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Photocatalytic removal of reactive yellow 145 dye from simulated textile
wastewaters over supported (Co, Ni);0,/Al,O; co-catalyst
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The supported co-catalyst (Co, Ni);O,/Al,O, was prepared via using a co-precipitation method. Three sets of these
materials were prepared by calcination at three different temperatures 500, 600, and 700°C. Crystal structure of the
prepared materials was investigated using powder X-rays diffraction (PXRD), Fourier transform infrared spectroscopy
(FTIR), Atomic force microscope (AFM), and specific surface area (BET). The activity of the prepared catalysts
was investigated by following both of photocatalytic and adsorption removal of Reactive yellow 145 dye (RY 145)
from simulated industrial wastewaters. In this study, different reaction conditions were performed such as effect
of pH of the reaction mixture, mass dosage of the used catalyst, and effect of temperature. In addition to that
adsorption isotherms and reaction kinetics were investigated. Also the activity of these catalysts were investigated

after cyclization of the used catalysts.
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INTRODUCTION

Recently, there was a much interest in the researches
that are focused on investigating that are directed toward
finding of new methods to remove polluted dyes from
industrial wastewaters. Among different types of the
being used dyes, azo dyes seem to be most effective type
as these dyes are used widely in many textile industries,
food, and color paper printing industry'. In general, azo
dyes have a complex aromatic structure, and they are
almost have complex structural azo groups (-N=N-). The
deep color of these dyes comes from the presence of the
azo groups in such dyes, and hence if these groups are
broken then the color can be disappeared. Due to the
rigid structure of these compounds, so that it not easy
to break these materials into smaller fragments under
normal condition.

The presence of these dyes in the effluent industrial
wastewaters can produce many types of environmental
pollution including air, water, and soil pollution. In addi-
tion to that some of these dyes can produce carcinogenic
materials and/or releasing some of toxic materials into
the ambient environment*”. Generally, tradition ways
that can be used to remove dyes from textile industrial
wastewaters involve some of physical, biological and
chemical methods. Recently, photodegradation methods
seem to be interesting alternative method that can be
used effectively in removal of these dyes from textile
effluents. According to this method, Semiconductors
photocatalysts play an important role in dyes removal
from their wastewaters®,

Among wide range of the used photocatalysts, alu-
mina (AlLO;) seems to be one of the most important
supporter materials that can be used as a supporter for
many types of conductors and semiconductors photocata-
lysts. This oxide has large surface area, inert, relatively
cheap, thermally stable, easy to prepare, and it easy to
cyclized for further usage. Due to all of these excellent
properties, it can be used widely in heterogeneous cata-
lyst preparation'?. Generally, alumina can exist in more
than one structural format depending on the calcination

temperature, and hence different types of alumina can
be produced such as a-Al,O; and y-AlO;. The first
type can be produced upon calcination of aluminum
hydroxide at around 1100°C, while the second type can
be produced under calcination aluminum hydroxide of
around at 400°C". Due to its large surface area and
high porosity, it can be used effectively in the removal
dyes and others colored compounds from wastewaters
and other colored solution. Also it can be used widely
as a supporter for others catalytic materials and it can
be used in chromatographic methods®.

Besides alumina, cobalt oxide (Co;0,) has important
catalytic properties which enable it to be used for many
environmental applications. Cobalt oxides have many
industrial applications such as colored glasses industries,
electrochemical devices' '*, and in hydrogenation reac-
tions. Cobalt oxide is an important catalyst that can be
used effectively for oxidation of many types of volatile
organic compounds. The main drawbacks of this oxide,
it may lose some of its activity at high temperatures
over than 600°C.

