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Abstract In this work, the degradation and mineralization

of ortho-toluidine (OT) that is one of the constituents of

petrochemical wastewater was investigated by the TiO2/O3

process. The influence of some operational parameters such

as concentration of pollutant (30–90 mg L-1), initial pH

and amounts of TiO2 was investigated. A radical mecha-

nism with the formation of an anion radical superoxide

radical prior to hydroxyl radical is suggested for describing

the interaction between ozone and TiO2. These results were

not similar to the ozonation process alone, in which higher

pH had a positive effect on the removal of OT because of

the generation of hydroxyl radicals. In optimum pH for the

ozonation and O3/TiO2 processes, the degradation effi-

ciency of the OT was 89.5 and 96%, respectively, at

60 min of reaction. Furthermore, it was made clear that in

catalytic ozonation, the degradation efficiency of the OT

was higher at neutral pH conditions (pH = 7). The removal

of chemical oxygen demand (COD) was increased from

47.5% (only ozonation) to 73% (O3/TiO2) after 90 min of

reaction. The kinetics of degradation was pseudo-first

order; the degradation and relative mineralization of the

OT were calculated by HPLC and COD tests, respectively.

Keywords TiO2 nanocatalyst � Degradation � Ortho-
toluidine (OT) � Chemical oxygen demand (COD) �
Catalytic ozonation

Introduction

The wastewater generated from the Karoon Petrochemical

Company in Iran contains ortho-toluidine (OT), 2-nitro-

phenol and other aromatic derivatives. Certain amounts of

aromatic components are wasted during a process which

contains a wide range of non-biodegradable pollutants

that cause environmental problems [1]. O-toluidine is

probably considered carcinogenic to humans, based on

the international agency for research on cancer [2]. The

conventional treatment methods have high operational

costs, longer reaction time and secondary pollution [3], so

the use of advanced oxidation processes (AOPs) is

essential.

AOPs such as UV/H2O2, UV/O3, TiO2/UV, Fenton’s

reagents and catalytic ozonation include the production of

non-selective oxidizing agents such as hydroxyl radicals,

for the degradation of toxic and refractory pollutants in

different wastewaters [4]. Ozone is a powerful oxidant and

is used greatly in water treatment process [5, 6]. But in

most cases, it has been reported that ozone cannot degrade

organic pollutants completely and sometimes generates

toxic intermediates [7].

In these conditions, catalytic ozonation has been

attracting increasing attention as a result of its higher

efficiency in the degradation and mineralization of organic

pollutants and lower negative effect on the nature of water

[8, 9]. Supported, unsupported metals and metal oxides are

the most commonly used catalysts for the ozonation of

organic pollutants in water. Among various
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semiconductors, titanium dioxide has been recurrently

reported as active, inexpensive and nontoxic. It can

accelerate the ozonation process for degradation of a wide

range of different pollutants [10, 11]. The most common

applications of titania are in photocatalysis systems; how-

ever, it has been proposed as an active catalyst in catalytic

ozonation of organic pollutants. TiO2-catalyzed ozonation

was more effective for the removal of some pollutant than

ozone alone. The detailed and complete mechanism of

catalytic ozonation is not clear up to this time and many

studies have been done so far, but it is not completely

obvious and is one of the gaps of catalytic ozonation. The

effect of TiO2 on ozone decomposition to produce hydro-

xyl radicals was not obvious. Some researchers proposed

mechanisms based on non-radical pathway to form

hydroxyl radical. A number of mechanisms are offered, but

the direct formation of hydroxyl radicals from ozone

decomposition on the surface of TiO2 or indirect formation

as a result of secondary reactions is still unknown [12].

Rosal et al. [13, 14] were investigated the degradation of

clofibric acid by catalytic ozonation on titania. It was

proposed that the adsorption and the following reaction of

pollutants on catalyst sites are responsible for the

improvement of catalytic ozonation.

According to the studies of many researchers, there is

still a significant shortage of information concerning the

role of TiO2 in ozonation reactions, especially about the

ozone decomposition reaction [12].

