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ABSTRACT. In this work, we report the effect of cetyl trimethyl ammonium bromide (CTAB), ethyl di-tetra amine
(EDTA) and polyacrylamide as surfactants on synthesis of zinc oxide for photocatalytic application. The ZnO
nanoparticles were synthesized with and without the surfactants and characterized using powder X-ray diffraction
(PXRD), and Fourier transform infrared spectroscopy (FTIR). In addition to this, the morphology of zinc oxide
prepared in the absence and presence of these surfactants investigated through scanning electron microscopy (SEM).
As confirmed from XRD and FTIR characterization results, the use of different surfactants did not affect the
composition of ZnO nanomaterials. The photocatalytic activities were investigated by the degradation of methylene
blue (MB) dye under sunlight irradiation. To optimize the effects of operational parameters, the study was carried
out as a function of dye concentration, catalyst dose, and pH on the degradation efficiency of the photocatalysts.
The optimum values of catalyst dose, dye concentration and pH of solution were found to be 0.09 g, 5 mg/L and 10,
respectively. The ZnO nanomaterials prepared with CTAB surfactant showed highest degradation efficiency of 98%
indicating potential application for practical decontamination of wastewater from toxic organic pollutants.
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INTRODUCTION

Environmental contamination, which is growing around the world, is a serious problem not to be
neglected. Among all contamination, water pollution is a major problem [1]. One of the most
pressing environmental issues of the present and most probably of the future is the effective
protection and utilization of the precious freshwater resources of the world. 88% of the 4 billion
annual cases of diarrheal disease are attributed to unsafe water and inadequate sanitation and
hygiene, and 1.8 million people die from diarrheal diseases each year, all over the world [2]. The
World Health Organization (WHO) estimates that 94% of these diarrheal cases are preventable
through modifications to the environment, including access to safe water. Estimations of today’s
water situation are frightening. Just to mention some numbers: 1.1 billion people are without clean
drinking water and about 4000 children die every day from water borne diseases [3]. In Ethiopia’s
context also as research reports indicated that getting quality water is becoming challenge with
the expansion of different industries and wastes which caused to water pollution [4, 5].

The dyeing process does not utilize all the dye molecules and consequently a substantial
number of dyes were present in the wastewater released from the industry [6-8]. The
photocatalysis process towards eliminating an organic pollutant from water or air has numerous
potential applications to resolve serious environmental pollution [9-12]. In a photocatalytic
system, photo-induced molecular transformation or reaction takes place at the surface of the
catalyst. A basic mechanism of photocatalytic reaction on the generation of electron—hole pair
and its destination is as follows. When a photocatalyst is illuminated by the light stronger than its
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band gap energy, electron migrates from valance band (VB) to conduction band (CB) and holes
are formed in valance band. These holes can generate hydroxyl radicals which are highly
oxidizing in nature. Probably hole can react with dye molecule and abstract electron from dye
molecule and process of degradation proceed [13, 14].

Transition metal oxides have attracted tremendous attention from researchers owing to their
easy synthesis and ability to form various phases of metal-oxygen ratios possessing different
structure, properties, and applications. Metal oxide semiconductors such as zinc oxide, titanium
dioxide, tungsten oxide, and zinc stannite applied for photocatalysis and important during water
purification and removal of organic pollutants [15]. Zinc oxide (ZnO) is a type II-VI
semiconductor with a direct band gap of 3.37 eV and stable wurtzite type structure with lattice
parameters a = 3.25 A and ¢ = 5.21 A [2, 16-22]. It is an important semiconductor material due to
its applications, which include transparent conductive oxides (TCO) [23], ultraviolet (UV)
blockers, and photo catalysts, among others. Zinc oxide nanoparticles have nontoxic nature, wide
band gap, and good quantum efficiency [24, 25].

The electron mobility of ZnO (~100 cm? V! s) is approximately two orders of magnitude
higher than TiO, based nanomaterials. Thus, it is easier for the photogenerated charge carriers to
migrate towards the surface of ZnO based nanomaterials. ZnO has also been proven to be useful
in the removal of toxic metal ions as well as harmful microorganisms such as Escheria coli and
Staphylococcus aureus [26]. Surfactants are well known in surface modification during material
synthesis [27].

