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Abstract: The catalytic wet oxidation of phenol has been investigated in a 1 L semi-batch reactor in the
presence of both ferrous and ferric salts. Oxidation reactions follow first-order kinetics with respect to
phenol and half-order kinetics with respect to dissolved oxygen. The activation energy for the reaction
was 44.5 and 48.3 kJ mol−1 for runs employing Fe3+ and Fe2+, respectively. Rate constants and induction
periods were also similar for both catalysts. This result could be explained by analysing the evolution of
iron during the oxidation process. For pH > 2, Fe2+ was rapidly oxidized under reaction conditions to
Fe3+, resulting in a unique catalytic redox system Fe2+/Fe3+. It was also shown that if pH < 2 the dissolved
oxygen was unable to oxidize ferrous ion, resulting in a much slower oxidation rate of phenol. The absence
of a redox pair resulted in a complete lack of catalytic activity of the dissolved iron salt.
 2005 Society of Chemical Industry
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NOMENCLATURE
DO2 diffusivity of oxygen in the liquid phase (m2 s−1)

Ea activation energy (kJ mol−1)

k kinetic constant (units depend on reaction order)
kr pseudo first-order kinetic constants (s−1)

kL mass transfer coefficient for oxygen in the liquid
phase (m s−1 and s−1)

n order of reaction
CPh phenol concentration (ppm)
CO2 oxygen concentration (mol L−1)

Ha Hatta number =
√

bkrDO2k
−1
L

INTRODUCTION
Wet oxidation is an alternative technique for treating
organic waste streams that are toxic or refractory
to conventional biological treatments.1 The process
is carried out in liquid phase at relatively elevated
temperatures and pressures using a gaseous source of
oxygen. The high cost of this technique when applied
to the complete oxidation of all organics in a waste
stream is mainly due to the formation of low molecular
mass carboxylic acids that are difficult to convert into
CO2 and H2O.2 In such cases, it has been suggested
that a partial oxidation of organics may be followed
by biological methods of abatement.3 A catalyst is
used in many situations to allow operation under
milder conditions.4–8 However, the development of
catalytic processes requires more effort in reactor

engineering and in the search for more efficient
catalysts. Both homogeneous and heterogeneous
catalysts have been reported for wet oxidation of
organic compounds.4 The use of heterogeneous
catalysts has received much more attention in recent
years, even though these have some disadvantages.
The enhanced mass transfer resistance inside catalyst
pores reduces reaction rates, requiring larger reactors,
and the development of heterogeneous catalysts thus
involves high investment cost. Another hurdle is that
three-phase reactors operate under conditions that
are difficult to model and control.3 On the other
hand, homogeneous catalytic processes can operate
in smaller reactors but they require a downstream
auxiliary demetallation unit for the recovery of
catalyst.

Several wet oxidation processes have been reported
that use homogeneous catalysts. The LOPROX
process, patented by Bayer AG, uses Fe2+ as a
homogeneous catalyst with the main objective of
improving the biodegradability of wastewaters. It is a
pure oxygen process operating at a temperature below
230 ◦C and a pressure not higher than 3.5 MPa with
the purpose of leaving the bulk of the degradation
work to a downstream biological treatment unit.9

The chemical oxidation of organic compounds in
the presence of hydrogen peroxide and iron salts
(Fenton reagent) has been proposed as a wastewater
treatment technology.10 Litvintsev et al11,12 studied
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the Fenton oxidation in the presence of catechol (1,2-
dihydroxybenzene) as co-catalyst and in the presence
of a combined Fe(II)–Ce(IV) catalytic system.13

Other homogeneous iron-based systems, such as
photocatalytic H2O2/Fe/UV or Photo-Fenton reagent,
have been proposed for the removal of phenol and
substituted phenols from wastewaters.14 Shende and
Mahajani15 and Imamura16 reported higher activity of
Cu2+ homogeneous catalyst than Fe3+ salts for the
oxidation of carboxylic acids.

The commercial significance of phenol and substi-
tuted phenols, their high toxicity and the limitations for
the biotreatment of streams containing over 200 ppm
of such compounds17 justifies the large experimental
effort devoted to developing wet oxidation processes
for wastewaters containing phenol and its derivatives.
However, experimental results show a large dispersion
resulting from a lack of fundamental information. The
aim of this work was the study of the kinetics of the
homogeneous oxidation of phenol in the presence of
Fe3+, Fe2+ and their mixture. Special attention was
paid to ensure that mass transfer effects could be
neglected throughout.

