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Abstract

Textile dyes especially azo dyes are the prime pollutants in wastewater due to the presence of
complex azo bond (-N=N-). Many conventional methods such as physicochemical, mechanical and
biochemical were employed recently for removal of these organic pollutants. These methods have not
been proved to be so efficient. Photocatalysis, a latest physio-chemical methods is employed currently.
Present work investigated the synthesis of a Carbon Nano Tubes (CNT’s) doped ZnO/Fe O, catalyst by
microwave-assisted sol-gel method. Removal efficiency of the synthesized catalyst was observed through
removal of two azo dyes direct orange-26 and acid red-151 for different concentrations. The prepared
ternary nano-hybrid was characterized by X-ray diffractometry (XRD), scanning electron microscopy
(SEM) and Energy Dispersive Spectroscopy (EDS). The average crystalline size of the catalyst
was calculated as 8.47nm by using data from XRD analysis. SEM images revealed the formation o
f nano-flakes of catalyst. And results of EDS investigation publicized that the distribution
of all the atoms of Zn, Fe, O and C is homogeneous throughout the catalyst. Percentage removal by
synthesized catalyst for direct orange-26 and acid red-151 was determined as 58.8% and 72.7%
respectively without adding oxidant. After adding oxidant the percentage removal increases to
70.6% for direct orange-26 and 85.2% for acid red-151. The effect of pH, time and oxidant dose were
optimized by developing relationships between these variables using central composite design (CCD)
in response surface methodology (RSM). The results of RSM analysis show prepared catalyst performs
best in acidic conditions at pH of 3 and irradiation time of 2.7 hours for acid red-151 and at pH of 5
and irradiation time of 3.8 hours for direct orange-26.
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Introduction

The discharge of industrial effluents into the
environment is a very concerning issue. The wastewater
from textile industries is a major hazard for the
aquatic environment. Some dyes are released into
the environment which leads to detrimental effects
[1]. These dyes are the persistent pollutants that have
a tendency to be bio-accumulate in living organisms
leading to numerous diseases and disorders. [2, 3].
Almost 0.7 million tons of various combinations of
coloring from commercially available 0.1 million dyes
are synthesized each year. The leftover dye mixture
after the completion of concerned process, is released
into the environment [4, 5]. Every year almost 2, 80,000
tons of textile dyes are discharged into the environment
through industrial effluents globally [6].

Azo dyes are the frequently used agents in textile
sector as these accommodate 60% out of total dyes
being employed in textile industries [7]. Azo dyes are
characterized by the existence of the azo group (i.e.
—N=N-) in their molecular structure. Due to large
molecular size, chemical nature and structural diversity
azo dyes have advanced optical and thermal properties
[8]. Moreover, stable amines are formed due to the
existence of the reductive cleavage of azo linkages [9].
Being very stable, azo dyes are resistant to degradation
and micro-organisms, so it is undesirable to be present
in water streams [10].

Different conventional methods e.g. ultrafiltration,
reverse osmosis, adsorption by activated carbon
membrane separation, bioaccumulation and ion
exchange [8, 11, 12] have been adopted for the
decontamination of pollutants from wastewater. Partial
degradation, high cost, generation of hazardous solid
waste, and high stability are prime disadvantages
of these methods, specifically for dye removal [13].
Consequently, there is a necessity for economical and
more effective methods of treating textile effluents
which consumes minimum energy and chemicals.
Advanced oxidation processes (AOP) especially
heterogeneous photocatalysis has been adopted
successfully for the removal of dyes and other toxic
compounds by total conversion of these compounds into
non-toxic species [14]. AOPs seeking high consideration
of scientific community as by publication of huge no.
of important and applied research [15]. As a result
of wide research, it can be conclude these methods
are effective and environmental-friendly techniques.
The redox technique not only enable decolonization
but decay of dye on employing various types of
oxidizing agents. Alteration in the chemical building
of POPS like dyes: way towards meeting with these
oxidizing agents leading to make them susceptible to
degradation [16].

