., 2022, 12, 15950–15972 | 15965
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the combination of these compounds. The transfer of the
electrons from ZnS Fermi level to GO and Pani Fermi levels
leads to an equilibrium Fermi level.48,75–77 Furthermore, this
electron transfer resulted in displacement and bending of both
valence and conduction bands of the three counterparts of the
ternary NC. Although the energy bands of ZnS and GO are
nested before contact, aer forming NCs, the whole ZnS energy
band shis downward. In contrast, the GO energy bands move
upward, resulting in a new energy band arrangement between
these two semiconductors. Moreover, the HOMO and LUMO of
Pani partly shi upward. Due to the electron transfer and the
formation of p–n–p junction at the interfaces of ZnS, GO, and
Pani, an internal electric eld is formed in each binary p–n
junction, which can effectively separate the photoinduced
electron–hole pairs. The presence of an internal electric eld
increases the transfer rate of the electron–hole carriers and
prevents their recombination, which improves the photo-
catalytic efficiency of the ternary NC.48,76–79 Therefore, it can be
said that this NC is composed of double type II heterogeneous
photocatalysts.29,30,79 Upon exposure to natural light, all three
components are excited, giving rise to the accumulation of
electrons and holes at the CB and VB of each case, respectively.
Electrons are injected from the LUMO of Pani and the CB of GO
into the CB of ZnS because the CB edge of the ZnS is more
positive than the LUMO of Pani and CB of GO. Furthermore, the
photoinduced holes migrate from the VB of ZnS to the VB of GO
and Pani. The nal position of the energy bands of the
composite components limits the pathways for the production
of active radicals due to the interaction of photoexcited elec-
tron–holes with the environment. The edge of the CB of ZnS NPs
in the composite, i.e., the level of accumulation of electrons, has
sufficient reduction potential to produce superoxide radical
ions (O2c

�) and hydrogen peroxide (H2O2). The molecular
oxygen dissolved in MG solution is adsorbed on the surface of
the composite and ZnS NPs. It reacts with the electrons in the
CB of ZnS, causing single, double, or multiple electron reduc-
tion of molecular oxygen. The single electron O2 reduction leads
to the formation of superoxide radicals, whereas the two-
electron O2 reduction results in hydrogen peroxide produc-
tion. Also, superoxide union can be further reduced to form
hydrogen peroxide:80–82

O2(aq) + eCB
� / O2c

�, E0 (O2/O2c
�) ¼ �0.18 eV vs. NHE (I)

O2(aq) + 2eCB
� + 2H+ / H2O2, E

0 (O2/H2O2)

¼ +0.36 eV vs. NHE (II)

O2c
� + 2H+ + eCB

� / H2O2, E
0 (O2c

�/H2O2)

¼ +0.91 eV vs. NHE (III)

O2ðaqÞ þ eCB
� þHþ/HOc

2; E0
�
O2

�
HOc

2

�

¼ þ0:1 eV vs: NHE (IV)

(H2O2) can be further reduced and form hydroxyl radicals:

H2O2 + H+ + eCB
� / H2O + OHc, E0 (H2O2/OHc)

¼ +0.39 eV vs. NHE (V)
15966 | RSC Adv., 2022, 12, 15950–15972
These active species (OHc, HOc
2; H2O2, O2c

�) react with and
decompose the dye molecule. Due to the nal position of the
energy bands of ternary NC components, oxidation of water or
hydroxyl ions induced by the interaction of the holes accumu-
lated on VB of GO or HOMO of Pani with water or hydroxyl ions
that are adsorbed on the surface alternative pathways for the
production of strong oxidizing agent OHc (hydroxyl radical) is
not possible. This impossibility refers to the fact that the
oxidation potential of these reactions is more positive than the
mentioned levels:80

OH� + hVB
+ / OHc, E0 (OH�/OHc)

¼ +1.23 eV vs. NHE (VI)

hVB
+ + H2O / H+ + OHc, E0 (H2O/OHc)

¼ +2.31 eV vs. NHE (VII)

It should be noted that the electrons of CB (eCB) and holes of
VB (hVB) can directly react with surface-adsorbed dye molecule,
oxidizing/reducing it to unstable ion, resulting in dye decom-
position.82,83 Another pathway for the decomposition of MG dye
involves a dye-photosensitization mechanism in which MG is
photoexcited, transferring electrons from the HOMO level of
dye to its LUMO. The electron in LUMO level or hole in the
HOMO level of dye can be transferred to CB or VB of NP pho-
tocatalyst, respectively. Injected e�/h+ can subsequently trigger
the reactions to form radical species, further decomposing the
unstable dye ions. Such a mechanism has been studied in other
reports.12,83,84 It is worth noting that the ability of high dye
adsorption by the ternary NC can increase the local condensa-
tion of dye molecules around the photocatalytic particle
compared to the dye concentration in the whole solution. This
increases the probability of these molecules being targeted by
the reactive oxygen species (ROS), which will positively affect the
decolorization of the dye in the aqueous solution, implying the
synergetic effect of adsorption–photocatalytic degradation
mechanisms of dye removal.82,83,85

