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a b s t r a c t
In this study, nanostructured ZnCuBi-NO3/SO4 layered double hydroxides (LDH) was developed 
followed by a co-precipitation approach using precursors such as ZnSO4·7H2O, CuSO4·5H2O 
and Bi(NO3)3·5H2O, and well characterized by Fourier-transform infrared spectroscopy, X-ray 
diffraction, energy-dispersive X-ray spectroscopy-scanning electron microscopy, and thermograv-
imetric analysis techniques. Using absorbance data, Tauc plot was plotted and band gap energy 
of ZnCuBi LDH was calculated and found to be 1.73 eV. The material was applied as an efficient 
photocatalyst for degradation of methylene blue (MB) under visible light of a 100 W Tungsten 
lamp at optimum factors such as concentration of MB 10 mg L–1, pH 8.0, catalyst dosage 10 mg, 
and shaking time of 30 min at room temperature. The degradation efficiency of the material was 
calculated and found to be ≥95.5% with RSD ≤4%. The method worked well on the synthetic 
solutions of MB, prepared in tap water, wastewater, and seawater of different concentrations.
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1. Introduction

An undesirable change in the biological, physical, 
chemical characteristics of water, land, and air, is said to be 
pollution. The pollutants may be inorganic such as fertil-
izers, mineral acids, cyanides, organometallic complexes, 
heavy metal ions, metalloids, etc. [1–4], and organic such 

as paints, pigments, and dyes including methylene blue, 
methylene orange, and methylene red, etc. [5,6]. The 
direct discharge of dyes-contaminated wastewater causes 
a serious threat to aquatic bodies. Treatment of organic 
contaminated wastewater is strongly advised prior to 
release into aqueous bodies [7]. A variety of treatment 
methods, including ion exchange, membrane filtration, 
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adsorption, and photocatalytic degradation are docu-
mented [8]. Photocatalytic degradation is more attractive 
because of the eco-friendly, cost-effective, and high deg-
radation efficiency of the material [9]. Various semicon-
ductor metal oxides such as ZnO [10], TiO2 [11], Fe2O3 
[12], CuO [13], CdO [14], SnO2 [15], WO3 [16], Bi2O3 [17], 
Ag2CO3 [18], Ag3PO4 [19] and LDHs such as ZnAl, MgAl 
[20], CdS/CoAl [21], NiAl [22], MgAl [23], MgFeTi [24] 
and MgZnAlFe [25] have been applied as photocatalysts 
for degradation of organic dyes. LDHs are anionic clays, 
consisting of positively charged metal hydroxide sheets 
with intercalated anions (OH–, NO3

– and SO4
2–, etc.) and 

water molecules [26,27]. Generally, LDH is represented 
by the formula [M2+

1–xM3+
x (OH)2]x+(An−

x/n)·yH2O, where M2+ 
is divalent and M3+ is trivalent metal ions, x is equal to 
molar ratio of M3+/(M2+ + M3+), An− is n valent anion(s), 
and y is number of intercalated water molecules [28,29]. 
This study focused on the synthesis of ZnCuBi-NO3/SO4 
LDH for the degradation of methylene blue (MB).

2. Material and method

2.1. Chemical and equipment

Chemicals and equipment are enlisted in Tables 1 and 2,  
respectively. For solutions preparation, double distilled 
water was used throughout the research.

2.2. Synthesis of ZnCuBi-NO3/SO4 LDH

The ZnCuBi LDH was synthesized followed by the 
co-precipitation method. Experimentally, four aqueous 
solutions were prepared such as A: 250 mL of 2.0 mol L–1 
NaOH, B: 250 mL of 0.025 mol L–1 ZnSO4·7H2O, C: 250 mL 
of 0.025 mol L–1 CuSO4·5H2O, and D: 250 mL of 0.025 mol L–1 
Bi(NO3)3·5H2O. D contained 20 mL of concentrated HNO3 
for a reason to solubilize bismuth salt. All these four 
solutions were poured into burettes separately and added 
dropwise into a beaker containing 50 mL of water, with 
continuous stirring at 55°C and maintaining pH 9 ± 0.5 

throughout the reaction. The precipitated ZnCuBi-NO3/SO4 
LDH was filtered, washed with water until became neutral, 
finally washed with acetone, and oven-dried at 100°C for 
24 h. The synthesized LDH was stored in a clean tube for 
further experiments.

