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Abstract

The Kinetic regularities of the oxidation reaction of chlorotoluenes and chlorobenzenes on vanadium-containing
catalysts have been studied, and on this basis, methods have been developed to control the activity and selectivity of
ChCs (chlorohydrocarbons) oxidation processes. It has been shown that the oxidation rate of chlorohydrocarbons
gradually increases with increasing temperature and contact time. It has been established that the oxidation
processes of chlorohydrocarbons proceed through parallel-consecutive reactions with the formation of chlorine and
dichloromaleic anhydrides and deep oxidation products. The presence, position and number of chlorine atoms affect
the direction of the oxidation reaction. It has been shown that the rate of oxidation of chlorohydrocarbons to COz on
a fixed catalyst bed is higher than on a fluidized bed, although the rate of formation of the targeted products on a
fluidized bed is higher. It has been established that both the initial chlorohydrocarbons and their oxidation products
are compactly adsorbed on the surface of vanadium-phosphorous catalysts. The reaction products are stable to
decomposition and have a significant effect on the oxidation Kinetics of chlorohydrocarbons. It has been revealed
that the main end products (COz, MCMA, DCMA), as well as some intermediate compounds, have a modifying effect on
the active centers of the catalyst increasing the rate of selective oxidation of ChCs. It has been determined that the
selective catalytic oxidation of CO occurs atratios of CO : Oz =1 : 15 and higher, high catalysis rates are also observed
at these ratios. It has been shown that during the oxidation of chlorobenzenes, MCMA and DCMA are formed, whereas
during the oxidation of chlorotoluenes, chlorobenzaldehyde is also formed in addition to the above-listed
compounds. The water formed in the oxidation reaction of chlorobenzenes and chlorotoluenes has a positive effect
on active catalysts up to a certain concentration, modifying the active centers.
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JOCIIPKEHHA KIHETUYHHX 3AKOHOMIPHOCTEN FTETEPOKATAJIITUYHUX
PEAKIIA OKUCHEHHSA XJIOPOBYIVIEBOJHIB Cs, C7
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AHoTarnjiga

BuBYeHi KiHeTHM4YHi 3aKOHOMIipHOCTi peaknii OKMCHEHHS XJIOPOTOJIyOJB i X/JI0p6eH30/IiB HA BaHaAiMBMiCHHMX
KaTaJiisaTopax, i Ha il 0CHOBi p03p06.JIeHO MeTOAY KepyBaHHA aKTUBHICTIO Ta CeJIEKTUBHICTIO IPOILeCciB OKUCHEHHS
XJIOpBYrJieBoAHIB. [IokasaHo, 10 IIBUAKICTE OKMCHEHHS MOCTYNIOBO 3POCTAa€E 3 MiJBUIleHHAM TeMNepaTypH i yacy
KOHTAKTYy. BcTaHOBJ/IEHO, 1110 NpoLeCH OKUCHEHHA NPOTIKAaIOTh Yepes napajie/ibHO-NOC/AiL0BHI peakii 3 yTBOpeHHAM
XJIOPHOTO i AUX/JI0pMaieiHOBOro aHriApuJiB Ta NPOAYKTIB IJIMGOKOro OKUCHeHHsA. IIpUCyTHiCTb, MO0KEeHHA i
KUJIBKICTh aTOMIB XJIOpY BIUIMBAlOTh HA HANPSIMOK peak1ii okucHeHHA. [loka3aHo, 0 IBUAKICTh OKUCHEeHHs A0 CO2
Ha HepyXOMOMY WIapi KaTa/lisaTopa BMIIQ, Hi2K Ha IICeBA03PiyKkeHOMY 1Iapi, X04Ya IBUAKICTh YTBOPEHHA LIJIbOBUX
NPOAYKTIB Ha NCeBAO03pifKeHOMY HIapi BUIa. BctaHOB/IEHO, 1[0 HA NMOBepXHi BaHaAil-pochopHUX KaTasizaTopiB
KOMMNAKTHO aACOpPOYIOThCA K BUXiJHi XJIOpBYI/IeBOAHI, TaK i IPOAYKTH iX OKMCHeHHA. [IpoagyKTu peakuii cTiiiki g0
pO3KJaAy i CyTTEBO BIUVIMBAKTh Ha KiHETUKY OKUCHEHHS XJIOPOBYTIJ/iIeBOJHIB. OCHOBHI KiHLeBi npoaykTH (CO2, MCMA,
DCMA), a Takox AesAKi NMPOMiKHI cnoJiykM YUHATh MOAM(QIiKyl0uMil BIUIMB Ha aKTHMBHI IlEeHTPU KaTaJji3aTopa.
BcTaHoBJ/IEHO, 10 CeIeKTUBHe KaTaJliTUYHe oKUcHeHHs CO BiAGyBa€eThcA 3a cniBBigHomeHb CO : Oz = 1: 15 i Buine,
KOJIM TaKOX CHOCTepiraloTbcsi BMCOKi MBHUAKOCTI KaTtajisy. Iloka3aHo, 10 micjJsi OKHCHEHHA XJI0pG6GeH30JIiB
yTBOp0IThCA MCMA i DCMA, a OKUCHEHH iHIIIUX XJIOPOTOJIyO0JIiB IPU3BOAUTD [0 YTBOPEHHA XJI0pGeH3aabAeriay.
Bopaa, 1110 YTBOPIOETHCA B peaKii OKUCHEHHS XJI0PGEH30JIiB i XJIOPOTOJ/IyO0JIiB, 40 NEBHOI KOHLLeHTpalii IO3UTUBHO
BIVIMBA€E Ha aKTHBHI KaTa/li3aTopy, MOAUPiKyI0UM aKTUBHI EHTPHU.