Nickel oxide (Ni;O,), also is an important catalytic
material that can be used in many industrial and scientific
applications such as photochemical reactions, and hydro-
genation reactions. Nickel oxide has a distorted structure
due to the presences of excess oxygen that make holes
between the neighboring ions of Ni** ions. This leads to
oxidation of Ni** to Ni**" it’s believed that this process
is responsible for the oxide color'. Generally, the above
oxides can be used singly, coupled as well as a suppor-
ted co-catalyst as a heterogeneous photocatalyst in the
heterogeneous photocatalytic systems. One important
application of these systems is it use in photocatalytic
degradation of environmental pollutants. In this system,
photocatalytic degradation is caused breakdown of the
molecule into the smaller fragments. The basic principle
here is the producing of conduction band electrons and
valence band holes upon photoexcitation of the photoca-
talyst via absorption of light with a proper energy. The
produced positive holes react with the electron donor
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adsorbed species such as hydroxyl ions on the surface
to produce hydroxyl radicals (OH"). On the other hand,
electrons in the conduction band react with the electron
acceptors adsorbed molecules such as O, to produce
some of reactive species such as O,", O" and H,0,.
These reactive radicals and species are contributed in
degradation of polluted materials into volatile organic
and inorganic materials such as H,O and CO, and other
inorganic materials'” %,

The present work, describes study of the photoca-
talytic removal of reactive yellow 145 dye from the
simulated textile industrial wastewaters over synthesized
Ni;0, Co;0,/Al,O; photocatalyst.

MATERIAL AND METHODS

Material and chemicals

All chemicals that were used in this work were analytical
grade and they were used as they provided without any
further purification. Aluminum nitrate, Al(NO;),- 9H,0,
Cobalt nitrate hexahydrate Co(NOs), - 6H,0, nickel nitra-
te hexahydrate Ni(NO;), - 6H,O were obtained from BDH
Company with Purity 99.5, 97.9, 99.9% respectively. So-
dium carbonate anhydrous Na,COj; obtained from Gmbh
with Purity 99.9%, HCl and NaOH were obtained from
BDH Company. Reactive yellow 145 it’s an azo disperse
dye, it has a molecular formula C,4H,,CINyNa,O,Ss and
the molar mass 1026.25 g - mol™ ! and it was obtained
from Hilla Textile Factory.

Catalyst synthesis

The supported co-catalyst was prepared by co-preci-
pitation method, according to this method, 40% of Co-
(NOs;), - 6H,0, and 40% of Ni(NO,), - 6H,O with a ratio
of 20% Al (NO;) - 9H,0 were weighed accurately and
dissolved in 400 mL of distilled water with a continuous
stirring at room temperature under normal atmospheric
conditions. The pH of the resultant mixture was adjusted
using a digital pH meter to maintain pH at a required
value. To this mixture, Na,CO; (1M) was added drop
wisely as a precipitating agent and kept the solution at
a temperature around (70-75)°C. Then the value of pH
of the produced mixture was kept around (pH = 9). The
resultant mixture then was left for (2) hours at same
temperature with continuous stirring under air conditions.
The obtained mixture filtered of with Buchner filtration
flask with a vacuum pump. The obtained solid dried in an
oven for overnight at approximately (120)°C. Then this
material was calcinated at three different temperatures
500, 600, and 700°C at a heating rate of 10°C/min for
4 hours under normal air atmosphere®® 2!,

CATALYST CHARACTERIZATION

Powder X-ray diffraction (PXRD)

The crystal structure of the prepared co-catalysts was
investigated using powder X-ray analysis, Phillips X-
-ray diffraction with CuKa radiation (1.542 A, 40 KV,
30 MA), in the 20 range, 10-80 degrees. XRD6000,
Shimadzu, Japan.

Fourier transform infrared spectroscopy (FTIR)

Functional groups of the surface of the prepared
co-catalysts were investigated using Fourier Transform
Infrared Spectroscopy (FTIR), Perkin Elminer Spec-
trophotometer Company. FTIR spectra were recorded
in the range from 400-4000 cm™, materials were mixed
with powder of potassium bromide (KBr) in a ratio of
1:20 prior to run spectrum.

Surface area determination (BET)

The specific surface areas of the prepared co-catalysts
were investigated according to BET theory, using prep
060 and Gemini BET machine. According to this tech-
nique, 0.05 g of each sample was dried with flushing N,
gas to remove pre-adsorbed gases in the sample. Then
BET specific surface areas of the prepared co-catalysts
were performed via adsorption of nitrogen at —196°C.

Atomic force microscopy (AFM)

The prepared co-catalysts were further investigated
using atomic force microscopy (AFM) SPM-AA3000
Atomic Force Microscope/ Contact Mode Angstrom
Advanced INC., 2005, USA. This device was used to
investigate atomic configuration and topography at the
surface of the prepared catalysts.