There are numerous catalysts (TiO,, ZnO, Fe O, etc.)
and their composites (i.e. ZnO/Fe,0,, ZnO/o- Fe,0,

273 >
etc.) have been adopted for remediation of wastewater

[17, 18]. Previously researchers utilized these catalysts
for simple and basic dyes that are easily degraded. Very
rare reports are found on photocatalytic removal of azo
dyes. Composites of catalysts present high removal
rates of highly stable pollutants as compared to single
catalysts.

Pure CoFe,O, and CoFe,0,/Ag,0 were utilized to
determine the visible light photocatalytic degradation of
Direct Orange 26. Ag,O-modified CoFe204 exhibited
40% higher photocatalytic activity than the unmodified
one [1]. While the removal rates of Methyle Orange were
found to be 76%, 85% and 97.5% with the application of
Zn0O, ZnO/ZnS and ZnO/ZnS/a-Fe,O, nanocomposites
respectively [19]. Synthesized Fe,0,/ZnO exhibits
98% degradation of Methyle Orange as compared
to 80% degradation by simple ZnO catalyst [20, 21].
ZnO/Fe O, NT shows 81.8% removal of MB dye
under UV light irradiation that is 20% higher than the
removal by bare ZnO Nano rods [17]. a-Fe,0,/ZnO
nanocomposite (NC) were synthesized and applied for
removal of MB. Synthesized catalyst exhibited 65%
removal of MB in 320 minutes that is higher than bare
ZnO and Fe O, that shows 12% and 20.9% removal
respectively [22]. Recently Carbon Nano Tubes (CNT’s)
have been utilized with the composites of different
catalysts. The catalyst ZnO/Ag/CNT presented 81%
removal of MB as compared to 43% by ZnO/Ag, 19%
by pure ZnO and 16% by bare CNT [23]. It explored that
previously reported catalyst are not so much efficient
and also takes a lot of time to fully remove dyes from
wastewater. So there is need to improve the efficiency
of these catalyst by using different composites of these
catalysts.

For resolving the mentioned issues and devising
a proper strategy, current study explored the removal of
azo dyes by developing an effective novel catalyst by
simple and cost effective method. Scientific approach
was used for the removal of azo dyes to destabilize
the textile dyes in synthetic solutions. A new CNT
doped ZnO/Fe O, catalyst was synthesized and its
photocatalytic performance was measured by removal
of two azo dyes direct orange-26 and acid red-151.

Materials and Methods
Preparation of CNT Doped ZnO/Fe O, Catalyst

Catalyst of ZnO/Fe,O, was prepared using microwave
assisted Sol-gel method with some modification stated
by [24]. The prepared catalyst was filtered and pH was
adjusted to 7 by washing several times with distilled
water during filtration. Then hydrophilic CNT’s were
added in already prepared ZnO/Fe,O, catalyst and
solution was prepared by adding 20 mL distilled water.
After stirring and sonication the solution was filtered
through filtration assembly and then filtrate was oven
dried to remove moisture.



Photocatalytic Removal of Azo Dyes... 4281
Characterization Analysis o

Crystalline Structure of Catalyst

The XRD pattern of the sample (catalyst) was
recorded by using Cu Ko radiation at 1.5418 A of A
value with diffractometer at 0.05 per minute scanning
rate for 20 values ranging from 10.130°-70.139°. From
the XRD pattern, average crystallite size is estimated
by Scherrer formula (Equation 1).

Kk
- B cos 6 6))

Where, D = crystallite sizes, f = FWHM = Full
width half maximum value, A =X-ray wavelength,
k = scale factor k value depends on the grains shape,
and is always close to 1 [25-27].

Surface Topography and Composition

Scanning Electron Microscopy (SEM) is powerful
microscopic techniques to look into material chemistry
at micro and Nano levels. SEM focuses an electron beam
and scans over a surface to generate an image. Electrons
of the beam produces various signals by interacting
with sample, then these signals are processed to acquire
information about the composition of sample and surface
topography. EDS determines the composition of catalyst.
Therefore our synthesized catalyst was analyzed using
SEM/EDS for the revelation of the composition and
topographical analysis of the catalyst.