EXPERIMENTAL
Apparatus and procedure
Runs were carried out in a 1 L stainless steel Parr
T316SS reactor (100 mm diameter) equipped with
two six-bladed magnetically driven turbine agitators.
The reactor was preceded by a 2 L stainless steel
water reservoir filled with deionized water up to about
70% of its total capacity. Oxygen, supplied from a
compressed cylinder, was bubbled through the water
reservoir in order to saturate it before it reached
the reactor. The flow of oxygen was measured and
controlled by a Brooks mass flow electronic device.
Once the equipment was pressurized and preheated
up to the desired conditions, a predetermined amount
of a concentrated solution of phenol (90% in deionized
water) was injected into the reactor by means of
pressure from the bottled compressed oxygen. A valve
and a coil fitted to the top of the vessel allowed
the withdrawal of samples during the reaction. The
pressure was kept constant by means of a back-
pressure controller located at the end of the gas
line and the stirring speed was adjusted to 500 rpm.
Further details can be found elsewhere.18,19

Analysis
The concentration of phenol was monitored by the
4-aminoantipyrine method, a colorimetric procedure
developed by Ettinger et al20 and based on the forma-
tion of a red complex between 4-aminoantipyrine and
phenol in the presence of an oxidant such as potassium
hexacyanoferrate III, K3Fe(CN)6. The absorbance of
the complex was monitored with a Perkin-Elmer spec-
trophotometer and was a maximum at 510 nm.

The concentration of Fe2+ in solution was deter-
mined by titration with potassium dichromate follow-
ing the standard ASTM 310A procedure. Total iron

was measured by atomic absorption spectrophotome-
try according to ASTM 301A-II.

RESULTS AND DISCUSSION
The oxidation of phenol takes place in two periods
with different kinetic behaviour. An induction stage
where the oxidation proceeds slowly is followed by
a steady-state reaction that is first-order with respect
to the organic compound.4,18 It has been stated that
the length of the induction period is determined by
the time required for the free-radical reacting species
to reach a critical concentration. The rapid step
begins when the concentration of radicals reaches the
critical value required for a stationary state.21 Another
relevant characteristic of free-radical reactions is the
dependence of reaction rates on the total amount of
organic load. It has been determined elsewhere that the
kinetic constant during the first-order period depends
linearly on the initial reactant concentration.18 In order
to avoid this source of variability, all runs performed
in this work used the same initial amount of phenol
(CPh0 = 1000 ppm = 1.06 × 10−2 mol L−1).

The overall oxidation process requires the transfer of
oxygen from the gas phase to the liquid phase, which
depends on the convective mass transfer coefficient
in the liquid phase, kL. Once the stationary state is
reached, the rate of oxygen transfer must equal the
rate of consumption due to the chemical reaction with
phenol.

All the reactions described in this work were
performed under kinetic control. Verification was done
by using the Hatta number, Ha, developed from the
film theory of mass transfer:

Ha =
√

bkrDO2

kL

During all runs, Ha < 0.02, thus ensuring the absence
of mass transfer limitations. For the case of chemical
control, the overall kinetics may be expressed as
follows:

−dCPh

dt
= kCPhCn

O2

In the conditions studied in this work, the catalyst
loading had no significant effect on the kinetic constant
k. Consequently, the amount of catalyst was not
included in any kinetic expression. Rate expressions
showing other than first-order behaviour with respect
to catalyst concentration have been reported in other
studies and reflect the role of radical generation played
by catalysts in wet oxidation processes.22 No deviation
was detected in this work from first-order kinetics with
respect to phenol, which is in agreement with most
results found in the literature.4 The data from the
evolution of phenol were fitted to a kinetic expression
n-order in oxygen, yielding a value whose deviation
from n = 1/2 was not statistically significant. This
value agrees with those provided by other investigators
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Figure 1. Evolution of phenol during oxidation in the absence of
catalyst (°) and using 5.00 × 10−3 mol L−1 of Fe3+ (ž); P = 5.1 MPa
of oxygen and T = 200 ◦C.

for the rapid degradation step in the catalytic wet
oxidation of phenol.21–23 On the other hand, first-
order kinetics have been reported for the induction
period21 and for the non-catalytic process,18,24 even in
the presence of hydrogen peroxide.25

