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Abstract

Wastewater treatment is becoming increasingly important due to the potential shortage of pure
drinking water in many parts of the world. Adsorption offers a potential technique for the uptake
of contaminants and wastewater purification. In the last two decades, several efforts have been
made to remove fast green (FG) dye from wastewater via different adsorbent materials. But
adsorption capacity shown by these adsorbents is low and is time-consuming. Herein, we have
synthesized for the first time a new powdered adsorbent ZnOS+C, modified Zinc peroxide with
sulfur and activated carbon to effectively remove FG dye from wastewater. Results of batch
adsorption experiments have suggested that ZnOS+C has the maximum adsorption capacity of
238.28 mg/g for FG dye within 120 minutes of adsorption equilibrium for a wide range of pH
ranging from 2-10 pH. The adsorption process follows the Freundlich isotherm model, suggesting
a multilayered adsorption process that occurs on the surface of ZnOS+C. The adsorption kinetics
study indicates that the kinetics of the reaction is the intraparticle diffusion model. Briefly, this
study shows the proof of application of ZnOS+C powder as a new eco-friendly adsorbent with
extremely high efficiency and high surface area for removing FG dye.
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1. Introduction

Industrial and municipal wastewater disposal without proper treatment into the environment causes
contamination of pure water resources, which further leads to a number of health and
environmental problems[1]. The contaminants present in the wastewater may include synthetic
dyes[2], heavy metals[3], pesticides[4], pharmaceuticals[5], phenolic species[6], and veterinary
products[7]. The wastewater produced from textile industries contains a variety of dyes. Most
common and polluting synthetic dyes include fast green, crystal violet, congo red, tartrazine,
rhodamine B, and methylene blue. Even their low concentration in water makes them unfit for
their use and causes threats to humans[8] and aquatic life[9]. China and India are the major dye
manufacturing and exporting countries of dyes[10]. They also have major textile industries. There



are around 40,000 types of dyes present in the market[11]. The average textile industry uses 10,000
individual dyes for printing and dying, consuming a million gallons of water daily[12]. Fast green
(FG) dye is widely used in dyeing, textile, food, and household[13]. It is an anionic dye and renders
intense green colours[14]. Because of its widespread and careless usage, it leads to contamination
of water bodies imparting a green tint, making them improper for consumption and daily
usage[15]. Today, almost every country in the world is struggling with the pure water crisis. India,
with a population of around 1.3 billion, is significantly affected. The condition in some states of
India, such as Maharashtra and Gujrat, is very challenging, and it is an arduous task to supply
colorless water. To clean such water requires a lot of time, money, and effort. Therefore,
developing an inexpensive and effective technique to decolorize and decontaminate the water is
the need of the hour.

Various techniques have been used to remove dyes from wastewater. The techniques are
membrane processes, ion exchange method, precipitation, solvent extraction, electrodialysis,
reverse osmosis, and adsorption. Every reported technique has some limitations. For example,
fouling is a significant problem for the membrane processes[16]. In the ion-exchange approach,
regeneration of chemical species is very difficult, and it results in a high cost[17]. The precipitation
process generates a lot of sludges, and thus, the management of sludge is an issue[18]. The solvent
extraction process requires lots of chemicals and develops a high level of secondary pollution[19].
High power consumption is a significant problem for the electrodialysis process, which makes it
not very suitable for dye removal from wastewater.[20]. Out of these processes, the adsorption
technique has been found to be the most ideal for the removal of dyes from wastewater. This is
because of its essential attributes such as easy to prepare, cheap and good removal, and
regeneration efficiency[21].