2.3. Photocatalysis experiment

Experimentally, 10 mg of ZnCuBi-NO3/SO4 LDH was 
taken into a 25 mL bottle, containing 10 mL of 10 mg L–1 
MB of pH 8.0 and stirred in dark for 30 min for achiev-
ing adsorption–desorption equilibrium. Thereafter, 
photocatalysis was triggered by exposing the mix-
ture under visible light of a 100 W Tungsten lamp, and 
stirred at 25°C for 30 min. The mixture was centrifuged 
at 10,000 rpm and subjected to UV/Visible spectropho-
tometer at λmax of 664 nm for quantitative study of MB. 
The degradation efficiency was calculated by Eq. (1) 
and achieved ≥95.50% with RSD ≤4.0%. The degradation 
reaction setup and mechanism are depicted in Fig. 1.

Degradation efficiency %( ) =
−







 ×

C
C
Ci f

i

100  (1)

where Ci and Cf are the final concentrations of MB before 
and after degradation, respectively.

3. Results and discussion

3.1. Characterization

3.1.1. Fourier-transform infrared spectroscopy

Fig. 2 depicts the Fourier-transform infrared spec-
troscopy (FT-IR) spectrum of ZnCuBi-NO3/SO4 LDH. The 
characteristics stretching vibration at 3,413 cm–1 corre-
sponds to the O–H bond of the hydroxyl group of LDH 
and intercalated H2O molecules [30], peaks at 1,627 cm–1 
is assigned to OH bond of intercalated water mole-
cules [31,32], a strong peak at 1,356 cm–1 is assigned to 

 

Fig. 1. Home-made degradation set-up (a) and mechanism of photocatalysis for the degradation of MB (b).
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N=O bond of interacted nitrate ions [30], sharp peak at 
1,112 cm–1 corresponds to S=O bond of intercalated sul-
fate ions [33], and weak peak at 849 cm–1 demonstrates the 
metal-oxygen linkages of ZnCuBi-NO3/SO4 LDH [30].

3.1.2. X-ray diffraction

Fig. 3 depicts the powder X-ray diffraction (XRD) 
pattern of ZnCuBi-NO3/SO4 LDH. Peaks at 2θ values of 
11.5° and 27.2° are assigned to 003 and 006 planes (hkl) 
of ZnCuBi-NO3/SO4 LDH crystal system, respectively, 
revealing the formation of hydrotalcite-like structure of 
LDH [34]. Using Bragg’s law, the d spacing of 003 and 006 
planes were calculated and found to be 0.77 and 0.33 nm, 
respectively. The material contained traces of metal oxides 
phases which were formed by oxidation of metal ions 
during the synthesis process.

3.1.3. Energy-dispersive X-ray spectroscopy-scanning 
electron microscopy

The elemental content in ZnCuBi-NO3/SO4 LDH was 
tested by energy-dispersive X-ray spectroscopy (EDX) 
analysis (Fig. 4). The LDH contains 23.32%, 0.13%, 8.13%, 
8.04%, 18.58%, and 30.15% of O, S, N, Zn, Cu, and Bi, 
respectively, indicated the presence of O, S, N, Zn, Cu, and 
Bi in the synthesized LDH, which revealed the formation 
of ZnCuBi-NO3/SO4 LDH. Scanning electron microscopy 
(SEM) image of ZnCuBi-NO3/SO4 LDH at different reso-
lutions (Fig. 5) revealed that the synthesized material was 
aggregated to micro-sized.

