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INTRODUCTION

The conventional biological treatment methods are insuffi-
cient to degrade organic pollutants truly from wastewater [1,2].
Nanotechnology was tested to be effective process for waste-
water treatment. The fast-moving developments in the field of
nanotechnology have stimulated considerable research efforts
on the synthesis and manufacturing of novel devices for various
high-technological potential applications [3]. Recently, hetero-
geneous photocatalysis has gained an enormous attraction as
it facilitates a simple, cheaper and effective way for the degra-
dation of various organic pollutants [4]. Tungsten trioxide (WO3)
is one of the most interesting semiconductors in the fields of
material science and metallurgy used for various industrial
applications. Nanocrystalline WO3 has initiated its value for
breaking most refractory organic pollutants including dyes,
detergents, pesticides and herbicides under UV-light irradiation
[5], photocatalytic splitting of water to hydrogen and oxygen
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Orthorhombic Zn doped WO3 nanoplates (1, 2 and 5 wt.%) were fabricated by a simple and economical hydrothermal method. The photocatalytic
activity of Zn doped WO3 nanoplates was studied by degradation of Congo red dye under visible light radiation. The effects of different
experimental parameters like the dye concentration, photocatalyst dose and pH on the photocatalytic efficiency were explored under
identical conditions. The kinetics study shows that the photocatalytic degradation follows first order kinetics. The photocatalytic degradation
was found to enhance with increased Zn-doped WO3 nanoplates. If the effect of Zn doping compared, then photocatalytic degradation
efficiency for 5 wt.% Zn doped WO3 was highest. The inclusion of Zn in the lattice of WO3 was observed to be distinctive enough to enhance
their photo-degradation efficiency under visible-light. Further, Zn doping not only restricts the recombination of photo induced electron–
hole pairs but also enhances the photostability of WO3.
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[6]. Another advantage of WO3 is its outstanding photostability
in acidic medium, which makes it a efficient photocatalyst for
treating wastewater contaminated by organics [7]. However,
the photocatalytic performance of WO3 has limitations; compar-
atively wide band gap (2.8-3 eV) allows the excitation of elect-
rons through near ultraviolet (UV) regions of the solar spectrum,
which confines charge separation ability. The photocatalytic
efficacy of WO3 can be improved by narrowing the band gap
of the photocatalyst [7-11]. For industrial applications, it is exp-
ected that the catalyst should have photocatalytic efficiency
in visible or solar light. Doping of transition metal ions could
extend photocatalytic applicability of WO3 in visible/solar light.
Further, transition metal ion dopants may restrict the recombi-
nation rate of photoinduced electron/hole pairs, which can signi-
ficantly contribute for better photocatalytic efficiency [12,13].

The concentration of dopant could play a vital role in photo-
catalytic degradation, as the amount of dopant impacts the
phenomenon of charge carrier trapping, separation and recom-
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bination rate of photoinduced electron hole pair [14,15]. Very
low dopant content does not affect the phenomenon of charge
carrier generation, whereas high content of metal ion doping
results in the formation of extra recombination sites, which could
shorten the lifespan of photogenerated electrons and holes.
Therefore, it is necessary to optimize dopant concentration
for enhancing photocatalytic degradation process [16]. The
optimum concentration of dopant depends on numerous factors,
like the type of dopant selected, the coating deposition techni-
que, annealing conditions, etc. [17].

In present work, the synthesis and characterization of WO3

and Zn doped WO3 layered nanosheets are reported by simple
and economical hydrothermal method. The enhancement of
visible light induced photocatalytic activity of Zn doped WO3

layered nanosheets was examined for degradation of Congo
red dye. The effect of several parameters such as contact time,
pH of dye solution, catalyst dose on photocatalysis under visible
light accompanied by the degradation kinetics for Congo red
(CR) dye with as-prepared catalyst were also studied.

EXPERIMENTAL

All the reagents were of analytical grade (A.R.) and used
without further purification. Sodium tungustanate (Na2WO4·
2H2O) and Congo red dye were procured from Loba Chemie
Pvt. Ltd., India, whereas citric acid and zinc chloride was pro-
cured from Merck Ltd, India. The concentration of the Congo
red dye was determined by measuring absorbance using UV-
VIS double beam spectrophotometer (Systronics model-2203)
at the λmax 495 nm. The pH was maintained using 0.1 M HCl
and 0.1 M NaOH with pH meter (EQ-615).

