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Abstract  

Today, large amounts of wastewater containing dyes and toxic substances enter the environment through 

industries such as textile, printing, dyeing, spinning, and leather making; therefore, water pollution is one 

of the most serious environmental problems that affects the quality and health of water. For this reason, 

removing dyes and toxic substances from water is one of the researchers concerns. In this regard, in this 

study, magnetic boehmite nanocomposite modified with zinc sulfide-cadmium sulfide 

(Fe3O4@BNPs@ZnS-CdS (ZnS/CdS: 0.25:0.75)) was used as an efficient photocatalyst to remove direct 

red 16 and rhodamine B dyes in the visible region. This photocatalyst is able to remove anionic and 

cationic dyes. The properties of the synthesized photocatalyst were investigated using XRD, FTIR, BET, 

FESEM, VSM, TGA, DRS, zeta potential and EDX. The results showed that the direct red 16 dye was 

destroyed in a neutral pH with an efficiency of 95%, within 12 min. Regarding rhodamine B, the best 

result, 97% removal, was obtained at pH=3. Also, the amount of TOC decreased dramatically after dye 

degradation. Dye degradation for both DR16 and RhB follows first-order kinetics. The advantages of this 

photocatalyst include ease of separation from the environment, biocompatibility and excellent activity in 

visible light, recyclability, and ease of synthesis. The light source used in this research is high-pressure 

mercury lamp, which is cheap and durable and has excellent performance.
 

Keywords: Photocatalyst, Magnetic Boehmite, Dye Removal, ZnS-CdS, High Pressure 
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 Introduction 1.
Today, industrial wastewater is one of the most 
important problems of the modern world due to 
industrialization, population growth and the 
increase of unlimited human activities. Among 
the industrial effluents, we can mention the 
effluents of textile, spinning, dyeing, printing, 
plastic, paper, cosmetic-sanitary and 
pharmaceutical industries (Rani et al., 2016). 

The presence of a very small amount of 
synthetic and carcinogenic dyes in industrial 
effluents has very serious effects on the 
environment and the health of living beings such 
as humans, aquatic animals and mammals (Ghosh 
and Bhattacharyya, 2002; Jamil et al., 2014; 
Mondal, 2008). Also, dyes in textile wastewater 
affect various natural processes in water such as 
photosynthesis, biodegradation, resistance to 
biological oxidation, and inhibition of light 
penetration (Bafana et al., 2011). Rhodamine B 
(RhB) is a nitrogen-containing dye that naturally 
undergoes anaerobic decomposition and turns 
into carcinogenic aromatic compounds (Horikoshi 
et al., 2004). Direct Red 16 is an azo dye that is 
used in textile and dyeing.  

There are various methods to remove colored 
pollutants, including physical, chemical and 
biological methods. Some of these methods 
include membrane filtration, precipitation 
methods, advanced oxidation processes, the use 
of adsorbents, and electrolytic filtration, which 
are usually expensive and time-consuming (Jamil 
et al., 2014). 

For soluble dyes such as rhodamine B and azo 
dyes, biological treatment methods are not 
suitable, but AOPs can be a suitable alternative 
(Guo et al., 2014). Nowadays, the use of cost-
effective and efficient heterogeneous 
photocatalysts has become the focus of 
researchers' attention. So far, many heterogeneous 
photocatalysts such as SrO2, WO3 (Carcel et al., 
2011), Fe2O3 (Sharma et al., 2014; Song et al., 
2008) ZrO2, CdS, have been used to remove 
different types of dyes and pollutants from 
wastewater.  

Heterogeneous metal oxides that have 
oxidation-reduction and acid-base properties are 
interesting candidates for the synthesis of 
photocatalysts. The band gap in metal sulfides is 
usually shorter than metal oxides and they have 
the ability to receive visible light directly. To 
increase the activity of semiconductors, they are 
combined with metal oxides or sulfides, various 
metals such as Ni, Fe, manganese and non-metals 
such as S, N, and F (Abdul Hassan et al., 2022). 
Among iron oxides, Fe3O4 has attracted more 
attention than other iron oxides due to its good 
electronic conductivity, low toxicity, superior 
magnetic properties, and high biocompatibility. 