3.1.4. Thermogravimetric analysis

The thermogravimetric analysis (TGA) depicts the ther-
mal stability of synthesized LDH. Thermogram (Fig. 6)  
demonstrates the fragmentation of ZnCuBi-NO3/SO4 LDH 

into three steps at different temperatures. The first step at 
260°C–370°C demonstrates the loss of nitrate ions, the sec-
ond step at 530°C–690°C assigns the loss of intercalated 
sulfate ions and the third step at 600°C–700°C revealed the 
degradation of metal hydroxides [35].

3.1.5. Optical study of ZnCuBi-NO3/SO4 LDH

UV-Visible absorption spectrum (Fig. 7) of an aqueous 
suspension solution of ZnCuBi-NO3/SO4 LDH was recorded 
in the region of 300–800 nm. Using absorption data, the 
Tauc plot was plotted as (hv)2(eV cm–1) vs. energy (eV), 
and direct band gap energy of ZnCuBi-NO3/SO4 LDH was 
calculated and found to be 1.73 eV [36].

3.2. Optimization of variables

3.2.1. pH

Influence of pH on the efficiency of ZnCuBi-NO3/SO4 
LDH for degradation of MB was examined. Experimentally, 
10 mL of 10 mg L–1 MB was taken into a 25 mL bottle con-
taining 10 mg of ZnCuBi LDH. The mixture was irradiated 
with visible light of a 100 W Tungsten lamp, and stirred 
at 25°C for 30 min. The mixture was centrifuged and sub-
jected to UV/visible spectrophotometer at λmax of 664 nm 
for quantification. The degradation efficiency (%) was 
decreased at pH 4–5 and increased with further increas-
ing of pH 5–8 as depicted in Fig. 8. Therefore, pH 8 was 
chosen as the working pH for further experiments.

3.2.2. Concentration

Effect of the concentration of MB solution in the range 
of 2.5–20 mg L–1 on degradation efficiency was examined. 
In a typical procedure, 10 mL of 2.5–20 mg L–1 MB of pH 
8.0 was taken into a 25 mL bottle containing 10 mg of 

Table 1
Chemicals used throughout the research

Particulars Brand/Company Purposes

CuSO4·5H2O (98.0%), Bi(NO3)3·5H2O (98.0%), ZnSO4·7H2O (99.0%) Sigma-Aldrich, China Material synthesis
CH3COOH (≥99%), CH3COONa (≥99%) NaOH (99.0%), HCl (≥37.0%), 

NH4OH (25%–28%), NH4Cl (≥99.5%), H3PO4 (87.32%), NaH2PO4 (99.0%)
Sigma-Aldrich, China Buffer solutions 

preparation
Methylene blue Merck, USA Degradation study

Table 2
Equipment used throughout the research

Particulars Brand/Company Purposes

Nicolet iS10 FT-IR spectrometer Thermo Scientific, UK Characterization
D8 ADVANCE X-ray diffractometer, X-ray: Cu-Kα (λ = 1.54056 Å) Bruker, Germany Powder XRD analysis
Scanning electron microscope JSM-6490LV, JEOL, Japan SEM analysis
XFlash detector 4010 133 eV, X-ray: Cu-Kα (λ = 1.5406 Å) Bruker, Germany EDX analysis
Shaker Model No.1-4000, Germany Shaking
pH meter InoLab pH 720, Germany pH measurement
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Fig. 2. FT-IR spectrum of ZnCuBi-NO3/SO4 LDH.
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Fig. 3. Powder XRD pattern of ZnCuBi-NO3/SO4 LDH.
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ZnCuBi-NO3/SO4 LDH. The mixture was exposed in vis-
ible light of a 100 W Tungsten lamp, and stirred at 25°C 
for 30 min. The mixture was centrifuged and subjected to 
UV/Visible spectrophotometer at λ = 664 nm for quantifi-
cation. The degradation efficiency (%) was decreased with 
increasing concentration as depicted in Fig. 9. Therefore, 
10 mg L–1 was chosen as the optimum concentration of 
MB for further experiments.

