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A detailed radical chain elementary reaction mechanism for the liquid-phase cat-
alytic oxidation of meta-xylene to meta-phthalic acid catalyzed by cobalt acetate
and manganese acetate and promoted by hydrogen bromide was proposed. Using
several reasonable assumptions a simple fractional-like kinetic model was derived
from the assumed reaction mechanism. Several batch oxidation experiments were
carried out to study the oxidation kinetics. The experiments included three values of
the initial concentration of meta-xylene and four values of reaction temperature.
The developed model parameters were determined in a nonlinear optimization, min-
imizing the difference between the simulated and experimental time evolutions of
the product compositions obtained in a batch oxidation reactor, where the gas and
liquid phases were well mixed. The experimental results cannot be interpreted by
the empirical n-th order kinetics, but can be interpreted by the kinetic model pro-
posed in this work. It means the kinetic model proposed in this work reveals the
reaction mechanism. � 2008 American Institute of Chemical Engineers AIChE J, 54:

2674–2688, 2008
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Introduction

As one of the most important aromatic compounds, meta-
phthalic (MPA) is widely used in organic synthesis, particu-

larly in the polyester and paint industry. Commercially, the
majority of MPA is produced by the air oxidation of meta-
xylene (MX) in acetic acid (HAc) in the temperature range
from 448.2 to 473.2 K, catalyzed by cobalt acetate
(Co(Ac)2) and manganese acetate (Mn(Ac)2) and promoted
by hydrogen bromide (HBr).1–4 To gain better insight into
the reaction mechanism and identify the effects of different
parameters on the progress of the reaction, it is essential to
study the kinetics. Further, the rational design, optimization,
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control, and analysis of the oxidation of MX to MPA pro-
cess also require knowledge of the reaction mechanism and
kinetics.

The liquid-phase catalytic oxidation of MX to MPA in
acetic acid media is a typical aromatic hydrocarbon oxidation
process, which belongs to the kind of classical free-radical
chain reaction. Researchers such as Kamiya,5 Hendriks
et al.,6 Jones,7–9 Hronec et al.,10,11 Partenheimer et al.,12–18

Suresh et al.,19,20 Harustiak et al.,21,22 George and Steven,23

Sheldon and Kochi,24 Wang et al.,25,26 Emanuel and Gal,27

Marta et al.,28 Wang et al.,29 and Cheng30 had studied the
mechanism of aromatic hydrocarbon liquid-phase catalytic
oxidation for many years. In the oxidation of methyl aro-
matic hydrocarbon to aromatic carboxylic acid, a mixture of
cobalt(II), manganese(II) and bromide salts, which can be
called ‘Mid-century’ catalysts, are used as catalyst species. It
is well established that these metal catalysts, with reduction
potentials of 242 and 235 kcal/mol for Co(III) and Mn(III),
respectively, can produce radical species of methylaromatics
compounds.24 The bromine radical, Br�, with a redox poten-
tial of 225 kcal mol, is less powerful than either Co(III) or
Mn(III), but is known to generate benzylic radical-
s(RCH2

�).13 The rate of benzylic radical generation is much
faster with Br than either Co(III) or Mn(III). The initiation
mechanism is predominantly hydrogen abstraction from
methyl groups by bromine atoms. The Mn and Co ions oxi-
dize the bromine ions formed to bromine atoms thus ensuring
the availability of bromine atoms for initiation.31 Although
different in some specific chain elementary reactions, the fol-
lowing general free-radical chain elementary reactions
involving the initiation, propagation, and termination steps
are commonly accepted14,31:

M3þ þ Br� ! M2þ þ Br�

Br�þ RCH3 ! RCH�
2 þ Hþ þ Br�

RCH�
2 þ O2 ! RCH2O

�
2

RCH2O
�
2 þM2þ ! RCHOþM3þ þ OH�

RCHOþM3þ ! RCO�þM2þ þ Hþ

RCHOþ Br� ! RCO�þBr� þ Hþ

RCO� þ O2 ! RCO�
3

RCO�
3 þ RH ! RCO3Hþ R�

RCO3Hþ RCHO ! 2RCOOH

RCO3HþM2þ ! RCO�
2 þM3þ þ OH�

RCO�
2 þ RH ! RCOOHþ R�

I�i þ I�i ! I�i ! IiIj

where M denotes metal catalyst such as Co or Mn, R denotes
aromatic reactants and I denotes radicals produced. Here, the
initial step is thought to be the generation of Br� radical and
the hydrogen abstraction illustrated in the first two reactions.
The propagation step consists of oxidation of the substrates
by molecular oxygen, metal ion and Br� radical, and reduc-
tion of radicals and hydroperoxides by metal ion. The termi-
nation step consists of reactions between two radicals.

The complexity of the chain elementary reactions clearly
prevents the evaluation of the individual values of the

kinetic constant by direct fitting of the model results against
the experimental data. Furthermore, the formulation of
detailed kinetic models of the complex process which
describes all the involved radical chain elementary reactions
and all the intermediate products is not desirable in prac-
tice. This is mainly because the estimation of the kinetics
parameters of the radical chain reactions by fitting of the
experimental data are very difficult to be performed when
the concentrations of the participating components (that is,
the radical species in the liquid phase) are very difficult to
be measured. To low the computing efforts, the most com-
mon approach is to lump the detailed mechanism into a set
of global reactions, which involves only molecular species.
The concentrations of these molecular species can be, in
principle, easily monitored as a function of time.32–35 With-
out involving formal procedure of general validity but sim-
ply including the minimum number of reactions to describe
the behavior of all the species of interest, but by accounting
for the most important intermediates and final products of
the process, i.e. MX, meta-tolualdehyde (m-TALD), meta-
toluic acid (m-TA), meta-carboxybenzaldehyde (m-CBA),
and MPA, the lumped kinetic scheme shown in Figure 1 for
the liquid-phase oxidation of MX to TA was proposed,1–4

where the reactions of MX to m-TALD and m-TA to m-
CBA involve the addition of 1O2 and the reactions of m-
TALD to m-TA and m-CBA to MPA involve the addition
of 1/2O2. The lumped kinetics scheme may have important
practical applications in the production of MPA.

Zhang studied the liquid-phase catalytic oxidation kinetic
of m-TA to MPA catalyzed by cobalt acetate and manganese
acetate and promoted by tetrabromoethane at 453.2–473.2
K.1 He empirically assumed that all the reactions were n-th
order with respect to liquid reactants. The correlated results
showed that the oxidation of m-TA to m-CBA was 0.3-th
order with respect to m-TA and the oxidation of m-CBA to
MPA was 0.35-th order with respect to m-CBA. The aver-
aged relative deviation between the experimental and model
correlated data was 12.8%. The studies on temperature
effects showed that the activation energies for the oxidation
of m-TA and m-CBA are almost the same.

Wan studied the liquid-phase catalytic oxidation kinetic
of MX to MPA catalyzed by Co/Mn/Br at 448.2–473.2 K.4

He also empirically assumed that all the reactions were n-th
order with respect to liquid reactants. The correlated results
showed that the oxidation of MX to m-TALD was 0.87-th
order with respect to MX, and the oxidation of m-TALD to
m-PT was 0.5-th order with respect to m-TALD, and the ox-
idation of m-TA to m-CBA was 0.75-th order with respect
to m-TA, and the oxidation of m-CBA to MPA was 0.54-th
order with respect to m-CBA. The averaged relative devia-
tion between the experimental and model correlated data
was not given. The studies on temperature effects showed
that the activation energies of the four oxidation steps
shown in Figure 1 ranged from 28.4 to 156.7 kJ/mol.
Among them, the activation energy of m-PT to m-CBA was
the highest and that of m-CBA to MPA was the second
highest. Catalytic oxidation of m-TA to m-CBA was the
control step of the reaction system. However, when the n-th
reaction kinetics was used in an industrial oxidation pro-
cess, there was a significant difference between the simu-
lated results and the industrial operating results. It was
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mainly because the kinetics previously obtained was empiri-
cal and did not reveal the reaction mechanism sufficiently.
A kinetic model derived from the reaction mechanism is
necessary.