Thermogravimetric analysis (TGA)/DSC

Gravimetric analysis was used to investigate loss in
the weight of carbonate catalyst and following a full
transition to the corresponding oxides as a function of
temperature. In this technique, a certain weight of the
prepared carbonate catalyst was taken under an atmo-
sphere condition of % 20, with rising of temperature
to 700°C at a heating rate of 10°C/min.

Photocatalytic activity of the prepared catalyst

Photocatalytic removal of RY145 dye

Photoreaction cell was made up from Pyrex glass with
window quartz. This cell has a total volume of 30 mL,
irradiation source was lamp- Philips- Holland (250 W)
without cover glass as a source of UV radiation. Dye
model that was investigated in this study was reactive
yellow 145 (RY 145). All experiments were performed by
adding the catalyst into the reaction cell which contains
(50 ppm, 30 mL) of RY 145 dye solution for each run.
The reaction mixture was adjusted to a constant tempera-
ture at 23°C. The reaction was initiated by flushing UV
radiation after ten minutes of dark reaction. Periodically,
2 mL of reaction samples were withdrawn at each 10
minutes for a period of one hour of reaction duration.
These samples were collected and centrifuged carefully
to remove any fine particles that may remain with the
supernatant liquid. Then the absorbance’s were recorded
at 418 nm for RY 145 using UV-Visible spectrophotom-
eter (Shimadzull00A). Photocatalytic removal of the
used dye was calculated using the following equation:

%Photodegradation efficiency = C,- C/ C, x100,
where C,, C, is the initial and the final concentration
of RY 145 dye.



Study effect of duration time and catalyst dosages on
dye removal

In order to investigate effect of duration time of
reaction and the dosage of the used catalyst on the
efficiency of dye removal. A series of experiments were
performed using 30 mL of 50 ppm of RY145 dye with
continuous stirring for one hour using a graduated
catalyst masses (0.05, 0.1, 0.15, 0.2 and 0.3 g.). In this
study, pH values were adjusted at a desired level using
0.01 M NaOH or 1 M HCI solutions and then the pH
values were measured by a pH meter. The absorbance
of each sample was measured at A max = 418. The
efficiency of the photocatalytic removal of RY 145 dye
was calculated using the relation that was mentioned
the above paragraph.

Adsorption ability of the prepared catalyst

Adsorption ability of the prepared catalyst was investi-
gated using an aqueous solution of RY145 dye (50 ppm,
1000 mL). These samples were stirred continuously at
room temperature without light with using 0.1 g of the
catalyst. The absorbance of the supernatant liquids was
recorded at 418 nm.

RESULTS AND DISCUSSION

X-rays diffraction

From the obtained results of XRD patterns for the pre-
pared catalysts, it was found that the crystalline structure
was enhanced with elevation of calcination temperature
at 500, 600, and 700°C. Besides that, the particle size for
these catalysts was increased with increase of calcination
temperature. Also form these patterns, it can be seen
that there were some deviation in the positions of the
peaks and spaces — d for standard values by matching
with Joint Committee on Powder Diffraction Standards
(JCPDS)®. This deviation is acquired by influencing be-
tween oxides and XRD patterns of the prepared catalysts
as shown in Figure 1.
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Figure 1. X-ray patterns for the prepared catalyst after calcina-
tion at different temperatures 500, 600, 700°C

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of Ni;O,-Co;0,/Al,O, showed peak
around 569 cm™ which corresponds to cobalt oxide®,
and another peak around 418.55-466.77 cm™' which
corresponds to nickel oxide **. Also showed a peak at
3431.36 cm™ which corresponds to AIOH. The peak
around 1629.85 cm™ is corresponded to y-AlL,O,*. FTIR
spectra for the synthesized catalysts are shown in Figure.2.
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Figure 2. FTIR spectra of the prepared catalyst Ni;O,-Co;0,/
ALO;

Surface area determination (BET)

The results of BET surface areas of the prepared
catalysts are shown in Table 1. From these results it
was found that the BET surface areas were decreased
with increase in calcination temperature. Also there was
a decrease in the pore size of the particles under these
conditions. This probably due to the effect of sintering
processes that occur at high calcination temperatures
and this can lead to reduce in BET surface areas of
these materials®=2,

