Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Chemical Engineering Journal 139 (2008) 272-283

Catalytic ozonation with non-polar bonded alumina phases for treatment
of aqueous dye solutions in a semi-batch reactor

Funda Erol, Tiilay A. Ozbelge *

Department of Chemical Engineering, Middle East Technical University, 06531 Ankara, Turkey
Received 29 August 2006; received in revised form 27 July 2007; accepted 31 July 2007

Abstract

Semi-batch experiments were conducted to investigate the effects of catalyst type, pH, initial dye concentration and production rate of ozone
on the catalytic ozonation of the dyes, namely Acid Red-151 (AR-151) and Remazol Brilliant Blue R (RBBR). The used catalysts were alumina,
25% (w/w) perfluorooctyl alumina (PFOA), 50% (w/w) PFOA and 100% (w/w) PFOA. The results showed that the overall percent dye removal
after 30 min of the reaction was not affected significantly by the catalyst type. However, highest COD reduction was achieved by ozonation with
alumina for AR-151, and 100% PFOA for RBBR at pH 13. The behavior of COD reduction with the increasing amount of perfluorooctanoic (PFO)
acid amount can be explained by the enhancement of catalytic activity of PFOA with alkyl chains. For both of the dyes, the highest dye and COD
removals were reached at pH 13. The overall dye reduction after 30 min of ozonation was almost independent of the initial dye concentration
at relatively low values while at the higher concentrations, it changed with the initial dye concentration for both of the dyes. Similarly, COD
reduction changed on a limited scale with the increasing initial dye concentration from 100 mg/L to 200 mg/L; however, an increase of initial dye
concentration to 400 mg/L decreased the COD reduction significantly. All the studied production rates of ozone were sufficient to provide almost
100% dye removal in 30 min, whereas the COD removal percentage was increased gradually by the increasing ozone input to the reactor. The

reaction kinetics for the ozonation of each dye with and without catalyst was investigated and discussed in the paper.
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1. Introduction

In water treatment, ozonation is a widely used method to
remove organics from wastewaters (WWs), especially the col-
ored substances. Textile WWs containing a high concentration
of dyes can be efficiently treated by ozone giving 90% or higher
color removals. However, chemical oxygen demand (COD)
removal cannot be achieved at high levels, it is limited to around
50% [1-3]. The reason of low COD removal is due to the incom-
plete mineralization of organics to carbon dioxide and water by
sole ozonation, since some of the ozonation by-products show
resistance to further oxidation.

In the recent years, new advanced oxidation techniques have
been searched to overcome the limitations of sole ozonation and
to use ozone more effectively. Among them, catalytic ozona-
tion has become a promising method. Many studies have been
made for the catalytic ozonation of organics in a homogeneous

* Corresponding author. Tel.: +90 312 2102621; fax: +90 312 2102600.
E-mail address: tozbelge@metu.edu.tr (T.A. Ozbelge).

1385-8947/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2007.07.100

or heterogeneous phase with several different catalysts [4—10].
In the literature, alumina was shown to be an effective catalyst
and support in the removal of organics by ozonation. Catalytic
ozonation using metal ions (Fe, O3, TiO,) impregnated on alu-
mina (Al,O3) provided higher removals of both target organic
and also DOC-TOC than those achieved by sole ozonation.
Cooper and Burch [7] found oxalic acid degradation to be 85%,
88%, 87% in catalytic ozonation with Al,O3, Fe,O3/Al,03,
TiO,/Al> O3, respectively. At the same conditions, the target acid
removal was only 15% by ozone alone. Similarly, Ernst et al.
[6] investigated the catalyst effect on the ozonation of oxalic,
succinic and salicyclic acids by using Al,O3. In non-buffered
conditions, the initial DOC was reduced by 90% in catalytic
ozonation compared to 20% in ozonation alone.

Efficient two-phase ozonation has been provided by the
immobilization of perfluorinated hydrocarbons on the surface
of alumina so as to avoid the dissolution of perfluorinated
molecules into the aqueous phase [11]. This innovative method
involves the liquid—liquid extraction of organic substances from
the aqueous phase into the organic phase and subsequent oxi-
dation by molecular ozone dissolved in the organic phase
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Nomenclature

Ager  BET area of the catalyst in Table 1 (m?/g)
AR-151 Acid Red-151
Ca,i initial dye concentration (mg/L)

Co,,s equilibrium O3 concentration in solution (mg/L)
COD  chemical oxygen demand (mg/L)

Dpore  pore diameter of the catalyst in Table 1 (A)
DOC  dissolved organic carbon (mg/L)

Meat Catalyst dose (g)
mproa PFOA dose (g)
PFO acid perfluorooctanoic acid

PFOA perfluorooctyl alumina

pHpzc the pH of “point of zero charge” of the catalyst
PRp,  production rate of ozone (g/h)

PZC  point of zero charge

Og gas volumetric flow rate (L/h)
RBBR Remazol Brilliant Blue R

SBET catalyst surface area (m2/g)

t time (min)

T temperature (°C)

TOC  total organic carbon (mg/L)

Vr total pore volume in Table 1 (cm>/g)
Greek letter

Pp particle density (kg/m®)

(non-polar perfluorinated hydrocarbon solvent saturated with
ozone) [11]. It was found that ozone solubility in fluorinated
hydrocarbon solvents was 10 times higher than that in water.
Non-polar perfluorinated alkyl chains on the alumina surface
were very active towards ozone and organics. Accordingly,
ozone and organic matter reacted on the surface of hydrocarbon
fixed alumina. The most preferred perfluorinated hydrocar-
bons were perfluorooctanoic (PFO) and perfluorooctadecanoic
(PFOD) acids; especially the prepared perfluorooctyl alumina
(PFOA) using PFO acid was observed to increase the stability
of ozone in perfluorinated solvent [4].

Kasprzyk-Hordern etal. [4,12] used PFOA in the ozonation of
humic acid and natural organic matter (NOM). They found that
ozonation with PFOA was more effective than ozonation alone
for both of the organics. Also, TOC analysis showed that degra-
dation of NOM in aqueous phase was mainly due to PFOA/O3
system. The same researchers in another study [5] conducted
ozonation for the removal of several ethers with PFOA. They
observed no improvement of ether removal with alumina. In the
case of PFOA, it was shown that the catalytic activity of PFOA
depended on the alkyl chains on the alumina. The presence of
more PFO acid on the surface created longer alkyl chains making
PFOA more active. The hydrophobicity of the surface enhanced
the adsorption capacity of PFOA.

