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a b s t r a c t

The photocatalytic decolorization of indigo carmine (acid blue 74) in an oxidation process was stud-
ied using a silica- calcium zirconate (CZS) powder as a semiconductor photocatalyst in a batch reac-
tor equipped with a 15W low-pressure mercury lamp. The effects of various influential parameters 
including initial dye concentration, photocatalyst dose, pH, temperature and stirring rate on the dye 
decolorization were also optimized. The optimum value of initial dye concentration, photocatalyst 
concentration and stirring rate were 5 ppm, 0.04 g/L, and 600 rpm, respectively. Furthermore, the 
maximum decolorization was observed at the pH of 3. X-ray diffraction (XRD) and infrared spec-
tra (FT-IR) techniques were used to confirm the formation of photocatalyst. The particle size and 
specific surface area of photocatalyst were determined by scanning electron microscopy (SEM) and 
Brunauer-Emmett-Teller (BET) theory. UV-Vis spectroscopy was employed to evaluate the dye degra-
dation and LC-MS technique was used to evaluate the formation of the intermediate compounds. The 
results indicate that silica-calcium zirconate nanocomposite is suitable for the degradation of organic 
pollutants from wastewater.
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1. Introduction

Throughout history, fabrics have been dyed with 
extracts from plants and animals. However, dying industry 
began to change with the discovery of synthetic dyes. These 
dyes were easyto apply, had lower costs, and offered an 
extensive range of colors. Too many dyes (which are resis-
tant to chemicals and light) are used in textile industry [1,2], 
food technology [3,4], hair colors [5], leather tanning [6,7], 
plastic [8] and paper production [9,10]. These compounds 
show significant structural diversity.

Synthetic dyes can be classified based on their partic-
ular chromophoric group. Indigoid, azo, anthraquinone, 
triphenylmethyl, sulfur, and phthalocyanine are the most 
commonly used dyes in the industry. More than half (up 
to 70%) of the synthetized dyes belongs to the azo(-N=N-)
group. The major drawback to these chemicals is their toxic, 
non-biodegradable properties [11]. Thus, they cause severe 
pollution problems by releasing carcinogenic compounds 
into the environment, and affect the aquatic cycle balance 
and ecosystem [12].

Indigo carmine is a cationic dye which is extensively 
used in cosmetics, drugs and the food industry. In spite of 
the several advantages of this compound such as helping to 
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target biopsies [13] and in the diagnosis of Barrett’s esopha-
gus [14], the results showed that it can be harmful to human 
health. Therefore, the elimination of indigo carmine from 
effluents is necessary. For instance, it was observed that 
indigo carmine causes strong clastogenic activity on bone 
marrow chromosomes of mice [15].

To avoid the accumulation of syntheticdyes in the waste-
water, a variety of conventional methods such as flocculation, 
ultra-filtration, coagulation, sedimentation, and ozonation 
has been employed to remove the dye effluent [16–19]. How-
ever, these methods exhibit high operational costs. Advanced 
oxidation technology (AOT) can be a promising method due 
to its non-selectivity hydroxyl radical (OH°) formed. There-
fore, it can be used to oxidize a wide range of pollutants 
into non-toxic compounds [20–22]. This process is used to 
degrade contaminants using light and semiconductor in an 
economical and environmentally friendly manner [23]. The 
most popular semiconductor materials used in the photocat-
alytic process are TiO2 and ZnO [24,25]. At the present, many 
researches have been conducted to find new high-perfor-
mance materials.

In the current study, silica-calcium zirconate nanocom-
posite (CZS) was synthesized and photocatalytic decolor-
ization of indigo carmine (Acid Blue 74) was studied in a 
batch photo-reactor. Moreover, the most effective parame-
ters such as photocatalyst concentration, pH, temperature, 
stirring rate and initial dye concentration at different irradi-
ation times was investigated and finally the kinetic and the 
energy consumption of the process was evaluated.

2. Materials and methods 

2.1. Reagents 

The following reagents were used without further 
purification: Indigo carmine (Saujanya) (Table 1), stearic 
acid (Merck), calcium acetate (Merck), zirconium butoxide 
(Sigma Aldrich), and silicon dioxide (Razi Advanced Mate-
rials). 