Pollutants Study

Two azo dyes employed in this study are very
complicated in terms of structures. Direct orange-26
has molecular weight of 756.67 g/mol, A of 493
and molecular formula of C,_H NNaO,S, [28]. The
molecular weight of acid red-151 is 454.44 g /mol
[29] and molecular formula is C,H N,NaO,S, having
maximum absorbance in spectrophotometric analysis at
A,..= 512 [30]. Molecular structure of direct orange-26

and acid red-151 is shown in Fig. 1.
Response Surface Methodology (RSM)

The main idea of RSM is to find an optimal response
by a sequence of designed experiments. So, RSM was
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Fig. 2. XRD spectra of ZnO/Fe,O, Catalyst with miller indexes
of major peaks.

used to optimize the effect of three parameters (pH, time
and oxidant dose). These parameters were designated as
independent variables, while the percentage removal of
dyes was designated as the dependent response variable
in the central catalyst design (CSD). The response of all
designated experiments were recorded and analyzed by
software to generate contour maps and 3D surfaces.

Experimental Setup

Photocatalytic removal efficiency of prepared
catalyst was measured with a series of experiments.
Reaction kinetics experiments were conducted on dye
solutions of different concentrations (5 ppm, 10 ppm,
20 ppm, 40 ppm, 80 ppm) to study the behavior of
removal of dyes with the increasing irradiance time.
To analyze the effect of oxidant on removal process
reaction kinetics experiments were conducted with and
without adding oxidant (H,0,). The experiment was
allowed to run for 240 minutes in total. The percentage
reduction of dye concentration was measured according
to the following Equation (2):

Percentage dye degradation = ﬁ‘i x 100 )

Where, 4, = initial dye concentration (ppm) and
A= Final dye concentration (ppm).
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Fig. 1. Complex molecular structure of a) Direct Orange-26 [28] b) Acid red-151 [31].
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Fig. 3. Three dimensional cubical structure of ZnO/Fe O, of one
unit cell formulated using VESTA OpenGL.

Results and Discussions

X-ray diffraction pattern of ZnO/Fe,O, is shown in
Fig. 2. Average crystalline size at § = 0.01746 radian,
0 = 175°, k = 09 and A =1.5418 A calculated by
Equation 1 was found to be 8.47 nm. The recorded data
of XRD analysis was preprocessed through MATCH
phase identification to reduce noise. The obtained peaks
well matched with the peaks as described by [32, 33].

Out of total 36 peaks found 10 exactly matched
with synthesized catalyst and 11 are in range. Analyzed
catalyst has major peaks at 20 values of 29.94°, 35.38°,
36.97°,42.78°, 47.01°, 53.16°, 56.64°, 62.24° and 65.44°,
which directly correspond to JCPDS C#96-151-3088
[34]. All the peaks are well indexed to a pure cubic
franklinite structure of ZnO/Fe,O, as reported by [35].

Visualization for Electronic and Structural Analysis
(VESTA) of ZnO/Fe O, Catalyst

VESTA OpenGL was used for visualization for
electronic and structural analysis. It also enables
a user to locate bond angles, bond type, calculate site
potentials and simulate powder diffraction patters [36].
By using data from XRD the structure of the prepared
catalyst was drawn in VESTA as shown in Fig. 3, that
clearly exhibit the cubic structure of catalyst, which is
in accordance to XRD diffraction discussed in earlier

Table 1. EDX results in weight % and atomic % of analyzed sample.

