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Abstract: This work aims to study the sustainable catalytic ozonation of aniline promoted by granular
active carbon (GAC) doped with TiO2. Aniline was selected as a model compound for the accelerator
manufacturing industries used in the manufacture of rubber due to its environmental impact,
low biodegradability, and harmful genotoxic effects on human health. Based on the evolution of total
organic carbon (TOC), aniline concentration measured using high performance liquid chromatography
(HPLC), pH and ozone concentration in liquid and gas phase, and catalyst loading, a three-phase
reaction system has been modelled. The proposed three-phase model related the ozone transfer
parameters and the pseudo-first order kinetic constants through three coefficients that involve the
adsorption process, oxidation in the liquid, and the solid catalyst. The interpretation of the kinetic
constants of the process allowed the predominance of the mechanism of Langmuir–Hinshelwood or
modified Eley–Rideal to be elucidated. Seven intermediate aromatic reaction products, representative
of the direct action of ozone and the radical pathway, were identified and quantified, as well as
precursors of the appearance of turbidity, with which two possible routes of degradation of aniline
being proposed.

Keywords: aniline; catalytic ozonation; degradation routes; industrial wastewater; three-phase
system; TiO2/GAC

1. Introduction

At present, as part of corporate social responsibility, manufacturing industries must compromise
in the short-term in order to carry out environmental protection actions. A report from the United
Nations has indicated that, in 2015, more than 80% of the wastewaters of worldwide human activities
were being discharged into rivers and sea without the removal of polluting substances [1]. Despite
the fact that manufacturing companies have been opting for environmentally sustainable processes,
the Sustainable Development Goals (SDGs) are unfortunately far from being met in 2030 [2]. In this
work, the removal of aniline, as a model pollutant of environmental concern, is studied. Aniline (ANI)
is mainly used in the synthesis of methylene diphenyl isocyanate to produce polyurethane foams,
antioxidants, activators, and accelerators in the rubber industry, as well as in the synthesis of indigo
and other dyes [3]. It is also employed as a raw material in the manufacturing of different types of
fungicides in the agricultural and pharmaceutical industries [4,5].
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The uncontrolled discharge of industrial effluents containing aniline is harmful to both humans
and the environment. In humans, it has been well-documented to induce carcinogenic, teratogenic,
and mutagenic effects [6]. Acute exposure to high amounts of aniline (>1 g) for a 75 kg person could
lead to coma or even death [7]. In addition, uncontrolled discharges containing aniline could disturb
the aquatic environment, causing mortality in aquatic animals and plants [4]. High concentrations of
aniline in rivers and groundwater could affect crop safety and, consequently, human health. Studies
of aniline genotoxicity in plants have also been carried out, which concluded that it significantly
inhibits the growth of wheat crops irrigated with water contaminated with aniline at a concentration of
25 mg L−1 [8]. Therefore, aniline has garnered great attention and has been classified as a persistent
organic pollutant by the U.S. Environmental Protection Agency [9]. Conventional treatment systems
based on biological processes are not suitable for the treatment of wastewater contaminated with
aniline, due to micro-organism deactivation. Hence, new treatment technologies are needed, in order
to transform aniline into biodegradable substances of lower toxicity before conducting biological
treatment [6,8].

The removal of aniline from contaminated water has been a topic of concern for several research
groups, as shown in Table 1. According to Table 1, in most studies a high degree of mineralization
and degradation of the aniline was not achieved. Additionally, most of the treatment technologies for
aniline removal require complex equipment, which are costly and have limited potential for full-scale
implementation in wastewater treatment plants. Among such technologies, heterogeneous catalytic
ozonation based on the use of TiO2/granular active carbons (GAC) has emerged as a sustainable
and cost-effective (0.64 Euro per kg of total organic carbon (TOC) eliminated) treatment alternative
for the removal of aniline from contaminated waters [4]. An increase in the number of scientific
reports has indicated the successful development of new activated carbon types modified through
the incorporation of metal oxides with enhanced catalytic activity, thus endorsing the application of
this catalytic technology at industrial scale [10,11]. The improvement in the removal yields can be
attributed to the ozonation mechanisms that take place on catalytic surfaces. These mechanisms have
not yet been fully defined [12]. One mechanism postulated is that the catalyst acts as an adsorbent
where organic contaminants are first adsorbed on the catalyst surface and then removed [13]. The other
mechanism proposed suggests that the titanium oxides favours ozone mass transport and initiates its
decomposition. This mechanism assumes that the hydroxyl groups on the catalytic surface play an
important role in the generation of the radical species [14].

In order to fulfil the industrial implementation requirements of this new catalytic technology,
the prediction of operating behaviour under different working conditions becomes a critical point,
which is yet to be solved. Delmas et al. [15] modelled a sequential process based on adsorption onto
activated carbon followed by a wet catalytic oxidation with ozone. However, only a few studies have
focused on the prediction and estimation of the effects of the main operational variables (e.g., pH,
ozone dose, and catalyst load), as well as the contribution of chemical surface properties of TiO2/GAC
composite during the heterogeneous catalytic ozonation of wastewater containing aniline [16–19].
The study presented here addresses such challenges. In particular, we aim to develop a three-phase
modelling approach that includes mass transfer parameters and rate constants from both surface and
liquid bulk reactions which allow for the establishment of operating conditions that: (i) enhance radical
generation due to ozone decomposition promoted by the TiO2/GAC composite and (ii) avoid both
catalyst deactivation and deterioration of the physical–chemical properties of the GAC.
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Table 1. Previous studies regarding the treatment of industrial wastewater containing aniline.

Treatment Catalyst Operating Conditions Comments References

Ozone —

(Time) = 120 min; C0 = 103.81 mg L−1; pH = 7.0;
T = 20 ◦C; FG = 2.5 g h−1;

CO3,G = 22.0 mg L−1; (%) = 93.56%;
(% COD) = 31.03%

Studied the effect of operational variables on the
biodegradability of aniline oxidation by-products,

highlighting among them diacid butane, oxalic
acid, and formic acid.

[6]

US/O3 —
(Time) = 30 min; C0 = 100 mg L−1;

pH0 = 7.0; T = 25 ◦C; FG = 12 mg min−1;
USdensity = 0.1 W mL−1; (%) = 99%; (% TOC) = 51%

The synergistic effect improved the degradation
and mineralization of aniline by 64% and 110%

respectively in terms of total organic carbon (TOC)
compared to simple ozonation.

[20]

O3/GAC
GAC (Norit® 1240 Plus granular

activated carbon (Cabot Norit
Americas, Inc., Marshall, TX, USA))

(Time) = 30 min; C0 = 102.44 mg L−1;
pH = 7.0; T = 25 ◦C;

FG = 150 cm3 min−1; CO3,G = 50.0 mg L−1; (%) = 100%;
(% TOC) = 56%; MCAT = 500 mg L−1

Studied the catalytic effect of GAC on the
ozonisation process. Basic GACs had a higher
capacity for decomposition of O3 and organics

adsorption.

[21]

O3/TiO2-GAC

TiO2/GAC (Nanocyl® 3100
activated carbon doped with TiO2
by hydration–dehydration method

(Nanocyl SA, Sambreville,
Belgium))

(Time) = 60 min; C0 = 93.13 mg L−1;
pH = 5.6; T = 25 ◦C;

FG = 150 cm3min−1; CO3,G = 50.0 mg L−1;
(%) = 100%; (% TOC) = 57%; MCAT= 500 mg L−1

A higher mineralization was observed when
doping the GAC with TiO2 oxides. The absence of
NH4

+ promoted a different oxidation mechanism
compared to pristine GAC.

