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a b s t r a c t

The effectiveness of the catalytic ozonation process (COP) with a GAC catalyst was assessed based on
the degradation and COD removal of phenol from the saline wastewater, as compared with the single
ozonation process (SOP). The COP attained a much higher level of phenol degradation compared to the
SOP. The influence of several variables was investigated, including pH of solution, NaCl concentration,
and dosage of GAC, for their effects on COP phenol degradation in a synthetic saline wastewater. The
maximum degradation of phenol was achieved at pH 8 and 20 g/L GAC. NaCl had no adverse effect on
phenol removal at ranges between 0.5 and 50 g/L. The activated carbon acted mostly as a catalyst for ozone
atalytic ozonation
iological treatment
aline wastewater
henol

decomposition, and the subsequent generation of hydroxyl radicals. Furthermore, the GAC preserved its
catalytic properties after 5 times reuse. The capability of a biological process to treat COP effluent was
also investigated. Results showed that a 10 min reaction time in COP under optimum conditions reduces
the concentrations of phenol and COD to an acceptable level for efficient post-treating in a suspended
growth bioreactor at a short aeration time of 4 h. Thus, the integration of COP with a biological process is
proven to be a technically and economically effective method for treating saline wastewaters containing

recalcitrant compounds.

. Introduction

Several industries including petroleum refineries, petrochem-
cal plants, olive oil mills, pesticide manufacturing, and oil field
ctivities generate saline waste streams containing significant
mounts of phenol and its derivatives [1–3]. Since phenol is classi-
ed as a toxic and priority hazardous compound [4], it is required to
e degraded prior to discharging contaminated streams to the envi-
onment. When treating such wastewaters, two challenges must be
ealt with high salt content and the recalcitrant nature of phenol.
herefore, treating saline phenol wastewaters is an environmental
hallenge, and many efforts throughout the world are focusing on
nding an effective process either as a pretreatment for biological
rocesses or a single treatment option.

In recent years, advanced oxidation processes (AOPs) in which
ighly reactive radicals (particularly •OH) are generated have

een increasingly applied for the degradation of various classes
f organic compounds. Among them, considerable attention has
ecently been paid to investigating the catalytic ozonation process
COP) as a new AOP. Indeed, COP is among the recently developed
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and most promising AOPs; in this process, a catalyst is applied to
enhance the ozone decomposition, thereby forming highly reactive
and non-selective hydroxyl radicals [5]. These radicals are capa-
ble of oxidizing the toxic and/or refractory organic compound(s)
into final inorganic products at rates ranging from 106 to 109 L/M s
[6], and sometimes of converting them to less toxic and more
biodegradable intermediates [7].

COPs are often classified as homogenous and heterogeneous
processes [8–10]. Due to their simplicity of operation, capabil-
ity to function at ambient temperature and pressure, low cost,
potential for catalyst separation, and thus lack of secondary pollu-
tion, the heterogeneous COP is the most promising method among
recently developed AOPs for treating industrial wastewaters con-
taining refractory compounds [11–14].

Numerous catalysts, including activated carbon, metal ions,
metal oxides, natural and synthetic materials have been applied
in COPs for oxidizing various organic molecules. Two of the key
characteristics of any catalyst in a COP that affects process perfor-
mance are stability and durability [15]. One of the most frequently

applied and promising catalysts in COPs for removal of various
refractory compounds is activated carbon [16]. Integrating ozona-
tion and activated carbon adsorption enables the exploration of
both processes’ advantages and synergies, while also overcoming
their individual defects. Degradation of an organic compound in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:moussavi@modares.ac.ir
dx.doi.org/10.1016/j.jhazmat.2009.05.113
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COP with activated carbon involves two mechanisms: catalyz-
ng ozone decomposition and thereby generating oxidative radicals
mainly •OH), and/or adsorpting on the catalyst surface with sub-
equent oxidation [11,17].