The main concern of this work is to investigate the influence of surfactants type on the
synthesis of zinc oxide for photocatalytic application. In order to investigate the influence of
surfactants on the preparation and photocatalytic activity of ZnO, EDTA as nonionic, CTAB as
cationic and polyacrylamide were used. The molecular structure of these surfactants are shown in
Figure 1.

Figure 1. Chemical structures of EDTA (a), CTAB (b) and polyacrylamide (c).

EXPERIMENTAL
Chemicals

The chemicals and reagents used for this study were hydrochloric acid (HCI) 37%, sodium
hydroxide (NaOH) pellets (98%), Alphax Chemical Industry (India), NaCl (0.1N), methylene blue
(MB) SAMHR TECH-CHEM PVT-LTD, zinc chloride (ZnCl,), sodium hydroxide (NaOH),
deionized water, HCl, and CTAB, EDTA, and polyacrylamide. All chemicals used in this study
were of analytical grade.
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Synthesis of ZnO with and without surfactants

The synthesis of ZnO nanoparticle is based on the solvothermal method. An amount of 4.2 g (0.01
mol) of ZnCl, and 1g of CTAB, 1 g of EDTA, 1g of polyacrylamide was dissolved in 100 mL of
distilled water in three different a 250 mL Schott bottle and stir for 30 minutes, then heated to a
temperature of 60 °C with constant stirring using electrical stirring hotplate. Subsequently, 4.1 g
(0.01 mol) of NaOH was also weighed and dissolved in 100 mL of in 250 mL Schott bottle under
the same condition as the Zinc precursor. The NaOH solution was slowly drained drop wise from
a burette into the ZnCl, solution, maintaining the temperature at 60 °C with vigorous stirring for
60 min until a white precipitate was formed. The mixture cooled at room temperature for 180 min
before centrifuging with FLETA 5 Multi-Purpose Centrifuge at 4000 rpm for 30 min. The
precipitate was washed at least 5 times with deionized water, dried at room temperature, and
finally ground into a powdered form and calcinated at 450 °C for 3 h [28]. The general procedure
presented in Figure 2.

Stirring for 1hr at 60°C

*  Cooled and kept for 3hrs at room
temperature then
*  Centrifuge, washed and drying

Calcination at 450°C,3hrs

* |
v v

IO O

Zno/CTAB ZnO/EDTA  ZnO/Poly ZnO/Without

Figure 2. Synthesis route for ZnO nanoparticles using CTAB, EDTA, polyacrylamide surfactants
and without surfactant.

Photocatalytic activity study

The photocatalytic studies were performed to investigate the performance of ZnO nanomaterials
synthesized using different surfactants for the degradation MB under sun light irradiation. 0.1 g
of the photocatalyst was added into 100 mL of 10 mg/L solution of MB. Before photocatalysis,
the solution was stirred magnetically for 60 min in the dark to establish an adsorption-desorption
equilibrium. At a fixed time, interval 3 mL of suspension was collected for recording the
absorbance at Ama= 664 nm a maximum MB. The pH of the solutions was adjusted by adding
either 0.1 M HCl or 0.1 M NaOH. The degradation (%) efficiency was computed using Eq. 1. The
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photocatalytic performance of ZnO, ZnO/CTAB, ZnO/EDTA and ZnO/poly were investigated at
various contact time, initial concentrations of MB (5, 10, 15, 20, 30 mg/L)), pH of solution (2, 4,
6, 8, 10) and dose of photo-catalyst (25 mg to 150 mg).

Co—Ct) % 100 1)

Co

Degradation (%) = (
where Co is initial concentration of MB dye and Ct is the concentration of MB dye at time t.
Characterization techniques

Powder X-ray diffraction (PXRD) used to determine the phase structure of the samples such as
the crystallinity of the catalyst and measure their size. Fourier transform infrared spectroscopy
(FTIR) is implemented to identify the presence of certain functional groups in a given sample.
Scanning electron microscopy (SEM) applied to interpret the morphology difference. UV-Visible
absorption spectroscopy also used to investigate photocatalytic degradation efficiency MB dye.

RESULTS AND DISCUSSION
FTIR analysis

Figure 3 presents the FTIR spectra of asynthesized samples in the presence of EDTA, CTAB and
polyacrylamide. The band observed between 421 and 559 cm™! in all samples corresponds to
Zn-0 stretching mode which confirms the formation of ZnO. In addition to this, the week peak
at 890 cm! indicates the presence of ~OH bending peaks [29, 30].