No study has been done on degradation of ortho-

toluidine by catalytic ozonation up to this time. In this

work, degradation of OT as an aromatic pollutant was

studied by the O3/TiO2 process and the effects of pH,

initial concentration of OT, amount of TiO2 and the

kinetics of the reaction for higher degradation of OT wre

investigated.

Experimental

Materials

Ortho-toluidine (OT), HCl and NaOH, potassium iodide

and sodium thiosulphate were of reagent grades and sup-

plied from Merck. Titanium dioxide (P–25, 30% Rutile and

70% Anatase) purchased from Degussa, Germany, has a

BET surface area of 55 m2 g-1 and an average particle size

of 20 nm.

Ozone was produced in an ozone generator fed by dry

oxygen and all reagents were used as received without

further purification. Distilled water was used throughout

this study.

Apparatus

Experiments were carried out in a semi batch (batch for

TiO2 and OT and continuous for ozone) reactor. The pure

oxygen, from a pressurized capsule, was entered into an

ozone generator (214 V and 0.39 A) from the ARDA

companies of Iran. The reactor was equipped with a water-

flow jacket connected to a thermostat (BW20G model from

Korean Company) for adjusting the temperature at 25 �C in

all experiments as shown in Fig. 1. The pH was measured

by the pH meter PT-10P Sartorius instrument, Germany.

The progress in the degradation of the OT was recorded by

a high-performance liquid chromatography (Knauer, Ger-

many) equipped with a Spectrophotometer (Platm blue

Germany). A reverse phase column was filled with 3 lm
Separon C18 with 150 mm length and 4.6 mm diameter.

The isocratic method was used with pH adjusted to 2.5,

using orthophosphoric acid and a solvent mixture of ace-

tonitrile and deionized water (60:40% v/v) at a flow rate of

1 mL min-1 at room temperature. In all tests, the

Fig. 1 Schematic diagram of

the laboratory-scale installation.

Notes: 1 pure oxygen, 2 cut off

valve, 3 gas flow meter, 4 ozone

generator, 5 washing bottle, 6

reactor, 7 magnetic stirrer, 8

ozone diffuser, 9 magnetic bar,

10 sampling port, 11 cooling

water supply from thermostat,

12 cooling water return to

thermostat
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suspension was centrifuged and filtered to collect the cat-

alyst particles.

Catalytic ozonation tests

About 2 L of aqueous solution containing a known con-

centration of the OT and nano TiO2 was mixed completely

in the reactor. A mixture of O3/O2 was produced by the

ozone generator and entered from the bottom of the reactor

by a porous diffuser for mixing well, saturating the solution

with O3, better mass transfer and reaction between ozone,

TiO2 and the pollutant. The concentration of gaseous ozone

was measured by the iodometric method using 2% neutral

buffered potassium iodide for ozone trapping and sodium

thiosulfate as a titrant [15]. The flow rate of the O3/O2

mixture was kept constant at 0.4 L min-1, based on the

previous studies and initial tests, having an ozone con-

centration of 16.6 mg L-1. To know the amount of ozone

consumed, the reactor outlet gas was bubbled through a KI

(2%w) tamponed solution for determining the ozone not

reacted, while the potassium iodide solution reacted with

the excess ozone based on the following equation (Eq. 1):

O3 þ 2KI þ H2O ! I2 þ 2KOH þ O2: ð1Þ

The produced iodine was titrated by standard sodium

thiosulphate in the presence of starch as an indicator. The

amounts of not reacted and reacted ozone, and the value of

ozone in the tail gas were determined correspondingly. The

residual of ozone in aqueous solution was estimated by a

spectrophotometer using the indigo method [16].

TiO2 particles were dispersed and suspended in the

solution as the ozone gas entered into the reactor. Samples

were withdrawn at different intervals and filtered to remove

the TiO2 particles. The concentration of OT was deter-

mined by spectrophotometry at two peaks, 230 and

280 nm. The HPLC and spectrophotometry methods

(especially in 280 nm) gave similar results and the differ-

ence between them was little, which was corrected. But in

acidic pH (lower than 4), the results of spectrophotometry

cannot be related to HPLC, because the UV peaks of OT

were destroyed in very acidic pH. In this condition, only

HPLC should be employed. The experiments were carried

out in the pH range of 4–10. The pH was adjusted only at

the beginning of the reaction by adding NaOH (0.1 M) or

HCl (0.1 M). A slight decrease in pH occurred based on the

production of mineral acids.