The cost effectiveness of two-phase catalytic ozonation
(PFOA/O3 system) can be emphasized with the high adsorp-
tion capacity of bare alumina toward anionic perfluorinated
surfactants from water [13]; thus, the bare alumina usage in the

removal of perfluorinated surfactants from water can be consid-
ered as profitable because of the further possible application of
the formed perfluorinated alumina as a catalyst in the ozonation
process. Also FT-IR studies proved that ozone did not deactivate
the catalyst [4]. Therefore, the aim of this study is to investigate
the two-phase catalytic ozonation process using alumina and dif-
ferent types of PFOA as the catalysts in the degradation of Acid
Red-151 and Remazol Brilliant Blue R, by determining dye and
COD removals and the reaction kinetics at different operating
conditions, the experimental parameters being pH, initial dye
concentration (Cy ), and production rate of ozone (PRo,).

2. Experimental
2.1. Materials

Acid Red-151 (AR-151) and Remazol Brilliant Blue R
(RBBR) are the dyes used in the sole ozonation and catalytic
ozonation experiments. AR-151 was purchased from Aldrich
Chemical Company (Milwaukee, USA), whereas Acros Organ-
ics (New Jersey, USA) was the supplier of the RBBR. The
structures of the dyes are shown in Fig. 1. AR-151 is an azo
dye containing two azo groups with a maximum wavelength
of 512nm. RBBR has no azo group but one hydrocarbonated
sulphonate group. It is an anthraquinone dye with a maximum
wavelength of 591 nm. All other chemicals used were reagent
grade and were supplied by Aldrich Chemical Company or
Acros Organics.

HOQ
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AR-151

O NH;
SO;Na
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RBBR

Fig. 1. The structures of the dyes used in the experiments.

2.2. Preparation and characterization of the catalysts

For the experiments, alumina particles (Damla Kimya Ltd.,
Ankara) were used as a catalyst and also as a support for PFO
acid. The screen analysis of these particles composed of active
v-alumina was carried out, thus the appropriate sized particles of
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2 mm were selected. The types of PFOA catalyst were prepared
by the impregnation of PFO acid (Aldrich Chemical Company,
Milwaukee, USA) on 2 mm sized alumina particles. The type of
PFOA called 100% PFOA was prepared, according to the proce-
dure described in the literature [5,14] as follows: 10 g of alumina
was reacted with 100 mL of 0.15 M PFO acid aqueous solution
in a flask at 60 °C for 4 h. Then, 100 mL of 0.1 M sodium bicar-
bonate solution was prepared. After half an hour, catalyst was
filtered under vacuum by washing with sodium bicarbonate solu-
tion and 200 mL of H,O. Finally, the catalyst was dried at 60 °C
in an incubator for about 2 h. Then, the other types of PFOA
(25% (w/w) PFO on alumina and 50% (w/w) PFO on alumina)
were also prepared by the reaction of different amounts of PFO
acid with 10 g of alumina. For the preparation of 50% PFOA,
100 mL of 0.075M PFO acid was used with 10 g of alumina.
Similarly, 25% PFOA was prepared by the reaction of 100 mL
of 0.0375 M PFO acid with 10 g of alumina. After the prepara-
tion of these catalysts, the catalytic ozonation experiments were
conducted with bare alumina, 25% PFOA, 50% PFOA and 100%
PFOA catalysts.

Alumina and PFOA samples were analyzed for the catalyst
surface area and pore size distribution. The surface charac-
terization analyses were made in the Central Laboratory of
M.E.T.U. The surface area of the catalysts was determined by
physical adsorption of nitrogen on the solid surface using the
BET method. The pore volume and pore size distribution were
determined by the nitrogen adsorption/desorption method. The
nitrogen desorption isotherm was used for the calculation of
pores and average pore size. The characterization data are pre-
sented in Table 1. It is observed that alumina has the highest
surface area, and the surface area decreases with the increas-
ing amount of PFO acid in alumina. Since AR-151 has an acidic
character, the dye molecules can be adsorbed easily on the acidic
alumina, whereas the adsorption on PFOA may be limited due
to both its lower surface area and the hydrophobic surface char-
acteristics.

Table 1

The characterizations of alumina and PFOA catalysts

Type of the catalyst ABET (mz/g) Dpore A) Vr (cm3/g)
Alumina 276.6 50.51 0.35

25% PFOA 209.6 50.26 0.26

50% PFOA 195.8 51.42 0.25

100% PFOA 140.8 66.56 0.17

2.3. Semi-continuous experiments

The experimental set-up used consists of 1 L rounded bottom
glass reactor with several input/output ports for ozone gas inlet,
sampling, pH electrode and stirrer [15]. The experimental set-
up is shown in Fig. 2. Ozone gas is produced from dry air by
Fischer type OZ-502 generator. The gas flow rate is monitored
by a flow meter on the generator and the temperature during the
experiments is kept at 25.0 £ 0.5 °C using a water bath around
the reactor. The gas diffuses into water through a glass sparger at
the bottom of the reactor. Ozone traps containing 2% potassium

iodide (KI) solution are used at the gas inlet to measure the ozone
concentration in the off-gas and the inlet ozone concentration via
a three-way valve. The reactor is operated in a semi-continuous
mode by feeding ozone gas continuously into the reactor con-
taining the dye solution at the desired initial concentration, at a
chosen pH and at a temperature of 25 °C.

For an experimental run, a dye solution at the desired concen-
tration was prepared by dissolving a proper amount of the dye in
50 mL of distilled water and mixing for 30 min with a magnetic
stirrer. The chosen initial dye concentrations in the experiments
were 100 mg/L, 200 mg/L. and 400 mg/L. Buffer solutions of
K>HPO4/KH;PO4/H3PO4 were used for the adjustment of pH
to 2.5 and 7 in the reaction medium. The aqueous solution to
be ozonated was prepared by adding 900 mL of distilled water
and 50 mL of buffer solution at the desired pH into the reac-
tor. Then, the buffered solution in the reactor was ozonated for
about 20 min to reach an equilibrium concentration of ozone at
the operating conditions in the reactor. After 20 min of ozona-
tion, 50 mL of the solution containing dissolved dye was added
into the reactor while continuously ozonating the reactor. For
the analyses of COD, O3 and dye concentrations at specific time
intervals, the samples were withdrawn from the reactor into the
sample bottles operated by vacuum in order to prevent the escape
of O3 into the gas phase. One millilitre of 0.025 M sodium thio-
sulphate (Na;S,03) solution was added into each sample bottle
in order to remove any residual ozone in the sample. For the
experiments at pH 13, instead of 50 mL buffer solution, 4.5 g
NaOH was added into 950 mL of distilled water. Then, this sam-
ple was ozonated in the reactor by following the same procedure
explained above.

The same procedure was followed also in the catalytic ozona-
tion experiments. Only, before starting to ozonate the aqueous
solution, the chosen amount of catalyst was added into the reac-
tor, which formed a heterogeneous phase in the system. The
received samples from the reactor were kept waiting about an
hour to ensure the settling of the turbid portion in the samples;
thus, the accuracy in the results was guaranteed. The reaction pH,
types of catalysts, types of dyes, initial dye and ozone concentra-

1

1. Dry air tube, 2. O3 generator, 3. O3 inlet, 4. O3 outlet, 5. KI traps,
6. Reactor, 7. Water bath, 8. pH electrode, 9. Sampling point, 10. Stirrer

Fig. 2. The schematic of the experimental set-up.
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tions, and ozone production rate are the experimental parameters
in the experiments. The ranges of the experimental variables are
shown in Table 2.

