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A B S T R A C T

This research aimed to investigate the efficiency of catalytic ozonation on degradation of 2,4,6-trichlorophenol
(2,4,6-TCP) in synthetic wastewater. Nickel oxide doped on alumina support (NiO/Al2O3) was used as hetero-
geneous catalyst. Three independent variables including TCP concentration, pH, and dosage of catalysts were
investigated. The results showed that efficiency on degradation of 2,4,6-TCP by using ozonation alone was
64.36% at an initial TCP concentration of 75mg/L, pH of 4 (not adjusted), and contact time of 40min.
Degradation reaction followed the first order kinetic pattern with an apparent rate constant (kapp) of
0.025min−1. As the pH increased to 12, the 2,4,6-TCP removal efficiency of sole ozonation increased up to
89.65%. Catalytic ozonation using NiO/Al2O3 as catalyst at a dosage of 5 g /L (equivalent to 0.25 g Ni/L)
provided 2,4,6-TCP removal efficiency of 83.44% with an apparent rate constant of 0.044min−1. Within a pH
range of 4–12, the 2,4,6-TCP removal efficiencies of catalytic ozonation with NiO/Al2O3 catalyst were consistent
at 84.30–86.58%. After 4 cycles of use, the 2,4,6-TCP removal efficiency reduced from 94.36% to 84.81%.

1. Introduction

2, 4,6-Trichlorophenol (2,4,6-TCP) is one of chlorophenol com-
pounds widely used in various formulations as herbicides, fungicides,
bactericides, and glue preservatives, as well as in the manufacture of
dyes, plastics, and other organo-chemical industries [1,2]. As it is toxic,
persistent, and bio-accumulative, this compound has been classified as
a priority pollutant in the environment based on the list of US En-
vironmental Protection Agency [3]. Uncontrolled use and improper
disposal of 2,4,6-TCP had led to serious impact on surface water
quality. It is important to achieve a complete abatement of 2,4,6-TCP
for safe protection of environment [4].

Conventional wastewater treatment, for example activated carbon
adsorption, has been used for the treatment of recalcitrant compounds
like chlorophenols, but it leaves spent carbon as hazardous waste [5].
Biological processes are commonly ineffective for removal of such xe-
nobiotic compounds from wastewater [6], otherwise long acclimation
period is required [7]. Therefore, considering other destructive tech-
nologies for the treatment of 2,4,6-TCP is of significant interest. In re-
cent years, several researchers have found that advanced oxidation
processes (AOPs) including ozonation, Fenton, photocatalysis, etc.
provided effective degradation of 2,4,6-TCP [8–11]. In this sense,
strong oxidizing agent is used to remove 2,4,6-TCP in wastewater, or to

transform it into biodegradable form prior to biological treatment [12].
Combined processes of advanced oxidation techniques with catalysts or
even with biological processes are also applied in treatment of soil,
groundwater or waste air [7,13]. Among the AOPs, ozone-based pro-
cesses appear as promising technologies for the removal of refractory
compounds [14]. With high oxidation potential, ozone (O3) can react
directly with various organic compounds and/or indirectly when ozone
is decomposed into hydroxyl radicals (OH%), which have higher oxi-
dizing rate than ozone itself [15]. However, direct ozonation has a few
disadvantages due to relatively low solubility and instability in water,
which is limited to a certain extend of mineralization [16]. To over-
come these limitations, catalytic ozonation is able to increase the re-
action rate compared with ozonation alone. The catalytic ozonation
enhances the generation of hydroxyl radicals attributing to the higher
mineralization rates and removal efficiency of recalcitrant compounds
[17,18]. Several researchers claimed that hydroxyl radicals played
important roles in oxidative destruction of 2,4,6-TCP in aqueous solu-
tion [1,8–10,19–23]. In particular, catalytic ozonation has been re-
cognized as an efficient process to carry out a more efficient oxidation
of 2,4,6-TCP than conventional ozonation [24].