Liotta et al. [15] reviewed the heterogeneous catalytic oxida-
ion of phenolic compounds. Many researchers have investigated
he degradation of phenol in aqueous solutions using COP in the
resence of different catalysts [18–28], reporting it as an attrac-
ive and appealing process for treating such wastewaters. Based on
ur best literature review efforts, except for a few reports avail-
ble on using AOPs for removal of phenol from saline wastewaters
29–31], no investigation could be found on COP treatment of saline
astewaters containing high phenol concentrations. Azevedo et

l. [29] investigated the degradation of phenol in saline solution
sing a TiO2-photocatalytic process, and observed a significant

nhibitory effect for 50 g/L of NaCl on the phenol degradation. It
as also reported that the time required for effective removal of
henol increased with increasing NaCl content. They [30] repeated
heir experiments on saline phenol wastewater treatment via sin-
le ozonation and found that salinity could inhibit the oxidation
ate, indicating that ozonation is inefficient for processing high
alinity contaminated streams. The effectiveness of Fenton and
hoto-Fenton processes on phenol removal from a saline efflu-
nt was studied by Maciel et al. [31]. Their results indicated that
lthough both processes were effective for phenol degradation,
he high salt concentration inhibited the oxidation reaction con-
iderably, so that only a 50% removal of TOC was obtained in the
hoto-Fenton process in the presence of 50 g/L NaCl, even after
00 min reaction time.

The primary objective of the present study was to explore the
OP with the use of activated carbon, as it is one of the most recently

nvestigated and promising AOPs, for removing phenol from saline
astewaters. Effects of solution pH, catalyst quantity, salt concen-

ration, and phenol concentration were investigated on the COP
erformance. The efficiency of COP in treating defined wastewater
as evaluated in terms of phenol degradation and chemical oxygen
emand (COD), as measured by percent reduction. The potential for
atalyst reuse was also assessed. Post-treatment of the COP effluent
t the highest investigated phenol concentration was attempted,
nder optimum experimental conditions, in a suspended growth
iological process.

. Materials and methods
.1. Chemical and materials

All reagents and chemicals used throughout the study, including
henol and NaCl and those used in phenol and COD analysis, were of

able 1
xperimental phases and conditions.

hase Experiment

Effect of pH
Synergistic effect of GAC on ozonation
Effect of radical scavenger (0.6 g t-butanol)
Effect of GAC dosage
Effect of NaCl concentration
Phenol and COD removal under optimum conditions
Catalyst durability
Biodegradability of the COP effluent (experimental conditions of COP)

Cphenol = phenol concentration; CNaCl = NaCl concentration; CGAC = GAC concentration).
a The same experiments were carried out for SOP (without GAC).
b The investigated pHs in SOP were 2, 8 and 10.
c The same experiment was performed for phenol adsorption on GAC (without ozone).
d Optimum pH in which the maximum phenol removal was obtained in COP.
s Materials 171 (2009) 175–181

analytical grade. All solutions were prepared using distilled water.
All glassware was acid-washed, distilled water-rinsed, and dried
before each experiment. A commercial granular activated carbon
(GAC) supplied by Merck Co. was used in this study as the catalyst,
which was grinded into at an average size of 0.5 mm before use. The
GAC was washed first with distilled water and then dried at 100 ◦C
for 24 h prior to use in the experiments.

2.2. Experimental reactor and procedure

2.2.1. Single and catalytic ozonation processes
The catalytic ozonation reactor was a glass sparger with 250 mL

total volume fitted with other components, including an ozone gen-
erator, a sintered glass diffuser to distribute the ozone air stream
to the solution, an air pump, an ozone off-gas destruction sys-
tem, valves, and tubing. Several experimental runs were defined
for investigating phenol removal from saline wastewater, with the
objectives and conditions given in Table 1. All experiments were
performed in batches, with a constant volume solution of 200 mL
at 24 ± 2 ◦C. Ozone was generated by feeding air into a genera-
tor (ARDA, Model AEGCOG-5S) with 5 g O3/h capacity. The dose
of ozone was kept constant at 0.25 g/h throughout the experiment.
The ozone in the off-gas stream of the reactor was destroyed in a
concentrated KI solution.