2.2. Equipment

The absorbance and change of dye concentration was 
determined using a UV-Vis spectrometer (Perkin Lambda 

25) at the wavelength of 610 nm, which is the maximum 
wavelength of indigo carmine. The calibration curve was 
prepared from dye solutions with different concentrations 
(R2 = 0.999). During UV irradiation, sample solutions (5 
mL) were taken from the photo reactor every 15 min until 
clear solution obtained. Then the samples were centrifuged 
at 12000 rpm for 10 min and separated the CZS catalyst. 
HPLC separation was performed using an Agilent 6410 sys-
tem equipped with a diode array detector (D.A.D). For the 
identification of photocatalytic reaction intermediates a C18 
column (250×4.6 mm, 5 µm) was used. The mobile phase 
was consisted of 10:90 (v/v) methanol: water. The injection 
volume used was 20 µL and flow rate was 0.6 mL/min. The 
wavelength monitored by D.A.D. analyzer was 254 nm.

3. The experiment

3.1. Photocatalyst preparation

Silica-calcium zirconate was used in this research as a 
photocatalyst. This chemical compound was synthesized 
via sol-gel method. As was described in our previous work 
[26], zirconium butoxide and calcium acetate with the molar 
ratio of 1:1 were first dissolved in stearic acid. Then 80% 
wt. silica was added to the prepared calcium zirconate sol. 
Gelation process took place at a while. After dried at 80°C 
for 5 h in an oven, it was calcined at 900°C for 4 h and the 
silica-calcium zirconate nanocomposite was successfully 
synthesized. 

3.2. Photocatalyst characterization

3.2.1. X-ray diffraction (XRD)

The preparation of silica-calcium zirconate nanocom-
posite was evaluated by XRD analysis. The X-ray diffraction 
study was carried out in the using Philips D500 diffractom-
eter with Cu Kα radiation operating at 30 mA and 40 kV at a 
scanning range of 10–80° with a scan rate of 4.8°/min. XRD 
pattern is presented in Fig. 1. The pattern was identified 
using expert PANalytical high score software. Silica (JCPDS 
card No. 01-085-0457) and calcium zirconate (JCPDS card 

Table 1
Structure and characteristics of indigo carmine

Name Indigo carmine

Formula C16H8N2Na2O8S2

Molecular structure

Structure type Acidic
λmax (nm) 610
Molecular weight (g·mol–1) 466.36
pKa 12.2 Fig. 1. XRD pattern of silica- calcium zirconate nanocomposite 

(CZS).
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No. 01-076-2401) phases were detected, indicating nano-
composite formation. 

3.2.2. Scanning electron microscopy (SEM) 

The morphology of synthesized aerogel was examined 
by Philips XL30 field emission electron microscope. The 
SEM image of silica- calcium zirconate nanocomposite is 
illustrated in Fig. 2. It can be estimated that the average par-
ticle size is less than 100 nm, which is in accordance with 
the particle size distribution analysis (mean particle size = 
75 nm). The observation confirmed discrete particles with 
acceptable spherical morphologies. 

3.2.3. FTIR spectroscopy 

Fourier transform infrared spectra (FTIR) was employed 
to study the chemical bond formation using Brukber-Vec-
tor 22 in the range 400–4000 cm–1 with resolution of 4 cm–1. 
Fig. 3 represents FT-IR spectra of silica- calcium zirconate 
nanocomposite. In this spectrum, all the peaks are char-

acteristics of the CaZrO3 except the peaks at 1070 cm and 
3435 cm which is due to the presence of silica matrix and 
adsorbed moisture. On the other hand, this figure reveals 
that there are no remaining organic compounds [27,28]. 

3.2.4. Band gap determination

The band gap (eV) is related to the electric conduc-
tivity and hence the energy gap (Eg) which is an import-
ant characteristic of the semiconductors. In fact, the band 
gap shows the difference in energy between the top of the 
valence band filled with electrons and the bottom of the 
conduction band, which has no electrons. This means that 
metals generally have no band gap and semiconductors 
have an intermediate band gap between the metals and 
isolators, which have a wide band gap. In this study, band 
gap energy was calculated according to the following 
equation [29]:

α ν νh C h Eg= −( )1

1
2

 (1)

where α is the linear absorption coefficient of the substance, 
hν is the photon energy, and C1 is the proportionality con-
stant. It can be seen from Tauc plot (Fig. 4) that at high val-
ues of (αhν)2 the plot follows a linear pattern, however, as 
hν reaches lower values, the graph tends to deviate from its 
linear form.

In order to calculate the direct band gap, linear part of 
the graph was extrapolated on hν axis, at (αhν)2 = 0. Direct 
band gap value for silica- calcium zirconate photocatalyst 
turned out to be 3.3 eV according to the above plot.