Wang et al.25,26 and Cheng30 developed a kinetic model as
shown in Eq. 1 from the radical chain elementary reaction
mechanisms for the liquid-phase catalytic oxidation of para-
xylene to terephthalic acid

rj ¼ kjcj

ðd1jc1 þ d2jc2 þ d3jc3 þ d4jc4 þ ejÞbj
j ¼ 1� 4 (1)

where kj is the reaction rate constant and is affected by tem-
perature, catalyst concentration and ratio, etc. The dij, bj and
ej are model parameters. Zhang et al. assumed that the ki-
netic models for the liquid-phase catalytic oxidation of MX
to MPA were similar with that of para-xylene to terephthalic
acid, and Eq. 1 could be used as the kinetic model for the
oxidation to MPA,2,3 because they thought that the molecular
structure for para-xylene and MX are similar, and the oxida-
tion condition, catalyst and solvent system, reaction path are
also similar for the liquid-phase catalytic oxidation of para-
xylene to terephthalic acid and MX to MPA. Based on the
assumed kinetic model, they studied the liquid-phase cata-
lytic oxidation kinetic of MX to MPA catalyzed by Co/Mn/
Br at 453.2–473.2 K and the model parameters in Eq. 1 were
obtained by the fitting of experimental data. The fitting
results showed that the activation energies of the four oxida-
tion steps shown in Figure 1 ranged from 40 to 76 kJ/mol.
Among them, the activation energy of m-CBA to MPA was
the highest and that of m-TA to m-CBA was the second
highest. Catalytic oxidation of m-CBA to m-TA was the con-
trol step of the reaction system. However, one needs to be
careful about the assumption made by Zhang et al.2,3 The ox-
idation of para-xylene and MX are significantly different in
two aspects. The solubility of the oxidation products of ter-
ephthalic acid and MPA are quite different. MPA is roughly
10 times more soluble than terephthalic acid. This means
that the rate of metal-catalyzed decarboxylation of MPA is
10 times more important than terephthalic acid.36 The metal-
catalyzed decarboxylation is a deactivation mechanism
because it is in direct competition with Co(III) for Br and
Mn(II). Also radicals form in the para-position on the ben-
zene ring are resonance stabilized, whereas those in the
meta-position are not. Therefore decomposition of these radi-

cals to by-products such as carbon dioxide might be higher
in MX oxidation than in para-xylene oxidation.36

The kinetic model and model parameters reported in pub-
lic literatures are quite different, and even somewhere contra-
dictory. This might mainly because the available kinetic
models proposed are all not derived from the reaction mecha-
nism of MX to MPA, but empirical. The available literature
is not complete when one looks for mechanism and kinetics
for the liquid-phase catalytic oxidation of MX to MPA.
There exists a scope and a necessity to propose a detailed
radical chain elementary reaction mechanism, and the kinetic
model derived from the reaction mechanism is preferred.
This is just the aim of this work, and the work consists of
two parts. In the first part, a radical chain reaction mecha-
nism will be proposed. Based on the proposed mechanism, a
fractional-like kinetics model will be derived. In the second
part, experiments results on the oxidation process will be dis-
cussed, and the model parameters in the proposed kinetics
will be determined by data fitting.

Experimental Work

Apparatus and procedure

The experimental apparatus used in this work appears in
Figure 2. The 0.5 L oxidation reactor was constructed from ti-
tanium to resist corrosion and was designed for temperatures
up to 493 K and pressures up to 30 atm. A paddle-type agita-
tor with a turbine impeller is used for agitation. The system
was equipped with three condensers in order to ensure com-
plete condensation and recycle of the evaporated compounds.
The pressure was controlled by a back-pressure valve to be 16
atm. A Pt100 thermal resistance thermometer was inserted
into the reactor for the measurement of temperature, and the
thermometer had a measurement range from 423.15 to 493.15
K and had an uncertainty of 60.1K. The details about the ex-
perimental apparatus have been described by Cheng et al.37

In each experiment, the liquid reactant MX, solvent acetic
acid, and catalysts Co/Mn/Br were batch deposited in the re-
actor at room temperature. The solution in the reactor was
heated at about 10 K/min to the experimental temperature.
The temperature was maintained within 60.5 K of the
desired temperature by a PID controlling system shown in
Figure 2. When the temperature was higher than the desired
point, the computer program would start the peristaltic pump,
and cooling oil would flow through the spiral cooling coil in

Figure 1. Lumped kinetic scheme for the oxidation of meta-xylene to meta-phthalic acid.
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the reactor to cool the content in the reactor. When the tem-
perature was lower than the desired point, the computer
program would start the heating controlling circuit, and the
reactor wall would be electrically heated. When the solution
temperature was heated to the experimental point, the gaseous
reactant air was continuously fed into the reactor, and the oxi-
dation began. The experimental conditions are listed in Table
1, while fixing the reaction pressure at 1.6 MPa, and the oxy-
gen volume fraction in the vent at no less than 4%, and the
initial mass percent of water at 0%. In these experiments, Run
1–3 were carried out to study the effect of initial reactant con-
centration on the oxidation process, and Runs 2 and 4–6 were
carried out to study the effect of temperature on the oxidation
process, and Runs 2 and 7–8 were carried out to study the
effect of stirring rate on the oxidation process.

During the oxidation process, the reaction slurry was
sampled every 0.5–2.5 min. MX oxidation occurs at high
temperature and high pressure. The loss of light components
due to volatilization, and the plugging of sampling pipes and
valves due to the crystallization of heavy components make
the sampling operation difficult and the samples distorted. In
our experiments, a gear drag-bar sampler as illustrated in
Figure 3 was used to sample the reaction slurry at high tem-

peratures and pressures. The sampling technique can avoid
the loss of light components due to volatilization and the
plugging of sampling pipes and valves due to the crystalliza-
tion. On the bottom of the sampling rod there were a ‘‘?’’
hole entryway and a horizontal hole entryway. The diameter
of each hole was 1.5 mm. One could pull the sampling rod
out of the reactor to a fixed position so that the ‘‘?’’ hole
could be connected with the sample cell. At this moment the
solution in the reactor would flow into the sample cell at the
system pressure until the sample cell was filled with liquid-
phase sample. It should be emphasized that at this moment
the outlet valve, the carrier gas valve and the solvent valve
should be closed. Then one could push the sampling rod into
the reactor, so that the sample was enclosed in the sampling
cell. To avoid the loss of solvents by evaporation, the sample
was cooled to room temperature quickly by the water cooling
jacket surrounding the sample cell, in which most of the sol-
ute would crystallize. Then the outlet valve and the carrier
gas valve were open, and the samples in the sample cell
were swept out by the purged nitrogen into a sampling col-
lector. To collect the crystallized solute into the sampling
collector, the solvent valve was open, and the sample cell
was flushed by the solvent dimethyl sulfoxide at least three

Figure 2. Experimental apparatus for the oxidation of meta-xylene to meta-phthalic acid.

