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Abstract

Zinc oxide nano particles (nano ZnO) is a fascinating photocatalyst due to its ability to
absorb light in the Ultraviolet and Visible region. In the present study, by employing the microwave assisted solution
combustion synthesis, 7 samples of nano ZnO (ZnO A - G) were synthesized by varying the fuel (urea)
concentration. Zinc nitrate hexahydrate (Zn(NO3),.6H,0 was used as the metal precursor. As-synthesized Nano ZnO
samples were characterized by powder X-ray diffraction (XRD), UV absorbance study, Fourier transform infra-red
(FT-IR) spectroscopy and Field emission scanning electron spectroscopy (FE-SEM). Photocatalytic degradation
(PCD) efficiency of ZnO samples was investigated by the degradation of methyl orange under UV light (365 nm)
irradiation. It was found that ZnO synthesized with higher concentrations of urea (ZnO F and G) exhibited good PCD
efficiency compared to ZnO A-E synthesized with lesser Urea concentrations.
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Introduction

Researchers are encouraged to adopt innovative strategies and sustainable green initiatives to meet the
growing demands of industrialization. Most of the technologies are focussed on reducing the waste and
avoiding processes that are harmful to the environment. The combination of green chemistry based
nanotechnological research has played a significant role in this direction. Particle size plays an important role
in Nanotechnology. Nanoparticles show unusual characteristics than the larger particles of the same bulk
substance due to greater surface area to volume ratio [1, 2]. Nano ZnO is one of the potential nano metal
oxides. It is a n-type semiconductor with a wide band gap of 3.2 eV suitable for UV transitions [3] and
shows very large exciton binding energy of 60 meV at room temperature, which leads to excitonic transitions
[4]. Nano ZnO has distinctive electronic [5], piezoelectric [6], pyroelectric [7], physical [8] and biomedical
properties [9]. The morphology and shape of ZnO NPs varies according to preparation techniques [10]. Due
to its photo stability, it acts as an eminent photocatalyst used to photodegrade several organic pollutants. This
property of ZnO NPs is used for water purification and disinfection treatment [11, 12].Commonly used
synthetic methods for nano ZnO are simple precipitation [13], solvo thermal [14], wet chemical [15] and
micro emulsion [16]. Solution Combustion Synthesis is an efficient synthetic method for nano ZnO. Here
the stoichiometric redox reaction between the oxidiser and the fuel, which on attaining the ignition
temperature, generates excess heat which self-propagates the reaction and undergoes auto-combustion [17].
The ash obtained is the desired nanoparticle. The exothermicity increases the temperature of the reaction
>1000°C. This method is also called Fire Synthesis as flame is lit during the reaction [18]. Oxidizer is the
electron-acceptor for e.g., Metal Nitrate and Fuel is electron donor e.g., -NH, and -COOH containing
hydrocarbons like Urea, Glycine and Citric acid. It provides C and H for CO, H,O formation and heat
liberation [19]. Combustion Synthesis when carried out in Microwave oven is termed as microwave assisted
combustion synthesis (MACS) [20, 21]. This methodology is green, fast and the heat is distributed
homogeneously over the content. Dipoles mobilize themselves with the oscillating microwave current. The
back-and-forth movement of the molecules cause greater collision with each other and the walls of the
container. Collisions generate tremendous amount of heat which raises the temperature and stimulates the
reaction. In conventional heating, heat is supplied from outside to inside. In Microwave heating, heat is
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generated by greater number of collisions and distributed homogeneously to the entire volume. Combustion
Synthesis is instantaneous and sometimes improper heat control may turn the reaction explosive; such risks
can be overcome by using microwave heating. Moreover, the microwave is placed in a fume hood such that
the gases evolved do not pollute the lab environment. Comparative studies of different fuels such as urea,
glycine and citric acid in Solution Combustion Synthesis (SCS) of nano ZnO have been reported [22].In the
current work, we have prepared 7 samples of nano ZnO (A-G) by varying the concentration of urea (fuel) via
microwave assisted solution combustion synthesis. The prepared ZnO samples were characterized by powder
X-ray diffraction (XRD), UV-visible absorbance spectroscopy, Infrared spectroscopy (IR) and Field
emission scanning electron microscopy (FESEM). Photocatalytic degradation (PCD) efficiency of the
prepared ZnO samples was examined by the degradation of methyl orange solution.

