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A B S T R A C T   

In this study, new magnetic nanocomposites with different molar ratios of zinc oxide-zinc sulfide 
were synthesized together with photocatalysts MNPs@BNPs@ZnO and MNPs@ BNPs@ ZnS. The 
photocatalytic behavior of these hybrid nanocomposites under visible light and ultraviolet light 
was investigated to remove methylene blue (MB), methyl orange (MO) dyes, real textile and 
carton effluents. After studies, the best active photocatalyst in both visible light and ultraviolet 
light is MNPs@BNPs@ZnO–ZnS (ZnO/ZnS: 0.75:0.25), which displayed the best performance in 
the ultraviolet region. According to the TEM, the average particle size for 
MNPs@BNPs@ZnO–ZnS (ZnO/ZnS: 0.75:0.25) is between 10 and 30 nm. Zeta potential (DLS) 
showed that the charge on the photocatalyst surface is negative at most pHs. PL analysis 
confirmed that the amount of hole-electron recombination in the optimal photocatalyst is less 
than MNPs@BNPs@ZnO and MNPs@BNPs@ZnS. Also, based on kinetic studies, the rate constant 
for removing azo dyes such as MO and MB was 0.0186 and 0.0171 min− 1, respectively. It is worth 
noting that in addition to the novelty of the synthesized photocatalysts, the UV and visible lamps 
used in this research are inexpensive, durable, and highly efficient.   

1. Introduction 

Water pollution is one of the most important environmental problems that the world is facing today, despite significant advances in 
science and technology. 

Lack of fresh water resources on the one hand and uncontrolled discharge of organic pollutants such as paints into the water on the 
other hand has made wastewater purification one of the main challenges of the last decade [1–3]. 

The paper industry, dyeing, textile, cosmetics and food industries are among the industries that release large amounts of different 
colors into the environment. Disposal of these effluents poses significant risks to public health and the health of ecosystems [4,5]. 

One of the most important organic pollutants is dyes, which are often synthetic and have complex structures. Dyes, which are 
mostly toxic and carcinogenic, not only affect photosynthesis in aquatic ecosystems and inhibit aquatic growth, but also disrupt the 
reproductive process and cause defects in the central nervous system [6,7]. 

One of the processes that plays a key role in wastewater treatment today is the advanced oxidation process, which produces many 
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reactive radicals. These active radicals can easily destroy and remove organic pollutants and dyes without the need for special 
technology. 

So far, various methods have been reported in the scientific literature for water treatment, among which, nanostructured photo-
catalysts and porous materials have received much attention [7]. 

Recently, metal oxides such as TiO2, SnO2, ZnO, CuO, Bi2WO6 and ZnS in nano dimensions have attracted much attention from 
researchers due to their usefulness in wastewater treatment as photocatalysts [8–13]. 

Hetero-metallic oxides are interesting candidates for use in photocatalytic processes due to their acid-base and redox properties. 
These hetero-metal oxides have large surface area, active sites, and high surface energy, which causes the production of a large number 
of photons in the photocatalytic reaction. So far, various hetero-metallic oxides have been reported to deal with the degradation of 
organic dyes in water treatment [14]. 

Meanwhile, ZnO is one of the most widely used metal oxides, which has advantages such as high activity, high photosensitivity, 
large exciton binding energy, ease of crystallization, low production cost, non-toxicity and versatility in synthesis [15–19]. ZnO ex-
hibits better photocatalytic performance than TiO2 due to its higher quantum efficiency. However, pure ZnO has disadvantages such as 
high band gap, high rate of electron–hole recombination, low ability to absorb sunlight and lack of activity in the visible light region. 
Therefore, to overcome these disadvantages, noble metals, semiconductors with a low band gap, and elemental doping can be used to 
modify ZnO [19,20]. Also, the green biosynthesis of binary metal oxide nanocomposites with distinct morphologies and structures is 
being developed as photocatalysts. So far, researchers have used many biological sources for the biosynthesis of metal oxide, such as; 
plant extracts, actinomycetes, fungi, yeasts, bacteria, macroalgae and viruses have been used [21–28]. 

The synthesis of nanocomposites with inconsistent structure by combining zinc oxide with other metal oxide or sulfides such as ZnS, 
CdS, CuO, AgO, and various metals and non-metals such as Ag, Sm, Co, O, Nd and N,. reduce the band gap and increase synergistic 
electronic and structural properties [29–37]. Important applications of ZnS include being used as an optical conductor, optical coating, 
modulator, optical coating sensor, dielectric filter, and light emitter [38,39]. 

Spinels are a group of metal oxides with AB2O4 structures, in which A and B are cations with different crystal structures, where (A =
Mn, Fe, Co, Ni, Cu and Zn). Metal oxides with spinel structures have superparamagnetic properties and have many applications such as 
use as catalysts, use in electronic devices such as use as sensors and biosensors and energy storage, biomedical applications such as 
drug delivery, drug release and diagnosis, and use in water treatment [40]. 

In photocatalytic processes, centrifugation and filtration are used to separate the photocatalyst from the refined systems. These 
methods are not only time-consuming and expensive, but also limit the application of photocatalysts on a large scale [41]. A suitable 
solution to solve this problem is to combine photocatalysts with magnetic materials so that photocatalysts can be easily isolated and 
recovered on a large industrial scale [42]. 

Iron nanoparticles (Fe3O4) with spinel structure have been highly regarded by researchers in various fields due to their unique 
properties such as low toxicity, small size, and superparamagnetic behavior. Besides, usage of iron nanoparticles not only facilitates the 
separation of the catalyst from the media but also plays a significant role in catalyst recovery [43]. 

Boehmite (aluminium oxyhydroxide) is one of the solid, stable, reasonably priced and recyclable substrates that due to the large 
number of hydroxide groups on its surface, its surface can be easily modified with different groups and linkers. It is also worth noting 
that in photocatalytic processes and water treatment, the hydrophilicity of the photocatalyst support can be effective. Boehmite has 
many hydroxyl groups on its surface and is a hydrophilic support [43,44]. According to the explanation given above, in this study we 
synthesized magnetic boehmite nanoparticles with core-shell structure. The hybridization of boehmite nanoparticles (BNPs) with iron 
nanoparticles (Fe3O4 with spinel structure) not only increases the chemical and mechanical stability, but also increases the hydrophilic 
property of the substrate, which is an important feature in increasing the efficiency of the photocatalyst. 

