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Abstract

The current work involves modification of zinc oxide by doping silver, this was achieved by photodeposition
method. Modified zinc oxide was investigated using X-ray diffraction (XRD), fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM). Both of ZnO and Ag doped ZnO was fabricated
on a cotton texture. The photocatalytic activity of these materials was investigated by following the
decolorization of congo red from simulated industrial wastewater. The decolorization of congo red over
fabricated-ZnO-Ag was more efficient in comparison with non- fabricated catalysts. Different reaction
parameters were undertaken including the effect of pH of the solution, irradiation time and the effect of light
intensity. Complete dye removal over fabricated materials took three hours while it took 4.5 for non-fabricated
materials.
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1. Introduction

Photocatalytic reactions were emerged more than forty years ago when Fujishima and Honda reported
photocatalytic splitting of water on titanium dioxide electrode (Manoj , Shaji and Santhosh, 2012). This type of
reactions is based on the photoexcitation of the particles of the phtocatalyst with light of energy that is equal to
greater than its bandgap (Eg) (Hind, Baha, Hussein, Ahmed, and Saba, 2013). This process produces valence
band holes (h*yg) as well as conduction band electron (e'cg) (Narendra, Oza, and Ingale, 2014). The positive
holes normally diffuse to the surface and act as a trap for hydroxyl groups, while conduction band electrons
interact with adsorbed oxygen on the surface of the photocatalyst( Rizzo, Meric, Guida, Kassina, and Belgiorno,
2009). Generally, the first step in the heterogeneous photocatalytic reactions for the organic and inorganic
compounds is the producing excited state of photocatlyst upon absorbing a light with a proper energy (Agustin,
and Gonzalez, 1988). The second step is the de-excitation of the photocatalyst via diffusion of charge carriers
into the surface and then reacting with the pre-adsorbed species on the surface (Alan, and Desmond, 11991). In
case of absence of redox species on the surface, these e-cg and h*yg are recombined together in a recombination
process ( Ghaed, Hossaini, and Ramezanis, 2012) (Gunnar, Niklasson, and Claes, 2007). However, presence of
oxygen is very essential to perform this type of reactions as it act as trap for conduction band electron under this
circumstances oxygen works as an oxidant and generate some of reactive radical species such as O,” O", and O3
on the surface (Gopel, Rocker, and Feierabend, 1983). These active radicals contribute in the initiation of
photocatalytic reactions that are proceeded on the surface (Henglein, 1982).

The activity of the photocatalytic reactions can be enhanced by addition of some inorganic species such as H,S,
and H,0, (Malinda, Reichert, Chia, and Javier, 2014). Generally, backelectron transfer can reduce the activity of
the photocatalyst so the main challenge in this context is how to reduce the rate of recombination reaction which
leads consequently to improve the activity of the photocatalyst. This aim can be conducted by surface
modification. This can be done by some methods such as metal deposition, coupled of semiconductors, and
surface sensitization, and metal and non-metal deposition(Noriyuki, Osamu, and Youkoh, 1995). Metal
deposition can lead to improve the photocatalytic activity of the photocatalyst by altering some of chemical and
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physical properties of the surface, increasing surface area, electrical conductance and reducing the rate of
recombination reaction by acting as a sink for collection of conduction band electrons (Amy, Guangquan, and
John, 1995) In the last few decades and as a result of high levels of pollution, photocatalytic reactions were
applied in the pollution treatment. Among different types of pollution, pollution with dyes is an important type as
these dyes are used in many applications in our modern life (Santos, Azevedo, Annar, and Dezoattil, 2006). Dyes
are essential type of water pollutants especially industrial water and wastewater that are charged from different
factories especially from textile factories, food industries, papers and fibers industries (Zheng, Dillon, Eugen,
and Albert, 2013). In this type of pollution, decolorization is the first step in the treatment and this can be
performed using photocatalytic degradation of the polluted dye. This can lead to fully decontamination of the
polluted dyes in to inorganic species such as CO,, H,O and other inorganic species (Hadjivanov, Lamotte, and
Lavallery, 1997).

The present study describes the removal of congo red from the simulated industrial wastewater using the concept
of the photocatalytic reactions using a suspension of both bare and doped zinc oxide with silver. These two
photocatalysts were used with and without cotton fabric structure.