Boehmite is another cheap, stable and recyclable 
solid nanomaterial whose surface can be easily 
modified due to the presence of a large number of  
hydroxyl groups. 

In this study, novel magnetic boehmite 
nanocomposite whose surface was modified with 
zinc sulfide-cadmium sulfide 
(Fe3O4@BNPs@ZnS-CdS (0.25:0.75)) was used 
to remove direct red 16 and rhodamine B dyes. It 
should be mentioned that the integration of 
boehmite with iron nanoparticles improves the 
chemical and mechanical properties of 
nanoparticles, and increases the hydrophilicity of 
the nanocomposite. Also, combining zinc sulfide 
with cadmium sulfide led to a decrease in the 
band gap of the photocatalyst (less than 1.5 based 
on DRS results) and an increase in its activity in 
the visible region. 

 

 Materials and Methods 2.
The materials used in this study are: hydrated 
aluminum nitrate (Al(NO3)3.9H2O), iron sulfate 
(FeSO4), iron chloride (FeCl3), sodium hydroxide 
(NaOH), sodium sulfide (Na2S), cadmium acetate 
(Cd(OAc)2), zinc acetate (Zn(OAc)2), potassium 
dichromate (K2Cr2O7), isopropyl alcohol, 
ammonium oxalate, sodium nitrate, rhodamine B 
dye C28H31ClN2O3, MW: 479.02 g/mol, direct red 
16 dye 637.55 g/mol (C26H17N5Na2O8S2) MW: 
ethanol, etc., all of which were purchased from 
Merck, the visible light source used in this 
research is high pressure mercury lamp.  

 

2.1. Synthesis of Fe3O4@BNPs@ZnS-CdS 

photocatalysts 

Fe3O4@BNPs@ZnS-CdS photocatalyst was 
synthesized based on the method mentioned in 
the previous research (Khodamorady and 
Bahrami, 2023). 

 

2.2. Dye removal test in the presence of 

Fe3O4@BNPs@ZnS-CdS 

The performance of photocatalysts in the removal 
of color from DR16 and RhB synthetic effluents 
at concentrations of 10, 15 and 20 ppm was 
investigated. Then, important parameters such as 
photocatalyst amount, color concentration and pH 
of the environment were checked. After the 
studies, the best photocatalyst 
(Fe3O4@BNPs@ZnS-CdS (0.25:0.75)) was 
selected. The amount of color removal was 
checked with the help of ultraviolet-visible 
spectrometer during the reaction.  

 

 Results and Discussion 3.
In this study, in addition to Fe3O4@BNPs@CdS 
and Fe3O4@BNPs@ZnS, three photocatalysts 
with different molar ratios of zinc sulfide-
cadmium sulfide were synthesized and their 
photocatalytic performance was investigated in 
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visible light. After laboratory studies, the most 
efficient photocatalyst in the visible light region 
is Fe3O4@BNPs@ZnS-CdS with a molar ratio of 
ZnS:CdS=0.25:0.75, which has unique 
photocatalytic activity. The optimal photocatalyst 
was fully identified by XRD, FTIR, BET, 
FESEM, VSM, TGA, DRS, zeta potential and 
EDX techniques (Khodamorady and Bahrami, 
2023). Studies were conducted with aqueous 
solution of RhB and DR16 with a concentration 
of 10 ppm in the presence of the mentioned 
photocatalysts, and the results are summarized in 
Table 1. The photocatalytic effect of magnetic 
boehmite (MNPs@BNPs) was also investigated 
in the degradation of rhodamine B and direct red 
16 dyes in the presence of a high-pressure 
mercury lamp as a light source (Table 1, entries 1 
and 2).  

Also, the efficiency of the photocatalyst for 
the removal of RhB and DR16 dyes under 
sunlight was also investigated and the related 
results are given in Table 1 entries 13-14. The 
most efficient photocatalyst in the visible region 
is Fe3O4@BNPs@ZnS-CdS with a molar ratio 
(ZnS/CdS=0.25/0.75).  