Several studies have shown to remove dyes from wastewater by natural[22] or synthetic
adsorbents[4]. Natural adsorbents are eco-friendly and readily available but have less adsorption
capacity[23]. On the other hand, synthetic adsorbent such as activated carbon is conventional and
shows good adsorption capacity but has high cost and less selectivity[24]. However, almost all the
reported adsorbents have shown an adsorption capacity of less than 100 mg/g for FG dye. For fast
green (FG) dye, peanut hull has an adsorption capacity of 15.6 mg/g[25], tur dal husk has 100.39
mg/g[26], tamarind husk adsorbs 101.58 mg/g[26], bottom ash can adsorb up to 20.26 mg/g[27],
de-oiled soya adsorbs 5.31 mg/g[27], montmorillonite clay adsorbs 33.45 mg/g[28], and
adsorption capacity of 7.56 mg/g is shown by red mud[29]. These adsorbents show a physical
adsorption process, which accounts for their low adsorption capacity. However, tur dal husk and
tamarind husk have higher adsorption capacity which can be explained on the basis of higher
carbon content in them. There is a constant need to improve adsorption capacity to make adsorption
processes techno-commercially viable. Zinc peroxide, which has shown the good adsorbent
properties for removal of inorganic and organic contaminants from wastewater was initially
considered as the potential adsorbent for the FG dye. In this regard, this study focuses on enhancing
the adsorption capacity of Zinc peroxide for FG dye by functionalization with sulfur and carbon,
synthesizing a new powdered adsorbent ZnOS+C. The functionalization of zinc peroxide with
sulfur and carbon is expected to enhance its adsorption properties by making zinc peroxide active
for FG dye. This will result in better chemical interactions between adsorbent and the dye and
result in better adsorption capacity.



Therefore, the main objectives of this study were (i) the development of a novel ZnOS+C
adsorbent by wet chemical route for effective removal of FG dye from real wastewater; (ii)
investigation of isotherm and Kkinetic studies involved, and (iii) elucidate the mechanism involved
in adsorption of dye. An approach is made through the advanced characterization method for a
better understanding of developed adsorbent and adsorption methods. Several advanced
techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive x-ray spectroscopy (EDS), and zeta potential was used to understand the properties and
adsorption process of the newly developed adsorbent.

Table 1 Details of Fast Green (FG) dye.

Fast Green dye 3D structure Molecular
weight (g/mol)

Cs7H34N2Na2010S3 ) : 808.86

O\S /

J

2. Experimental section
2.1. Chemicals

Synthetic wastewater was prepared to conduct the adsorption experiments. For that, de-ionized
(DI) water was used with a resistivity of 18.2 MQ-cm Millipore Milli-Q element water purification
system USA. Fast green dye was obtained from CDH, India. Zinc acetate and activated carbon
were purchased from Merck, India. Molychem, India supplied sodium sulfide.

2.2. Synthesis of ZnOS+C powder

Zinc acetate (100.0 g) was dissolved in water (200 ml), and then ammonium hydroxide was added
to the above solution till it became transparent. After that, activated carbon (25.0 g) was added,
and the mixture was dried at 70°C for 1 hour, and then hydrogen peroxide (150 ml) was added to
the above mixture. At last, sodium sulfide (25.0 g) was added to the above mix, and the precipitate



formed was filtered out using 0.45 um (filter paper no. 42). The residue was washed several times
using DI water prior to drying. The systematic synthesis process is shown below.

NH,OH H,0, Na,S
Zn(0AC), ———> Zn(OH), Zn0, — ZnO.S,
C
Zno_S, +C

2.3. Adsorption experiments

A stock solution of 1000 mg/L of FG dye was prepared in DI water. This stock solution was diluted
to the desired concentration for batch adsorption studies. Batch adsorption experiments were
performed to understand the adsorption capacity of ZnOS+C powder for FG dye. These
experiments are performed at room temperature (25+10 °C). The effect of several adsorption
parameters, including adsorbent dosage (10 - 24 mg/25 ml), pH (2 - 10), contact time (30 - 120
min.), and initial concentration of dye (50 — 250 mg/L) was used to conduct the adsorption test.
For the adsorption kinetic experiment, adsorbent dosages (10 - 24 mg/25 ml) were added to 250
ml FG dye solution (50 mg/L, 2 pH). The solutions were shaken for 30 to 120 minutes. The samples
were collected, and concentrations of samples were analyzed using a UV-VIS spectrometer (624
nm).

The removal of FG dye from wastewater and dye adsorption capacity was calculated using the
following equations.

ci—cf

% Removal of dye = o

x 100 1)

— Ci—Ce e V (2)

m

ge

Where Cj and Ct (mg/L) are the initial and final concentrations of FG dye, respectively, Ce (mg/L)
is the dye concentration at equilibrium conditions. ge is the adsorbent capacity of the adsorbent, m
is the mass of adsorbent (g), and V is the volume of dye solution (L).

The minimum contact time for adsorbent to reach adsorption equilibrium and optimum adsorbent
dosage was obtained from the Kinetic experiment curves. The controlled experiments were
performed using 22 mg/25 ml of adsorbent dosage to study the effect of pH of dye solution and
initial dye concentration on the removal efficiency of dye. The adsorption behavior model and
maximum adsorption capacity of ZnOS+C adsorbent were determined by adsorption studies using
different initial dye concentration studies ranging from 50 to 250 mg/L.