Materials and Methods
Synthesis of nano ZnO

All the reagents used were of analytical grade. Zinc nitrate hexahydrate (Zn(NO3),.6H,0O) was obtained from
Hi Media, urea from Merck and methyl orange from SD Fine Chem Limited.

S.R. Jain et al. has reported that the stoichiometric compositions of the solution components (fuels and
oxidizer) can be calculated according to the principle of propellant chemistry, keeping the oxidizer (metal
nitrate) to fuel (urea) ratio as unity [23].

Oxidizing valency of Zn(NOs), : 1(Zn)=+2,2(N)=0,6 (O) =-12,
Total = +2-12 = -10

Reducing valency of CH4;N,0: 1(C)=+4 , 4(H) = +4 ,1(0) =-2,2(N) =0
Total = +4+4-2 = +6

(Total composition of oxidizing elements)

oe = 10/6 = 1.67 [24]

" (Total Composition of reducing elements)

Therefore one mole of Zn(NO3),.6H,O would require 1.67 moles of urea. 1M Zn(NO3),.6H,0 solution is
prepared by dissolving 2.975 g Zn(NOs),.6H,0 in 10 ml distilled water and 1.67 M urea solution is prepared
by dissolving 1.003 g in 10 ml distilled water. Zn(NOs),.6H,O and urea (CH4N,O) solutions were mixed
and stirred for 1 h to obtain a clear solution. This was placed in a domestic microwave-oven (2.45 GHz and
850 W) in a silica crucible for 7 minutes. Initially, the solution boiled and underwent dehydration followed
by decomposition with the evolution of gases. When the solution reached the point of spontaneous
combustion, it vaporized and instantly became a solid. The obtained solid was washed well with distilled
water and ethanol and dried in a hot air oven at 80°C for 2 h. During combustion, the gaseous products
released were N,, NO,, CO, and H,0O as water vapor.

We undertook the current study to see the effects of urea (fuel) concentration in the synthesis of nano ZnO.
We kept the Zn(NO3),.6H,0 concentration to one mole while changing the urea concentrations. Best results
are obtained with Zinc nitrate to urea ratio as 1: 3.3 and 1:4. The hygroscopic nature of zinc nitrate could be
the reason for the requirement of more urea.

In all the 7 experiments, irrespective of the amount of urea used, there was combustion with flame
at around 3 minutes into microwave heating and the solid that remained after the combustion is the
ZnO nanoparticles. The pinkish coloration of the Samples ‘A - G’ is due to the excessive oxygen
defects [25]. Samples ‘F’ and ‘G’ synthesized with more urea, was light pink colored porous solid
NPs as shown in Figure 1. This can be based on porosity control principle. More the fuel, more the
CO; liberated and higher the exothermic pressure which gave the NPs a fluffy texture. High
Porosity causes high surface area which makes Sample ‘F’ and ‘G’ better photocatalysts [26].
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Table 1. Zn(NO3),.6H,0 concentration with varying concentration of urea

Sample Zn(NO3),.6H,0 to urea molar ratio Wt. of Urea
A 1:1.67 1.0030 g
B 1:1.50 0.9027 g
C 1:1.83 1.1033 g
D 1:2 1.2036 g
E 1:2.67 1.6048 g
F 1:3.34 2.0060 g
G 1:4 2.4072 g

Figure 1. Pink colour formation of ZnO samples with increase in Urea

Characterization

The surface morphology analysis was performed by a field-emission scanning electron microscopy (FEI,
Apreo S LoVac), at Central Analytical Laboratory, Birla Institute of Technology and Science, Hyderabad.
The structures of the samples were investigated via Bruker X-ray diffractometer with Cu Ka radiation at A =
1.540 A at department of Chemistry, Osmania University, Hyderabad. The absorption spectra of the samples
were recorded using UV-Visible spectrophotometer (Systronics) at St.Francis College for Women,
Hyderabad. The FT-IR spectra were recorded on FT-IR spectrophotometer (Bruker Tensor 27) at department
of Chemistry, Osmania University, Hyderabad.