 

Table 1. Laboratory investigations to find the best 
photocatalyst in the UV-visible region 

Dye removal 

(%)* 
Light Dye Photocatalyst 

2 Visible DR16 MNPs@BNPs 

4 Visible RhB MNPs@BNPs 

45 Visible DR16 MNPs@BNPs-CdS 
24 Visible RhB MNPs@BNPs-CdS 
20 Visible DR16 MNPs@BNPs-ZnS 
12 Visible RhB MNPs@BNPs-ZnS 

95 Visible DR16 
MNPs@BNPs-ZnS-

CdS (0.25:0.75) 

70 Visible RhB 
MNPs@BNPs-ZnS-

CdS (0.25:0.75) 

69 Visible DR16 
MNPs@BNPs-ZnS-

CdS (0.5:0.5) 

50.5 Visible RhB 
MNPs@BNPs-ZnS-

CdS (0.5:0.5) 

45.2 Visible DR16 
MNPs@BNPs-ZnS-

CdS (0.75:0.25) 

25 Visible RhB 
MNPs@BNPs-ZnS-

CdS (0.75:0.25) 

17 Sun DR16 
MNPs@BNPs-ZnS-

CdS (0.25:0.75) 

5 Sun RhB 
MNPs@BNPs-ZnS-

CdS (0.25:0.75) 
52 UV DR16 MNPs@BNPs 
30 UV RhB MNPs@BNPs 

*: Time: 60 min 

 
To investigate the photocatalytic activity of 

Fe3O4@BNPs-ZnS-CdS, 10-20 ppm solutions of 
direct red 16 and rhodamine B dyes were 
prepared. Next, the amount of photocatalyst was 

optimized, and for this purpose, amounts of 0.03, 
0.05 and 0.08 gr of photocatalyst were examined, 
and 0.05 gr of catalyst was chosen as the optimal 
amount.  

After optimizing the amount of photocatalyst 
and choosing the light source (high pressure 
mercury lamp), the removal tests of direct red 16 
and rhodamine B dyes were performed under 
visible light. Direct red was removed in the 
presence of photocatalyst with an excellent 
efficiency of 95%, and rhodamine B showed an 
efficiency of 70 (Figures 1 and 2). The amount of 
photocatalytic removal of DR16 and RhB 
aqueous solutions was investigated at the 
maximum absorption wavelength for both dyes. 
Equation 1 was used to obtain the dye removal 
efficiency 
 

 

Removal (%)=(A0-At/A0)×100                         (1)  
 

The rate constant was obtained from equation 2 
 

ln (At/A0)=ln (Ct/C0)=-kt                                  (2) 
 

Kinetic and Kap (rate constant) graphs related 
to the photocatalytic dye removal of these dyes 
are shown in Figures 1 and 2. The removal rate 
constant of direct red dye was (0.0471 min

-1
) 

(Fig. 1b) and for rhodamine B dye was (0.017 
min

-1
) (Fig. 2 b). Based on the obtained results, 

the photocatalytic dye removal process for both 
dyes follows the first-order rate equation. 

pH is another important factor during the 
photocatalytic dye removal. For this reason, the 
removal of direct red 16 and rhodamine B dyes 
was also investigated in acidic and alkaline 
environments. As Fig. 1c shows, dye removal of 
direct red at pH=3, is 97%, and at pH=8, it is 
48.5% (Fig. 1d).  

Based on the zeta potential, the surface charge 
of the photocatalyst is negative at all pH levels, 
and at pH=3 the lowest amount of negative 
charge on the surface is seen, so the repulsion 
between the anionic dye direct red 16 and the 
surface of the photocatalyst is the lowest at pH=3, 
and the dye degradation is the greatest at this 
point. 

The dye removal rate for rhodamine B is 
shown in Fig. 2. The removal of rhodamine B dye 
was also investigated in acidic and alkaline pHs. 
Based on the results (Fig. 2 c,d), the highest 
degradation rate for rhodamine B dye was 
obtained at pH=3, 97.5%.  

