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a b s t r a c t
Novel nano-sized Ga2–xCuxZr2–xWxO7 system was prepared using the Pechini method, where x = 0, 
0.05, 0.1 and 0.015. A single cubic fluorite phase was detected for all the prepared samples. The lattice 
parameter and unit cell volume of the undoped Ga2Zr2O7 is higher than that of Cu, W co-doped 
Ga2Zr2O7 samples. The band gap was decreased from 4.95 eV for the undoped Ga2Zr2O7 to 2.89 eV 
for Ga1.85Cu0.15Zr1.85W0.15O7 sample (15 mole % Cu and 15 mole % W doped Ga2Zr2O7), shifting the 
absorption edge to the visible light area. The photocatalytic degradation efficiency of Ga2–xCuxZr2–

xWxO7 system for malachite green dye as a water contaminant model was presented. The photocata-
lytic activity of Ga1.85Cu0.15Zr1.85W0.15O7 recorded 93.84% degradation of malachite green dye, which is 
higher than that of the undoped Ga2Zr2O7 (16.66%). The photocatalytic degradation reaction for the 
malachite green dyes was inconsistent with the Pseudo-first-order kinetics model. The reusability 
of the prepared system as a catalyst was proven. The intermediates and the reaction pathways were 
detected by GC-MS.
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1. Introduction

Prevention or minimization of ecological pollution 
has been the focus of extensive research in recent decades. 
Dumping of dyes into water resources, even at trace concen-
trations, resulted in harmful effects, including high chemi-
cal oxygen demand (COD) and biological oxygen demand 
(BOD) organic loads, unfavorable odors, colored wastewa-
ter, all of which negatively influence the biodiversity in the 
ecosystem [1,2].

Malachite green (MG) is a cancer-causing organic dye 
frequently used as a colorant food additive, as well as colo-
rant for paper and textile [3–6] Fig. 1. It is also utilized as a 

disinfectant against protozoa and parasites in the horticul-
tural field [7]. The genotoxic and carcinogenic effects of MG 
have been confirmed for human reproductive and immune 
organs [8,9].

Imitative chemical and physical processing techniques 
utilized for decolorization of textile factory effluents pro-
duced non-biodegradable materials that could be more 
biologically harmful than the parent dyes and may acquire 
extra treatment [10–14].

Many techniques have been introduced for MG decol-
orization, including biosorption [15–17], ultrasonic irradia-
tion [18], and sunlight irradiation [8,19]. Recently, advanced 
oxidation processes emerged as a promising technique for 
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the release of MG from wastewaters achieving total mineral-
ization by hydroxyl radical generation [20].

During the heterogeneous photocatalytic process, semi-
conductor particles receive light photons of higher energy 
than their band gap. As a result, the electrons in semiconduc-
tor materials are excited from the valence band to conduction 
band creating charge carriers (electrons/hole), which leads 
to the creation of hydroxyl radicals which play an essential 
role in the mineralization of MG through oxidation [21,22].

Different photocatalytic materials were eventually 
intro duced as photocatalysts for example, TiO2, ZnS, ZnO, 
WO3, V2O5, CdS [23], KBiO3, LiBiO3 [24], Graphene/ZnO 
Nanocomposite [25], Fe(III)-grafted K-doped g-C3N4/rGO 
composite [26], WO3/g-C3N4 and CeO2/g-C3N4 [27]. A2B2O7 
oxides are stabilized, whether in a pyrochlore-type or a 
defect fluorite-type structure depending on the ionic radius 
ration of the A and B cations (rA/rB ratio) [28]. The electrical 
properties of the pyrochlores fluctuated between extrava-
gant insulation to metallic conduction. Pyrochlores metal 
oxides have been widely used as thermal barrier covering 
[29], host matrices for photoluminescence, and host mate-
rial for fixation of nuclear waste outputs [30]. Luminescence 
properties of Ln2Ce2O7 fluorite-type have been examined 
before [28]. Less consideration is being given to fluorite-type 
Zr-based oxides with Ga2–xCuxZr2–xWxO7 composition for dif-
ferent applications. In addition, the photocatalytic activity 
of fluorite-type structure Ga2Zr2–xWxO7 in the declination of 
MG color isn’t accounted for yet.