1. air tank, 2. nitrogen tank, 3. mass flowmeter, 4. air inlet valve, 5. solvent DMSO pot, 6. air buffer drum, 7. air buffer pot, 8. sampler,
9. reactor, 10. heating control circuit, 11. sample cell, 12. cooling oil tank, 13. peristalic pump, 14. agitator, 15. condenser, 16. peephole,
17. back-pressure valve, 18. gas-liquid separator, 19. rotameter, 20. scrubber, and 21. dryer

Table 1. Operating Conditions for the Experimental Runs

Run
T
(K)

MX/HAc
(mass ratio)

Co
(ppm)

Co/Mn/Br
(atom ratio)

Stirring
Rate (rpm)

1 463.2 0.20 200 1/3/3 900
2 463.2 0.10 200 1/3/3 900
3 463.2 0.05 200 1/3/3 900
4 453.2 0.10 200 1/3/3 900
5 458.2 0.10 200 1/3/3 900
6 468.2 0.10 200 1/3/3 900
7 463.2 0.10 200 1/3/3 600
8 463.2 0.10 200 1/3/3 750 Figure 3. Sketch of the sampler.
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times. In each measurement about 1–2 mL of the saturated
solution was sampled. Some dimethyl sulfoxide was added to
the sample to dissolve all the crystallized solutes. Some iso-
propyl benzene (IPB), acting as the internal standard sub-
stance, was also added to the sample, and the solution was
diluted to 25 mL with methanol. The sample was then ana-
lyzed using the method introduced in the following section.

Analytical techniques

The internal standard method was used in the analysis.The
liquid reactant MX, liquid intermediates m-TALD, m-PT, m-
CBA, and product MPA in the solution were analyzed by
high-performance liquid chromatograph (HPLC). The mass
ratio of liquid components to the internal standard substances
in the solution was determined. The column of Diamonsil
C18 (250 mm 3 4.6 mm, F5 lm) was used in the analysis.
Gradient elution was used for complete separation of the ana-
lytes at room temperature. The mobile phase consisted of
three eluents (i.e. water 1 acetonitrile 1 methanol), and the
following three-component gradient evolution program was
adopted: At 0 min, 5 mass % acetonitrile and 95% water;
From 0 to 5 min, the mixture composition changed linearly
with time to become 85 mass % water, 5 mass % methanol,
and 10 mass % acetonitrile; From 5 to 8 min, the mixture
composition changed linearly with time to become 55 mass
% water, 10 mass % methanol and 35 mass % acetonitrile;
From 8 to 12 min, the mixture composition changed linearly
with time to become 15 mass % water, 10 mass % methanol
and 75 mass % acetonitrile; From 12 to 14 min, the mixture
composition changed linearly with time to become pure ace-
tonitrile; From 14 min on, 100 mass % acetonitrile. Each
analysis took about 20 min.

The mass ratio of solvent HAc to the internal standard
substances in the solution was determined by a Shimadzu
GC-9A GC with a hydrogen flame ionization detector. The
SE-54(30 m) capillary chromatographic column was used. In
the experiments, IPB was used as the internal standard sub-
stance to correlate the data obtained from GC and HPLC
analysis.

To verify the uncertainty of the concentration measure-
ment, two MPA 1 m-CBA 1 m-PT 1m-TALD 1 MX 1
IPB 1 HAc solutions of known concentration were ana-
lyzed. Compared with the known concentration, the uncer-
tainty of concentration was less than 3.0% of the known
concentration. To check the reproducibility, the two solu-
tions were measured at least five times, and the reproduci-
bility evaluated with a mean relative deviation of less than
3.0%.

Reaction Mechanism and Kinetic Model

Reaction mechanism

Elucidation of the reaction mechanism helps in selecting
more efficient catalysts, optimizing the reaction intermedi-
ates, selecting reaction conditions, and designing of a com-
mercial reactor. This process also generates ideas for further
research and development. The oxidation of hydrocarbons is
usually explained in terms of the classical free-radical chain
mechanism involving the initiation, propagation, and termina-
tion steps.31

The catalytic oxidation of aromatic hydrocarbon by
cobalt(II) and manganese(II) salts can be characterized by an
induction period in which Co(II) and Mn(II) are oxidized to
Co(III) and Mn(III). Monomeric Co(III) and Mn(III) are
powerful oxidizing agents when they are surrounded by O-
donor ligands such as water, OH- ions, or RCOO�� ions, and
can produce radical species of methylaromatic compounds.24

The reactions can be illustrated by

CoðIIIÞ þ RAPhACH3�!RAPhACH�
2 þ Hþ þ CoðIIÞ (2)

MnðIIIÞ þ RAPhACH3�!RAPhACH2
� þ HþþMnðIIÞ (3)

The bromine radical, Br�, with a redox potential of 225
kcal mol, is less powerful than either Co(III) or Mn(III), but
is known to generate benzylic radicals(R��Ph��CH2

�).13 The
reaction can be illustrated by

Br� þ R� Ph� CH3�!R� Ph� CH2
�þ Hþþ Br� (4)

The rate of R��Ph��CH2
� generation is much faster with

Br� than either Co(III) or Mn(III). It means in the oxidation
process, the rates of reaction (4) is much faster than that of
reactions (2) and (3), and the radical reactions (2) and (3)
can be neglected. Partenheimer has emphasized that these
two metals greatly enhance the selectivity of the oxidation
i.e, reduce by-product formation.13,14,31 The addition of
cobalt by itself greatly reduces the rate of generation of the
unselective carbon dioxide, carbon monoxide, and cresols as
well as decarboxylation products such as toluene. The addi-
tion of Br to Co, further increase the selectivity of the reac-
tion (as well as the activity) by reducing the steady-state con-
centration of Co(III) through the following reaction13,14,38:

CoðIIIÞ þ Br
� �!k1 CoðIIÞ þ Br

�
(5)

The effect of Mn addition to Co/Br increases the activity
and selectivity to the catalyst through the following reac-
tions13,14,38:

CoðIIIÞ þMnðIIÞ �!k2 CoðIIÞ þMnðIIIÞ (6)

MnðIIIÞ þ Br
� �!k3 MnðIIÞ þ Br� (7)

We can conclude that the initiation mechanism is predomi-
nantly hydrogen abstraction from methyl groups by Br� (see
Eq. 4). The Mn and Co ions oxidize the bromine ions formed
to bromine radical thus ensuring the availability of bromine
radical for initiation (see Eqs. 5–7).31 Br� radical is the reac-
tion initiator, and the radical chain propagation and termina-
tion reactions from MX to MPA can be illustrated by the fol-
lowing reactions. To simplify the treatment, similar to that
for the oxidation of para-xylene to terephthalic acid,29 some
assumptions are necessary: (a) there is no inclusion of
RCH2O

� and �OH radicals in the propagation and termination
steps; (b) chain termination takes places by reactions of Br�

radical and other active radicals, and other radicals are not
allowed to undergo termination reactions.

