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In this study, ZnO nanoparticles in three shapes, spherical, rod, and sheet are 
synthesized by a hydrothermal method using three different surfactants, namely three 
ethanol amine, cetyl three methyl ammonium bromide, and sodium dodecyl sulfate. In 
all cases, the chemical composition, powder identification, morphology. and particle 
size of the final product are characterized by Fourier transform infrared (FTIR), X-ray 
diffraction (XRD), field emission scanning electronic microscopy (FESEM), EDX 
elemental analysis, and UV-Vis spectroscopy. The photocatalytic activity of the 
nanoparticles are investigated for degradation of organic pollutants (Congo red dye). 
The removal tests of Congo red as a water organic pollutant indicates photocatalytic 
activity and absorption ability of synthesized zinc oxides. Finally, the comparison of 
the dye removal results show that the rod nanoparticle has more efficiency in the 
degradation of Congo red with 97% yield over 2 hours at pH=8.  
  

1 Introduction 
 

Researchers are developing low-cost and high-
performance materials for the development of 
photocatalysts at the present time. Semiconductors 
such as ZnO nanostructures are appropriate candidates 
for catalyst applications because of their unique 
properties. One of the essential features of 
semiconductors is the ability to form electron-hole 
pairs by absorbing UV-Vis light. The energy of these 
charge carriers can be used in various ways, e.g. 
photocatalytic reactions. Organic and inorganic species 
can be reduced by emitted electrons. The formed holes 
can also oxidize the compound by taking electrons 
from the surface [1]. Heterogeneous catalysts have 
high efficiency for converting organic and inorganic 
pollutants into CO2 and water [2, 3]. Removing dye is 

usually costly, inefficient, and only transfers 
contamination to other locations. Reduction of these 
pollutants with traditional methods is not complete 
because of the high solubility in water and their 
resistance to removal [4-6]. Therefore, to meet the 
future needs of the environment, the development of 
effective, non-toxic, environmentally friendly and 
sustainable photcatalyst is necessary. Zinc oxide with a 
wide band gap (3.37 eV) has the power to decompose 
many organic compounds [7, 8]. The oxidizing ability 
of ZnO is due to the production, mobility, and 
separation of photo-excited electrons and holes pairs, 
numerous point defects such as oxygen vacancies, 
hydroxyl ions production,  and higher photo activity in 
both UV and sunlight irradiation [9-14]. Another 
advantage of zinc oxide is the ability to synthesize at 
low temperatures in various morphologies. Zinc oxide 
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nanoparticles is best suited for photocatalyst 
applications due to its more extensive surface area and 
ability to be suspended in the solution [15]. Also the 
size, crystallinity, and morphology of the particles can 
significantly influence the catalytic property [16-19].  
Congo red (CR) was used as an azo dye to study the 
photocatalytic properties of zinc oxide. Due to its 
complex aromatic structure, Congo red is resistant to 
degradation, so it is important to find ways to remove 
it from waste waters [20]. The CR dye is one of the 

main pollutants in textile industries’ water. This is 
because it has a stable structure and does not degrade 
easily. In the present study, the photocatalytic activity 
of ZnO nanoparticles is investigated by the 
photocatalytic discoloration of Congo red (CR) in 
aqueous solution. The particles were formed through 
the hydrothermal method in the presence of three 
different surfactant. Also the effect of particle 
morphology and pH on photocatalytic degradation of 
congo red is studied.   

2 Experiment 
 

 Zn (CH3COO)2:2H2O, Cetyl trimethyl ammonium 
bromide (CTAB), ZnCl2:6H2O, Potassium hydroxide 
(KOH), Sodium hydroxide (NaOH), NH3, absolute 
ethanol, Sodium dodecyl sulfate (SDS), Tri ethanol 
amine (TEA), Congo red and HCl, purchased from the 
Merck Company and applied without further 
purification. Deionized and distilled water were used 
to prepare the solutions in this work. Sample 
preparation was carried out by the hydrothermal 
method. 

