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Evaluation of Degradation and Kinetics Parameters of Acid Orange
7 through Wet Air Oxidation Process

Marine Mini�ere, Olivier Boutin* and Audrey Soric
Aix Marseille Univ, CNRS, Centrale Marseille, M2P2, Marseille, France

Among the industrial effluents presenting constraints to traditional biological treatments, those from textile industries are of particular concern.Wet
air oxidation is an effective process that significantly increases biodegradability of the treated effluent. In this study, the advantage of this processwas
tested for the treatment of acid orange 7, a dyemolecule used as a model textile effluent. Different experimental conditions of temperature (200 to
300 8C) and duration of treatment were used to determine its degradation yield during the wet air oxidation process, at a total pressure of 30 MPa.
All these conditions led to complete degradation of acid orange 7, but residual Total Organic Carbon always remained. Oxidation byproducts were
identified by themeans of GC andHPLC analyses. Acetic acid remains themajor compoundnot oxidized. These experiments resulted in the proposal
of a reaction scheme associated with kinetic constants. Finally, the optimal conditions for the improvement of the biodegradability of the effluent
were determined. This wet air oxidation process could then be coupled with a biological treatment to obtain an overall degradation meeting the
criteria for release into the environment.
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INTRODUCTION

Given the constraints and damage to the environment, the
normative upgrading of industrial aqueous effluents is a
priority. Among industrial effluents, textile effluents are

one of the most problematic effluents. The textile industry
consumes 60 to 400 m3 of water per ton of tissue produced.[1]

According to the production steps and the flexibility of raw
materials used in the industry, the characteristics of textile
effluents are extremely variable. In general, the final effluents are
contaminated with a typical range of COD from 0.1 to 15 g � L�1.
They are hardly biodegradable, with a BOD5 / COD ratio of the
order of 0.25.[2,3] The organic load of textile effluents consists
mainly of extracts from raw materials, chemical additives, and
dyes. The latter are particularly problematic in the treatment of
textile effluents. Indeed, when they are discharged in the
environment, dyes can be transformed under anaerobic conditions
into toxic, carcinogenic, and mutagenic aromatic amines.[4,5] The
treatment of synthetic dyes is particularly difficult because they
are developed to resist attacks once fixed to clothing, with a
complex aromatic structure.[4] Regarding current treatment
technologies, activated carbon adsorption provides the best
performance with simple implementation for dye disposal at an
affordable price.[6] However, this process consists in a transfer of
pollution from the aqueous phase to a solid phase. Therefore, the
treatment of solid wastes must be taken into account.

Thus, other processes such as wet air oxidation (WAO) need to
be more investigated in order to improve textile effluent treat-
ments. This process is mainly used to treat highly concentrated
effluent, with a COD between 20 and 200 g � L�1. It has the
advantage that its oxidizing agent is (usually) air. WAO is suitable
for the treatment of effluents with an important suspended solids
load. In addition, oxidation reactions are exothermic. This fact
allows the WAO process to be potentially auto thermal when it is
operated under optimum conditions that decrease the operative
cost compared to other treatment processes.[7] The objective is to
study the system without catalyst. Indeed, in the context of
pollution treatment, it is not necessarily a good thing to add

catalyst that could be an additional pollutant, and necessitate
further efficient separation and recycling to answer this problem.
In this context, increasing temperature (and pressure if necessary)
could be a good solution. To obtain accurate results on the WAO
of textile effluents, typical compounds are selected: dyes. Two
main classes of dyes are used in textile industries: azo and
anthraquinone dyes. Azo dyes are the ones that are mostly used.
Their structure has between one to four azo linkages attached
to two groups; at least one of these is aromatic. Mantzavinos
and Psillakis[8] report that Acid Orange 7 (also called Orange II
or AO7) is one of the most frequently used.

In this context, the objectives of this work are to determine the
degradation rates, the reaction mechanisms, and the kinetic
parameters ofWAO of AO7. These elements are needed for further
modelling and simulation developments. More data give informa-
tion on the evolution of the biodegradability of the effluent and the
possibility to couple this process with a biological step.