Due to the great importance of core-shell heterostructures, various techniques have been used for the synthesis [23,29,33–37] of 
heterogeneous ZnO–ZnS structure. For example, Liu et al. [45], synthesize of γ-Fe2O3/ZnO double-shelled hollow and used it for dye 
removal of MB, RhB, and MO. Xie et al. [46]. Prepared α-Fe2O3/ZnOphotocatalysts with various mole ratios of α-Fe2O3 to ZnO by a 
simplerefluxing method and used them for degradation of pentachlorophenol. Sanad et al. used ZnS–ZnO nanocomposite to remove 
methylene blue and Eosin dyes [47]. In another report, Hitkari research group studied the photocatalytic activity of ZnO/ZnS and 
ZnO/ZnS/α-Fe2O3 nanocomposites in MO degradation [48]. Recently, Xu’s research group synthesized and investigated the photo-
catalytic effect of Fe3O4@SiO2@ZnO/ZnS core/shell heterostructure in the photocatalytic degradation of organic pollutants such as 
TC, MB and RhB [49]. 

According to the above, in this study, a novel modified magnetic nanocomposite (modified magnetic bohemite with core-shell 
structure containing zinc oxide-zinc sulfide) was designed and synthesized. The introduced photocatalyst has advantages such as 
cheapness, stability, easy synthesis method and environmentally friendly. The novel introduced nanocatalyst in this research 
(Fe3O4@BNPs-ZnO-ZnS) was evaluated for dye removal from synthetic and real wastewaters (colored wastewaters of Kermanshah 
carton factory and Kashan textile factory) in both visible and ultraviolet regions. 

It is worth mentioning that after the studies, it was found that the introduced photocatalyst is active in both UV and visible region, 
but is very efficient in the UV region. Also, as an advantage, the light source used in this research is a high-pressure mercury lamp, 
which is very cheap, durable and with excellent efficiency in removing organic pollutants compared to other lamps on the market. 
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2. Experimental 

2.1. Materials and methods 

All materials and reagents were purchased from Merck company with high purity and did not need to be purified. Materials used in 
this study are hydrated aluminum nitrate. 

(Al (NO3)3⋅9H2O) (98.5%), sodium hydroxide (NaOH) (97%), iron chloride (FeCl3) (99%), iron sulfate (FeSO4) (98%), zinc acetate 
(Zn(OAc)2) (99.5%), sodium sulfide (Na2S), ethanol (99%), ascorbic acid (AA) (99%), Isopropyl alcohol (IPA) (99.8%), citric acid (CA) 
(99.5%), sodium nitrate (NaNO3) (99.5%), methylene blue dye (C16H18ClN3S) and methyl orange dye (C14H14N3NaO3S). The lamps 
used in this study are high-pressure mercury vapor lamps as a visible light source and high-pressure mercury vapor lamps without a 
bulb (the bubble is carefully broken) as an ultraviolet light source (equivalent to 350–380 nm). Shimadzu IR-470 spectrometer was 
used to record the FT-IR spectra. FESEM pictures of MNPs and photocatalyst were performed by a TESCAN-MIRA3. Quantitative 
analysis was performed by energy dispersive spectrometry (EDS). TGA diagram was recorded on the STA504 in the temperature range 
of 25–800 ◦C at a heating rate of 10 ◦C min− 1. XRD patterns of samples were recorded on a JEOL-JDX–8030 (30 kV, 20 mA). Zeta 
potential was recorded on SZ-100z Dynamic Light Scattering & Zeta potential analyze (Horiba Jobin). The DRS spectrum of 
Fe3O4@BNPs@ZnO–ZnS was recorded by Avaspec-2048-TEC. VSM + FORC vibrating sample magnetometer was used to measure the 
magnetic property of the photocatalyst. Also, photoluminescence spectra were obtained by PerkinElmer LS55. Degradation experi-
ments were monitored by UV–visible absorption spectroscopy (UV–1650PC SHIMADZU, Columbia, MD, USA). Photochemical ex-
periments were carried out using a high-pressure mercury lamp (125 W) with λ > 400 nm. HR-TEM FEI TECNAI F20 apparatus was 
used to record HR-TEM images. TOC was performed with a Shimadzu TOC-5000-A systemequipped with a non-dispersive infrared 
detector. The ICP-OES analysis was recorded on PerkinElmer DV 5300. XPS spectra were obtained with UHV analysis system. 

2.2. Synthesis of Fe3O4@BNPs@ZnO–ZnS 

To synthesize modified magnetic boehmite with zinc oxide-zinc sulfide, a mixture of ferric chloride, ferrous sulfate and 25 mL of 
sodium hydroxide solution (1.25 g of NaOH in 25 mL of H2O: 5% w/v) is first mixed and placed under nitrogen gas at 90 ◦C for 2 h. 
After synthesis, the Fe3O4 nanoparticles (MNPs) were separated by an external magnet, washed with water and ethanol. In the next 
step, a solution of aluminum nitrate was added to MNPs and then the sodium hydroxide solution (10%) was added dropwise and the 
mixture was placed in an ultrasonic bath for 1 h [43]. Then, a solution of zinc acetate was added to the magnetic boehmite and refluxed 
at room temperature for 1 h after sonication. A solution of NaOH and sodium sulfide (dissolved in 20 mL of water and ethanol) was 
then added to the mixture and the mixture was refluxed for 2 h at 60 ◦C. The mixture was cooled then Fe3O4@BNPs@ZnO–ZnS was 
separated by a strong magnet, rinsed several times with water and dried at 60 ◦C [49,50]. 

2.3. Procedure for the synthesis of Fe3O4@BNPs@ZnO 

A solution of zinc acetate was added to the Fe3O4@BNPs under sonication and the mixture was refluxed at room temperature for 1 
h. After that, solutions of sodium sulfide and sodium hydroxide were added to the mixture and the mixture was refluxed at 60 ◦C. The 
synthesized Fe3O4@BNPs@ZnO nanocomposite, after cooling, was separated by a strong external magnet, washed with water and 
dried in an oven at 60 ◦C [19]. 

2.4. Synthesis of Fe3O4@BNPs@ZnS 

Zinc acetate solution was added to Fe3O4@BNPs by sonication and the mixture was refluxed at room temperature for 1 h under 
intense stirrer. A solution of Na2S was then added and the mixture was refluxed again at 60 ◦C for 2 h. The prepared Fe3O4@BNPs@ZnS 
nanoparticles were cooled, separated by an external magnet and dried after rinsing with water at 60 ◦C [47,48]. 