3.2.5. Textural analysis

The nitrogen adsorption/desorption was performed 
on Belsorp mini-II and the surface area of aerogel was cal-
culated using Brunauer-Emmett-Teller (BET) method and 
pore size distribution and total pore volume was deter-
mined by the BJH model. The physical properties on the 
specific surface area, total pore volume and average pore 
diameter measured from the composite were 3.43 m2/g, 
0.005 cm3/g and 6.83 nm respectively.Fig. 2. Scanning electron microscopy of silica- calcium zirconate 

nanocomposite (CZS).

Fig. 4. Tauc plot for evaluation of direct band gap of silica- calci-
um zirconate nanocomposite (CZS).

Fig. 3. FT-IR spectra of silica- calcium zirconate nanocomposite 
(CZS).
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3.3. Decolorization of dye

Photochemical decolorization of the synthetic dye solu-
tion was performed using silica calcium zirconate nano-
composite. At first, the solution was prepared by dissolving 
the required amount of dye in distilled water. Photocat-
alyst powder was then introduced into the dye solution. 
The aqueous mixture was magnetically stirred to keep the 
solution homogeneous and was subjected to photocatalytic 
decolorization. For this process, 2 L of prepared suspension 
was poured into a glass reactor equipped with UV lamp 
(15W), which was switched on at the beginning of the pro-
cess. The schematic diagram of the experimental apparatus 
is shown in Fig. 5. Ultimately, residual acid Blue 74 concen-
tration in aqueous solution was measured at the wavelength 
of 610 nm. The decolorization efficiency (%) was determined 
by Eq. (2), where C0 (mg/L), and C (mg/L) are the concen-
tration of dye before and after photocatalysis, respectively.

% efficiency
C C

C
=

−
×0

0

100  (2)

In this process, the effect of main operating variables 
such as initial dye concentration, photocatalyst dose, pH, 
temperature and stirring rate on the removal of indigo car-
mine were investigated. The initial conditions of the exper-
iment were as follows: photocatalyst concentration of 0.04 
g/L, pH of 7, temperature of 27°C, stirring rate of 600 rpm, 
dye concentration of 5 ppm and irradiation time of 60 min. 
To determine the effect of silica- calcium zirconate amount 
on the dye elimination, various concentrations of photocat-
alyst were used (0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 g/L). 
The effect of indigo carmine concentration on the removal 
efficiency was also studied by applying different quantities 
of dye (5, 10, 20, and 30 ppm). The role of pH on the decol-
orization process was determined at diversity of values 
(3, 5, 7, and 9), which the pH adjustment was carried out 
using 0.2 M NaOH and HCl solutions. The effect of stirring 
rate was also evaluated at three rates of 200, 400, and 600 
rpm. The effect of temperature was measured at 27, and 
32°C. Each experiment was repeated twice and the average 

results were reported. If there were out of range results, a 
confirmation test was performed.

4. Results and discussion 

4.1. Effect of photocatalyst concentration

The effect of photocatalyst concentration on decolor-
ization of dye was studied in a 0.5 ppm acid blue 74 solu-
tion at pH of 3. The rate of stirring and temperature of the 
experiment were kept at 300 rpm and 27°C, respectively. Fig. 
6 shows that the decolorization of synthetic dye increases 
with higher amounts of nanocomposite. The maximum 
amount of dye removal was observed at catalyst concentra-
tion of 0.04 g/L. This can be explained by the fact that with 
the increase of photocatalyst amount, the active surface area 
increases as well. Therefore, more active sites will be avail-
able on photocatalyst surface, which in turn increases the 
number of OH° and O2°

– radicals. Also, higher amount of 
photocatalyst leads to an increase in turbidity of suspension, 
which results in decrease of UV light penetration and thus 
decrease in the photoactivated volume of suspension [30].

4.2. Effect of pH

Fig. 7 shows the decolorization of dye with increasing 
pH under different irradiation times. It can be seen that in 
all irradiation times, the decolorization decreases as the pH 
increases. The maximum decolorization was observed in 
acidic medium. The surface of photocatalyst becomes pos-
itively charged in acidic condition, resulting in adsorption 
of anionic dye. Therefore, the photocatalytic process will be 
easier. As the pH increases, electrostatic attraction of sur-
face becomes less and decolorization decreases. In alkaline 
condition, the production of OH° radical increases. On the 
other hand, the surface of photocatalyst becomes negatively 
charged in alkaline medium. Fig. 7 reveals that the compe-
tition between these two conditions ultimately leads to a 
decrease in decolorization [31].

Fig. 5. Schematic diagram of photoreactor.

