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A B S T R A C T   

The material is proven competitive for the solar treatment of wastewater from the textile industry -an essential 
source of water pollution worldwide. The system was prepared following a two-step hydrothermal method, 
showing photon absorption properties across the solar spectrum’s UV and visible light regions. The main 
responsible species driving the photocatalytic process are proposed based on degradation experiments using 
appropriate scavengers. Further studies include consideration of operational parameters and cycling experiments 
to evaluate the stability of the catalyst. The results showed complete degradation (100%) based on dye bleaching 
and >90% mineralization of the dye based on total organic carbon analysis using dye concentrations of 20 ppm 
and catalyst loading of 1 g/l. Our findings point to sulfide-supported spinel materials as promising candidates for 
advanced solar oxidation technologies for wastewater treatment.   

1. Introduction 

The textile industry is among the most polluting sources of water 
worldwide. A recent report [1] analysing the impact of measures to 
detox the clothing industry, highlighted the significant progress to cut 
down hazardous chemicals within the supply chains of fashion com
panies. Nevertheless, these changes represent only 15% of the global 
textile industry and untreated wastewater from textile processes is often 
discharged directly into rivers and streams. This situation is worsening 
with population growth and urbanisation, particularly with growing 
industries in areas away from a sewerage network and in remote loca
tions, which is the case in many regions across North Africa and 
South-East Asia, for instance. Conveniently, these locations have abun
dant solar irradiation and thus they are ideal for the implementation of 
effective advanced oxidation processes (AOPs) based on photocatalytic 

mechanisms. 
The principle of photocatalysis has been widely applied in the pho

todegradation of dyes, particularly using standard photocatalysts such 
as TiO2 [2] and ZnO [3]. Other systems, such as TiO2–SiO2–Ag [4], 
Bi2O3–ZnO [5], Cu–ZnO [6] and Ag–TiO2 [7], among others, have been 
designed to overcome some of the main issues with standard photo
catalysts [8]. Spinel structures have attracted an interest in this area due 
to their catalytic efficiency, high surface area, stability and non-toxicity 
[9,10]. Conveniently, these materials show magnetic properties that can 
ease their separation from effluents after treatment. 

Zinc aluminate spinel (ZnAl2O4) (Fig. 2S) is typified by its high 
chemical and thermal stability, mechanical resistance, good redox 
properties and low surface acidity, which promotes its use in a wide 
range of applications including the photodegradation of organic pol
lutants [11–14]. Unfortunately, ZnAl2O4 is a wide bandgap 
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semiconductor (Ebg≈4 eV) and can only harvest high-energy photons (λ 
< 310 nm), which hinders its photocatalytic use under sunlight condi
tions. In order to enhance its photon absorption, spinel structures have 
been supported by narrow bandgap materials such as metal sulphides. 
Examples of these systems, such as CdS/ZnFe2O4 [15], have been suc
cessfully applied to photocatalytic processes. 

In the present work, a cobalt sulphide (CoS)-supported ZnAl2O4 
system was synthesised and evaluated during the degradation of a basic 
dye model, blue basic 41 (or BB41), under UV and visible light irradi
ation conditions. Basic dyes are used intensively in the textile industry 
due to their brightness and intense colour even at low concentrations. 
The band structure of CoS (Fig. 2S) is positioned within the bandgap of 
ZnAl2O4 thus favouring the transfer of photogenerated charges (h+,e− ). 
In addition, CoS is a narrow bandgap semiconductor (Ebg = 1.6 eV) and 
thus it can harvest low energy photons (λ < 775 nm) across the entire 
visible range of the solar spectrum. 

2. Materials and methods 

2.1. Synthesis of CoS-supported ZnAl2O4 catalyst 

All chemical precursors were purchased from Sigma-Aldrich and used 
without extra purification. The CoS-supported ZnAl2O4 catalyst 
(henceforth CoS–ZnAl2O4) was synthesised following a two-step 
method. The spinel structure was first prepared by a sol-gel method, 
the appropriate amounts of aluminium nitrate (Al(NO3)3.9H2O) (7.5 g) 
and zinc nitrate (Zn(NO3)2.6H2O) (2.97 g) were dissolved in deionized 
water and magnetically stirred for 30 min. Then, ammonia (NH3 25%) 
was added to this solution under continuous stirring until complete 
precipitation at pH 8.5. The obtained mixture was filtered to separate 
the gel formed, washed with deionized water and dried at 100 ◦C for 24 
h. Finally, the obtained solid was crushed and calcined at 750 ◦C (ramp 
10 ◦C/min) for 3 h. 