2.5. Dye removal experiments of synthetic methylene blue and methyl orange solutions 

In order to evaluate the performance of photocatalysts, aqueous solutions of methylene blue and methyl orange with concentra-
tions of 10, 15 and 20 ppm were prepared. After the appropriate time, the photocatalyst was quickly (less than 20 s) separated from the 
environment by a strong external magnet. Then, about 2 mL of the solution was withdrawn by a pipette and the change in absorption of 
the dye solution was checked by UV–Vis spectrophotometer (UV–1650PC SHIMADZU, Columbia, MD, USA). 

The effects of various parameters such as photocatalyst amount, dye concentration and ambient pH were investigated. After 
conducting studies, the optimal photocatalyst was selected and the performance of the photocatalyst in photocatalytic dye removal of 
the effluent of Kermanshah carton company (relatively thick olive effluent which is a mixture of several colors black, yellow, red and 
white) was investigated. Also, real effluents such as sausage, dark benton and dark olive related to Kashan textile factory with con-
centrations of 15–20 ppm were reviewed. 

Also, radical scavengers such as ascorbic acid (AA), Isopropyl alcohol (IPA), sodium nitrate, and citric acid (CA) were added to the 
solutions as scavengers for, O2ˉ, OH, e- and h+, respectively. 
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3. Results and discussion 

In this research work, in addition to three photocatalysts with different molar ratios of zinc oxide and zinc sulfide for Fe3O4@BNPs 
@ ZnO–ZnS (ZnO/ZnS = 0.25/0.75, ZnO/ZnS = 0.5/0.5, ZnO/ZnS = 0.75/0.25), Fe3O4@BNPs@ZnO and Fe3O4@BNPs@ZnS were 
also synthesized. 

Based on the predictions and laboratory studies, it was found that the higher the percentage of zinc oxide on the surface, the more 
active the photocatalyst in the ultraviolet region. Based on this, Fe3O4@BNPs@ ZnO–ZnS photocatalyst with ZnO/ZnS molar ratio =
0.75/0.25 was selected and identified as a more active photocatalyst with more efficiency in the ultraviolet region. 

3.1. Fe3O4@BNPs@ZnO–ZnS characterization methods 

Different analyzes such as FTIR, TGA, XRD, SEM, FESEM, TEM, HR-TEM, EDX, Mapping, XPS, ICP-OES, PL, VSM, BET, DRS, Zeta 
potential were performed to confirm the structure and evaluate the properties of the best photocatalyst. All steps of photocatalyst 
synthesis are shown in detail in Scheme 1. 

Fig. 1 shows the infrared spectra of Fe3O4, Fe3O4@BNPs@ZnO, Fe3O4 @BNPs@ZnS and Fe3O4 @BNPs@ZnO–ZnS photocatalyst 
with molar ratio ZnO/ZnS = 0.75/0.25. In the IR spectrum of Fe3O4 @BNPs@ZnS (blue curve), the appeared stretching vibrations of 
610.1 and 1132.5 cm− 1 are due to ZnS. Also, the OH bending frequency has appeared in 1619.2 cm− 1. The vibration shown at 3418.2 
cm− 1 is related to the OH groups of Fe3O4 NPs [51]. In the IR spectrum of Fe3O4 @BNPs@ZnO (pink curve), the frequencies appearing 
at 478.1 and 587.2 cm− 1 correspond to ZnO. Also, OH bending frequency is appeared at 1618.5 cm− 1 and stretching vibrations at 
3415.5 and 3475.1 cm− 1 are related to the hydroxyl groups on the surface of Fe3O4 NPs and water molecules [51]. 

As can be seen from the IR spectrum of Fe3O4 NPs, the vibrational frequency appearing in 480.1 cm− 1 is related to the octahedral 
Fe–O tensile vibration and the absorption band at 621.9 are related to the Fe–O tetrahedral tensile vibration. The tensile vibration 
appearing in 1133.6 cm− 1 is associated to the hydroxyl group of the water molecule. The peak appearing in 1618.5 cm− 1 also belongs 
to the bending vibration of the hydroxyl group. The vibrations appearing in 3416.1 and 3475.6 cm− 1 are related to the hydroxyl groups 
on the surface of iron nanoparticles and water molecules [51]. In the FT-IR spectrum of Fe3O4@BNPs@ZnO–ZnS, the vibrations at 
477.1 and 617.9 cm− 1 are related to Zn–O and Fe–O, respectively [52]. The peak appearing on 1619.9 cm− 1 is related to the bending 
vibration of the hydroxyl group. The absorptions appearing in 3416.2 and 3474.1 cm− 1 are attributed to the hydroxyl groups on the 
surface of iron nanoparticles and water molecules (Fig. 1, green curve). 

The XRD spectra of magnetic boehmite nanoparticles and Fe3O4@BNPs@ZnO–ZnS NPs are shown in Fig. 2. In the XRD pattern of 
MNPs, peaks appeared in 30.38, 35.79, 43.49, 53.92, 57.45 and 63.00 (01-075-0449 JCPDS No.), which have Miller coefficients of 
(440), (511), (422), (400), (311), (220), respectively. According to the XRD spectrum, the structure of the MNPs is cubic. The peaks 
appearing at 37.51 and 72.72 affirm the presence of boehmite nanoparticles in the structure. In the XRD curve for the 
MNPs@BNPs@ZnO–ZnS photocatalyst, the peaks at 28.92 (111),47.62 (220) and 56.64 (311) are related to cubic phase of ZnS [53] 
(JCPDS No. 01- 080-0020). The ZnS crystallite size was found to be 26.6 nm using the Debye Scherrer [54] (equation (1)) for the (311) 
plane. 

D=Kλ/β Cos Ѳ (1)  

Here, D is the crystallite size, K is the shape factor, calculated for spherical particles is 0.9, K = 1.54 A◦ for Cu and β is full width at half 
maxima of the highest peak in radian. 

Also, the peaks seen in 31.73 (100), 34.31 (002), 36.20 (101), 48.33 (102), 62.96 (103) corroborate the presence of hexagonal ZnO 
in the photocatalyst structure [55] (JCPDS No. 01-080-0075) (Fig. 2). The calculated crystallite size for ZnO using (103) diffraction 
peak was 22.6 nm (Fig. S1, Pdf files of XRD in supplementary data). 