Oxidation of MX to m-TALD. Br� radical initiates the ox-
idation of MX by hydrogen abstraction from MX through the
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following radical reaction:

Br� þ mACH3APhACH3

�!k4 mACH3APhACH�
2 þ Hþ þ BrA ð8Þ

where Ph denotes the benzene ring, m denotes the meta-substi-
tuted group. The generatedm��CH3��Ph��CH2

� radical has high
reactivity and can be combined with molecular oxygen quickly
to generatem��CH3��Ph��CH2O2

� radical by the reaction

mACH3APhACH�
2 þ O2 �!k5 mACH3APhACH2O

�
2 (9)

and then the following six parallel radical reactions may occur

mACH3APhACH2O
�
2 þ CoðIIÞ þ H

þ

�!k6 mACH3APhACHOþ CoðIIIÞ þ H2O ð10Þ

mACH3APhACH2O
�
2 þMnðIIÞ þ H

þ

�!k7 mACH3APhACHOþMnðIIIÞ þ H2O ð11Þ

mACH3APhACH2O
�
2 þ CoðIIÞ þ H

þ

�!mACH3APhACH2OOHþ CoðIIIÞ ð12Þ

mACH3APhACH2O
�
2 þMnðIIÞ þ H

þ

�!mACH3APhACH2OOHþMnðIIIÞ ð13Þ

mACH3APhACH2O
�
2 þ RCH3

�!mACH3APhACH2OOHþ RCH� ð14Þ

mACH3APhACH2O
�
2 þ HAC

�!mACH3APhACH2OOHþ ðACÞ� ð15Þ
The hydroperoxide m��CH3��Ph��CH2OOH generated by

reaction (12)–(15) is unstable and may be decomposed by
Co(II) or Mn(II) through the following two reactions

mACH3APhACH2OOHþ CoðIIÞ þ H
þ

�!mACH3APhACH2O
� þ CoðIIIÞ þ H2O ð16Þ

mACH3APhACH2OOHþMnðIIÞ þ H
þ

�!mACH3APhACH2O
� þMnðIIIÞ þ H2O ð17Þ

In the oxidation of para-xylene to terephthalic acid, the
following six elementary reactions also occur

pACH3APhACH2O
�
2 þ CoðIIÞ þ Hþ

�!pACH3APhACHOþ CoðIIIÞ þ H2O ð100Þ

pACH3APhACH2O
�
2 þMnðIIÞ þ H

þ

�!pACH3APhACHOþMnðIIIÞ þ H2O ð110Þ

pACH3APhACH2O
�
2 þ CoðIIÞ þ H

þ

�!pACH3APhACH2OOHþ CoðIIIÞ ð120Þ

pACH3APhACH2O
�
2 þMnðIIÞ þ H

þ

�!pACH3APhACH2OOHþMnðIIIÞ ð130Þ

pACH3APhACH2O
�
2 þ RCH3

�!pACH3APhACH2OOHþ RCH� ð140Þ

pACH3APhACH2O
�
2 þ HAC

�!pACH3APhACH2OOHþ ðACÞ� ð150Þ
Partenheimer reported that the rates of reaction (100) and

(110) were much faster than that of reaction (120)–(150).12–18

The oxidation of para-xylene to terephthalic acid is similar
with the oxidation of MX to MPA, and the two oxidation
process all belong to the classical radical chain elementary
reactions. Here, for the oxidation of MX to MPA, we can
also assume that the rates of reaction (10) and (11) were
much faster than that of reactions (12)–(15), which resulted
in most of the methyl group were oxidized into aldehyde
group directly, and the radical reactions (12)–(17) could be
neglected when only the main reactions were considered. In
this sense, the oxidation of MX to m-TALD can be expressed
by the radical chain elementary reactions (5)–(11) and the
major radicals are Br�, m��CH3��Ph��CH2

� and m��CH3��
Ph��CH2O2

�.
The major chain termination reactions are that between

two radicals.6,11 Because Br� radical acts the most important
role in chain initiation and propagation, here only the follow-
ing reactions between Br� radical and other radicals are con-
sidered as the chain termination reactions

Br� þ mACH3APhACH�
2 �!

k8
mACH3APhACH2Br (18)

Br� þ mACH3APhACH2O
�
2 �!

k9
mACH3APhACH2O2Br

(19)

Oxidation of m-TALD to m-TA The aromatic aldehyde
group also can be oxidized to the corresponding peroxide
radical RCO3

� in the same manner as that of methyl group,
and then reacts with divalent metal ion to generate aromatic
peracid RCOOOH.25,26,30 The specific reactions may be as
follows

Br� þ mACH3APhACHO

�!k10 mACH3APhACO� þ HþþBr� ð20Þ

mACH3APhACO� þ O2 �!k11 mACH3APhACO�
3 (21)

mACH3APhACO�
3 þ CoðIIÞ þ H

þ

�!k12 mACH3APhACOOOHþ CoðIIIÞ ð22Þ
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mACH3APhACO�
3 þ MnðIIÞ þ H

þ

�!k13 mACH3APhACOOOHþMnðIIIÞ ð23Þ
The reducibility of aldehyde group is strong and the fol-

lowing self-catalyzed Baeyer-Villiger reaction between alde-
hyde group and aromatic peracid may occur to generate aro-
matic acid24,27

mACH3APhACOOOHþ mACH3APhACHO

�!k14 2mACH3APhACOOH ð24Þ
Besides the way to generate the aromatic acid via the

Baeyer-Villiger reaction (see reaction Eq. 24), the peroxyacid
reacts with Co(II) or Mn(II) and also gives the aromatic acid
by the following reactions7,16,36

mACH3APhACOOOHþ 2CoðIIÞ þ 2H
þ

�!k15 mACH3APhACOOHþ 2CoðIIIÞ þ H2O ð25Þ

mACH3APhACOOOHþ 2MnðIIÞ þ 2H
þ

�!k16 mACH3APhACOOHþ 2MnðIIIÞ þ H2O ð26Þ
The oxidation of m-TALD to m-TA can be expressed by

the radical chain reactions (20)–(26) and the major radicals
and peracid in the oxidation of m-TALD to m-TA are Br�,
m��CH3��Ph��CO�, m��CH3��Ph��CO3

�, and m��CH3��
Ph��COOOH. Here also only the following reactions
between Br� radical and other radicals are considered as the
chain termination reactions.

Br� þ mACH3APhACO� �!k17 mACH3APhACOBr (27)

Br� þ mACH3APhACO�
3 �!

k18
mACH3APhACO3Br (28)

Oxidation of m-TA to m-CBA. Similar to the oxidation of
MX to m-TALD, the oxidation of m-TA to m-CBA also
belongs to the oxidation of methyl group to aldehyde group,
and the following radical chain reactions might occur accord-
ing to that of (8)–(11) and (18)–(19)

Br� þ mAHOOCAPhACH3

�!k19 mAHOOCAPhACH�
2 þ Hþ þ BrA ð29Þ

mAHOOCAPhACH�
2 þ O2 �!k20 mAHOOCAPhACH2O

�
2

(30)

mAHOOCAPhACH2O
�
2 þ CoðIIÞ þ H

þ

�!k21 mAHOOCAPhACHOþ CoðIIIÞ þ H2O ð31Þ

mAHOOCAPhACH2O
�
2þMnðIIÞ þ H

þ

�!k22 mAHOOCAPhACHOþMnðIIIÞ þ H2O ð32Þ

Br� þ mAHOOCAPhACH�
2 �!

k23
mAHOOCAPhACH2Br

(33)

Br� þ mAHOOCAPhACH2O
�
2

�!k24 mAHOOCAPhACH2O2Br ð34Þ
Oxidation of m-CBA to MPA. Similar to the oxidation of

m-TALD to m-TA, the oxidation of m-CBA to MPA also
belongs to the oxidation of aldehyde group to carboxy group,
and the following radical chain reactions might occur accord-
ing to that of (20)–(28)