3.2.3. Catalyst dosage

Photocatalyst dosage is an important factor in the deg-
radation process, so the effect of catalyst dosage was exam-
ined. In a typical procedure, 10–60 mg of doses of the LDH 
material were tested for degradation of 10 mL of 10 mg L–1 
MB of pH 8. The mixture was exposed in visible light to a 
100 W Tungsten lamp. Thereafter, the mixture was cen-
trifuged and subjected to UV/Visible spectrophotometer 
at λmax of 664 nm for quantification. The degradation effi-
ciency was enhanced with increasing of the dose 10–20 mg 
and slightly changed with further increasing of the dose 

20–60 mg as depicted in Fig. 10. Therefore, 10 mg was 
taken as the optimum catalyst dose for further experiments.

3.2.4. Time

Influence of time on the efficiency of ZnCuBi-NO3/SO4 
LDH for degradation of MB was examined in the range of 
5–30 min. In a typical procedure, 10 mL of 10 mg L–1 MB 

Fig. 5. SEM image of nanostructured ZnCuBi-NO3/SO4 LDH.

Fig. 6. Thermogram of ZnCuBi-NO3/SO4 LDH.

Fig. 7. Absorbance spectrum of the ZnCuBi-NO3/SO4 LDH and 
Tauc plot.
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of pH 8 was taken into a 25 mL bottle containing 10 mg 
of the LDH. The mixture was exposed in visible light of 
a 100 W Tungsten lamp and stirred for 5–30 min at 25°C. 
The mixture was centrifuged and subjected to UV/Visible 
spectrophotometer at λmax of 664 nm for quantification. The 
degradation efficiency was increased 93.98%–96.39% with 
increasing of time in the range of 5–30 min as depicted in 
Fig. 11a and b. Therefore, 30 min was chosen as the optimum 
time for further experiments.

4. Application of the method

The proposed method was applied to synthetic solu-
tions. All the synthetic solutions of MB were prepared in tap 
water, wastewater, and seawater of different concentrations. 
The method worked well with a degradation efficiency of 
≥89.70% with RSD ≤ 4.0% as shown in Table 3.

5. Comparison with other materials

Various LDHs materials have been reported for adsorp-
tive and/or photocatalytic degradative removal of MB. 
The band gap energy of synthesized material ZnCuBi-NO3/
SO4 LDH is 1.73 eV as shown in Table 4, which is com-
paratively lower and worked well as photocatalyst for 
the degradation of MB.

6. Conclusion

In this study, nanostructured ZnCuBi-NO3/SO4 LDH 
was synthesized by co-precipitation method from precur-
sor salts of ZnSO4·7H2O, CuSO4·5H2O, and Bi(NO3)3·5H2O, 
and well characterized by FT-IR, XRD, EDX-SEM, and 
TGA. Using absorbance data, Tauc plot was plotted and 
band gap energy of ZnCuBi-NO3/SO4 LDH was calcu-
lated and found to be 1.73 eV. Thereafter, photocatalysis 
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was triggered by exposing the mixture under the visi-
ble light of a 100 W Tungsten lamp and stirring at 25°C 
for 30 min. Mechanistically, degradation was initiated 
when highly reactive hydroxyl radicals were generated 
and degradation of MB was triggered and degraded to 
the least harmful fragments. The degradation efficiency 
of the LDH was calculated and found to be ≥95.50% 
with RSD ≤4.0%. The method worked well on the syn-
thetic solutions of MB, prepared in tap water, wastewa-
ter, and seawater of different concentrations. This study 
offers to develop economical and efficient LDH based 

photocatalyst for the treatment of MB contaminanted 
water at laboratory and industrial levels.
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