In order to understand the structure and size of photocatalyst particles, FESEM and particle size distribution histograms were used. 
According to FESEM images, the structure of MNPs@BNPs is almost spherical and the distribution of particles is uniform and the 

Scheme 1. Schematic synthesis of MNPs@BNPs@ZnO–ZnS.  
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average particle size is 40–50 nm (Fig. 3a). As can be seen from Fig. 3b, after fixing the ZnO–ZnS hybrid on the surface of magnetic 
boehmite (MNPs@BNPs), the spherical structure is preserved and the particle distribution is almost uniform everywhere. Also, SEM 
was taken from the MNPs@BNPs@ZnO and MNPs@BNPs@ZnS samples (Fig. 3c and d) for a better comparison of the synthesized 
photocatalysts. Based on Fig. 3c and d, the nanoparticles have an almost uniform distribution and their shape is close to spherical. The 
particle distribution histogram obtained from FESEM was used to calculate the exact particle size and show the particle size distri-
bution. Based on the photocatalytic histogram of Fe3O4@BNPs @ ZnO–ZnS with a molar ratio of ZnO/ZnS = 0.75/0.25 (Fig. 3e), 
particles with a size of 30–50 nm have the highest frequency. TEM analysis was used to confirm the photocatalyst core-shell structure 
and obtain the exact particle size. The TEM image of the nanocomposite (Fig. 3f) well confirms that the core-shell structure has been 
synthesized and the particles are regularly and uniformly dispersed. According to TEM, the particle size was between 10 and 25 nm, 
which is in good agreement with the particle size obtained from the Debye Scherrer equation has it. In Fig. 3g, the HR-TEM image is 
shown, in which the crystalline planes of zinc oxide and zinc sulfide can be distinguished. In the SAED pattern of Fe3O4@BNPs@Z-
nO–ZnS (Fig. 3h), all diffraction rings correspond to (100), (002), (101), (102), (103) planes of ZnO and (111), (220), (311) planes of 
ZnS nanoparticles are visible. Also, the SAED analysis shows the polycrystalline structure of the nanocomposite, which is in consistent 
with the XRD results. 

Another technique used to confirm the successful synthesis of photocatalyst is EDX analysis, in which all the major elements in the 
photocatalyst structure such as Fe, Al, O, S, Zn appear (Fig. 4a). EDS-Mapping technique was used to confirm the synthesis of pho-
tocatalyst and to find out the presence of all the main elements in the texture of the sample. As can be seen from Fig. 4b–g, all the main 
elements such as Fe, Al, Zn, O, and S are present and are uniformly dispersed in the photocatalyst structure. 

Fig. 1. FT-IR spectra of MNPs (brown), MNPs@BNPs@ZnO–ZnS (green), MNPs@BNPs@ZnO (pink), and MNPs@BNPs@ZnS (blue). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. XRD patterns of MNPs@BNPs and MNPs@BNPs@ZnO–ZnS.  
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With the help of photoluminescence spectroscopy, the amount of electron-hole recombination can be obtained. In this way, the 
shorter the height of the emission spectrum, the lower the electron-hole recombination rate, and the higher the photocatalyst effi-
ciency. As can be seen from Fig. 5a, MNPs@BNPs@ZnO–ZnS photocatalyst have lower electron-hole recombination rates than 
MNPs@BNP@ZnO and MNPs@BNPs@ZnS photocatalysts. The lower the recombination rate, the higher the photocatalyst efficiency. 
DRS spectrum and band gap of the prepared MNPs@BNPs@ ZnO–ZnS are shown in Fig. 5b and c, respectively. Band gap was calculated 
using Tauc plots. The intercept of the tangent to the plot of (αhν)0.5 versus (Eg) expresses the energy of the band gap with a good 
approximation. It is worth noting that the band gap for synthesized nanocomposites is much shorter compared to the band gap for zinc 
oxide and zinc sulfide, which are 3.3 [56] and 3.6 [57], respectively. 

Based on BET test specific surface area (64.86 m2/g), particle volume (14.90 cm3/g), total pore volume (0.165 cm3/g) and mean 
pore diameter (10.173 nm) for optimal photocatalyst MNPs@BNPs@ZnO–ZnS with ZnO/ZnS molar ratio: 0.75/0.25 were obtained. 
The values of BET surface area, mean pore diameter and total pore volume for MNPs@BNPs@ZnS are 89.77 m2/g, 12.89 nm, and 
0.161 cm3/g, respectively, and these values for MNPs@BNPs@ZnO are 58.82 m2/g, 15.63 nm, and 0.267 cm3/g, respectively. By 
comparing the values obtained from BET analysis, the specific surface area of nanocomposite is higher than MNPs@BNPs@ZnO but 
lower than MNPs@BNPs@ZnS, and the average pore diameter of nanocomposite is lower than the values obtained for ZnO and ZnS 
samples. 

Also, based on Langmuir test, particle volume (16.796 cm3/g) and specific surface area of 73.105 m2/g were obtained. The higher 
the specific surface area of the MNPs@BNPs ZnO–ZnS nanocomposite, the higher the photocatalyst efficiency. 

The nitrogen absorption and desorption (Fig. 6) shows that the synthesized photocatalyst follows the type 4 (IV) isotherm, which 
has a mesoporous structure based on the AUPAC classification. 

The magnetic strength of MNPs@BNPs and MNPs@BNPs@ ZnO–ZnS with ZnO/ZnS ratio 0.75/0.25 are shown in Fig. 7. The 
magnetic boehmite strength is 63.15 emu/g and the magnetic strength of the photocatalyst is 27.25 emu/g, which confirms the very 
high magnetic strength of this photocatalyst as a result of its successful synthesis. The higher the magnetic strength, the easier it is to 
separate the catalyst from the reaction medium. 

The zeta potential technique was used to know the charge on the photocatalyst surface. At several different pHs (3, 5, and 8), zeta 
potential (DLS) was taken, and Gaussian diagrams of zeta potential for the MNPs@BNPs@ZnO–ZnS are shown in supporting infor-
mation file (Fig. 2S). Numerical values of zeta potential at pHs 3, 5 and 8 are also listed in Table 1. Since the charge on the photo-
catalyst surface is negative at all pHs, the photocatalyst shows a better performance in removing cationic dyes than anionic dyes. 

The thermal stability of the photocatalyst was evaluated by TGA technique under argon atmosphere. As Fig. 8 shows, weight loss 
occurs in three stages. In the range of 0–125 ◦C, the adsorbed water and organic solvents evaporate (about 2.5%). Subsequent failures 
occur in the range of 100–350 ◦C due to chemical transformations and physical changes such as the removal of ZnO from the pho-
tocatalyst surface, the transformation of ZnS structure to wurtzite structure, and the separation of ZnS from the nanocomposite surface. 
(1.5%) [58,59]. Also, from 350 to 450 ◦C, about 2.14% of the weight is lost, which is linked to the decomposition of the core shell 
structure and the change of the boehmite crystal phase [43,60]. 