Br�þ mAHOOCAPhACHO

�!k25 mAHOOCAPhACO� þ Hþ þ Br� ð35Þ

mAHOOCAPhACO� þ O2 �!k26 mAHOOCAPhACO�
3 (36)

mAHOOCAPhACO�
3 þ CoðIIÞþHþ

�!k27 mAHOOCAPhACOOOHþ CoðIIIÞ ð37Þ

mAHOOCAPhACO�
3 þMnðIIÞ þ Hþ

�!k28 mAHOOCAPhACOOOHþMnðIIIÞ ð38Þ

mAHOOCAPhACOOOHþ mACH3APhACHO

�!k29 2mAHOOCAPhACOOH ð39Þ

mAHOOCAPhACOOOHþ 2CoðIIÞ þ 2Hþ

�!k30 mAHOOCAPhACOOH þ 2CoðIIIÞ þ H2O ð40Þ

mAHOOCAPhACOOOHþ2MnðIIÞ þ 2Hþ

�!k31 mAHOOCAPhACOOHþ 2MnðIIIÞ þ H2O ð41Þ

Br� þ mAHOOCAPhACO� �!k32 mAHOOCAPhACOBr

(42)

Br� þ mAHOOCAPhACO�
3 �!

k33
mAHOOCAPhACO3Br

(43)

There must be many other chain reactions that are not
considered in the above mechanism, but the radical chain
reactions (2)–(43) might be expected to approximately rep-
resent the reaction mechanism for the oxidation of MX to
MPA.

Kinetic model

The oxidation of MX to MPA is a typical consecutive
reaction, and coupling effects exist among reactants, radicals
and catalyst. Rounded consideration of these interactions is
necessary for the mechanistic kinetic model establishment. In
this work, by accounting for the most important intermedi-
ates and final products of the process as shown in Figure 1,
the reaction rates of MX, m-TALD, m-TA, m-CBA, and
MPA are considered. According to the reaction scheme
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(Figure 1) and mechanism reaction (8), the consumption rate
for MX may be determined as

d½MX�
dt

¼ �r1 ¼ �k4½MX�½Br�� (44)

According to the reaction scheme (Figure 1) and the mech-
anism reactions (20) and (24), the generating rate for m-
TALD may be determined as

d½m-TALD�
dt

¼ r1 � r2 ¼ r1 � ½m-TALD�ðk10½Br��
þ k14½mACH3APhACOOOH�Þ ð45Þ

According to the reaction scheme (Figure 1) and the mech-
anism reactions (29), the generating rate for m-TA may be
determined as

d½m-TA�
dt

¼ r2 � r3 ¼ r2 � k19½m-TA�½Br�� (46)

According to the reaction scheme (Figure 1) and the mech-
anism reactions (35) and (39), the generating rate for m-CBA
may be determined as

d½m-CBA�
dt

¼ r3 � r4 ¼ r3 � ½m-CBA�ðk25½Br��
þ k29½mAHOOCAPhACOOOH�Þ ð47Þ

The major radicals produced in the radical chain reactions
(2)–(43) are Br�, m��CH3��Ph��CH2

�, m��CH3��Ph��
CH2O2

�, m��CH3��Ph��CO�, m��CH3��Ph��CO3
�,

m��HOOC��Ph��CH2
�, m��HOOC��Ph��CH2O2

�, m��
HOOC��Ph��CO�, and m��HOOC��Ph��CO3

�, and the aro-
matic peroxyacid produced in reactions (2)–(36) are
m��CH3��Ph��COOOH andm��HOOC��Ph��COOOH. From
reactions (5), (7), (8), (18)–(20), (27)–(29), (33)–(35), and (42)–
(43), the generating rate of Br� radical may be determined as

d½Br��
dt

¼ ðk1½Co3þ� þ k3½Mn3þ�Þ½Br�� � ðk4½MX�
þ k10½mATALD� þ k19½mATA�

þ k25½mACBA� þ ½I��Þ½Br�� ð48Þ
where

½I�� ¼ k8½mACH3APhACH�
2�

þ k9½mACH3APhACH2O
�
2� þ k17½mACH3APhACO��

þ k18½mACH3APhACO�
3� þ k23½mAHOOCAPhACH�

2�
þ k24½mAHOOCAPhACH2O

�
2�

þ k32½mAHOOCAPhACO��
þ k33½mAHOOCAPhACO�

3� ð49Þ
represents the linear assembled total concentration of all the
reactive radicals that are produced in the oxidation process.

From reactions (8), (9), and (18), the generating rate of
m��CH3��Ph��RCH2

� radical may be determined as

d½mACH3APhACH�
2�

dt
¼ k4½MX�½Br��

� ðk5½O2� þ k8½Br��Þ½mACH3APhACH�
2� ð50Þ

From reactions (9)–(11) and (19), the generating rate of
m��CH3��Ph��RCH2O2

� radical may be determined as

d½mACH3APhACH2O
�
2�

dt
¼ k5½O2�½mACH3APhACH�

2�
� ðk6½Co2þ�½Hþ�Þ þ k7½Mn2þ�½Hþ�

þ k9½Br��Þ½mACH3APhACH2O
�
2� ð51Þ

From reactions (20), (21), and (27), the generating rate of
m��CH3��Ph��CO� radical may be determined as

d½mACH3APhACO��
dt

¼ k10½m-TALD�½Br��Aðk11½O2�
þ k17½Br��Þ½mACH3APhACO�� ð52Þ

From reactions (21)–(23) and (28), the generating rate of
m��CH3��Ph��CO3

� radical may be determined as

d½mACH3APhACO�
3�

dt
¼ k11½O2�½mACH3APhACO��

� ðk12½Co2þ�½Hþ� þ k13½Mn2þ�½Hþ� þ k18½Br��Þ
½mACH3APhACO�

3� ð53Þ
From reactions (29), (30), and (33), the generating rate of

m��HOOC��Ph��RCH2
� radical may be determined as

d½mAHOOCAPhACH�
2�

dt
¼ k19½mATA�½Br�� � ðk20½O2�

þ k23½Br��Þ½mAHOOCAPhACH�
2� ð54Þ

From reactions (30)–(32) and (34), the generating rate of
m��CH3��Ph��RCH2O2

� radical may be determined as

d½mAHOOCAPhACH2O
�
2�

dt
¼ k20½O2�½mAHOOC

� PhACH�
2� � ðk21½Co2þ�½Hþ� þ k22½Mn2þ�½Hþ�
þ k24½Br��Þ½mAHOOCAPhACH2O

�
2� ð55Þ

From reactions (35), (36), and (42), the generating rate of
m��HOOC��Ph��CO� radical may be determined as

d½mAHOOCAPhACO��
dt

¼ k25½mACBA�½Br��
� ðk26½O2� þ k32½Br��Þ½mAHOOCAPhACO�� ð56Þ

From reactions (36)–(38) and (43), the generating rate of
m��HOOC��Ph��CO3

� radical may be determined as

d½mAHOOCAPhACO�
3�

dt

¼ k26½O2�½mAHOOCAPhACO�� � ðk27½Co2þ�½Hþ�
þ k28½Mn2þ�½Hþ� þ k33½Br��Þ½mAHOOCAPhACO�

3� ð57Þ
From reactions (22)–(26), the generating rate of aromatic

peroxyacid m��CH3��Ph��COOOH may be determined as

d½mACH3APhACO3H�
dt

¼ ðk12½Co2þ�½Hþ�Þ þ k13½Mn2þ�½Hþ�Þ½mACH3APhACO�
3�

Aðk14½m-TALD�þk15½Co2þ�2½Hþ�2 þ k16½Mn2þ�2½Hþ�2Þ
½mACH3APhACO3H� ð58Þ
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From reactions (37)–(41), the generating rate of aromatic
peroxyacid m��HOOC��Ph��COOOH may be determined as

d½mAHOOCAPhACO3H�
dt

¼ ðk27½Co2þ�½Hþ� þ k28½Mn2þ�½Hþ�Þ½mAHOOCAPhACO�
3�

� ðk29½m-CBA�þk30½Co2þ�2½Hþ�2 þ k31½Mn2þ�2½Hþ�2Þ
½mAHOOCAPhACO3H� ð59Þ

Theoretically from Eqs. 48–59, the evolution relations of
concentrations for radicals and peroxyacids coupled with
time can be obtained. If substituting these relations into Eqs.
44–47, the detailed mechanistic kinetic models can be
obtained. However, the models obtained in this manner are
too complex and difficult to be used practically. Some sim-
plifications are necessary and the following assumptions are
made:

a. The quasi-steady-state approximation is used for these
radicals and aromatic peracids. This means the differential
items in the left side of Eqs. 48–59 can be assumed to be
zero, and the total radical concentrations in Eq. 49 can be
approximately a constant, i.e.