Karovosi cs106a: KiHeTH4YHA 3aKOHOMIPHICTB; XJIOPOTOJIYOJI; XJI0P6EH30JI; peaKIlisi OKUCHEeHHST; KaTali3aTop.

*Corresponding author: e-mail: iradam@rambler.ru
© 2025 Oles Honchar Dnipro National University; doi: 10.15421/jchemtech.v33i3.324490


http://chemistry.dnu.dp.ua/
mailto:iradam@rambler.ru

855

Journal of Chemistry and Technologies, 2025, 33(3), 854-863

Introduction

Over the last decade, heterogeneous catalytic
oxidation of hydrocarbons and their chlorine
derivatives has taken one of the central places in
modern chemical and petrochemical science. This
was facilitated by deep research conducted in this
area, including the study of elementary acts and
stages of catalysis [1-4].

The study of kinetic regularities and
mechanism of catalytic reactions has allowed us to
accumulate a wealth of experimental material for
theoretical generalizations, which contributes to
developing general concepts and theories of
catalysis. Despite the high level of development of
oxidative heterogeneous catalysis, a number of
classes of compounds and derivatives of
hydrocarbons that could be of interest for
catalysis have not yet been objects of research.
One such object is the widespread halogen-, in
particular, chlorine-containing hydrocarbons
obtained from raw materials of petroleum
hydrocarbons [5-7].

It is known that polychlorinated aromatic
hydrocarbons (PCAH) are toxic substances with
high  resistance to  various  aggressive
environments, such as acidic, alkaline
environments, and high temperatures [8;9].
These compounds pollute the environment; they,
when they enter the human body, they accumulate
and cause various diseases. Although
chlorobenzenes and chlorotoluenes obtained
during decomposition of PCAH are less toxic than
PCAH, they also pollute the environment.

High-temperature decomposition produces
chlorine-containing aromatic compounds such as
chlorobenzenes and chlorotoluenes; the release of
vapors of these products into the environment is
undesirable. It is not possible to process these
substances  using  conventional = methods.
Therefore, a promising way to neutralize them is
their catalytic oxidation to CO; and Cl; with their
subsequent entrapping, as well as synthesis of
valuable products of petrochemistry, such as
chloro-derivatives of maleic anhydrous. However,
the lack of active catalysts does not allow
realization of these processes.

When conducting heterogeneous catalytic
reactions, one of the main points is the choice of
research methods that provide maximum

information about the rate of the stages, the
nature of the surface components and active
centers on the catalyst surface, as well as accurate
analyses. Based on the above, the aim of our
research is the catalytic oxidation of
chloroaromatic hydrocarbons not only to CO», but

also to obtain chlorine and mono- and

dichloromaleic anhydrides.

Experimental part

We synthesized catalysts based on V, P, Mo, Co
oxides supported on Al;03 and SiO, which allowed
carrying out the oxidation process at
temperatures of 673-773 K. At the same time,
along with CO», we obtained valuable, abundantly
used petrochemical products such as chlorinated
maleic anhydride [10].