MATERIALS AND METHODS

Experimental Setup

Figure 1 shows the batch process forwet air oxidation experiments
(Top Industrie, France). It was composed of a 152.8 mL stainless
steel reactor equippedwith a stirrer (Rushton propeller,maximum
speed 2000 rpm). It was connected to a volumetric pump allowing
injection of either a liquid solution or gas phase (oxygen or
nitrogen) at a given volume or pressure. Temperature was
regulated thanks to a cooling jacket and an electric heating collar.
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Pressure was controlled thanks to a manometer inside the reactor
vessel. Maximum temperature and pressurewere set at 350 8C and
30 MPa. Liquid samples were collected via a valve located at the
bottom of the reactor.

First, the reactor was made inert and pressurized with nitrogen.
Then, 60 mL of aqueous solution of AO7 was injected and the
injection valve in the reactor was closed. Stirring was started at
1000 rpm because previous studies demonstrated that this speed
avoided kinetic limitation by oxygen transfer.[9] The reactor was
next heated up to the operating temperature. At this time, air was
injected, and the reaction began. Liquid samples were collected at
the bottom of the reactor and analyzed. After each sampling,
oxygen is added to maintain a constant pressure. Indeed, in a
continuous bubble column (the industrial development for wet air
oxidation process), the oxygen transfers along the column from
the gas phase to the liquid phase and can be kept at a high
concentration. In the batch experiment, when a sampling is done,
pressure decreases. Two models have been tested: the one
presented in this manuscript and another one considering the
oxygen concentration. It appears that that there is no significant
influence for kinetics determination, so the simplified model is
proposed in the paper.

Analytical Methods

AO7 was analyzed by measuring the absorbance at 484 nm
using a spectrophotometer (WTW PhotoLab1 7600 UV-VIS).
To have an overall assessment of degradation, Total Organic
Carbon (TOC) measurements were performed using a Shi-
madzu1 TOC meter. Some compounds were identified thanks
to gas chromatography analyses (GC Varian 3800, FID
Detector, vector gas: helium, column Varian CP-Sil 5CB).
The compounds detected by this technique were phthalic acid,
acetic acid, phenol, benzoic acid, and 2-naphthol. According
to the pH of the sample analyzed, acids and alcohols may exist
in their protonated or anionic form. The presence of these
forms can influence their volatility and their interactions with
the solid phase and thus modify the associated peak areas.
Calibrations at different pH were therefore carried out on
acetic and phthalic acids. Regarding acetic acid, the calibra-
tions at pH 2.3, 4.0, and 6.5 showed no significant difference.
On the contrary, the calibration of phthalic acid was modified
according to the pH variation: the higher the pH, the smaller
the peak areas. When phthalic acid is in its ionized form, it

becomes very polar and thus poorly retained by the column,
and not very volatile. When the sample is sufficiently
acidified, the ionized form becomes virtually non-existent.
The addition of a higher amount of acid no longer influenced
the results of the analyses. In order to consider these
phenomena, samples containing phthalic acid were acidified
by adding hydrochloric acid. Then this compound is almost
totally in its protonated form. With these results, the evolution
of the area of the peaks as a function of the phthalic acid
concentration was obtained for different pH values. However,
with these first analyses, a significant part of the carbonaceous
compounds was not detected. A complementary method for
the analysis of benzene sulfonic and phenol sulfonic acids by
HPLC was developed (column Zorbax Eclipse plus C18,
solvent: acetonitrile / water / formic acid 8 % / 92 % / 1 %
in mass percentage, UV detection at 215 nm).
Taking into account these different analyses, TOCmeasurement

showed that the majority of the organic composition was
identified, for example 84 % in the case of WAO of AO7 at
250 8C after 30 min of reaction (Figure 2).
The biogradability evolution can be estimated with results from

literature. Indeed, AO7 presents a low biodegrability (or it is
necessary to conduct experiments in a very specific way, difficult
to reproduce in an industrial environment).[10] On the contrary,
phenolsulfonic acid presents a better biodegradability, especially
if glucose and peptone are added.[11] Finally, it is known that
phthalic acid and acetic acid are easily biodegraded using the usual
bacteria.[12–15]