Photocatalytic reactor set-up and degradation procedure

Photocatalytic degradation (PCD) experiments were carried out in a self-designed multi-lamp photocatalytic
reactor (Heber Scientific) at St.Francis College for Women, Hyderabad as shown in Fig. 2 for UV light (365
nm) irradiation. The lamp housing consists of low-pressure mercury lamps (8x8W) emitting 365 nm light.
Cylindrical borosilicate photocatalytic reactor tubes with a dimension of 36-1.6 cm (height-diameter) were
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used. Methyl orange solution was prepared by dissolving 10 mg of methyl orange in 1000 ml of distilled
water.

50 mg of synthesized ZnO sample was added to methyl orange solution (100 ml) and stirred for 30 minutes
to reach the adsorption/desorption equilibrium and then transferred to the reactor tube. This was placed
inside the reactor setup and subjected to irradiation. Air was continuously bubbled into the reactor tube by
an air pump during irradiation and the contents in the reactor tubes was stirred magnetically with the help of
a rice pellet magnetic bead.

ZnO +

———rle.

agnetic
Stirrer

Reaction Chamber

[oX 1<)

Figure 2. UV-Photocatalytic reactor

Results and Discussion
X-ray diffraction analysis

X-ray diffraction pattern of ZnO Samples is shown in Fig. 3. All the samples gave sharp diffraction peaks
indicating the crystallinity of the samples. The diffraction peaks are observed at 20 = 31.5633, 34.2385,
36.0198, 47.3645, 56.3871, 62.6925, 66.2090, 67.7587, 68.8746 with [100], [002], [101], [102], [110], [103],
[200], [112] and [201] planes respectively which matches with the hexagonal wurtzite morphology of ZnO
[27,28]. The same XRD patterns of all the samples indicate that ZnO hexagonal wurtzite structure is
conserved in all the ZnO NP samples. This implies that there is no effect of urea (fuel) on crystallinity. As
the diffractogram has no other peaks other than ZnO, it denotes that all the samples contain only ZnO NPs
and no other impuirities.
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Figure 3. XRD pattern of ZnO Samples A,B,D,F and G
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The ZnO crystallite size can be calculated by utilizing the Debye — Scherrrer formula [4].

~ 0.894
~ Bcosf
Where d = Crystal size

0.89 = Scherrer’s constant

B =FWHM (Full Width at Half Maximum )
K =Wavelength of X-rays =1.540 A°

0 = Bragg’s Diffraction Angle

Crystallite sizes of samples A, B, D, F and G are given in Table 2.

Table 2. Crystallite size determination

K=0.89; £=0.154 nm; 1 degree = 0.017453 radian

Sample 2 Theta Theta Theta Cos 0 | FWHM FWHM Crystallite

(degree) (degree) (Radian) (Radian) (degree) (Radian) Size

(nm)

A 36.0198 18.0099 0.314330 0.999984 0.3936 0.00686 19.9516
B 36.0475 18.0237 0.314573 0.999984 0.4723 0.00824 16.6273
D 36.0201 18.0101 0.314334 0.999984 0.3936 0.00686 19.9519
F 36.0475 18.0237 0.314573 0.999984 0.4723 0.00824 16.6273
G 36.0934 18.0467 0.314974 0.950804 0.3936 0.00686 20.9839
FT-IR analysis

The FTIR spectra of ZnO samples A, B, D, F and G are shown in Fig. 4. IR Spectra are recorded in the
region of 400-4000 cm™. All the samples showed a peak around 360-438 cm™ attributed to the characteristic
absorption band of the Zn-O bond . Peak at 2352 - 2358 cm™ is due to C- O stretching of CO, and O-H
stretching peak is at 3427 - 3451 cm™ [29,30].
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Figure 4. IR Spectra of ZnO Samples A,B,D,F and G
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Absorbance spectra of ZnO

Absorption spectra of ZnO samples were recorded after dispersing the ZnO in ethanol by sonication. The
UV-Vis absorption spectra of Samples A through G are shown in Fig. 5. Samples F and G also displayed a
significant UV absorbance peak at 379 nm. All of the samples displayed a robust excitonic absorption peak
around 257 nm [4]. ZnO samples F and G could absorb the UV radiation of 365 nm and act as an efficient
photocatalyst because the photocatalytic degradation studies were conducted at this wavelength.