2.4. Characterizations



A Fourier transform infrared spectrometer (FT-IR) was used to identify the functional groups
present in the ZnOS+C adsorbent. For this, moist free KBR pellets of adsorbent are prepared and
scanned in the range of 4000 cm™ to 400 cm™ IR band. Powdered X-Ray Diffraction (XRD)
analysis of ZnOS+C adsorbent was performed in the 2-theta range of 20° to 80°. Scanning electron
microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS) were used to determine the
surface morphology and elemental analysis of the ZnOS+C adsorbent before and after the
adsorption. The concentration of FG dye in the wastewater samples before and after the adsorption
was determined by UV-VIS spectrometer (Hitachi U-3900H). The surface area of synthesized
ZnOS+C was analyzed using Brunauer-Emmett-Teller (BET). For zeta potential analysis, pH was
varied from 2 to 9 with the help of NaOH and HCL, zeta potential was measured at each pH.

3. Result and Discussion
3.1. Characterizations

Fourier transform infrared spectra of the ZnOS+C adsorbent is shown in Figure 1 to describe the
functional group present in the adsorbent. The peaks at 429 cm™ and 460 cm™ are of Zn-O
stretching. The transmission peak at 690 cm™ is due to the O-S stretching bond. The peak at 1640
cm ™t and 3400 cm™ are of carbon and O-H stretching. No extra peaks in FTIR spectra are observed.
X-Ray Diffraction (XRD) is a crystallographic technique used to determine a particular crystal's
atomic and molecular structure. Figure 2 shows the obtained XRD spectrum of ZnOS+C powder.
The peaks around 26° is of carbon. Other peaks at 29°, 32°, 34°, 37°, 42°, 49°, 58°, and 69° are
the corresponding peak of ZnOS[30]. This shows that the ZnOS+C adsorbent is synthesized
properly and explains its quality. The adsorbent shape becomes smoother and larger in size after
adsorption compared to the shape and size before adsorption as shown in Figure 3(a) and 3(b); this
suggests that dye is accumulated on the surface of the adsorbent, and adsorption has taken place.
Similarly, Figures 3(c) and 3(d) shows the EDS data of adsorbent before and after adsorption of
dye. Some amount of nitrogen is present in Figure 3(d), which cannot be seen earlier in figure 3(c).
This suggests that the adsorbent initially doesn’t have nitrogen, and it comes from the FG dye
adsorbed.
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Figure 1 FTIR spectra of ZnOS+C adsorbent.
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Figure 2 XRD spectra of ZnOS+C adsorbent.
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Figure 3 SEM of (a) ZnOS+C before adsorption, (b) ZnOS+C after adsorption of FG dye,
(c) EDS of ZnOS+C before adsorption, (d) EDS of ZnOS+C after adsorption of FG dye.

The surface area of ZnOS+C was analyzed using a Quantachrome Autosorbic surface analyzer by
nitrogen adsorption-desorption curve. With the help of the BET equation surface area of ZnOS+C
was found to be 257.850 m?/g. The surface area is higher as compared to other reported adsorbents,
and the higher surface area results in, the higher adsorption capacity of ZnOS+C[31].

On analyzing the zeta potential of ZnOS+C adsorbent at different pH, the isoelectric point, IEP
was achieved at pH 2.8. This means that at pH lower than IEP, adsorbents have a positive charge
on their surface, and while at pH higher than IEP, adsorbents have a negative charge on their
surface. The charge on the adsorbent is a major driving force for the adsorption of dye on the
adsorbent. ZnOS+C adsorbs negatively charged dye effectively at the lower pH and positively
charged dye at higher pH. The zeta potential vs pH curve is plotted and shown in Figure S1.

3.2. Kinetic and isotherm study
3.2.1. Kinetic study

The batch study showed that on increasing the adsorbent dosages, the removal of dye increases
and reaches the maximum at 22 mg of adsorbent. After that, a plateau was observed. Initially, the
increase in the removal efficiency of dye is due to the increase in surface area and adsorbent sites.
After 22 mg of adsorbent, a further increase in adsorbent dosage did not affect the dye removal



efficiency as the majority is already adsorbent at 22 mg of adsorbent. This result in the plateau
formation. This trend is shown in Figure 4(a).