As a nal remark, it is noteworthy to address the role of
hydrogen bonding in the photocatalytic degradation of MG dye
by the prepared ternary NC. At rst, hydrogen bonding partici-
pates in the adsorption of MG dye on the NC surface, which
causes the reaction of visible light-induced charges and ROS
formed on the NC surface with the dye molecule, destroying its
structure and turning it into other compounds. In addition, the
presence of hydrogen bonds facilitates some bond breaking,
such as N–C and N–H, by relying on the idea that it strengthens
by the back-donation.86 Also, since the reaction takes place in an
aqueous medium, the photocatalytic effect can cause the
breakdown of water into active species, including hydrogen and
hydroxyl radicals, which effectively decompose MG. In this way,
aer binding to the surface of the NC with hydrogen bonds,
a water molecule can break upon UV harvesting into hydrogen
and hydroxyl radicals more efficiently.86 It is also reported that
a hydrogen bond-based heterojunction photocatalyst
(composed of two organic components) can be considered an
efficient structure for photoinduced electron/hole transfer and
suppressing their recombination. In this structure, an inner
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Possible charge transfer pathways for photocatalytic degradation of MG in the presence of ternary NC.

Table 7 Comparison between removal efficiency of synthesized ternary NC and other reported NC in literature

Nanocomposite Dye
Con. of dye
(mg L�1)

Dosage of catalyst
(mg mL�1)

Time
(min) Efficiency%

Irradiation
source

Mechanism of
removal Reference

PANI/GO MB 50 — 270 86 — Adsorption 88
PANI/RGO 91
Chitosan/PANI/Co3O4 MB 10 0.3 180 88 UV Degradation 89
CNT/PANI MG 16 1 120 88 UV Degradation 90
PANI/SrTiO3 MB 10 0.3 90 97 Visible Degradation 91
PANI/ZnO MB 10 0.25 300 97 Natural sunlight Degradation 92

MG 99
ZnO/RGO/PANI MO 10 0.5 60 100 UV Degradation 93
Graphene/PANI RB — — 180 56 Visible Degradation 94
Geraphene/PANI/
CuO

CR 10 0.5 20 97.91 UV Degradation 95

PEO/PANI MO 5 2.5 50 99 — Adsorption 96
PANI/CdS MB 20 0.5 300 92 Visible Degradation 97
g-AP–PPA/TiO2–Au MV 20 1.25 240 92 Sunlight Adsorption & degradation 98
ZnS@GO@PANI MG 20 2 15 90 Natural light dark Adsorption & degradation Present work
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electric eld between the two ends of the hydrogen bond is
created before light irradiation. When light is applied, the NC is
excited to form electron–hole pairs, which are efficiently sepa-
rated by the inner electric eld. Actually, hydrogen bonding
creates an ultrafast pathway; not only the hydrogen bonds are
shorter than van der Waals junctions but also the inner electric
eld formed between the two ends of the hydrogen bonds.87

Such a mechanism may take place in the prepared ternary NC
through H bonding between the Pani and GO components or
between the adsorbed dye and the NC.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Table 7 summarizes different dyes' experimental parameters
and removal efficiency using some reported nanocomposites.
Accordingly, the prepared ternary NC exhibited a rapid and high-
efficiency MG removal in darkness and under natural light.
3.9. Antibacterial activity

The antibacterial activity of synthesized GO@Pani and
ZnS@GO@Pani NCs was tested against Gram-negative (E. coli,
P. aeruginosa) and Gram-positive (S. aureus, B. subtilis) bacteria.
Fig. 20 shows the inhibition zone of bacteria formed by the NCs
RSC Adv., 2022, 12, 15950–15972 | 15967
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Fig. 20 Zones of inhibition exhibited by GO@Pani and ZnS@GO@Pani
NCs against E. coli P. aeruginosa, S. aureus, and B. subtilis bacteria.