3
257.18 nm g
5 - ATR.31 nm D
E
F
4 G
a
o
=
P
2
&
=
2
1 -
T T T T T T T T T 1
180 200 250 oo 380 400 480 S00 850 s00 &50
Wavelangth (nm)

Figure 5. Absorbance Spectra of ZnO samples A- G
FESEM analysis

Morphology of the synthesized ZnO NPs was studied using FESEM. In SCS, tremendous amount of heat
energy is expelled due to which control over the growth of the synthesized NPs cannot happen, hence we
have obtained nanoparticle aggregates [3]. Fig. 6 (a) and (b) are the FESEM images of ZnO-A and and (c)
and (d) are of ZnO-F.

ZnO-A has nano triangles cluster morphology whereas ZnO-F has spherical morphology. The high
concentration of urea has changed the morphology of Nano ZnO. Nanotriangle structure of ZnO-A and
Nanospheres for ZnO-F are clearly seen in Figures (b) and (d) respectively. Spherical ZnO-F sample has
highly porous surface and small particle size compared to ZnO-A.

Figure 6. FESEM images of ZnO-A (a,b) and ZnO-F (c,d)
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Photocatalytic degradation study of methyl orange using ZnO as photocatalyst

ZnO NPs have band gap of 3.2 eV which is suitable for absorbing UV light. Since ZnO is a photocatalytst, it
gets excited on irradiation with UV light. Electron/hole pairs are generated; most of them will recombine by
emitting heat. But some of these electron/hole pairs can generate highly reactive hydroxyl radicals which in
turn can degrade methyl orange.

The photodegradation was carried out for 3.5 h. After every half an hour, the setup was paused and 5ml of
methyl orange solution was withdrawn in dark brown bottles. Methyl orange solution turned colorless after
3.5 h of photodegradation on ZnO-F and ZnO-G. Fig. 7 a and b represents the photographs of
photodegradation before and after 3.5 hours respectively.

Figure 7 a and b represents the photographs of photodegradation before and after 3.5 hours

The extent of methyl orange degradation was monitored by using UV-Visible spectrophotometer. The
absorbance was measured for the samples withdrawn from the reaction tubes every 30 min time intervals in
the wavelength range of 200 to 600 nm. Graph was plotted with absorbance value on the y axis and wave
length on the x axis. PCD Efficiency was calculated by using the equation,

where, Ao= Initial absorbance of methyl orange before photodegradation A=Absorbance of methyl orange
after time ‘t’.

ZnO samples A-E did not give effective photodegradation of methyl orange solution. Whereas ZnO-F and
ZnO-G prepared with more urea gave efficient degradation as shown in Fig. 8 a, b and c.

30 min
60 min
90 min
120 min
150 min
180 min
210 min

Sample A

Absorbance

T T T T T T
300 400 500 500
Wawelength (nm)

Fig. 8 a. Photocatalytic degradation onZn0O-A
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Figure 8 b. Photocatalytic degradation on ZnO-F
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Figure 8 c. Photocatalytic degradation on ZnO-G
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ZnO-F and ZnO-G was able to attain 90.19 % and 91.77% of photocatalytic degradation of methyl orange
respectively. The absorbance spectra of the ZnO samples as shown in Figure 5, revealed that only samples F
and G had a strong absorbance peak around 390 nm. As the photocatalytic degradation was carried out at 365
nm, ZnO-F and G was able to absorb in this region while the other ZnO samples could not absorb the UV
radiation. Larger surface area due to the small particle size and porosity of samples F and G are other factors
which contributed to the efficient photocatalytic degradation of methyl orange on these samples.

Conclusions

In order to examine the effect of Urea (Fuel) concentration on Microwave assisted solution combustion
synthesis, 7 different nano ZnO samples were prepared by varying urea concentration while keeping the zinc
nitrate concentration constant. Nano ZnO Samples A - E synthesized with lesser urea had a pinkish tint and
powdery texture whereas the nano ZnO samples F and G synthesized with more urea had light pink
coloration, disintegrated and porous texture. On examining the FE-SEM images of sample A and F revealed
that on increasing the urea concentration, the morphology changed to uniform spherical shape with large
pores and much smaller particle size for ZnO F. The absorbance study of the ZnO samples showed that only
samples F and G had a strong absorbance peak at 379 nm, which would facilitate excitation on irradiation
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with 365 nm UV light. ZnO-F and G exhibited efficient photocatalytic degradation of methyl orange on
irradiation with 365 nm light while other samples showed minimum degradation under the same
experimental conditions. Increasing the urea (fuel) concentration has reduced the particle size and improved
the porosity of the ZnO samples and this has tremendously improved PCD efficiency.
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