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Abstract

The microwave-enhanced catalytic decomposition (MECD) of phenol using nickel
oxide was studied. A nickel hydroxide, Ni(OH),, was prepared by the microwave-assisted
heating technique from a nickel nitrate aqueous solution and sodium hydroxide. Then, the
nickel hydroxide was oxidized by liquid oxidation with sodium hypochlorite. The nickel
oxide was characterized by X-ray diffraction (XRD), infrared spectroscopy (IR),
temperature-programmed reduction (TPR) and scanning electron microscopy (SEM). The
catalytic activities towards the decomposition of phenol on the efficiency of the
degradation were further investigated under the continuous bubbling of air through the
liquid phase and quantitatively evaluated by high pressure liquid chromatography (HPLC).
The catalyst morphology and its composition were found to be changed after the catalytic
reaction. The decomposition rate was increased by 5.638 times in the presence of air.
Increasing the catalyst loading from 0.03 g to 0.15 g increased the removal efficiency of
phenol from 32% to 95%.
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1. Introduction

The organic pollutants in industrial wastewater are of serious concern. Hazardous
organic pollutants, such as aromatic pollutants, in particular phenol, chlorophenol
compounds and phenolic derivatives, have been on the EPA’s priority pollutants list since
1976 [1]. These compounds are considered hazardous because of their potential to harm
human health. Indeed, it is necessary to eliminate them from industrial wastewater before
it is discharged. One of the most promising techniques to eliminate such pollutants is
complete oxidative mineralization by heterogeneous photocatalysis [2-4]. Sonochemical
degradation [5, 6], an advanced oxidation process with UV/H,0, (AOP) [7], catalytic
oxidation [8] and microwave-enhanced oxidation processes [9, 10] have received
considerable attention in recent years as regards the removal of these hazardous pollutants.
One of the most promising technologies is utilizing the microwave-enhanced
photocatalysis method for the degradation of 4-chlorophenol [11]. The use of microwaves
as a source of energy has grown as it has become more economical.

Nano-sized particles are considered particularly attractive for catalysis due to their
high reactivity which is attributed to the enhanced surface area [12]. An environmentally
friendly method for destroying organic pollutants in aqueous solutions is based on
heterogeneous catalytic reactions providing complete oxidation. Through the use of the
appropriate catalytic systems and reaction conditions, a high selectivity towards
environmentally harmless products can be achieved at mild conditions (room temperature
and atmospheric pressure) [13]. The most common catalysts, such as nickel oxide and
cobalt oxide have also been shown to degrade contaminants [14, 15].

In a previous work, we successfully achieved the decomposition of phenol with the
microwave-enhanced catalytic degradation (MECD) method [16]. For this reason, the
present work has focused on the MECD method for the degradation of phenol. In this

study, we examined the activity of nickel oxide nanoparticles as catalysts for the



degradation of organic pollutants in water. Therefore, the major objective of this study was
adopting nickel oxide as the active component and using microwave irradiation

technology to promote the decomposition of phenol.

2. Experimental

50 ml of 0.6 M Ni(NO3), 6H,0 solution was added to the 100 ml of 3.2 M NaOH
solution. The reaction was carried out for 10 min in air in a microwave apparatus (100 W,
2450 MHz, CEM, USA). The obtained as-prepared nickel hydroxide, Ni(OH),, presented
as a green colloid solution. Then, the as-prepared nickel hydroxide was oxidized by liquid
oxidation with sodium hypochlorite drop by drop under constant stirring at 0°C for 2 h.
Finally, a kind of black sediment was formed. The as-prepared sample was thoroughly
washed with distilled water six times and dried at 100°C for 16 h.

X-ray diffraction (XRD) measurements were performed using a MAC Science
MXP18 diffractometer with Cu K radiation (A = 1.5405 A) at 40 kV and 30 mA with a
scanning speed in 20 of 4°-min". The reduction behavior of the nickel oxide was studied
by temperature-programmed reduction (TPR). About 50 mg of the sample was heated in a
flow of 10% H,/N, gas mixture at a flow rate of 10 ml-min”'. During TPR, the temperature
was increased by 7°C-min”' increment.