Solution of different concentrations were prepared from
the stock solution of Congo red dye in distilled water and pH
maintained to 5. The WO3 and Zn doped WO3 nano catalyst
was added in 50 mL Congo red solution taken in the photo-
reactor. Then solution was stirred for 60 min in dark in order
to ensure the attainment of adsorption equilibrium. The dye
sensitized WO3 and Zn doped WO3 was exposed to the visible
light irradiation for the photodegradation of Congo red dye.
The solution was analyzed after the separation of catalyst for
determination of concentration of Congo red dye at λmax 495
nm. Then influence of different parameters like initial concen-
tration of dye, catalyst dose and effect of pH on the Congo red
dye degradation kinetics was studied.

Synthesis of WO3 and Zn doped WO3: The WO3 was syn-
thesized by hydrothermal method using Na2WO4·2H2O as pre-
cursor. In brief, 1.0 g of Na2WO4·2H2O was mixed with 0.3 g
of citric acid in 60 mL distilled water with stirring for 30 min.
Then, 8 mL of 3 M HCl was added into the aqueous solution.
and again stirred the solution for 10 min. The resulting mixture
was transferred into a Teflon-lined stainless-steel autoclave,
sealed and treated at 120 ºC for 24 h [18]. For the synthesis of
different composition Zn doped WO3 nanoparticles, the calcu-
lated amount of ZnCl2 was introduced in precursor mixture
before starting reaction [19]. After the completion of hydro-
thermal reaction, the product was washed with distilled water
for several times in order to ensure complete removal of the
ions possibly remaining in the final product and finally dried

in air at 60 ºC overnight. By annealing the as-synthesized powder
at 550 ºC for 4 h, nanocrystalline WO3 was obtained [20].

RESULTS AND DISCUSSION

FESEM analysis: The FESEM images of WO3 and zinc
doped WO3 nanosheets are shown in Fig. 1a-d. The SEM image
of WO3 and Zn doped WO3 nanocatalyst shows nanoplates
with thickness of ~20-34 nm with well-ordered and uniform
crystal structure having regular size have very low grade of
aggregation. The average crystallite size of WO3 was found to
be 48 nm and it further reduced to 36 nm for 5 wt.% Zn doped
WO3. This result reveals that the grain growth is suppressed
due to doping of Zn into W-site [21]. The particle size found to
decreases with increasing doping concentration of zinc.

Electron dispersive X-ray spectroscopy (EDS) analysis:
Fig. 2a-d shows the elemental analysis of WO3, Zn doped WO3

nano catalyst. WO3 contains only W K 80.70 %, O K 19.30 %.
The 1 % Zn doped WO3 contains W K 67.90 %, O K 32.08 %
and Zn 0.02 %, The 2 % Zn doped WO3 contains W K 79.61
%, O K 20.61 % and Zn 0.07 %. And the 5 % Zn doped WO3

contains W K 81.50 %, O K 18.29 % and Zn 0.21% in EDS of
and Zn doped WO3 micrograph indicates the existence of WO3

and Zn doped WO3 in the nanocatalysts.
XRD studies: The crystalline phases of undoped and doped

WO3 nanoplates were recorded by X-ray diffraction patterns
and are shown in Fig. 3. The major peaks at 2θ ≈ 16.486º,
23.669º, 25.638º, 33.362º, 34.249º, 34.963º, 38.014º, 38.922º,
42.86º, 49.135º, 52.553º, 54.175º, 56.145º, 57.226º, 58.286º,
61.337º, 62.787º, 66.01º,72.111º, 74.04º, 78.927º, correspon-
ding to lattice planes (0 2 0), (1 2 0), (1 1 1), (0 4 0), (2 0 0), (0 0 2),
(2 2 0), (0 2 2), (1 2 1), (2 0 2), (2 2 2), (1 6 0), (3 1 1), (1 6 1),
(2 5 1), (2 4 2), (1 3 3), (1 7 1), (4 0 0), (2 7 1) and (3 1 3) confirms
the crystalline orthorhombic structure of prepared samples and
match with JCPDS data (84-0886).