Oxidation catalysed by ferric ion (Fe3+)
Figure 1 compares the non-catalytic oxidation of
a 1000 ppm solution of phenol with the reaction
carried out in the presence of 5.00 × 10−3 mol L−1

of Fe3+. The reaction was performed under 5.1 MPa
of oxygen at 200 ◦C. The solid lines represent the first-
order fitting of data excluding those corresponding
to the induction period in the non-catalysed reaction.
The data show that the induction period completely
disappears in the catalysed reaction in agreement with
the expected role of the catalyst in the generation of
free radicals. For lower temperatures, an induction
period still existed, but always much shorter than
that corresponding to a non-catalytic reaction. For
example, at 170 ◦C and 10.2 MPa, the induction
period in a non-catalysed reaction was 155 min,
whereas at 150 ◦C and 5.1 MPa in the presence of
5.00 × 10−3 mol L−1 of Fe3+, the observed induction
time was 20 min.

The disappearance of phenol and the evolution
of pH for runs performed at 150 ◦C and 5.1 MPa
are represented in Fig 2 for various loads of Fe3+.
For all runs, the initial value of pH rapidly dropped
to an almost constant value slightly below 3.0 and
was practically independent of process conditions.
This pattern has been attributed to the early
formation of carboxylic acids from phenol. It has been
noted in previous work18 that carboxylic acids react
slowly under wet oxidation conditions and tend to
accumulate, resulting in a residual chemical oxygen
demand of about 500 ppm.

In order to evaluate the activation energy of the
process, several runs were performed at 5.1 MPa and
temperatures of between 150 and 200 ◦C, starting
with 1000 ppm of phenol and 5.00 10−3 mol L−1

of catalyst. The kinetic constants for the steady-
state reaction following the induction period were
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Figure 2. Oxidation of phenol at 150 ◦C and 5.1 MPa with
5.00 × 10−4 mol L−1 Fe3+ (ž), 2.50 × 10−3 mol L−1 Fe3+ (�) and
5.00 × 10−3 mol L−1 Fe3+ (°); the evolution of pH is also
represented (�).

Table 1. Reported activation energies for catalytic and non-catalytic

oxidation of phenol

Catalyst

Tempera-
ture
(◦C)

Activation
energy

(kJ mol−1) Reference

Cu2+ (CuSO4) 80–110 57.5 Kulkarni and Dixit26

Cu/Zn/Co oxides
(EX1144.8 Süd-
Chemie)

130–160 61 Pintar et al27

CuO/Al2O3 114–200 57.4 Katzer et al5

CuO/Al2O3 120–160 76–85 Fortuny et al28

CuO/Al2O3 120–230 85.7 Otha et al29

— 170–220 67.4 Vicente et al18

— 180–210 107 Shibaeva et al30

— 130–200 112 Willms et al21

— 145–180 56.6 Jaulin and Chornet31

— 150–180 50 Jogeklar et al32

— 160–220 46.9 Rivas et al33

fitted to an Arrhenius-type expression, which yielded
an activation energy of 44.5 kJ mol−1. This value is
in good agreement with other reported activation
energies for the oxidation of phenol, a selection
of which is summarized in Table 1. It has to be
remarked, however, that the literature data show
a certain dispersion also encountered in the non-
catalytic oxidation of phenol. In general, conditions
that induce the formation of tar have been associated
with higher activation energies.

Oxidation catalysed by ferrous ion (Fe2+)
The results obtained during the oxidation of phenol
in the presence of Fe2+ from FeSO4 are shown in
Fig 3. The runs performed at 150 ◦C and 5.1 MPa
followed a similar pattern to those in the presence
of Fe3+ described before. The evolution of pH also
dropped to 2.4–2.6 from a higher initial value (around
6.5) corresponding to phenol aqueous solution. The
activation energy obtained for the oxidation catalysed
by Fe2+ was 48.3 kJ mol−1, similar to the result
reported above for Fe3+ catalyst. Rate constants for
runs employing Fe2+ were in all cases slightly lower
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Figure 3. Oxidation of phenol at 150 ◦C and 5.1 MPa with
3.29 × 10−4 mol L−1 Fe2+ (ž), 6.58 × 10−3 mol L−1 Fe2+ (�) and
3.29 × 10−3 mol L−1 Fe2+ (°).
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Figure 4. Oxidation of phenol at 150 ◦C and 5.1 MPa with
6.58 × 10−4 mol L−1 Fe2+ (ž); the ratio Fe2+/Fetotal is represented on
the right-hand axis (°); the upper part of the figure shows the
evolution of pH (�).