The MECD experiments for the decomposition of the phenol were carried out in a
thermostated static microwave apparatus (CEM. Discover, USA, 2450 MHz, 300 W) upon
continuous stirring. 60 ml of aqueous phenol solution was used for each experimental run.
Air was bubbled into the solution for 30 min before adding the catalyst. Then, a fit amount
of catalyst was suspended in the solution. The air was continuously bubbled during the
runs. To draw 3-5 ml the upper layers of suspension after static 10 min and filtrated with
syringe filters for each experimental data for quantitative analysis with HPLC. An

absorbance of 270 nm was used to measure the concentration of phenol.

10



3. Results and Discussion
3.1 Decomposition of phenol

The effect of dissolved oxygen on the decomposition of phenol (200 mg-L™") by the
MECD method over the nickel oxide catalyst was investigated under pH = 7 and T = 40°C.
The results [Fig. 1] showed that the dissolved oxygen clearly enhanced catalytic efficiency
in the presence of nickel oxide, increasing the first-order decomposition rate by 5.638
times. It seemed reasonable to suggest that the reaction only proceeded on the catalyst
surface, and not homogeneously. Additional evidence for this conclusion was the fact that,
after removing the catalyst from the reaction mixture, the degradation process almost
ceased.

The catalyzed decomposition of phenol using various loadings of nickel oxide was
then studied. As shown in Fig. 2, increasing the nickel oxide dosage increased the
decomposition of phenol when the concentration of dissolved oxygen was constant,
indicating that the dominant oxidant in the reaction increased when the catalyst dosage
was increased. Increasing the catalyst loading [Fig. 2(a)] from 0.03 to 0.06, 0.09, 0.12 and
0.15 increased the phenol removal efficiency from 37% to 86%, 95%, 98% and 100%,
respectively, at a reaction time of 30 min. The rate constant [Fig. 2(b)] went from 0.013
min” to 0.064 min™', 0.097 min™', 0.112 min™' and 0.210 min™, respectively. At the range
of loading, the removal of phenol increased linearly with the catalyst loading; however,
the presence of excess catalyst in the aqueous solutions did not cause a shielding effect on
the penetration light, suggesting that the factors affecting the microwave-enhanced

catalytic decomposition were not only microwave but also thermally induced.
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Fig. 1 Comparison of the degradation of phenol by MECD method over nickel oxides
(0.12 g) under pH =7, C =200 mg-L'1 and T =40 °C: (e) with air; (o) without air.
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Fig. 2 (a) The effect of catalyst dosage on the decomposition of phenol by MECD

method (b) plot of In(C/Co) vs. time at T = 40 °C and C = 200 mg~L'1: (©) 0.15 g; (o)

0.12 g; (o) 0.09 g; (m) 0.06 g; (<) 0.03 g.
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The experiments with reused catalyst and without catalyst were carried out under
identical reaction conditions [Fig. 3]. In the microwave-enhanced catalytic decomposition
experiments, rate constants of 0.112 min™, 0.026 min™” and 0.003 min™ for the fresh, used
and without catalyst experiments were observed at a reaction time of 30 min. Experiments
both with and without nickel oxide were studied in order to determine its role in the
decomposition of phenol: with nickel oxide, the decomposition rate increased by 37 times;
the use of a catalyst caused the decomposition rate to decrease 4 times.

The pH values of different wastewaters will influence the microwave-enhanced
catalytic decomposition reactions for the removal of the pollutants. Similarly, the pH value
plays an important role in the degradation of phenol. In this study, the effect of pH was
examined by adjusting the initial pH of the reaction mixture in the range of 4-10. From
Table 1 it can be seen that the microwave-enhanced catalytic decomposition efficiency of
phenol increased in acidic or alkaline mediums. The decomposition efficiency (rate
constant) of phenol was 80% (0.040 min™) at pH 10, 97% (0.040 min™) at pH 4 and 98%
(0.040 min™") at pH 7. Christoskova et al. [15] showed that at pH > 10 no oxidation of
phenol occurred even with a high concentration of the catalyst or temperature (115°C)
over the nickel oxide. We, however, were now in the position to suggest that microwave

irradiation efficiently enhanced the catalysis oxidation of phenol over nickel oxide.