Table 2

The experimental parameters

Parameter Value

Cq,i (mg/L) 100, 200, 400

PRo, (g/h) 1.17,1.70, 2.21

pH 2.5,7,13

Dye type AR-151, RBBR

Qg (L/h) 150

Stirrer rate (rpm) 300

Catalyst type Alumina, (25%, 50%, 100%) PFOA
COD; (mg/L) AR-151: 200; RBBR: 232
T(°0) 25

Mear (2) 5

2.4. Analytical determinations

The samples were analyzed for the absorbance of the dyes at
their maximum wavelengths. For this purpose, Hitachi U-3010
type UV-vis spectrophotometer was used and the absorbance
values of AR-151 and RBBR were determined at 512nm and
591 nm, respectively. Chemical oxygen demands (COD) of the
samples were measured by adding 2 mL of the sample solution
into a glass vial containing 3 mL of COD solution and digesting
the sample in a WTW Cr-3000 type thermo-reactor for 2h at
150 °C according to the standard methods [16]. After the sam-
ple was cooled, its COD was determined directly by a Hach
DR-2010 type portable spectrophotometer. The ozone concen-
trations in the inlet and outlet gas streams were determined by
the iodometric method [16]. Indigo method [17] was used to
measure the residual O3 concentration in the liquid phase using
a Hitachi spectrophotometer.

3. Results and discussion
3.1. Ozonation experiments

Ozonation experiments, without using catalysts, were carried
out at different pH. At the acidic pH (pH 2.5), direct reaction
of ozone with dye molecule was observed. Since, the concen-
tration of hydroxyl ion (OH™), the initiator of radical reactions
of ozone, was low in the aqueous phase at low pH, radical reac-
tions of ozone with the dye could be neglected. At alkaline pH
(pH 13), O3 molecules were decomposed into ions and radicals,
therefore ozonation of dye molecules took place mainly by radi-
cal reactions. Also, direct ozonation could be important with the
undecomposed O3 as well. Therefore, it was difficult to differ-
entiate the effects of direct and radical reactions on the removal
efficiencies of the dye and COD. At neutral pH (pH 7), the sta-
tus became much more complicated since the concentrations of
both the O3 and OH™ were lower [18-20].

In this study, more than 90% dye removals were achieved by
the ozonation of AR-151 and RBBR solutions at the studied pH
values. As seen in Fig. 3, initial dye removal rates were almost

100.0

60.0

40.0 |

Dye Removal (%)

0 5 10 15 20 25 30
Time (min)

Fig. 3. Dye removals with ozonation at different pH values. Condi-
tions: Cy; =200 mg/L; T=25 °C; stirrer rate =300 rpm; Qg = 150 L/h; PRo, =
2.21 g/h; reaction time =30 min. Bold shapes: AR-151; apparents: RBBR.

the same at pH values of 2.5 and 7 for the dye RBBR. At pH
13, an increase in the initial reaction rate was observed which
was greater in the ozonation of AR-151 than in that of RBBR.
Because the increment of initial reaction rate at pH 13 was higher
in the case of RBBR than in the case of AR-151 where the initial
reaction rates at pH 2.5 and 13 were very similar or same and
the initial reaction rate at pH 7 was slightly lower (Fig. 3). This
observation might indicate that the direct oxidation of AR-151
by ozone molecules was probably accompanied with the indirect
oxidation by reactive hydroxyl radicals formed due to the higher
decomposition rate of ozone at an alkaline pH of 13. In RBBR
ozonation, the occurrence of the highest initial dye removal rate
at pH 13 might suggest that radical reactions played relatively
a more significant role in the oxidation mechanism. Ozonation
time period of 30 min was sufficient to achieve more than 90%
dye removal efficiencies for both of the dyes at the end of the
reaction time, regardless of pH. In other words, the overall dye
removal efficiency, after 30 min of reaction time, did not depend
on solution pH significantly.

The effects of pH on COD removals in the ozonation of AR-
151 and RBBR are presented in Fig. 4, where the highest COD
removals are observed at pH 13 in concordance with the results
of dye removal efficiencies (Fig. 3). For RBBR, COD removal
increased with the increasing pH. The increment was linear and
it showed that the COD removal was mainly due to the radical
reactions in the ozonation of RBBR. The COD removal showed a
slight decrease at pH 7 with respect to that at pH 2.5 for AR-151,
then increased again with the increasing pH; but COD removal
at pH 13 was still slightly lower than that at pH 2.5. In a pre-
vious work of the authors [15], it was understood that the main
mechanism in the ozonation of AR-151 in a batch reactor was
direct oxidation of the dye with ozone molecules; because the
highest dye and COD removals were obtained at pH 2.5. In accor-
dance with the present results, both the dye and COD removals
decreased at pH 7, then they increased again with pH. In spite
of this increasing trend of efficiencies between pH 7 and 10, the



276 F. Erol, TA. Ozbelge / Chemical Engineering Journal 139 (2008) 272-283

80
/l
o
60 —
= il
= U
z 5/\/0///
-
=1
Ear
-
a
=]
<
20 —o— AR-151
—a — RBBR
0 1 1 1 ] 1
0 25 5 75 10 125 15
pH

Fig. 4. COD removals with ozonation for AR-151 and RBBR at differ-
ent pH values. Conditions: Cq; =200mg/L; T=25°C; stirrer rate =300rpm;
QG =150L/h; PRo; = 2.21 g/h; reaction time = 30 min.

removal efficiencies at pH 10 were slightly lower than those at
pH 2.5. This could be attributed to the limitation of the dissolved
ozone concentration in the batch reactor [15]. In the present set-
up, due to the continuous feed of ozone gas to the semi-batch
reactor, dissolved ozone concentration was not limited; besides,
the decomposition rate of ozone at pH 13 was slightly greater
than that in the batch study at pH 10. These arguments sug-
gested that the contribution of radicals to the dye-oxidation was
more significant in the semi-batch reactor compared to that in
the batch reactor [15].

