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ABSTRACT 
 

The elimination of organic contaminants from water is a critical issue in the modern day. Fortunately, photocatalytic technology has 
showcased its efficiency to remediate refractory persistent organic pollutants. A well-known herbicide 2,4-dichlorophenoxyacetic acid (2,4-
D), is one such persistent organic pollutant in the majority of water sources. Herein,  the photocatalytic activity of zinc sulfide/carbon 
(ZnS/C) was investigated in this work.  Furthermore, The aforementioned nanocomposite was successfully created using the coprecipitation 
technique, and its constituent features were further examined using XRD, FTIR, FESEM, EDX, Zeta potential, and Tauc plot. The study aimed 
to optimize the following parameters: pH, pollutant concentration, contact time, and nanocomposite dose.  
However, Maximum photocatalytic efficiency was 88.17 % at basic pH, for a pollutant concentration of 30 mg/L, with 0.8 mg/L of catalyst 
within 180 min of reaction.  It is therefore the carbon doping with an active n-type semiconductor photocatalyst that boosted the 
photocatalytic action in the visible region Furthermore, for the next three cycles, ZnS/C had a fair degree of reusability. These experiments 
thus revealed that the ZnS/C nanocomposite that was created has great capabilities for 2,4-D remediation in an aqueous solution. 
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INTRODUCTION 
 

The increasing anthropogenic activities and the use of 

synthetic compounds in our lives have created a water crisis in 

the world (Belgiorno et al., 2007; Schwarzenbach et al., 2010; 

Kumar Reddy & Lee 2012; Prakruthi et al., 2021; Subramaniam 

et al., 2022). Specifically, the production and use of different 

chemicals, mainly for agricultural practices, pharmaceutics, 

and personal care are contributing to the widespread 

persistent organic pollutants (Sousa et al., 2018; Khasawneh & 

Palaniandy, 2021). The aquatic ecosystem is being 

accumulated as a result of the uncontrolled release of harmful 

pollutants into the environment, even at trace concentrations 

(Magro et al., 2020) and suggests human health effects. 

Numerous pests have evolved and changed agricultural 

systems, however, they are controlled by applying synthetic 

chemicals (Weber et al., 2018). Considering the increasing 

pesticide usage, this article attempts to address herbicides 2,4-

D (de Castro Marcato et al., 2017). Technically, 2,4-D is a 

phenoxy compound, lethal to living things. 2,4-D has toxic 

effects on neurological tissue, including the brain and 

peripheral nerves (Natarajan et al., 2021; Moja et al., 2024). 

This dangerous insecticide is rapidly absorbed by soil and 

water, contaminating natural resources. Therefore, to 

safeguard the environment, it is crucial to foster new materials 

that are environmentally friendly, economically viable, and 

employ effective methods for preventing and controlling 

organic pollution (Macur et al., 2007). In this direction, a 

sophisticated advanced oxidation process (AOP), which entails 

the in-situ creation of reactive oxidation radicals, efficient 

enough to break down and remove organic contaminants 

within environmental matrices, has been reported as a useful 

alternative technique (Bonora et al., 2020; Ghime & Ghosh, 

2020; Paumo et al., 2021). Photocatalysis is one such AOP of 

heterogeneous nature driven by light energy, that has piqued 

research interest. It is superior for its low operating costs, 

nontoxicity, and effective contaminant reduction (Herrmann, 

2005; Oturan & Aaron, 2014; Khoshnamvand et al., 2018; 

Ghime & Ghosh, 2020; Ashfaq et al., 2022).  