Heterogeneous catalytic ozonation is a novel type of advanced
oxidation processes (AOPs) developed to improve the destruction of
recalcitrant organic pollutions with hydroxyl radical generation. This
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process combines ozonation with oxidative properties of solid metal
oxides to achieve the degradation and mineralization of organic pol-
lutants. Key factors in heterogenous catalytic ozonation are stability,
durability, recovery, and reusability of the catalyst after the treatment
process. Several studies investigated that metal oxides (e.g. NiO, Fe2O3,
MnO) supported on mesoporous materials (e.g. alumina, silica, zeolite)
are effective catalysts for catalytic ozonation [24–27]. Among these
nickel oxide (NiO) was very effective in degradation of organic com-
pounds, for example degradation of 2,4-dichlorophenoxyacetic acid by
catalytic ozonation in presence of Ni/TiO2 [28] and catalytic ozonation
of oxalic acid using alumina supported nickel oxide [29]. However, the
catalytic ozonation using nickel oxide supported on alumina (NiO/
Al2O3) to degrade 2,4,6-TCP is scarcely reported in literature. Hence,
this work aimed to study the performance of catalytic ozonation using
NiO/Al2O3 as a catalyst on degradation of 2,4,6-TCP in synthetic was-
tewater. Three independent variables including initial concentration of
2,4,6-TCP, pH, and catalyst dosage, were investigated. Reaction kinetic
of the catalytic ozonation was analyzed to compare with that of the
conventional ozonation process. Finally, the reuse of NiO/Al2O3 cata-
lyst was studied to indicate a potential reuse in 2,4,6-TCP degradation
and the release of nickel into solution during the operation. The main
advantage of this work is that the catalytic ozonation using NiO/Al2O3

as catalyst can be further applied to degrade other recalcitrant organic
compounds containing in wastewater and can be used as a pretreatment
method for biological processes.

2. Materials and methods

2.1. Materials and reagents

In this experiment, 2,4,6-TCP (99.99% purity), alumina (Al2O3),
nickel nitrate hexahydrate (Ni(NO3)2.6H2O), ethylenediaminete-
traacetic acid disodium salt (EDTA), ammonium hydroxide (NH4OH),
nitric acid (HNO3), sodium metabisulfite (Na2S2O5) and potassium io-
dide (KI) (99% purity) were purchased as analytical grade reagents
from Sigma-Aldrich (USA). Ozone was produced by ozone generator
(Ozone-Otech, Thailand) using oxygen gas from compressed air.
Sodium metabisulfite was used to quench residual ozone in the solu-
tion, while potassium iodide was used to trap unreacted ozone. All the

stock solutions used for the experiments were prepared by deionized
water.

2.2. Catalyst preparation and characterization

Nickel supported on alumina was prepared by wet impregnation
method following the procedure in the literature [30]. A solution of Ni
(NO3)2.6H2O (1.29 g in 1mL DI water) was used as precursor for cat-
alyst preparation. The solution was then mixed with EDTA solution
(1.29 g in 8mL DI water) at a pH of 8 maintained with NH4OH solution.
At this step, a blue-colored Ni–EDTA complex solution was obtained. To
prepare the support, 5 g of alumina was dispersed in 50ml of DI water.
Nitric acid was then added into the alumina mixture until pH became 4,
which was less than pHzpc (zpc: zero point of charge) value of alumina
support, to protonate hydroxyl groups and induce positive charge on
the alumina support. The Ni–EDTA complex solution solution was then
slowly introduced to the alumina mixture for impregnation of nickel
species to alumina support. The mixture was heated at 100-150◦C and
stirred for removal of solvent. After that the prepared catalyst was dried
overnight at 105◦C for moisture removal and calcined at 550◦C for 1 h.
The resulting nickel catalyst impregnated on alumina support was de-
noted as NiO/Al2O3.

For reuse purpose, the catalyst was collected at the end of each
catalytic ozonation cycle, then rinsed with DI water and dried at 105 °C
for 2 h.

2.3. System installation and operation

Ozone was generated from compressed air by ozone generator
(Corona discharge type). The concentration of ozone in the in-gas (from
the generator) and the off-gas (from the top of the reactor vessel) was
measured by iodometric titration [31].