The pH variation of the solution affects the effective charge of adsorbate and controls the
adsorption kinetic and mechanism involved. This affects the extent of the adsorption process. To
study the pH dependence on removal efficiency of ZnOS+C, an equal amount of adsorbent was
added to FG dye solutions of 25 mL, each having the same FG concentration, for equal time-
interval maintained at different pH. Firstly, it was observed that the adsorbent effectively adsorbs
the dye for a wide pH range from 2 to 9. Secondly, the optimum pH condition for maximum dye
removal is 2-3. The removal efficiency of the adsorbent was high at low pH and decreased
gradually with an increase in the pH, as shown in Figure 4(b). This obtained trend could be
explained on the basis of isoelectronic point, pHzec. At lower pH, the adsorbent is positively
charged and attracts negatively charged FG dye. While at higher pH, the adsorbent itself has a
negative charge and repels the FG dye; hence removal efficiency of dye is lower at higher pH.
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Figure 4 FG dye adsorption on ZnOS+C in batch experiments: Volume of dye solution= 25
ml; (a) effect of adsorbent dosages and (b) effect of pH.

The adsorption Kkinetic tests were performed to obtain the relationship between the dye adsorption
and contact time. The adsorption of FG dye on ZnOS+C increases with an increase in the contact
time, and adsorption equilibrium was obtained after 120 minutes. After that, any increase in the
contact time did not affect the removal efficiency. A similar trend was reported by Sneha Chawla
et al.[4] This can be explained as, at first, adsorbent sites were free and fully available for dye
molecules, and hence adsorption takes place at a faster rate. But after some time, adsorbent sites
were occupied by dye molecules, and finally, at equilibrium, the adsorbent was fully occupied,
and no sites remained vacant. Hence, further contact time did not contribute to the increase in
adsorption rate. This trend is shown in Figure S2 (a). Further, Figure S2 (b) shows that as the initial
concentration of FG dye in the solution increases, FG dye removal efficiency decreases. A similar
trend is reported by Sushmita Banerjee et al.[32], who used agricultural products as adsorbents to
remove tartrazine dye.



Pseudo-first order, Pseudo-second order, and Intraparticle diffusion kinetic models were studied,
and their data are fitted in the adsorption study. The linear equations of Pseudo-first order, Pseudo-
second order, and Intraparticle diffusion kinetic model are respectively (3), (4), and (5).

ln(qe - Qt) =In qe — Kit (3)

t 1 t

Lt (4)

a  K2a2, Qe

qe = C + K3t'/? (5)

Where ge and g are the adsorption capacities at equilibrium and at time t in mg/g, K, Kz and K3
are rate constant for Pseudo first order, Pseudo-second order, and intraparticle diffusion model,
respectively.

Through the R? value of each model, it was clear that the adsorption process best fits the
intraparticle diffusion model of kinetics followed by pseudo-second order and then Pseudo-first
order. The intraparticle diffusion model explains that the processes of diffusion of dye from
wastewater to the adsorbent surface and adsorption of dye on the surface of the adsorbent are
taking place simultaneously and have a significant effect on the adsorption rate. A similar type of
trend is reported by Feng-Chin Wu et al.[33] for the removal of methylene blue dye from
wastewater using activated carbon. Figure 5 and Table S1 show the result of the kinetic model
fitting.
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Figure 5 FG dye adsorption on ZnOS+C in batch experiments: Volume of dye solution= 25
ml; adsorbent dosage= 22 mg; initial pH of dye solution= 2; contact time= 120 min; initial
concentration of dye= 50 mg/g; (a) Pseudo 1st order; (b) Pseudo 2nd order and (c)
Intraparticle diffusion kinetic model

3.2.2. lIsotherm test

To understand the adsorption mechanism and interaction between adsorbate and adsorbent, the
data generated from batch studies fit into different isotherm models such as Langmuir, Freundlich,
Temkin, and Dubinin- Radushkevich (D-R) isotherm. Each isotherm model has its significance
and predicts the interaction between adsorbate and adsorbent and hence helps interpret the
adsorption mechanism. Freundlich isotherm model predicts multilayered and heterogeneous
adsorption.



The linear equation of the Freundlich isotherm model is;
Ing, =anf+%lan 3)

Where ge is equilibrium adsorption capacity in mg/g, K¢«(mg/g) is Freundlich constant, n (unitless)
is the adsorption intensity factor, and Csis the final concentration of dye in solution.