Semiconductor photocatalysts are an excellent option as they 

are chemically inert, affordable, and have ease of preparation 

(Etacheri et al., 2015; Gusain et al., 2019; Zhu & Zhou, 2019; 

Khan & Pathak, 2020; Roy et al., 2020; Mohsin & Mohammed, 

2021). Furthermore, it is thought to be essential to assess 

different photocatalysts for the breakdown of organic 

pollutants under LED light in order to progress toward 

sustainability (Liu et al., 2013b; Oturan & Aaron, 2014;  
Puttaiah et al., 2019). ZnS is highly active in the UV region, 

however, could be easily modified to respond in the visible 

region. Popularly, using solid-state electronic moderators, such 

as carbon, enhances its efficiency (Lonkar et al., 2018). The 

following are the key benefits of utilizing carbonaceous 

mediators: visible light absorption is increased, 

photogenerated charges are transported and separated more 

effectively, increased surface area, inhibition of ZnS photo 

corrosion, and sufficient porous structure (Chen et al., 2017). 

To highlight a few important research findings, ZnS/C 
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nanostructures were employed by Ming et al. for the 

degradation of ciprofloxacin, methylene blue, and Rhodamine 

B (Cros et al., 2015; Ming et al., 2016). Here, under artificial 

sunlight (visible light), the as-produced hybrid materials 

demonstrated stronger photocatalytic activity than pure ZnS (> 

380 nm), indicating a broad spectrum of photocatalytic 

destruction activity. Similarly, Bhavsar and the team reported 

ZnS/activated carbon for visible-light-driven Congo red 

decolourization. They came to the conclusion that the AC-ZnS 

nanocomposite's enhanced adsorption and decreased 

recombination rate of photoinduced charge pairs combined to 

produce greater photocatalytic efficiency (Mohammadi & 

Sabbaghi, 2014; Bhavsar et al., 2021; Rajashekara et al., 2024).  

Hence, In the current study, 2,4-D photodegradation with 

ZnS/C synthesized using a soft-chemical process under LED 

light is the main emphasis. Next, a thorough description of 

ZnS/C is provided, highlighting all of its fundamental 

physicochemical and photocatalytic properties. The study 

focused on process optimization by examining independent 

parameters such pH, catalyst dosage, contact time, and 

pollutant concentration. 

MATERIALS AND METHODS 

Chemicals and equipment 

All chemicals and reagents utilized in this investigation were of 

analytical quality. Glucose, zinc acetate (ZnC4H6O4), and sodium 

sulphide (Na2S) were purchased from Sisco Research 

Laboratories Pvt. Ltd. India and were put to use without any 

additional cleansing. Laboratory-grade magnetic stirrer and a 

muffle furnace were used. Sodium hydroxide and hydrochloric 

acid solutions were used to properly alter the pH of the 

solutions. 

Photocatalyst preparation 

Carbon black was prepared by hydrolyzing 1 g of glucose in a 

microwave at 300° C (Schwenke et al., 2015). To prepare pure 

ZnS, 10 ml of 1M zinc acetate was diluted with 75 ml of 

distilled water. Following this, 10 ml of 1M sodium sulphide 

was added dropwise after 1 hour of vigorous stirring. A white 

precipitate was produced, which was centrifuged to separate, 

then washed repeatedly with ethanol and double-distilled 

water. To obtain the powder sample, the precipitate was dried 

overnight at 50 °C under vacuum (Kripal et al., 2010). Finally, 

to prepare ZnS/C, 0.3 g carbon black and 0.09 g Na2S were 

refluxed in 100 ml distilled for 120 min. We used intermittent 

heating (1 min cycle) in between reactions to boost the 

reaction. The resultant black powder was then annealed for 45 

min at 300° C. The resultant nanocomposites were created by 

combining varying amounts of carbon with a fixed amount of 

ZnS. Catalyst preparation is Schematic illustrated in Figure 1.

 

 
Figure 1. Schematic illustrations of the synthesis of ZnS/C nanocomposite 

 

Characterization of ZnS/C 

X-ray diffraction (XRD) patterns were recorded using the X-ray 

diffractometer (Microstar Proteum 8, Bruker). FT-IR was 

performed with a PerkinElmer RX-1 spectrophotometer using 

potassium bromide, to capture functional details. The field 

emission scanning electron microscope (FESEM) JSM-7100F 

(JEOL, Singapore) was used to study the morphological 

structure and elemental composition and particle size and Zeta 

potential measurements were recorded with the NANOTRAC 

WAVE II Q machine. The band energy was calculated using a 

UV-visible spectrophotometer (UV-1800, Shimadzu 

Corporation, Japan). 