The as-prepared ZnAl2O4 was used as a substrate in the hydrothermal 
synthesis of CoS–ZnAl2O4, from a mixture of 0.84 g cobalt (II) chloride 
(CoCl2. 6H2O) and 0.27 g thiourea (SC(NH₂)₂) in 90 mL ethylene glycol 
((CH₂OH)₂). After the addition of 0.75 g of ZnAl2O4 powder, the 
dispersion was kept under stirring conditions for 30 min, followed by 
further sonication for 30 min. The mixture was poured into a Teflon- 
lined autoclave and annealed to 180 ◦C for 20 h. The autoclave was 
slowly cooled at room temperature and the obtained mixture was 
filtered and repeatedly washed with alcohol and deionized water. The 
final product was dried at 90 ◦C for 8 h. 

Pristine cobalt sulfide (CoS) was synthesised following the same 
procedure but without the addition of ZnAl2O4 powder. This material 
was used as reference, as well as pristine ZnAl2O4. Commercial P25 TiO2 
(Aeroxide) was used as a standard in these experiments. 

2.2. Material characterisation 

Structural characterisation was carried out using a Bruker D8 
ADVANCE diffractometer under Cu Kα1 radiation at 40 kV, 40 mA and 
1.6 kW. VESTA structural analysis software was used to visualise the 
cubic and octahedral structures of ZnAl2O4 and CoS, respectively. The 
database of the Joint Committee on Powder Diffraction Standards 
(JCPDS) was used to identify the different phases. Cell parameters were 
obtained after refinement of X-ray diffraction patterns using the Fullprof 
software. Rough crystallite size of the as-prepared samples were esti
mated using the Scherrer equation (D = Kλ/(βcosθ)) using the main 
characteristic peak and the most intense. X-ray photoelectron spectros
copy (XPS) was carried out on a Thermo Scientific K-alpha photoelec
tron spectrometer using monochromatic Alkα radiation and a dual beam 
charge compensation system. Survey scans were measured in the range 
of 1–1200 eV. High resolution scans were recorded for the principal 
peaks of zinc (Zn 2p), aluminium (Al 2p), cobalt (Co 2p), sulphur (S 2p) 
and carbon (C 1s) at a pass energy of 50 eV. All peaks were calibrated to 

adventitious carbon (285.0 eV). A PerkinElmer Spectrum Two FT-IR 
Spectrometer was used to perform the Fourier transform infrared 
spectra (FTIR) analysis in the range of 450–4000 cm− 1. Morphological 
studies were carried out using a Jeol-IT500 HR Microscope under an 
acceleration voltage from 0.5 to 30 KV. The EDAX analysis was done 
using Hitachi TM3030 Scanning Electron Microscope (SEM) and EDAX 
Bruker micro analytic probe. The optical properties of the materials 
were investigated upon diffuse reflectance spectra analysis (DRS) using 
a UV–Vis VARIAN CARY 5 model in the range of 200–600 nm. This 
instrument was equipped with an integrating sphere of poly-tetra- 
fluoroethylene as reference material. The direct bandgap energy of the 
synthesised catalysts was estimated using the Tauc plot method [16] 
using: (F(R)h ν)1/n = A(hν-Eg). Where F(R) is the Kubelka Munk function, 
h is the Planck constant, ν is the frequency of photon, n = 1/2 for direct 
transitions, A is a constant and Eg is the bandgap energy (in eV). 

The pHpzc of CoS–ZnAl2O4 catalyst was estimated as follows: 0.2 g of 
the catalyst and 0.1 M NaCl were added to different beakers and kept 
under stirring for 24h (solution pH was adjusted by adding 0.1 M NaOH 
or HCl), then the final pH (pHf) was measured. After plotting ΔpH as a 
function of pHi, the interaction of the curve with the axis of pHi de
termines the pHpzc value. 