The aim of the present work is to achieve MG decoloriza-
tion using new photocatalysts, such as fluorite-type Zr based 
oxides with Ga2–xCuxZr2–xWxO7 composition nanoparticles 
prepared by the  Pechini technique. The W and Cu co-dop-
ing impact on the structural properties of Ga2Zr2O7 and the 
decolorization of MG dye in visible light are studied. The 
prepared materials were completely characterized and the 
impacts of the working parameters were optimized (contact 
time, pH, catalyst dosage, initial dye concentrations).

2. Experimental

2.1. Preparation and characterization of the prepared materials

Ga2–xCuxZr2–xWxO7 system was prepared using the citrate 
technique (Pechini method), which is a wet-chemical method 
based on polymeric precursor [31] that was used to pre-
pare several metal oxides [32–36] where x = 0, 0.05, 0.15. In 
this method, α-hydroxy acid (citric acid) is used to chelate 
the cations forming a polybasic acid. Polyhydroxy alcohol 

(ethylene glycol) reacts with these chelates forming ester 
and water. Heating of the mixture leads to polyesterification 
and after the evolution of nitrous oxide and water, a gel is 
obtained. The thermal decomposition of this gel results in 
a chemically homogeneous powder containing the desired 
stoichiometry [32,33].

Zirconium (IV) oxynitrate hydrate (99%, Sigma-Aldrich, 
Canada), Tungsten (VI) chloride (99.9%, Sigma-Aldrich, 
Canada), Copper (II) nitrate trihydrate (98%, Scharlau 
Chemie S.A, Spain), Gallium (III) nitrate (99.9%, Silverton San 
Diego), Ethylene Glycol (99.8, ROAD, Sandy Croft, Deeside, 
CLWYD), Citric Acid Anhydrous Extra pure (99.5%, Loba 
Chemie, India), Ammonia (25% as NH3, Panreac Quimica, 
Spain (PRS)) are used as starting materials. All chemicals were 
reagent grade and used as received without any modification.

Ga2–xCuxZr2–xWxO7 system was prepared using the 
Pechini method as follows: tungsten chloride was dis-
solved in ethanol. Aqueous zirconium oxynitrate, gallium 
nitrate, copper nitrate and tungsten chloride solutions were 
mixed, considering the desired stoichiometry of the metal 
oxides in the final ceramic powder solution. The citric acid 
(CA) was then added to the solution (A) to chelate metal cat-
ions at the CA:Me molar ratio of 4:1. Me denotes Ga3+, W6+, 
Cu2+ and Zr4+ in the final ceramic powder. After the dissolv-
ing of CA, the pH of the solution was adjusted to be 3 where 
a clear solution was obtained. Ethylene glycol (EG) was 
added into the solution at a CA: EG molar ratio of 1:1.5. The 
solution was then heated at 140°C and kept under stirring 
to promote the esterification and polymerization reactions. 
After the elimination of nitrous oxides and water, a gel was 
obtained. The gel was charred gradually up to 300°C then 
heated in the muffle furnace at 300°C for 2 h. The charred 
gel thus produced was grounded and calcined for 2 h at 
500°C then ground and calcined for 2 h at 600°C. Ga2Zr2O7 
was prepared using the same sequence. The preparation 
flowchart for Ga2–xCuxZr2–xWxO7 powder is presented in the 
supplementary information Fig. S1.