Fig. 6. Effect of photocatalyst concentration on the decoloriza-
tion of indigo carmine at different irradiation times (stirring 
rate: 600 rpm; pH: 3; dye concentration: 5 ppm; Temperature: 
27°C; UV lamp: 15 W).
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4.3. Effect of temperature 

The effect of temperature on the decolorization of dye 
at different irradiation time is illustrated in Fig. 8. Accord-
ing to the other researches, the temperature is supposed to 
have a positive effect on the dye degradation [32], but, it 
was observed that the rise in temperature in the range of 
27–32°C had no significant effect on the dye removal. How-
ever, due to the energy consumption, 27°C was chosen as 
the optimal temperature for dye decolorization.

4.4. Effect of stirring rate

Fig. 9 shows variation of decolorization versus stirring 
rate. As can be seen, the dye decolorization increased as the 
stirring rate increased. Such an observation can be due to 
the fact that, the interaction of photons and silica- calcium 
zirconate photocatalyst increases at higher stirring rates. 
It should also be considered that higher stirring rate leads 
to higher aeration rate. As a result, the amount of oxygen 
available for decolorization also increases.

4.5. Effect of initial dye concentration on decolorization

Fig. 10 illustrates the plot of decolorization efficiency as 
a function of UV light irradiation time with various initial 
indigo carmine concentrations (5, 10, 20, and 30 ppm).It can 
be seen that the photocatalytic efficiency decreases as the 
dye concentration increases. As a result, with the increase of 
initial dye concentration, fewer protons can reach the sur-
face of photocatalyst. Moreover, such an increase reduces 
the formation of OH°, O2°

–, and H2O2 radicals leading to 
lower radical/ dye ratio. Thus, the dye removal efficiency 
decreased. It must be noticed also that at higher con-
centrations of dye, the excess amount of pollutant at the 
photocatalyst surface reduces the access of active sites for 
photocatalytic degradation [33,34].

The pseudo-first order equation was used to describes 
the kinetics of decolorization:

ln( )
C
C

k tapp
0 =  (3)

where kapp is the apparent reaction rate constant (min–1), t is 
the irradiation time (min) [35]. As it can be seen in Fig. 11, 
the correlation coefficient values are 0.9497 to 0.9801, which 
suggests a relatively strong relationship between param-
eters and also explains that the decolorization process of 
indigo carmine follows the pseudo-first order kinetics. 

4.6. Energy consumption

Since the energy consumption plays a vital role in the 
reduction of operation cost, it is important to evaluate 
this energy. An estimation of photocatalyst energy con-
sumption (kWh/m3) was calculated using the following 
equation [36]:

Fig. 7. Effect of pH on the decolorization of indigo carmine (pho-
tocatalyst concentration: 0.04 g/L; stirring rate: 600 rpm; dye 
concentration: 5 ppm; Temperature: 27°C; UV lamp: 15 W).

Fig. 8. Effect of temperature on the decolorization of indigo car-
mine (photocatalyst concentration: 0.04 g/L; stirring rate: 600 
rpm; pH: 3; dye concentration: 5 ppm; UV lamp: 15 W).

Fig. 9. Effect of stirring rate on the decolorization of indigo car-
mine (photocatalyst concentration: 0.04 g/L; pH: 3; dye concen-
tration: 5 ppm; Temperature: 27°C; UV lamp: 15 W).
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E
P

V KEO
el

app

=
38 4.

.
 (4)

where Pel is the input power (kW) of the UV lamps, V is the 
volume of solution (L). As it can be seen in Table 2, the con-
sumed energy for the maximum removal of Acid Blue74 
after 60 min under the optimum conditions (dye concen-
tration of 5 ppm, pH of 3 and photocatalyst concentration 
of 0.04 g/L), shows acceptable values for experimental and 
pilot applications (Table 2).

4.7. UV-Vis spectra of indigo carmine

Fig. 12 illustrates the UV-V is spectra of indigocar-
mine during the process of photocatalyticde colorization. 
As shown in Fig. 10, the adsorption peak at 610 nm corre-
sponding to the azo group in Acid Blue 74 has disappeared, 
indicating the decolorization of indigo carmine. This figure 
shows various UV-V is spectra of Acid Blue 74 before and 
after 60 min of decolorization.