Experimental system consisted of an ozone generator (Ozone-Otech,
Thailand), compressed air cylinder, well-mixed semi-batch reactor
(95 cm length x 7 cm internal diameter) (Fig.1). Compressed air at a
flow rate of 3 L/min was used to provide oxygen gas as a raw material
for ozone production. Ozone gas at a generation rate of 225mg/hr was
fed into the reactor through gas diffusers. Unreacted ozone was trapped
by 2%KI solution contained in two gas absorption bottles in series. In

Fig. 1. Schematic representation of catalytic ozonation system.
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the experiments of 2,4,6-TCP degradation by ozonation, the reactor was
filled with 2-liter 2,4,6-TCP solution at varying initial concentration of
5, 40 and 75mg/L. The initial pH without any adjustment of the so-
lution was 4 and the temperature was kept at room temperature (26-
27◦C). In catalytic ozonation processes, as-prepared NiO/Al2O3 catalyst
was filled on the perforated tray placed in the reactor. The catalyst was
mixed simultaneously using ozone bubbles. Catalyst dosages were
varied at 2.5, 5, 10, and 20 g/L in 2 liters of synthetic wastewater.
Aliquoted samples of 15mL were taken from the reactor at certain time
interval up to 120min. Residual ozone was removed by quenching with
0.025M sodium metabisulfite. The samples were then analyzed for
2,4,6-TCP concentration.

2.4. Analytical methods

The 2,4,6-TCP concentration was measured through absorbance
value at a wavelength of 313 nm by ultraviolet spectrophotometer
(Carry 60 UV–vis, Agilent Technologies). The COD was measured by
closed reflux method according to standard method [32]. Nickel con-
centration releasing into the effluent solution was analyzed by Atomic
Absorption Spectrophotometer (200 Series AA, Agilent Technologies).
Ozone generated from ozone generator was measured by iodometric
titration [31].

3. Results and discussion

3.1. Characterization of NiO/Al2O3 catalyst

To verify the successful loading of NiO on alumina support, and to
characterize the physical properties of the prepared catalyst, XRF
spectroscopy was used. Table 1 shows that the catalyst prepared by wet
impregnation method contained Ni content of 4.88% (equivalent to NiO
of 6.21%). This finding confirmed a successful loading of the Ni-catalyst
on the alumina support after the impregnation process. It was observed
that Na percentage increased after impregnation. The Na content was
originated from ethylenediaminetetraacetic acid disodium salt (EDTA)
used in preparation of NiO/Al2O3 catalyst.

3.2. Effects of pH and 2,4,6-TCP initial concentration on degradation of
2,4,6-TCP by sole ozonation

Initial pH is a significant parameter in ozonation since it influences
degradation pathways and the generation of hydroxyl radicals [24].
Figs.2(a)–(c) show the degradation of 2,4,6-TCP by sole ozonation at
initial concentrations of 5, 40 and 75 ppm, respectively, at different
solution pHs. It was found that increasing pH enhanced degradation of
2,4,6-TCP. At an initial concentration of 5 ppm, the removal efficiencies
of 2,4,6-TCP after 30min were 82.34%, 90.33%, and 94.43% at the
initial pH of 3, 7, and 12, respectively (Fig. 2 a), At initial concentration

of 40 ppm, the performance of ozonation in 2,4,6-TCP degradation
became stable after 40min with the removal efficiencies of 72.89%,
79.98%, and 92.37% at the initial pH of 3, 7, and 12, respectively
(Fig. 2 b), As the initial concentration increased, the removal efficiency
decreased due to the increasing amount of 2,4,6-TCP to react with
ozone or hydroxyl radicals. As shown in Fig. 2 c, at initial concentration
of 75 ppm and the reaction time of 40min, the removal efficiencies
were 58.97%, 69.50% and 89.65% at the initial pH of 3, 7, and 12
respectively. The removal efficiencies of 2,4,6-TCP by sole ozonation at
the reaction time of 40min, representing the effects of pH and initial
concentrations on ozonation. It was shown that at pH of 12 the removal
efficiency reached to 94.55%, 92.35%, and 89.65%, at initial con-
centrations of 5, 40, and 75 ppm, respectively.