2. Experimental Part
2.1 Used Dye

The dye that was used as a model for the polluted dye was congo red, it is molecular formula
(C32H22NgNa,06S,). 1t has molar mass of 696.665 g/mol with a melting point of 360 °C and its molecular
structure is shown in Figure 1(Rajeev, and Shalini, 2008).
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Figure 1. Molecular structure of congo red dye that was used in this study
2.2 Zinc Oxide

Zinc oxide that was used in this study was provided with Fluka company (99.5%) , its molecular formula is ZnO
with a molar mass of 81.401 g/mol with a density of 5.606 g/cm3 and has a melting point of 1975 °C with a
bandgap energy of 3.37 eV (Zhong, 2004).

2.3 Modification of Zinc Oxide Surface

Doping of silver on zinc oxide surface was performed using 50 mL aquous solution of 0.1 molar of silver nitrate
(BDH, 99%), this mixture was irradiated with UV radiation using a Candle (5 watt.) with contineous stirring at
25 <. This mixture was agingated for 30 min and the balck colloidal of silver metal appeared and no silver ion
precipitated as AgCl after irradiation. ZnO (Fluka company, 99.5%) 5 g was mixed with silver colloidal solution,
this was stirring for 1 hour at 25 <€ in air atmosphere. Then the proposed preciptate of Ag/ZnO was filtrated off
and washed with ethanol several times and then dried at 80-100 <€ for overnight. To prepare silver doped zinc
oxide, ZnO was added to a mixture of water and acetone (50:50). The resultant suspension was mixed for one
hour than silver nitrate 2.5 % of zinc oxide was added to the above mixture, this mixture was stirred under
irradiation with light from low pressure mercury lamp (125 watt) for four hours under normal air. Then the
solvent was evaporated at 80 °C and the resultant solid was dried under vacuum for overnight. The resultant
modified Ag/ZnO was investigated using powder x-ray diffraction (PXRD), Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM).

2.4 Preparation of Cotton Fabric Loaded by ZnO-Ag

A piece of cotton wool of 10 x 10 cm was taken in this wok, this was washed and dried carefully to be ready for
use in this study. Then it was immersed in the used suspension with continuous stirring to ensure loading of the
catalyst on the cotton wool. Then it washed with distilled water sometimes to remove weakly adsorbed particles
of the catalyst and then dried to be ready for use.

2.5 Powder X-rays Diffraction (PXRD)

The XRD patterns for both neat and silver doped zinc oxide were investigated using Simadzu-6000 X-ray
diffractometer with a nickel filter using monochromatized CuKa radiation at 40 kV and it was operated at 30 mA.
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The films were scanned at 2° (20) per min. and the scan range was 20° 20 to 60° 26. The intensity was recorded
with a chart speed of 25 mm/min.

2.6 Fourier Transform Infrared Spectroscopy (FTIR)

Functional surface groups of both naked ZnO and that modified with silver were investigated with Perkin
Elminer Spectrophotometer. Before run, all the samples were grounded with KBr with a ratio roughly 1/50 of the
used samples. All the samples were measured in the range of from 450 to 4000 cm™ with a resolution power of 1
cm'™ for each scan.

2.7 Scanning Electron Microscopy (SEM)

The surface morphology of neat and silver doped ZnO was studied using Scanning Electron Microscope Inspect
550, Netherland (SEM). This machine was operated at 25 kV and derided samples of both ZnO and Ag/ZnO
were adhesive on carbon tape attached to aluminum — stubbed sputter coated with platinum.

2.8 Photocatalytic Reactions

In this study a cotton wool was used after loading with neat ZnO and Ag/ ZnO separately in a set of experiments
for each case. The dimensions of this piece of cotton were 10 x 10 cm in a solution of 10 ppm in100 mL of the
congo red dye as a model of simulated industrial wastewaters. Reactions were carried out in a homemade reactor
as shown in Figure 2. The resultant mixture was stirred for a half of an hour in order to reach adsorption
equilibrium at room temperature under air conditions. Then reaction mixture was irradiated with light from low
pressure mercury lamp (150 watt) with continuous stirring. Periodically, a sample of 3 mL of reaction mixture
was withdrawn and centrifuged and the absorbance was recorded at wavelength 495 nm.