COD was measured by the standard closed reflux and

colorimetric method [17] and the absorbance of samples

for COD was measured by a spectrophotometer at

600 nm.

The removal percent of OT and COD as a function of

reaction time is given by the following equations (Eqs. 2–

3):

Removal of OT ð%Þ ¼ OT½ �0� OT½ �t
OT½ �0

� �
� 100; ð2Þ

Removal of COD ð%Þ ¼ ½COD�0 � ½COD�
½COD�0

� �
� 100;

ð3Þ

where [OT]0 and [COD]0 are the initial concentrations of

OT and COD at the start of the reaction, and [OT] and

[COD] are the concentrations of the OT and amount of

COD at time t, respectively.

Results and discussion

Effect of pH on ozonation

The degradation of ozone in aqueous solution depends on

pH strongly, and it enhances with the increase in pH [18].

The experiments were carried out at pH values of 4, 6, 8, 9

and 10 and, as seen from Fig. 2, the results showed that the

removal efficiency increased from 43 to 89.5% in 60 min

of reaction as the pH increased from 4 to 9 and then

decreased to 86%. So, the optimum pH during this process

was 9.

At pH = 4, the formation of hydroxyl radicals was very

low, so only slight radical reactions occurred. However,

direct molecular ozonolysis was highly predominant and

ozone reacted with the pollutant directly and the double

bonds of the OT ring seemed to be destroyed by ozone.

Hydroxyl radicals were strong oxidants that originated

from the reaction of hydroxide ions with ozone at high pH

and initiated the chain oxidation reaction of ozone, which

was non-selective and very fast. At pH = 10, radical

scavenging occurred because of a greater number of

Fig. 2 Effect of pH on ozonation of OT ([O3]o = 16.6 mg L-1,

[OT]o = 50 mg L-1)
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hydroxide ions and consequently there was more hydroxyl

radical production [19].

Effect of catalyst amount on the TiO2/O3 process

The effect of catalyst extent on the degradation of OT is

presented in Fig. 3. In the non-catalytic ozonation process,

the ordinary conversion of the OT was achieved because

the action of free radicals created from the self-decompo-

sition of ozone was poor. It is acceptable that ozonation of

water also leads to the production of hydroxyl radicals

through ozone disintegration [20]. The degradation effi-

ciency of the OT was significantly increased in the pres-

ence of both ozone and catalyst. An exceptional feature of

nano TiO2 is its extremely high surface area. It is obvious

that the degradation of the OT was based on the action of

some ozone-absorbed species or free radicals produced

perhaps on the catalyst surface or in the aqueous solution.

Catalyst amounts employed a positive effect on OT

removal in TiO2/O3 process. But as depicted in Fig. 3, the

removal efficiency was increased from 80.5 to 93.5% by

the increase in catalyst dose from 0.6 to 1.2 g L-1. A

further increase in catalyst amounts to 1.8 g L-1 did not

yield any significant increase in the degradation rate. The

difference between the removal efficiency of OT at 1.2 and

1.5 g L-1 of TiO2 was very low, So, 1.2 g L-1 of catalyst

was obtained as an optimum concentration of TiO2 from an

economic point of view and other experiments were per-

formed in this concentration of catalyst.

Effect of pH on the TiO2/O3 process

In the TiO2/O3 system, pH had two direct effects on the

process: one is ozone decomposition and the other is the

surface charge and characteristics of the TiO2 nanocatalyst,

which has a direct influence on the adsorption of pollutant

molecules [21, 22]. The point of zero charge (PZC) of TiO2

was reported as 6.6 [23] and this factor affected the

absorption of the pollutant on the catalyst and was deter-

mined by potentiometric titration as explained by Halter

[24]. Organic pollutants in neutral state may be adsorbed

on the surface of the catalyst if the surface is not charged

near the PZC of the catalyst [25].