section. It explains that Zn is present at vertexes of
the cube and Fe and O are present in between. Which
correspond to the fact that Fe,O, nano-particles are well
distributed on the surface of ZnO, which means that
ZnO is acting like substrate and Fe,O, behaves as filler.
The energy peaks of all elements in the sample (Zn,
O, Fe and C) were observed in EDS spectrum of the
catalyst as shown in Fig. 5. Fig. 4 shows the electron
images of three spectrum analyzed and reported
here. According to element distribution images, the
homogencous distribution throughout the catalyst of all
the elements in sample was observed as confirmed by
three spectrums examined. The composition of all the
elements by weight % and by atomic % are described
below in Table 1. Total sum of the percentage (by weight
and atomic) of the four constituents (C, O, Fe and Zn)
of catalyst is 100 % in all three spectrum confirmed
that there were no impurities present in the synthesized
catalyst. Fig. 5 shows energy peaks of all clements
present in sample that confirms the presence of all
elements (C, O, Fe and Zn) in the synthesized catalyst.
The percentage of C is significant that attributed to
presence of CNT’s. The weight and atomic percentage
of Zn is more than Fe at all spectrum that supports the
existence of Zn as substrate and Fe as a filler.
Morphology of catalyst was observed by Scanning
electron microscope (SEM). The synthesis of catalyst
using the microwave assisted sol-gel method is
considered to produce nano-sized flakes. The formation
of nano-flakes is confirmed by SEM analysis. SEM
images were taken at 5 pum, 1 um and 500 nm.
Fig. 6 shows the SEM micrograph of the CNT doped
ZnO/Fe O, catalyst that was thermally annealed at
450°C. A regular and precise cubical nano-flakes
of ZnO were observed, Fe O, were seen to be well
deposited on ZnO surface as presented in Fig. 7. This
can also be confirmed by EDS results that shows higher
atomic percentage of Zn than Fe. Similar structure of
ZnO/Fe O, were observed by some researcher [37].

Experimental Results for Removal Behavior
of Dyes

Removal of dye from solution with different
concentrations (5 ppm, 10 ppm, 20 ppm, 40 ppm, 80 ppm)
were determined and described here. Removal occurs

Element Spectrum 1 Spectrum 2 Spectrum 3
Weight % Atomic % Weight % Atomic % Weight % Atomic %
C 14.01 23.50 12.46 22.20 9.62 17.46
51.79 65.23 47.72 63.83 49.87 67.96
Fe 13.89 5.01 16.68 6.39 18.85 7.36
Zn 20.31 6.26 23.14 7.58 21.66 7.23
Total 100.00 100.00 100.00 100.00 100.00 100.00




Photocatalytic Removal of Azo Dyes...

4283

Topm Election Image 1 Topm Elaciion image 1 Topm

Fig. 4. EDS element distribution images analyzed as Spectrum 1 a), Spectrum 2 b) and Spectrum 3 c).
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Fig. 5. Energy peaks of all elements present in catalyst examined through EDS.
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Fig. 8. Removal behavior of Acid Red-151 a) without oxidant b) after adding oxidant.

slowly at the start and maximum removal occurs in
first 30 minutes. The removal curves show that the
catalyst still has potential for further removal of dyes.
It was observed that by adding oxidant removal occurs
more quickly as well as gives better results in terms of
percentage removal.

The removal behavior of direct orange-26 dye by
catalyst without adding oxidant is shown in Fig 7a) and
Fig. 7b) shows the removal behavior of dye by catalyst
with oxidant (4 mL). It was observed that by adding
oxidant removal occurs more quickly as well as gives
better results in terms of percentage removal. While
discussing the highest percentage removal based on
80ppm initial concentration, it is 58.8 % without oxidant
and it increases to 70.6 % by adding oxidant for direct
orange-26. Similarly experiment was repeated with Acid
Red-151 dye solutions with the same conditions. Similar
removal trend was observed for this dye with some high
removal rates. Maximum removal (72.7%) for 80 ppm
solution was observed without addition of oxidant and
dye removal increases to 85.2% for 80 ppm solution
after the addition of oxidant. Fig. 8a) shows the removal
behavior of dye acid Red-151 by applied catalyst (CNT’s
doped ZnO/Fe 0,) without adding oxidant. And Fig. 8b)
shows the removal behavior of dye by applied catalyst
with oxidant (4 mL).