3.2. Catalytic ozonation experiments

3.2.1. Dye removals

The catalytic ozonation experiments with AR-151 and RBBR
were conducted in the presence of Al,O3, 25%, 50% and 100%
PFOA and the most efficient conditions were determined accord-
ing to the dye and COD removal percentages. In catalytic
ozonation, adsorption of dye molecules on catalyst surface was
an important phenomenon and the adsorption capability of the
catalyst depended on its type, properties, groups attached to its
surface and solution pH. For alumina, pH of point zero charge
(pHpzc) at which the net surface charge was zero, character-
ized its surface charge at a certain pH. At acidic pH, where pH
was less than the pHpzc value, surface of alumina was positive,
and therefore anions could be adsorbed on its surface. On the
other hand, at basic pH (pH > pHpzc), the surface was negative
permitting the adsorption of cations [21]. An azo dye (an acid
dye) such as AR-151, is negatively charged in the solution and
is adsorbed easily on the surface of alumina at acidic pH; how-
ever, it becomes difficult for a positively charged basic dye to
be adsorbed on alumina surface at the acidic pH. In the case of
PFOA catalyst prepared from bare alumina, the surface proper-
ties of the catalyst are changed. A bond is formed between the
surface of alumina and PFO acid [21]. Due to the formation of
perfluorinated alkyl chains on the surface, the latter turns from
acidic or basic character to the hydrophobic non-polar character.
This might be the main reason for the easy adsorption of organic
molecules, which are hydrophobic in character.

Table 3
Dye removal percentages for AR-151 and RBBR for different pH values and
catalyst types

Treatment pH Dye removal (%)
AR-151 RBBR

2.5 98.8 99.3
O3 only 7 98.0 99.4
13 99.7 99.5
2.5 97.4 97.5
O3 + alumina 7 94.9 98.1
13 98.4 98.3
2.5 96.2 97.3
O3 +25% PFOA 7 91.3 99.6
13 96.3 98.4
2.5 96.1 97.6
O3 +50% PFOA 7 90.3 99.0
13 97.9 97.7
2.5 98.3 97.6
O3 +100% PFOA 7 94.8 99.4
13 98.8 97.4

Conditions: Cg; =200mg/L; T=25°C; stirrer rate=300rpm; Qg =150L/h;
PR, = 2.208 g/h; reaction time =30 min.

Ozonation of the present dye solutions in the presence of alu-
mina, or PFOA catalysts containing different amounts of PFO
acid provided dye removal efficiencies up to 98-99%, depend-
ing on the catalyst type and solution pH (Table 3). Almost the
same dye removal efficiencies had been achieved in the non-
catalytic ozonation of Acid Red-151 [15]. Therefore, no further
improvement was observed in the dye removal efficiency with
the usage of any catalyst type in the system. The observed total
dye removals (at the end of 30 min) in the catalytic ozonation
were even less than those in the sole ozonation at all the studied
pH values (Table 3). At low pH value (2.5) adsorption of the dye
molecules on alumina seemed to be an important mechanism
during ozonation, as stated above. Since AR-151 had an acidic
character, its adsorption on the alumina surface became easier
at pH 2.5 and 7 which were the pH values lower than the pHpzc;
similarly, the protonation of RBBR molecules at acidic pH made
the adsorption of these molecules on the alumina surface easier
[4,21,22]. The observation of red- or blue-dyed catalyst parti-
cles at the end of 30 min of reaction time was a strong sign of
adsorption of AR-151 or RBBR, respectively. The intensity of
the color decreased with the increase of PFO acid amount in the
PFOA catalyst. At the end of 30 min of ozonation, presence of a
catalyst or its types did not affect the total percent dye removal
significantly for both the AR-151 and RBBR dyes. The possible
explanations are provided below for the slight differences in the
dye removal values depending on the experimental conditions.

Since the dye removal mainly occurred by direct oxida-
tion with ozone molecules in the aqueous phase besides by
adsorption on the catalyst surface, the dye removal efficiency
was higher at pH 2.5. However, ozone direct and radical reac-
tions became more important than the effect of adsorption at
a pH of 13; because the color intensity of the catalyst parti-
cles was lower at this pH. The decreasing effect of adsorption
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seemed to be compensated by the increasing contribution of
radical reactions at pH 13; thus the overall dye removal effi-
ciency became almost the same as that at pH 2.5 for both of the
dyes with each catalyst type. Ni and Chen [8] also emphasized
the contribution of radical reactions in the removal of organics
by the catalytic ozonation at alkaline pH of 9. In addition, it
was shown by Thomas et al. [23] that hydroxyl radicals were
produced on the alumina surface at basic pH, enabling radical
reactions to occur both in the liquid phase and also on the catalyst
surface.

In the catalytic ozonation of AR-151 with PFOA, the total
dye removals in 30 min were found to be lower at pH 7 than
those obtained at pH 2.5 and 13; the same trend of dye removals
with respect to pH was also previously determined in the non-
catalytic ozonation of AR-151 [15]. This may be attributed to
the lower dissolved ozone concentration at pH 7 than that at
pH 2.5 due to the slightly greater decomposition rate of ozone
at the former pH compared to that at the latter. Furthermore,
the oxidation of dye molecules by hydroxyl radicals might be
insignificant due to the smaller concentration of radicals at pH 7
compared to that at pH 13 because of the faster decomposition
of ozone at pH 13. However for RBBR, the dye removal at pH
7 was higher than those at pH 2.5 and pH 13. Most probably,
the chemical structure of RBBR was more compatible with the
surface of PFOA catalyst than that of AR-151. Some authors
have observed that at pH 7 (a pH value close to pHpzc) alumina
becomes neutral and more hydrophobic. Hence, the formation of
non-polar perfluorooctyl chains on alumina surface increased the
efficiency of PFOA. Besides, RBBR molecules were known to
be more rigid and hydrophobic than AR-151 due to its aromatic
anthraquinone structure highly stabilized by resonance [24,25].
These arguments could justify the high dye removal percentages
of RBBR at pH 7; therefore, a pH of 7 could be accepted as an
optimum value in the treatment of RBBR solutions, not requiring
a pH adjustment by using additional chemicals to satisfy the
wastewater discharge standards to environment.

At pH 13, the total dye removal percentage was found to be
less than those found with ozonation alone for all the catalysts
used. The removal percent was increased by the change of the
catalyst from alumina to 100% PFOA for AR-151. This indi-
cated that the use of PFOA containing higher amounts of PFO
acid would be more advantageous in the ozonation of AR-151.
On the contrary, alumina and PFOA containing lower amounts
of PFO acid was observed to give higher dye removal efficien-
cies for RBBR at pH 13. Carlos et al. [22] claimed that at high
pH values (pH > 7), the structure of RBBR changed due to the
deprotonation of the molecules with the effect of pH creating a
higher adsorption capability on the alumina surface. This might
be the cause of higher efficiencies with alumina and 25% PFOA.

Comparing the ozonation efficiencies of the two dyes, the
removal rates of RBBR were found to be the highest at all the
pH studied. Due to two sulphonic acid groups in the structure
of RBBR, the dissolution process of this dye in the aqueous
phase was faster than the dissolution of AR-151, which had only
one sulphonic group. Furthermore, the degradation of RBBR
molecules in a specified time period was higher than the reaction
of AR-151 molecules at pH 2.5. Therefore, results showed that

ozone molecules oxidized RBBR with a higher efficiency than
in the case of AR-151 removal.