2.2. Experimental set up of Photocatalytic degradation of dye

MG was obtained from Sigma-Aldrich Chemical 
Company, Canada. All solutions were prepared in doubly 
distilled water. Photocatalytic experiments were carried out 
with MG dye solution using all prepared catalysts under 
exposure to visible irradiation in the Pyrex glass beaker of 
250 mL volume and the suspension was magnetically stirred. 
Irradiation was carried out using a commercial visible metal 
halide lamp (HQI-T250/Daylight, OSRAM GmbH, Germany) 
with a luminous efficacy of 82 lm/W and luminous flux of 
irradiation 20,000 lm (244 W) was used. During the photo-
catalytic experiment, after stirring for 10 min slurry com-
posed of dye solution and catalyst was placed in the dark for 
1/2 h in order to establish equilibrium between adsorption 
and desorption phenomenon of dye molecule on photocata-
lyst surface. As well, the effect of photolysis (effect of visible 
light irradiation on MG without catalyst) was carried out for 
2 h in order to study the stability of MG. Then slurry con-
taining aqueous dye solution and photocatalyst was stirred 
magnetically to ensure complete suspension of catalyst par-
ticle while exposing to visible light. At specific time inter-
vals, an aliquot (5 mL) was withdrawn and centrifuged for 
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Fig. 1. Chemical structure of Malachite green.
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2 min at 3,500 rpm to remove photocatalyst particles from 
aliquot to assess the extent of decolorization photometrically. 
Changes in absorption spectra were recorded at 617 nm on 
double-beam UV-Vis. Spectrophotometer (Cary-100) a pH 
of the solution was measured using a digital pH meter. The 
desired pH of the solution was adjusted by the addition of 
previously standardized 0.050 M H2SO4 and 1.0 M NaOH 
solutions. Performance efficiency was calculated as:

%Efficiency =
−

×
C C

C
0

0

100  (1)

where C and C0 are initial and final dye concentration for 
reaction time t.

2.3. GC-MS analysis of MG by-products

The by-products formed during degradation of MG 
using ZGW2C2 sample were determined by Mass spec-
troscopy through full scan mode. The GC-MS analysis 
was performed using a GC-MS Varian 4,500, fused silica 
capillary column (30 m 0.25 mm, 0.25 µm film thickness 
equipped with an electron ionization system with ioniza-
tion energy of 70 eV. Helium gas was used as carrier gas at 
a constant flow rate of 1 mL/min. The injector and MS trans-
fer line temperature was set at 280°C. The oven temperature 
was programmed at an initial temperature of 40°C (hold 
3 min) at 280°C as the final temperature at an increasing rate 
of 5°C/min (hold 5 min).

2.4. Phenol measurement

Phenol was determined after degradation of MG by 
Chromatography DIONX- ICS- 5,000+ DC according to 
APHA, 2017 [37].

3. Characterizations of prepared materials

X-ray diffraction (XRD) is used to identify the crystal 
structure, to determine the lattice parameters and the par-
ticle size of the prepared samples. The XRD measurements 
were carried out using 7,000 Shimadzu (Japan) 2 kW model 
X-ray spectrophotometer with a nickel filtered Cu radia-
tion (CuKα) with λ = 1.54056 Å. The scanning 2θ range was 
5–80 with a step size of 0.2. The lattice parameters were 
determined using a program called UnitCellWin [38]. The 
microstructures were studied by transmission electron 
microscopy (TEM, JEOL JEM2100). Diffuse reflectance mea-
surements were performed to study the optical properties 
of the prepared samples using Shimadzu UV-3,600 (Japan). 
The specific surface area of the prepared samples was 
determined by NOVA Surface Area Analyzer from Thermo 
Pascal 140 mercury porosimetry under a pressure range of 
0.1–200 MPa. Mercury surface tension of 480 Dyne/cm and 
contact angle of 141.3° were used. The binding energy of 
the elements was measured at room temperature by X-ray 
photoelectron spectroscopy (Thermo scientific k-alpha Al 
DHA). Energy dispersive X-ray spectroscopy (EDX) spectra, 
as well as the elemental mapping for the prepared samples, 
were obtained with a Quanta EFG250 scanning electron 
microscope equipped with a Link analytical system.