Optimization of Process Parameters and Data
Analysis by Response Surface Methodology (RSM)

The adequacy and significance of multiple
regression model was justified by the analysis of
variance (ANOVA) using central composite design
(CCD) under Response Surface Methodology (RSM).
After running experiments as described in previous
sections 3D response surface and contour maps were
plotted for both the dyes.

RSM Analysis of Direct Orange-26

Analysis of variance reveal that developed model
is significant as indicated by F-value of 11.35, p-value
of 0.0004 indicated that there are only a 0.04 percent
chances “F-value of Model” could be larger than 11.35,
that may be due to noise. F-value of 3.59 for Lack of Fit
refers to insignificance of Lack of Fit test attributed to
adequacy of designed model. p-value of 0.118 indicates
that there are 11.81 percent chances of chance that
a “Lack of Fit “ could be significant that is due to
noise. Moreover the effect of pH is most significant as
compared to other independent variables. The quadratic
effect of independent variables is not discussed here.
The coefficient of wvariation (CV) was calculated
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as 9.61% that is attributed towards the validity of the
data obtained during experiment because it is below
10% that is recommended for laboratory experiments.
All the calculations of model are based on Equation (3).

Percentage Removal = 90.40 — 17.17A + 3.96 B

—2.35C + 2.65AB - 0.55AC + 1.57 BC
— 8.69A2 — 3.49B? -5.44C? 3)

Where,

Percentage Removal = Dependent variable

90.40 = intercept

A = 1* independent variable (pH)

B = 2" Independent variable (Time of irradiation)

C = 3" Independent variable (Oxidant Dose)

Percentage removal

Percentage removal

Percentage removal

C: Oxidant dose

(b)""

And all other constant values are regression
coefficients.

Fig. 9a) shows 3D surface of % age dye removal as
a function of time and pH and 9b) shows the contour
mapping of designated independent variables pH and
time which describes that removal of direct orange-26
dye increases as time increases and decreases with
increases pH. These conditions were optimized at
pH = 5 and irradiance time of 3.5 hours as that is
maximum percentage removal (91.5%) in response to
these two independent variables. Similarly, the response
of dependent variable against time and oxidant dose is
represented in Fig. 9¢) and 9d), which describes that
removal was best obtained (88.61%) after 3.5 hours
and at oxidant amount of 4 mL and explains that
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Fig. 9. Optimization responses of the designated parameters for direct orange-26 a) 3D Response surface and b) contour map of
percentage removal (%) as a function of A:pH and B:time (hours), ¢) 3D Response surface and d) contour map of percentage removal
(%) as a function of B:time (hours) and C:Oxidant dose (mL), ¢) 3D Response surface and b) contour map of percentage removal (%) as

a function of A:pH and C:Oxidant dose (mL).
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by increasing oxidant dose firstly removal increases
and then goes on decreasing. Time has direct effect
as by increasing time of irradiance removal goes on
increasing.

While discussing the response of dependent variable
towards combined effect of pH and oxidant dose,
Fig. 9 e) displays 3D surface response image and
9 f) shows contour map which clearly exhibit that
the conditions are best optimized at pH of 4 and
4 mL of oxidant dose that is 91.88 % removal occurs
at these optimized condition. Removal has decreased
dramatically while increasing the pH, and is almost
constant as a reaction to the oxidant dose.
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RSM Analysis of Acid Red-151

Analysis of variance gives F-value of 5.04 which
confirms the significance of the model. p-value of
0.0093 indicates that there are only a 0.93 percent
chances that “F-value of Model” could be large that
5.04, that may be due to noise. F-value of 6.06 for
Lack of Fit refers to insignificance of Lack of Fit test
attributed to adequacy of designed model. p-value of
0.0514 indicates that there are 5.14 percent chances of
chance that a “Lack of Fit “ could be significant that is
due to noise. Non-significant lack of fit test is presumed
as we want the model to fit. Overall pH affected the
removal significantly as compared to other factors.
The quadratic effect of independent variable is not
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significantly measured here. The coefficient of variation
(CV) was calculated as 9.91% that is attributed towards
the validity of the data obtained during experiment,
because it is below 10% that is recommended for
laboratory experiments.