½I�� ¼ e (60)

From Eqs. 48 and 60, by using the quasi-steady-state
approximation, we can get

½Br�� ¼
k1½Co3þ� þ k3½Mn3þ�

k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e
½Br��

ð61Þ

Inserting Eq. 61 into Eqs. 44 and 46, we can get the mech-
anism kinetic model for the oxidation of methyl to aldehyde
group in the oxidation of MX to MPA as

r1 ¼ k4½MX�½Br�� ¼
f1ðT;Co;Mn;BrÞ½MX�

k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

ð62Þ

r3 ¼ k19½m-TA�½Br�� ¼
f3ðT;Co;Mn;BrÞ½m-TA�

k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

b. Because oxidation operates at high oxygen pressure, the
concentration of oxygen in liquid may be much higher than
that for Br� radical, i.e. ½O2� >> ½Br��;

c. The products of chain termination reactions (18)–(19),
(27)–(28), (33)–(34), and (42)–(43) are side or by-products,
which are in low concentrations compared with the main
reaction products such as m-TALD or m-PT. The concentra-
tions of these by-products are assumed negligible. By this
assumption, the items represent termination reactions in Eqs.
48–59 can be neglected.

By using these three assumptions, the concentrations of
peroxyacids produced in the oxidation process can be

obtained from Eqs. 48–59, and the obtained expressions are
shown in the following equation.

½mACH3APhACO3H� ¼
k10ðm-TALD�

k14½m-TALD� þ k15½Co2þ�2½Hþ�2 þ k16½Mn2þ�2½Hþ�2 ½Br
��

½mAHOOCAPhACO3H� ¼
k25ð4-CBA�

k29½m-CBA� þ k30½Co2þ�2½Hþ�2 þ k31½Mn2þ�2½Hþ�2 ½Br
��

(63)

Inserting Eqs. 61 and 63 into Eqs. 45 and 47, we can get
the mechanism kinetic model for the oxidation of aldehyde
to carboxylic group in the oxidation of MX to MPA as

r2 ¼

1þ k14ðm-TALD�
k14½m-TALD� þ k15½Co2þ�2½Hþ�2 þ k16½Mn2þ�2½Hþ�2

 !

f2ðT;Co;Mn;BrÞ½m-TALD�
k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

r4 ¼

1þ k29ð4-CBA�
k29½m-CBA� þ k30½Co2þ�2½Hþ�2 þ k31½Mn2þ�2½Hþ�2

 !

f4ðT;Co;Mn;BrÞ½m-CBA�
k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

(64)

Equations 62 and 64 are the kinetic models for the reac-
tion steps shown in Figure 1. Comparing Eq. 64 with Eq. 62,
we can find the oxidation rate of aldehyde group is not only
affected by the concentration of Br� radical, but also affected
by concentrations of peroxyacids. The oxidation aromatic
aldehyde to aromatic acid has two sideways, one is the self-
catalyzed Baeyer-Villiger reaction, [Reactions (24) and (39)],
the other is the reduction of peroxyacid by Co(II) or Mn(II)
[Reactions (25)–(26) and (40)–(41)]. In the recent works of
Wang, the similar equation as Eq. 64 was also obtained for
the oxidation of para-xylene to terephthalic acid. In that
work, Eq. 64 was empirically expressed by the following
equation39,40

r2 ¼
f2ðT;Co;Mn;BrÞ½m-TALD�a

k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

r4 ¼
f4ðT;Co;Mn;BrÞ½m-CBA�b

k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

ð65Þ

By combining the results from semi-continuous and batch
experiments, the optimal a and b for the oxidation of para-
xylene to terephthalic acid parameters are all approximately
to be 1.39,40 It indicated that although two oxidation sideways
might occur to produce carboxylic acid in the oxidation of
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aromatic hydrocarbon to aromatic acid, only one sideway
reaction might be dominated in specific operation conditions.
The oxidations of MX to MPA and the oxidation of para-xy-
lene to terephthalic acid both belongs to the aromatic hydro-
carbon oxidation to aromatic acid, and for the generating of
carboxylic group from aldehyde group in the oxidation of
MX to MPA, we could also expect that only one sideway
reaction might be dominated in specific operation oxidation
conditions. That is to say, we can expect the following ki-
netic model for the oxidation of aldehyde group to carboxylic
group

r2 ¼
f2ðT;Co;Mn;BrÞ½m-TALD�

k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

r4 ¼
f4ðT;Co;Mn;BrÞ½m-CBA�

k4½MX� þ k10½m-TALD� þ k19½m-TA� þ k25½m-CBA� þ e

(66)

From Eqs. 62 and 66, the kinetic model for reactions in
the MX liquid-phase catalytic oxidation to MPA can be
obtained in the following general expression

ri ¼ kici½Br�� ¼ kici
k1c1 þ k2c2 þ k3c3 þ k4c4 þ e

i ¼ 1� 4

(67)

where e and ki are model parameters, and are independent of
catalyst concentrations. ki is the reaction rate constant, and
factors affecting ki are temperature, solvent composition, cat-
alyst concentration, and catalyst ratios Co/Mn and Br/
(Co1Mn). Comparing model Eq. 67 with the empirical
model Eq. 1, we find the number of model parameters
needed to be regressed are greatly decreased from 28 to 9 at
a certain operation condition, and the nine model parameters
can easily be uniquely determined by data fitting.

Mechanistic model Eq. 67 is a radical competition model
and reveals the following the special competition mechanism.
Radical Br� is a key factor to initiate the oxidation process,
and its concentration determines the reaction rate directly.
When the concentration of reactants increases, from Eq. 61
we can see that the concentration of radical Br� decreases,
which restricts the acceleration of the reaction rate. When
the concentration of reactants decreases, from Eq. 61 we can
see that the concentration of radical Br� increases, which
restricts the deceleration of the reaction rate. Because of the
restriction effect of radical Br�, the change of apparent reac-
tion rate is not sensitive with the change of reactants concen-
tration. This unique characteristic is consistent with the large
quantity of experimental data in our group for aromatic
hydrocarbon oxidation to aromatic acid.25,26,29,30,39,40

Reactor Models

By taking into account only the formation of the molecular
species that represented the most important intermediate and
final product, the lumped kinetic scheme as shown in Figure 1
and the kinetic model of Eq. 67 was used. The description of
the diffusion and reaction processes at the gas–liquid inter-

face was neglected because of the elimination of mass trans-
fer influence, which will be further proved in the following
section. Because all experiments were performed under the
kinetic regime, the following mass balances were used:

dcj
dt

¼
X4
i¼1

vi;jrj j ¼ 1� 4 (68)

along with the initial conditions

cj ¼ cj;0 j ¼ 1� 4 (69)

The energy balance was not considered here, because the
reactor had been operated under isothermal conditions. The
kinetic parameters were determined in a nonlinear optimiza-
tion, minimizing the difference between the simulated and
the experimental time evolution of the product composition
of experimental runs 1–6. The fourth-order Runge-Kutta
method was used to discrete Eq. 68, and the simplex method
was used in the nonlinear optimizations. The method is
implemented in the Matlab Optimization Toolbox (The
Mathworks). The simulation was written in Matlab to use
their optimization routine.