Table 9 Antibacterial activity of some Pani-based nanoparticles
against studied bacteria reported in previous papers

Nanocomposite Inhibition zone (mm) Reference

Pani/Cu–ZnO E. coli (33.8) 107
S. aureus (36.4)

GO–Pani E. coli (22) 108
S. aureus (18.5)

Pani–Au E. coli (25) 109
S. aureus (24)

Pani–Ag–Au E. coli (29) 109
S. aureus (31)

Pure Pani E. coli (10) 110
S. aureus (11)

Ag–Pani–rGO E. coli (16) 111
S. aureus (23)
P. aeruginosa (12)
B. subtilis (17)

ZnS@GO@Pani E. coli (29.0 � 1.4) Present work
S. aureus (21.5 � 0.7)
P. aeruginosa (15.5 � 0.7)
B. subtilis (37.0 � 1.4)
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under the light. The diameter of the zone of inhibition (ZOI)
against various bacteria is listed in Table 8. As can be seen, the
GO@Pani NC showed an acceptable antibacterial activity
against Gram-positive (S. aureus, B. subtilis) bacteria. However,
the ternary NC exhibited excellent ZOI against both Gram-
positive and Gram-negative bacteria, comparable to the anti-
bacterial activity of two well-known antibiotics of gentamicin
and chloramphenicol. The antibacterial activity of some re-
ported nanomaterials is also summarized in Table 9, further
conrming the superior antibacterial activity of the prepared
ternary NC. In our previous study, the effect of ZnS NPs on S.
aureus and E. coli bacteria was investigated, which revealed the
resistance of E. coli bacteria.32 In comparison, it seems that the
hybrid of ultrane ZnS NPs with GO@Pani nanocomposite led
to an excellent synergistic effect. The zinc ions present in the NC
can deactivate the bacteria by easy release, anchor to the cell
wall, and reaction with thiol groups of the vital enzymes of
bacteria. Besides, the presence of these ions denatures the
proteins and impairs the ability of DNA to reproduce, thus
leading to the death of the pathogen.99–101 The photocatalytic
Table 8 Antibacterial activity of GO@Pani and ZnS@GO@Pani NCs usin

Test strain

Zone of growth inhibition (mm)

Pani@GO Pani@GO@Zn

E. coli NE 29.0 � 1.4
P. aeruginosa NE 15.5 � 0.7
S. aureus 14.5 � 0.7 21.5 � 0.7
B. subtilis 17.5 � 0.7 37.0 � 1.4

a No effect.

15968 | RSC Adv., 2022, 12, 15950–15972
activity of ternary NC can also generate ROS species such as
hydrogen peroxide, superoxide, and electrons.102 The reactive
superoxide and electrons can adhere to the cell surface due to
their negative charge, and hydrogen peroxide can pass through
the cell membrane.47 On the other hand, the antibacterial
properties of polyaniline can be due to ROS species like H2O2,
which leads to oxidative stress, oxidation of amino acids in
proteins, and damage to the DNA and lipids. Besides, Pani NPs
doped with p-TSA possess NH+ surface groups, inhibiting the
growth and nutrition of bacteria and destabilizing the cyto-
plasmic membrane due to electrostatic interactions between
Pani and negative sides of bacteria.103–105 Upon contact, GO can
also cause bacterial death through physical interactions such as
membrane damage by sharp edges and oxidative stress via
chemical interactions that oxidize proteins, fats, and nucleic
acids.106 Numerous studies have reported higher resistance of
Gram-negative bacteria toward nanomaterials due to their
impermeable wall and the presence of lipopolysaccharides in
their outer membrane.47 Interestingly, the synthesized ternary
NC showed strong antibacterial activity even against Gram-
negative bacteria.
g Kirby–Bauer technique

S
Gentamicin (10
mg per disc)

Chloramphenicol
(30 mg per disc)

19.6 � 1.1 20.7 � 1.5
15.6 � 0.5 NEa

20.3 � 1.5 21.7 � 0.6
26.0 � 1.7 22.3 � 1.2

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 GC-MS spectrum of (a) pure aniline and (b) remaining solution treated by the prepared ternary NC.
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3.10. Leaching study

Zinc is one of the essential elements for humans and aquatic
animals, but its excessive consumption causes poisoning. For
this purpose, atomic absorption analysis evaluated the amount
of zinc ion leaching in an aqueous solution. 0.1 g of the NC was
dispersed in 50 mL MG solution (20 ppm, pH ¼ 7, room
temperature) and stirred for 15 min. The catalyst was then
removed, and the remaining solution was used for atomic
absorption analysis. The amount of zinc ion was determined to
be 0.028 mg L�1, which was within the acceptable range of the
World Health Organization (WHO).112,113 Since aniline is
a highly toxic monomer, GC-MS analysis was used to explore
whether themonomer remained in the composite structure. For
comparison, some aniline was rst dissolved in ethanol, and
the GC-MS spectrum was investigated. As shown in Fig. 21(a),
the aniline peak appears in t ¼ 6 min. In the next step, 0.1 g NC
was dispersed in 50mL ethanol and stirred for 15 min, and aer
removing the catalyst, the GC spectrum of the remaining solu-
tion was examined. If unpolymerized aniline were present in the
NC structure, it would dissolve in ethanol and could be detected
by GC-MS analysis. As shown in the relevant spectrum
(Fig. 21(b)), there is no trace of aniline, conrming that the
prepared ternary NC can be used as a safe and non-toxic dye
removal agent.
4. Conclusion