[22]

TiO2/GAC (Norit® 1240 Plus
granular activated carbon doped

with TiO2 by precipitation method
(Cabot Norit Americas, Inc.,

Marshall, TX, USA))

(Time) = 45 min; C0 = 20.0 mg L−1;
pH = 7.0; T = 18 ◦C; FG = 2.5 g h−1;

CO3,G = 5.4 mg L−1; (%) = 100%;
(% TOC) = 80.24%; MCAT = 3.33 g L−1

Through a novel method of synthesis by
precipitation, a high yield was obtained in terms of

degradation and mineralization.
[4]

TiO2/UV Hybrid Suspended-Supported TiO2

(Time) = 4.73 h; C0 = 22 mg L−1;
MCAT = 60 mg L−1;

(Supp. Cat.) = 2.3 mg cm−2; pH = 12.0;
T = 25 ◦C; (%) = 99%

Under favourable operating conditions, using a
hybrid system with suspended TiO2 catalyst, a

23% improvement in the elimination of aniline was
observed compared to supported catalyst.

[5]
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2. Materials and Methods

2.1. Materials

The granular activated carbon Norit®GAC 1240 Plus was used as a parent material (provided by the
Cabot Corporation, Marshall, TX, USA) with an average particle size of 1.4 mm. The GAC was chemically
modified and TiO2 was introduced using a wet precipitation method already described elsewhere [4];
this combination is denoted as TiO2/GAC. Both activated carbon samples have been previously
characterized [4]; Table 2 summarizes their key textural and chemical surface properties. Textural
characteristics, such as specific surface area (SBET), micropore (Vmicro) and mesopore (Vmeso) volumes,
and average pore diameter (Dp), were obtained by observing N2 adsorption–desorption isotherms at
77 K [4]. The pH of the point of zero charge (pHpzc) was determined using an acidimetric–alkalimetric
titration method [5]. The bulk chemical composition of GAC samples was measured using X-ray
fluorescence (XRF), as described previously [4]. The XRF results indicate that the parent GAC is mainly
composed of SiO2 (5.61%) and Al2O3 (0.45%), followed by Fe2O3 (0.28%), CaO (0.12%), S (0.08%), MgO
(0.05%), Na2O (0.04%), TiO2 (0.03%), and MnO (0.01%). After the applied modification treatment to
the parent GAC, the TiO2/GAC sample was principally comprised of TiO2 (9.33%) and SiO2 (7.01%),
followed by Al2O3 (1.00%), Fe2O3 (0.25%), CaO (0.11%), S (0.19%), Cl (2.53%), MgO (0.22%), Na2O
(0.04%), and MnO (0.01%), as determined using XRF.

Table 2. Textural and chemical surface properties of the parent and modified GAC samples [4].

Samples SBET
(m2 g−1)

Vmicro
(cm3g−1)

Vmeso
(cm3g−1)

Dp

(Å)
pHpzc

Norit® GAC 1240 Plus 967.0 0.32 0.16 36.8 7.4
TiO2/GAC 985.0 0.29 0.16 33.9 6.4

2.2. Analytical Methods

Aniline concentration was measured using HPLC with a Waters Alliance 2695 liquid chromatograph
(Waters, Milford, CT, USA) equipped with an Agilent ZORBAX® Rapid Resolution High Definition
(RRHD) Eclipse PAH threaded column (150 mm × 4.6 mm, 5 µm) (Agilent Technologies, Palo Alto,
CA, USA) with a guard column and kept at 20 ◦C. A volume of 20.0 µL of sample was injected.
A water:methanol (80:20 v/v) solution was used as a mobile phase with a flow-rate of 1.0 mL min−1.
Aniline was detected using a Waters 996 UV-DAD detector (Waters, Milford, CT, USA) at 230 nm.

Aniline oxidation by-products were identified using liquid chromatography coupled to mass
spectrometry (MS) in an Agilent 6530 Q-TOF LC/MS (Agilent Technologies, Palo Alto, CA, USA).
The separation was carried out using a Kinetex EVO® C18 column (100 mm × 3 mm, 2.6 µm)
(Phenomenex, Torrance, CA, USA) kept at 35 ◦C. A 5.0 µL volume of sample was injected using a
flow of 0.3 mL min−1. A mobile phase A consisting of water and a mobile phase B of acetonitrile both
containing 0.1% (v/v) HCOOH were used. The elution started with 20% of B and was maintained for
2 min. Then, the concentration of B was increased until it reached 100% at 22 min. The concentration
was kept stable for 4 min and a new separation started after 2 min. MS detection was carried out in the
positive voltages, following the optimization of electrospray ionization (ESI) parameters. A nitrogen
flow of 10 L min−1, a capillary voltage of 3500 V, a nebulizer pressure of 20 psi, and a source temperature
of 350 ◦C were applied. Calibration curves were formed using aqueous solutions of external standards
of known composition.

The degree of mineralization was quantified following the total organic carbon (TOC) concentration
using a Shimadzu TOC-VCSH analyzer (Izasa Scientific, Alcobendas, Spain). Turbidity was determined
using a turbidimeter EUTECH TN-100 from Thermo Scientific (Thermo Scientific, Singapore).

Chemical surface functionalities of pristine and spent GAC samples were identified using
Fourier-transform infrared spectroscopy (FTIR). AC samples were ground in an agate mortar and the
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resulting powders were mixed with anhydrous KBr to yield a mix with 0.5 % w/w of GAC. A pressed
disc of the mixed sample was placed in a disc holder in a JASCO 4200 spectrometer (JASCO Corporation,
Tokyo, Japan) equipped with a DLaTGS detector. Spectra were acquired in transmittance mode in the
range 4000–400 cm−1 with an average of 64 scans and at a resolution of 4 cm−1, using Spectra Manager
software V 2.14.02 (JASCO Corporation, Tokyo, Japan). A pressed disc of pure KBr was used as a
background for each measurement.

2.3. Experimental Set Up of The Catalytic Ozonation System

Catalytic ozonation experiments were conducted in a 2 L semi-batch jacketed slurry reactor
equipped with a magnetic stirrer and several ozone gas diffusers (see Figure 1). The experiments were
carried out using a fixed volumetric flow of ozone (QG = 4 L min−1) at different pH conditions (3.0, 5.0,
7.0, and 9.0), with varying ozone doses in the gas phase (3.7, 5.4, 11.3, and 20.1 mg L−1) and catalyst
load (1.6, 3.3, 6.6, and 13.3 g L−1).

Figure 1. Experimental set-up used to carry out catalytic ozonation tests.

In this study, a concentration of 20.0 mg L−1 of aniline—a typical value found in industrial effluent
discharges—was used [10,11]. In a typical experiment, the reactor was charged with a 1.5 L solution of
aniline at a selected pH value and catalyst load. All experiments were carried out at an authorised
discharged temperature of 18 ◦C and 60 rpm. Ozone was generated in situ from ultra-pure oxygen
using a TRIOGEN LAB2B ozone generator (BIO UV, Lunel, France). Ozone concentration in the gas
phase was monitored using a BMT 964C ozone analyzer (BMT MESSTECHNIK GMBH, Stahnsdorf,
Germany). Dissolved ozone concentration and temperature were measured using a Rosemount
499AOZ-54 dissolved sensor (Emerson, Alcobendas, Spain). The pH value was registered with a
Rosemount Analytical model 399 sensor integrated into a Rosemount Analytical Solu Comp II recorder
(Emerson, Alcobendas, Spain).

Mass-transfer characterization of the reactor was performed using deionized water in the presence
of TiO2/GAC catalyst, following a procedure previously described by Rodríguez et al. [23]. Operating
conditions were kept similar to those used in the presence of aniline. Ozone concentrations in the gas
and liquid phases were monitored as described above. All experiments were conducted in duplicate
with a maximum standard deviation in concentration measurements not exceeding 0.1 mg L−1.
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3. Results and Discussion

3.1. Mathematical Modelling Approach Using TiO2/GAC Catalysts

3.1.1. Ozone Kinetic Mass Transfer Modelling

In catalytic ozonation processes, mass transfer is considered to be one of the most important
stages in the elimination of organic compounds from industrial wastewater. The transfer of ozone from
the gas phase to the aqueous phase is often a controlling step in the process [24]. Therefore, effective
ozonation is necessary to improve the oxidation of those compounds that are not highly biodegradable
and refractory. Thus, the effect of operational variables involved in the transfer of ozone to the liquid
(NO3 , mg L−1 min−1) through the overall mass transfer coefficient of ozone gas to water (KGa) or KLa is
expressed as follows:

NO3 = KGa
(
PO3 − P∗O3

)
= KLa×

(
C∗O3,L −CO3,L

)
=

QG

Vreac
×

(
CO3,in −CO3,out

)
(1)

For calculation of the mass transfer coefficient (KLa) through the second equality, the contactor
was considered to be a perfectly mixed semi-continuous reactor. Equation (1) describes the transfer of
ozone from the gas to the aqueous phase during the isothermal catalytic ozonation process, where KLa
is the volumetric ozone mass transfer coefficient (min−1), C∗O3,L is the concentration of dissolved ozone

in the liquid phase at saturation conditions (mg L−1), Vreac is the volume of reaction solution (L), QG is
the flow rate of ozone gas at the inlet (L min−1), and CO3,in and CO3,out are the concentrations of ozone
in the gas phase at the inlet and outlet, respectively (mg L−1).