The main attention was paid to the synthesis of
vanadium-phosphorus catalyst. The synthesis is
carried out as follows: 100g of 85%
orthophosphate acid (specific gravity 1.68) and
300 ml of H»0 are added into the reflux condenser
flask stirring and heating constantly and then 40 g
of oxalic acid are added. 30 g of V,0s are gradually
added to the hot solution in small portions. Each
subsequent portion of V05 is added after the
cessation of CO; releasing, which characterizes the
reduction of V,0s. After the reduction of V,0s is
complete, 10 g of oxalic acid and 100 ml of H,0 are
added and stirred until the cessation of CO:
releasing. Further processing depends on the task
in hand. If it is necessary to support the catalyst to
some substrates, such as SiO;, Al;03, alundum,
pumice stone, etc., then they are filled up with a
hot solution of vanadium phosphate so that the
entire substrate is covered with them. The
spherical silica gel used as a substrate (industrial
silica gel from the production of synthetic alcohol)
was exposed to the hydrothermal treatment with
high-pressure water vapor (up to 20 atm.) to
increase the pore radius from 60-70 A to 230 A,
which led to an increase in the specific surface
area and facilitated the application of the active
mass.

After applying the active mass, the catalyst is
left for setting-out for 3 hours, filtered through a
Schott filter, and then dried in a drying cabinet at
a temperature of 433-453 K until moisture is
removed. During moisture removal, the color of
the catalyst changes from blue-green to dark gray.
The catalytic system is calcined at first for 4-
6 hours at a temperature of 523-573 K, then at
673-723 K for 3-4 hours. The catalyst is then
crushed and sieved; the required fraction (0.5-
0.6 mm or 0.25-0.5 mm or 0.6-0.8 mm) is loaded
into the reactor. Activation is carried out in the
same place for 4-6 hours with air at a temperature
of 673-773 K, sometimes with the addition of
chlorohydrocarbons to the flow.

It has been previously established that both the
calcination temperature and calcination duration
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affect the activity and especially the selectivity of
the synthesized catalysts. Optimal calcination
conditions have been preliminarily selected for
each catalytic system. Apparently, this affects the
formation of the active phase of the catalysts [11].

X-ray phase analysis of the synthesized catalyst
samples was carried out. According to X-ray
diffraction, when the main components of the
catalyst are taken in different V:P: Mo ratios,
V,0s, P20s, V2MoOg phases are formed, and as the
Mo content increases, MoO3z and VoMosOg phases
are also formed here. High activity and selectivity
are due to the presence of the VoMocOs phase.
According to the IR spectrum of the newly
synthesized  V-P-0/Si0;  catalyst  sample,
absorption bands characteristic of Si-O-Si, P-O-P,
V-0, V-OH and H-OH groups are observed. After
the oxidation of o-dichlorobenzene on V-P-
0/Al,03, the intensity of the 1570-1580; 1470 and
1570 cm! spectra in the IR spectrum curve
decreases, and the intensification of the
absorption band at 1700 cm-! specific to -C=0 and
the formation of the new band at 1120-1125 cm!
specific to C-Cl prove the formation of the
chlorinated maleate structure. Based on
derivatographic studies, it was determined that
there are physical, weak, medium and strong
electron acceptor and oxidizing centers on the
surface of the catalyst samples. After butylamine
was adsorbed on the surface of the V-P-
0/Al;03+Mo03 catalyst, endothermic effects were
observed at 140, 180, 320, 500 °C on the DTA
curve. Endothermic effects corresponding to
temperatures of 60 (physical desorption), 160
(weak adsorption), 320 (medium proton-donor
center) and 500°C (strong electron-acceptor
center) are observed on the DTG curve. Of the
numerous catalysts analyzed, V-P-O (Mo) has the
most active centers and shows high activity in the
oxidation of the chlorinated compounds.

The study of the kinetics of chemical reactions
in an enclosed volume, as well as the static method
in instrumentation is described in detail in [12-
14]. Also, the circulation method of studying
kinetics, excluding external diffusion factors is
described in detail [15] within the framework of
the static method. Despite its great potential, the
static method (integral nature) does not provide
precise control over changes in catalyst activity.

Studying the kinetics of a reaction in a flow
system allows it to be carried out in a stationary
mode, which means that all quantitative
characteristics of the system remain unchanged
over time at each given point in the reaction space
[16-18].

Experiments for the study of the influence of
various variable parameters and kinetic features
of heterogeneous catalytic oxidation of
chlorohydrocarbons on various catalytic systems
were carried out in laboratory setups using
reactors with both fixed and fluidized catalyst
beds.