The lattice parameters of orthorhombic pure and doped
WO3 have been determined [18] by following eqn. 1:

2 2 2

2 2 2 2

1

d a b c
= + +h k l

(1)

While the volume of orthorhombic pure and doped WO3

by following eqn. 2:

ν = abc (2)

where (a, b, c) are the lattice parameters; d is the inter-planar
distance and (h, k, l) are the Miller indices of the plane.

The crystallite size (D) was calculated by using Debye
Scherrer’s formula:

K
D

cos

λ=
β θ (3)

where λ is the wavelength of the X-ray radiation (λ = 1.5416
Å); K is the shape factor (0.9); β is the FWHM in radians; θ is
the Bragg’s angle.

Various structural parameters of undoped and doped WO3

calculated by XRD data is tabulated in Table-1.
Effect of pH: The impact of pH on photocatalytic degrad-

ation of Congo red dye was investigated and the results obtained
are shown in Fig. 4. The natural pH of 20 mg/L Congo red dye
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Fig. 1. SEM images of WO3 and Zn doped WO3 nanoplates
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Fig. 2. The EDX spectrum of WO3 and Zn doped WO3 nanoplates
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Fig. 3. XRD patterns of pure and Zn doped WO3 nanoplates
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Fig. 4. Effect of pH on photocatalytic degradation of Congo red dye (conc.
20 mg/L, catalyst dose 1.0 g/L and time 120 min)

is 5. The percentage degradation of Congo red dye is lower in
alkaline media that increases with decrease in pH, up to 5, the
% degradation decreases and higher degradation is observed to
acidic medium. The pH 5 is suitable for degradation of Congo
red in presence of Zn doped WO3 nanocatalyst for photocatalytic
degradation. The WO3 surface is positively charged in acidic
medium and above this pH, the surface is negatively charged
due to adsorbed OH– ions. The Congo red being an anionic
dye, attracted towards the nanocatalyst surface in the acidic
medium. Various studies reveals that the photocatalytic removal
of azo dyes like Congo red, proceeds through the breakdown
of chromophore azo group generating N2 [22].

R–N = N–R′ + 2•OH → N2 (g) + ROH + R′OH (4)

Congo red dye was oxidized by oxidative species like •OH
and converted into fatty acids through hydroxylation of arom-
atic rings by •OH, ring openings and photo–Kolbe decarboxy-
lation reactions and finally into CO2 until total mineralization
[22,23].

Effect of doping on dye degradation: The influence of
catalyst doping on initial dye concentration of Congo red was
performed by varying the doping amount Zn in WO3 as 1%,
2% and 5% using 1 g/L of nanocatalyst at pH 5. The results
indicates that dye concentration reduces from 20 mg/L to 2.01
mg/L for WO3, 20 mg/L to 1.22 mg/L for 1% Zn doped WO3,
20 mg/L to 1.02 mg/L for 2% Zn doped WO3 and 20 mg/L to
0.88 mg/L for 5% Zn doped WO3 (Fig. 5). The reason is as
doping concentration enhances, the unadsorbed dye concen-
tration in the solution reduces. It causes more penetration of
light through the solution on to the surface of WO3 and Zn doped
WO3 consequently enhance the concentration of •OH radicals on
the surface and thus improves the percentage degradation [24].
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Fig. 5. Effect of catalyst on initial dye concentration (Congo red conc. 20
mg/L, pH 5, catalyst dose = 1.0 g/L)

TABLE-1 
STRUCTURAL PARAMETERS OF PURE AND DOPED WO3 NANOPLATES 

Lattice parameters 
Samples 

a b c 
Volume (Å) X-ray Crystallite size 

(mm) 

WO3 5.1850 10.5222 5.1756 282.368 5.8796 40.1183860 
1% Zn doped WO3 5.1734 10.6899 5.1564 285.165 5.8219 37.2875230 
2% Zn doped WO3 5.2953 10.5706 5.0417 282.207 5.8829 41.6404540 
5% Zn doped WO3 5.1640 10.6554 5.1602 283.937 5.8471 41.6650982 
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Fig. 6 shows the effect of various doping ratios on the
photocatalysis of Congo red dye. The optimized catalyst dose
was 1 g/L, Congo red concentration was 20 mg/L and pH was
5. As shown in Fig. 6, the Congo red degradation was increased
with the increase of Zn doping from 1 to 5%. The photocatal-
ytic efficiency improves with improvement in doping concen-
tration. The band gap energy decreases upon increase in doping
from WO3 to 5% Zn doped WO3 [20,21]. Doping involves a
facile substitution of W ions by Zn ions due to the similar ionic
radius of Zn2+ and W6+, which may create more oxygen vacan-
cies for charge compensation. Again, fast transfer of the electrons
from the WO3 to the Zn may enhance the photocatalytic activity
and increase the efficiency of photocatalytic degradation. This
results in improvement of the photocatalytic efficiency of WO3