According to Rodriguez et al. and Schulz and Prendiville [23,25], in this study, the mass transfer
resistance in the gas phase was considered negligible compared to that of the liquid. Consequently,
the mass transfer coefficient KLa can be influenced by the volumetric gas flow, the pH of the solution,
the bubble size, and mixing regime, among others. A correctly designed ozone contactor should have
a good ozone transfer, avoiding material transfer control in order to achieve a high mineralization

For determination of the KLa coefficient, the ozone concentration in the liquid at equilibrium was
determined through Henry’s law, according to Equation (2):

C∗O3,L = PO3 /He (2)

where Henry’s solubility constant (atm mole fraction−1) was estimated through Roth and Sullivan’s
correlation [26]:

He = 3.84× 107
×C0.035

OH−
× exp

(
−

2428
T

)
, (3)

where COH
− is the concentration of hydroxyl ions (mol L−1) and T is the system temperature (K).

Through the execution of a calculation program with Scilab® software version 6.1.0 (Scilab Enterprises,
Rungis, France), the KLa values (with a determination coefficient of R2 � 0.99) were determined for
different pH values and ozone doses at the reactor input. Figure 2 shows the estimated values of
the mass transfer constant as a function of pH maintaining a constant ozone dose (11.3 mg L−1) and
as a function of ozone dose maintaining a constant neutral pH of 7.0 for an ozonation system with
TiO2/GAC catalyst in the absence of a pollutant.
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Figure 2. Comparison of volumetric mass transfer coefficient: (a) influence of pH on KLa 1 and (b) effect
of inlet ozone concentration on KLa 2. Experimental conditions: QG = 4 L min−1; MCAT = 3.3 g L−1;
T = 18.0 ◦C; P = 1 atm; Vreac = 1.5 L; (Agitation) = 60 rpm. 1 CO3,in =11.3mg L−1; 2 pH = 7.0.

According to Figure 2a, an increase in the transfer coefficient was obtained by increasing the pH
of the solution. This is due to the fact that the solubility of ozone in water decreases in acid (pH � 2–3)
and alkaline (pH � 8–12) solutions [27]. Under acidic conditions, the decrease in solubility is due to the
formation of protonated ozone. This is because the protonation of ozone by the hydronium ion (H3O+)
is thermodynamically unfavourable and the reverse reaction leads to a lower activation energy, which
consequently leads to a decrease in solubility [28,29]. On the other hand, under alkaline conditions
(pH > 8), the decrease in ozone solubility in water is associated with the self-decomposition of ozone
due to the catalytic action of hydroxyl radicals.

The mass transfer coefficients obtained were of the same order of magnitude as those found by
other authors [23,30,31], emphasizing the significant increase at pH = 7.0, where Rodríguez et al. [23]
obtained a coefficient of 0.073 min−1.

In Figure 2b, the mass transfer coefficients obtained at different ozone doses compared while
maintaining a pH of 7.0 are shown. It was found that the dose of ozone had no significant effect on the
obtained KLa values. As can be seen, the mass transfer coefficient was independent of the input gas
concentration, which was 0.182 min−1. The same KLa obtained at different inlet ozone concentrations
is due to the fact that an increase in the ozone concentration in the gas simultaneously produces an
increase in the amount adsorbed and in the driving gradient (C∗O3,L − CO3,L). This confirms that ozone
transfer is controlled by the liquid phase, as reported by Berry et al. [32] in a study using membranes
and different doses of ozone injected into the reaction system.

According to the results obtained, it is suggested that these transfer coefficients depend mainly
on other external factors, such as the system through which the gas is introduced into the contactor
or the fluid dynamic conditions of the agitation of the ozonized solution. For better comprehension,
Figure S1 shows the evolution of the utilization coefficient as a function of the pH and dose of ozone.
The utilization coefficient (%) is defined as follows:

UO3 =
CO3,in −CO3,out

CO3,in
× 100 (4)

In both cases, two consecutive and distinct steps were observed. In the first step, up to
approximately 5 min, it was observed that ozone transferred from the gas phase to the liquid phase,
in which ozone becomes a molecular compound in water that previously did not exist. After that,
a transitory step occurred, in which the ozone transferred from the gas to the liquid phase is greater than
that consumed through self-decomposition and reaction with TiO2/GAC catalyst. Finally, a stationary
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state was reached, in which ozone accumulated in the system reached saturation and a constant value,
resulting in an equilibrium between the transferred and consumed ozone.

In Figure S1a, it can be observed that, after reaching saturation, a utilization coefficient of 32% was
obtained at pH = 7.0, compared to 19.5% obtained at pH = 3.0. This difference was due to the different
solubility that ozone has in water at different pH values, as explained above. The utilization value of
24.8% obtained at pH = 9.0 may be due to the fact that the transferred ozone instead contributes to
the accumulation of ozone in the liquid phase; in this case, it would undergo self-decomposition [12].
In the study of the ozone dose effect (Figure S1b), it can be observed that an increase in the ozone dose
reduces the efficiency of ozone use. This can be justified largely by the study carried out by Rodriguez
et al. [23]. In their study, the degradation of a dye such as rhodamine 6G was evaluated at different pH
values and doses of ozone in the presence of activated carbon. The ozone transfer and subsequent
consumption was conditioned by parameters, such as pH, which indirectly affect the reactivity of the
compound to be oxidized but not the concentration of ozone dose applied.

Von Sonntag and Von Gunten [33] studied the reactivity of aniline oxidation in an ozonation
process at different pH values. It was found that, at pH = 6.5, an oxidation kinetic constant of
1.4 × 107 M−1 s−1 was obtained versus pH = 1.5, where a constant of 5.9 × 104 M−1s−1 was obtained.
All of this indicates that, at pH = 7.0, the best operating conditions will be obtained (with regards to
the chemical reaction of oxidation and transfer of ozone from the gas phase to the liquid).

3.1.2. Aniline Degradation Kinetic Modelling

Modelling of the catalytic ozonation process was carried out to describe the combined action
of ozone and TiO2/GAC composite and to predict and estimate the overall parameters affecting the
process of degradation (and, in particular, the mineralization) of aniline. In this section, we propose
applying the adaptation of the three-phase mathematical model described by Ferreiro et al. [19],
which considers G-L ozone mass transfer, the adsorption process as well as the parallel oxidation that
takes place in the liquid phase and the oxidation at the surface of the catalytic material (TiO2/GAC).
The model proposed allows the evolution of the monitored pollutant or total organic carbon (TOC)
during the simultaneous oxidation reaction and adsorption process to be calculated. For application of
this simultaneous adsorption–oxidation (Ad/Ox) model, it was assumed that:

• The rate of the global ozonation process, or G-L mass transfer rate, coincides with the consumption
of ozone in the parallel (liquid and solid) reactive process.

• The oxidation kinetics of aniline in the liquid and in the solid, in terms of TOC, is considered as
pseudo-first order.

• For the TiO2/GAC composite, it was considered a sufficiently porous material for ozone and
aniline diffusion mechanisms to take place also in the internal surface of particle.

• The kinetic constant of the aniline oxidation on the solid, also in terms of TOC, includes desorption
of degradation compounds.

• The adsorption process is simultaneous to the reaction process on the solid so that its kinetics are
strongly affected by the ozonation conditions.