Oxidation of chlorobenzenes and
chlorotoluenes was carried out on the surface of
V-P-0/Al;03, V-Mo-0/Al;03, V-Mo-0/Si0, V-P-
0/Si0; catalytic systems. 1-monochlorobenzene
(MCB), 1,2-dichlorobenzene (DCB), 1,3,5-
trichlorobenzene (TCB), 2-monochlorotoluene
(MCT), 2,3-, 2,4- and 2,5-dichlorotoluene (DCT)
were subjected to oxidation [15; 18].

The composition of the main components in V-
P-0 and V-Mo-0 catalysts is as follows: V;05:P20s
=1.1:1; V205:M003=1.0:1.0; and 10 % of each oxide
are applied to 80 % Al;03 and SiO;. The catalysts
were also synthesized from the corresponding
nitrate salts using the known method and applied
on Al;O3 and SiO2 by subsequent heat treatment
[19].

The diagram of the flow laboratory setup for
the oxidation of chlorohydrocarbons is shown in
Fig. 1.

Air (or O and N;) for oxidation of CH
(chlorohydrocarbons) at different CH : O; ratios,
passing through the corresponding desiccants (3)
and mixer (5), are heated (6) and fed into the
reactor (9) with a fluidized (or fixed) catalyst bed.
The oxidizing CH is fed there also through a
syringe dispenser (8) and an evaporator (7). The
temperature in the reactor is measured with a
thermocouple placed in a "pocket". The reaction
gases separated off from the reactor enter ice
traps (10); here, the resulting oxidation reaction
products and the unreacted portion of the CH are
captured. The uncondensed portion of the
reaction mixture enters successive traps (12, 13)
for chemical analysis of the resulting Cl; and CO-.
After absorption of resulting Cl, by potassium
iodide, CO; can also be analyzed
chromatographically (15).
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Fig. 1. Scheme of experimental laboratory setup for chlorotoluene oxidation. 1 - N2 cylinder, 2 - rheometers, 3 -
Al203 desiccants, 4 - CaCl: desiccants, 5 - mixer, 6 - air+N: heater, 7 - evaporator for chlorotoluene (chlorobenzene),
8 - automatic dosemeter (syringe dispenser), 9 - fluidized-bed reactor, 10 - traps for products, 11 - ice refrigerator,

12 - K] traps for Clz, 13 - KOH traps for COz, 14 - COz sampler, 15 - chromatograph for the analysis

The implementation of heterogeneous catalytic
reactions carried out by flow and flow-circulation
methods in a stationary mode, facilitates kinetic
and mathematical descriptions of the process
pattern [20; 21]. It is noted that the reaction
occurs on the surface of a solid state, where the
component concentration of the mixture differs in
the core and the gas flow.

The study of the kinetics of the oxidation
reaction of chlorohydrocarbons is important for
establishing the direction and mechanism of their
oxidation, as well as for modelling of kinetics for
further optimization and design of the
technological process [22; 23].

Results and their discussion

As already noted, the objects of the study were
chlorotoluenes and chlorobenzenes. The study of
the kinetic patterns of these compounds is of
particular interest, since the role of the aromatic
ring and the number and location of chlorine
atoms in the molecules during the formation of
monochloromaleic (MCMA) and dichloromaleic
(DCMA) anhydrides are revealed. It is also
important to determine the conditions for the
reactions of selective and deep oxidation and to
compare the deep oxidation rate with the selective
formation reaction rate of the target products.

The influence of temperatures in the range of
673-773 K, contact time within 0.2-1.2 sec.,
concentration of chlorobenzenes and
chlorotoluenes of 2.0-10-3-8.0:10-* mol/L, oxygen
concentration of 1.0-10-3-8.0-10-* mol/L on the
oxidation kinetics was studied. The kinetic curves
of chlorotoluene oxidation are shown in Fig. 2.

As is seen from the figure, the oxidation rate of
the initial chlorotoluene gradually increases with
an increase in the contact time of 0.3-1.2 sec, and
at the same time the rates of MCMA and CO:
formation increase.

The rate of the deep oxidation reaction exceeds
the rate of the main MCMA formation reaction by
more than 3 times, however, on the graphs of
these rates, some parallels is observed up to the
contact time t=0.6 sec., and then the rates increase
sharply. The description of the results in
coordinates for the corresponding substances
shows that the dependence is linear (Fig. 2b). A
comparison of the rates of deep and partial
oxidation reactions shows that CO; is formed
mainly from the initial chlorotoluene (CT). The
selectivity to CO; decreases to T = 0.8 sec,, and then
begins to increase due to the formation of CO;
from the resulting target product (Fig. 2c), which
proves that the oxidation reaction proceeds
according to a parallel-sequential scheme.