T o 5
k = 0.013
k = 0.064
—-im

k = 0.097

In (C/C))

-
"
=
}/

" N L " 1
0 5 10 15 20 25 30 35
t(min)

Fig. 3 The effect of catalyst recycle on the decomposition of phenol by MECD method at
T =40 °C and C =200 mg-L": (®) fresh; (o) used; (m) without catalyst.
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Table 1 Influence of pH, temperature and initial concentration on the degradation of

phenol
o) Initial concentration Degradation of phenol
pH Temperature ("C "
(200 mg - LY O3q - (%) F (min™)

4 40 200 97 0.092
7 40 200 98 0.119
10 40 200 80 0.040
7 55 200 97 0.093
7 70 200 90 0.064
7 40 100 100 0.141
7 40 50 100 0.449
7 40 25 100 0.495

*Degree of phenol conversion is determined at 30 minute.

To determine the effect of temperature on reaction rates, several runs were performed
at temperatures between 40 and 70°C. Table 1 shows the results of three runs conducted at
pH 7 with an initial phenol concentration of 200 mg-L"'. We found that heating did not
enhance the oxidation rate due to the properties of microwave absorption. The ability of a
substance to convert electromagnetic energy into heat at a given frequency and
temperature can be determined by the dielectric loss tangent (tan o). Temperature has a
great influence on the measurement of tan 6 [17, 18]. The scheme of phenol oxidation has
been carried out under analogous conditions as reported by Lai et al. [16]. Microwave
absorbance under low temperature generated more microwaves and enhancing catalysis
which led to the degradation of the phenol.

The microwave-enhanced catalytic decomposition of phenol at different initial
concentrations in the range 25-200 mg-L"' was investigated. The rate constant decreased
from 0.112 min™' to 0.495 min™. The phenol at an initial concentration under 100 mg-L"

had completely decomposed at 30 min.
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3.2 Characterization of nanosized nickel oxides

The crystal structure of nickel oxide (fresh and used) was examined by XRD, as
shown in Fig. 4. As shown by the peak intensity of the diffractograms, this black powder
had XRD patterns which corresponded to the peaks at ca. 19.0° and 38.4°, and these
locations were similar to B-NiOOH with the peaks at the (001) and (002) planes. In
comparing the XRD of fresh catalyst with used catalyst, double phases of 3-NiOOH and
B-Ni(OH), (JCPDS 14-0117) were obtained. In the study of the oxidation of cyclohexanol,
Yi et al. [19] found that the used NiOOH catalyst transferred to Ni(OH),. We confirmed

that part of the catalyst on the degradation of phenol reduced to 3-Ni(OH)s.

« p -NiOOH
o P -Ni(OH),

\/\ NN

(a}

Intensity (a.u.)

i 1 1 " 1 1
10 20 a0 40 50 60 70
20

Fig. 4 XRD pattern of nickel oxide catalyst: (a) fresh (b) used.

In order to understand whether the content of Ni'* over the fabricated nickel oxide
participated in and promoted the activity necessary for the decomposition of phenol, the
analysis of TPR for the used catalyst (after 30 min in the decomposition of phenol at 40°C)
proceeded. Reduction profiles of the fresh nickel oxide [Fig. 5(a)] showed two reduction
peaks similar to those observed in the supported nickel catalysts [20, 21]. These profiles
pointed to a two-step reduction process: the first step was low intensity at 160°C, and the
more intense second step whose maximum occurred at 280°C. In a comparison of the TPR
of the fresh [Fig. 5(a)] with the used [Fig. 5(b)] nickel oxide catalyst, the shift of T4 for
R; and R, accompanied by the decreasing of the R, area further suggested that the surface

active oxygen initiated the catalytic oxidation of phenol at about 40°C.
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Fig. 5 TPR profile of nickel oxide catalyst: (a) fresh (b) used.

4. Conclusions
An environmentally friendly process on the degradation of phenol was successfully
developed.
(1) Nickel oxide was found to be a useful catalyst for the decomposition of phenol in
water.
(2) Phenol was degraded 98% by the MECD method within 30 min under pH =7, T =
40°C and C =200 mg-L™" over the nickel oxide catalyst.
(3) The activity of the phenol thus degraded was strongly dependent on the oxidation state

of nickel.
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