Based on these considerations, Ferreiro et al. [19], for an Ad/Ox process, deduced Equation (5) to
express the decrease in contaminant concentration in the liquid in terms of total organic carbon (Cp).
The degradation of the pollutant, rp, should be explained at two levels: in the liquid (rI

p) and on the
activated carbon (rII

p ), as a consequence of the oxidative action of the ozone transferred and consumed
in the liquid (NI

O3
) and on the solid (NII

O3
), respectively. In addition to the degradation of the pollutant,

the elimination due to adsorption is important in the first stages of the process.

−
dCp

dt
= rI

p + rII
p +

(
dCp

dt

)
ads

(5)
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The kinetic parameters of oxidation and adsorption can be expressed as a function of the respective
kinetic constants (kc,L, kc,S, and kads), ozone concentration, and pollutant, according to the following:

rI
p + rII

p =
(
zINI

O3
+ zIINII

O3

)
= kc,L ×CO3,L ×Cp + kc,S

CO3,L

m
MCATZp (6)

(
dCp

dt

)
ads

= kads

(
Zp,∞ −Zp

)2
×MCAT (7)

In Equation (6), the stoichiometric coefficients zI and zII express the amount of pollutant (mg TOC
per mg of ozone) consumed in the liquid and on the catalyst, respectively. The above equation
assumes that the concentration of ozone on the catalyst, C∗O3,S is in equilibrium with the liquid
ozone concentration, CO3,L, and can be expressed as a function of this, according to CO3,L = m·C∗O3,S,

where m (mg L−1)/(mg g−1 catalyst) is the slope of the corresponding L-S balance. On the other
hand, Zp is the concentration of total organic carbon adsorbed in the catalyst (mg g−1), MCAT is the
concentration of catalyst (g L−1), and Zp,∞ is the amount of total organic carbon adsorbed in the
catalytic material at equilibrium (mg g−1), according to the Freundlich equation:

Zp,∞ = KF C1/n
p (8)

where KF is a Freundlich constant that indicates the adsorption capacity of the adsorbent
(mg g−1) (L mg−1)1/n and n describes the adsorption intensity. Values of n between 2 and 10 indicate
good adsorption intensity [34].

In a semi-continuous process in which an ozone flow is continuously injected, the concentration
of ozone in the liquid, CO3 , is assumed to be constant during the reaction [23]. This assumption
can be used to define the apparent first-order kinetic constants—koxL in the liquid and koxS over the
catalyst—to describe the degradation of the aniline, in terms of TOC (min−1). Consequently, the overall
pollutant concentration variation (Equation (5)) can be written as follows:

−
dCp

dt
= koxLCp + koxSMCATZp + kads

(
Zp,∞ −Zp

)2
×MCAT, (9)

where Cp is the concentration of the pollutant (TOC) at a given time t (mg L−1), Zp is the concentration
of total organic carbon adsorbed onto the catalyst (mg g−1), MCAT is the concentration of catalyst
(g L−1), Zp,∞ is the amount of total organic carbon adsorbed in the composite at equilibrium (mg g−1),
koxL is the first-order kinetic constant due to the oxidation of aniline in the liquid (min−1), koxS is the
pseudo-first-order kinetic constant due to oxidation on the catalytic material (min−1), and kads is the
aniline adsorption constant (g mg−1 min−1). The combination of Equations (8) and (9) provides a
description of the variation in the pollutant concentration in the system from the determination of the
kinetic parameters (koxL, koxS, and kads) and the equilibrium parameters (KF and n).

3.1.3. Evaluation of Operating Conditions for Model Validation

Operational parameters such as pH, ozone concentration, or the dose of catalyst used have a
considerable effect on the efficiency of the removal of aniline using catalytic ozonation processes
with TiO2/GAC catalyst. Using the Ad/Ox model described above, it is possible to explain the effects
of the different parameters, such as the behaviour of the ozone or the catalyst dosage. In Figure 3,
the evolution of aniline degradation is shown, as well as the mineralization under various pH values
(3.0, 5.0, 7.0, and 9.0), ozone concentrations at the inlet (3.7, 5.4, 11.3, and 20.1 mg L−1), and catalyst
doses (1.6, 3.3, 6.6, and 13.3 g L−1).
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Figure 3. Effect of operating conditions on catalytic ozonation with TiO2/GAC: (a) pH 1, (c) inlet ozone
concentration 2, and (e) mass of TiO2/GAC catalyst in the aniline removal and (b) 1, (d) 2 and (f) in
TOC (mineralization), showing experimental and modelled profiles fitted to the Ad/Ox process 3.
Experimental conditions: QG = 4 L min−1; T = 18.0 ◦C; P = 1 atm; Vreac = 1.5 L; (Agitation) = 60 rpm.
1 CO3,in = 5.4 mg L−1, MCAT = 3.3 g L−1; 2 pH = 7.0, MCAT = 3.3 g L−1; 3 pH = 7.0, CO3,in = 5.4 mg L−1.

The pH has a significant effect on the catalyst, as it directly affects the pathway through which
the ozone acts on the organic compound. Figure 3a,b shows that the best conditions for the effective
removal of aniline are present at a neutral pH of 7.0. The change in basicity associated with pollutant
removal at that pH, or specific basicity loss, is optimal [35]. In addition, it was observed that those
experiments conducted at slightly alkaline pH (pH = 9.0) obtained a higher oxidation rate because,
under these conditions, the indirect pathway for hydroxyl radical generation is promoted by the
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interaction between ozone and the TiO2/GAC catalyst. On the other hand, at acidic pH (pH = 3.0),
a more limited oxidation and mineralization rate was observed because, at this pH value, the attack
through the molecular pathway between ozone and aniline is mostly promoted [36,37]. Although this
pathway is more selective than the radical one, the oxidation power of molecular ozone (2.07 V) is
lower than that of the hydroxyl radicals (2.80 V) [28].

On the other hand, the dose of ozone in the catalytic ozonation reaction system is a critical
parameter for the degradation and mineralization of aniline. In Figure 3c,d, it is shown that, with an
ozone dose of 5.4 mg L−1, the highest aniline mineralization was achieved, with a value of 80.2%.
However, upon increasing the ozone dose considerably (to 20.1 mg L−1), a negative effect was obtained
as opposed to the generation of a larger amount of hydroxyl radicals. This was due to the fact that,
on the surface of the TiO2/GAC catalyst, instead of generating hydroxyl radicals for the degradation of
the organic compound, other species were generated, such as hydroperoxyl radicals—which have a
lower oxidation potential (1.70 V) than hydroxyl radicals (2.80 V) or ozone (2.07 V) [38]. Moreover,
a very high ozone dose (20.1 mg L−1) could transform the basic sites into acidic sites, as the oxidation
of the carbonaceous support can generate acidic groups such as lactones or carboxylic acid, which
could negatively influence the adsorptive properties of the TiO2/GAC composite itself [39]. This last
aspect will be analysed in detail later on.

In Figure 3e,f, the effect of the catalyst dose on the aniline removal rate is shown, providing
information on the optimal use of the TiO2/GAC material. An increase in catalyst dosage led to
increased degradation and mineralization of the aniline, with a favourable dosage of 3.3 g L−1, where
mineralization was close to 80% and complete degradation of the aniline was achieved in less than
10 min. In general, a higher catalyst dose increases the number of active sites on the surface of the
composite, thus facilitating the further decomposition of ozone into hydroxyl radicals [40]. However,
above a certain critical value, a decrease in TOC removal was observed, which may be due to the
adsorption of a higher proportion of pollutant on the catalyst, thus reducing the catalytic effect [38]
in favour of the adsorption. This indicates that a small amount of catalyst is sufficient to induce a
radical chain reaction that appears to be more effective on the dissolved than adsorbed pollutant.
Moussavi and Khavanin [41] studied the effect of the dose of activated carbon in a catalytic ozonation
process for the removal of phenol. It was observed that, from the optimal dose of catalyst, no further
improvement in mineralization was observed, as with the TiO2/GAC composite. Consequently,
it was concluded that there is an optimal dose of catalyst, which changes depending on the type of
catalyst, the organic compound to be eliminated, the operational conditions of the reaction, and the
desired cost-effectiveness.