2.2.2. Biodegradability assessment of COP effluent
In order to assess the biodegradability of the COP effluent inves-

tigated in the present work, a series of biological batch tests were
performed on the COP effluent resulting from the operating condi-
tions given in Table 1. In each test of this phase, 150 mL of filtered
solution from the COP effluent was poured into a sparger equipped
for aeration. The solution was initially conditioned with pH and
nutrient levels suitable for microbial metabolism. Then 50 mL of
thickened and acclimated activated sludge (1% solids), taken from
a bench scale SBR was added to the reactor and aerated for a given
time. After the prescribed aeration time, the mixture was filtered
and analyzed for remaining phenol and COD. The investigated aer-
ation times were at ranges between 0.5 and 4.5 h.

2.3. Analysis

pHzpc of GAC was measured by the procedure detailed by Lopez-
Ramon et al. [32]. In order to evaluate the effectiveness of catalytic

ozonation in phenol and COD removal, samples were taken from
each experiment at the beginning and end of the reaction. Samples
were then analyzed for phenol and COD. The phenol concentration
was determined by the colorimetric 4-aminoantipyren procedure
[33], using a Unico-UV 2100 UV/vis Spectrophotometer to measure

Conditions

Cphenol (mg/L) CNaCl (g/L) CGAC (g/L) pH RT (min)

1200 20 7.5a 2–12b 5–60
1200 20 20a,c 8d 2.5–60
1200 20 20 8 2.5–60
1200 20 0–25 8 2.5–60
1200 0–50 20a 8 30
1200 20 20 8 2.5–60
1200 20 20 8 15
1200 20 20 8 10
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Fig. 1. pH drift for estimating pHzpc of GAC.

aximum transmission/absorbance at wavelength of 500 nm. COD
as measured with a standard potassium dichromate oxidation
ethod [33], and the pH was determined using an electrode (Sense

on 378, Hack). The ozone concentration in the inlet gas stream was
uantified by iodometric titration [33].

. Results and discussion

At the beginning of the experiment, the main characteristic
f the catalyst, pHzpc, was determined. The pH-drift experiment
esults presented in Fig. 1 show a pHzpc value of 8.9 for the GAC;
his characteristic affects ozone decomposition [34], and thereby
he process performance.

.1. Single and catalytic ozonation processes

.1.1. Effect of initial pH and the mechanism of degradation
The pH affects the way that ozone reacts to oxidize organic

olecules in a liquid. Therefore, the effect of initial solution pH
ranging from 2 to 12) was investigated on the phenol degradation
n COP under the conditions defined in Table 1. Fig. 2 presents the
esults in terms of phenol removal. As seen, the effect of pH on
OP performance is more pronounced for reaction times less than

0 min. The highest removal percent by COP was measured for pH 8,
here greater than 88% of phenol was degraded in the first 10 min

f reaction time. The degradation increased to 96% when the reac-
ion was extended to 60 min. Therefore, the pH of 8 was selected as
ptimum for the next experimental runs. For comparison purposes,

ig. 2. Effect of initial pH on phenol removal from saline wastewater in the COP.
Fig. 3. Effect of initial pH on phenol removal from saline wastewater in the SOP.

degradation of phenol in SOP was also investigated at pH values
of 2 and 10 as optimum for direct and indirect radical oxidation,
respectively, as well as pH 8 as the optimum obtained in the COP.
As is observed in Fig. 3, only 26% and 49% of phenol was removed at
10 and 60 min reaction times in SOP at pH 8, respectively. In order
to better illustrate the effect of pH, the kinetic of phenol degrada-
tion was assessed for both COP and SOP. The resulting information
is summarized in Table 2, which indicates that oxidation of phenol
in both processes under the selected condition was of second order.
As Table 2 shows the phenol degradation in the COP increased with
increasing pH to attain the maximum value at the weakly alkaline
pH of 8, which are several orders of magnitude faster than that in
an SOP under identical conditions.