Photocatalytic performance assessment  

The parameter optimization technique was employed for 

designing the experiments, which is an extensively used 

method for evaluating the effect of the interacting factors and 

for the optimization of the photocatalytic efficiency. The four 

main parameters were studied namely, the concentration of 

2,4-D, quantity of ZnS/C, pH, and contact time to know their 

interacting effects as well as their effects on the photocatalytic 

degradation.  

Initially, 75 mL of 2,4-D solution (known molarity) with a 

calculated amount of catalyst was stirred under the dark 

condition at room temperature for about 30 min to attain an 

adsorption/desorption equilibrium condition. Later the 

mixture was subjected to an LED of 18 W. Following light 

irradiation, little portions of the reaction solution (two to three 
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milliliters) were taken out, filtered through a 0.45 um syringe 

filter to extract the catalyst, and then measured at an 

absorbance of 285 nm using a UV-VIS Spectrophotometer. Eq. 

1 was used to estimate the degradation efficiency based on the 

absorbance of the solution's initial and final concentrations 

(Giannakis et al., 2017).  

 

Degradation (%) = (1 −
Ct

C0
) ∗ 100

= (1 −
At

A0
) ∗ 100 

(1) 

where Ct and C0 represent the concentrations of 2,4-D at time 

0 minutes and t minutes, respectively, and At and A0 are 

equivalent values of absorbance at a corresponding maximum 

wavelength for 2,4-D. 

RESULTS AND DISCUSSION 

Characterisation of ZnS/C nanocomposite  

Crystallographic results were obtained by XRD at a scan rate of 

2°/min using Cu-K radiation between 10° and 80°. Figure 2a 

depicts the XRD pattern for the as-produced ZnS/C 

nanocluster. The prominent peaks registered at 26.94°, 28.57°, 

47.48°, 56.63°, 62.83°, and 68.04° are comparable to those of 

reference XRD pattern (JCPDS 80-0007) and previous reports 

(Gu et al., 2007). The narrow and crisp diffraction pattern 

confirms that the synthesized ZnS/C composite has high 

crystallinity. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 2. a) XRD pattern of ZnS/C nanocomposite, b) 

Elemental composition by EDS and inset is the quantitative 

analysis of ZnS/C, c) FTIR spectra of ZnS/C nanocomposites 

and d) Size-dependent ZnS/C concentration intensity 

By EDX analysis, the substance's elemental makeup was 

identified. Figure 2b illustrates the energy-dispersive 

spectrometry (EDS) results for the sample, which shows that C, 

Zn, and S are present in the results. One reason for the very 

small oxygen signal in the spectra is probably the inevitable 

surface adsorption of oxygen onto the samples from air 

exposure during sample processing. The sample comprises 

2.52% Zn, 1.29% S, and 42.48% C, with 10.95% Zn, 2.74% S, 

and 33.85% C atomic percentage. The effective synthesis of 

ZnS/C is demonstrated by the EDX data. Similar findings can be 

seen in prior work (Gu et al., 2007; Mehrizad & Gharbani, 

2017). 

Fourier transform infrared spectrophotometer is an analytical 

technique that shows the chemical properties of carbon-ZnS 

nanocomposite. Figure 2c displays the FT-IR spectral range of 

the synthesised sample ZnS nanoparticles. Peaks at 4000 and 

500 cm-1 show the elongating group among metal and sulphur, 

as well as insufficient bands in both 3300 and 3500 cm-1 to O-

H stretching vibration because of the absorption of moisture 

on nanoparticle surfaces. The band C-O, which is related to the 

presence of acetic acid in the primary substance, is assigned to 

a band between 937 and 1010 cm-1. Figure 5 shows the FT-IR 

spectra of pure carbon nanoparticles. The band was assigned 

the O-H stretching vibrations at 3441 cm-1, and C=O stretching 

mode was assigned to the bands between 1610 & 1713 cm-1. 