The TOC removal kinetics was fitted to the model proposed in Section 3.1.2 by solving
Equations (8) and (9). Before analysing the results obtained from the Ad/Ox model, it was verified
that under the operating conditions studied the assumption of control of the chemical reaction during
catalytic ozonation was satisfied.

The control regime was verified through the UO3 profiles shown in Figure S2. It can be seen at
the lowest ozone doses (CO3,in = 3.7 mg L−1), in the initial instants, the ozone concentration in the
gaseous phase is practically zero (UO3 = 100%). This indicates that the process is controlled by the mass
transfer. However, after 4 min it changes to be controlled by the chemical reaction, once CO3,L starts
rising. For resolution of the TOC removal kinetics, the calculation tool Scilab® was used, with which
the corresponding adjustment to the experimental data was simulated to obtain the adsorption
and ozonation kinetics constants during the removal of aniline with the previous determination of
equilibrium adsorption constants. As for the initial conditions of the dependent variables involved in
the differential equation, at the initial time, an aniline concentration of 20.0 mg L−1 was considered,
corresponding to an initial TOC concentration of Cp,0 = 12.50 mg L−1 and the TiO2/GAC free of aniline
or other organics (Zp,0 = 0.0 mg g−1). C∗p vs. t modelled profiles were fitted to the experimental ones
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(of N values), in order to minimize the weighted standard deviation, σ, given by Equation (10). Thus,
the estimated values of kads, koxL, and koxS are listed in Table 3 [42]:

σ =

√√√√√√ N∑
i=1

(
(Cp−C∗p)

Cp

)2

N − 1
(10)

Table 3. Summary of the adsorption and oxidation kinetic constants for the mineralization of wastewater
containing aniline using Norit® GAC 1240 Plus and TiO2/GAC composite by catalytic ozonation.

Catalyst Comparison

Kinetic Parameter Norit® GAC 1240 Plus 1,2 TiO2/GAC 1,2

kads × 10−4, g mg−1 min−1 2.4 3.5

koxL × 101, min−1 8.1 5.9

koxS × 101, min−1 0.0030 2.3

σ 0.050 0.046

TiO2/GAC Composite Analysis

Kinetic Parameter
Effect of pH

3.0 5.0 7.0 9.0

kads × 10−4, g mg−1 min−1 3.6 3.1 2.9 2.5

koxL × 101, min−1 3.4 6.5 8.3 8.6

koxS × 101, min−1 0.20 1.1 1.2 0.90

σ 0.061 0.053 0.059 0.048

Kinetic Parameter
Effect of Ozone Inlet Concentration, mg L−1

3.7 5.4 11.3 20.1

kads × 10−4, g mg−1 min−1 3.2 3.5 2.9 1.8

koxL × 101, min−1 4.2 5.9 8.3 11.5

koxS × 101, min−1 1.5 2.3 1.2 0.50

σ 0.052 0.046 0.057 0.045

Kinetic Parameter
Effect of Catalyst Dose, g L−1

1.6 3.3 6.6 13.3

kads × 10−4, g mg-1 min−1 1.8 3.5 4.4 8.4

koxL × 101, min−1 3.8 5.9 2.2 1.0

koxS × 101, min−1 1.9 2.3 1.5 0.90

σ 0.054 0.046 0.055 0.052
1 Experimental conditions: QG = 4 L min−1; CO3 ,in = 5.4 mg L−1; pH0 = 7.0; MCAT = 3.3 g L−1; T = 18.0 ◦C; P = 1 atm;
Vreac = 1.5 L; (Agitation) = 60 rpm. 2 Freundlich equilibrium parameters: KF = 33.07 (mg g−1)(L mg−1)1/n, n = 2.39 for
Norit® GAC 1240 Plus and KF = 44.02 (mg g−1)(L mg−1)1/n, n = 3.97 for TiO2/GAC composite.

The Freundlich parameters of the catalytic materials tested are given in Table 3, which were
obtained experimentally in the previous adsorption tests. The Cp values had an acceptable fit to the
Ad/Ox model with a weighted standard deviation of σ � 0.05 for the mineralization kinetics.

In Table 3 it was observed that the koxS constant was lower than koxL. This is because in the
solid involved an oxidation reaction in conjunction with the adsorption phenomena in parallel.
From the comparison of the catalytic ozonation with Norit® GAC 1240 Plus activated carbon and
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TiO2/GAC composite, it can be seen that the TiO2/GAC catalysts kinetically favour adsorption,
with kads = 3.5 × 10−4 g mg−1 min−1, compared to commercial carbon (kads = 2.4 × 10−4 g mg−1 min−1).
Its higher adsorption capacity, rather than the specific surface (SEXT = 298.9 m2 g−1)—which is very
similar to that of commercial activated carbon (SEXT = 224.4 m2 g−1)—explains this behaviour, despite
the fact that TiO2/GAC has a 25% larger external surface, as seen in the Material and Methods
section [43]. The adsorption properties of metal oxides, such as TiO2, deposited onto GAC, appear to
also enhance the catalytic activity. Other authors [37,44] have highlighted that metal oxides have a
high adsorption capacity, which is due to ligand exchange reactions that provide strong bonds between
the ionized species and the active site of the metal oxide surface. The increase in the oxidation kinetic
constant in the solid, from a value of koxS = 0.003 × 101 to 2.3 × 101 min−1, in the TiO2/GAC composite
is remarkable. This increase is due to the contribution of TiO2 in the activated carbon, improving
its reactivity and the number of active sites on the catalyst. The deposited TiO2 is responsible for
efficiently decomposing the ozone, producing HO• radicals. Other properties, such as pore volume,
porosity, pore size distribution, and, particularly, the presence of active sites on the surface (e.g., Lewis
acid sites, which are responsible for the catalytic reactions), may be responsible for this increase in
koxS [45]. Acidity or basicity, for example, is key to surface properties. Furthermore, the hydroxyl
groups, which are present on all surfaces of the metal oxides, are dependent on the deposited metal
oxide [39]. Valdés and Vega [45] studied the effect of the chemical structure of various active carbons
on the catalytic activity for the generation of hydroxyl radicals, where they suggested that the presence
of iron metal ions played an important role in the decomposition of ozone and hydrogen peroxide
towards the generation of radicals. Those carbons with more basic surface functionalities led to a
higher radical generation and, consequently, to a higher catalytic activity.

Authors such as Orge et al. [46] and Kasprzyk-Hordern et al. [38] have suggested that the variability
of surface properties and interactions between the catalyst and ozone with organic pollutants results
in different reaction mechanisms, derived from two main types: Langmuir–Hinshelwood (LH) or
modified Eley–Rideal (ER).

The LH stage consists of adsorption, surface reaction, and subsequent desorption [28]:
Adsorption of ozone onto every site, S, of GAC surface:

O3 + S
KLH1
� O = O−O− S (11)

O = O−O− S
kLH2
→ O− S + O2 (12)

Adsorption of aniline:

C6H5NH2 + S
KLH3
� C6H5NH2 − S (13)

Surface reaction and desorption of oxidation products:

21
2

O− S + C6H5NH2 − S
kLH4
→ NO−3 +2CO2 +

7
2

H2O + 2S (14)

The other mechanism (modified ER), proposed by Beltran et al. [44], is specific for metal oxides
supported on activated carbon materials and consists of an adsorption stage on the GAC, together
with the assumptions of the modified ER mechanism. In this case, these stages are: (i) the adsorption
of aniline onto the TiO2/GAC composite, (ii) the reaction stage between the adsorbed aniline and the
ozone, and (iii) the irreversible ozonation reaction of adsorbed pollutant.