2.1 Synthesis of ZnO nanoparticles by CTAB 

(R-NPs) 

 At first, 5.0�10-4 mol of ZnCl2:6H2O and 1�10-3 mol 
of potassium hydroxide were dissolved separately in 
2ml of distilled water by stirring at room temperature. 
A white calcic precipitation was formed immediately 
after mixing. Then, 25�10-5 mol of cetyl trimethyl 
ammonium bromide (CTAB) was added to the solution 
as a surfactant under stirring. The pH of the medium 
was about 8-9 at this step. After stirring for 5 minutes, 
the mixture was transferred to a 15 ml autoclave filled 
with distilled water and heated in an oven at 120 °C for 
5 hours. When the time elapsed, the autoclave was 
cooled naturally. Then the solid-white reaction product 

was washed with distilled water and ethanol to remove 
impurities and non-reactive substances. It was dried in 
an oven for 5 hours at 50 °C and used for the stated 
analysis.  

2.2 Synthesis of ZnO nanoparticles by TEA 

(SP-NPs)  

 2�10-3 mol of ZnCl2:6H2O was first dissolved in 
2.5ml of distilled water by stirring at room 
temperature. 2�10-3 mol (206�10-3 ml) of tri ethanol 
amine (TEA) was added as a surfactant to the reaction 
mixture. After 1.5 hours stirring, 4�10-3 mol KOH 
dissolved in 1.5 ml distilled water was added at room 
temperature. The reaction mixture was poured into a 
15 ml autoclave with 11 ml of distilled water, and it 
was placed in an oven for about 5 hours at 120 °C. The 
autoclave was cooled naturally at room temperature. 
The white powder was treated with distilled water and 
ethanol to remove the probable impurities. The final 
product was dried in an oven for 5 hours at 50 °C and 
then used for characteristic analysis.  
 

2.3 Synthesis of ZnO nanoparticles by SDS (S-

NPs)  

 To synthesize ZnO nanoparticles by SDS, 5�10-4 mol 
of ZnCl2 and 2�10-3 of KOH were dissolved in 20ml 
distilled water at room temperature. Then 25� 10-5 
mol of sodium dodecyl sulfate (SDS) was added to the 
stirring reaction mixture. The reaction mixture was 
then poured into the autoclave with some distilled 
water and placed in an oven at 120 °C for 5 hours. The 
autoclave was cooled naturally at room temperature, 
and the white powder was then treated with distilled 
water and ethanol to remove any impurities. After that, 
the final product was dried in an oven for 5 hours at  
50 °C and then used for diagnostic analysis.  

2.4 Photocatalytic activity measurements  

 The photocatalytic behavior of the zinc oxides was 
investigated under UV lamp (30W, UV-C, 253.7 nm, 
photon provides 4.89 eV).  Photo degradation of 10 
ppm Congo red solutions (as a model of water 
pollution) was determined by using a 
spectrophotometer at λ max= 496 nm. The lamp 
distance from the solution was 10 cm. For each 
experiment, 5� 10-2 g of catalysts was dispersed into 
100 ml of 10 ppm CR aqueous solution under stirring 
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to reach the adsorption equilibrium. The reaction 
vessel is simultaneously pumped by bubbles from the 
air pump (flow: 4.5 L in 1 min) to disperse the solution 
uniformly. After sampling at specific intervals (10 min 
for 2h), the catalyst was rapidly separated by 
centrifugation at 6000 rpm for 5 minutes. Then 
photocatalytic removal of the Congo red were 
followed by changing absorbance at λ = 496 nm.  

 The concentration of dye was determined by using a 
calibration curve. The percentage removal of CR is 
calculated as follows: 

PD% = (Ci − Ct) Ci⁄  �100,                                    (1) 

where, Ci is the initial concentration of the dye before 
exposure to the light source, and Ct is the 
concentration of the dye at any interval [21]. The 
photocatalyst recycling tests were performed in the 
same way and they were repeated four times. For this 
purpose, the suspension was sonicated for 5 min and 
then stirred in the dark place for 30–45 min to ensure 
an adsorption/desorption equilibrium was occurred. 
 