4. Results and discussion

4.1. Characterization of the prepared materials

4.1.1. X-ray diffraction

Fig. 2 shows the XRD pattern of ZG, ZGW1C1, and 
ZGW2C2, denoting Ga2Zr2O7, Ga1.95Cu0.05Zr1.95W0.05O7 and 
Ga1.85Cu0.15Zr1.85W0.15O7 respectively. Cubic fluorite phase 
was detected for ZG sample (PDF 78-1299 for Er0.5Zr0.5O1.75, 
which is the best-matched card that could be used, since 
there was no card for the novel Ga2Zr2O7 material). The peaks 
of ZG sample are shifted to lower 2θ value as compared to 
Er0.5Zr0.5O1.75 peaks. This might be due to the difference in 
the ionic radii between Er3+ (ionic radius = 89 pm [39]) and 
Ga3+ (ionic radius = 62 pm [39]) ions.

Fig. 2 shows that all prepared W, Cu co-doped Ga2Zr2O7 
samples (ZGW1C1 and ZGW2C2) were crystallized in the 
cubic fluorite phase (PDF 78-1,299). The cubic lattice para-
meter and unit cell volume for all the samples are calculated 
and presented in Table 1.

4.1.2. DRS Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy was used for study-
ing the optical properties of the samples. Fig. 3 clarified 
that the absorption edge of the ZG sample is about 247 nm 
and co-doping by W and Cu shifted the absorption to the 
visible light range.

The band gap of the samples was obtained according 
to Kubelka-Munk [40] by plotting F(R∞)E)1/2 against photo 
energy then linear fit was performed (Figs. 4 and S2 in 
the supplementary information). The obtained band gap 
is presented in Table 2. The band gap of the ZG sample 
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Fig. 2. Powder x-ray diffraction pattern of Ga2–xCuxZr2–xWxO7 
system calcined at 600°C/2h (x = 0, 0.05 and 0.15).

Table 1
Microstructural parameters of Ga2–xCuxZr2–xWxO7 system

Sample a (Å) V (Å3)

ZG 5.09539 132.2915
ZGW1C1 5.01212 125.9113
ZGW2C2 5.08101 131.1748
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was 4.95 eV. As the concentration of W and Cu increased, 
the band gap decreased. ZGW2C2 sample had the lowest 
band gap value (2.89 eV).

The band gap of Cu doped β-Ga2O3 (4.73 eV) was lower 
than that of the undoped β-Ga2O3 (4.83 eV). This decrease in 
the band gap (0.1 eV) could be attributed to the formation 
of an impurity energy level of Cu in the β-Ga2O3 [41].

ZrO2 has a wide band gap (5 eV) which renders its 
absorption of visible light and, consequently, is not used as 
a photocatalyst in the visible light range [42,43]. The band 
gap of undoped Ga2Zr2O7 is close to that of ZrO2. In the pres-
ent work, the fluorite structured W, Cu co-doped Ga2Zr2O7 
had smaller band gap than that of ZrO2 and close to that 
of some pyrochlore structured oxides, such as Sm2Zr2O7 
(2.86 eV) and Nd2Zr2O7 (2.67 eV) [44].

For Sm2Zr2O7 and Nd2Zr2O7, the conduction band com-
posed of Zr 4d orbitals whereas the valence band consists of 
Sm or Nd 4f orbitals. The Sm or Nd 4f orbitals lie on the top 
of the O 2p bands thus raising the valence band level [44]. 
In the Ga2–xCuxZr2–xWxO7 system, new energy levels might be 
introduced from Cu on the top of O 2p bands and from W on 
the bottom of the conduction band resulting in decreasing 
the band gap. This is in agreement with that for SrTi0.7Fe0.3O3 
(30 mole % Fe doped SrTiO3) [45], Ga doped and Sc doped 
SrTi0.7Fe0.3O3 [46,47] and for Zr doped indium tin oxide (ITO) 
[48]. Fig. 5 shows the schematic diagram for band gap and 
the proposed new energy levels introduced by doping.