Almost all FTIR peaks of the synthesized samples ZnO, ZnO with EDTA, and ZnO with
CTAB were the same as clearly indicated in Figure 3. For ZnO-WO, ZnO-CTAB and ZnO-
EDTA, the weak peaks presented between 1300 cm™ and 1610 cm™ could be C=0 and C-H
vibration bands probably from trace residue to the coatings [31]. These weak peaks of C=0 and
C-H vibration bands didn’t appear on ZnO-polyacrylamide sample and this observation is
consistent with the previous findings [32].

}

— 9%

g S 2
o Zno-WOo T 5
g ZnO-Poly & =
= ZnO-CTAB g z
E —— ZnO-EDTA '

8

[

|
h

36

. Zn-0
Wavenumber (cm 1} Strete

Figure 3. FTIR spectra of ZnO nanoparticles synthesized using CTAB, EDTA and
polyacrylamide.
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PXRD analysis

The powder X-ray diffraction (PXRD) patterns of as prepared materials (zinc oxide without
surfactants, zinc oxide with cetyl trimethyl ammonium bromide, zinc oxide with ethyl di-tetra
amine and zinc oxide with polyacrylamide hereafter named as ZnO-WO, ZnO-CTAB, ZnO-
EDTA and ZnO-polyacrylamide, respectively) are presented in Figure 4. In all the four materials,
the well observed peaks appeared at 20 = 31.9°, 34.5°, 36.3°,47.5°,56.5°,63°, 66.5°, 68°, 69.1°and
77° prove that ZnO is approaching the hexagonal structure. The characteristic diffraction peaks
marked by their indices (100), (002), (101), (102), (110), (103), (200), (112), (201) and (202)
respectively could be well indexed to the structure of ZnO. According to the X-ray diffraction
patterns in Figure 4, the ZnO samples prepared in the presence of different surfactants revealed
sharp and narrow peaks, indicating good crystallinity. The observed peaks confirmed to 100, 002,
101, 102, 110, 103, 200, 112, and 201 Miller indices, which correspond to a hexagonal quartzite
structure of ZnO (ICSD card no. 57450), similar to those reported by Muhammad et.al. [33]. The
average crystallite size of the samples was determined using the Debye-Scherer formula as
indicated in Eq. 2:

k. 0.9

Dok _ @

- B.cos6 - Bcos6

where D is the average crystallite size in nm, k is a shape factor constant equal to 0.9, A is the
wavelength of the x-ray used (CuKa radiation = 1.5406 A), B is the full width at half maximum.
As the result, the calculated. The average crystal size of the samples was shown in the Table 1.

Table 1. Average crystallite size (D) of as-synthesized photo-catalysts.

Sample 26 (degree) D (nm)
ZnO-WO 36.254 46
ZnO-CTAB 36.218 20
ZnO-EDTA 36.251 43
ZnO-poly 36.219 28
] —2Zn0-WO
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ZnO-EDTA
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Figure 4. PXRD of ZnO nanoparticles prepared in the presence of different surfactants (CTAB,
EDTA, and polyacrylamide).
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Morphology investigation

The morphological influence of using different surfactants during the preparation of
nanomaterials have been carried out using scanning electron microscopic technique. SEM images
of ZnO nanoparticles prepared in the presence of different surfactants (CTAB, EDTA, and
Polyacrylamide) presented in Figure 5 (a-d). When ZnO was synthesized in the absence of
surfactant, the obtained SEM image have aggregated and packed morphology as presented in
Figure 5a. Whereas when ZnO synthesized in the presence of EDTA, the SEM image of the
prepared sample have a nanosheet morphology (Figure 5b). When CTAB was used as surfactant
during the preparation of ZnO, the morphology was changed to spherical nanoparticles as
demonstrated in Figure 5c. On the other hand, when the surfactant used was polyacryl amide, the
ZnO morphology looked like nanoleaves (Figure 5d). From the difference in SEM images, it could
be explained that the surfactants used during the preparation of ZnO affected the morphological
structure of ZnO nanoparticles.
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Figure 5. SEM images of ZnO nanoparticles prepared in the presence and absence of different
surfactants: ZnO-WO (a), ZnO-EDTA (b), ZnO-CTAB (c) and ZnO-polyacrylamide (d)