The effect of pH on the TiO2/O3 process is shown in

Fig. 4. From the experimental results, it was clear that

during treatment, the best results were obtained at a neutral

pH. After 60 min, the degradation efficiency of OT was

96% in neutral condition (pH = 7), while in the solutions

with pH 4, 6, 8 and 9 it was about 66, 93, 92, and 88.5%,

respectively. The surface properties and the electrostatic

interactions between TiO2 and hydroxide ions in the

solution were the main factors affecting the degradation of

OT.

The effect of the initial concentration of OT

on the removal efficiency

The effect of the initial concentration of OT on the effi-

ciency of degradation in TiO2/O3 was investigated over the

concentration range from 30 to 90 mg L-1 and the results

are shown in Fig. 5. The results revealed that the rate of

removal was increased slightly from 94.5 to 96% with an

increase in OT dosage from 30 to 50 mg L-1, but with an

increase in its initial concentration from 50 to 90 mg L-1,

the removal efficiency of the OT was reduced significantly.

When the initial dosage of the pollutant was high

(90 mg L-1), the number of available active sites was

decreased and the generation of hydroxyl radicals was

reduced by OT molecules, because of their competitive

adsorption on the TiO2 surface. Only 55.5% of the pollu-

tant was degraded after 90 min of reaction.

With an increase in the initial concentration of OT,

active agents such as hydroxyl radicals that originated from

the process were decreased because they reacted with a

large number of pollutant molecules [26]. When the

Fig. 3 Catalytic ozonation of OT with various catalyst doses

([O3]o = 16.6 mg L-1, [OT]o = 50 mg L-1, pH = 6, time =

60 min)

Fig. 4 Effect of pH on the TiO2/O3 process ([TiO2] = 1.2 g L-1,

[O3]o = 16.6 mg L-1, [OT]o = 50 mg L-1, time = 60 min)
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concentration of OT was increased, the surface of TiO2 was

covered by pollutant molecules instead of ozone and sub-

sequent production of the active agents for destroying the

pollutant decreased. However, when the number of pollu-

tant molecules was very low, their collisions with active

sites were decreased and the degradation efficiency was

reduced [27].

Degradation of OT by the TiO2/O3 and O3 processes

Ernst et al. [28] proposed that the dissolved ozone is

adsorbed first on the catalyst surface during the catalytic

ozonation with Al2O3, and then degraded quickly;

according to the existence of hydroxyl surface groups, O��
2

was produced and then resulted in the production of

hydroxyl radicals from a series of reactions. Also, Zhang

et al. [29] recommended that O��
2 and hydroxyl radicals

were created by the ozone molecule with the hydroxyl

group as catalyst. In this study, the dissolved molecular

ozone was adsorbed on the TiO2 surface at first and then

decayed into O��
2 and OH• rapidly due to the presence of

hydroxyl surface groups on the catalyst (Eqs. 6, 7). Fur-

thermore, the produced O��
2 could promote molecular

ozone to decompose into hydroxyl radicals. Then the OT

adsorbed on the surface of the TiO2 would be degraded by

OH� and molecular ozone (Eqs. 4, 5). As ozonation along

with TiO2 can happen through either direct reaction with

molecular ozone or indirect reaction with the produced

hydroxyl radicals, the removal of the OT can be symbol-

ized by the following simple reactions (Eqs. 4–9) [30]:

O3 þ OT ! intermediate product, ð4Þ
OH� þ OT ! intermediate product, ð5Þ
O3 þ OH� ! HO�

2 þ O��
2 ; ð6Þ

O3 þ HO�
2 ! OH� þ 2O2; ð7Þ

O3 þ OH� ! HO�
2 þ O2; ð8Þ

2HO�
2 ! H2O2 þ O2: ð9Þ

It has been suggested that ozone can be adsorbed on a

catalyst surface to yield different oxidizing species [31].

According to the proposed mechanism, ozone and organic

molecules were adsorbed on the catalyst surface concur-

rently, ozone degraded on the metallic sites and produced

the surface bond radical (O��
2 ), which are more reactive

than ozone and lead to the production of hydroxyl radicals.

Oxidation continues through some oxidized intermediates

gradually, while O��
2 radicals are continuously produced by

dissolving ozone that is transferred to the catalyst surface.