Adsorption of aniline on the GAC active sites:

C6H5NH2 + S
KER1
� C6H5NH2 − S (15)
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Adsorption of aniline on the TiO2 active sites:

C6H5NH2 + S
′

KER2
� C6H5NH2 − S

′

(16)

where S’ represents any active site on the TiO2.
Reaction between ozone and adsorbed aniline on TiO2 active sites:

41
2

O3 + C6H5NH2 − S
′ kER3
→ 6CO2 +

7
2

H2O + O2+NO−3 + S
′

(17)

In this last mechanism, it was assumed that the CO2 generated corresponds to that resulting
from complete mineralization. Overall, it can be concluded that the removal of aniline is due to an
adsorption process on the GAC and to the catalytic ozonation itself, which takes place in the active
centres of the TiO2 metal oxide. Based on the values of the koxS and koxL constants obtained from
the three-phase model, it is possible to qualitatively determine the predominant mechanism (LH or
modified ER). An intensification of the koxS constant due to the presence of TiO2 metal oxide against the
koxL constant indicates the predominance of the modified ER mechanism. In contrast, negligible values
of the koxS constant compared to the koxL constant indicate the predominance of the LH mechanism.
Taking into account the mechanical aspects of the reaction system, the effect of operational variables,
such as pH, ozone dosage, and TiO2/GAC catalyst loading were analysed.

Regarding the effect of pH, due to the surface properties of the composite, it was observed
that the adsorption constant increased under more acidic pH values, while under alkaline pH
values, the quantity of aniline removed decreased. This is due to the speciation of the aniline,
with pKa = 4.61 [47], and the character of the surface of the composite through the zero loading point
(pHpzc = 6.4). The TiO2/GAC composite, at a pH below 6.4, develops a negative charge on its surface;
below pH 4.61, it will mostly be in ionic form, favouring adsorption. On the other hand, under alkaline
pH, the affinity between the aniline and the surface of the material is weak and adsorption is limited.
Similarly, Shahamat et al. [48], in a catalytic ozonation process in which a carbon nanocomposite
was used for the removal of phenol, observed the same behaviour at a pH between pHpzc and pKa.
The oxidation constant in the liquid, koxL, increased from a value of 3.4 × 101 to 8.6 × 101 min−1, due to
the fact that, under alkaline conditions, the radical pathway in which ozone directly attacks the OH–

generating radicals HO• is favoured, according to [49]:

O3 + OH− → O•−3 + HO•, (18)

O•−3 → O• + O2, (19)

O•− + H+
→ HO• (20)

As for koxS, the maximum value observed was 1.2 × 101 min−1 at pH = 7.0. This increase was
due to the contribution that TiO2 metal oxide provides to the GAC, thus improving the capacity of
transforming ozone into hydroxyl radicals. According to Roshani et al. [50], the surface charge and
the capacity of the TiO2/GAC composite to transfer electrons to the ozone are factors that affect the
elimination of TOC. Operating at a pH of 7.0, favourable conditions allow for a positive interaction
between the ozone and TiO2 metal oxide, which allows for the decomposition of ozone and, thus,
the generation of a greater number of HO• radicals in sufficient quantity to oxidize the organic
compounds adsorbed on the surface of the GAC. According to Nawrocki and Kasprzyk-Hordernb [51],
considering the type of radicals formed on TiO2 nanoparticles in the presence of ozone, it was concluded
that catalytic ozonation was more effective at a pH close to pHpzc. Under these conditions, the presence
of neutral hydroxyls are responsible for the formation of the hydroxyl radical.

For the effect of the ozone dose, it was observed that the use of a low ozone dose
(CO3,in = 3.7 mg L−1) led to a mineralization yield of 69%, as the amount of hydroxyl radicals generated
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was low. Taking into account the distribution of the kinetic constants obtained (Table 3), when the dose
is insufficient, the adsorbent effect is enhanced but not the oxidation of the organic pollutant. On the
other hand, with a high dose (CO3,in = 20.1 mg L−1), ozone accumulates in the system, favouring the
generation of the less reactive perhydroxyl radical (HO2

•), according to [49]:

O3 + HO• → O2 + HO•2 (21)

It seems evident that moderate concentrations favour the adsorption kinetics and result in a
sufficient generation of hydroxyl radicals on the surface of the catalyst. A dose of 5.4 mg L−1 ensures
that the aniline is adsorbed rapidly over the GAC (kads = 3.5 × 10−4 g mg−1 min−1) and, at the
same time, maximizes oxidation at the solid level (koxS = 2.3 × 101 min−1), where TiO2 plays an
important role. The action of ozone on the adsorbed aniline, according to the modified ER mechanism
(see Equation (17)), appears to be the dominant mechanism in this case and responsible for the high
koxS value.

Concerning the effect of catalyst loading, it was observed that, by increasing the dose from 1.6 to
13.3 g, the adsorption constant increased from 1.8 × 10−4 to 8.4 × 10−4 g mg−1 min−1. A higher quantity
of adsorbed organics and ozone is to be expected when increasing the amount of catalyst but does
not result in further destruction of the aniline. It can be observed that high doses of catalyst lead to a
predominance of surface oxidation reactions, as a result of increased TiO2/GAC active sites and an
increased amount of adsorbed contaminant [36]. However, the most favourable values were produced
with an intermediate amount of catalyst (koxS = 2.3× 101 min−1). The negative effect became increasingly
evident as the amount of catalyst increased, which was related to a change in the mechanism of the
oxidation processes at the solid level. According to the assumption made in Section 3.1.3, a transition
from the modified ER to the LH mechanism should take place. In effect, with small amounts of catalyst,
a moderate amount of contaminants was adsorbed—preferably on TiO2—through non-associated
hydroxyl groups [52] or S’ sites (Equation (17)) with favourable incidence in the increase of koxS and
consequently in the degradation of the contaminant. An increase in the amount of catalyst led to
a greater proportion of the contaminant being adsorbed, resulting in the occupation of S sites and
participation of slow rate reactions (such as that shown in Equation (14)), with a subsequent decrease in
koxS. A decrease in the degradation of the aniline at the liquid phase as koxL = 1.0 × 101 min−1 decreased
and the lower proportion of contaminant in the liquid were other negative effects associated with an
increase in the amount of catalyst [38]. Moderate amounts of catalyst (3.3 g L−1) favoured oxidation at
the solid and liquid level, obtaining the highest mineralization (80% TOC removal) in 45 min.

3.2. Physicochemical Surface Characterization of Spent-Granular Activated Carbon

In order to verify the lower generation of hydroxyl radicals when a high catalyst dose was used
and that the aniline would be oxidized under very poor oxidation conditions, an analysis of the
physicochemical properties of the TiO2/GAC composite used was carried out, as shown in Table 4.

Table 4 shows a decrease of the specific surface of the TiO2/GAC composite of the experiment
performed with a catalyst load of 13.3 g L−1 from 985.0 to 901.2 m2 g−1. The pore volume was also
reduced, but the physical properties were practically unchanged with a catalyst dose of 3.3 g L−1.
Considering the importance of the adsorption stages contemplated in the Ad/Ox model, the necessary
equilibrium of reactions at the liquid and solid level should not be broken. This balance is broken
when the catalyst dose is increased, with negative effects on the degradation of the contaminant being
key in the optimization of the process.

Concerning the chemical properties (e.g., the point of zero charge), ozone appeared to affect them
by a small amount. The carbonaceous support lost active basic sites while the concentration of the
acidic functional groups increased, leading to a reduction in adsorption capacity over long periods [53].
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Table 4. Physicochemical properties of pristine and spent TiO2/GAC in aniline ozonation with different
catalyst doses. Experimental conditions: QG = 4 L min−1; CO3,in = 5.4 mg L−1; pH = 7.0; T = 18.0 ◦C;
P = 1 atm; Vreac = 1.5 L; (Agitation) = 60 rpm.