3 Results and discussion  
 

3.1 FESEM-EDAX Observations 

 The images of the as-synthesized samples are shown 
in Fig. 1a-1c. Effects of applying different surfactants 
on the morphologies of ZnO particles are revealed in 
the FESEM images. As seen, the morphology of the 
particles has the same distribution and dispersion. The 
shape of the particles is spherical, rod, and sheet like 
for TEA, CTAB, and SDS respectively.  

  

Figure 1. FESEM images of (a) R-NPs (b) SP-NPs (c) S-NPs. 

 From the FESEM results, the key roles of surfactants 
in controlling the particle morphology and crystal 
orientation can be seen. Surfactants can control 
nucleation, and also prevent the formation of 
agglomerates. The presence of these compounds affect 
not only nucleation and particle growth, but also 

coagulation and flocculation of the particles. The 
surfactant effect involves chelation of the metal cations 
of the precursor in an aqueous environment. CTAB is 
a cationic surfactant and produces a tetrahedral cation 
(CTA+) in an aqueous solution. Electrostatic 
interaction between CTA+ and zinc species leads to 
formation of nano-rods. It was found that CTAB 
affects the process of nucleation and growth of 
crystallites during synthesis, and also prevents the 
formation of agglomerates. As a non-ionic surfactant, 
TEA forms nano-ZnO in spherical-shape by weak Van 
der Waals interaction. On the other hand, SDS, as an 
anionic surfactant, affects the morphology of ZnO and 
turns it into a sheet. The presence of the surfactant was 
found to affect both the shape and size of the resulting 
ZnO particles which additionally suggests that the 
transformation may take place via a mechanism of 
recrystallization [22-25]. According to Fig. 1, the 
diameter of 1D nanostructure of R-NPs was found to 
be in between 23-38 nm. The FESEM images (Fig. 1b 
and c) reveal that SP-NPs have spherical shape with 
average size of 60 nm and S-NPs have sheet-like shape 
about 200nm. EDAX results indicated in Table 1, also 
confirm the presence of zinc and oxygen in 
stoichiometric ratios in the samples. 

Table 1. Zn and O element content of the zinc oxide 
nanoparticles according to EDAX analysis. 

 

3.2 XRD analysis 

 In Fig. 2a-2c, the XRD patterns of the as-obtained 
zinc oxide nanoparticles is shown. All of the peaks in 
the pattern illustrates the hexagonal structure of ZnO 
with high crystallity (hexagonal crystal system, P63 
mc space group, JCPDS card No. 36-1451). The 
patterns show different peaks at about 2θ = 31.44, 
34.41, 36.325, 47.87, 56.22, 62.11, 65.78, 67.13, 
68.96, 72.23, 76.02, match the planes [100], [002], 

Samples Elements  Weight % Atomic % 

ZnO (rod) 

 R-NPs 

Zn 89.56 67.86 

O 10.44 32.14 

ZnO (spherical) 

SP-NPs 

Zn 89.68 67.56 

O 10.67 32.44 

ZnO (sheet) 

SP-NPs 
 

Zn 89.12 67.32 

O 10.88 32.68 
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[101], [102], [110], [103], [200], [112],[201], [004] 
and [202], which correspond the hexagonal structure 
of Zinc oxide [26]. The results revealed differences in 
peak intensities. The sharper peaks in Fig. 2b illustrate 
that ZnO particles constructed by TEA, enjoy higher 
crystallinity and purity. Samples synthesized with SDS 
show significant increase in the [002] plane and 
decrease in the [100] and [101] plane intensities 
compared to the other samples. This is due to different 
degrees of preferred growth orientation of the ZnO 
phase [27].  

 

Figure 2. XRD patterns of Zinc oxide nanoparticles (a) R-NPs (b) 
SP-NPs (c) S-NPs. 

 All patterns also show no characteristic peaks of 
impurities such as surfactants or other Zinc oxides, so 
we can conclude that the formed ZnO has high purity. 
The crystallite sizes (D) of ZnO NPs calculate by 
Using Debye Scherer’s formula are tabulated in Table 
2 obtained by [28]: 

D= K�/
��
Ө.                                                          (2)  

In Eq. (2), the parameter K= 0.94 is the space factor, 
λ= 1.5406 Å is the x- ray wavelength, θ is the Bragg 
diffraction angle and β is the full width at half-
maximum in radians. Size calculation shows the 
crystallite sizes increase from 23 to 68 nm depending 
on the surfactant and shape. 