Similarly, the resonance between the C-O and C=O modes is 

also related to a narrow spectrum at 1384 cm-1. Finally, 

Figure 5 shows the Carbon-ZnS Nanocomposite's FT-IR 

spectrum. A poor band between 3000 and 3500 cm-1, as 
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previously mentioned, are attributed to the O-H stretching 

mode, concentration peaks somewhere around 40-0 and 2000 

cm-1, and the elongating group both between metal and 

sulphur are exposed. The C-O band is assigned a frequency 

band at 937 as well as 990 cm-1 (Khosravi et al., 1995). 

A Zeta potential was used to calculate the nanocomposite's 

surface potential. To estimate the surface charge and 

comprehend more about the physical stability of 

nanosuspensions, it is crucial to determine the zeta potential of 

nanostructures. DLS analysis was used to determine the 

catalysts' dynamic sizes as prepared. The ensuing Figure 2d 

displays the obtained outcomes. ZnS/C particles have an 

average dynamic size of 905.5 nm and are distributed 

throughout a narrow size range of 100-1000 nm. 

The as-produced carbon-ZnS nanocomposite's morphology 

was examined under a microscope. Figures 3a-3c shows the 

FESEM micrographs, captured at X 20,000, X 30,000, and X 1, 

00,000 magnifications, respectively. Carbon-ZnS 

nanocomposite has attained nanoclusters structures.  

 

 
a)  

 
b)  

 
c)  

 
d) 

Figure 3. a-c) FESEM images of ZnS/C at different 

magnification, and d) UV-Visible spectra and bandgap of 

ZnS/C 

The UV-Vis spectra were used to show the light scattering 

capabilities and determine the bandgap of the semiconductor 

material as synthesized (Rakshitha et al., 2022). The UV-Vis 

spectra obtained in the wavelength range of 340-1040 nm are 

shown in Figure 3d. Previous studies (Neto et al., 2020) found 

that the optical bandgap (Eg) was 3.1 eV. Eq. 2 was utilized to 

calculate Eg, where h represents the Planck constant, is the 

frequency, and h is the incident photon energy (Rakshitha et 

al., 2022). The "h" vs. "h" curve for ZnS/C is shown in Figure 

3d. This study showed that the ZnS/C nanocomposite's 

photocatalytic activity increased in the presence of visible 

light. 

(αhυ) = 𝐴(ℎ𝜐 − 𝐸g) (2) 

Parameter optimization for individual variables   

To determine the ideal pollutant concentration, a series of 

experiments were performed with pollutant concentrations 

(2,4. D) ranging from 10, 20, 30, 40, 50, 60, 70, 80, 90, and 

100mg/L, agitation rate 300rpm, contact period 90 min, pH 

3.0, and catalyst dose of 0.2 mg/L were held constants.  The 

maximum removal efficiency was obtained at 55.3% with 30 

mg/L of 2,4 D concentration. Figure 4a illustrates a plot of 

pollutant degradation (2.4, D) vs removal percentage with 

constant independent variables. However, the rate of 

degradation for 30 mg/L 2,4 D was 55.3% demonstrating the 

effective mineralization of a lower analyte concentration. 

Whereas, from 40-100 mg/L of 2,4 D, the degradation 

decreased. 

A series of tests were carried out to determine the ideal dose, 

changing the catalyst's concentration from 0.2, 0.4, 0.6, 0.8, and 

1 mg/L with a constant pH of 3, a pollutant concentration of 30 

mg/L, a rate of agitation of 300 ppm, and a contact time of 90 

minutes. However, efficiency increased from 0.4 to 0.8 mg/L to 

>60%, while degradation decreased at 1 mg/L. The highest 

clearance rate recorded in this trial was 71.52% at a catalyst 

level of 0.8 mg/L, which was deemed ideal. A plot of Removal 

efficiency vs. catalyst dosage can be seen in Figure 4b 

(Georgekutty et al., 2008). 