Property Pristine TiO2/GAC
Spent TiO2/GAC

MCAT=3.3 g L−1 MCAT=13.3 g L−1

SBET, m2 g−1 985.0 980.4 901.2
Sext, m2 g−1 298.9 289.1 267.5
VT, cm3 g−1 0.45 0.39 0.32
Vµ, cm3 g−1 0.29 0.25 0.20
VM, cm3 g−1 0.16 0.14 0.12

VM/VT, % 35.2 35.9 37.5
Vµ/VT, % 64.8 64.1 62.5

DP, Å 33.9 33.0 29.3
pHpzc 6.4 6.2 6.3

Moreover, Figure 4 shows FTIR spectra of the non-ozonized and ozonized TiO2/GAC catalyst
using a 13.3 g L−1 load, in order to confirm the presence of compounds that verify the previous
hypothesis. According to Figure 4, it was observed that most of the spectral bands corresponded to
organic compounds, highlighting the band from 3300 to 3500 cm−1 (–OH stretching), which is due to
the presence of water in the sample during preparation. The 500 cm−1 spectral band (Ti–O stretching)
corresponded to the presence of TiO2 deposited on the GAC [54]. The main spectral modifications,
when comparing the sample of the non-ozonized composite and the ozonized one, were detected in
the emergence of the 790 cm−1 band. The accumulation of intermediate species, such as oxamic acid,
and subsequent sorption in the solid explain this FTIR sorption band [55]. The peak near to 2800 cm−1

would correspond to aldehyde groups, such as formaldehyde or acetaldehyde, and strongly depended
on the ozone dose, adsorbed on the catalyst due to the opening of the aromatic ring [56], while another
band at 1102 cm−1 was due to the superoxide radical [57].

Figure 4. FTIR spectra of pristine and spent TiO2/GAC composite in the aniline catalytic ozonation.
Experimental conditions: QG = 4 L min−1; CO3,in = 5.4 mg L−1; pH = 7.0; MCAT = 13.3 g L−1; T = 18.0
◦C; P = 1 atm; Vreac = 1.5 L; (Agitation) = 60 rpm.

3.3. Degradation Pathway Approach

In order to provide more detail on the types of intermediates formed when increasing the
dose of catalyst, other physical–chemical parameters, such as turbidity, were analysed. In Figure 5,
the effect of the catalyst dose on turbidity is shown. Solid particles or high molecular weight insoluble
degradation products usually cause turbidity [58]. The experiment with the highest amount of catalyst
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(13.3 g L−1 TiO2/GAC catalyst), with an ozone dose of 5.4 mg L−1 and a neutral pH, led to the highest
turbidity, with a turbidity of 17 NTU after a reaction time of 45 min. However, with a catalyst
dose of 3.3 g L−1, the lowest turbidity was produced, corresponding to the highest mineralization
observed. Consequently, the higher turbidity could be associated with the formation of more recalcitrant
intermediate products.

Figure 5. Effect of TiO2/GAC catalyst dosage on turbidity during catalytic ozonation of aniline
containing wastewater. Experimental conditions: QG = 4 L min−1; CO3,in = 5.4 mg L−1; pH = 7.0;
T = 18.0 ◦C; P = 1 atm; Vreac = 1.5 L; (Agitation) = 60 rpm.

Orge et al. [22] have highlighted oxalic and oxamic acid among the reaction products of aniline
with the highest resistance to degradation. Figure 6 shows the results obtained from the identification
of aniline, oxamic acid, and oxalic acid at the initial time, after decomposition of the aniline (≈5 min),
and after a sufficiently long reaction time. Figure 6d shows the chromatogram obtained at zero time
(peak 1) with a retention time of 8.21 min, which was assigned to aniline. After the catalytic ozonation
reaction had progressed for 5 min, the peak of the aniline (1) decreased but others appeared, which
persisted until sufficiently long reaction times (30–40 min). The mass spectra of the identified peaks are
shown in Figure 6a–c. These peaks were assigned to oxalic (2, 1.80 min) and oxamic acid (3, 2.65 min),
corresponding to two degradation intermediates formed during the ozonation of the ozone aniline [59].

Oxalic acid under conditions of low hydroxyl radical generation as well as its conjugate base
are stable degradation intermediates for a wide variety of organic contaminants, such as pesticides.
The accumulation of this refractory compound in the reaction system is due to its very low oxidation
constant (k < 0.04 M−1 s−1 at pH values above 5.0), compared to that of other aniline oxidation products
such as hydroquinone (k = 2.3 × 106 M−1 s−1 at pH = 7.0) [33,60]. On the other hand, oxamic acid is
another compound present in the degradation of aniline that, under poor oxidation conditions, shows
high refractoriness to ozonation [61].
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Figure 6. Analysis of some by-products formed during the TiO2/GAC ozonation of aniline: (a–c)
mass spectrometry (MS) of the aniline at different ozonation times, (d) liquid chromatography (LC)
of the aniline and representative ozonation by-products, and (e,f) effect of catalyst dosage on the
evolution of oxalic and oxamic acid during ozonation. Experimental conditions: QG = 4 L min−1;
CO3,in = 5.4 mg L−1; pH = 7.0; T = 18.0 ◦C; P = 1 atm; Vreac = 1.5 L; (Agitation) = 60 rpm.

Figure 6e,f show the evolution of the concentration of oxamic and oxalic acid for different doses of
catalyst. For both acids and for all doses of catalyst studied, a continuous increase corresponding to the
accumulation phenomenon was observed during the first 5 min. Then, coinciding with the primary
degradation of the aniline (Figure 3e), a maximum was reached, which was higher with an increased
catalyst dose. The increase in turbidity observed in Figure 5 at any catalyst dose studied is coincident
with that of both acids. The relationship between oxalic acid and turbidity is evident, as well as the
amount associated with the mechanism change from modified ER to LH. A Langmuir–Hinshelwood
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(LH) type oxidative mechanism was dominant, with high amounts of TiO2/GAC (6.6 or 13.3 g L−1),
promoting oxidation products such as oxalic acid [22]. Concerning the evolution of oxamic acid,
the initial accumulation was slower, reaching its maximum 7 min later than that observed for oxalic
acid. Unlike oxalic acid, oxamic acid could not be removed, explaining the flat tailing observed in
the TOC profiles in Figure 3f. In these cases, the hypothesis of a dominant reactive mechanism of
type LH at the surface with very low reaction rate (koxS) seems evident. This situation also led to
the high occupation of active centres with a decrease in the radical concentration in the liquid and
subsequent decrease in koxL. Authors such as Faria et al. [61] have reported a similar result during the
removal of oxalic and oxamic acid via catalytic ozonation using active carbon. Furthermore, it has
been reported that, at neutral pH, oxamic acid is mainly present as a zwitterion (–OOC—CONH3+),
which is highly hydrophilic and stable in water. The C–H bonds explain its low reactivity towards
hydroxyl radicals, and although it is possible to mineralize it completely (according to Legube and
Leitner [14]), it requires a hydroxyl radical concentration approximately 100 times higher than that
needed for other organic compounds with the same functional group. Thus, the persistence of oxamic
acid in the liquid phase can explain the observed turbidity increase.

Due to the catalytic ozonation process in which the aniline was degraded, some degradation
intermediates were formed. Using liquid chromatography (LC), higher concentration degradation
products, such as nitrobenzene, phenol, catechol, o-benzoquinone, 1,2,3-benzenetriol, p-benzoquinone,
and muconic acid, were detected excluding oxamic and oxalic acid. Other organic compounds,
which were detected at lower concentrations, could not be identified. In this section, only the first
intermediates (C6) are included, in an attempt to determine the beginning of the first degradation routes.
Many of these degradation products showed up in the solution within the first 5 min, through the
change from a non-coloured solution to another with reddish, brown, and yellow colouring [6,62,63].
In Figure 7, three cases with the same mass of TiO2/GAC (3.3 g L−1) were selected, representative of
the different experimental conditions studied. Among them, an adverse situation was selected with
a low generation of hydroxyl radicals at pH = 3.0, as well as another with an excess of oxidant of
20.1 mg L−1—which was ineffective due to the low mineralization achieved—and, finally, with the
favourable conditions indicated in the previous section. For additional information, Figures S3 and S4
show the concentrations of each intermediate in terms of TOC. In Figure S4c, it can be observed that
the amount of unknown TOC after 5 min of reaction was 5.9 mg L−1.

According to Figure 7, the two possible degradation routes can be differentiated, according to the
involvement of the direct and radical ozone pathways. In addition, it was observed that the rupture of
the aniline molecule occurred in the bond between the benzene ring and the amino group (—NH2).
Other authors, such as Villota et al. [64] and Von Sonntag and Von Gunten [33], have also observed this
same rupture.