[21].
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Fig. 6. Effect of doping percentage on percentage degradation of Congo
red dye (catalyst dose 1 g/L, pH = 5 Congo red conc. = 40 mg/L
and reaction time 120 min)

Effect of catalyst loading: To avoid the use of excess of
catalyst, the optimum catalyst dose was determined using various
concentrations of WO3. It was found that initially the rate of
degradation improves with the increase in catalyst dose, but
afterwards it remains almost constant. Fig. 7 indicates that after
1 g/L of catalyst dose, % degradation remains almost constant.
Therefore, 1 g/L was found to be the optimum catalyst dose [17].
The increase in catalyst dose has a positive impact on the number
of photons absorbed and number of dye molecules adsorbed,
thus, the dye degradation rate improves. After a certain catalyst
dose, the number of dye molecules are inadequate to fill the
surface active sites of WO3. Thus, further increase in catalyst
dose does not increase the degradation rate. This may be due
to the decrease in the light penetration with an additional amount
of WO3. It also makes the solution more turbid and light pene-
tration is impeded from the sample [18,19].

Effect of doping percentage and initial dye concentra-
tion: The degradation of Congo red dye at various concentrations
(10, 20, 30 and 40 mg/L) for a catalyst dose of 1 g/L of 5 %
Zn doped WO3 nanocatalyst was studied and shown in Fig. 8.
The degradation efficacy was to be inversely proportional to
the increase in concentration. As the dye concentration increases,
the equilibrium adsorption of the dye on the surface-active sites
of the photocatalyst increases, therefore resulting in the lowering
in rate of formation •OH radicals, which is the principal oxidant
in this process [22]. Again, the catalyst has a fixed number of
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active sites available for adsorption for optimized dose. There-
fore, when dye concentration is lower, dye gets easily absorbed
while when dye concentration is higher, dye species have to
compete on a limited number of active surface sites. This results
in lowering of adsorption and photodegradation with increase
in dye concentration. The maximum degradation 91% was obser-
ved for 10 mg/L Congo red dye concentration; it decreased down
to 69% for 40 mg/L Congo red dye concentration. It indicates
that an increase in concentration of dye causes a decrease in
the percentage degradation.

Degradation kinetics: The photocatalytic degradation of
Congo red dye by WO3 nanocatalyst follows pseudo-first-order
kinetics:

app

dc
k c

dt
− = (4)

Integration of the above equation gives the following
relation:

o
app

C
ln k t

C
  = 
 

(5)

where C and Co are the dye concentration at time t = t and t =
0, respectively and kapp is apparent reaction rate constant and t
is time. According to the equation, a plot of ln(Co/C) versus t
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will give a slope of kapp. The linearity of the plot (Fig. 9) suggests
that the photocatalytic degradation reaction follows pseudo-
first-order kinetics with kapp of 0.00742 min–1, 0.00992 min–1,
0.01184 min–1 and 0.01438 min–1 for WO3, 1% Zn doped WO3

photocatalyst, 2% Zn doped WO3 photocatalyst and 5% Zn
doped WO3 photocatalyst, respectively.
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Fig. 9. First order kinetics plot of Congo red dye degradation with doped
and undoped WO3 photocatalyst (Congo red conc. = 20 mg/L,
catalyst dose = 1 g/L, pH = 5 and reaction time 120 min)

Thermodynamic study of photocatalytic degradation
of Congo red dye: The effect of temperature on photocatalytic
degradation of Congo red was studied in the temperature range
298.15-318.15 K by using more effective 5% Zn doped WO3

keeping other experimental parameters constant at dye concen-
tration of 20 mg/L, 5% Zn doped WO3 catalyst dosage was 0.5
g/L, pH dye solution equal to 5. The results are listed in Tables
2 and 3 and plotted in Figs. 10 and 11. It was observed that
increase in temperature slightly increases % degradation and
also the rate of reaction. This phenomenon might be explained
in term of •OH generation as a function of temperature [25,26].
These results indicate that the degradation efficiency only slig-
htly affected with the increase of temperature, according to
Arrhenius law the rate of most reactions varies with tempera-
ture in the following manner:

aE
K Ae

RT
= − (6)