4.1.3. Transmission electron microscopy

Fig. S3 the supplementary information shows the TEM 
micrographs of all the prepared samples. Small quasi-spher-
ical particles, which agglomerate into denser aggregates 
were observed. The particle size range determined by TEM 
for all samples is presented in Table 2. All the samples are in 
the small nano-sized range which is comparable to the XRD 
part. Fig. 6 shows the EDX and the elemental mapping of the 
ZGW2C2 sample. The EDX and the elemental mapping of 
ZG, ZGW1C1 samples are presented in the supplementary 
information (S4–S5). The well-defined peaks of Ga, Zr, W, Cu 
and O are evident in the presence of Ga, Zr, Cu, W and O 
in the prepared samples (Figs. 6 and S4). The homogeneous 
distribution of the elements is confirmed by the elemental 
mapping (Figs. 6 and S4 and S5).

Fig. 7 shows a typical X-ray photoelectron survey spec-
trum of ZG, ZGW1C1 and ZGW2C2 nanoparticle samples. 
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Fig. 3. Diffuse reflectance spectra of ZG, ZGW1C1 and ZGW2C2 
samples.
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Fig. 4. Plots of F(R∞)E1/2 vs. photo energy for the estimation of the 
band gap energy for ZG, ZGW1C1 and ZGW2C2 samples.

Table 2
Estimated band gap values for Ga2–xCuxZr2-xWxO7 system and the 
TEM particle size range

Sample Band gap Particle size range (nm)

ZG 4.95 4–7
ZGW1C1 3.41 5–8
ZGW2C2 2.89 4–6

Zr-4d Zr-4d 

O-2p O2-p 

7O2Zr2Ga 

+6 
W 

+2 
Cu 

4.95 eV 2.89 eV 

O0.15W1.85Zr0.15Cu1.85Ga

(a) (b)

Fig. 5. Schematic diagram for band gap and the proposed new 
energy levels introduced by doping for (a) Ga2Zr2O7 and (b) 
Ga1.85Cu0.15Zr1.85W0.15O7 samples. The arrow represents the band gap.
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Cu2p and W4f core levels are not detected in the parent ZG 
sample. The high-resolution scans of W4f and Cu2p core 
levels of ZGW1C1 and ZGW2C2 samples are presented in 
Fig. 8a and b. Fig. 8a shows two peaks of Cu2P3/2 and Cu2P1/2 
in addition, to a shake satellite at about 942 eV. Interestingly, 
the peak positions of Cu2P3/2 and Cu2P1/2 in addition to the 
presence of shake satellite characteristics of Cu2+ in the Cu2P 
spectra [49] is an indication that Cu exists as Cu+2. Fig. 8b 
shows two peaks of W4f5/2 (37.39 eV) and W4f7/2 (35.2 eV) 
which corresponds to tungsten in the 6+ oxidation state [50]. 
The peak at 31.0 eV is characteristic of metallic tungsten 
[51] indicating that during the calcination of the precursors, 
some reduction of W took place. The elemental composition 

for ZG, ZGW1C1, and ZGW2C2 samples obtained from XPS 
analysis are presented in the supplementary information 
(Table S1).