While on the other hand, the Langmuir model goes for a homogenously single-layered adsorption
process, and its linear equation is;

Cy 1 Cy

P W I 4

qe KiQm + Qm ( )
1

R, = 14K Ce ®)

Where Qm is maximum adsorption capacity in mg/g and K. (L/g) is the Langmuir constant, which
gives information about the energy of adsorption. R tells about the nature of adsorption, i.e., R.>1
means unfavorable adsorption, R <1 favorable adsorption, and R.=0 irreversible adsorption.

Similarly, the D-R isotherm model predicts the interaction between adsorbent and adsorbate, i.e.,
physisorption or chemisorption. The linear equation of the D-R isothermal model is given by
Equation 6,

Ing, =1Ingq,, — K €2 (6)

Where K (mol?/KJ?) is D-R constant and € is Polanyi potential and given by

1
e=RTin[1+] (7)
R (J/mol) is the gas constant, and T is the temperature in Kelvin.

1 . .
E= 7 IS mean free energy in KJ/mol.

The Temkin isotherm model gives information about the heat of adsorption, which reduces linearly
with coverage of adsorbent sites. The linear equation of the Temkin isotherm model is;

de = BInKy + BInCy (8)
Where Kt is the Temkin constant in L/mgand B (J/mol) is related to the heat of adsorption.

The equations and data of different isotherms are put in Table 2, and the graph obtained is shown
in Figure S3. On comparing the R? value of different isotherms, the Freundlich model was found
to be the best fit, followed by Langmuir, Temkin, and D-R. This explains the heterogeneously
multilayered adsorption of FG dye on the surface of ZnOS+C. Also, the adsorption of FG dye on
ZnOS+C surface follows the isotherm models in the order Freundlich > Langmuir > Temkin > D-
R.



Table 2 Different isotherm models

Freundlich isotherm

Temkin isotherm

KL

RZ

Langmuir isotherm

Om

KL

RL

RZ

83.09

242

0.993

264.55

0.44

0.022

0.945

B 48.35
Kr 7.24
R? 0.927
D-R isotherm

Om 172.25
K 9.8x10°8
E 2.226
R? 0.761

Also, the maximum adsorption capacity came out to be 238.28 mg of FG dye per gram of ZnOS+C.
This adsorption capacity is compared with other reported adsorbents for FG dye and is shown in

Table 3.

Table 3 Comparison of different reported adsorbents for the removal of FG dye.

Adsorbents ge(mg g?) References
Activated carbon from 51.02 [34]
Gloriosasuperba
Activated carbon from 35.39 [34]

Alternariaraphani Fungal
biomass




Peanut hull 15.60 [25]

Tur dal husk 100.39 [26]
Tamarind husk 101.58 [26]
Bengal gram husk 56.06 [26]
Bottom Ash 20.26 [27]
De-oiled Soya 5.31 [27]
Montmorillonite Clay 33.45 [28]
Red Mud 7.56 [35]
Commercial Activated Carbon 45.21 [36]
(AC)
CuS/ZnS-NCs-AC 73.36 [36]
Zn0OS+C 238.28 Present work

3.3. Thermodynamic study and mechanism involved

3.3.1. Thermodynamic study

A thermodynamics study of adsorption of FG dye on ZnOS+C was performed to obtain the change
in standard free energy (AG®), standard entropy (AS®), and standard enthalpy (AH®). The batch
experiments were performed at 3 different temperatures, 293 K, 303 K, and 313 K, and adsorption



data were obtained as shown in Table 4. The equilibrium constant (K) for the adsorption reaction
was obtained by equation 9.

C

Ko = c_; ©)
The thermodynamic parameters were obtained with the help of equations 10 and 11.

AG° = —RTInK® (10)
AG°® = AH® — TAS® (11)
From equations 10 and 11, a linear equation 12 was derived as given below.

AS° AH®
InK° = ? — F (12)

Using equation 12, Van’t Hoff plot was drawn between In K° against 1/T, and values of AH® and
AS° were derived from the slope and intercept, respectively. The Van’t Hoff plot obtained by the
thermodynamic study is shown in Figure S4.