Results and Discussion

Confirmation of the reaction scheme

First, experimental run 2 is carried out to confirm the reac-
tion scheme. The experimental results are plotted in Figure
4. It shows that the concentration of each intermediate first
increases to a maximum value and then decreases. The con-
centration of reactant MX decreases monotonically, and the
total concentration of product MPA increases monotonically.
These are all the typical characteristic of consecutive reac-
tions. From the sequence each reactants increase and
decrease, we can conclude that the first methyl group of MX
is first oxidized to aldehyde (m-TALD) and acid (m-TA). At
the three-seventh time of the total batch reaction time, the

Figure 4. The time evolution of liquid reactant and
intermediates concentrations at initial MX/
HAc(mass ratio) 5 0.10 and stirring rate 900
rpm and temperature 463.2 K (Run 2).

Symbols are for experimental results, and line is for
model-fitted results.
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first methyl is almost completely oxidized. The concentration
of m-TA reaches a maximum value, and the second methyl
group is followed to be oxidized, which is a relatively slower
process. During this course, the second methyl group is oxi-
dized to aldehyde (m-CBA) and then m-CBA to acid (MPA).
The experimental results shown in Figure 4 confirm that the
reaction scheme of MX liquid-phase catalytic oxidation to
MPA can be determined as that shown in Figure 1.

Effect of stirring rate

To obtain the intrinsic reaction kinetics, the elimination of
gas–liquid mass transfer on the oxidation process is neces-
sary. In this work, we intensified the gas–liquid mass transfer
by increasing the stirring rate. Experimental runs 2 and 7–8
were carried out to determine the effect of stirring rate on
the oxidation process. The experimentally determined evolu-
tions of MX, m-TALD, m-PT, and m-CBA concentrations in
solution with time are plotted in Figure 5.The experimentally
determined concentration evolution curve for any of the reac-
tant and intermediates is almost overlapped at 750 rpm and
900 rpm, which clearly shows that the effect of stirring rate
on the component concentrations in solution is insignificant
when the stirring rate is higher than 750 ppm, and the MX
oxidation process is controlled by chemical reactions. The

influences of mass transfer and gas–liquid mixing on the oxi-
dation process are negligible under the studied experimental
conditions. In the section ‘‘Reactor Model’’, the assumption
that the description of the diffusion and reaction processes at
the gas–liquid interface is negligible because of the elimina-
tion of mass transfer influence is reasonable. To ensure the
effect of gas–liquid mass transfer on the reaction process can
be neglected, the experimental runs to study the kinetics of
MX oxidation to MPA are chosen to be carried out at 900 rpm.

Kinetics parameters evaluation

The time evolution of experimentally determined concen-
tration for major reactants and intermediates MX, m-TALD,
m-TA, and m-CBA with variation of initial MX/HAc(mass
ratio) 5 0.20, 0.10, and 0.05 at 463.2 K and stirring rate
900 rpm (Runs 1, 2, 3) were plotted in Figure 6.

The time evolution of liquid reactant and intermediates
concentrations with variation of reaction temperature 453.2,
458.2, 463.2, and 468.2 K at initial MX/HAc(mass ratio) 5
0.10 and stirring rate 900 rpm (Runs 4, 2, 5, 6) were plotted
in Figure 7.

When kinetic model Eq. 67 and reactor model Eqs. 68 and
69, accompanied with the experimental data shown in Fig-
ures 6 and 7, are used to determine the model parameters,

Figure 5. The time evolution of liquid reactant and intermediates concentrations with variation of stirring rate 600,
750, and 900 rpm at 463.2 K and initial MX/HAc(mass ratio) 5 0.10 (Runs 2, 7, 8).

a is for MX, b is for m-TALD, c is for m-PT, and d is for m-CBA.
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we find that the activation energy for different reaction step
is almost the same. Considering this, we assumed the follow-
ing Arrhenius equation to represent the effect of temperature
on the reaction

ki ¼ ki0 exp �Ea=RTð Þ (70)

We noticed that in the oxidation of para-xylene to tereph-
thalic acid, Eq. 70 was also used to correlate the effect of
temperature on the reaction rate constant.29,39,40 The experi-
mental results shown in Figures 6 and 7 are put together to
simultaneously determine the reaction model parameters by
minimizing the difference between the calculated reactants
concentrations and the experimentally determined reactants
concentrations. The model parameters for MX oxidation to
MPA are determined and given in Table 2.

A comparison between the simulated results and the exper-
imental data is also plotted in Figure 6 and 7, where it can
be seen that the obtained agreement is in general satisfactory.
The average relative deviation of the simulated value and the
experimental data for most of the experimental points is
\5%. This model is able to predict the reactor behavior as
functions of the temperature and the concentration of the liq-
uid reactants.

Discussion

After smoothing the experimentally determined MX concen-
tration curve for experimental run 1–3, we obtained the oxida-
tion rate r1 5 dc1/dt for MX oxidation to m-TALD by numeri-
cal difference. The experimentally determined r1 at different
initial MX concentration (Runs 1, 2, 3) are plotted in Figure 8.
The calculated results using the kinetic model Eq. 67 and the
model parameters given in Table 2 are also given in Figure 8
using line. According to the empirical n-th order kinetics, the
reaction rate is one-to-one corresponded with the reactant con-
centration. However, the results illustrated in Figure 8 show
that one reactant concentration might be corresponded with dif-
ferent reaction rate at different experimental run. The phenom-
enon is obviously contradictory to the experimental resulted
predicted by empirical n-th order kinetics, which means the
empirical n-th order kinetics does not reveal the reaction mech-
anism sufficiently. However, the experimentally determined
and model calculated evolution of oxidation rate for MX to m-
TALD with the concentration of MX for experimental run 1–3
are in good agreement, which means the kinetic model Eq. 67
reveals the reaction mechanism sufficiently.

Taking c1 5 0.15 mol/kgHAc (Point A) as example, the
reaction rate r1 is 0.125 (Point B) for experimental run 3,

Figure 6. The time evolution of liquid reactant and intermediates concentrations with variation of initial MX/HAc
(mass ratio) 5 0.20, 0.10, and 0.05 at 463.2 K and stirring rate 900 rpm (Runs 1, 2, 3).

a is for MX, b is for m-TALD, c is for m-PT, and d is for m-CBA. Symbols are for experimental results, and line is for model fitted
results.
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0.095 (Point C) for experimental run 2, and 0.070 (Point D)
for experimental run 1. The difference of r1 at the same con-
centration of MX for different experimental run can be inter-
preted by the model Eq. 67. Kinetic model Eq. 67 shows that
r1 is affected not only by the concentration of MX, but also
by the concentrations of other intermediates produced during
the oxidation process. From Figure 6, we can see that the de-
nominator in Eq. 67, representing a linear summation of con-
centrations for MX, m-TALD, m-TA, and m-CBA, is the big-
gest for experimental run 1, and smallest for experimental
run 3. It means that although the numerator (the concentra-
tion of MX) is the same, the reaction rate is the smallest for
experimental run 1, and biggest for experimental run 3. The
same experimental phenomenon was also found in the oxida-
tion of para-xylene to terephthalic acid.25,26,29,30,39,40

Figure 7. The time evolution of liquid reactant and intermediates concentrations with variation of reaction temper-
ature 453.2, 458.2, 463.2, and 468.2 K at initial MX/HAc(mass ratio) 5 0.10 and stirring rate 900rpm (Runs
4, 2, 5, 6).

a is for MX, b is for m-TALD, c is for m-PT and d is for m-CBA. Symbols are for experimental results, and line is for model fitted
results.