The attraction of the oxidation products to the surface of

the catalyst reduces the repulsion of the final degradation

products from the catalyst surface [32].

As it can be seen from Fig. 6, experiments were per-

formed in 90 min for the comparative study of different

processes at their optimum pH. Only 5% of OT disap-

peared when in contact with TiO2 alone at pH = 7, as a

result of the pollutant adsorption on the surface of the

nanocatalyst at a catalyst concentration of 1.2 g L-1.

Therefore, the OT removal rate of the ozone along with

TiO2 was higher than the sum of the separate influences of

single adsorption and single ozonation.

In runs with TiO2/O3 and O3 processes, 96 and 89% of

OT was removed, respectively. The corresponding results

indicated that the presence of TiO2 can accelerate the

degradation of OT rather than ozone oxidation alone. In

addition, TiO2 has the ability to enhance the decomposition

of ozone and promote the formation of hydroxyl radicals.

According to preliminary experiments, about 1.2 g L-1 of

TiO2 was used because it can initiate the degradation of

OT, and at high dosage of catalysts the aggregation of TiO2

particles occurred.

Fig. 5 Effect of initial dosage of OT on the degradation efficiency in

the TiO2/O3 process (pH = 7, [TiO2] = 1.2 g L-1, time = 60 min)

Fig. 6 Degradation of OT during ozonation and catalytic ozonation

([OT]o = 50 mg L-1, [O3]o = 16.6 mg L-1, optimum pH for each

process, [TiO2] = 1.2 g L-1)
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Reusability of the TiO2 catalyst

The reusability of the TiO2 catalyst was investigated for

degradation of OT. The TiO2 particles were separated from

the solution by filtration, then washed with distilled water

and regenerated by drying and heating at 150 �C for 2 h. At

high temperatures, the adsorbed molecules on the surface

were removed and some of the active sites were released.

An equal amount of regenerated catalyst was used for the

degradation of OT at optimum experimental condition.

After three runs of the experiment, the degradation effi-

ciency decreased to 92, 84 and 66%. The following are the

reasons for this decrease in efficiency: (I) adsorption of

intermediates and side products of the process in the active

sites and on the surface of the catalyst leads to decrease in

the degradation efficiency [33]; (II) as Ti leaching occurred,

the active sites on the catalyst surface were removed and the

activity of the remaining catalyst was decreased; (III) the

structure and morphology of the catalyst matrix was

deformed gradually by continuous heating in the regener-

ation process. It was clear that using ozone along with TiO2

prevented the catalyst deactivation to some extent [34].

Removal of COD

The removal efficiency of COD was studied by O3 and O3/

TiO2 processes at optimum pH for the degradation of each

process. The removal of COD through the degradation of

OT in 90 min is shown in Fig. 7.

In the O3/TiO2 process, the amount of COD was

decreased sharply during the first 45 min and then

decreased slowly. After 90 min of treatment, in the O3 and

O3/TiO2 process, the removal of COD was 47.5 and 73%,

respectively.

It is clear that ozonation alone is a slow process, but the

O3/TiO2 reaction is a rapid one. So, it can be inferred that

OT was mineralized partially and some degradation inter-

mediates were created during the process; OT cannot be

totally mineralized even by the O3/TiO2 methods [35].

Kinetic study in the degradation of OT

with the O3/nano-TiO2 process

The studies of other researchers established that the pro-

duction of hydroxyl radicals according to the ozone

decomposition on the surface of the catalyst was respon-

sible for the enhancement of catalytic ozonation [36, 37].

But when the Mn–Ce–O catalyst was employed to improve

the removal efficiency of phenolic acids, a dissimilar

deduction was obtained from the study of Martins and

Quinta-Ferreira [38]; in that case of the existence of radical

scavengers had no influence on the catalytic ozonation

efficiency. This finding showed that the reaction of their

study was not a radical mechanism.