The improvement of phenol degradation rate with increasing
pH up to the moderate alkaline value of 8 might be due to acceler-
ation of ozone mass transfer and ozone decomposition rates with
pH [17,35]; this in turn leads to the formation of highly reactive
radicals, mainly •OH [36]. The greater the pH, up to the opti-
mum value, the higher would be the produced •OH and thus the
higher the degradation rate. In the other words, low degradation
of phenol in COP under acidic pH is presumed to be due to the
lack of OH− available for significant dissociation of ozone. This
precludes the production of enough •OH, and/or causes the gener-
ation of radicals that are less reactive than •OH on the GAC surface
[37,38].

The solution pH had a negative effect on phenol degradation
at values 10 and higher; i.e. the degradation rate of phenol was
reduced under strong alkaline conditions (Table 2). This finding can
be better interpreted by taking into consideration both the spe-
ciation of phenol (pKa) and the surface charge of the GAC, with

respect to solution pH and catalyst pHzpc. Since the pHzpc of GAC
is 8.9, a negative charge is developed on its surface at this pH
(10) and above. Phenol, on the other hand, is mostly dissociated to
phenolate anions (pKa = 9.9) at these basic conditions [39]. There-

Table 2
Kinetic information of phenol removal as a function of pH in the COP and SOP.

pH 2 4 6 8 10 12

COP
Order 2 2 2 2 2 2
Constant (L/mM min) 0.024 0.016 0.021 0.032 0.019 0.014
R2 0.988 0.998 0.994 0.941 0.972 0.99

SOP
Order 2 – – 2 2 –
Constant (L/mM min) 0.0005 – – 0.0014 0.0021 –
R2 0.681 – – 0.921 0.982 –
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in the absence of GAC to 50% in the presence of 0.5 g (2.5 g/L) of
Fig. 4. Synergistic effect of GAC (20 g/L) on ozonation process.

ore, the affinity of catalysts for phenolate under strong alkaline
onditions is restricted, and the surface catalyst reactions would
robably be inhibited, leading to the reduction in phenol degrada-
ion rate.

For the SOP, the degradation rate increased with increasing pH.
his can be justified by the fact that the decomposition of ozone

ncreases with increasing pH, resulting in the formation of highly
eactive •OH [40,41] with much higher oxidation potential than
zone molecules. Nonetheless, the phenol removal was remarkably
aster in the COP than the SOP regardless of the conditions, verify-
ng the positive effect of coupling ozonation and GAC to degrade
oxic compounds such as phenol.

Another point worth emphasizing in Table 2 is the noticeable
egradation rate of phenol attained in the COP at the acidic pH
f 2, compared to the SOP. It can be clearly seen that adding GAC
o the ozonation reactor had a strong positive effect on phenol
egradation. Due to the fact that ozone reacts directly with organic
olecules at acidic pHs [42], this increased degradation can be

ttributed to the increased contact surface between ozone and phe-
ol molecules for reaction. To further elucidate the role of GAC in
he COP, an experiment was carried out under conditions similar to
hase 1 (Table 1, pH 8) in which a GAC saturated with phenol was
sed instead of a fresh one. The phenol removal percentages did
ot deviate significantly from those obtained with the fresh GAC at
he same experimental conditions. This suggests the catalytic role is
he dominant reaction in the COP rather than adsorption–oxidation
ne [43], and indicates a synergistic effect of GAC with ozonation

n degrading the phenol. Fig. 4 compares the removal of phenol
n COP, SOP and single GAC (adsorption) systems under the same
henol and NaCl concentrations, pH 8, and 20 g/L GAC dosage (no
AC in SOP). A synergistic effect is observed in combining ozona-

ion and GAC, especially in the initial reaction stages. For example,
henol removal percent in COP at reaction times of 2.5 and 5 min
as 56% and 32% greater than sum of removals in single ozonation

nd GAC adsorption systems, respectively, indicating a significant
ynergistic effect in the COP. No synergistic effect was observed at
eaction times over 10 min. Lei et al. [17] also found a 36% synergis-
ic effect for COD removal in the combined ozonation and activated
arbon process at alkaline pH. Another reason for this effect is the
n situ regeneration of saturated GAC by molecular ozone and gen-
rated radicals [22,26]. As such, it can be inferred that GAC can
e reused; this will be presented in more detail later in the text.