3.2.2. COD removals

For the studied pH range, the COD reduction increased with
the addition of each catalyst type compared to the ozonation
alone as seen in Table 4. The increased amount of COD removal
demonstrated the differences among the behavior of different
catalyst types and pH. For pH 2.5 and 7, the COD removal per-
centage increased with the increase of PFO acid amount in the
catalyst, and the highest removal was observed at the condi-
tion where 100% PFOA was used. For RBBR, COD removal
increased linearly with the PFO acid amount on alumina at pH
2.5 and 7. Only at ozonation with alumina, the COD removal per-
centage was lower than that of the non-catalytic ozonation case.
The behavior of COD removal with the increased amount of PFO
acid could be explained by the enhancement of catalytic activity
of PFOA with alkyl chains as stated by Kasprzyk-Hordern et
al. [4,12]. Higher amount of PFO acid in the catalyst created
longer alkyl chains on the catalyst surface. Due to the increase
of catalytic activity, the most efficient PFOA type was found as
100% PFOA for AR-151 and RBBR at pH 2.5 and 7.

Table 4
COD removal percentages for AR-151 and RBBR at different pH values and
catalyst types

Treatment pH COD removal (%)
AR-151 RBBR

2.5 43.8 44.8
O3 only 7 40.7 52.6
13 46.3 67.7
2.5 50.5 42.5
O3 +alumina 7 52.5 45.1
13 78.7 82.6
2.5 48.5 46.7
O3 +25% PFOA 7 51.8 53.3
13 70.5 94.4
2.5 45.0 52.2
03 +50% PFOA 7 53.5 55.6
13 68.2 95.7
2.5 53.0 56.6
03 +100% PFOA 7 61.7 83.2
13 75.7 96.6

Conditions: Cq; =200mg/L; T=25°C; stirrer rate=300rpm; Qg =150L/h;
PR, = 2.208 g/h; reaction time =30 min.

Due to the adsorption of the dye molecules on alumina, there
would be a competition for the surface active sites among the
dye molecules and the ozonation by-products. For the alumina
catalyst, adsorption of the dye was more dominant than those of
the by-products causing lower COD removals than those shown
by the PFOA types. This behavior explained the increase in COD
removal with the increase of PFO acid amount. At 100% PFOA,
the catalyst preferred the adsorption of ozonation by-products
due to the non-polar nature of PFOA.

Another important result was the increase of COD removal
percentage with the increase of pH. Contrary to the percent dye
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removal results, pH 7 was more effective than pH 2.5 for the
removal of ozonation by-products. In other words, ozonation
with catalyst showed an opposite behavior from ozonation alone
in the respect of COD removals at pH 2.5 and 7. The increase of
the discrepancies between the COD removal percentages with
the increasing pH from 2.5 to 7 showed the importance of *OH
radicals in the ozonation with PFOA. As expected, the highest
COD removal percentages were observed at pH 13 in accordance
with the existence of more *OH radicals. However, when the
percentages of COD reductions for the dye AR-151 with the
increase of PFO acid amount on alumina were considered, they
were 78.7% by ozonation in the presence of alumina (0% PFO)
compared to 46.3% by sole ozonation, and 75.7% by ozonation
with 100% PFOA catalyst (Fig. 5). At pH 13, no significant
color change of the catalyst particles due to the adsorption of
the dye molecules was observed for either alumina or any type
of PFOA. This meant that the dye molecules were degraded in
the aqueous phase only at that pH, but the ozonation by-products
might possibly be degraded both in the aqueous phase and on
the catalyst surface. Further investigation about the functional
groups and ligands on the catalyst surface before and after the
treatment was needed to clarify this point.

100

pH, Dye

40 F —o—235

—o0— 7.0

COD Removal (%)

AR-151
—&—13.0

20 —e—25
—8—7.0
—&—13.0

RBBR

O 1 1 | 1
0 20 40 60 80 100

PFO Acid (% w/w) in Alumina Catalyst

Fig. 5. The change of COD removal percentage for the dyes by cat-
alytic ozonation. Conditions: Cg; =200 mg/L; T=25 °C; stirrer rate =300 rpm;
0c =150L/h; PRo, = 2.21 g/h; reaction time = 30 min. Bold shapes: AR-151;
apparents: RBBR.

In the ozonation of RBBR, the adsorption of the dye
molecules on the catalyst surface was limited as observed by the
less intense blue color of the catalyst surface after the catalytic
ozonation treatment. In other words, RBBR molecule showed
less affinity to attach the catalyst surface than that of AR-151
molecule. Thus the surface became less occupied with the dye
molecules enabling the ozonation by-products to attach easily
on the surface. This was most probably the reason for the higher
COD reduction percentages observed in the ozonation of RBBR
solutions with respect to AR-151 solutions. The percent COD
removals at pH 7 in the ozonation of RBBR, as seen in Fig. 5,
are slightly above those at pH 2.5 for alumina, 25% and 50%
PFOA. However, COD removal value at pH 7 with 100% PFOA

is much higher than that at pH 2.5. The limited effect of PFO acid
amount on COD removal efficiency at pH 2.5 and 7 suggested
that a relatively higher percentage of the reaction occurred in
the aqueous phase rather than on the catalyst surface. At pH
13, the reduction of COD was more efficient especially in the
case of RBBR than those at the lower pH values. Even with-
out catalyst, 67.7% COD removal could be achieved. At that
pH, %COD removal for RBBR was increased from 82.6% to
94.4%, 95.7% and 96.6% by changing the catalyst type from
alumina to 25%, 50% and 100% PFOA, respectively. As it was
understood from these values, the COD removal stayed almost
unaffected by the amount of PFO acid in alumina after 25%.
In other words, the catalytic sites and alkyl chains on the sur-
face provided by PFAO (25%, w/w) were sufficient to remove
the remaining COD; therefore further increase in the amount of
PFO acid in alumina did not affect the process significantly.

3.2.3. Effect of ozone production rate on dye and COD
removals in catalytic ozonation

The effect of ozone production rate on dye and COD removals
in the catalytic ozonation (with 100% PFOA catalyst) was inves-
tigated by regulating the dial-up setting of the ozone generator
while keeping the gas flow rate constant. The ozone produc-
tion rate then was determined by iodometric method [16]. These
experiments were carried out preferably at pH 2.5 for AR-151
and at pH 7 for RBBR which corresponded to the cases yielding
the highest dye removals for both of the dyes in the presence of
100% PFOA; because the catalytic activity of PFOA increased
with the increase of PFO amount in it [4,12]. Besides, catalytic
activity of 100% PFOA was observed to be the highest at pH
values of 2.5 and 7 for both of the dyes, as stated previously in
the paper. Although the percentage of dye removal for AR-151
atpH 2.5 was slightly lower than that at pH 13 (98.3% compared
with 98.8%, respectively), the small difference was within the
limits of experimental error. An alkaline pH of 13 was not pre-
ferred because of the necessity for observing the catalytic effect
of 100% PFOA on dye degradation reactions occurring mainly
on the catalyst surface, but not in the liquid phase; because as
Thomas et al. [23] reported, dye degradation occurred both in
the aqueous phase and also on the catalyst surface by indirect
oxidation due to hydroxyl radicals at alkaline pH values (pH > 9).