Table 2. Model Parameters in Eqs. 67 and 70

i 5 1 i 5 2 i 5 3 i 5 4

1027 ki0 4.281 9.133 0.629 3.668
ki 12.25 7.05 2.53 0.0788
e 0.30
Ea 63.6

Figure 8. The oxidation rate for meta-xylene with the
concentration variation of meta-xylene at ini-
tial MX/HAc(mass ratio)50.20, 0.10, 0.05 and
stirring rate 900rpm and temperature 463.2K
(Runs 1,2,3).

Symbols are for experimental results, and line is for model-
fitted results.
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From Figure 8, we can get the initial reaction rate r1 at dif-
ferent initial MX concentration and it is shown in Table 3.
Another interesting experimental phenomenon was found. At
t 5 0, the concentrations of intermediates were zero, and the
only reactant was MX. From Table 3, we can see that from
experimental run 3 to 1, the concentration of MX (c1)
increased 300%, while the oxidation rate of MX (r1) increased
less than 5%. The reaction rate is not sensitive with the con-
centration of reactant. The interesting phenomenon also can-
not be interpreted by the empirical n-th order kinetics, but can
be well interpreted by the kinetic model Eq. 67.

The chemical reason for the unusual concentration depend-
ence illustrated in Figure 8 and Table 3 might because of
changes in the concentration of benzylic bromides that form.
The benzylic bromides are an inactive form of bromide, i.e.
it is not a catalyst. When they form they change the Br/(Co
1 Mn) ratio, which changes the rate of reaction. This has
been experimentally demonstrated in detail in Ref. 18. In this
work, we have explicitly included the formation of benzylic
bromides in reactions (18) and (33). Hence it would be rea-
sonable that the kinetic model Eq. 67 derived from the free-
radical chain reaction mechanism can account for the unusual
rate dependence on the concentration of MX, and the other
empirical n-th kinetic models might be failed.

Mechanistic model Eq. 67 is a radical competition model
and reveals that radical Br� is a key factor to initiate the oxida-
tion process, and its concentration determines the reaction rate
directly. When the concentration of reactants increases, from
Eq. 67 we can see the concentration of radical Br� decreases,
which restricted the acceleration of reaction rate. When the
concentration of reactants decreases, from Eq. 67 we can see
the concentration of radical Br� increases, which restricted the
deceleration of reaction rate. Because of the restriction effect
of radical Br�, the change of apparent reaction rate is not sensi-
tive with the change of reactants concentration. This unique
character is consistent with the large quantity of experimental
data in our group,3 and also has been found in the oxidation of
para-xylene to terephthalic acid.25,26,29,30,39,40 Furthermore,
based on model Eq. 67 and the determined model parameters,
the simulation results for industrial oxidation reactor agree
well with the plant field data.3

The reaction rate constants for the reaction steps in Figure
1 for experimental run 2 are shown in Table 4. From Table
4, three interesting results can be obtained. (1) The reaction
of m-TA to m-CBA is the slowest step and the rate control-
ling step of the process. This result is valuable for the reac-
tion intensification, and it directed out that the intensification
of m-TA oxidation to m-CBA is most important for the oxi-
dation process intensification. Similar result has also been
obtained in the oxidation of para-xylene to terephthalic
acid.14–18,25,26,29,30 (2) The reactivity of MX/m-PT is about 7,
and the reactivity of m-TALD/m-CBA is about 2.5, which
are all consistent with the predicted rate ratio by the Ham-

mett function proposed by Partenheimer. Here, we must em-
phasis that the rate information from the Hammett equation
is based on experimental data14 (3) The oxidation of second
methyl or aldehyde group is more difficult than the first
methyl or aldehyde group. It might be due to the electrophilic
effect resulted by the meta-carboxylic group, which resulted
that the second methyl or aldehyde group is more difficult to
be oxidized. In the oxidation of para-xylene to terephthalic
acid,25,26,29,30,39,40 we also found the three interesting results.

Conclusions

Some kinetic aspects of the air oxidation of meta-xylene
to meta-phthalic acid in acetic acid in the temperature range
from 453.2 to 468.2 K, catalyzed by cobalt acetate and man-
ganese acetate and promoted by hydrogen bromide (HBr),
are examined. This work consists of two parts. In the first
part, a detailed radical chain elementary reaction mechanism
for the liquid-phase catalytic oxidation of meta-xylene to
meta-phthalic acid is proposed. Using several assumptions a
simple fractional-like kinetic model is derived from the
assumed reaction mechanism. In the second part, several
batch oxidation experiments are carried out to study the oxi-
dation kinetics. The experiments included three values of the
initial meta-xylene concentrations and four values of reaction
temperature. The developed model parameters were deter-
mined in a nonlinear optimization, minimizing the difference
between the simulated and experimental time evolutions of
the product compositions experimentally obtained in a batch
oxidation reactor, where the gas and liquid phases were well
mixed. A comparison between the simulated results and the
experimental data showed the obtained agreement is in gen-
eral satisfactory. This model is able to predict the reactor
behavior as functions of the temperature and the concentra-
tion of the liquid reactants.

The experimental results cannot be interpreted by the em-
pirical n-th order kinetics, but can be interpreted by the ki-
netic model proposed in this work. It means the kinetic
model proposed in this work reveals the reaction mechanism.
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Notation

ci5 concentration of ith component, mol/kgHAc
ci,05 initial concentration of ith component, mol/kgHAc
dij5 model parameters in Eq. 1
Ea5 the activation energy defined by Eq. 70, kJ/ mol

Table 3. The Initial Oxidation Rate of meta-Xylene at
Different Initial meta-Xylene Concentration

Experimental run 3 2 1

c1 0.445 0.890 1.78
r1 0.220 0.226 0.229

Table 4. The Reaction Rate Constants for the Reactions of
MX to m-TALD (k1), m-TALD to m-PT (k2), m-PT to

m-CBA (k3), and m-CBA to MPA (k4) at the Stirring Rate
900 rpm and Reaction Temperature 463.2 K (Run 2)

I 1 2 3 4

ki 2.849 6.079 0.419 2.442
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ki5 the rate constants, min21

ki,05 the rate constants defined by Eq. 70, min21

ri5 rate of the ith step reaction, mol/(kgHAc � min)

Greek letters

b5 model parameters in Eq. 1
e5 model parameters in Eqs. 1 and 67
mij5 stoichiometric coefficient of the jth component in the ith

reaction
k5 model parameters in Eq. 67

Abbreviations

m-CBA5 meta-carboxybenezaldehyde
m-TA5 meta-toluic acid
MX5 meta-xylene

MPA5 meta-phthalic acid
m-TALD5 meta-tolualdehyde
DMSO5 dimethyl sulfoxide

IPB5 isopropyl benzene
HPLC5 high-performance liquid chromatograph

GC5 gas chromatograph
HAc5 acetic acid
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