N
g

Figure 2. Schematic description of the homemade photoreactor that used in photocatalytic degradation of CRD
3. Results and Discussion
3.1 PowderX-rays Diffraction (PXRD)

XRD patterns for neat and doped zinc oxide were studied by analyzing the used powder under scan with x-rays
and the required patterns were obtained using Brag equation *® as follows:

nA= 2d sin© ()]

Where n is the integer number that refers to the number times of the used wavelength (1,2,3 etc...), £ is the
wavelength of the source of x-rays (1.54 ,f\), o is the diffraction angle, and (d) is the distance between the
successive layers in the desired crystal (Shuanghu, Maojun, Lujun, Xiaoliang, Mei, Mab, and Wenzhong, 2010).
XRD patterns for bare ZnO and that doped with silver are shown in Figure 3.
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Figure 3. XRD patterns for neat ZnO and Ag/ZnO
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From XRD patterns, it's possible to calculate values of lattice constants by considering ZnO as a hexagonal
structure as shown in the following equation (Abbas, Salih, and Falah, 2008) :

d=(a/ ((3/4) (h* + k* + hk) + (@ / C)IZ))UZ @

Where, h, k, and | are miller constants and a, b, and ¢ are the crystal lengths. The crystal size (D) was calculated
using Scherre's equation (Bhatu, Lakhani, Tanna, Vasoya, Buch, Sharma, Trivedi, Joshi, and Modi, 200). These
values are shown in Table. 1

D= 0.94 /B Cosf (3)
Where, 0 is the diffraction angle, £ is the wavelength of the x-rays, and B is the full width at the half maxima.
Table 1. Diffraction angles and crystal size for neat and silver doped zinc oxide

Catalyst 2theta/deg crystal size( nm)

ZnoO 36.399 17.818
Ag/ZnO  36.440 29.106
Ag 34.830 6.722

From XRD patterns for neat and doped zinc oxide with silver, it's clear that doping ZnO with silver doesn’t
change its crystallinity as its shown from XRD patterns. The peaks for the oxide after doping with Ag are almost
the same for the bare form. There was a weak new peak for the doped zinc oxide around (26= 43°). This peak
many be related to the presence of Ag particles on the surface of ZnO (Zdenek, Marta, Peter, Sarka, Martin, and
Nicolas, 2012) . Silver particles have a nano-size of around 7 nm. This size probably facilitate the dispersion of
Ag particles on the surface homogeneity without altering its crystal structure. Silver ions have ionic radius that is
greater than zinc ion so that it can't introduce into the ZnO lattice and they can homogeneously distributed within
ZnO matrix (Zdenek, Marta, Peter, Sarka, Martin, and Nicolas, 2012). So that doping ZnO with silver doesn't
alter it crystal structure.

3.2 FTIR Spectra for Neat and Ag Doped Zinc Oxide

The functional groups for each neat zinc oxide and that doped with silver were studied using FTIR spectroscopy.
The characteristic peak at 450 cm™ is related to the stretching vibration mode for Zn-O bond in zinc oxide. FTIR
spectra for neat and doped zinc oxide are shown in Figure 4.
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Figure 4. FTIR spectra for neat and silver doped zinc oxide

From above figure, it's clear that FTIR spectrum for Ag/ZnO is seemed to be similar to that for neat zinc oxide.
In these spectra, the bands around 1630 cm™ and that around 3436 cm™ are correlated to the stretching modes of
OH groups in these materials. The bands that are appeared at low frequencies around 450 and 590 cm™ are
assigned to the bending vibration of the characteristic peak for Zn-O bonds. Doping silver in these limits doesn't
leads to appear further new peaks. This probably arises from homogeneous dispersion of Ag particles on the zinc
oxide surface without formation any clusters (Mahmoudian, Basirum, Alias, and Khorsand, 2011). The band that
appears around 3400 cm-1 is assigned to vibration mode of O-H group that are present in the catalyst. A weak
band that appears around 2900 cm-1 is assigned to C-H modes. The Sharp band that appears around 1400-1600
cm-1 are assigned to stretching vibration modes for C=0 groups. As our measurements were conducted under
normal atmospheric conditions, so that bands that are appeared around 2350 cm-1 can be assigned to the
presence of adsorbed CO, on the surface (Tas, Peter, Majewski, and Fritz, 2000).
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3.3 Scanning Electron Microscopy (SEM)