The studied ozone production rates were 1.17 g/h, 1.70 g/h
and 2.21 g/h. The results showed that all the chosen ozone gen-
eration rates were sufficient to complete the removal of each
dye with almost 100% efficiency so that it would be possible
to observe the extent of by-product oxidation by measuring the
total COD removals achieved in 30 min of ozonation. As seen in
Fig. 6, the slowest dye removal cases are observed at the lowest
production rate of ozone for both of the dyes. But, in 30 min of
ozonation, the overall dye removal percentage is almost inde-
pendent of the production rate. Actually, during the first 15 min
of ozonation, the reaction follows a different pattern from each
other at different production rates of ozone. For the ozonation
of RBBR, “% dye removal versus time” curves are closer to
each other than those for AR-151 showing a less significance
of the ozone production rate. Since, the degradation of RBBR
molecules by ozone is easier than that of AR-151 molecules, the
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Fig. 6. The effect of ozone production rate on the dye removal. Condi-
tions: catalyst=100% PFOA; Cq; = 100 mg/L; T'=25 °C; stirrer rate = 300 rpm;
Qg = 150L/h; reaction time =30 min. Bold shapes: AR-151, pH 2.5; apparents:
RBBR, pH 7.

amount of O3 has a lower effect on the process. The dye removal
rate increases with the ozone production rate, except the initial
ozonation rate of both AR-151 and RBBR, which shows a low
dependence on the ozone input.

Table 5 shows that COD reduction efficiency increases with
the ozone input to the reactor, because of the higher amount of
ozone available for the degradation of ozonation by-products.
However, the increase of ozone production rate from 1.17 g/h to
1.70 g/h shows a small improvement on the COD reduction for
AR-151. During ozonation of dye molecules, double bonds and
aromatic structure are broken first to yield smaller structured
organics such as aldehydes. These organics also have a remark-
able COD. Therefore in the second step, these aldehydes need
more ozone to be converted to carboxylic acids and may be partly
transformed into gaseous products by further oxidation. Occur-
rence of relatively lower improvement on COD reductions, with
the increase of ozone production rate from 1.17 g/h to 1.70 g/h,
may be due to the oxidation of dye molecules to intermediates
having different molecular weights. With a further increase in the

Table 5
COD removal percentages of AR-151 or RBBR by ozonation with 100% PFOA
catalyst

Type of the dye PRo, (g/h) Cy,i (mg/L) COD reduction (%)
1.17 100 44.9
1.70 100 48.3
AR-151 100 57.3
2.21 200 53.0
400 15.0
1.17 100 32.1
1.70 100 46.9
RBBR 100 65.6
2.21 200 61.4
400 35.2

Conditions: pH 2.5 for AR-151; pH 7 for RBBR; T=25°C; stirrer
rate =300 rpm; Qg = 150 L/h; reaction time = 30 min.
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Fig. 7. The effect of initial dye concentration on dye removal. Conditions:
catalyst=100% PFOA; PRo, = 2.21 mg/h; T'=25°C; stirrer rate =300 rpm;
Qg =150 L/h; reaction time = 30 min. Bold shapes: AR-151, pH 2.5; apparents:
RBBR, pH 7.

ozone generation rate to 2.21 g/h, a result of the higher incre-
ment in COD reduction may possibly be due to the relatively
easier and faster oxidation of some ozonation by-products hav-
ing the small molecular weights. In the case of RBBR ozonation
contrary to the case of AR-151, COD reductions are increased
considerably with the increasing amount of dissolved O3 in the
reactor. This may be attributed to the greater degradation rate of
RBBR compared to that of AR-151 as explained previously in
the paper.

3.2.4. Effect of initial dye concentration on dye and COD
removals

Fig. 7 shows the effect of initial dye concentration on percent
dye removals for both of the dyes in the catalytic ozonation
process. It is observed that the effect of initial dye concentration
is considerable after the first minute of the reaction.

The removal of the dyes follows similar trends for the con-
centrations of Cq;=100mg/L and 200 mg/L. After a reaction
time of 30 min, the total dye removal percentages when the ini-
tial dye concentration is 100 mg/L. or 200 mg/L become very
similar, 98.1% or 98.2%, respectively. The results demonstrate
that the overall dye removal percentage after 30 min of ozona-
tion is almost independent of the initial dye concentration at
relatively low values whereas at higher dye concentrations, it
depends significantly on the initial dye concentration.

In the ozonation of RBBR, the overall dye removal per-
centages after a reaction time of 30 min decrease slightly with
the increasing initial dye concentration (Fig. 7). However,
although when the initial dye concentration is 200 mg/L the
COD reduction, after 30 min of reaction time, is very close to
the value achieved at 100 mg/L, it decreases notably when the
initial dye concentration is doubled from 200 mg/L to 400 mg/L
(Table 5). Results reveal that when the initial dye concentration
is 100 mg/L or 200 mg/L, ozonation with 100% PFOA removes
both the dye and COD from the aqueous solutions of AR-151 or
RBBR with similar efficiency with low effect of the initial dye
concentration. Then, the increase of initial dye concentration to
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400 mg/L decreases the %COD reduction to the half of those at
100 mg/L. and 200 mg/L. This means that at the highest initial
dye concentration, catalytic ozonation achieves only a limited
amount of dye and COD removal, because an increase in the ini-
tial dye concentration corresponds to an increase of by-product
concentration in the solution. Then, the available ozone will start
to be consumed both for oxidation of intermediates and also for
the continuing degradation of original dye. Thus, this will cause
a decrease in the degradation rate of the dye in time, yielding a
lower overall dye removal in 30 min of reaction than that of the
case with a lower initial dye concentration. However, the overall
dye and COD removals could be higher with the increasing time
of ozonation; because it was reported that after the adsorption
of non-polar organics on the catalyst surface took place, subse-
quently oxidation reaction with ozone molecules started and an
increasing amount of by-products were obtained with the time
of ozonation [4].

3.3. Ozonation kinetics

In the experiments before the addition of the dye, the aqueous
solution was ozonated about 20min to achieve the equilib-
rium concentration of ozone at the operating conditions. The
rate of dye ozonation reactions was shown to follow a second-
order reaction, being first order both with respect to the dye
and ozone concentrations [26—28]. Since the concentration of
ozone in aqueous phase was uniform during the ozonation of
dye molecules, therefore the reaction rate can be assumed to
follow a pseudo-first order as shown in the following equations:

Cos(t) = Co, s e
dCq4

T =T = kCo,Cq ()
dCq4

—raj=——2 =KC 3

rdi ” d 3)

K = kCo, s “4)

where k' (min~!) is the pseudo-first-order kinetic constant, and
k (mM~! min~") is the overall reaction kinetic constant. The
pseudo-first-order kinetic constant, k', can be determined from
the slope of the line obtained by In(C4/Cqy ;) versus time. Then,
the overall kinetic constant (k) can be calculated from Eq. (4).
The results of the experiments were evaluated to find k" and k for
the ozonation and catalytic ozonation of both the AR-151 and
RBBR. The reaction kinetics was shown to follow a pseudo-
first-order reaction rate. The effect of the catalyst, ozone dose,
initial dye concentration and pH on the kinetic constant of the
dye ozonation was investigated.