Percentage Removal = 63.47 — 14.16A + 3.94B
—4.56C — 5.12AB + 4.72AC — 5.74BC + 12.08A?
+ 6.21B? + 2.56C? @)

Where,

Percentage Removal = Dependent variable

63.47 = intercept

A = 1" independent variable (pH)

B = 2" Independent variable (Time of irradiation)
C = 3" Independent variable (Oxidant Dose)

And all other constant values are regression
coefficients.

Fig. 10a) shows 3D surface of % age dye removal
as a function of time and pH and 10b) shows the
contour mapping and 3D response surface of designated
independent variables pH and time that describes
that removal of acid red-151 dye increases as time
increases and decreases with increases pH as shown in
3D surface. It was observed from the Fig. 15 that pH
has reflective effect on dye removal. These conditions
were optimized at pH = 2-3 and irradiance time of
3 hours to 3.5 hours that is maximum percentage
removal (97.36%) in response to these two independent
variables occurs at these conditions and goes on
decreasing towards contour with 66.89% removal from
pH 6.5 to onwards. As removal is 89.74% after 3.5 hours
and pH = 3.2, 82.12% after 3.5 hours and pH value of
4.25.

Similarly, the response of dependent variable against
time and oxidant dose is represented in Fig. 10c) in
the form of 3D surface map and 10d) as contour map,
which describes that removal was best obtained (82.2%)
after 3.5 hours and at oxidant amount of 3-4 mL.
The effect of oxidant in this relation doesn’t seems to
be so prominent, as it remains around 70% displayed in
3D surface. However removal increases with increasing
time of exposure, as increases from 65% to around 82%
with increasing time.

While discussing the response of dependent variable
towards combined effect of pH and oxidant dose, Fig. 10 ¢)
presented 3D surface and 10f) shows contour map,
which exhibit that the conditions are best optimized at
pH of 2-3 and 3-4.5 mL of oxidant dose that is maximum
(94.4%) removal occurs at these optimized condition.
The effect of pH was still significantly observed, as
removal falls from 94% to 60% against increasing pH
value. As removal decreases with increasing pH and
same trend was observed for oxidant amount as seen
in 3D surface. But it is a little straight as compared to
pH effect. 3D surface plot shows that removal decreases
from 94% to around 86.5%.

Overall it was witnessed that pH mainly influences
the percentage removal of dyes under examination.

Maximum removal of under study dyes was examined
in acidic conditions, however direct orange-26 best
degraded at pH 5 and the value of pH is 3 for acid red-
151. It is clear that removal increases as the time of
exposure to light increases, but it is not feasible to go
for maximum irradiance time, so time is optimized to
3.5 hours for better removal of azo dyes.

Conclusion

Wastewater generation from textile units is of great
concern in this era of industrialization. Dyes being
mostly utilized agents in textile sector are causing
wear pollution concerns. The synthesized catalyst
is a novel catalyst and was found to be effective for
the removal of azo dyes from wastewater. All the
characterization results of synthesized catalyst confirms
that the catalyst was fabricated as desired. All the
elements are well distributed in catalyst homogeneously
as confirms by EDS results. It was perceived that
the efficiency of this dye removal approach was as good
for both dyes as it supposed to be. Removal starts in
first 15 minutes of catalytic reaction in case of both
dyes. But is best optimized b/w 180 to 220 minutes
for both dyes. The effect of oxidant was also significant
as removal rates were well increased by addition
of oxidant (H,0,). The removal of direct orange-26
is little bit slower because of its difficult structure.
The optimal condition from RSM analysis for
removal were found to be pH of 5, irradiation time
of 220 minutes and oxidant dose of 3.5 mL for direct
orange-26, and pH of 3, irradiation time of 180 minutes
and oxidant dose of 3 mL were the optimized conditions
for acid red-151.
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