The investigation was conducted with varying pH ranges from 

1 to 13 with constant catalysts dosage of 0.8mg/L, contact time 

of 90 minutes, pollutant concentration of 30mg/L, and 300 

rpm agitating rate. As per the results obtained, a pH of 11 is the 
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ideal pH With maximum removal efficiency of 77.54 percent. 

However, it is noted that an alkaline condition is most suitable 

for 2,4 D removal. Figure 4c depicts a curve of 2.4, D removal 

efficiency against pH. 

By varying the duration of the experiment the number of trials 

was conducted with constant pH 11, catalysts dosage of 

0.8mg/L, pollutant concentration of 30mg/L, and 300 rpm 

agitating rate. Removal efficiency increases with increasing 

contact time. At 2 hours, virtual saturation was established, 

while equilibrium was reached after three hours, with a 

percentage removal of 81.26 per cent. There was no 

substantial reduction after 3 hours. Figure 4d depicts a graph 

of 2.4, D reduction from water as a function of contact time. 

After obtaining the above results, the maximum removal 

efficiency was obtained with pH 11, catalyst dose 0.8 mg/L, 

pollutant concentration 30 mg/L, and contact time 180 min. To 

compute final optimization, and the highest percentage 

removal of 2,4 D the experiment was carried out for 3 trial 

runs and an average of 88.17 % removal was obtained by 

optimum condition. Figure 5 depicts the results of 3 trail runs 

with optimum conditions with 2,4 D degradation. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 4. a) Removal efficiency vs pollutant concentration 

plot with constant agitation rate 300rpm, contact period 90 

min, pH 3.0, and catalyst dose of 0.2mg/L, b) Removal 

efficiency vs catalyst dosage plot with constant pH 3, 

pollutant concentration of 30 mg/L, agitating rate 30ppm, 

and contact time 90 minutes, c) Removal efficiency vs pH 

plot with constant catalysts dosage of 0.8mg/L, contact time 

of 90 minutes, pollutant concentration of 30mg/L, and 300 

rpm agitating rate, and d) Removal efficiency vs contact time 

plot with pH 11, catalysts dosage of 0.8mg/L, pollutant 

concentration of 30mg/L, and 300 rpm agitating rate. 

 

 
Figure 5. Percentage degradation of 2,4 D with the optimum 

condition at pH 11, catalyst dose 0.8 mg/L, pollutant 

concentration 30 mg/L, and contact time 180 min. 

Photocatalytic mechanism 

Electrons in the ZnS-carbon heterostructures are excited from 

their valence band (VB) state to the conduction band (CB) state 

by photo-irradiation, where they eventually combine to form 

electron-hole pairs. This transition leaves the VB with 

positively charged holes, which leads to the development of 

hydroxyl radicals. Similarly, the conduction band (CB) 

produces electrons that are reactive enough to reduce the 

molecular oxygen. Because of its potent oxidizing properties, 

the generated reactive radical species is highly effective at 

breaking down the pollutant 2,4 D. The reactive oxygen species 

hydroxyl radical and superoxide anion are created when these 

generated holes and electrons contact with the adsorbed 

oxygen and water molecules on the surface of the ZnS/C 

nanocomposite, respectively. Reactive oxygen species, or ROS, 

interact with the pollutant and break down its complex and 

dangerous chemical structure to produce non-toxic 

compounds like CO2 and H2O. During the 2,4 D degradation 

process, a number of OH radical-induced reactions, such as 
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hydroxylation, carboxylation, and ring cleavage, cause the 

breakdown of 2,4 D and produce CO2 and H2O along with 

innocuous degradation products (Rajesh et al., 2023). The 

photocatalytic mechanism is described below in Eqs. 3-8 

(Rajesh et al., 2023; Ankita et al., 2024). 