Point of zero charge

The degradation of organic dyes on the adsorbent surface was primarily affected by the surface
charge on the adsorbent which in turn is influenced by the solution pH. The point of zero charge
analysis was used to investigate the surface charge of photocatalyst surface as a function of pH.
For the general principle, if the pH is higher than the point of zero charge, the surface of the
photocatalyst will be charged negatively and therefore it repulses anion compounds and vice
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versa. At pH < pHpzc, the degrading surface may be positively charged due to protonation of the
carboxyl and other functional groups [34]. The point of zero charges of ZnO-WO, ZnO-CTAB,
ZnO-EDTA and ZnO-polyacrylamide were presented in Figure 6. From the findings shown in
Figure 6, the point of zero charge values for ZnO, ZnO prepared using CTAB, EDTA and
polyacrylamide were obtained as 6.7, 7.3, 6.7, and 7.1, respectively. Therefore, at higher pH (pH
>7.3), the adsorbent surface has a negative charge and decolorize the cationic methylene blue dye
via electrostatic attraction.
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Figure 6. Point of zero charge of ZnO-WO, ZnO-CTAB, ZnO-EDTA and ZnO-polyacrylamide.
Photocatalytic parameters optimization

Effect of pH. The influence of pH on the degradation of MB in the presence of ZnO-WO, ZnO-
CTAB, ZnO-EDTA and ZnO-polyacrylamide was investigated at initial pH value varying
between 2 to 10 and the results presented in Figure 7A. As shown in Figure 7A, the percentage
degradation of MB using all newly synthesized photocatalysts was enhanced with a rise in
solution pH up to 8. At smaller acidic pH, a lower removal was observed due to the competitive
interactions of H' and catatonic MB. Upon increasing pH from 8.0 to 10.0, the MB degradation
showed slightly decreases. After the dye removal was completed, the pH value of 8 with the
highest degradation efficiency was taken as the optimum pH. From the four photocatalysts, ZnO-
CTAB achieved highest efficiency throughout the measurement.

Effect of dye concentration. The dependence of the degradation efficiency of ZnO-WO, ZnO-
CTAB, ZnO-EDTA and ZnO- polyacrylamide at various initial concentrations of MB dye (5, 10,
15, 20 and 25 mg/L) presented in Figure 7B. The percentage of degradation in the presence of
these synthesized photocatalysts increased with decrease in initial dye concentrations throughout
the measurement as revealed in Figure 7B. Generally, at low concentrations of organic pollutants,
the rate of degradation increases with the increase of substrate concentration since there are
sufficient amounts of radicals and holes for the reaction with contaminants at low substrate
concentration. However, beyond the optimal concentration, the removal rate decreases due to the
insufficient number of reactive radicals [35].
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Effect of photocatalyst amount. The effect of amounts of ZnO-WO, ZnO-EDTA, ZnO-CTAB and
ZnO-polyacrylamide towards photocatalytic degradation of MB were investigated at 0.01, 0.03,
0.05, 0.07 and 0.09 g as the results shown in Figure 7C. The measurements were carried out at a
fixed concentration of MB (10 mg/L). It was found that by increasing the adsorbent dose, the
percentage of dye removal also increases. It implies that the number of available degradation sites
increases by increasing the adsorbent dose and resulted in an increase in the percentage of dye
removal. As shown in Figure 7C, the ZnO-CTAB material achieved the highest degradation
efficiency of 68.5%, 74.5% 76, 7 %, 97.8%, 98.1 % at 0.01, 0.03, 0.05, 0.07 and 0.09 g,
respectively.
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Figure 7. A) Effect of pH, B) effect of MB dye concentration and C) effect of photocatalyst dose
on the photocatalytic degradation efficiency of the synthesized photocatalysts towards

MB dye, D) the proposed mechanism of photocatalytic degradation of MB dye on the
ZnO/CTAB nanoparticle.