From the XRD part, the cubic lattice parameter and unit 
cell volume for ZGW1C1 and ZGW2C2 samples were lower 
than that of the parent ZG sample. This might be attributed 
to the reduction of tungsten to metallic tungsten detected 
in the XPS analysis, resulting in the substitution of the 
larger Zr4+ ion (ionic radius = 72 pm) by the smaller W6+ ion 
(ionic radius = 60 pm [39]) and the substitution of Ga3+ ion 
(ionic radius = 62 pm [39]) by Cu2+ ion (ionic radius = 73 pm 
[39]), decreasing the cubic lattice parameter and unit cell 
volume.
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Fig. 6. The EDXs and elemental mapping of ZGW2C2 sample.
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4.1.5. BET surface area

To manifest the surface area of the prepared oxides, 
the BJH Nitrogen adsorption tests were utilized in Fig. 9. A 
type-IV isotherm, with an H3 type hysteresis loop, demon-
strates the typical mesopores materials, that is related to 
aggregates presented in the mesopores [40,52]. Specific sur-
face areas are 91.26, 62.7 and 68.1 m2/g for ZG, ZGW1C1 
and ZGW2C2 respectively.

4.2. Effect of different variables on photocatalytic degradation of dye

4.2.1. Degradation time effect

MG was stable under visible light without catalyst due 
to the non-significant change in dye concentration after 5 h. 
Since; mg/L MG dye was removed by <1% after 5 h).

The time impact of MG photodegradation was examined 
by the visible/ZG, ZGW1C1, and ZGW2C2 systems. Fig. 10 
illustrates the degradation of MG between 0–480 min.

The photocatalytic MG degradation is improved with 
the increment of W and Cu concentration from 5 to 15 mol.% 
which leads to the creation of an excess amount of O2

–• and 
HO· radicals which is accountable to MG degradation.

W and Cu co-doping increased the electrons and holes 
de-trapping, which had positive influences on the photo-
catalytic performance of the Ga2Zr2O7. The degradation rate 
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Fig. 10. The effect of reaction time on MG degradation at pH 
5, 40 mg/L MG concentration and 0.75 g/L catalyst dose under 
visible light irradiation.
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Fig. 8. The XPS spectra of (a) Cu2p, (b) W4f of ZGW1C1 and ZGW2C2 nanoparticle samples.



395R.A. Nasr et al. / Desalination and Water Treatment 183 (2020) 389–403

was increased up to 300 min, then it became almost stable, 
concluding that 300 min was the optimum reaction time 
Fig. 10. The decolorization percentage of MG dye was 3.8%, 
7.7% and 71% for ZG, ZGW1C1 and ZGW2C2, respectively, 
within 300 min irradiation time at initial MG concentra-
tion of 40 mg/L, pH 5 (unadjusted pH of the solution) and 
0.75 g/L catalyst dose. The major effect for the photocata-
lytic activity for Cu and W co-doped ZG was attributed to 
the band gap reduction shifting to the visible light region 
compared with over the parent one (Table 2).

 Based on these results, a mechanism for photocata-
lytic degradation of MG dye was evident by the utilization 
of the visible light energy by Ga2–xCuxZr2–xWxO7 to excite 
its electrons from valence band to the conduction band. 
These electrons are trapped by oxygen molecule (dissolved 
oxygen), producing superoxide anion radical O2

–• and also 
the HO– groups on the surface receive a hole forming HO– 
radicals. Both of O2

–• and HO· can assist MG degradation 
(Eqs. 2–7) [53]. Therefore, introducing W and Cu ions into 
ZG lattice significantly improves ZG photocatalytic activity.

Ga Cu Zr W O h nm

Ga Cu Zr W O e hcb vb

2 2 7

2 2 7

400− −

− − −

+ >( ) →
+( )

x x x x

x x x x

υ λ

 (2)

Ga Cu Zr W O e O Ga Cu Zr W O Ocb2 2 7 2 2 2 7 2− − − − −
−•( ) + → +x x x x x x x x  (3)

h H O HO+ •+ →2
 (4)

e O O− −•+ →2 2  (5)

h MG degradation by productvb + → −  (6)

O MG degradation by product2
−• + → −  (7)