3.3.1. The kinetics of ozonation of AR-151 and RBBR

The reaction kinetics of ozonation at pH 2.5, 7 and 13 were
investigated for AR-151 and RBBR, respectively. In(Cq/Cq;)
versus ¢ curves (Figs. 8 and 9) were found to be linear indicating
a pseudo-first-order reaction at the equilibrium concentration of
ozone in the aqueous phase for each pH (for the studied pH
range) and for both of the dyes. The pseudo-first-order kinetic

Time (min)

10 15 20 25 30 3p

In (C,/Cy))

Fig. 8. The pseudo-first-order kinetic constants of AR-151. Conditions: ozona-
tion only; Cg;; =0.440 mmol/L; PRo, = 2.21 g/h.

constant (k) decreased by changing pH from 2.5 to 7 and then, it
increased by the increase of pH to 13 showing a minimum value
at pH 7 for AR-151 ozonation. In the case of RBBR ozonation,
a linear increase of K’ was observed with the increasing pH. The
values of pseudo-first-order and overall kinetic constants for the
ozonation of AR-151 and RBBR are summarized in Table 6.
The overall kinetic constants (k) were found to increase with the
increase of pH from 2.5 to 13 for both of the dyes showing the
effect of radical reactions on the dye ozonation kinetics.

At pH 2.5 and 7, the reaction followed very close rates and
similar paths for the ozonation of RBBR to conclude that the
reaction mechanisms were almost the same at those pH values
for the ozonation of RBBR. The reaction rate followed a faster
mechanism at pH 13, showing the effect of radical reactions at
this pH.

3.3.2. Effect of alumina and PFOA types on ozonation
kinetics of AR-151 and RBBR

The reaction kinetic was investigated for the catalytic ozona-
tion process in the presence of alumina and the PFOA types

Time (min)

5 10 15 20 25 30 3p

In (Cy/Cyy)
(%]

-6

Fig.9. The pseudo-first-order kinetic constants of RBBR. Conditions: ozonation
only; Cq;=0.440 mmol/L; PRo, = 2.21 g/h.
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Table 6
Pseudo-first order and overall kinetic constants for AR-151 or RBBR, in cases
of sole ozonation and catalytic ozonation

Type of the dye pH Catalyst K (min~") &k (mM~! min~")
- 0.159 1.81
Alumina 0.125 1.42

2.5 25% PFOA 0.121 1.38
50% PFOA 0.126 1.43
100% PFOA  0.150 1.70
- 0.128 2.16
Alumina 0.101 1.71

AR-151 7 25% PFOA 0.080 1.36
50% PFOA 0.085 1.43
100% PFOA  0.090 1.52
- 0.210 5.99
Alumina 0.136 3.86

13 25% PFOA 0.128 3.64
50% PFOA 0.130 3.72
100% PFOA  0.132 3.75
- 0.168 1.91
Alumina 0.135 1.53
2.5 25% PFOA 0.161 1.83
50% PFOA 0.181 2.06
100% PFOA  0.194 2.20
- 0.172 291
Alumina 0.135 2.28

RBBR 7 25% PFOA 0.194 3.28
50% PFOA 0.158 2.67
100% PFOA  0.168 2.84
- 0.190 5.41
Alumina 0.132 3.77

13 25% PFOA 0.152 4.32
50% PFOA 0.155 4.41
100% PFOA  0.158 4.50

Conditions: Cq;=0.440mM; PRo, = 2.21 g/h; mey=5g.

prepared. Catalytic ozonation followed a pseudo-first-order
reaction. But, the presence of the catalyst changed the pseudo-
first order and overall reaction kinetic constants as seen in
Table 6. The effect of the catalysts on pseudo-first order and
overall reaction kinetic constants depended on the pH; but as
a general observation, the kinetic constants decreased by the
addition of the catalysts into the system, especially at pH 13. In
this case, a very high reaction rate of non-catalyzed ozonation
(k=5.99 mM~! min~!) with respect to those with the catalysts
(k=3.75mM~ ! min—!, with 100% PFOA) indicates that the
presence of the catalysts causes a decrease in the efficiency of
the radical reactions.

The highest reaction rates of catalytic ozonation of RBBR
at pH of 2.5, was found in the presence of 100% PFOA and
it was higher than the one without catalyst, giving overall
kinetic constants of 2.20 mM~! min—! with 100% PFOA, and
1.91 mM~! min~! without catalyst. However, at pH 13, the non-
catalytic reaction kinetic constant (5.41 mM~! min~!) was the
highest. Chu and Ma [29] reported that at the acidic pH, ioniza-
tion of the amine groups of an anthraquinone dye promoted the
dye solubility increasing the rate of non-catalyzed dye degrada-
tion. Therefore at pH 2.5, a high rate constant for the degradation
of RBBR (an anthraquinone dye) by ozonation without catalyst
might be expected. However, a slightly higher kinetic constant

of 220 mM~! min~! was obtained in the catalytic ozonation of
RBBR with 100% PFOA at pH 2.5. This might be attributed to
the higher affinity of RBBR molecules, having relatively lower
polarity due to their dipole moment of 3.3 [30], to the organic
phase saturated with molecular ozone on the surface of PFOA
catalyst, where the oxidation reaction took place. The higher
kinetic constant in the removal of RBBR by sole ozonation at
pH 13 showed that more powerful hydroxyl radicals degraded
the dye molecules faster, while PFOA/O3 system was based on
molecular ozone reactions occurring at a slower rate; because
ozone decomposition reactions were inhibited by PFOA catalyst
[31]. Although the reaction rate was lower, the overall removal
efficiency would be higher, because PFOA was regarded as being
capable of adsorbing ozone, stabilizing it, and thus causing it to
have a longer half-life time in aqueous solution [12].