It can be explained that the decomposition of ozone was pH de-
pendent. At acidic condition, the protons (H+) reacted with O3 to form
O2 and H2O as expressed in Eq. (1). At alkaline condition, the effect of
OH− was beneficial, where O3 directly attacked OH- to generate hy-
droxyl radical (OH%) as described in Eqs. (2)–(4) [32]. As pH increased,
the decomposition of ozone became increased, resulting in the forma-
tion of highly reactive hydroxyl radical (OH%).

Acidic condition

O3 + 2H+ + 2e− → O2 + H2O (1)

Table 1
XRF patterns of pure alumina and NiO/Al2O3 catalyst.

Composition Percentage (%) Element Percentage (%)

Pure Al2O3 NiO/Al2O3 Pure Al2O3 NiO/Al2O3

Al2O3 99.28 87.77 Al 52.54 46.45
NiO – 6.21 Ni – 4.88
Na2O 0.46 5.77 Na 0.34 4.28
CaO 0.08 0.07 Ca 0.06 0.05
SiO2 0.08 0.08 Si 0.04 0.04
Cl 0.03 – Cl 0.03 –
TiO2 0.03 0.04 Ti 0.02 0.02
SO3 0.03 0.02 S 0.01 0.01
Fe2O3 0.01 0.01 Fe 0.01 0.01
ZnO 0.01 0.01 Zn 0.01 0.01
Norm. 100 100 Norm. 100 100

Fig. 2. Removal efficiency of 2,4,6-TCP by ozonation at different pH and con-
centrations (a) 5 ppm (b) 40 ppm and (c) 75 ppm.
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Alkaline condition

O3 + OH− → O3
%− + OH% (2)

O3
%− → O%− + O2 (3)

O%− + H+ → OH% (4)

Hydroxyl radicals provided much higher oxidation potential than
ozone molecules [32]. The oxidation by hydroxyl radicals has shown a
potential to destroy refractory organic compounds in wastewater [28].
The main interesting characteristic of hydroxyl radicals is its oxidation
potential that leads to an indirect attack on organic compounds, which
is faster than a direct attack by molecular ozone [33]. After ozonation,
the pH of solution was found to decrease (data not shown) because of
the formations of acid-like intermediates, e.g. oxalic acid, acetic acid,
and formic acid. Additionally, hydroxide ion (OH−) in the solution was
consumed during ozone decomposition and OH radical generation [34].

3.3. Reaction kinetics of 2,4,6-TCP degradation by sole ozonation

Reaction kinetics of 2,4,6-TCP degradation by ozonation were
analyzed. It was found that the reaction of 2,4,6-TCP degradation by
sole ozonation were fitted with first-order kinetic model. By using the
kinetic equation for the first order reactions (Eq.5), the apparent rate
constants (kobs, min−1) for the degradation of 2,4,6-TCP were calcu-
lated from the slopes of the plots of ln C versus time,

ln C=ln Co − kapp.t (5)

where, C0 and C are initial concentration and concentration of 2,4,6-
TCP at the reaction time t, respectively, kapp is the apparent rate con-
stant (min−1) of the first-order reaction obtained by least square ana-
lysis of the linear regression equation. The apparent rate constants are
shown in Fig. 3. It was found that the reaction rate constants decreased
when the initial concentrations of 2,4,6-TCP increased from 5 to 40 and
75 ppm. As the ozone production rate was constant, increasing con-
centration of 2,4,6-TCP possibly limited the performance of ozone,
leading to the decrease of rate constants and removal efficiency.
However, the apparent rate constants increased with increasing pH. As
mentioned earlier, hydroxyl radical generated from ozone decomposi-
tion at high pH played a significant role in degradation of 2,4,6-TCP
[33,35].