4.2.2. The impact of catalyst loading

A series of experiments were performed by increasing 
the catalyst dosage from 0.5 to 1.25 g/L, with a dye concen-
tration of 40 mg/L and the results are exhibited in Fig. 11. 
By increasing the catalyst dosage from 0.5 g to 0.75 g/L, the 
degradation performances significantly improved. As a 
result of the increase in catalysts dosage, the reactive sites 
increase which can correspondingly produce more reactive 
oxidative species. However, the increased amount of cata-
lyst dispersed in the system (catalyst dosage above 0.75 g/L) 
will possibly increase light scattering and decrease the light 
penetration, resulting in diminution of degradation of MG. 
ZGW2C2 is considered as the superior in decolorization of 
the MG dye which attained 71% followed by 6.8% and 3.8% 
for ZGW1C1 and ZG, respectively at pH 5 and 40 mg/L MG 
concentration under visible light irradiation, at optimum 
catalyst dose 0.75 g/L within 300 min irradiation.

4.2.3. The impact of pH

The impact of pH on the photocatalytic degradation of 
MG was deliberated in the pH range 3–11. Fig. 12 revealed 
that photocatalytic degradation of MG augmented as the pH 

of the solution increased attaining the highest removal at pH 9 
which was elected as the optimum pH value. By augmenting 
the pH > 9, the declination rate was diminished. For ZGW2C2 
recorded the maximum decolorization percent (93.8%) at pH 
9 within 300 min then a decrease to 88.7% at pH 10, which 
could be explained by the fact that at pH > 9, cationic form 
of MG is transformed into its neutral species, which is not 
caught towards the oxide surface due to the engagement of 
OH– ions to the surface of the catalyst [54]. Accordingly, pH 9 
is the optimum value.

4.2.4. The impact of malachite green concentration

Several concentrations of the MG dye (10, 20, 30, and 
40 mg/L) were studied at 0.75 g/L ZGW2C2 dose and pH 9 
under the visible light irradiation to deduce the impact of 
MG concentration on photocatalytic declination Fig. 13. The 
rate of photocatalytic degradation of dye diminished in order 
0.02, .016, 0.013 and 0.001/min by increasing MG concentra-
tion. As a result of increasing MG concentration, the dye acts 
as an internal barrier and it does not allow the desired light 
intensity to arrive at the catalyst surface [54,55].

4.2.4. Degradation by-products of MG by GC-MS

UV-vis studies of the MG degradation by ZGW2C2 
demonstrated that MG has a maximum absorbance peak 

Fig. 11. The effect of catalyst dosage on MG degradation at pH 
5 and 40 mg/L MG concentration under visible light irradiation.

Fig. 12. The impact of pH on photocatalytic degradation of MG 
at 0.75 g/L catalyst dose and 40 mg/L MG concentration under 
visible light irradiation.
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at 617 nm Fig. 14. The main peak intensity decreased with 
boosting degradation time, while new adsorption peaks 
formed, which could be attributed to the cleavage of the chro-
mophoric groups in the MG molecule firstly, that is, decol-
orization reactions took place, followed by mineralization 
reactions for the resulted intermediates [56].

The Gas chromatography- mass spectra identified the 
by-products of MG decolorization, based on the comparison 
of their relative retention time and mass spectra with those of 
NIST, WILEY library data of the GC-MS system Fig. 15.

From the experimental results of UV-VIS and GC-MS 
studies Fig. 16 we concluded that the main photocatalytic 
degradation and mineralization pathways of MG were 
the demethylation reactions on the amino group followed 
by the attack of hydroxyl radicals on the central car-
bon atoms. This was confirmed by the formation of new 
intermediates with m/z = 315 and 301 of N,N-dimethyl- 

4-((Z)-((Z)-4-(methylimino) cyclohexa-2,5-dien-1-ylidene) 
(phenyl) methyl) aniline and 4-((4-iminocyclohexa-2,5- dien-
1-ylidene) (phenyl) methyl)-N,N dimethylaniline respec-
tively in the MS spectra. Subsequently, the attack of hydroxyl 
radicals on the central carbon atoms forming the benzoic 
acid. Followed by the breaking of the aromatic cyclic group 
in the molecular structure which gives rise to the formation 
of some fatty acidic compounds of low molecular weight 
which may be degraded to carbon dioxide (m/z = 44) and 
water. Phenol measurement at the end of the experiment 
was found to be 0 mg/L to confirm the absence of phenol as 
by-product [57].