Experimental Conditions

The literature reports that WAO of AO7 has been carried out
at concentrations between 80 and 1000 mg � L�1, i.e. 120 to
1500 mgCOD � L�1.[16] However, COD of textile effluents can reach
values of about 20 gCOD � L�1, depending on the manufacturing
step and the raw material used.[17] Since WAO is particularly
suitable for the treatment of effluents with high COD, it has been
chosen to work at a COD content comparable to that of highly
concentrated textile effluents. Thus, the initial COD of the treated
solution in this study was 19.3 gCOD � L�1, ie 12.6 g � L�1 of AO7.
Lef�evre et al.[9] showed that the reaction rates in the reactorwere

independent of the agitation rate above 1000 rpm. An air factor of
1.7 was set, i.e. an excess of oxygen of 70 % with respect to the
stoichiometric conditions. The total pressure (the influence of
which has not been studied) has been set at 30 MPa, correspond-
ing to a partial pressure of oxygen of 5.7 MPa. This value is much
higher than those used in other studies, which are in the range of
0.5–3 MPa, because of a higher value of initial concentration of
AO7 in this study. A wide temperature range, from 130 to 290 8C,
was previously studied and showed that degradation of AO7 was

Figure 1. Wet air oxidation batch reactor.

Figure 2. Composition of WAO effluent of AO7 at 250 8C after 30 min of
oxidation reaction.



very low for temperatures below190 8C.[18–21] This previous result
explains the range of temperature from 200 to 300 8C set for WAO
of AO7 in this study.

Finally, many samplings were carried out to evaluate the
influence of the duration of oxidation.

RESULTS

AO7 Oxidation

Many authors have shown that AO7 is unstable at high
temperature.[18,22] However, thermal degradation of the dye is
correlated with a decrease of TOC.[18,23] An experiment at
200 8C (and 30 MPa) without oxygen confirmed these results:
after only 10 min, nearly 11 % of initial AO7 was degraded while
the TOC remained constant. During the heating period, AO7 was
converted into byproducts (naphthol and benzene sulfonic
acid)[23] without quantifiable loss of carbon. In order to minimize
thermal degradation during WAO experiments, the reactor was
preheated to the set point temperature in the presence of nitrogen
and water only. Then a concentrated solution of AO7 was injected
and the oxygen was quickly introduced up to the set point
pressure.

Figure 3 shows the evolution of the degradation efficiency of
AO7 as a function of oxidation time for different temperatures (the
uncertainties in measured concentrations vary from 1 to 9 %,
coming from different experimental runs and the GC accuracy).
After 45 min almost all AO7 has been oxidized, with final
concentrations of 0.5 to 9 mg � L�1, whatever the temperature. On
the other hand, the higher the temperature, the higher reaction
yields are and the faster the oxidation is. These results are very
close to those of Donlagi�c and Levec[23] carried out in the same
range of temperatures (200 and 240 8C).

TOC analysis showed that AO7 was not fully mineralized
(Appendix 1), even at 300 8C after 15 min oxidation (87 % yield
and a residual TOC of 890 mg � L�1). These results are in good
agreement with those of Donlagi�c and Levec[23] at similar
temperatures.

Kinetics Modelling

Figure 4 shows the evolution of the concentration of the
compounds detected by GC during oxidation at 200 8C. Phthalic
and acetic acids are predominant, accounting for up to 15 % and
32 % of TOC, respectively. It is observed that phthalic acid is a
reactional intermediate, which tends to disappear as the duration
of oxidation increases. On the contrary, acetic acid tends to
accumulate in the reaction medium.

The only kinetic model for WAO of AO7 available in the
literature was proposed by Donlagi�c and Levec.[23] However, this
model just focussed on two reactions: the conversion of AO7 into
organic compounds and the oxidation of the latter to water and
carbon dioxide. No distinction has beenmade between the various
organic compounds formed: only the overall TOC content has been
modelled.

From the composition of the samples obtained from WAO
experiments at different temperatures, a kinetic model was
proposed. It comprises the three main compounds identified
and quantified: AO7, phthalic acid (PA), and acetic acid (AA).
In addition, the remaining organic carbon (largely due to
phenolsulfonic acid and other aromatic compounds) was
modelled as a single compound called “Aromatic Intermedi-
ate” or “ArI.” The model includes the following four
equations.

C16H12N2O4Sþ n1O2 !r1 ArI þ N2 þ H2SO4

þn2CO2 þ n3H2O ð1Þ

ArI þm1O2 !r2 C8H6O4 þm2CO2 þm3H2Oþ H2SO4 ð2Þ

C8H6O4 þ 6:5O2 !r3 0:5C2H4O2 þ 7CO2 þ 2H2O ð3Þ

C2H4O2 þ 2O2 !r4 2CO2 þ 2H2O ð4Þ

The expression of the rate of each reaction is shown in Table 2
of Appendix 2. In the case of AO7, Donlagi�c and Levec[23] also
observed a first-order rate. Donlagi�c and Levec[23] studied the
oxidation of the organic carbon formed by second order kinetics.
In the present case, second order kinetics was effectively suitable
for the oxidation of aromatic compounds, while the oxidation of
acetic acid was better modelled by first order kinetics. The
concentration of each compound is expressed as a function of the
extent of reactions j in Table 3 of Appendix 2.