Table 1. BET surface area of the catalyst and pore volume

Calcination 2 Pore volume,
temperature, [°C] BET, [m7/g] [cm*/g]
500 163.235 1.185
600 123.174 1.174
700 95.798 0.255
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Figure 3. Schematic description of (a) surface area, (b) pore
volume of the prepared catalyst

Atomic force microscopy (AFM)

From the obtained images of atomic force microscopy,
it can be seen that the average particles diameters of
the prepared co-catalysts were decreased with increase
in calcination temperature®. The average particle size at
three calcination temperatures was as follows: at 500°C
was 107.87 nm, at 600°C was 107.29 nm, and at 700°C
was 105.86 nm. However, this variation in particle size
for the prepared catalysts can be attributed to the effect
of calcination temperature on the crystal structure of
these materials. AFM images of the prepared catalysts
are shown in Figure 4.

Thermogravimetric analysis (TGA)/ DSC of the prepa-
red catalysts

Thermal gravimetric analysis technique (TGA) was
used to study the changes in losing masses of the pre-
pared catalysts samples at a constant rate of temperature
elevation. Figure 5 shows that weight loss 68.1%, 82.9%
at 290°C, 700°C respectively from the total weight of
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Figure 4. AFM images of Ni;O,-Co;0,/Al,O; that was calcinated
at 500, 600 and 700°C

the catalyst precursor during calcination. Differential
scanning calorimeter (DSC) curves showed that upon
continuous rise in temperature, the prepared catalytic
materials begin to melt and the process is endothermic.
At temperatures ranged from 92-100°C water molecules
are being lost. The peak at 200-242.5°C is due to lose
of CO, molecules. The peak at 400-700°C is due to
lose of NO, and then conversion into the metal oxide **.

Adsorption Kinetics

Adsorption kinetics was studied using the pseudo-
first order, and pseudo-second order the results shows
in Figures 6 and 7 and Table 2. The rate constant of
adsorption was determined from the pseudo-first order
equation as shown below™:

In(q,—q,) = In(q,) —kit

Where: g, and ¢, (mg/g) are the amounts of the RY 145
adsorbed at equilibrium and at time t (min), respectively,
and k, (min™") is the adsorption rate constant.

The pseudo-second order equation based on equili-
brium adsorption is expressed in the following equation
t 1 t

9 kg q

Where: k, (g/mg min) is the rate constant of the se-
cond order equation.
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Figure 6. The pseudo-first order kinetic model
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Figure 7. The pseudo-second order kinetic model

Through the results shown in Table 2, it was found
that the value of the correction factor for the pseudo
second order kinetic model (0.9897-0.9999), higher than
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Table 2. The adsorption parameters for RY145 adsorption onto Ni;O,-Co,0,/AlL O,

Wt [g] Pseudo first order model : ;
e.exp [Mg/g] Qe.cal [Mg/g] ki [min~] R
0.05 18.78 1.253 0.0919 0.08401
0.10 13.77 3.768 0.0541 0.7187
0.15 9.77 1.200 0.01623 0.9448
0.20 7.39 2.216 0.0911 0.7058
Wt [g] Pseudo second order model ;
Qe.exo [M@/g] Qe.cal [MQ/9] k2 [g/mg min] R
0.05 18.78 19.76 0.44 0.9897
0.10 13.77 14.20 0.50 0.9987
0.15 9.77 9.01 1.43 0.9774
0.20 7.39 7.41 4.90 0.9999
the value of the first false correction coefficient. The
pseudo-first order kinetic model through the obtained & :g |
results it is clear that adsorption process of RY 145 dye g 30 -
follows the pseudo-second order kinetic model*?. € 75 | ¥
s 70 ’ -
Photocatalytic activity of the prepared catalyst g 65 4 -
The photocatalytic activity of the prepared catalysts 5 1 4
were investigated by following the photocatalytic removal & S5 4
of Reactive yellow 145 that is present in the simulated in- -
. : 0 0.05 0.1 0.15 0.2 0.25
dustrial textile wastewaters over the prepared co-catalysts.
wt. of .cat . [g]