In Figure 7a, it can be observed that the direct attack of ozone could be responsible for the high
selectivity towards the formation of dihydroxy aromatic rings, such as catechol or 1,2,4-benzenetriol,
through ortho-, meta-, and para-substituted oxidation pathways and electrophilic substitutions [65].
However, the carboxylic acids or muconic acid detected later (after about 10 min of reaction) were
more refractory to direct ozone attack, which explains the 40% mineralization observed after a reaction
time of 20 min [66].

However, the results in Figure 7b show a different behaviour, in which the aniline was degraded
by another mechanism—attributed to the radical pathway. In this case, we note the presence of
nitrobenzene. According to Brillas et al. and Tolosana-Moranchel et al. [67,68], the presence of
nitrobenzene could be due to the high selectivity of the hydroperoxyl radical, compared with the
hydroxyl radical, to the amino group, which strongly favours its conversion to a nitro group. Despite
the last point, considering the radical species generated from direct interaction with TiO2/GAC,
Sanchez et al. [69] suggested that the hydroxyl radical is responsible for abstracting hydrogen from
the amino group and then substituting it with an iminium radical, thus generating nitrobenzene.
The generation of nitrobenzene could explain the low reactivity and inefficiency observed when using
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a high dose of ozone. With respect to the presence of phenol or p-benzoquinone, Commninellis and
Pulgarin [70] attributed it to hydroxylation reactions of these benzene structures with hydroxyl groups.
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Figure 7. Analysis of the main intermediates in the aniline catalytic ozonation with TiO2/GAC excluding
oxalic and oxamic acid in different cases: (a) molecular attack of ozone at pH = 3.0, (b) ozone in
excess and dominance of radicalary attack (pH = 7.0 and ozone dose of 20.1 mg L−1), and (c) most
favourable conditions (pH = 7.0, 5.4 mg L−1 ozone concentration) or combined molecular radicalary
attack. Experimental conditions: QG = 4 L min−1; MCAT = 3.3 g L−1; T = 18.0 ◦C; P = 1 atm; Vreac = 1.5 L;
(Agitation) = 60 rpm.

In Figure 7c, an overlap of both radical and molecular pathways can be observed, which is
consistent with the kinetic parameters obtained from the Ad/Ox model, where an equilibrium situation
was observed between oxidation in the liquid and on the surface of the solid through adsorption.
The results obtained in the analyses carried out allow us to propose the mechanism of aniline
degradation shown in Figure 8.
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Figure 8. Oxidation pathway proposed for aniline oxidation via catalytic ozonation with
TiO2/GAC composites.

4. Conclusions

A three-phase mathematical model reaction (Ad/Ox) was proposed that describes the stages of
G–L transfer, adsorption, and oxidation in the liquid and on the surface of the catalyst, in order to
study catalytic ozonation using TiO2/GAC composites. The model was verified using experimental
aniline ozonation results. Despite the wide variety of conditions studied, the model provided a good
fit to the experimental data, obtaining a weighted standard deviation lower than 0.05 in all cases.
The model has been applied to evaluate the effect of the main operational variables on the G-L mass
transfer. The analysis resulted in KLa values of 0.18 min−1 at neutral pH, with no significance of other
process conditions and no effect on the overall process rate (chemical reaction control).

Catalytic oxidation using commercial activated carbons, such as Norit®GAC 1240 Plus, was proved
to occur through a Langmuir–Hinshelwood mechanism with preferential oxidation in the liquid
phase. With the TiO2/GAC composite, the estimated oxidation constants—in the liquid and in the
solid—suggest a modified Eley–Rideal type mechanism, obtaining 80.2% mineralization in the most
favourable conditions. Estimation of the oxidation constants allowed us to deduce that ozone acts
mainly in the liquid at acidic pH, whereas under basic pH values, oxidation happens either on the
solid or in the liquid. The use of high doses of ozone limits the kinetics and adsorption capacity of
aniline and its degradation oxidation products, with oxidation in the liquid being the principal route
of degradation. On the other hand, at moderate ozone doses, a greater role of the adsorption and
oxidation mechanisms of the TiO2 deposited in the GAC was observed. An excess in the catalyst load
was ineffective and led to an increase in turbidity by inducing degradation pathways that ended with
oxidation products such as oxalic acid and, especially, oxamic acid. Finally, the model allowed us
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to analyse the significance of the different stages involved in the catalytic ozonation. Additionally,
the most favourable operating conditions for the potentiation of the TiO2 deposited on the GAC were
found (pH = 7.0, 5.4 mg L−1 ozone dose, and 3.3 g L−1 catalyst load). TiO2 contributed to a greater
capacity of the material to adsorb the pollutant and subsequent predisposition to be attacked by the
ozone through the hydroxyl radicals generated on its surface. From the identification and analysis
of the degradation intermediates, two possible routes—which occur simultaneously under the most
favourable conditions mentioned above—were proposed. This model could be applied at an industrial
level with new catalysts for the prediction of operating behaviour under different working conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/12/3448/s1,
Figure S1: Utilization efficiencies of ozone in a TiO2/GAC catalytic system at different pHs, Figure S2: Effect of
the ozone dose on the control stage during catalytic ozonation of aniline with the TiO2/GAC catalyst, Figure S3:
Analysis of some by-products formed during the TiO2/GAC ozonation of aniline in terms of TOC, Figure S4:
Analysis of the main intermediates in the aniline catalytic ozonation with TiO2/GAC in terms of TOC, excluding
oxalic and oxamic acid in different cases.
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Nomenclature

σ Weighted standard deviation
C∗O3,L Concentration of ozone in the equilibrium with the ozone adsorbed on the activated carbon, mg L−1

C∗O3,S Concentration of ozone on the catalyst in equilibrium with the liquid ozone concentration, mg L−1

C∗p Calculate pollutant concentration in the liquid in terms of total organic carbon, mg L−1

CN Concentration degradation products, mg L−1

CO3,in Concentrations of ozone in the gas phase at the inlet, mg L−1

CO3,L Ozone concentration in liquid, mg L−1

CO3,out Concentration of ozone in the gas phase at the outlet, mg L−1

COH
− Concentration of hydroxyl ions, mol L−1

Cp Pollutant concentration in the liquid in terms of total organic carbon, mg L−1

He Henry’s constant, bar L mg−1

kads Kinetic constant of aniline adsorption, g mg-1 min−1

kc,L Elemental kinetic constant for the ozonation in the liquid, L mg−1 min−1

kc,S Elemental kinetic constant for the ozonation in the solid, L mg−1 min−1

KF Freundlich constant, (mg g−1) (L mg−1)1/nF

KGa Overall mass transfer coefficient of ozone gas to water, min−1

KLa Volumetric ozone mass transfer coefficient, min−1

koxL Apparent first-order kinetic constant in the liquid in terms of TOC, min−1

koxS Apparent first-order kinetic constant over the catalyst in terms of TOC, min−1

m Slope of the equilibrium line between the liquid and solid phase
MCAT Concentration of catalyst, g L−1

n Heterogeneity factor, dimensionless
N Number of experimental values
NII

O3 Ozone consumption in the solid, mg L−1 min−1

NI
O3 Ozone consumption in the liquid, mg L−1 min−1
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NO3 Whole ozone consumption, mg L−1 min−1

P∗O3
Partial pressure of the ozone in equilibrium with the adsorbed ozone on the solid, bar

PO3 Partial pressure of ozone in the gas phase, bar
QG Ozone gas flow, L min−1

rII
p Degradation of the pollutant on the activated carbon, mg L−1 min−1

rI
p Degradation of the pollutant in the liquid, mg L−1 min−1

T Temperature, K
t Time, min
UO3 Utilization coefficient, %
Vreac Volume of dissolution, L
zI Amount of pollutant consumed in the liquid, mg TOC mg−1 O3
zII Amount of pollutant consumed on the catalyst, mg TOC mg−1 O3
Zp Concentration of pollutant in the solid, mg g−1

Zp,∞ Amount of pollutant adsorbed in the solid in equilibrium, mg g−1
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