Table. 2. Calculated crystallite size for the samples by 

Debye Scherer’s formula. 

3.3 UV-visible studies  

 The UV-Visible spectrum of zinc oxide nanoparticles 
in rod, spherical, and sheet-shape is represented in 
Figs. 3a-3c respectively. The absorbance edges 
observed for these spectrums are 360, 363, and 361 nm 
compared with the bulk ZnO which is 373 nm. In all 
the cases, blue shifts in wavelength were observed. 
The blue shift in the excitation absorbance clearly 
indicates the quantum confinement property of NPs 
[34]. Also, there was no peak in the spectrum except 
the characteristic peak, which suggests that ZnO NPs 
possess high purity. 
 
3.4 Photocatalytic analysis  

 The photocatalytic properties of the prepared ZnO 
nanoparticles are studied using Congo red as a model 
dye under UV irradiation (30 W - λ = 254 nm). The 
lamp distance from the surface of solution is 10 cm. 
The batch experiments were carried out with 100 ml 
dye solutions (10 ppm) after adding 5�10-2 g catalyst 
under stirring. The UV-Vis spectrum of the CR, as 
seen in Fig. 3d the spectrum reveals two peaks at     
346 nm and 496 nm. The absorption intensity at the λ 
max (496 nm) for 10 ppm CR solution is 0.285. We 
have used both UV and catalyst to analyze the 
photocatalytic behavior of nanostructures. Therefore, 
the progress of photo catalytic degradation was 
determined by measuring the absorbance of the 
solution samples by UV-Vis spectrophotometer at 
λmax = 496 nm. The percentage of degradation was 
calculated using the Eq. (1). Therefore, the changes in 
the absorption intensity at 496 nm were measured for 
different samples after catalyst removal. 
 

 

Figure 3. The absorption spectra of (a) Zinc oxide nanoparticles (b) 
Congo red. 

Samples ZnO (rod)  ZnO 
(spherical) 

ZnO 
(sheet) 

FWHMi 0.2362 0.2755 0.2018 

2Ө 36.325 36.060 34.50 

Crystaliite Size (nm)  35.3 30.3 41.2 
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 As the irradiation time increases, the intensity of the 
characteristic peak decreases, indicating that the 
complete degradation of the dye by ZnO NPs occurred 
in about 2h, as shown in Fig. 4. We also examined the 
effects of each UV and catalyst factor separately on the 
CR degradation (Fig. 4). Finally, a number of tests 
were performed to explore the possibility of catalyst 
recovery.  

 

Figure 4. (a) Plot of photodegradation of CR versus reaction time 
(b) Comparison of PD % during 2h. 

 

3.5 Effect of catalyst morphology and UV light 

on the photocatalytic activity  

 

 The photocatalytic applications of the ZnO catalysts is 
studied. A sample was placed on a beaker containing 
an aqueous solution of CR (pH=8). While being 
exposed to UV radiation the solution was mixed. 
Absorption was measured immediately before 
exposure to UV and at set time intervals, using a 
UV/Vis spectrophotometer. Figure 5 shows the 
efficiency of photo degradation (X) of the catalysts for 
the removal of CR as a function of time at                  λ 
= 496 nm. As shown in Fig. 4, the degradation of CR 
was slightly improved in absence of UV and catalyst, 
so the degradation rate was not more than 9% over two 
hours. The obtained results also showed that the PD% 
for R-NPs, SP-NPs, and S-NPs are 97.54, 93.68, and 
47.37 respectively. The degradation rates of CR are 
indicative of considerable differences among ZnO 
samples synthesized by different morphologies. For 
example, the ZnO nano-rods exhibited the highest 
photocatalytic activity, as shown in Fig. 4, CR is 
almost completely degraded (998%) after exposure to 
the ultraviolet light for 2h but in the ZnO nanoparticles 
(S-NPs) underwent 47% degradation after 2h. These 
tests presented that the ZnO nano-rods (with UV) have  