4.8. Mechanism of dye decolorization

The possible mechanism of the photocalyticde color-
ization of AcidBlue 74 is as follows; First the photocata-
lyst is exposed to UV irradiation with an energy equal 
or greater than its band gap energy (3.3 eV) and thus the 
electrons on CaZrO3 - SiO2(CZS) surface excited from 
valence band to conduction band resulting in electron/
hole pairs formation and free electrons in the empty con-
duction band:

CZS h UV CZS e h+ ( ) → +( )− +ν  (5)

CZS e O CZS O− °−( ) + → +2 2  (6)

O H HO2 2
°− + °+ →  (7)

O HO OH O H O2 2 2 2 2
° ° °+ → + +  (8)

CZS e H O CZS OH OH− °( ) + → + +2 2  (9)

CZS h H O CZS H OH+ + °( ) + → + +2  (10)

CZS h OH CZS OH+ − °( ) + → +  (11)

In the above-mentioned mechanism , e– and h+ are the 
electron-hole pairs in the conduction band and valence 
band, respectively. The e– entity migrates to the surface of 

Table 2
Energy consumption of decolorization of acid blue 74

kapp  
(min–1)

C  
(mg/L)

EEO  
(kwh/m3)

Electricity price  
($/kwh)

Total cost  
($)

0.0511 5 5636.01 0.02 112.72
0.0364 10 7912.09 0.02 158.24
0.0265 20 10867.92 0.02 217.36
0.016 30 18000 0.02 360

Fig. 10. Effect of initial dye concentration on the decolorization 
of indigo carmine (photocatalyst concentration: 0.04 g/L; stir-
ring rate: 600 rpm; pH: 3; Temperature: 27°C; UV lamp: 15 W).

Fig. 11. Kinetic plot of the decolorization of indigo carmine at 
different initial dye concentration.

Fig. 12. Absorbance spectra of indigo carmine (photocatalyst 
concentration: 0.04 g/L; stirring rate: 600 rpm; pH: 3; dye con-
centration: 5 ppm; Temperature: 27°C; UV lamp: 15 W).
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the photocatalyst where it can enter a redox reaction, react 
with the oxygen of the surface and generate OH radicals. 
The hole(h+) in photocatalyst, which has a high oxidative 
potential, interacts with water and forms OH° radicals. The 
generated OH° radicals react with synthetic dye and pro-
duce H2O, and CO2 [37–39].

4.9. LC/MS analysis

In order to better understand the degradation of acid 
blue 74 using CZS/UV, LC/MS study was performed. 

Fig. 13 shows the chromatographic behavior of the dye 
solution during several reaction time periods under the 
optimum experiment conditions maintained above. For the 
samples taken at longer reaction times, peaks were observed, 
indicating the decomposition of the dye and the concurrent 
formation of a group of intermediates. The explanation of 
this process is that the radical hydroxyl reacts with the car-
bon atom bearing the dye leakage, leading to cleavage of 
the C–C bond and the generation of is a tin 5-sulfonic acid 
(m/z 226), indolin-3-one (m/z 132), 3-oxoindoline-5-sul-
fonic acid [M–Na]–2(m/z 210) These are the products of 
decomposition of one of the contaminants present in the 
original sample: Indigo Carmine [M–2Na+H]–(m/z421).
The chromatogram also reveals that the concentration of 
these compounds was insignificant after an hour of treat-
ment [40,41]. The proposed pathway of decolorization illus-
trated in Fig. 14. 

5. Conclusion 

In this paper, silica-calcium zirconate nanocomposite 
was prepared and its photocatalytic efficiency for the deg-
radation of indigo carmine in a batch reactor under UV 
light was investigated. The operating parameters were 
optimized and the effect of these parameters on the decol-
orization process was evaluated as well. It was observed 
that an optimum decolorization yield of 96% for acid blue 
74 under the following conditions: photocatalyst concentra-
tion of 0.04 g/L, pH of 3, stirring rate of 600 rpm and ini-
tial dye concentration of 0.05 ppm. According to the above 
mentioned results, it can be concluded that silica-calcium 
zirconate nanocomposite is a suitable material for photocat-
alytic decolorization of dyes.

Fig. 14. Proposed pathway of indigo carmine decolorization 
with silica-calcium zirconate nanocomposite.

Fig. 13. The LC/MS profile of indigo carmine before photocat-
alytic (A), after 30 min of photocatalytic (B), and after 60 min 
of photocatalytic (C) process (photocatalyst concentration: 0.04 
g/L; stirring rate: 600 rpm; pH: 3; dye concentration: 5 ppm; 
Temperature: 27°C; UV lamp: 15 W).
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Symbols

Α — Linear absorption coefficient of the substance
hν — Photon energy
C1 — Proportionality constant
Eg — Band gap energy 
C0 — Concentration of dye before photocatalysis
C — Concentration of dye after photocatalysis
EEO — Photocatalyst energy consumption
Pel — Input power of the UV lamps 
V — Volume of solution
kapp — Apparent reaction rate constant
e– — Electron in the conduction band
h+ — Hole in the valence band
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