Effect of catalyst dosage on dye removal

In this part, the effect of catalyst dosage on the
phtotocatalytic removal of RY 145 over the prepared
co-catalysts was investigated. To investigate that, a se-
ries of graduated masses of the co-catalyst were used
(0.05, 0.1, 0.15, 0.2 and 0.3 g), with aqueous solution
of RY145 dye (30 mL, 50 ppm) under irradiation with
UV light at 23°C with continuous stirring under normal
atmospheric conditions for a total time of irradiation of
one hour. The results of photocatalytic dye removal ac-
cording to this manner are presented in Figure 8. From
these results it can be found that there was an increase
in the efficiency of dye removal as the catalyst dose
was increased. After a certain value of the catalyst dose
(0.1 g), any increase in catalyst dose leads to the reduc-
tion in efficiency of dye removal. These observations can
be explained according to the laws of photochemistry,
initially at low concentrations of catalyst the number of
absorbing light particles is few, and therefore there will
be a direct proportionality between incident photons and
particles of the catalyst. At high concentrations of the
catalyst with the same light source intensity, particles
of catalyst would form inner filter which absorbs the
photons and prevents passing to other side of reaction
mixture®*, High doses of the used catalyst can cause
light scattering which leads to increase turbidity of the
reaction mixture. This point leads to prevent passing
of photons of the light into the other parts of reaction
mixture due to formation what is called inner filter. From
these above observations both low and high doses of the
catalyst can give negative results for the photocatalytic
processes. So that there is a certain value of the used
catalyst that can give best result and in the current study
the best catalyst dose was 0.1 gram®,

Effect of pH on photocatalytic removal of RY 145 dye
from its aqueous solution

The effect of pH of reaction mixture on t efficiency
of photocatalytic removal of RY 145 dye was investigated

Figure 8. Effect of amount of the used catalyst loading on the
efficiency of photocatalytic removal of RY 145 from
aqueous solution at (pH = 3, Temp. = 23°C, duration
time = 60 min., conc. =50 ppm)

by performing a series of experiments under different
pH values with fixation other reaction conditions. The
obtained results for photocatalytic dye removal accord-
ing to these circumstances were highly affected by pH
value of the reaction mixture. An important parameter
that can effect on photocatalytic activity of Ni,O,-Co,0,/
Al O, surfaces is the pH of the reaction mixture. The
photocatalytic efficiency of dye removal was studied at
different pHs values that were ranged from 2 to 8 for
reaction mixture. For each case, 0.1 g of catalyst with
30 mL of 50 ppm dye solution at 23°C for 60 minute
and under irradiation with UV light was performed.
The obtained results are presented in Figure 9. The
photocatalytic activity of dye removal was increased
with increase in acidity of the reaction mixture and the
highest removal efficiency was obtained at pH = 3 and
it was around 99.9%. Then any increase in the pH value
into alkaline values results in decrease in removal ef-
ficiency to 56.1% of RY 145 dye solution. This probably
arises from repulsion between the negatively charged
surface and the anionic dye molecules®**!. Besides that
increase in pH values can lead to increase the rate of
recombination reaction that occurs between conduction
band electrons and valence band holes, this would affect
significantly on the efficiency of dye removal from the
simulated industrial wastewaters*.

Effect of temperature on photocatalytic removal of
RY 145 dye

Effect of temperature on the photocatalytic removal
of RY 145 dye was investigated in the range of tem-
peratures 284-296 K with keeping other experimental
conditions constant with using 50 ppm in 30 mL of the
simulated wastewaters. The used catalyst dose was 0.1 g,
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Figure 9. The effect of pH of reaction mixture on photocatalytic
removal efficiency of RY 145 at (wt. = 0.1 g., Temp.
= 23°C, duration time = 60 min., conc. = 50 ppm)

and the pH value of reaction mixture was kept at (3).
The obtained results of photocatalytic dye removal were
increased with increase of the reaction temperature to
approach 99.9% for the used dye aqueous solution, and
the obtained results are summarized in Figure 10. The
enhancement in efficiency of dye removal with elevation
in reaction temperature can be attributed to effect of
temperature on the adsorption/desorption processes. In
addition to that, high temperature can lead to increases
the rate of formation of free radicals* *. Generally, in
photocatalytic processes reaction temperatures don’t
effect significantly on the rate of this type of catalyzed
reactions as the rate determining step for this reaction is
the electron transfer from valence band into the conduc-
tion band. It is believed that, increasing in temperature
for this type of processes can effect on the amount of
adsorption/desorption processes on the surface and these
are essential steps for the photocatalytic reactions*~*°,