2.3. Photocatalytic tests 

The photocatalytic efficiency of the CoS–ZnAl2O4 catalyst was 
evaluated during degradation of Basic blue 41 (BB41) dye 
(C20H26N4O6S2), which shows maximum absorption at λmax = 610 nm 
[17]. Initial adsorption tests were carried out in the dark to evaluate the 
absorbance capacity of the catalyst. In this case, a 20-ppm solution of the 
dye was mixed with a concentration of 1 g/l of the catalyst under stirring 
conditions (700 rpm) for 30 min until absorption equilibrium. The 
photocatalytic testing was carried out under these conditions in a 250 ml 
reactor, with additional air bubbling and light irradiation. The light 
source was an Osram Ultra- Vitalux lamp (300 W) with a polyester UV 
filter sheet (Edmund Optics), showing 99.9% cut-off below 390 nm. The 
irradiance under these conditions was 140 W/m2 as measured using a 
Photopic PMA21300 sensor with spectral response in the range of 
400–700 nm. During the photocatalytic tests, aliquots were collected 
and centrifuged to remove residual traces of the catalyst. The reaction 
was monitored using UV–Vis spectroscopy (J.P. SELECTA, S.A. VR-2000) 
at λmax = 610 nm. The degradation of BB41 dye was estimated using: 
Degradation (%) = [(C0–C)/C0]×100, where C0 and C and are the initial 
concentration and concentration after irradiation time t, respectively. 
The mineralization of the BB41 dye was further monitored using Total 
Organic Carbon (TOC) analysis in a Shimadzu TOC-V CPH analyser: TOC 
(%) = [1-(final TOC/initial TOC)] x100. To study the stability of the 
CoS–ZnAl2O4 catalyst, cycling experiments were carried out under 
similar conditions. In each cycle, the catalyst was collected by centri
fugation, washed with distilled water and dried at 100 ◦C prior to use in 
the following cycle. 

3. Results and discussion 

3.1. Characterisation of the CoS–ZnAl2O4 catalyst 

SEM micrographs of the as-prepared samples are shown in Fig. 1. 
Pristine ZnAl2O4 (Fig. 1a-b) showed agglomerated particles of a broad 
range of sizes. This is unsurprising as the sample was dried and crushed 
prior to analysis. The CoS phase (Fig. 1c–d) showed microflowerlike-like 
structures, in agreement with previous observations [18]. Both species 
were identified visually in the CoS–ZnAl2O4 catalyst (Fig. 1e–f). Rough 
estimation of crystallite size showed no significant variation between 
pristine ZnAl2O4 and the spinel phase in the CoS–ZnAl2O4 system 
(Table S1), which suggests there was no structural change after the 
deposition of the CoS phase. Elemental analysis confirmed the main 
composition of the samples (Figs. 3S and 4S). Furthermore, particle size 
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distribution of the CoS–ZnAl2O4 catalyst was estimated from the SEM 
images using ImageJ software. The obtained data were analyzed using 
the Gaussian Distribution fitting. As shown in Fig. S1, the particle size of 
CoS–ZnAl2O4 ranges from 1 to 3.5 μm. 

The two individual components of the CoS–ZnAl2O4 catalyst were 
identified by XRD analysis (Fig. 2). The XRD pattern of the spinel 
ZnAl2O4 phase (JCPDS: 05–0669) exhibits the main diffraction peaks at 
ca. 31◦, 36◦, 44◦, 49◦, 55◦, 59◦ and 65◦ (2θ. These features were also 
clearly observed in the pattern of the CoS–ZnAl2O4 catalyst. The 
diffraction peaks of the octahedral CoS phase (JCPDS: 75–0605) were 
broad and weak, positioned around 30◦, 35◦, 47◦ and 54◦ [19]. Among 
these, only the peak around 35◦ could be clearly identified in the 
CoS–ZnAl2O4 pattern, together with a shoulder around 54◦. The pres
ence of other potential CoxSy phases could not be ruled out due to the 
broadening of the peaks. 

Further structural analysis for CoS–ZnAl2O4 was carried out using X- 
ray photoelectron spectroscopy (XPS) (Fig. 3). The. The XPS spectra of 
the Zn peak (Fig. 3a) show the Zn 2p3/2 and Zn 2p1/2 at 1022.5 eV and 
1045.6 eV, respectively besides, Al 2p peak is observed at 75.2 eV 
(Fig. 3b) [20]. As shown in the Co 2p spectrum (Fig. 3c), the deconvo
luted peak at 781.7 eV can be attributed to Co 2p3/2, moreover, the peaks 
at 794 and 797.9 eV correspond to Co 2p1/2 [21]. On the other hand, the 
binding energies of S (2p) (Fig. 3d) at 162.7 and 163.3 eV belong to S2