he high removal percent of phenol in the COP can be attributed
o the capability of GAC to decompose ozone and thereby enhance
OH generation [34,44,45]. Other researchers [e.g. 20,21] have also
bserved the synergistic effect of activated carbon and ozonation
Fig. 5. Effect of t-buanol radical scavenger on phenol removal in the COP.

in phenol removal, but in non-saline liquid. Effects of salinity will
be discussed later in this text.

Table 2 further illustrates that COP performed better than direct
oxidation with ozone (at pH 2) and even than ozonation at high
pH, where •OH are generated; this confirms that GAC can signifi-
cantly promote •OH formation to a concentration higher than those
generated with ozonation at high pH, as would be found in an
AOP. These findings strongly suggest the predominance of indirect
radical-type degradation mechanisms in COP, both at the GAC sur-
face (heterogeneous) and in bulk solution (homogenous) [16,45].
Some degree of oxidation with non-decomposed ozone, however,
might also be occurring both at the surface and in bulk solution
[45]. It is also possible that the adsorption on GAC could cause a
higher concentration of phenol and ozone/radicals on surface of
GAC, therefore enhance the phenol degradation. The predominance
of radical degradation of phenol in the COP was confirmed by the
radical scavenger experiment defined in Table 1. Fig. 5 shows the
phenol removal via COP with and without t-butanol as a function
of reaction time, clearly exhibiting that adding t-butanol notice-
ably suppressed the oxidation and thus diminished the degradation
of phenol, particularly in initial reaction times. For instance, the
removal percent was reduced from around 99% to 74% in the pres-
ence of t-butanol for a 60 min reaction time. In other words, the
radical scavenger reduced the reaction rate constant from 0.032 to
0.0032 L/mM min, representing a 10-fold reduction in degradation
rate. Since t-butanol is a known •OH scavenger that has very low
reactivity with ozone molecules [27], this result verifies that •OH
was the dominant radical species working in the reactor [12], and
thus that indirect radical oxidation has been the predominant phe-
nol degradation mechanism in saline liquid in the GAC catalyzed
ozonation process.

It can therefore be concluded from these findings that the COP
with GAC is an efficient and feasible method for removing phenol
from saline wastewaters at weakly basic pH.

3.1.2. Effect of GAC dosage
The removal of phenol was studied for ozonation process in

the presence of different dosage of GAC ranging from 0 to 25 g/L
(Table 1). Fig. 6 presents the removal of phenol as a function of GAC
dosage, showing a significant enhancing effect of GAC on the ozona-
tion process, particularly for shorter reaction times. For instance, at
a reaction time of 5 min the removal of phenol increased from 22%
GAC (Fig. 6), reiterating the catalytic effect of GAC on ozonation.
The phenol degradation increased thereafter with increasing GAC
dosage up to 20 g/L, where a 97% removal of phenol was achieved
during the first 5 min of reaction. The removal of phenol increased
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Fig. 6. Effect of GAC dosage on phenol removal in the COP.

o greater than 99% when the reaction was extended to 60 min.
he increase of phenol degradation with increasing GAC dosage

s related to the increase of catalyst surface area and of active
ites available for ozone decomposition; these increases there-
ore enable enhanced generation of reactive radicals, mainly •OH
6,35,43,44,46], resulting in improvement of the phenol removal
fficiency. Further increases of GAC to 25 g/L, however, did not affect
he percentage of phenol degraded. Although the optimum dosage
f catalyst in a COP depends heavily on the type of catalyst, the tar-
et compound, the reaction conditions, and desired performance,
he value of 20 g/L was determined as the optimum dosage for GAC
n the present work, and was thus used in all remaining experi-

ents. Although achieved under different experimental conditions
nd in the absence of NaCl, these results are commensurate with
u et al. [26] who also showed an increase in phenol removal with

he increase of activated carbon in the COP, up to an optimum value.