1.2 —4—T=284 K

o 10 20 30 40 50 60
Time [min.]
Figure 10. The effect of temperature on the photocatlytic removal
efficiency of RY 145 over the prepared co-catalyst at
(pH = 3, wt. = 0.1 g., duration time = 60 min., conc.
= 50 ppm)

Recycle of the used catalyst

Reuse of the catalyst that was previously used in the
removal of RY145 from the simulated wastewater was
performed using solvents to wash the catalyst several
times, with thermal treatment. The pre-used catalyst
was washed with distilled water for several times, then
it was dried at 120°C in oven for two hours and heated
at 250°C in the furnace for two hours to remove the
sticking molecules of dye. The obtained material was
used in the removal of RY145 using the same reaction
conditions that were used initially and the obtained
results are shown in Fig. 11. From these results it was
found that the first use catalyst and the second use gave
the removal efficiency for this dye 99.9%., and 99.8%
respectively. After third time of use, the efficiency of

dye removal was decreased to 80.1%. The decrease in
the efficiency of dye removal for the re-cyclized catalyst
can be attributed to the reduction in the active sites
on the surface of the catalyst after one use as well as
sticking species that may remain adsorbed on the pores
of the catalyst. These observations can lead to reduce
the ability of adsorption and consequently reduce its
catalytic activity™ 3,
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Figure 11. Effect of recycling of the used catalyst on the efficiency
of photocatalytic removal of RY145 dye

IR Spectrum of reactive yellow 145 before and after
photocatalytic treatment

FTIR spectra for this dye were followed before any
treatment (for stock solution of the used dye, 30 ppm).
In order to investigate the fate of dye upon photoca-
talytic treatment its FTIR spectrum was recorded after
on hour of the photocatalytic treatment. These spectra
are presented in Figure 12 A and B.
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Figure 12. FTIR Spectra for stock solution of RY 145 dye before
any treatment (A), and after treatment (B).



FTIR spectrum of stock solution of RY 145 dye is shown
in Figure 12 (A). Figure 12 (B) shows FTIR spectrum
of dye after 60 minute of treatment with catalyst and
UV irradiation. FTIR spectrum of stock solution RY 145
dye before treatment, shows appearance of absorption
peak in the fingerprint region 400-800 cm™. This peak
can be assigned to aromatic C = C bond, and C- ha-
logen bond. The peak at 1136.07 cm™ can be assigned
to the stretching of C-Cl bond*. The appearance of
absorption peaks around 1224.8 cm™ can be assigned to
stretching of R-SO,. The peak around 1481.33 cm™ can
be assigned to stretching of CH bond, and the peak at
1556.55 cm™ is related to stretching of N = N group™.
The peak around 1645.28 cm™ is assigned to stretching
of C = C aromatic bond, and the peak around 1693.5
cm!is related to stretching of C = O bond®. The peak
at 3454.51 cm™ is assigned to stretching of NH acids.
The peak around 2800-3000 ¢cm™ can be assigned to
stretching of CH-CH aliphatic bond.

When comparing FTIR spectrum of original dye (A)
before any treatment with that of after treatment with
the used catalyst and irradiation with UV light for 60
minute (B), it can be seen that, the most effective groups
were disappeared (B). The broad absorption band at
3200-3500 cm™ is assigned to absorption of OH group,
and appearance of peak at 2119.77 cm™ can be assi-
gned to stretching modes of aliphatic C-C bonds. Also
appearance of peak around 1637.56 cm™ is assigned to
C = C aromatic bond*. From these observations it can
be concluded that this dye suffers from photocatalytic
degradation rather than photocatalytic decolorization.
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CONCLUSIONS

BET surface areas measurements showed a decrease in
the surface area of the prepared materials with increase
in calcination temperature. The photocatalytic removal of
RY 145 was strongly dependent on the amount of cata-
lyst, pH value, temperature, and illumination time. Also
it was found that, complete dye removal was observed
when using Ni;O,-Co;0,/AlL,O; under irradiation with
UV radiation. From the obtained results in this study,
the optimal conditions for degradation of dye under
the applied conditions were as follows: pH = 3, catalyst
dose 0.1 g/L, temperature = 23°C and illumination time
was 60 minute.
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