2−

of CoS [21,22]. 
Fig. 4a presents the results of the diffuse reflectance spectra analysis, 

which was used to evaluate the optical properties of the as-prepared 

samples. As expected from its wide bandgap, pristine ZnAl2O4 shows 
photon absorption in the UV region. On the other hand, CoS shows 
strong absorption across the UVA and visible light regions, which is 
consistent with previous reports [23]. The CoS–ZnAl2O4 catalyst has a 
wide absorption band combining the optical properties of the two in
dividual components. This combination promotes an efficient harvesting 
of photons across the entire solar spectrum. A linear fit intersection of 
the corresponding Tauc plots (Fig. 4b) allowed for the estimation of 
bandgap energies given as 1.60 eV and 3.95 eV, respectively for CoS and 
ZnAl2O4 phases, in agreement with literature values [24]. Two optical 
transitions were estimated for the CoS–ZnAl2O4 catalyst, at 1.47 eV and 
2.53 eV. 

3.2. Photocatalytic properties of the CoS–ZnAl2O4 catalyst 

Several photocatalytic tests were carried out following the degra
dation of 20 ppm of BB41 solution using 1 g/l of each catalyst under 
visible light irradiation (Fig. 5). An initial adsorption period was allowed 
for 30 min in the dark until equilibrium. As shown in Fig. 5a, the BB41 
dye was stable and did not experience photolysis in the absence of a 
catalyst under irradiation. Commercial (P25) TiO2 was used as a refer
ence photocatalyst to check the efficiency of the cut-off filter under the 
illumination conditions of these experiments. The fact that TiO2 did not 
show activity under the irradiation conditions used is reassuring since 
this material is only active in the UV range. This is also the case for 
ZnAl2O4, which can only harvest photons in the UV range. In contrast, 

Fig. 1. SEM micrographs of the as-prepared samples: (a,b) Pristine ZnAl2O4; (c,d) Pristine CoS and (e,f) CoS–ZnAl2O4 catalyst.  
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CoS could promote the degradation of the dye up to 40% of the initial 
concentration within the illumination period of the experiments (t = 80 
min). As mentioned above, this material is a narrow bandgap semi
conductor and can take advantage of low energy photons to carry out the 
photodegradation process. The dark adsorption of the CoS–ZnAl2O4 
catalyst was similar to the combined adsorptions of its individual 

components (Fig. 5a). Upon illumination, however, the full degradation 
of the dye (100%) took place within the time of the experiments, 
demonstrating an enhanced efficiency of the photocatalytic system. This 
was confirmed upon estimation of pseudo first-order kinetics, given as ln 
(C/C0)= kt (Fig. 5b). The calculated rate constants (k) for each catalyst 
were 5.0 × 10− 3, 8.6 × 10− 3 and 55.6 × 10− 3 min− 1 for ZnAl2O4, CoS 

Fig. 2. XRD patterns of the CoS–ZnAl2O4 catalyst and its individual components.  

Fig. 3. XPS spectra of (a) Zn 2p, (b) Al 2p, (c) Co 2p and (d) S 2p for the CoS–ZnAl2O4.  
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and CoS–ZnAl2O4, respectively. On the other hand, the TOC removal 
was found 91% while using CoS–ZnAl2O4 which indicates a good 
mineralization percentage of BB41 and confirmed the photocatalytic 
efficiency of the CoS–ZnAl2O4 catalyst. 

The significant enhancement of the photocatalytic rate was attrib
uted to the potential electronic interaction between the two components 
in the CoS–ZnAl2O4 catalyst. Charge trapping experiments were thus 
designed to identify the active species responsible for the degradation of 
BB41 dye on the catalyst. These tests were carried out using appropriate 
scavengers under the same experimental conditions as the photo
degradation tests. [25] The impact of these scavengers is shown in Fig. 6. 
As shown, the addition of silver nitrate (SN) (scavenger for e− ) and 
ethylene diamine tetra-acetic acid (EDTA-2Na) (scavenger for h+) had 
no prominent impact (80–90%) in the photodegradation of the dye. In 
contrast, the addition of isopropanol (IPA) (scavenger for .OH) and 
benzoquinone (BQ) (scavenger for .O2

− ) significantly decreased the 
photodegradation efficiency to 30–40%, which suggests these reactive 
oxygen species (ROS) were the main drivers of the photocatalytic 
process. 

Taking into account electronegativity values for the two semi
conductors − respectively 6.15 eV [26] and 5.49 eV [27] for CoS and 
ZnAl2O4, it was possible to estimate the energy of the valence band (EVB) 
and the conduction band (ECB) edges of each material using the 
following equations [28]:  

EVB = χ – E0 + 0.5 Eg                                                                            

ECB = EVB - Eg                                                                                     

Where E0 is the free electrons energy on the hydrogen scale; Eg is the 
bandgap energy; and χ is the semiconductor electronegativity. From 

these equations, the calculated ECB for CoS and ZnAl2O4 were 0.85 eV 
and − 0.98 eV, respectively. 