than the corresponding reactions catalysed by Fe3+.
For example, at 150 ◦C and 5.1 MPa, the kinetic
constant was 6.0 × 10−2 L0.5 s−1 mol−0.5 for Fe2+ and
6.9 × 10−2 L0.5 s−1 mol−0.5 for Fe3+ with a catalyst
load of 3.29 × 10−4 mol L−1 of cation. At 200 ◦C and
84.6 MPa, rate constants were 0.18 L0.5 s−1 mol−0.5

and 0.15 L0.5 s−1 mol−0.5 with a catalyst load of
6.58 × 10−4 mol L−1 of Fe3+ and Fe2+, respectively.
In most cases, however, confidence intervals for both
parameters overlap, indicating that the difference is
not statistically significant. The comparison between
Figs 2 and 3 also reveals that the length of the
induction period is similar for runs using Fe2+ and
Fe3+ as catalyst.

The analysis of the samples withdrawn during the
reaction revealed that the oxidation state of dissolved
iron changes as the reaction proceeds. Figure 4 shows
the evolution of the ratio Fe2+/Fetotal during the
oxidation of a 1000 ppm solution of phenol at 150 ◦C
and 5.1 MPa in the presence of 6.58 × 10−4 mol L−1

of Fe2+. The figure also shows pH values evolving
towards 2.4 as a consequence of the accumulation
of reaction products. After the injection of catalyst
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Figure 5. Oxidation of phenol at 150 ◦C and 5.1 MPa at pH < 2 with
6.58 × 10−4 mol L−1 Fe2+ (ž); the ratio Fe2+/Fetotal is also
represented (°).

into the reaction bulk, Fe2+ was rapidly converted
into Fe3+, which was steadily reduced back to Fe2+
during the induction period. At the beginning of the
first-order period, the concentration of Fe2+ reached
a maximum after which the iron was oxidized again to
Fe3+.

Figure 5 represents the evolution of phenol and
Fe2+/Fetotal in the same conditions but keeping pH < 2
by adding sulfuric acid to the reaction mixture.
In this case, rate constant was 6.60 × 10−3 min−1,
much lower than those obtained in the same
conditions with Fe3+ and Fe2+/Fe3+ systems. The
redox potential of the Fe2+/Fe3+ system rapidly decays
at a pH value slightly above 2, but is relatively
high for pH < 2 (Eh = 0.77 V). The catalytically
less active form, Fe2+, is therefore stable only at
highly acidic conditions, being rapidly converted
into Fe3+ when pH is allowed to freely evolve as
phenol is oxidized to refractory carboxylic acids. The
results also showed that phenol is able to reduce
Fe3+ for a short period at the beginning of the
rapid degradation step, when the reaction rate and
oxygen consumption are higher. The interconversion
between Fe2+ and Fe3+ explained the similarity of
the rate constants obtained in runs where the pH was
above 2.

CONCLUSIONS
The catalytic oxidation of phenol takes place in two
steps in series: an induction period and a steady-state
decay. In all cases, the induction period is shorter
than that corresponding to non-catalytic oxidation.
Concerning the steady-state decay, the experimental
results show that the oxidation of phenol in the
presence of ferrous and ferric salts obeys first-order
kinetics with respect to the organic compound and
half-order kinetics with respect to dissolved oxygen.
The values of the activation energy were similar for
Fe2+ and for Fe3+ catalysts (44.5 and 48.3 kJ mol−1,
respectively). Rate constants were somewhat lower
for Fe2+, but the uncertainty in their determination
supports the assumption that they are not significantly
different from those obtained with Fe3+. When pH was
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allowed to evolve freely, it decreased during every run
reflecting the accumulation of refractory carboxylic
acids in the reaction mixture. At all times the pH
remained higher than 2. The spectrophotometric
analysis of iron in samples withdrawn during the
runs revealed that there exists an interconversion
between Fe2+ and Fe3+ irrespective of the form
in which iron is introduced in the reaction bulk.
Oxygen in solution oxidizes Fe2+ to Fe3+, that was
the dominant oxidation form except at the end of
the induction period, when first-order oxidation of
phenol started. In another set of runs, sulfuric acid
was added to keep pH < 2 throughout the reaction
period. In this case, the oxidation rate of phenol
became very small and the analysis proved that
Fe2+ was not converted into Fe3+. Under those
conditions, the establishment of a Fe2+/Fe3+ redox
system is required for the oxidation to take place at
high rates.
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