X-ray photoelectron spectroscopy (XPS) was used to find out the chemical states and surface composition of Fe3O4@BNPs@Z-
nO–ZnS nanoparticles. Fig. 9b shows that Zn 2p3/2 and Zn 2p1/2 peaks are observed at 1021.8 and 1045.15 eV, respectively [50,61]. As 
Fig. 9c shown, the two main peaks located at 711.60 and 725.25 eV are related to Fe 2p3/2 and Fe 2p1/2 spin orbitals, respectively, 
while their satellite peaks appear at 717.19 and 732.45 eV, respectively. It should be mentioned that these appeared peaks are in 
perfect agreement with the standard peak of iron nanoparticles [62]. The presence of the peak at 530.5 eV confirms the presence of 
oxygen in the ZnO compound and crystalline oxygen in the structure of Fe3O4 [63] (Fig. 9d). The observed peak at 89.60 eV affirms the 
presence of Al 2p in the nanocomposite structure [64] (Fig. 9e). As can be seen from Fig. 9f, two peaks appeared at 160.70 and 161.60 
eV, which correspond to S 2p1/2 and S 2p3/2 of S− 2 in the photocatalyst structure [50,65], respectively. 

High-pressure mercury bulbs without bulbs (the bulb was carefully broken) were used as the ultraviolet light source, and high- 
pressure mercury bulbs were used as the visible light source (see supplementary data Fig. S3). 

3.2. Kinetic studies 

In order to find the best photocatalyst, studies were performed with aqueous solutions of methylene blue and methyl orange with a 
concentration of 10 ppm in the presence of the above-mentioned photocatalysts. Next, the photocatalytic effect of the magnetic 
boehmite (MNPs@BNPs) was investigated in the degradation of methylene blue and methyl orange dyes in the presence of a high- 
pressure mercury lamp as a UV light source (Table 2, entries 21–22). Based on the obtained results, in the presence of 
MNPs@BNPs, 14% dye removal for methylene blue and 3% for methyl orange was obtained. The important point here is that the 
MNPs@BNPs acted as a dye absorbent in the removal of methylene blue dye and did not show a photocatalytic effect. According to the 
evidence, MNPs@BNPs does not have a special role in the photocatalytic activity of the optimal MNPs@BNPs@ZnO–ZnS and the main 
photocatalytic activity is related to zinc oxide-sulfide stabilized on the surface of MNPs@BNPs. (Fig. S4, see the supporting file). The 
results are summarized in Table 2. Also, the efficiency of photocatalyst to remove MO and MB dyes was investigated under sunlight, 
and the related results are documented in Table 2, entries 23–24. 

Fig. 3. FESEM images of (a) MNPs@BNPs, (b) MNPS@BNPs@ZnO–ZnS and (c) histogram size distribution of MNPs@BNPs@ZnO–ZnS, (d) SEM 
image of MNPs@BNPs@ZnO, (e) SEM image of MNPs@BNPs@ZnS, (f) TEM of MNPS@BNPs@ZnO–ZnS, (g) HR-TEM of photocatalyst, and (h) SAED 
pattern of MNPS@BNPs@ZnO–ZnS. 
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As Table 2 displays, the best photocatalyst in the ultraviolet region is MNPs@BNPs@ZnO–ZnS with molar ratio (ZnO/ZnS = 0.75/ 
0.25). As can be seen from Table 2, the MNPs@BNPs@ZnO–ZnS (0.75:0.25) is also active in the visible region, but the decolorization 
efficiency is lower compared to the UV region. 

Then the amount of catalyst was optimized and for this purpose the values of 0.03, 0.05, 0.08 and 0.1 g of MNPs@BNPs@ZnO–ZnS 
were examined (Fig. S5, see the supporting file). The highest dye removal rate was obtained in the presence of 0.08 g of photocatalyst 
for both MB and MO. 

A higher amount of photocatalyst has a little effect on the amount of dye removal (1–3%), which was chosen as the optimal amount 
of photocatalyst due to economic reasons and less waste of materials. 

First, the decolorization reactions of methylene blue and methyl orange were investigated in the dark (in the absence of a high- 
pressure mercury lamp) in the presence of Fe3O4@BNPs-ZnO-ZnS. After 60 min, about 3% and 1% of MB and MO dyes were 
removed, respectively. Also, MB and MO dye removal reactions were exposed to high-pressure mercury lamp radiation for 1 h in the 
absence of photocatalyst. The amount of photolysis was 2% for MB and 1% for MO. 

After optimizing the amount of photocatalyst and selecting the light source (high-pressure mercury lamp without bulb as ultra-
violet light source), methylene blue (MB) and methyl orange (MO) dye removal tests were performed under ultraviolet light. After the 
specified irradiation time had elapsed, the catalyst was easily and quickly separated using an external magnet and 2 mL of the dye 

Fig. 4. (a) EDX pattern of MNPs@BNPs@ZnO–ZnS, and (b–g) EDS-Mapping of MNPs@BNPs@ZnO–ZnS.  

Fig. 5. (a) Photoluminescence spectra of MNPs@BNPs@ZnO–ZnS, MNPs@BNPs@ ZnO and MNPs@BNPs-ZnS, (b) DRS spectrum of nanocomposite 
and (c) Tauc plots of the MNPs@BNPs@ZnO–ZnS 

M. Khodamorady and K. Bahrami                                                                                                                                                                                 



Heliyon 9 (2023) e16397

10

Fig. 6. Adsorption and desorption isotherm of the photocatalyst.  

Fig. 7. VSM analysis of MNPs@BNPs@ZnO–ZnS in comparison with MNPs@BNPs.  

Table 1 
Zeta potential at pHs 3, 5 and 8.  

Entry pH Zeta potential 

1 3 − 2.5 mv 
2 5 − 11.5 mv 
3 8 − 17.2 mv  

Fig. 8. TGA curve for the MNPs@BNPs@ZnO–ZnS.  
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Fig. 9. XPS spectra of (a) photocatalyst, (b) binding energy for Zn 2p, (c) binding energy for Fe 2p, (d) binding energy for O 1s, (e) binding energy 
for Al 2p, and (f) binding energy for S 2p. 
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solution was sampled. To obtain the dye removal efficiency, the synthetic effluent was analyzed after catalyst separation by UV–Vis 
spectrophotometer. The following equation was used to obtain the color removal efficiency: 

Removal (%)= (A0 − At /A0) × 100 (2) 

Table 2 
Experiments to find the best photocatalyst in the ultraviolet and visible region.  