Based on the results of trapping experiments and the literature, it was 

Fig. 4. (a) UV–vis diffuse reflectance spectra and (b) Tauc plots (F(R)hʋ)2 vs (hʋ)) of the CoS, ZnAl2O4 and CoS–ZnAl2O4 catalysts.  

Fig. 5. (a) Photodegradation of BB41 dye on commercial (P25) TiO2, CoS–ZnAl2O4, ZnAl2O4 and CoS catalysts under visible light illumination. An adsorption period 
of the dye in dark was included until equilibrium. The photolysis of the dye in the absence of a catalyst is included as reference. (b) Corresponding photodegradation 
rates given as ln (C/C0) versus irradiation time. 

Fig. 6. Trapping experiments of active species using appropriate scavengers 
[25] during photodegradation of BB41 dye over the CoS–ZnAl2O4 system. The 
graph shows relative degradation (%) compared to the reaction in the absence 
of scavenger (given as 100%). The scavengers used were: silver nitrate (SN) 
(scavenger for e− ); ethylene diamine tetra-acetic acid (EDTA-2Na) (scavenger 
for h+); isopropanol (IPA) (scavenger of .OH); and benzoquinone (BQ) (scav
enger of ⋅O2

− ). 
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possible to propose a photocatalytic mechanism for the degradation of 
BB41 by CoS–ZnAl2O4 catalyst as presented in Fig. 7. CoS and ZnAl2O4 
are both a n-type semiconductor [29,30], for those semiconductors type, 
the Fermi energy level is close to the ECB [31]. When CoS–ZnAl2O4 n–n 
heterojunction photocatalyst was formed, the energy band of CoS and 
ZnAl2O4 would move until reach an equilibration state of Fermi level, 
simultaneously, an inner electric field would be created in the interface 
of n–n heterojunction [32,33], consequently, the conduction band (CB) 
and the valence band (VB) of CoS are higher than those of ZnAl2O4. 
ZnAl2O4 is a wide bandgap semiconductor, its large bandgap of 3.95 eV 
(Fig. 4) can’t allow him to be responding under visible light irradiation, 
on the contrary, the narrow bandgap of CoS (1.60 eV) (Fig. 4) is suitable 
to be active as photocatalyst under visible light illumination. When the 
CoS–ZnAl2O4 catalyst was exposed to the visible irradiation, the elec
trons e− will be photogenerated and moved from the VB of CoS to its CB 
leaving the holes h+ in the VB, thereafter, the e− will be transferred to CB 
of ZnAl2O4. The CB of ZnAl2O4 has the higher reduction ability owing to 
the larger electrical potential difference compared the potential of 
O2/.O2

− at − 0.33 eV [34]. Thus, the electrons at BC of ZnAl2O4 could 
react with O2 dissolved in water to produce the superoxide radicals 
(.O2

− ), on the other hand, the potential of VB of CoS is more positive than 
that of .OH/OH¡ (1.99 eV) [34], which could allow to the holes to react 
with OH¡ to generate hydroxyl radicals .OH. Finally,.O2

− and .OH will 
degrade BB41 molecules following equations (1)–(6) as was confirmed 
by the trapping experiments. Furthermore, the IEF surface was crucial 
for the enhancement of the photogenerated electrons separation from 
the CB of CoS to that of ZnAl2O4 and thus reducing the h+/e− recom
bination, all of this make from CoS–ZnAl2O4 a system that exhibits 
enhanced photocatalytic activity for the degradation of BB41 [32].  

CoS + hʋ → CoS (e− + h+)                                                              (1)  

CoS (e− ) → ZnAl2O4 (e− )                                                                (2)  

ZnAl2O4 (e− ) + O2 → .O2
− (3)  

CoS (h+) + OH− → .OH                                                                  (4)  

.O2
− + BB41 → Degradation                                                              (5)  

.OH + BB41 → Degradation                                                             (6)  

3.3. Effect of operational parameters and catalyst stability 

Further photocatalytic testing included evaluation of operational 
parameters, namely catalyst amount concentration of the dye and pH 
(Fig. 8a–c). The full degradation of the dye (100%, 20 ppm) was reached 
using catalyst concentrations of 1 g/L and 1.5 g/L in solutions at its 
natural initial pH (7.5) and at room temperature, while a loading of 0.5 
g/L achieved a degradation rate of 71% (Fig. 8a). Maximum degradation 
can thus be established within the range of 0.5–1 g/L of catalyst loading 
at a dye concentration of 20 ppm. The catalyst efficiency (at 1 g/L) 

remains the same over 20–30 ppm dye concentration, decreasing 
slightly upon further dye loadings (Fig. 8b). This is probably due to a 
screening effect, with high concentration of the dye hindering photon 
absorption at the catalyst surface, as it has been suggested in similar 
studies [35]. 