The activation energy (Ea) was calculated from the Arrhenius
plot of ln k vs. 1/T, the slope of linear plot is equal to –Ea/R as
shown in Fig. 10. The entropy of activation (∆S) was calculated
from eqn. 7:

B

T S
ln A lnK

h R

∆= + (7)

TABLE-2 
RATE CONSTANT VALUES FOR PHOTOCATALYTIC 

DEGRADATION OF CONGO RED DYES AT (298.15-318.15) K  
IN PRESENCE OF 0.5 g/L 5% Zn doped WO3 

Temp. (K) K (min–1) 1/T ln k 
298.15 0.01642 0.003354 -4.1092 
303.15 0.01932 0.003298 -3.9466 
308.15 0.02259 0.003245 -3.7902 
313.15 0.02630 0.003193 -3.6381 
318.15 0.03047 0.003143 -3.4910 

 

TABLE-3 
KINETICS AND THERMODYNAMIC VALUES FOR THE 
PHOTOCATALYTIC DEGRADATION OF CONGO RED  

IN PRESENCE OF 5% Zn DOPED WO3 

Temp. 
(K) 

K (min–1) Ea (KJ 
mol–1) 

∆H (KJ 
mol–1) 

∆S (KJ 
mol–1 K–1) 

∆G (kJ 
mol–1) 

298.15 0.01624 35.2537 26.34 -0.23 94.88 
303.15 0.01932 35.2537 26.29 -0.23 94.83 
308.15 0.02259 35.2537 26.24 -0.23 94.78 
313.15 0.02630 35.2537 26.19 -0.23 94.73 
318.15 0.03047 35.2537 26.17 -0.23 94.71 
 

0.035

0.030

0.025

0.020

0.015

0.010

0.005

0
K

 (
m

in
)

–1
295 300 305 310 315 320

Temperature (K)

Fig. 10. Effect of temperature on photocatalytic degradation rate of Congo
red dye in presence 0.5 g/L of 5% Zn doped WO3

-3.4

-3.5

-3.6

-3.7

-3.8

-3.9

-4.0

-4.1

-4.2

ln
 k

0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340

1/T (K )
–1

Fig. 11. Arrhenius plot of photocatalytic degradation of Congo red dye

where k = rate constant (first order, sec–1), ln A = intercept
with y variable, KB = Boltzmann constant (1.38066 × 10-23 J
K-1); R = universal gas constant (8.31441 J mol-1 K-1); h =
Planck constant (6.6262 × 10–34 J s). The enthalpy of activation
(∆H) was calculated eqn. 8:

∆H = Ea – RT (8)

The free energy of activation (∆G) was calculated from
eqn. 9:

∆G = ∆H – T∆S (9)

The results are listed in Table-3. The activation energy for
photodegradation and decolorization of Congo red solutions
by using 5% Zn doped WO3 catalyst in the temperature range
298-318 K was equal to 35.2537 KJ mol-1. The obtained lower
activation energy is in good agreement with other literature as
expected [27]. The role of catalyst is to proceed the reaction
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by lowering the activation energy [28,29]. It is well known that
irradiation is the primary source of electron–hole pair genera-
tion which is responsible for initiation of photoreaction, so the
photocatalytic systems do not require heating and operate at
near ambient temperature [30,31]. The true activation energy
for photocatalytic systems Ea is nil, whereas the apparent activ-
ation energy Ea is often very low (a few kJ/mol) in the medium
temperature range (20-80 ºC) [32]. The activation energy of
photo catalysis reaction is reported as 5 to 35 kJ/mol in the
literature [28]. However, at very low temperatures (-40 to 0 ºC)
adsorption of final products formed favours, desorption of which
tends to be the rate-limiting step. Due to its slower rate comp-
ared to the deterioration on the surface and the adsorption of
reactants onto the catalyst’s surface. At high temperatures (>70-
80 ºC) for different types of photocatalytic reactions, the limited
stage is the adsorption of dye on the surface of catalyst [26,33].
The positive ∆H denotes to endothermic reaction, the positive
∆G obtained indicates that the reaction is non-spontaneous.
Positive ∆G could be because the activated state is a well solvated
structure formed between the dye molecules and the reaction
intermediates that is hydroxyl radicals which is also supported
by negative entropy of activation. In present case, the value of
∆S is negative as in Table-3, so that the complex formed is
more ordered than the reactants. Initially the complex formed
is unstable and degradation of the reactants into products takes
place rapidly under present set of experimental conditions [28].