Entry Catalysta Dye Light Dye removal (%) Time (min) 

1 MNPs@BNPs-ZnS MB Vis 37 90 
2 MNPs@BNPs-ZnS MB UV 25.4 90 
3 MNPs@BNPs-ZnS MO Vis 33 90 
4 MNPs@BNPs-ZnS MO UV 21 90 
5 MNPs@BNPs-ZnO MB Vis 6 90 
6 MNPs@BNPs-ZnO MB UV 10 90 
7 MNPs@BNPs-ZnO MO Vis 4 90 
8 MNPs@BNPs-ZnO MO UV 2.4 90 
9 MNPs@BNPs@ZnO–ZnS (0.25:0.75) MB Vis 49.3 90 
10 MNPs@BNPs@ZnO–ZnS (0.25:0.75) MB UV 47.6 90 
11 MNPs@BNPs@ZnO–ZnS (0.25:0.75) MO Vis 58 90 
12 MNPs@BNPs@ZnO–ZnS (0.25:0.75) MO UV 54.5 90 
13 MNPs@BNPs@ZnO–ZnS (0.5:0.5) MB Vis 49.4 90 
14 MNPs@BNPs@ZnO–ZnS (0.5:0.5) MB UV 47.2 90 
15 MNPs@BNPs@ZnO–ZnS (0.5:0.5) MO Vis 48 90 
16 MNPs@BNPs@ZnO–ZnS (0.5:0.5) MO UV 56.8 90 
17 MNPs@BNPs@ZnO–ZnS (0.75:0.25) MB Vis 55 90 
18 MNPs@BNPs@ZnO–ZnS (0.75:0.25) MB UV 80.5 90 
19 MNPs@BNPs@ZnO–ZnS (0.75:0.25) MO Vis 48 90 
20 MNPs@BNPs@ZnO–ZnS (0.75:0.25) MO UV 85 90 
21 MNPs@BNPs MO UV 3 90 
22 MNPs@BNPs MB UV 14 90 
23 MNPs@BNPs@ZnO–ZnS (0.75:0.25) MO Sun light 5 120 
24 MNPs@BNPs@ZnO–ZnS (0.75:0.25) MB Sun light 12 120  

a gr of photocatalyst = 0.08 gr. 

Fig. 10. Photocatalytic dye removal of (a) MO and (c) MB dyes and first order kinetic diagrams related to photocatalytic dye removal of (b) MO and 
(d) MB in the presence of MNPs@BNPs@ZnO–ZnS. 
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Where A0 is the adsorption of the dye solution at time = 0 and At is the adsorption of the final sample at time t. 
Both MO and MB dyes showed high efficiency in the presence of MNPs@BNPs@ZnO–ZnS. The percentage of photocatalytic dye 

removal in the presence of MNPs@BNPs@ZnO–ZnS with ZnO:ZnS molar ratio: 0.75:0.25 was obtained for methyl orange (85%) and 
for methylene blue (80.5%) under ultraviolet light (Fig. 10a and c). The amount of catalyst is 0.08 g and the time of each test is 90 min. 
The rate of photocatalytic dye removal of MO and MB aqueous solutions at maximal absorption (λ max) for each dye was investigated. 
The maximum absorption wavelength is 466 nm for methyl orange and 664 nm for methylene blue. 

The reproducibility of dye removal reactions for methylene blue and methyl orange was investigated several times (four times) 
under optimal conditions. As expected, the dye degradation reactions of methyl orange and methylene blue showed excellent 
reproducibility, and the dye removal efficiencies for methyl orange and methylene blue were 85% and 80.5%, respectively, every four 
times. 

After the calculations, the pseudo-first-order kinetics for dye degradation was obtained. Also, the rate constant is obtained from the 
following equation: 

Ln(At /A0)= ln(Ct /C0)= − kappt (3)  

In this equation, C0 is the concentration of organic dye at initial and Ct is the concentration of organic dye at time t. 
Kinetic and Kap diagrams of photocatalytic dye removal of these dyes are shown in Fig. 10 b, d. The dye removal rate constant was 

obtained for MO (0.0181 min− 1) and for MB (0.0171 min− 1). Based on the obtained results, the photocatalytic dye removal process of 
MO and MB dyes follows the first-order velocity equation. 

Then, the effect of increasing the concentration of aqueous solutions of dyes on the amount of dye removal in the presence of 
photocatalyst, under ultraviolet light was investigated. Dye removal results for different concentrations of MB and MO are summarized 
in Table 3. 

The achieved kinetic parameters for photocatalytic dye removal of MO and MB dyes under visible and ultraviolet light are illus-
trated in Table 4. 

3.3. The effect of pH on the dye removal process 

The pH of the solution can be one of the factors affecting the photocatalytic removal process, so the removal of methyl orange and 
methylene blue at different pHs (3, 5, 8 and 11) under ultraviolet light was investigated. The results of photocatalytic dye removal with 
MNPs@ BNPs@ZnO–ZnS under ultraviolet light for MO and MB are shown in Fig. S6 (see the supporting file). In photocatalytic dye 
removal, in most cases, the dye molecule must first be absorbed on the photocatalyst surface, and then the light molecule is destroyed 
by light radiation. After examining the removal of methyl orange dye at different pHs, the rate of degradation of this dye in pH = 7 
(80.5%) is higher than other pHs. The reason for this is related to the nature of the dye and surface charge of the photocatalyst. Methyl 
orange is an anionic azo dye and the surface charge of the photocatalyst is negative, so there is an electrostatic repulsion for the initial 
absorption of the dye on the surface of the photocatalyst. It should be noted that at pH 3, which has a lower amount of negative charge 
(− 2.5 mV), the removal of MO is higher than at pH 5 and 8. Even though the negative charge on the surface is less, the electrostatic 
repulsion is less and as a result, the amount of dye degradation is higher. Methylene blue is a cationic dye and the surface charge of the 
photocatalyst is negative at pH 3, 5, and 8. At pH 8, there are more negative charges on the surface, the amount of dye absorption on 
the photocatalyst surface is higher due to electrostatic attraction, as a result, the percentage of dye degradation increases. 

The dye removal at pH 7 for methylene blue is 80.5%. The degradation rate for MB is higher at alkaline pHs, which can be justified 
by the amount of negative charge on the photocatalyst surface at pHs 8 and 11. Based on the zeta potential, as we move towards higher 

Table 3 
The effect of increasing the concentration of MO and MB dyes on the dye removal efficiency.  