Photocatalytic mechanism

The proposed schematic mechanism of photocatalytic degradation of methylene blue on the ZnO
was shown in Figure 7 D. While the solution is exposed to visible light irradiation, the electrons
would be excited from the VB to the CB. The photo-generated electrons would further reduce the
dissolved oxygen to produce superoxide radicals, which would oxidize MB to final degraded
products of carbon dioxide and water. On the other side the photo-generated holes at the VB of
reacted with water from the solution and produced hydroxide radicals can subsequently oxidize
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the MB to generate CO, and H,O [36]. To explain the photocatalytic mechanism, the valence band
(VB) and conduction band (CB) potentials of ZnO/CTAB was calculated using Eq. 3 and Eq.4:

Ecp=y - Eet- 0.5 Eg 3)
Eve=Ecs + Eg 4

where Ecg is the CB edge potential; Evg is the VB edge potential; y is the semiconductor
electronegativity; Eef is the energy of free electrons on the hydrogen scale (about 4.5 eV) [37];

Eg is the semiconductor band gap energy. y value of 5.79 eV [38]. Eg is obtained as 3.4 eV for

ZnO-CTAB calculated from UV-Vis absorption measurement using Eg = 2% The VB and CB

—
of ZnO-CTAB obtained as 2.99 eV and -0.41 eV, respectively.
Kinetics of the photocatalytic degradation

Recent studies on photocatalytic reactions have been performed using the pseudo-first-order
kinetics with respect to the substrate concentration [39]. To ensure the reaction order, both
pseudo-first- and pseudo-second-order kinetics were tested. The integrated forms of the pseudo-
first- and pseudo-second-order models are according to Eq. 5 and Eq. 6, respectively.

In (Z—':) =kopsit ()
== + kopsat (6)
Co

where Co, C, Kobsi and kobs2 represent the initial concentrations of MB, the concentration of MB
at time t, observed pseudo-first- and pseudo-second-order rate coefficients, respectively. The plots
of In(Cy/Cy) and 1/C versus t at different initial MB concentrations are plotted in Figure 8A and
Figure 8B, respectively.
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Figure 8. The plots of In(Cy/Cy) versus irradiation time (A) and the plots of 1/C versus irradiation
time (B) at different initial MB concentrations.
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Comparison with the previous reports

The comparison of the obtained degradation efficiency of synthesized photo-catalysts with
previously reported findings has been illustrated in Table 2. Our findings showed that ZnO
synthesized using CTAB as surfactant attained the highest photo-degradation efficiency for

methylene blue dye removal.

Table 2. Comparison of photocatalytic performance and synthesis strategy of zinc oxide toward the

degradation of methylene blue dye.

Photo-catalyst Synthesis method Light source Degradation References
efficiency (%)
Ni/NiO/ZnO One-pot solution | Ultraviolet 15 [40]
combustion synthesis Irradiation

N-doped ZnO Co-precipitation Visible light 93 [41]
2%Fe-ZnO Sol-gel 150 W mercury light 92 [42]
ZnO-leaf extract | Co-precipitation Sunlight 96.5 [43]
ZnO-CTAB Co-precipitation Sunlight 98.1 This work
ZnO-EDTA Co-precipitation Sunlight 80.0 This work
ZnO- Co-precipitation Sunlight 73.4 This work
Polyacrylamide

ZnO-without Co-precipitation Sunlight 62 This work

CONCLUSION

In this study, we have reported the influence of EDTA, CTAB, and polyacrylamide surfactants on
the synthesis of ZnO through ecofriendly co-precipitation method. The crystalline property of the
synthesized materials was characterized through PXRD and the results confirmed as pure ZnO
material was prepared. SEM also applied to understand the morphology difference resulted when
different surfactants used for the synthesis of ZnO based materials. The surface charge properties
of these synthesized materials also studied through the point of zero-charge analysis. The
photocatalytic performance of the synthesized ZnO using different surfactants were tested for MB
removal. The photocatalytic parameters: pH, photocatalyst amount and dye concentration has
been optimized. The photocatalytic degradation efficiencies towards MB dye were achieved about
98.1% using ZnO-CTAB, 73.4% using ZnO-polyacrylamide, 80% using ZnO-EDTA, and 62%
using ZnO without surfactant. The results indicated that the ZnO/CTAB exhibited excellent
photocatalytic activity as compared to ZnO-polyacrylamide, ZnO-EDTA, and ZnO without
surfactant toward the degradation of MB under sunlight irradiation.
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