Recycle performance of Zn doped WO3
  nanocatalyst:

To find out the cost effectiveness of the process, stability and
efficiency of Zn doped WO3 nanocatalyst, Zn doped WO3 nano-
catalyst was reused for the % degradation of Congo red. For
recycle study, the powdered nanocatalyst was centrifuged at
the end of each photocatalytic run. The recovered sample was
recycled for 3 times under similar experimental conditions.
Fig. 12 shows that % degradation of Congo red dye by Zn doped
WO3 nano catalyst after 1st run was 96.5% (100 min). After
the 4th run, it decreased down to 92.38%. The photocatalytic
activity slightly decreases after the 4th run. This decrease may
be due to loss of reused catalyst during sampling every time
and irreversible changes of the surface of the photocatalyst by
pollutants. Hence, it was observed that Zn doped WO3 exhibit
outstanding stability and does not suffer from corrosion during
photocatalysis.
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Fig. 12. Recycle study of Zn doped WO3 nanocatalyst

Efficiency study of catalyst by effluent treatment: Total
organic carbon (TOC) analysis of the sample is the most appro-
priate method for estimating the extent up to which the organic
moieties in the effluent are degraded after treatment. TOC is the
measure of the level of organic molecules or contaminants
present in water [34,35]. The analysis of TOC offers a direct
quantitative estimation of organic contamination in wastewater
and natural water. To estimate the degradation level of organic
contaminants TOC analysis of the sample before and after degra-
dation was conducted along with other parameters like electrical
conductivity, colour by absorbance at λmax, associated with water
quality by using the most efficient catalyst among synthesized
doped and undoped photocatalyst. For this purpose, 0.5 g/L
of 5% Zn doped WO3 was used as it was found most efficient
among all compositions of doped and undoped materials. The
experimental set up was the same as used for the dye degradation
process. The result is summarized in Table-4. The degradation
results are near about the pollutants discharged by each plant
are limited by a Central Pollution Control Board, New Delhi,
India [36].

TABLE-4 
EFFICIENCY STUDY OF THE CATALYST 

Sample parameters Before treatment After treatment 
pH 7.9 7.6 
Electrical conductivity 15.96 × 10–3 mhos 11.57 × 10–3 mhos 
TOC 325.6 ppm 35.48 ppm 
Absorbance at λmax 0.96 0.1 

 
Conclusion

Aiming to more efficient photocatalytic semiconductor
catalyst undoped and Zn doped WO3 with different concentra-
tions were synthesized. The XRD analysis of the synthesized
samples with various attempts of synthesis confirms formation
of WO3 nanocatalyst. The composition of synthesized catalyst
was detected by EDS analysis. From SEM analysis the plate
shaped morphology was determined. The photocatalytic degrad-
ation of Congo red dye using nano-WO3 and Zn doped WO3

showed promising results towards removal of Congo red dye.
The photocatalytic degradation followed pseudo-first-order
kinetics with respect to Congo red dye. The percentage degra-
dation of dye increased with an increase in catalyst loading and
decrease with increase in pH, initial concentration of dye. The
pH 5 found to be suitable for photocatalytic degradation of
Congo red. A comparative study shows that 5% Zn doped WO3

photocatalyst is more effective than bare WO3, 1% Zn doped
WO3, 2% Zn doped WO3 for photocatalytic degradation of
Congo red with maximum degradation efficiency of 96.50%.
The most efficient composition of catalyst 5% Zn doped WO3

was effectively used for treatment of effluent discharge from
a dyeing industry. The results of this analysis exhibited that
the fabricated catalyst is excellent for pre-discharge treatment
of effluent from the dyeing industry. This reveals the potential
use of the photocatalyst on the industrial scale.
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