Entry Catalyst* Dye removal (%) Dye Concentration (ppm) Light 

1 MNPs@BNPs@ZnO–ZnS 85 MO 10 UV 
2 MNPs@BNPs@ZnO–ZnS 82.2 MO 15 UV 
3 MNPs@BNPs@ZnO–ZnS 77.5 MO 20 UV 
4 MNPs@BNPs@ZnO–ZnS 71.5 MO 50 UV 
5 MNPs@BNPs@ZnO–ZnS 80.5 MB 10 UV 
6 MNPs@BNPs@ZnO–ZnS 76.5 MB 15 UV 
7 MNPs@BNPs@ZnO–ZnS 72.4 MB 20 UV 
8 MNPs@BNPs@ZnO–ZnS 68 MB 50 UV 

*: Optimal catalyst with molar ratio ZnO/ZnS: 0.75/0.25 

Table 4 
Kinetic parameters for the photocatalytic dye removal process.  

Light Photocatalyst R2 Kap (min− 1) Dye 

Uv MNPs@BNPs@ZnO–ZnS 0.9904 0.0186 MO 
Uv MNPs@BNPs@ZnO–ZnS 0.9883 0.0171 MB  
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pH (alkaline), the amount of negative charge on the surface of the photocatalyst increases, so the dye is absorbed quickly and destroyed 
easily. 

3.4. Probable mechanism and active radical species 

Photocatalytic degradation processes for MO and MB are illustrated equations (3)–(7) and Scheme 2. First, electrons and holes are 
created by irradiating light photon to ZnS. Electron transfer is from VB of zinc sulfide to VB of zinc oxide and hole transfer is from CB of 
zinc oxide to CB of zinc sulfide [66].  

ZnS + hυ → h+ + e                                                                                                                                                                  (4) 

The oxidation and reduction reactions that occur on the surface of the photocatalyst are:  

OH− + h+ → •OH                                                                                                                                                                    (5)  

H2O + h+ → •OH + H+ (6)  

O2 + e− → O2
•− + H+ → HO2

• (7) 

Adsorbed water and hydroxyl anion are the source of hydroxyl radicals. In photocatalytic processes, active species such as •OH, 
O2
•− , HO2

•, h+, e− are responsible for the degradation of dyes and organic pollutants [67,68]. The conversion of dangerous and toxic 
dyes in the presence of •OH and O2

•¡ radicals on the surface of MNPs@ BNPs@ZnO–ZnS into substances such as water and carbon 
dioxide are completely in line with the goals of green chemistry. The presence of oxygen in the photocatalytic process prohibits the 
recombination of electrons and holes.  

Dye (MO or MB) + •OH or O2
⋅− → CO2 + H2O and other products                                                                                                  (8) 

Reactive species such as •OH, O2
⋅− , HO2⋅, h+, are responsible for the initiation of redox reactions and decompose MB dye into CO2, 

H2O or mineral ions. Therefore, the color of MB and MO becomes colorless due to the destruction of aromatic rings [69–72] (Scheme 
3). 

In order to determine the role of active species and their effect in the photocatalytic process, compounds such as ascorbic acid, 
isopropyl alcohol, citric acid and sodium nitrate were used as scavengers for O2

⋅¡, ⋅OH, holes (hþ) and aqueous electrons (e-), 
respectively [73] (Fig. 11). 

Based on the results, the order of activity of the species according to their effect in the photocatalytic degradation process of MB is 
as follows: ⋅OH > O2

⋅¡ > hole > electron. 
The efficiency of Fe3O4@BNPs@ZnO–ZnS was compared with some other photocatalytic systems (Table 5). As shown, this pho-

tocatalyst is superior to most photocatalysts in parameters such as time, efficiency and type of light source used. In this study, 125-W 
high-pressure mercury lamps were used as a low-cost and high-efficiency UV light source. 

Scheme 2. Photocatalytic degradation of organic dyes in the presence of Fe3O4@BNPs@ZnO–ZnS.  

M. Khodamorady and K. Bahrami                                                                                                                                                                                 



Heliyon 9 (2023) e16397

15

3.5. Total organic carbon analysis 

In the process of water purification, one of the important factors is to determine the total amount of organic carbon. The amount of 
TOC has a great impact on the health, taste and smell of water, so in the processes of dye removal and water purification, efforts are 
made to reduce the amount of TOC [82]. The total organic carbon (TOC) measurement test for cationic and anionic dyes was per-
formed before and after the photocatalytic reaction. The values of TOC are shown in Table 6. According to Tables 6 and in the 
photocatalytic dye removal process in the presence of Fe3O4@BNPs@ZnO–ZnS, the amount of TOC has decreased significantly, which 

Scheme 3. Proposed compounds of MO and MB photocatalytic degradation.  
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indicates the efficiency of the prepared photocatalyst. 

3.6. Reusability of the photocatalyst 

After examining parameters such as the amount of photocatalyst, the concentration of dye, the type of light source and the effect of 
pH on the photocatalytic removal process, the reusability of photocatalyst was also surveyed. 

The reusability of MNPs@BNPs@ZnO–ZnS under ultraviolet light for aqueous solutions of MO and MB (10 ppm) up to 5 times was 
evaluated and the results are shown in Table 7. A slight decrease in photocatalyst efficiency was observed after five uses (4%), which 
could be due to the blockage of the active sites of the photocatalyst surface by the dye. 

In order to understand the exact amount of ZnO and ZnS on the surface of the nanocomposite, ICP-OES analysis was performed. 
Based on the results, there are 6.45 mmol of zinc sulfide and 20.65 mmol of zinc oxide on the surface per gram of the photocatalyst. 
After calculations, the amount of ZnS was 23.75%, and the amount of ZnO was 76.25%. 

3.7. Decolorization of industrial wastewaters 

In order to evaluate the efficiency of the photocatalyst, dye removal from textile, carton and spinning effluents in the presence of 
UV light and in the absence of catalyst for 30–90 min was investigated. After the elapsed time, the amount of photolysis was 3%, 3% 
and 4%, respectively. Also, in order to find out how much of the dye is absorbed by the photocatalyst surface, the dye removal of the 
textile, carton and spinning wastewaters in the presence of the photocatalyst and in the absence of UV light were evaluated at ambient 

Fig. 11. Effect of radical scavengers on the photocatalytic degradation of MB in the presence of Fe3O4@BNPs@ZnO–ZnS.  