Possible mechanism of photocatalytic 
degradation is shown in Fig. 3.  
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Fig. 1. Photocatalytic removal of a) DR 16, b) pseudo-first-order kinetic curve for DR 16, c) photocatalytic removal 
of DR 16 in pH=3 and d) in pH= 8 

 

   
 

 
 

Fig. 2. Photocatalytic removal of a) RhB, b) pseudo-first-order kinetic curve for RhB, c) photocatalytic 
removal of RhB in pH=3 and d) in pH= 8 
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Fig. 3. Photocatalytic decomposition of organic dyes in 
the presence of Fe3O4@BNPs@ZnS-CdS 

 

The reusability of Fe3O4@BNPs-ZnS-CdS 
photocatalyst under visible light for DR16 and 
RhB solutions in optimal conditions (0.05 g of 
catalyst, pH=7 and dye concentration: 10 ppm) 
(Fig. 4). 

 

 

Fig. 4. Recoverability of photocatalyst in removing 
DR16 and RhB dyes 

 

3.1. Discussion and comparison of 
photocatalyst efficiency with some other 
photocatalytic systems 
The synthesized photocatalyst in this study has a 
negative charge on the surface, so it works more 
effectively in the degradation of cationic dyes. 
Also, high-pressure mercury lamps are cheap and 
durable compared to many other lamps and light 
sources. The introduced photocatalyst was 
synthesized by an easy method, under mild 
conditions and relatively short time. 

The efficiency of the synthesized magnetic 
nanocomposite was compared with some other 
photocatalytic systems (Table 2). The hybrid 
photocatalyst (Fe3O4@BNPs@ZnS-CdS) is 
superior to most reported photocatalysts in terms 
of dye degradation time and dye removal speed. 

Table 2. Comparison of the photocatalytic activity of 
the synthesized nanocomposite with some other 

photocatalytic systems 

Catalyst 
Light 
source 

Dye Degradation Reference 

ZnO–ZnS 
nanowire 

Uv-
visible 

MO 
44.1%, 
120min 

(Gao et al., 
2015) 

ZnS-CdS 
Visible 

light 
MB 45%, 60 min 

(Wang et 
al., 2018) 

Ag–AgBr–
ZnO 

Visible 
light 

MB 
92%, 180 

min 
(Zhang et 
al., 2013) 

ZnS-Cds-
PANI 

Visible 
light 

MB 
70%, 360 

min 
(Ali, 2020) 

Fe3O4@SiO2

@ZnO-ZnS 
Xe 300 

W 
RhB 

82%, 180 
min 

(Xu et al., 
2020) 

MOS2/ZnS/ 
ZnO 

Visible 
light 

MO 
90%, 360 

min 
(Zhao et al., 

2019) 
Co@C-N-S 
triple doped 

TiO2 
LED RhB 

92%, 100 
min 

(Hamadani
an et al., 

2016) 

TiO2/CdS 
High 

pressure 
Hg lamp 

DR 
16 

95%, 12 min 
(Mittal et 
al., 2019) 

 

3.2. The amount of TOC% after dye removal  
In water treatment process, the goal is to reduce 
the amount of total organic carbon or TOC, 
because TOC has a great impact on the health, 
taste and smell of water Therefore, the amount of 
total organic carbon was measured before and 
after the dye degradation for concentrations of 10 
to 20 ppm and the results were summarized in 
Fig. 5.  

 

 

Fig. 5. The amount of TOC% after dye removal 
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In this research, magnetic boehmite 
nanocomposite modified with zinc sulfide-
cadmium sulfide Fe3O4@BNPs@ZnS-CdS 
(0.25:0.75) was used as a heterogeneous 
photocatalyst to remove direct red 16 and 
rhodamine B dyes. The results showed that the 
introduced photocatalyst is efficient, cheap, 
environmentally friendly, recyclable and 
sustainable. The photocatalyst is able to degrade 
both anionic and cationic dyes with high 
efficiency at pH=7, in the presence of 0.05 g of 
photocatalyst  Dye degradation for both DR16 