The results of studying the kinetic regularities
of the oxidation reaction of monochlorobenzene
(MCB) are presented in Fig. 3. As is seen from the
presented dependencies, the oxidation rate of the
initial MCB is more than 3 times higher than the
formation rate of DCMA and is comparable with
the formation rate of CO; (a). Carbon dioxide is
formed at the beginning of the oxidation reaction
of initial MCB and further, as well as at small
values of the contact time t, but a sharp
discontinuity in the rate of CO; formation is
observed after t=0.7 sec.
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a - conversion of chlorobenzenes and chlorotoluenes.

The rate curve of the chlorine formation
behaves similarly to the rate curve of CO:
formation, which confirms the view that an
additional path of CO; is formed from the resulting
chlorine-containing compound. The dependences
of the CO; and Cl, formation rates on their
concentrations rise in parallel at close values. A
comparison of the formation reaction rate of the
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Fig. 2. The results of kinetic studies of the oxidation
reaction of CT, a) dependence of the rates on contact
time - 1 - consumption rate of CT, 2 - accumulation
rate of MCMA, 3 - accumulation rate of COz; b) on
concentration of MCMA; c) 1 - selectivity to CT, 2 -
selectivity to COz

main DCMA and the deep oxidation reaction rate
shows that CO; is formed according to a parallel-
consecutive scheme both from the initial
compounds and from the target product under
certain conditions, which follows from the
analysis of the dependence of selectivity on
conversion. (3b kommentariy).

S, % mol
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Fig. 3. The results of kinetic studies of oxidation reaction of MCB, (a) dependence of the rates on contact time 1-MCB,
2-MCMA, 3-Clz; (b) dependence of selectivity on conversion of MCB, 1-MCMA, 2-CO:
Kat.: V-P-0/Si0z; T=733K, xt+0=1+20

The study of the kinetics of dichlorobenzenes
and trichlorobenzenes confirms the above
assumption about the formation of MCMA and
CO;. The dependencies established for CT and
MCB were preserved in this case as well. A
comparison of the rates of the main reaction and

the deep oxidation reaction here indicates the
parallel-consecutive pathway of CO, formation.
The V-P-0/Al;03+Mo0O3; system has been
studied for a wide range of V:P:0 ratios.
The results given in Table 1 show that, in the
oxidation reaction of 1,2-DCB, V-Mo-0/Si0,, V-
Mo-0/Al;03 and V-P-0/Al;0O3 catalytic systems
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exhibit high activity and selectivity. Therefore, we
have studied the activity and selectivity of these
catalytic systems promoted with MoO3 and P05 in
the oxidation reaction of 1,2-DCB according to our
previous studies. In the ranges of temperature

653-753K, contact time 1=0.3-1.1 sec, and ratio of
1,2-DCB : 0;=1:5-1:20 mol, the effect of these
parameters on the oxidation of 1,2-DCB was
studied with V-P-0/SiO;+Mo03, V-P-0/Al;03
+Mo003 and V-Mo-0/Al,03+P,0s catalytic systems.

Table 1
Effect of the ratio of active components of the catalyst on the oxidation reaction of 1,2-DCB
Catalytic systems Ratio of the oxides Conversion of Selectivity, mol%
V205:P205M003:V205 1,2-DCB DCMA MCMA MA
V-P-0/Si0: 1:1 80 30 14 5
V-P-0/Si0: 1:2 84 38 20 6
V-P-0/Si02 1:3 88 36 15 5
V-Mo-0/Si02 1:1 82 32 16 6
V-Mo-0/Si02 1:2 92 42 18 6
V-Mo-0/Si02 1:3 94 46 20 7
V-P-0/Al203 1:1 85 36 13 6
V-P-0/Al203 1:2 90 40 12 5
V-P-0/Al203 1:3 92 36 14 4
V-Mo-0/Al203 1:1 87 35 10 5
V-Mo-0/Al203 1:2 94 45 18 8
V-Mo-0/Al203 1:3 98 50 24 10