Table 5 
Comparison of photocatalytic performance of Fe3O4@BNPs@ZnO–ZnS with some other photocataysts.  

Catalyst Light sources Dye Degradation (%), Time (min) Ref. 

ZnO + Alginate 2% UV MB 63%, 240 [74] 
ZnO–ZnS–MnO2 Visible light MB 97%, 140 [54] 
Cs–ZnS-NPs UV Acid brown 92%, 180 [75] 
ZnO@ZnS CSNPs UV Congo red 85%, 120 [76] 
ZnO–ZnS nanowire Hg-arc (300 W) MO 90%, 40 [66] 
ZnO@ZnS core–shell UV Rose Bengal pH = 4, 51%, pH = 7, 50%, 120 [77] 
Chitosan-ZnS-NPs UV Acid Black 234 92.6% [75] 
ZnS–CdS Uv–visible MO 44.1%. 120 [78] 
ZnO NPs UV MB 55%, 90 [79] 
Ag–AgBr–ZnO Sunlight RhB 90%, 60 min [80] 
Ag–ZnO Sunlight MB 72%, 120 min [81] 
Fe3O4@BNPs@ZnO–ZnS Mercury lamp 125 (UV) MB, MO 85% (MB), MO (80.5%), 90 This work  

Table 6 
Determination of TOC for cationic and anionic dyes.  

Dye Dye concentration (ppm) TOC (mg/L) before decomposition TOC (mg/L) after decomposition 

MO 10 9.5 1.47 
MO 15 14.35 2.52 
MO 20 19.2 365 
MB 10 9.3 1.82 
MB 15 14.5 3.10 
MB 20 19.60 4.10  
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Table 7 
Ability to retrieve MNPs@BNPs@ZnO–ZnS to remove MO and MB colors 
under ultraviolet light.  

Run MO MB 

1 85 80.5 
2 85 80.5 
3 84 79 
4 83 78 
5 81 76  

Fig. 12. Optical absorbance spectra for (a) benton (15 ppm), (b) dark olive (20 ppm), (c) pastel pink (15 ppm), (d) carton wastewater (25 ppm), (e) 
magenta dye of spinning mill and (f) red color of the spinning mill (25 ppm). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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temperature in 90 min. After that, wastewater solutions were examined by UV–visible spectrophotometer and the percentage of 
adsorbed dye on the photocatalyst surface was 2%, 3% and 3%, respectively. Based on the results, it can be understood that the 
decolorization process in the presence of the photocatalyst is based on the degradation process, not the adsorption. It should be noted 
that photocatalytic decolorization requires the presence of both photocatalyst and UV light source. 

The dye removal time for the actual effluent varied between 30 and 90 min, depending on the type of the dye. Also, the higher the 
effluent concentration, the less the dye removal in 90 min. Carton effluents with concentrations of 100, 50, 25 and 10 ppm were 
examined which showed 87%, 93.2%, 98.1% and 99.7% decolorization in the presence of MNPs@BNPs@ZnO–ZnS and at ambient 
temperature, respectively. 

Three textile effluents (pastel pink, benton, dark olive colors, with initial concentrations of 15–25 ppm) were evaluated in the 
presence of MNPs@BNPs@ZnO–ZnS under UV light at ambient temperature. It is worth noting that in all experiments the reactor was 
placed in a container of cold water to keep the temperature constant. 

Benton and dark olive dye effluents were almost completely decolorized with 98.3% and 99.7% efficiency in 20–30 min. But 
sausage-colored effluent in about 90 min showed about 65% dye removal (Fig. 12 a-c). Carton effluent with a concentration of 20 ppm 
was also examined and its dye removal diagram is shown in Fig. 12d. 

Also, the effluents of the spinning mill (magenta and red) were evaluated with high-pressure mercury lamps without bubbles in the 
presence of 0.08 g of photocatalyst (Fig. 12e-f). The decolorization rate was 76% for magenta effluent and 85.7 for red effluent after 60 
min. 

It seems that effluents containing cationic dyes become completely colorless in the presence of MNPs@BNPs@ZnO–ZnS (0.08 g) 
because the photocatalyst surface has a negative charge in most pHs. The mentioned photocatalyst has excellent capability in removing 
dye from industrial effluents in relatively short times with remarkable efficiency. 

It is worth noting that MNPs@BNPs@ZnO–ZnS is also active in the visible area. Therefore, all industrial effluents were studied 
under visible light. The carton, textile and spinning effluents were examined in the presence of visible lamp (high-pressure mercury 
lamp) in 60–90 min. Carton, benton, dark olive, sausage, magenta and red effluents showed 60% (90 min), 62% (60 min), 58% (60 
min), 30% (90 min), 38% (90 min) and 48% (60 min) of dye removal under optimal conditions, respectively. 

4. Conclusions 

Due to the increase of emerging pollutants in water, the use of modern treatment technology, including the use of advanced 
oxidation methods (AOPs), biological methods, biodegradability, and photocatalytic reactions to compensate for the defects of 
traditional wastewater treatment methods, has received much attention [83–86]. Biological treatment and photocatalytic reactions 
have shown great potential as a low-cost, environmentally friendly and sustainable treatment technology [87,88]. 

Therefore, in the near future, the use of environmentally compatible heterogeneous photocatalysts are very suitable candidates for 
replacing the old inappropriate, expensive and environmentally incompatible methods. 

Here, we introduced MNPs@BNPs@ZnO–ZnS (with molar ratio of ZnO:ZnS = 0.75:0.25) as a novel, reusable photocatalyt for 
decolorization of MB, MO and real wastewaters. The designed magnetic nanocomposite can remove MB (80.5%), MO (85%) and real 
wastewater with 60–99% efficiency in a short time (30–90 min) in the presence of high-pressure mercury lamp. 

Photocatalyst is synthesized in a simple process and in easy conditions without the need for special temperatures and pressures. The 
synthesized photocatalyst is active in both the UV and visible light regions, but showed the best performance in the UV region. Ac-
cording to the TGA diagram, the MNPs@BNPs@ZnO–ZnS is stable and lost only 6.124% of its weight. One of the interesting results 
obtained in this method is the reproducibility of dye removal results in the presence of MNPs@BNPs@ZnO–ZnS. The light sources used 
are high-pressure mercury lamps that are very cheap, durable and efficient which are very economical and efficient compared to UV 
lamps on the market. It is worth mentioning that the introduced photocatalyst can be used to remove dye in textile, dyeing and similar 
industries. 
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