.1.3. Effect of NaCl concentration
The influence of NaCl concentrations between 0 and 50 g/L was

ompared on COP and SOP performance in phenol removal under
he conditions designated in Table 1, and the results are presented
n Fig. 7. It is clear from Fig. 7 that the NaCl affects the performance

f COP and SOP differently with respect to phenol removal.

For the COP, only 63% of the phenol was removed in the absence
f NaCl. Interestingly, the removal efficiency of phenol in COP

mproved to 97.5% with the increase of NaCl concentration to 0.5 g/L.
urther increasing the NaCl concentration led to a slight increase

Fig. 7. Effect of NaCl concentration on phenol removal in the COP and SOP.
Fig. 8. COD and phenol removal in the COP under the optimum operation conditions.

in phenol degradation; a removal efficiency greater than 99% was
achieved for phenol at 50 g/L NaCl. This is opposed to the find-
ings of some other researchers who worked on phenol removal
from saline liquids using AOPs other than COP [29–31], who have
reported that high chloride concentrations had a strong inhibitory
effect on phenol degradation. However, Bacardit et al. [47] observed
that the presence of chloride ions did not affect the performance
of the photo-Fenton process in the mineralization of 200 mg/L 4-
chlorophenol. Therefore, it can be deduced from above that the
effect of chloride anions on an AOP depends on the type of the pro-
cess as well as on the compound(s) being targeted for degradation.

For the SOP, as indicated in Fig. 7, the removal efficiency of phe-
nol decreased slightly with the introduction of NaCl; it reduced
from 49% in absence of NaCl to around 35.5% in the presence
of 50 g/L NaCl. This part of the present study is consistent with
Azevedo et al. [30], who investigated single ozonation for phenol
removal from saline wastewater and found that high NaCl concen-
trations inhibited the degradation rate. The negative effect of NaCl
on the single ozonation process can be attributed to the reduction
of ozone decomposition and/or the scavenging of •OH by chloride
ions [30,48].

Based on above results, it is seen that coupling GAC with ozona-
tion eliminated the adverse effects of NaCl on single ozonation;
however, the exact mechanism of this interaction is still unclear. In
other words, it is very clear that NaCl, even in high concentrations,
not only increased the percentage of phenol degradation in a COP,
but also enhanced the degradation rate. Thus it can be seen as a
technically viable and promising surrogate technology for treating
saline wastewaters.

3.1.4. COD removal in COP under optimum conditions
The performance of a COP in removal of COD from a saline

phenol-containing wastewater was evaluated at optimum pH and
GAC conditions (Table 1) to determine the effectiveness of the
process for degradation of the organic intermediates of the reac-
tion. Fig. 8 displays the degradation and COD removal of phenol
in the COP. As illustrated, 81% of COD was removed by 10 min
of the reaction; this value increased to 88% after 60 min reaction
time. According to Fig. 8, the removal of COD is slightly lower
than that of phenol, in particular in the early minutes of the reac-
tion (i.e. reaction times under 15 min). This phenomenon can be
explained because prior to complete oxidation, and particularly in

first minutes of the reaction, phenol is converted to some organic
intermediates, including catechol, benzoquinone, and acetic and
formic acids [49]. The phenol is thus considered removed, but the
intermediates still contribute to the COD. The higher the degree of
oxidation, the simpler are the acidic intermediates formed and thus
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Fig. 9. Effect of GAC reuse times on phenol removal in the COP.

he more pH decreases, and/or the more simple intermediates are
ineralized, thereby reducing COD. The quick drop of solution pH

ersus the reaction time (Fig. 8) confirms the formation of acidic
ntermediates during the oxidation of phenol. Another point in
ig. 8 is that as the reaction proceeds, the difference between phe-
ol and COD removal percentages becomes smaller. This is likely
ecause the intermediates are more efficiently oxidized in the COP
han the parent compound is. Since COD is a gross measurement of
he organic content in the sample, any reduction of this parameter
enotes the degree of mineralization of the compounds. Overall, it is

nferred that the COP with activated carbon induced a high degree
egradation and mineralization of phenol in saline media, where
ther processes such as TiO2-photocatalytic [29], single ozonation
30], and Fenton and photo-Fenton [31] have been reported ineffi-
ient.