At pH 2.5, the values of the pseudo-first order and overall
kinetic constants were higher in the presence of 100% PFOA
compared to the cases of using alumina and the other types of
PFOA catalysts, showing that the most effective catalyst was
100% PFOA for AR-151 and RBBR ozonations (Table 6). The
reason for the lower kinetic constants in Al;03/O3 system at
pH 2.5 and 7 might be due to using phosphate buffer to adjust
the solution pH to the desired value in the experiments. It was
reported that phosphate anions in the buffered solution had a
high affinity to be adsorbed on the surface of alumina reduc-
ing its catalytic activity [6]; this effect was less significant at
pH of 7 compared to the case at pH 2.5, but still it was obvi-
ous. Also some ozonation by-products (oxalic acid, formic acid,
etc.) were adsorbed on the surface of alumina deactivating the
surface-active groups at acidic medium [6]. The lower kinetic
constants for ozonation of AR-151 with 100% PFOA catalyst
compared with those for RBBR might be due to the relatively
higher polarity of AR-151 having a higher dipole moment of
50.1 than that of RBBR with a dipole moment of 3.3 [30].
Only at pH 13, alumina catalyst yielded higher kinetic constant
and COD removal in the ozonation of AR-151 than those of
RBBR; because catalytic activity of alumina was known to be
based on the catalytic decomposition of 0zone and the enhanced
generation of hydroxyl radicals [21]. However, PFOA catalyst
did not decompose ozone but only enhanced its stability and
solubility [11]. Therefore PFOA was found as a more effec-
tive catalyst for the dye RBBR, having a relatively low polarity
(dipole moment =3.3), and this finding was in agreement with
the literature.

3.3.3. Effect of initial dye concentration on catalytic
ozonation kinetics of AR-151 and RBBR

The pseudo-first order and overall kinetic constants were
found at different initial dye concentrations by keeping
ozone concentration in the aqueous phase constant (Table 7).
The kinetic constant decreased from 1.99mM~!min~! at
C4i=022mM to 0.70mM~'min~! at Cy4;=0.88mM for
AR-151. Similarly, the kinetic constants were changed from
3.33mM ! min~! to 2.27mM~! min~! by changing Cy; from
0.16 mM to 0.64 mM. The pseudo-first order and overall kinetic
constants were decreased with the increasing initial dye con-
centration. The reaction rates were affected by the change of
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Table 7
Effect of ozone production rate and initial dye concentration on kinetic constant
in catalytic ozonation of AR-151 or RBBR

Dye PRo, (g/h)  Cgi mM) K (min™')  k(mM ! min~!)
1.11 0.22 0.109 245
1.70 0.22 0.140 1.88
AR-151 0.22 0.175 1.99
221 0.44 0.150 1.70
0.88 0.062 0.70
1.11 0.16 0.134 4.96
1.70 0.16 0.172 3.25
RBBR 0.16 0.197 3.33
221 0.32 0.168 2.84
0.64 0.135 227

Conditions: pH 2.5 for AR-151; pH 7 for RBBR; catalyst type = 100% PFOA;
Mear =5 g.

Cyq; strongly in AR-151 ozonation, whereas the decrease in the
constants with the increase of Cq; was smaller in the case of
RBBR.

3.3.4. Effect of ozone production rate on catalytic
ozonation kinetics of AR-151 and RBBR

The ozone production rate (PRo,) affected the equilibrium
concentration of dissolved ozone in aqueous phase due to the
changing percentage of O3 in the inlet gas; because power level
of the ozone generator was increased at a constant inlet air
flow rate (Qg =150L/h) which increased the partial pressure
of ozone in the inlet gas. Thus its mole fraction in the aqueous
phase increased according to the Henry’s law [32]. Its effect on
the reaction kinetics was investigated, and the kinetic constants
were determined as given in Table 7. The pseudo-first-order rate
constant &, being equal to kCo,, increased with the increasing
ozone production rate, since the dissolved ozone concentration
increased; but the overall kinetic constant, k, decreased. There-
fore the overall kinetic constant was found to be the highest at
the lowest PRo, (1.11 g/h). Afterwards, k value did not change
significantly by the slight increase in PRo;.

4. Conclusions

The catalytic ozonation experiments for the aqueous solu-
tions of the dyes, namely Acid Red-151 (AR-151) and Remazol
Brilliant Blue R (RBBR) were conducted to find the dye and
COD removal efficiencies in a semi-batch reactor at different
operating conditions. Catalyst type, pH, initial dye concentration
and ozone production rate (ozone dosage) were experimental
variables. Generally it can be concluded that the efficiency of
catalytic ozonation depended to a great extent on the pH of the
solution, surface properties of the catalyst and characteristics of
dyes, which affected ozone decomposition rate and interaction
between the species in solution and surface active sites on the
catalysts. The specific findings can be listed as follows:

e Opverall dye removal efficiency, after 30 min of reaction time,
did not depend on solution pH significantly.

The contribution of radicals to the dye-oxidation was more
significant in the semi-batch reactor compared to that in the
batch reactor [15] in the sole ozonation of AR-151.
Catalytic ozonation using alumina or perfluorooctylalumina
(PFOA) as a catalyst did not further improve the overall dye
removals in 30 min of ozonation over those obtained in the
ozonation alone for both of the dyes.

For RBBR, pH 7 was found as the optimum value in remov-
ing the dye with best efficiency at the studied experimental
conditions for both alumina and 100% (w/w) PFOA catalysts.
The dye removal rates increased with the ozone production
rate, except the initial ozonation rate of both AR-151 and
RBBR, which showed a low dependence on the ozone input.
In the ozonation of RBBR with PFOA catalyst, catalytic sites
and alkyl chains on the surface provided by 25% (w/w) PFAO
were sufficient to remove COD with an efficiency of about
95%, and further increase in the amount of PFO acid in
alumina did not improve the efficiency significantly, at pH
13.

At pH 13, ozone decomposition was enhanced by alumina
catalyst yielding the highest value of COD removal for AR-
151, where the removal mechanism was based on the high
reactivity of hydroxyl radicals.

The results indicated that both the total dye and COD removals
after 30 min of ozonation were almost independent of the
initial dye concentration at its relatively low values while
at higher concentrations, they changed with the initial dye
concentration for both of the dyes.

In the sole ozonation of AR-151 at a high initial dye con-
centration of 400 mg/L and at pH 2.5, the total dye and COD
removals in 30 min of ozonation were much lower than those
at the lower initial concentrations of 100-200 mg/L. These
removal efficiencies could be improved by increasing the time
of ozonation, which would be necessary for the oxidation of
all the intermediates produced at higher concentrations due
to the high initial concentration of the original dye.
Phosphate anions from buffer solutions used in the experi-
ments to adjust pH value to 2.5 or 7 had high affinity to be
adsorbed on the surface of alumina catalyst, and apparently
decreased its catalytic activity causing relatively low kinetic
constants and COD removals; this was in agreement with the
literature.

The results showed that catalytic ozonation with alumina or a
type of PFOA catalyst was a very effective method to remove
both the dye and COD from the wastewaters containing high
concentrations of dyes. At pH 13, alumina catalyst yielded
higher kinetic constant and COD removal in the ozonation of
AR-151 than those of RBBR; 100% PFOA was found to be
the most effective catalyst for RBBR at pH 13 with respect to
COD removal percentages.

Increasing amount of perfluorooctanoic (PFO) acid in PFOA
catalyst enhanced its catalytic activity with alkyl chains.

It was observed that the effect of supplied ozone did not sig-
nificantly affect the total dye removal in 30 min at different
ozone production rates studied. However, the COD reduction
percentage was increased by the increment of ozone input to
the reactor.
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