Four first order differential equations (Equations (5) to (8)) are
finally obtained, ji being the extent of reaction and ki the
Arrhenius constant of each reaction defined by Equations (1)
to (4).

dj1
dt

¼ k1 n0
AO7 � j1

� � ð5Þ

dj2
dt

¼ k2 j1 � j2ð Þ2 ð6Þ

Figure 3. Temperature and reaction duration influence on AO7
degradation.

Figure 4. Evolution of the concentrations of reaction intermediates
detected by GC for WAO of AO7 at 200 8C.



dj3
dt

¼ k3 j2 � j3ð Þ2 ð7Þ

dj4
dt

¼ k4 0:5j3 � j4ð Þ ð8Þ

In this system, the equations can be solved successively. The
first equation makes it possible to calculate k1 by minimizing the
sum of least squares between experimental and modelled points.
j1 being determined, it is possible to determine k2 in the same
manner and so on. The equations were solved by the order 4
Runge Kutta method. Finally, for each compound, the constants
calculated for each temperature were correlated with the
Arrhenius law.

Figure 5 shows a good fit of the model for AO7 and aromatic
intermediates with correlation coefficients higher than 0.97. The
kinetic constant associated with phthalic acid is slightly less well
fitted, with a correlation coefficient of 0.85. Concerning acetic
acid, only two points have been obtained. Indeed, during WAO at
200 8C, the kinetic constant associated with the oxidation of acetic
acid was zero, showing its refractory nature to chemical oxidation
at too low temperature.

Finally, the inherent calculated kinetic parameters are pre-
sented in Table 1. The activation energy obtained for the removal
of AO7 was close to that obtained by Donlagic and Levec[21] i.e.
68 kJ � mol�1. In this study, the authors obtained an activation

energy associated with the TOC mineralization of 154 kJ � mol�1,
which is significantly higher than the calculated activation
energies of the study presented here.
Experimental and modelled curves are shown in Appendix 3.

These figures show that the model reproduced the experimental
results well at 250 and 300 8C. However, large deviations occur
at 200 8C, showing that the model used can be further improved,
for example by taking into account the oxygen concentration or
by considering a larger number of reactions and reaction
intermediates. Nevertheless, these results are satisfactory at
250 8C in order to carry out a simulation of WAO of AO7 at this
temperature.

CONCLUSION

Textile effluents often contain hardly biodegradable com-
pounds. This is mainly due to their high concentration of
dyes. A means of increasing the biodegradability of these
effluents is to carry out a pre-treatment by the wet air oxidation
process. In this work, acid orange 7 was chosen as a dye model
because it is particularly resistant to biodegradation. The
analyses carried out on the various degraded samples made it
possible to obtain the reaction scheme presented in Figure 6.
With this scheme, reaction constants were determined for each
step, thus enabling the degradation kinetics of this compound to
be modelled.
Regardless of the tested conditions, the results showed that

degradation of AO7 was relatively easy. On the other hand,
intermediate compounds are more difficult to oxidize, from the
first aromatic molecules to acetic acid. The latter compound is
known to be refractory to oxidation, even under the conditions
studied in this work. To oxidize the overall carbonate matter into
CO2, it would therefore be necessary to significantly increase the
temperatures and the reaction times, which does not appear to
be advantageous for an industrial treatment. This work gave
significant results on the evolution of effluent composition
during the treatment and conversion of initial molecules into
biodegradable compounds such as acetic acid. Without proceed-
ing further with the oxidation reaction, it is preferable to couple
this process with an aerobic biological treatment method, in
order to have an overall reduction of carbon matter and to
discharge the treated effluent into the environment. This kind of

Figure 5. Calculation of the kinetic parameters of WAO of AO7.

Figure 6. Reaction mechanism.

Table 1. Kinetics parameters of AO7

Compound AO7 ArI PA AA

Activation energy (kJ � mol�1) 71.9 45.5 32.9 46.7
Pre-exponential factor 1.43.105 s�1 9.16.104 mol�1 � s�1 7.02.104 mol�1 � s�1 7.5 s�1



approach has already been considered with phenol as the
entering pollutant.[24]
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