Using a facile wet chemical method, a ternary NC was synthe-
sized based on polyaniline, graphene oxide, zinc sulde;
(ZnS@GO@Pani). The ultrane mono-dispersed ZnS NPs with
an average size of 5 nm were uniformly distributed and graed
to the GO@Pani matrix. The ZnS particles are crystallized in
a FCC phase structure with an average lattice parameter of a0 ¼
5.3080 �A. The synthesized ternary NC is a visible light photo-
active material with a bandgap energy of 2.72 eV. The TGA
analysis of both binary and ternary NCs shows a three-step
weight loss from room temperature to 600 �C with high char
yields of 60.7% and 70.1% for GO@Pani and ZnS@GO@Pani
NCs, respectively, implying considerable thermal stability of
© 2022 The Author(s). Published by the Royal Society of Chemistry
these NCs. It was observed that the dosage of 2 mg mL�1 of the
mesoporous ternary NC in 20 ppm aqueous MG solution results
in 70% and 90% efficiency of the dye removal within 15 min in
darkness and under natural light, respectively. The dye removal
in darkness solely corresponded to adsorption, while the inte-
grated photocatalysis–adsorption mechanism was involved in
the dye removal activity under the light. The present research
reported, for the rst time, an effective sorbent that can
simultaneously act as a type II p–n–p heterojunction photo-
catalyst for the rapid and efficient removal of risky organic
pollutants. The adsorption data were well-matched with the
Freundlich isothermmodel indicating multilayer adsorption on
the heterogeneous surface of the ternary NC. The kinetics of the
dye removal showed an excellent consistency with the pseudo-
second-order model, conrming the chemisorption of MG due
to the presence of functional groups in the NC and hydrogen
bonding. Additionally, electrostatic interaction and p–p stack-
ing can lead to the physisorption of MG by the NC, promoting
a benecial role in the dye removal process. Antibacterial tests
revealed the superior antibacterial activity of ZnS@GO@Pani
NC against both Gram-negative (E. coli, P. aeruginosa) and
Gram-positive (S. aureus, B. subtilis) bacteria. The leaching and
regeneration studies also conrmed that the prepared NC is
a non-toxic dye removal agent with good reusability.
Conflicts of interest

There are no conicts of interest to declare.
References

1 Y. Chen, Z. Xiang, D. Wang, J. Kang and H. Qi, RSC Adv.,
2020, 10, 23936–23943.

2 W. Liu, T. He, Y. Wang, G. Ning, Z. Xu, X. Chen, X. Hu,
Y. Wu and Y. Zhao, Sci. Rep., 2020, 10, 1–12.

3 J. G. McEvoy and Z. Zhang, J. Photochem. Photobiol., A, 2016,
321, 161–170.

4 S. Bera, M. Pal, A. Naskar and S. Jana, J. Alloys Compd., 2016,
669, 177–186.
RSC Adv., 2022, 12, 15950–15972 | 15969

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01810a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:0

6:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
5 S. Balakumar, V. Keller and M. Shankar, Nanostructured
Materials for Environmental Applications, Springer, 2021.

6 S. Dutta, B. Gupta, S. K. Srivastava and A. K. Gupta, Mater.
Adv., 2021, 2, 4497–4531.

7 K. Karthik, A. Raghu, K. R. Reddy, R. Ravishankar,
M. Sangeeta, N. P. Shetti and C. V. Reddy, Chemosphere,
2022, 287, 132081.

8 K. Kannan, D. Radhika, K. K. Sadasivuni, K. R. Reddy and
A. V. Raghu, Adv. Colloid Interface Sci., 2020, 281, 102178.

9 K. R. Reddy, M. Jyothi, A. Raghu, V. Sadhu, S. Naveen and
T. M. Aminabhavi, in Nanophotocatalysis and
Environmental Applications, Springer, 2020, pp. 139–169.

10 K. Rokesh, M. Sakar and T.-O. Do, Nanomaterials, 2021, 11,
572.
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