 

ZnS + hν → ZnS + e‾ + h+ (3) 

Carbon + hν → Carbon + e‾  +  h+ (4) 

O2 + e‾ → •O2
− (5) 

h+ + H2O → •OH + H+ (6) 

h+ + OH‾ → •OH (7) 

•O2‾ + •OH + pollutant → CO2 + H2O + harmless 

degradation products 
(8) 

Effect of different sources of water 

Various types of real-water samples were used in the current 

experiment to examine the photocatalytic effectiveness of the 

suggested ZnS/C nanocluster catalyst. For this study, 

residential wastewater, lake water, and tap water with a 

pollutant concentration of 30 mg/L were spiked.  The 

effectiveness in each of these scenarios is depicted in Figure 

6a. While tap water showed an efficiency decline of 11.7%, 

deionized water showed the highest percentage deterioration 

of 88.02%, which is optimised through RSM. However, the 

elimination of 2,4-D from lake water and domestic wastewater 

was 52.98% and 59.6%, respectivelyA significant decrease in 

efficiency can be attributed to the possible interaction of the 

various elements—organic and inorganic, metals and non-

metals, etc.—found in lake water and domestic wastewater 

(Yashas et al., 2021; Rakshitha et al., 2023). 

The study noted the selectivity, chemical stability, and practical 

applicability of the photocatalyst and concluded that the 2,4 D 

mineralization capability of ZnS/C nanoclusters was acceptable 

and encouraging in all conditions. 

Reusability of ZnS/C nanoclusters 

One of the key elements in terms of long-term applicability is 

the ZnS/C nanoclusters' reusability or stability, which was 

tested using the cyclic mode. In this context, Three distinct 

cycles were used to test the reusability of ZnS/C nanoclusters 

at pH 11, 0.8 mg/L of catalyst dose, and 30 mg/L of pollutant 

concentration. For the next cycle, the catalyst was removed, 

cleaned, and oven-dried. The repeatability test results for three 

consecutive cycles are shown in Figure 6b. 2,4 D degrading 

efficiency has dropped from the first cycle by roughly 15.57 % 

by the end of the third. This could be the result of consecutive 

cycles diminishing the active surface sites of the catalyst. The 

results of the previous study are validated by ZnS/C 

nanoclusters for 2,4-D because of their excellent stability and 

reusability. 

 

 
a) 

 
b) 

Figure 6. a) Effect of 2,4-dichlorophenoxyacetic acid in 

different sources of water, and b) Reusability of ZnS/C 

nanoclusters. 

 

 

Table 1. Comparison of ZnS/C nanocomposite with other similar work 

Photocatalyst Synthesis Target Efficiency (%) Reference 

C/ZnS/ZnO hydrothermal tetracycline (TC) 81% (Zou et al., 2019) 

ZnS/CdS composites 

solvothermal route with 

homogeneous precipitation 

process. 

organic dyes (such as Methyl 

Orange, Pyronine B, Rhodamine 

B and Methylene Blue) 

73% for Methylene Blue, 78% 

Rhodamine B, 68% Methyl Orange, 

72% Pyronine B 

(Liu et al., 2013a) 

ZnS/C Co-precipitation 2,4-D 88.02% Present work 

 
CONCLUSION 

In this study, we adopted the co-precipitation approach to 

developing a ZnS/C nanocomposite at room temperature, 

which exhibited the remarkable photocatalytic degradation of 

2,4-D with 88.17% degradation at 30mg/L pollutant 

concentration, 0.8 mg/L catalyst dosage under an alkaline 

environment at 180 minutes of contact time. Furthermore, the 

parameter optimization method has opted for the assessment 

of the 2.4.D photocatalytic degradation and to assess the 
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impact of four independent variables in the optimization 

process. A parameter optimization technique clarified the 

importance of the different parameters in the pollutant 

degradation process, including the concentration of pollutants, 

catalyst dosage, pH, and contact time. This study approved that 

the above synthesized ZnS/C nanocomposite was a promising 

photocatalyst for the degradation of 2.4, D. This finding 

demonstrated that organic contaminants decompose through 

neutral or base pH aqueous solutions was monitored to assess 

its photocatalytic function of the nanocomposites particles. As 

UV-IR radiation exposure time and nanocomposite content 

increased, the pollutant concentration rapidly decreased. 
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