The graphical presentation of the effect of two
parameters on the conversion is shown in Fig. 4.
The results show that the conversion of 1,2-DCB
reaches 100 % with an increase in temperature
from 653-753K in the presence of the V-Mo-
0/Al;03+P2,05 catalytic system at T=713K
(Fig. 4a), while the maximum conversion of 1,2-
DCB can be achieved at a contact time of 0.7-
0.8 sec. (Fig. 4 b). A study of the dependence of the

o.%
100

90T

80 |-

70 - [ ]
2
60 =
3{
50—
1
40 1 1 1 1 1 1 TK
653 673 693 713 733 753

a

selectivity of these catalytic systems on the
contact time and the DCB: 0. mole ratio also
showed that a 50 % selectivity of DCMA, which is
considered the main product of the oxidation of
1,2-DCB, was achieved in the presence of the V-
Mo-0/Al,03+P;05 catalyst at a temperature of
713 K, a contact time of 0.7 sec. and a 1,2-DCB : O;
ratio of 1: 15.

100 [~

80 ~

60_-—{

40 1 1 1 | 1

Fig. 4. Effect of temperature (a) and contact time (b,) on activity (a, b) of catalytic systems in the oxidation reaction of
1,2-DCB. 1-V-P-0/Si02+Mo003, 2-V-P-0/Al203+M00s3, 3-V-Mo0-0/Al203+P20s5

Then, we studied the effect of the contact time
variation in the range of 0.2-1.2 sec. on the
oxidation reaction of 1,2-DCB. The obtained
results (Fig. 5) show that the conversion of 1,2-
DCB is relatively low (40-68 %) and 1,2-DCB is
mainly oxidized to CO; at low contact times (0.2-
0.4 sec). At contact times of 0.6-0.8 sec, the
conversion of DCB reaches 90-100 %, and at this
time the selectivity of DCMA and also MCMA

increases to 46-48 %, and selectivity reaches
50 % at t=0.7 sec. A further increase in contact
time is observed with a decrease in the selectivity
of hydrochloric anhydrides at a conversion value
of 100 %, which can be explained by the oxidation
of hydrochloric anhydrides to CO,. Thus, the yield
of CO; begins to increase rapidly at these contact
times.
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Fig. 5. Effect of contact time on the oxidation reaction of
1,2-DCB: 1 - conversion of 1,2-DCB, 2 - selectivity to
DCMA, 3 - selectivity to MCMA, 4 - selectivity to MA, 5-
selectivity to COz, V=4000 hour-1,t=0.7 sec.,

DCB: 02=1:20

1.1 t;s

The oxidation reaction of trichlorobenzenes
(TCB) was carried out in a fluidized bed of an open

o, %
1004  ——
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- %4/
804 / /4/
704 4
3X ./
604 20, <
50- !
401 5¢
304 g
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1,1 t, san

flow reactor on the catalytic systems that we
synthesized V-P-0/Si0;, V-P-0/Al;03;, V-Mo-
0/Si0;, V-Mo-0/Al;03;, V-P-0/Si0;+Mo003, V-
MO—O/A1203+P205, V—P—O/SiOz+COzO3.

We have determined the activities of these
catalytic systems in the oxidation reaction of 1,2,4-
TCB (or 1,2,3-TCB and 1,3,5-TCB) at different
ranges of some parameters, temperature of 673-
773 K, contact time of 0.2-1.0sec, and
TCB:02=1:1+1:30 mol ratios.

The results are given in Figure 6. As is seen
from the results, the conversion during oxidation
of chlorinated hydrocarbons reaches its maximum
degree mainly at high temperatures of 753, 773 K
and 0.8-0.9 sec. contact time with the catalyst
based on V-Mo-0/Al,03 (2,4,5). When Mo is
added to these systems (3,4), the catalytic
systems reach their maximum activity values at
relatively low temperatures (733 K) and contact
time (0.7 sec.). The cobalt promoted-catalyst (6)
does not show very high activity compared to
other systems.

a, %
100 -

- /'%
| 7

404 ¢ b

T T T T T — 7K
673 693 713 733 753 773 793

Fig. 6. Effect of temperature (a) and contact time (b) on the activities of the catalytic systems in the oxidation
reaction of 1,3,5-TCB: 1-V-P-0/Si02, 2-V-Mo-0/Al203, 3-V-P-0/Si02+Mo003, 4-V-Mo-0/Al203+Mo003, 5-V-Mo-
0/A1203+P20s5, 6-V-P-0/Si02+C020s3.

At the same time, the maximum values of
chloranhydrides are achieved at a contact time of
0.7 sec. in the oxidation of 1,3,5-TCB (for 1,2,4-
TCB, at 0.7sec.). The selectivity of
chloranhydrides also reaches a maximum at a
molar ratio of chlorobenzene to oxygen of 1:20.
The selectivity of the anhydrides decreases at
753-773 K and at the values of contact times
higher than 0.7-0.8 sec., which is explained by
their own oxidation.