Morphological study for both neat zinc oxide and that doped with silver was investigated using SEM.
Morphologies of ZnO and Ag/ZnO are shown in Figure 5. From these images it can be concluded that, bare zinc
oxide was relatively homogeneous and agglomerated, also it has an average particles size around (18 nm). This
can be attributed to the uniform distribution of zinc cations in three dimensional structure (Falah, and Ahmed,
2007). The presence of these agglomerates is due to the densification that results due to the narrow space
between particles. For zinc oxide doped with silver, the sample turned more homogeneous with relatively larger
particle size around (29 nm) (Rauf, and Salman, 2009).

) ZnOneat Ag/ZnO
Figure 5. SEM images for neat and silver doped zinc oxide

3.4 Photocatalytic Activity of Neat and Modified Zinc Oxide

3.4.1 Congo Red Dye Removal

The photocatalytic activity for each neat and doped zinc oxide and for the cotton loaded form was investigated
by following congo red dye (CRD) removal from aqueous solution. From these results, it was found that dye
removal using Ag/ZnO was more efficient than using bare zinc oxide under the same conditions. After three
hours duration of reaction the percent of dye removal was 22% and 85% for each ZnO and Ag/ZnO respectively.
High efficient activity for dye removal over silver doped zinc oxide probably arises from the reduction in the rate
of recombination reaction which commonly occurs when use neat photocatalyst. This process can reduce the
efficiency of the photocatalytic activity by the dissipation of excitation energy via recombination of e'cg and h*yg
by back electron transfer (Himanshu, Hailemichael, Lebohang, Mantoa, Madhavi, and Gundu, 2009). The results
of CRD removal for each of photolysis, adsorption, ZnO and Ag/ZnO are shown in Figure 6.
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Figure 6. Removal of CRD from aqueous solution over neat and doped photocatalyst (error bar = +2%)

The results of dye removal for loaded catalysts over cotton are shown in Figure 6. From these results, it was
found that the photolysis of dye was not efficient and the rate constant for this process was 0. 6 x 10° min™. Also
the adsorption process for the dye was more efficient of the removal of dye by photolysis and the rrate constant
for adsorption was higher than the first case (0. 71 x 10 min™). Photocatalytic dye removal over cotton
supported Ag/ZnO was more efficient than above two cases and the rate constant for this was 0. 74 x 10 min™.
These results are shown in Figure 7.
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Figure 7. The removal of CRD over supported catalyst over on cotton texture

The presence of doped Ag particles on zinc oxide surface can increase its photocatalytic activity as these
particles act as electronic collectors (sink for electrons). This can increase the rate of charge separation between
e'cg and h'yg and consequently reduce recombination reaction (Sakthivela, Shankbar, Palanichamyb, Banumathi,
Bahnemanna, and Murugesanb, 2004).

3.4.2 Effect of Light Intensity on Dye Removal

The effect of light intensity on the removal of CRD was investigated in this study by changing the separated
distance between the source of light and the reaction mixture. The intensity of light is inversely proportional with
the distance. Increasing of light intensity in this case can lead to increase the number of the photoexcited
electrons. Higher light intensities can cause thermal quenching and then reduces number of excited electrons. On
the other hand lower light intensities can lead to excite small number of particles of the photocatalyst which
results in low photocatalytic activity at lower light intensities. The results of the effect of light intensity on CRD
removal are shown in Figure 7. From these results it was found that the rate of the photodegradation of this dye
was increased as the separated distances were reduced. These results are shown in Figure 8.
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Figure 8. The effect of distance between source of light and the reaction mixture (error bar = 1 x10%)
3.4.3 The Effect of Duration of Time on Dye Removal