4.2.5. Reusability of the catalyst

In order to examine reusability, ten cycles for MG 
decolorization over the ZGW2C2 sample were carried out 
under the pre-optimized operating conditions. At the end 
of the reaction, the catalyst was recovered and washed with 
distilled water. The recovered catalyst was re-introduced 
for the new cycle, and so on. The removal efficiency of 
the dye MG was 93.8% in the first run, 91% in second run 

 

Fig. 13. Pseudo-first-order kinetics for different CV doses for 
ZGW2C2. Insert: The effect of different MG doses on the rate 
of the degradation reaction for ZGW2C2.

 
Fig. 14. The UV-vis studies of the MG degradation by ZGW2C2 
under optimum operating condition.

 Fig. 15. The GC-MS mass spectra of photocatalytic degradation for MG using ZGW2C2 under optimum operating condition.
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and remained higher than 83% in the tenth run, as shown 
in Fig. 17. The slight decrease can be attributed to the loss 
of photocatalysts between runs and some refractory inter-
mediates adsorbed on their surface which is difficult to be 
destroyed which decreases the removal efficiency [54,58].

5. Conclusion

Nano-sized Ga2–xCuxZr2–xWxO7 samples with average 
crystallite size (4–7 nm) were prepared using Pechini method 
(x = 0, 0.05, 0.15). The characterization of the samples indicated 
that the samples are in the cubic fluorite phase structure, the 
band gap decreased from 4.95 eV for Ga2Zr2O7 to 2.89 eV for 
Ga1.85Cu0.15Zr1.85W0.15O7 sample. The photocatalytic decoloriza-
tion results demonstrated that Ga1.85Cu0.15Zr1.85W0.15O7 sample 
could be a promising photocatalyst for decolorizing of MG 
dyes under visible light irradiation. 93.8% of 40 ppm MG was 
removed in 300 min at pH 9. The reusability of the catalyst 
proved that the removal efficiency of the dye MG was 93.8% 
in the first run, 91% in the second run, and more than 83% 
in the tenth run. GC-MS study for degradation by-products 
was also conducted to estimate the proposed pathway for 
photocatalytic degradation for MG. In addition, the kinetic 
study indicated that MG dye photocatalytic degradation 
followed the Pseudo-first-order kinetics. Consequently, this 
work introduced a novel nano-sized Ga1.85Cu0.15Zr1.85W0.15O7 
photocatalyst for the degradation of dyes under visible light.
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Fig. S1. Flow chart for the full process of polymeric precursor 
synthesis and preparation of Ga2–xCuxZr2–xWxO7 powder.
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a b 

c 

Fig. S3. TEM micrograph of (a) ZG, (b) ZGW1C1, and (c) ZGW2C2 samples calcined at 600°C/2h.
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O_K 

Zr_L Ga_K

Fig. S4. The EDX and elemental mapping of the ZG sample.

Table S1
The elemental composition for ZG, ZGW1C1 and ZGW2C2 samples obtained from XPS analysis

Sample Zr (at.%) Ga (at.%) W (at.%) Cu (at.%) O (at.%)

ZG 18.18 18.18 – – 63.63
ZGW1C1 17.73 17.73 0.45 0.45 63.64
ZGW2C2 16.82 16.82 1.36 1.36 63.64
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Fig. S5. The EDX and elemental mapping of the ZGW1C1 sample.
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