Thus, as a result of the studies, the activity
order of the catalytic systems used in the oxidation
reaction of 1,3,5-TCB were mainly determined as
follows: V-Mo-0/Al;03+Mo003>V-P-
0/Si02+Mo003>V-P-0/Si0,>V-Mo-0/Al;03+
+P;05>V-P-0/Si0,+C0203; and selectivity order
V-P-0/Al,03+M003>V-Mo-0/Al,03+P,05>V-P-

0/Si02+M003>V-Mo-0/Al,03>V-P-0/Si0>V-P-
0/Si02+C0203; in the oxidation reaction of 1,2,4-
TCB - activity order V-Mo-0/Al;03+Mo003>V-P-
0/Si02+Mo003>V-P-0/Si02>V-Mo-0/Al;03+
P205>V-P-0/Si02+C0203; selectivity order V-P-
0/Al;03+M003>V-P-0/Si0+M003>V-Mo-0/
A1203>V—MO—O/A1203+P205>V—P—O/Si02>V—P—
O/SiOz+COzO3.

[t should be noted that the activity order of the
catalytic systems was implemented for the
distribution of reaction products obtained in the
process of oxidation of dichlorotoluenes. High
conversion and low yield of the reaction products
were observed only on unmodified catalytic
systems in 2,4-DCT oxidation, as in the case of
monochlorotoluenes.
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According to the results, it was determined that
the yields of DCMA, MA and CBA (chlorinated
benzoic acid) were 38 %, 14 % and 10-12 %,
respectively, in 3,4-DCT oxidation in the presence
of the molybdenum-modified catalytic system V-
P-0/Si0O,+Mo (Table 2). At this case, the
conversion of 3,4-DCT was 90 %. The yields of
selective oxidation products slightly decreased

with increasing conversion, due to which the yield
of COz increased.

Similarly, the selective oxidation of 2,3-, 2,4-,
and 2,5-DCT was carried out in the presence of V-
Mo-0/Si02+V, V-P-0/Al,03+Mo, V-P-
0/Al;03+Sb catalytic systems. The obtained
results are given in Figure 7 and Table 2.

Table 2
General process pattern of 2,4-dichlorotoluene oxidation
Oxidation products
Selected ‘;“2 Reaction Contact time 2,4- Conversio
components and 2 temperatur sec ! DCT:0: n of 2,4- § < < S
oxides Z e, T,K ) mol ratio DCT % o = s ©
]
=

V,0s - 713 0.7 1:15 60 - 16 12 28
MoOs - 723 0.6 1:10 55 - 13 10 30
P,0s - 703 0.6 1:15 45 - 10 5 28
Sb203 - 693 0.6 1:10 38 - 5 5 20
Si02 713 0.7 1:20 64 5 16 14 28
1\‘/12(())5 Si0, 723 0.8 1:20 60 - 13 12 26
0% Si02 693 0.6 1:10 45 - 10 8 24

P20s
Sb203 Si0 693 0.6 1:10 40 - 6 - 30
V205 Al,03 723 0.7 1:20 68 4 18 13 30
Mo03 Al,03 733 0.8 1:20 64 - 14 12 28
P20s Al203 693 0.6 1:10 48 - 10 7 27
Sb203 Al,03 693 0.6 1:10 44 - 5 - 32
V,0s- P20s SiO2 713 0.7 1:15 76 8 15 26 28
V20s- P20s Al;03 723 0.7 1:20 78 4 12 20 33
V205-MoOs Si02 723 0.8 1:15 74 4 11 24 32
VZOS'NLO% Al;03 713 0.8 1:20 76 3 10 20 36
3285'2;83 Si02 693 0.6 1:15 68 5 10 22 26
VN? g' -5123 (3) Al,03 703 0.6 1:10 70 3 8 16 28
MOOO . Si02 693 0.6 1:18 66 - 6 15 34
31OPZY3 Al,03 703 0.7 1:10 65 - 5 12 36

The temperature, contact time and mole ratio
(DCT : 02) dependences of the oxidation products
of 2,4- and 2,5-DCT were studied over a wide
range of these parameters in the presence of the
V-P-0/Si0,+Mo catalyst. The obtained results are
reflected in Table 2.