Duration time of reaction is very important factor that can affect considerably on the efficiency of the reaction.
Generally, there is a direct proportionality between the percentage of dye emoval and the time of illumination of
reaction mixture (Ahmed, Abbas, Zahra, and Falah, 2014). For fully removal of CRD from aqueous solution took
2.5 hour , this was viewed by following the UV-Vis for this dye and the two peaks at 496 and 340 nm was
decreased gradually with irradiation time. The effect of time of irradiation on dye removal is shown in Figure 9.
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Figure 9. The effect of duration time on CRD removal from simulated wastewaters
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3.4.4 Reproducibility of the Texture on the Catalysis Process

To show the ability of the cotton texture to be used as a carrier for the doped zinc oxide (Ag/ZnO), a series of
experiments were performed by using the same carrier (texture) with Ag/ZnO in two batches. For each case the
removal of CRD was recorded, from the obtained results, it was found that the activity of dye removal was
reduced when used this catalyst in a second trial for the same irradiation time .gradually. After 120 minutes of
irradiation the activity of dye removal was around 55% while in the second trial it was around 29%. The activity
of the catalyst drops with times of usages due to the poisoning of the catalyst or due to the donation of some
elements from the dye such as sulfur, this may react with zinc at the surface of the catalyst to form ZnS also it
can react with silver to yield Ag,S. For all these probabilities the catalyst suffers from poisoning and hence
shows a lower activity with the further reproducibility. The results of two reproducibility are shown in Figure 10.
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Figure 10. The reproducibility of the texture in CRD removal
3.4.5 Effect of pH on Dye Removal

Surfaces of oxides normally having unsaturated oxygen atoms, this possessing bonding deficiency and
consequently are affected by basic/acidic environment. This differs depending on the type of atoms and crystal
structure of the catalyst. According to this observation the surface of oxide in the reaction mixture would be
either positive or negative depending on the abundance of H* and/or OH".

In acidic media the surface of oxide would have a positive charge while exhibits a negative charge under basic
media as it is shown in the above equations. The surface of the catalyst exhibits a zero net charge of the surface
at its point zero charge (PZC), for pH values lower than PZC surface has a positive charge while exhibit a net
negative charge at pH values higher than its PZC. Generally PZC value for zinc oxide ranged from pH values
(8-10). The results of the photocatalytic degradation was increased with increasing the value of pH towards basic
values and the best esult was obtained around pH=9. Figure 11 shows the results of the dye removal under
different pH values. From these results the efficiency of dye removal was enhanced in basic pH values and
reduced in acidic values (Mirhadi, Tavangarian, and Emadi, 2012). By considering the rate constant for each pH
value it was found that the rate of dye removal was affected considerably with the change in pH value of reaction
mixture. The efficiency of dye removal was enhanced at pH values that are close to the PZC value and this arises
from the surface charge neutralization at these range of pHs. This effect can minimize the repulsion forces
between the surface and the adsorbed dye molecules on the surface. These results are shown in Figure 11.
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Figure 11. pH effects on the photocatalytic removal of CR dye over Ag/ZnO
3.4.6 Dye Removal from Cotton Texture

Cotton texture was immersed in the dye solution 10 ppm for 30 minutes with irradiation with mercury lamp with
continuous stirring at room temperature. After complete dye removal from the aqueous solution and the initial
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solution was turned colorless, irradiation was kept under the same conditions until the color was removed from
the cotton texture completely (Tabrez, Singh, and Kumar, 2004). These observations are shown in Figure 12.
From these results it's clear that this process can lead to remove the dye form the polluted clothes with the dyes
by using irradiation only without need to use normal washing processes with using detergents (Sakthivel,
Neppolian, Palanichamy, Arabindo, and Murugesan, 2000).

Figure 12. Images show decolorization of CR dye from the texture that is loaded initially with Ag/ZnO (1:
Before adsorption process, 2: After dye adsorption, 3: Photocatalytic dye removal from the
aqueous solution, and 4: The texture after being irradiated with mercury lamp

4. Conclusions

This study involves synthesis of a composite of Ag/ZnO with cotton texture by photodeposition method. Silver
doped zinc oxide showed a higher activity in dye removal in comparison with un-doped oxide. Additionally the
composite of Ag/ZnO/ texture showed a higher activity with respect to Ag/ZnO. The composite Ag/ZnO/ texture
showed an ability towards self-cleaning of dye under irradiation. Also it was found that the activity of zinc oxide
was increased in pHs ranges that are close to its point zero charge.
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