The obtained negative value of AH® and AS®° suggests that adsorption of FG dye on ZnOS+C is an
exothermic process, and on the solid-liquid interface, entropy decreases, respectively. The negative
value of AG® indicates the spontaneity of the adsorption process. Nada S. Al-Kadhi reported a
similar trend of AH®, AS°, and AG°for removal Lissamine Green B dye by micro-particle of wild
plants[37].

Table 4 Thermodynamic parameters for FG dye adsorption on ZnOS+C (Volume of dye
solution= 25 ml; adsorbent dosage= 22 mg; initial pH of dye solution= 2; contact time= 120
min; initial concentration of dye= 100 mg/q)

AH° (KJ/mol) AS° (J/mol K) AG® (KJ/mol)
-65.09 -185.31 -10.57

3.3.2. Mechanism involved

The interaction between ZnOS+C and FG dye comprises many strong interactions such as
electrostatic interaction between SO3” group of dye and Zn and C from the adsorbent, electrostatic
interaction between N* and O and S from the adsorbent, and VVander Waal interaction between the
dye and adsorbent[30]. The combined effect of these interactions makes the ZnOS+C adsorbent
highly potential for the uptake of FG dye from wastewater. The interaction between FG dye and
ZnOS+C adsorbent is shown in Figure 6. The above explanation of electrostatic interaction can be
explained through the results of the zeta potential study. At pH lower than an isoelectronic point,
adsorbent surfaces have positively charged surfaces and have electrostatic interactions with
negatively charged FG dye. This electrostatic interaction becomes weaker with an increase in pH.
This is due to the negative surface charge on adsorbent with an increased pH.
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Figure 6 Different types of interaction between FG dye and ZnOS+C adsorbent.
3.4. Anti-interference study

Different ions are present in wastewater along with organic dyes. These ions significantly affect
the removal efficiency of adsorbent. So, to obtain the effects of coexisting ions present in dye
wastewater, 0.1M 5 ml Na*, Mg?*, CI", SO+, PO3* ions solutions were introduced in dye solutions,
and batch experiments were performed to obtain removal efficiency. The obtained results are
shown in Figure 7. Anions influence the removal efficiency significantly and result in a decrease
in removal efficiency. The same results are reported by Wang et al.[38], which suggests that anions
compete with anionic FG dye and reduce the removal efficiency of dye on the ZnOS+C surface.
In contrast, cations did not significantly affect the removal efficiency.
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Figure 7 Effects of coexistence of ions on the removal of FG dye.

3.5. Novel ZnOS+C adsorbent for FG dye removal from real wastewater

To validate the results obtained from the above studies and to ensure the effectiveness of adsorbent
wastewater sample was collected from Such Exports Private Limited, Industrial Estate, Sonipat,
Haryana, India. 0.11g of ZnOS+C adsorbent was added to 100 ml industrial wastewater at room
temperature. The mixture was stirred for 120 minutes to obtain the best adsorption result. After
the adsorption experiment, the mixture was centrifuged to separate the adsorbent from treated
water, which was colorless, and then this colorless water was analyzed for FG dye concentration
on a UV-VIS spectrophotometer. The concentration of FG dye in colorless water was found to be
0.03 mg/L, and this treated colorless water is found to be suitable for re-utilization by textile
industries.

4. Conclusions

ZnOS+C adsorbent was successfully synthesized through the wet chemical method. The adsorbent
is found to be highly efficient for the removal of FG dye. It shows a high adsorption capacity of
238.28 mg/g, which is higher than the mostly reported adsorbents for FG dye. The high adsorption
capacity of ZnOS+C is attributed to the chemical and electrostatic interaction between ZnOS+C
and FG dye. These interactions result in the higher removal efficiency of the adsorbent. ZnOS+C
also overcomes certain limitations of the conventional adsorbents, such as complex synthesis, low
adsorption rate, low adsorption capacity, high adsorption time, high adsorbent dosages, and
toxicity. It is eco-friendly, non-toxic, and highly efficient for uptake of FG dye with the adsorption
efficiency of > 99%, which is very high compared to other reported adsorbents for the uptake of
FG dye. The results from isotherm, kinetics, and thermodynamic studies support the proposed
mechanism for dye removal.

Considering the high adsorption capacity of ZnOS+C adsorbent, it can be expected to show good
removal efficiency for other contaminants, such as heavy metals, fluoride, and pesticides, which



will be a significant research direction in the future. The synthesized ZnOS+C believes in having
a significant application for real wastewater treatment. This information is crucial for developing
an advanced wastewater treatment system.
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