3.4. Effects of catalyst dosage on catalytic ozonation of 2,4,6-TCP

The efficiencies of catalytic ozonation using NiO/Al2O3 catalyst for
degradation of 2,4,6-TCP at an initial concentration of 75 ppm and pH
of 4 (not adjusted) were investigated by varying the NiO/Al2O3 catalyst
dosages at 0, 2.5, 5, 10, and 20 g/L (equivalent to 0, 0.13, 0.25, 0.5, and
1 g Ni/L, respectively). Fig.4 shows enhancing effects of catalysts on the
ozonation process. Considering at a reaction time of 40min, the re-
moval efficiency of 2,4,6-TCP increased from 66.37% during sole ozo-
nation to 77.94% in the presence of catalysts of 2.5 g/L (equivalent to
0.13 g Ni /L), indicating the catalytic effect of the NiO/Al2O3 catalysts
on ozonation. The 2,4,6-TCP degradation increased to 83.44% during
40-minute treatment with increasing catalysts dosage to 5 g/L
(equivalent to 0.25 g Ni /L). It can be explained that increasing dosage
of the NiO/Al2O3 catalyst provided more active sites to enhance the
reaction between solution phase and catalyst surfaces, leading to ozone
decomposition and generation of hydroxyl radicals (OH%) as described
in the Eqs. (6) and (7) [32,36].

O3 + (NiOX) → NiOX-O3 → (NiOx-O) + O2 (6)

(NiOx-O) + 2H2O+O3 → NiOX−OH + 3 OH% + O2 (7)

However, the results showed no further increase in removal efficiency
from 10 g/L to 20 g/L of catalyst dosage. There were two possible
reasons. First, amount of ozone input was limited due to the capacity of
ozone generator. Another reason was that the OH radicals could be
quenched each other as shown in Eq. (8) [37]. As a part of OH radicals
were quenched, the process of degradation of 2,4,6-TCP was limited,

Fig. 3. Rate constants of 2,4,6-TCP degradation by sole ozonation.

Fig. 4. Effects of catalyst dosage on catalytic ozonation of 2,4,6-TCP (initial
concentration= 75 ppm, pH=4 (not adjusted)).
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causing the decrease of removal efficiency [37].

OH% + OH% →H2O2 (8)

Results from kinetic analysis show that catalytic ozonation of 2,4,6-TCP
using NiO/Al2O3 catalyst followed the first order reaction with ap-
parent rate constants shown in Fig.5. It was found that the increase of
2,4,6-TCP degradation rate was directly related to the catalyst dosage
due to more catalyst active sites available for ozone decomposition and
generation of hydroxyl radicals, resulting in acceleration of the 2,4,6-
TCP degradation reaction [16,38].

One-way analysis of variance (one-way ANOVA) is used to

determine whether there are any statistically significant differences
between the means of apparent rate constants (kapp)of each experi-
mental condition. According to ANOVA, as catalyst dosages over than
2.5 g/L were applied, the removal efficiency at 40min and apparent
rate constants at different dosages were not significant different, at 95%
confidence level. Therefore, it can be considered that the optimum dose
of the NiO/Al2O3 catalyst was 5 g/L (equivalent to 0.25 g Ni/L) and this
dosage of the catalyst was used for further experiments.

3.5. Effects of pH on catalytic ozonation of 2,4,6-TCP

The NiO/Al2O3 catalyst of 5 g/L (equivalent to 0.25 g Ni/L) was
used to treat 2,4,6-TCP at an initial concentration of 75mg/L. The ef-
fects of pH on 2,4,6-TCP removal efficiency and rate constants were
determined. Fig.6 shows that the removal efficiency at 40min attained
83% at pH of 4 and became 86% at pH of 7-12. However, the results
from one-way ANOVA showed no significant difference at 95% con-
fidence level. The apparent reaction rate constants were illustrated in
Fig.7.

Catalytic ozonation promoted the generation of hydroxyl radicals.
Unlike the sole ozonation, it did not require alkaline condition to pro-
duce hydroxyl radical. Therefore, as compared with the sole ozonation,
the catalytic ozonation can be used efficiently in a broad range of pH
from 4 to 12. The results were consistent with previous information
reported in the literature [37].

Fig. 5. Rate constants of 2,4,6-TCP degradation by catalytic ozonation at different catalyst dosages.