.2. Durability of the catalyst

An important characteristic of a catalyst, from practical point of
iew, is its deactivation or potential reuse. To evaluate the capabil-
ty of the GAC used in the present COP for reuse, an experimental
hase was defined (Table 1) and carried out. To do this, the cata-

yst was reused 5 times under identical conditions, except that the
atalyst was being reused from the previous experiment without
ny modifications. The phenol removal efficiency was determined
fter each experiment, and results are plotted in Fig. 9. As indi-
ated, the GAC preserved its catalytic properties after reuse. This
an be explained either by the predominance of catalytic reactions
ather than adsorption–oxidation reactions in the COP, as men-
ioned above, or to the in situ regeneration of GAC [22,26]. A closer
ook at Fig. 9 reveals that the phenol removal has been slightly
mproved after reuse, probably due to the modification of surface
hemical properties (functional groups) and the increase of BET and
ore volumes [26]. Hence, COP with GAC is a stable method for
reating saline wastewaters containing organic compounds.

.3. Biodegradability assessment of the COP effluent

Although COP in the presence of activated carbon was able to
egrade almost all the phenol and remove a significant of COD (80%)

rom phenol saline wastewater after 60 min reaction time, this
ather long time requirement would impose high costs on the treat-

ent system. A viable option is the partial oxidation of toxic phenol

n the COP, to be completed by treatment in a following biological
rocess. This exploits the advantages of both processes, shorten-

ng the time required to attain high effluent quality at the lowest
ost. The effluent of COP obtained after 10 min reaction in COP
nder the conditions selected in Table 1 was used for biodegrada-
Fig. 10. Time-evolution profile of phenol and COD concentrations in the integrated
catalytic ozonation/biological process.

tion tests. The reaction time of 10 min in COP was selected because
at this time, the concentration of phenol and its associated COD
at those conditions had been reduced to below 100 and 600 mg/L,
respectively (Fig. 10), making it suitable for treatment in a biological
process.

The time evolution of phenol and COD concentration during the
integrated COP and biodegradation process compared to that of sin-
gle bioreactor are demonstrated in Fig. 10. As observed, the phenol
concentration in the bioreactor of integrated process was com-
pletely removed after 3 h aeration. The COD concentration reduced
to below 30 mg/L after 4.5 h aeration in the combined system. This
reveals that the COP can efficiently pre-treat saline wastewater con-
taining a considerable concentration of phenol in a short reaction
time, after which the effluent is not too toxic to be completely
post-treated in a suspended bioreactor. In a single bioreactor where
raw wastewater even with lower concentration was directly added,
however, the concentrations of phenol and COD after 8 h aeration
reached around 385 and 960 mg/L, respectively (Fig. 10), requiring
more aeration time to achieve the quality obtained in the integrated
COP and biological process. These findings show that integration of
COP with a bioreactor is an efficient and viable technology for cost-
effectively treating saline wastewater containing toxic compounds
like phenol with a short retention time.

4. Conclusions

The capability of a COP in the presence of GAC and integrated cat-
alytic ozonation/biological process was investigated for their ability
to remove phenol from a synthetic saline wastewater. The effects
of several operational variables on COP performance were evalu-
ated first to determine the optimal experimental conditions. It was
shown that the COP could decrease the concentrations of phenol
and COD from about 1150 and 2600 mg/L, respectively, to lower
than 100 and 600 mg/L after 10 min of reaction time. This effluent
was then efficiently post-treated in a bioreactor, where in a rel-
atively short retention time the phenol was completely removed
and COD lowered to below 30 mg/L. It is thus concluded that the
integrated catalytic ozonation/biological process is a promising and
economically viable technology for the treatment of saline wastew-
ater containing phenol.
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