However, in our study, a kinetic study for degradation of

OT in the O3/TiO2 process was performed at optimum pH

(pH = 7). From the mentioned studies, it can be inferred

that the probable mechanism for the catalytic ozonation

comprised an indirect oxidation reaction with hydroxyl

radicals and a direct oxidation reaction after the ozone and

OT adsorbed on the surface of TiO2. The kinetic relation

for degradation of the OT by the pointed out process can be

represented as:

�d½OT�
dt

¼ ko3 OT½ � TiO2½ � O3½ � þ kOH� OT½ � TiO2½ � OH�½ �;

ð10Þ

where [OT], [O3], OH�½ � and [TiO2] are the concentrations

of OT, ozone, hydroxyl radicals and TiO2, respectively.

Moreover kOH� and ko3 are the rate constants of OT with

hydroxyl radicals and ozone. At neutral pH values, the non-

selective reactions of hydroxyl radicals with OT were

predominant [35], so the kinetic equation can be written as:

�d½OT�
dt

¼ kOH� OT½ � TiO2½ �½OH��: ð11Þ

In this process, the OT was degraded by reaction with TiO2

and O3, and the ratio of the concentration of OT to O3, OH�
or TiO2 was low; so the concentration of hydroxyl radicals

and catalyst can be considered constant. In these condi-

tions, only the concentration of the OT was changed and

the reaction was pseudo-first order [39]. So, the equation

rate can be shown as:

�d½OT�
dt

¼ k0OH OT½ �; ð12Þ

where k0OH� is a pseudo-first-order rate reaction of OT with

hydroxyl radicals originating from the O3/nano-TiO2 pro-

cess. The integration of Eq. (12) results in:

Fig. 7 Removal of COD in ozonation and catalytic ozonation of OT

during 90 min (pH = 9 in O3 and pH = 7 in O3/TiO2 process,

[TiO2] = 1.2 g L-1, [O3]o = 16.6 mg L-1, [OT]o = 50 mg L-1)
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�ln
OT½ �
OT½ �0

¼ k0OH�t; ð13Þ

where [OT] and [OT]0 are the concentration of OT at

time = t and time = 0, respectively. As seen from Fig. 8,

the term ln
½OT�0
½OT�t

versus reaction time was plotted, and after

linear regression analysis the apparent first-order rate

constants (k0OH ¼ 51.6 9 10-3 min-1) and half-life of

degradation reaction (t1/2 = 13.4 min were determined

(Eq. 13). By comparing the rate constant of this study with

the previous research (k = 54.8 9 10-3 min-1) [40], it is

obvious that the rate constant depends on the type and

initial concentration of the pollutant, dosage of ozone,

features of the reactor and catalyst characteristics.

Conclusion

The combination of ozone and TiO2 catalyst has a signif-

icant effect on the removal of OT in aqueous solutions, and

based on the experimental results the following conclu-

sions are obtained:

The nanocatalyst of TiO2 accelerates the decomposition

of ozone under neutral condition (pH = 7). In the TiO2/O3

system, the pH has two direct effects on the process, one is

ozone decomposition and the other is on the surface charge

and characteristic of the TiO2 nanocatalyst. The oxidation

efficiency of OT is higher at neutral pH than at alkaline or

acidic ones. The removal of OT is 96 and 89% at 60 min of

reaction; also the removal of COD is 73 and 47.5% after

90 min of reaction in the TiO2/O3 and O3 processes,

respectively. The adsorption and the following reaction of

OT on TiO2 sites are responsible for the improvement of

ozonation rate observed in catalytic runs. The OT removal

rate in the ozone along with TiO2 was higher than the sum

of the separate influences of single adsorption of catalyst

(5%) at 1.2 g L-1 and single ozonation, especially in COD

removal efficiencies (47.5 and 73% in O3 and TiO2/O3

process). According to kinetic studies, it is clear that in

O3/TiO2 process the rate equation for degradation of the

OT is pseudo-first-order and after linear regression, R2 is

obtained at 0.9779 and a little deviation from 1, is because

of assuming this concept that direct and selective reactions

of ozone are negligible in neutral conditions. These

experimental results established the hypothesis that the

removal of OT by the O3/nano-TiO2 process followed a

radical-type mechanism. The proposed mechanism men-

tioned that ozone and organic molecules are adsorbed on

the catalyst surface simultaneously, ozone degrades and

produce the surface bond radicals (O��
2 ), that they are more

reactive than ozone and lead to the production of OH� and
hydroxyl radical was represented in kinetic equations.
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