and RhB dyes follows the pseudo-first order 
equation. The photocatalyst was recovered up to 
five consecutive times and no significant 
reduction in the dye degradation rate was 

observed. 
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Fig  1. XRD diagrams of Fe3O4@BNPs and 
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Fig  3. FESEM images of a) Fe3O4@BNPs, b) Fe3O4@BNPs@ZnS-CdS and c) histogram size

distribution of photocatalyst 
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Fig. 5. a) PL spectra of Fe3O4@BNPs@ZnS-CdS, Fe3O4@BNPs@ ZnS and Fe3O4@BNPs@CdS, b) DRS spectrum

of nanocomposite and c) Tauc plots of the Fe3O4@BNPs@ZnS-CdS 
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Fig. 8. VSM analysis for Fe3O4@BNPs@ZnS-CdS 
and Fe3O4@BNPs 
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Table 2. Laboratory investigations to find the best photocatalyst in the UV-visible region 

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

60 2 Visible DR16 MNPs@BNPs 1 

60 4 Visible RhB MNPs@BNPs 2 

60 45 Visible DR16 MNPs@BNPs-CdS 3 

60 24 Visible RhB MNPs@BNPs-CdS 4 

60 20 Visible DR16 MNPs@BNPs-ZnS 5 

60 12 Visible RhB MNPs@BNPs-ZnS 6 

60 95 Visible DR16 MNPs@BNPs-ZnS-CdS (0.25:0.75) 7 

60 70 Visible RhB MNPs@BNPs-ZnS-CdS (0.25:0.75) 8 

60 69 Visible DR16 MNPs@BNPs-ZnS-CdS (0.5:0.5) 9 

60 50.5 Visible RhB MNPs@BNPs-ZnS-CdS (0.5:0.5) 10 

60 45.2 Visible DR16 MNPs@BNPs-ZnS-CdS (0.75:0.25) 11 

60 25 Visible RhB MNPs@BNPs-ZnS-CdS (0.75:0.25) 12 

60 17 Sun DR16 MNPs@BNPs-ZnS-CdS (0.25:0.75) 13 

60 5 Sun RhB MNPs@BNPs-ZnS-CdS (0.25:0.75) 14 

60 52 UV DR16 Photocatalyst 15 

60 30 UV RhB MNPs@BNPs 16 

Fig. 9. The effect of increasing concentration on the 
amount of dye removal 
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Fig. 10. Photocatalytic removal of a) DR16, b) pseudo-first-order kinetic curve for DR16, c) photocatalytic 
removal of DR16 in pH=3 and d) in pH= 8 
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Fig. 11. Photocatalytic removal of a) RhB, b) pseudo-first-order kinetic curve for RhB, c) photocatalytic 
removal of RhB in pH=3 and d) in pH= 8
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Table 3. Comparison of the photocatalytic activity of the synthesized nanocomposite with some other  

photocatalytic systems

Catalyst Light source Dye Degradation Reference 

ZnO–ZnS nanowire Hg-arc (300 W) MO 90%, 40min (Gao et al., 2015) 

ZnS-CdS Uv-visible MO 44.1%, 120min (Wang et al., 2018)

Ag–AgBr–ZnO Sunlight RhB 90%, 60 min (Zhang et al., 2013) 

ZnS-Cds-PANI Visible light MB 45%, 60 min (Ali, 2020) 

Fe3O4@SiO2@ZnO-ZnS Visible light MB 92%, 180 min (Xu et al., 2020) 

MOS2/ZnS/ZnO Xe 300 W RhB 82%, 180 min (Zhao et al., 2019)

Co@C-N-S triple doped 

TiO2 
Visible light MO 90%, 360 min 

(Hamadanian et al., 

2016)

TiO2/CdS LED RhB 92%, 100 min (Mittal et al., 2019) 

Fe3O4@BNPs@ZnS-CdS 

(0.25:0.75) 

High pressure Hg 

lamp 
DR16 95%, 12 min This work 

 
Fig. 14. Recoverability of photocatalyst in removing 

DR16 and RhB dyes
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