Analysis of the results shows that in the
temperature range of 653-733 K, the conversion
of dichlorotoluenes increased from 38 % to 78 %.
At this time, the yields of MCMA, MA, CBA and CO;
increased to 24-26 %, 18-20%, 8-10% and
36 %, respectively.

The contact time variation in the 0.2-1.0 sec.
range did not change the overall picture much.
Thus, the conversion of dichlorotoluenes
increased from 40 % to 80 %, while the yields of

other oxygenated products showed a relative
increase in accordance with a general pattern and
decreased at a contact time of 0.6-0.7 sec. after
passing through a maximum.

The results show that the oxidation products
are mainly DCMA where the number and position
of chlorine atoms in chlorobenzene and
chlorotoluene molecules is 1, 2-; 3, 4- and 1,2,4-;
and MCMA is obtained in the cases where the
number and position of chlorine atoms in
chlorobenzene and chlorotoluene molecules is 1-;
1,3-; 2,4-; 2,5- and 1,3,5-. At the same time, as the
number of chlorine atoms in the aromatic
molecule increases, the conversion of the initial
chlorinated compounds decreases, but the
selectivity of the targeted product increases.
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Fig. 7. Temperature effect of the catalytic oxidation reaction of dichlorotoluenes: oxidation of 2,3-DCT in the
presence of V-Mo-0/Si02+V. 1 - DCT, 2 - MCMA, 3 - MA,4 - CBA, 5 - CO2

As is seen from the results, the highest
selectivity among these catalytic systems is shown
by the V-P-0/SiO,+Mo catalyst. At this point, with
a contact time of 0.7 seconds, the yield exceeds the
maximum and increases to 40-42 %.

The activity order of the catalysts in 2,4-DCT
oxidation is as follows:

V-P-0/Si02+Mo>V-P-0/A1,03+Mo>V-Mo-
0/Al;03+Mo,

The selectivity order:

V-P-0/Si02+Sb>V-P-0/A1,03+Mo>V-Mo-
0/Al;,03+P>V-P-0/Si02+Mo.

These studies were also carried out varying the
DCT : O; moleratiofrom 1 :5to 1: 25. In this case,
the maximum result was achieved at
DCT : 02=1: 15 mole ratio, and it was determined
that the yields of the main products is: MCMA 33-
35 %, MA 13-15 %, and CBA 8-10 %.

Thus, the study of kinetic regularities of the
oxidation reaction of chlorine-containing
aromatic and hydrocarbons on the surface of
vanadium-phosphorus catalysts showed that they
are of a same nature. The comparison of the
formation rates of the deep oxidation products
and target compounds clearly indicates the
presence of two formation pathways - parallel-
consecutive. The rate of formation of free chlorine
and the rate of formation of CO, are
commensurable, especially at certain values of
contact time and temperature, which once again
confirms the idea of the presence of an additional
path for the formation of CO, from both the target
products and the initial chlorine-containing
compounds. The comparison of the rates of
formation of the target products confirms the
correct choice of a fluidized bed of catalyst for the
reactions under study. It was found that the final

reaction products do not have an inhibitory effect
on the rate of oxidation reactions.

All necessary calculations were performed
using the software package “Optim Me” [24; 25].

Conclusion

1. Active catalysts and basic technological
schemes for heterogeneous catalytic oxidation of
chlorinated hydrocarbons have been developed,
yielding valuable polyfunctional compounds such
as mono- and dichloromaleic anhydride, and
waste from the production of polychlorinated
hydrocarbons has been utilized.

2. The kinetic regularities of the oxidation
reaction of various chlorobenzenes and
chlorotoluenes on V-P-0/Si0;, V-Mo-0/Al;03
catalysts have been studied, and it has been
established that the oxidation process occurs
according to a parallel-sequential scheme. Active
catalytic systems based on V and Mo oxides has
been obtained for the heterogeneous catalytic
oxidation reaction of chloroaromatic
hydrocarbons, and a basic process flow chart has
been developed. In this case, valuable
polyfunctional compounds such as mono- and
dichloromaleic anhydrides have been obtained,
and waste has been utilized. Optimal process
conditions have been established to ensure the
maximum yield of targeted products.

3. It has been established that the
heterogeneous catalytic oxidation processes of
chlorohydrocarbons carried out in a fluidized bed
of vanadium-molybdenum oxide catalysts are
preferable for obtaining the targeted products. It
has been shown that the position of chlorine
atoms in the aromatic ring and their number affect
the degree of conversion and selectivity of the
process.
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