Fig. 6. Effects of pH on catalytic ozonation of 2,4,6-TCP (initial concentra-
tion= 75 ppm, catalyst dosage= 5 g/L).

Fig. 7. Rate constants of 2,4,6-TCP degradation by catalytic ozonation at different pH.
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3.6. Potential reuse of the NiO/Al2O3 catalysts

The stability of NiO/Al2O3 catalyst was investigated by reusing it in
catalytic ozonation experiments under the same optimized conditions,
i.e. catalyst dosage of 5 g/L (equivalent to 0.25 g Ni/L). After each
cycle, the solution was poured out, then the catalyst was rinsed with DI
water and dried at 105 °C for 2 h.

The catalyst was reused 3 times under identical conditions. As
shown in Fig. 8, the first use of the NiO/Al2O3 catalysts in catalytic
ozonation provided the removal efficiency of 94.36% at 60min, com-
pared with 73.87% without catalyst. The removal efficiencies decreased
to 88.23%, 89.48%, and 84.81%, when used in 2nd, 3rd, and 4th cycles,
respectively. However, the performance of catalytic ozonation was still
better than that of the sole ozonation. As shown in Fig. 9 illustrates the
apparent rate constants of the first order reaction and removal effi-
ciencies at 60 min. It was observed that the apparent rate constants and
removal efficiencies slightly reduced after reuse, possibly due to or-
ganic matter adsorbed onto the NiO/Al2O3 surface and the modification
of surface chemical properties [33].

Nickel concentrations leached into the solution were monitored by
AAS. It was found that the concentration of Ni in the solution reduced
from 0.0025mg/L in the first use to 0.0006mg/L in the second catalytic
cycles. The concentrations of Ni after the third and fourth cycles were
quite low and non-detectable. The trend of Ni-leaching indicated sta-
bility of the catalyst. The concentration of Ni in the treated effluent was
less than 1mg/L, which was under the national effluent standard for
industrial wastewater. According to this finding, the prepared NiO/

Al2O3 catalyst showed a feasibility to use in catalytic ozonation for
degradation of 2,4,6-TCP in wastewater. However, there may be some
limitations of the use of NiO/Al2O3 catalyst in the real wastewater si-
tuation, e.g. other contaminants in wastewater causing the modification
of catalyst surface and ozone demand, the method of catalyst re-
generation, etc. [15]. In this case, further investigation is needed.

4. Conclusion

NiO/Al2O3 catalyst was successfully prepared by incipient wetness
impregnation method with NiO percentage on alumina support of
6.21%. Factors affecting the performance of ozonation were initial
concentration of 2,4,6-TCP, pH, and reaction time. The higher the
concentration, the longer the reaction time. The removal efficiency
increased at high pH due to decomposition of ozone and generation of
hydroxyl radicals. Catalytic ozonation using the NiO/Al2O3 catalyst
enhanced the degradation of 2,4.6-TCP. At the optimum catalyst dosage
of 5 g/L (equivalent to 0.25 g Ni/L), initial 2,4,6-TCP concentration of
75mg/L, pH of 4, and reaction time of 40min, the removal efficiency
was 83.44%. The 2,4,6-TCP degradation by catalytic ozonation fol-
lowed the first order kinetic model with the apparent rate constant
(kapp) of 0.044min−1, whereas the sole ozonation exhibited the rate
constant of 0.025min−1. The catalytic ozonation provided consistent
removal efficiency of 84.30–86.58% within a broad pH range of 4-12.
The NiO/Al2O3 catalyst can be reused with slightly decrease in removal
efficiency. The removal efficiency reduced from 94.36% for the first use
to 84.81% after 4 cycles of use. Nickel concentration in treated effluent

Fig. 8. Potential reuse of NiO/Al2O3 catalyst on 2,4,6-degradation by catalytic ozonation (initial concentration= 75 ppm, pH=4 (not adjusted), and catalyst
dosage=5 g/L).

Fig. 9. Rate constants of 2,4,6-TCP degradation by catalytic ozonation after reuse of the NiO/Al2O3 catalyst.
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was under the national industrial effluent standard (< 1mg/L).
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