 

Figure 5. (a) investigation of UV removal on the photocatalytic 
activity of zinc oxide nanoparticles (b) Effect of initial pH on 
photodegradation rate of R-NPs. 

slightly better photocatalytic properties compared with 
ZnO nano-sphere and nano-sheet. Some part of the dye 
removal by catalysts is due to surface adsorption, and a 
large part of it occurs by photocatalytic properties. As 
the results show, the broad surface of S-NPs is 
saturated with dye at the beginning of the experiment 
and its photocatalytic activity has decreased 
significantly. Fig. 5a shows the results of dye 
degradation by the catalysts in the absence of UV 
radiation. As can be seen from the results, the 
percentage of dye removal for the rod and spherical 
catalyst goes up to about 50% and for the sheet 
catalyst up to 13%. These results indicate the surface 
adsorption effect in the dye removal. However, as seen 
in this study, the photocatalytic properties of ZnO can 
be influenced by its morphology. The mechanism of 
photocatalytic reaction is [35-37]: 

νB)    +B + hC-ZnO + hν → ZnO (e 

νB + Dye→ oxidation of Dye molecule             +h  

+ OHº    +O→ H2νB + H+h 

→ OHº                                                   -νB + OH+h 

        -2→ ºO 2CB + O-e 

                                 -OOº—+ Dye → Dye -2ºO       

2+ O 2O2→ H+H º +2+ HO -2ºO  

OHº + Dye→oxidation of Dye molecule         
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3.6 Effect of pH on the photocatalytic activity 

of NPs  

 

 To investigate the effect of initial pH on 
photodegradation ability of R-NPs as a chosen 
catalyst, tests were performed at different pH (6-10) 
for preventing Congo red accumulation. Adjusting pH 
was done by adding appropriate amount of NaOH and 
HCl solution to the main test container. Other 
conditions such as CR concentration, temperature, 
doze of catalysts were kept constant over the 
experiments. Figure 5b showed that the pH values 
affect the photodecomposition percent of CR. As 
observed, the PD% raises from 78 to 97 as the pH 
increases from 6 to 8 before decreasing to 83 at 
pH=10. The best PD% was obtained at PH=8 that was 
selected as the pH tests. Actually, different PD% upon 
pH can be explained by surface modifications due to 
isoelectrical point (pH=9) that affects the surface 
charge of the semiconductor. Congo red as an onionic 
dye easily absorbs on the semiconductor surface in 
lower zero point charge (zpc) and repels at pH˃zpc. So 
photoctalytic activity of Congo red reaches a 
maximum value in lower pH zpc [38, 39]. 

 

3.7 Effect of recovery cycle on the 

photocatalytic activity  

 

 Due to the importance of the recovery of the catalysts, 
especially in industrial processes, the zinc oxide used 
in each experiment was recrystallized and placed in an 
autoclave at 120 °C for 5h to remove the adsorbed 
dyes. Then their photocatalytic activity was reassessed 
for two hours. The results showed (Fig. 6) that the 
catalytic activity of the Zinc oxides does not change 
significantly after the four recovery times. 
 

 

Figure 6. Recyclability of the catalysts. 

3 Conclusions  
 

 In this study, the synthesis of zinc oxide nanoparticles 
in spherical, rod, and sheet-form for photocatalytic 
purposes was performed. Investigations with FESEM-
EDX, XRD, FTIR, and UV-Vis indicate nanometer 
size and suitable shape for the use. The percent 
degradation of Congo Red exposed to UV radiation 
was achieved by nano-oxide on a rod 97.54%, 
spherical nano oxide 93.68%, and sheet nano-oxide 
48%, which the highest value is for rod zinc oxide at 
pH=8. The results of dye removal showed the 
maximum degradation in the presence of both catalyst 
and UV light. So, the amount of adsorption decreases 
and the degradation increases under both agents. 
According to the results, it can be obtained that PD% 
depend upon the pH and the catalysts can be used at 
least four times in a photocatlytic reaction. 
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