The effect of pH was significant in the photodegradation mechanism 
of the dye, as expected. BB41 is a cationic dye and an alkaline envi
ronment would promote dye adsorption on the catalyst surface [36]. The 
photodegradation process was evaluated under different pH (1 g/l, 20 
ppm) using appropriate aliquots of HCl/NaOH 0.1 M solutions (Fig. 8c). 
A full degradation rate remained stable up to pH 7, dropping to nearly 
50% at pH 3. Beyond hindering dye adsorption, this observation can be 
related to a decrease in hydroxyl radical concentration, following the 
reaction mechanism described above. In addition, the acidic environ
ment could promote particle agglomeration, with an impact on effective 
surface area and photon absorption [37]. Moreover, the found pHPZC 
value is 7.2 (Fig. S6), above this value, the catalyst surface is negatively 
charged while below it the surface becomes positively charged, which 
will promote attraction between catalyst surface and BB41 dye and thus 
enhancing more its photodegradation. 

Further studies evaluated the stability of the CoS–ZnAl2O4 catalyst 
under the experimental conditions used in this work (Fig. 8d). The 
material was used over 5 cycles following the procedure described in the 
experimental section. The efficiency observed remained close to 90% 
based on the bleaching of the dye, with less than 10% change in TOC 
removal over the cycling tests. Table 1 shows comparison of the pho
tocatalytic efficiency of a range of materials during BB41 removal. The 
data collected here suggest that the CoS–ZnAl2O4 catalyst can be a 
competitive material for the treatment of textile wastewater under solar 
conditions. 

4. Conclusions 

A CoS-supported ZnAl2O4 catalyst was successfully prepared by a 
hydrothermal method for photodegradation of basic blue 41 (BB41) dye 
under visible light illumination. UV–vis diffusive reflectance spectros
copy demonstrated that the CoS–ZnAl2O4 catalyst showed an extended 
absorption band along the UV and visible light regions. The combined 
properties of CoS and ZnAl2O4 promoted the efficient photodegradation 
of the dye upon absorption of low energy photons, which demonstrates 
its potential for solar applications. Further studies presented in this work 
included operational parameters and stability tests to evaluate the 
practical use of the photocatalyst. Comparison with other proposed 
systems demonstrates the competitive ability of our material for the 
treatment of textile wastewater, which is one of the main sources of 
water pollution worldwide. Similar systems combining sulphides and 
spinel structures may be studied towards further optimisation, following 
the basis of the current work. 

Fig. 7. Proposed mechanism of photodegradation of BB41 by CoS–ZnAl2O4catalyst under visible light illumination.  
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Fig. 8. (a) Influence of catalyst concentration in the photodegradation of BB41 dye (20 ppm). (b) Influence of dye concentration at constant catalyst loading (1 g/L). 
(c) Influence of pH using a dye concentration of 20 ppm and catalyst loading of 1 g/L. (d) Cycle experiments (20 ppm, 1 g/L) showing BB41 photodegradation rates 
(%) and total organic carbon (TOC) measurements. 

Table 1 
Comparison among previous reports and the CoS–ZnAl2O4 catalyst during BB41 removal under a range of experimental conditions.  

Photocatalyst Dye concentration (ppm) Catalyst amount (g/l) Degradation efficiency (%) Degradation time (min) Light source Reference 

CoS–ZnAl2O4 20 1 100 80 Visible light Present work 
SrTiO3/Ag3PO4 20 0.5 99 80 Visible light [38] 
CoCr2O4 10 0.5 99 300 Visible light [39] 
Bi12NiO19 15 1 98 180 Visible light [40] 
C/ZnO/Zn 12.5 0.1 96 45 UV light [41] 
MOF-199 15 0.04 99 180 UV light [42] 
ZnO 20 0.02 72.56 180 UV light [43] 
TiO2–ZnO 20 10 ≈100 60 Sunlight [36]  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.optmat.2023.114148. 
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