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Based on the obtained Kinetic regularities and the mixture of the products of the reaction of
ethylbenzene oxidation with ozone in acetic acid, the scientific bases of the technology of synthesis
of acetophenone was developed. It is shown that in the ozonation conditions, in the presence of
manganese (II) acetate, it is possible to direct oxidation mainly through the ethyl group of the
substrate with the formation of aromatic products. The technological parameters are studied and
the optimal conditions for the process realization are ascertained. The obtained experimental and
theoretical results allowed us to propose a new low-temperature low-waste method of acetophenone
production, which ensures the efficiency of the process due to the mild oxidation conditions (288 K,
atmospheric pressure) and the reduction of toxic waste. The technology can be an alternative to
existing methods of the synthesis of aromatic ketones.

Key words: ethylbenzene, acetophenone, catalyst, Kinetics, oxidation, ozone.

Introduction

Today, the leading place among oxidants is
taken by molecular oxygen. there are numerous
industrial methods of synthesis of aromatic products
occur with its participation[1, 2]. However, some-
times the use of oxygen is rejected due to harsh
process conditions. In these cases, multi-stage
processes or expensive and deficient mineral oxi-
dants are often used that leads to environmental
pollution [3, 4]. The latest scientific studies in the
range of benzene show that these problems can be
successfully solved with the help of ozone techno-
logies [5]. The described technologies are characteri-
zed by high selectivity, mild reaction conditions and
simplified technological equipment, but they relate
to the processes of ozone oxidation only in a
homologous range of toluene and its substituted [5—
8]. In this connection, studies of the reaction of
ozone with ethylbenzene and its substituted, aimed at
further development of low-waste oxidation techno-
logies and expansion of understanding of the
reaction of ozone with arenes in ethylbenzene
range, can be of particular interest. The solution of
this problem is of great practical importance, since
acetophenone, a product of incomplete oxidation
of ethylbenzene, is an important raw material for
the production of fragrances in perfumery [9], and,
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possessing a hypnotic effect, is used for the
manufacture of sedative drugs [10].

In the industry, acetophenone is produced by
the Friedel-Crafts reaction based on benzene and
acetyl chloride or acetate anhydride in the presence
of AICl; [11], or by liquid-phase oxidation of
ethylbenzene with oxygen at 388-393 K (catalyst —
benzoate Co, Cu, Mn, Ni, Pb or Fe) [12]. However,
the analysis of these methods shows that most of
them have no future due to the technological comp-
lexity, harsh synthesis conditions and low selectivity.
Therefore, the development of the basics of the low-
waste, low-temperature technology for the synthesis
of acetophenone by oxidation of ethylbenzene with
ozone in the solution of acetic acid is an urgent task.

Experimental

For the experiments the acetic acid of the
“Sigma” firm of qualification “puriss.”; ethylbenzene,
1-bromo-4-ethylbenzene, acetophenone of “Acros
Organics” firm of qualification “puriss.”; acetates of the
metals of qualification “puriss.” were used.

Acetophenone synthesis. 200 ml of glacial
acetic acid, 8.5 g (0.4 mol'I'") of ethylbenzene and
2.1 g (0.04 molI") of 4 aqueous manganese (II)
acetate are loaded into a 500 ml perforated bottom
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reactor with a temperature of 293 K. The resulting
solution is thermostated at 288 K and fed through it
ozone-air mixture with ozone concentration of
1.12 % vol at a rate of 60 I'h™". The average degree of
ozone absorption during oxidation is 83.3 %. After
9 h of oxidation, the sample is taken for analysis on the
absence of substrate, when the results of the analysis
are positive the introduction of the ozone-air mixture
is stopped, the reaction mass is treated with oxalic
acid for discolouration of the solution, and then
under a vacuum of 100 mmHg and the temperature
of 333 K 90 % of the original volume of acetic acid
is distilled off, 45 ml of water is added to the residue,
the resulting emulsion is shaken for half an hour in a
separating funnel, then is settled to separate. The
bottom layer containing the aqueous solution of
acetic acid and the catalyst is taken and direct for the
regeneration of the catalyst. The organic layer con-
taining acetophenone and 1-phenylethyl acetate in
the ratio 8: 1 is subjected to freezing, during which
8.3 g of acetophenone are obtained, Ty, = 475477 K.
The liquid residue, which contains the rest of
acetophenone and 1-phenylethyl acetate, is added to
9 the same residues from previous operations, after
which the resulting mixture is dissolved in 200 ml of
acetic acid and oxidized at 298 K for two hours. In
the process of oxidation, acylated alcohol is converted
to acetophenone. From the resulting solution, acetic
acid is distilled off at the temperature of 333 K
and a vacuum of 100 mmHg. Acetophenone with
Twi=474-475 K and the mass of 1.26 g is identified in
the residue. The total yield of acetophenone is 87.7 %.

Materials and methods of research
The ozone concentration in the gas phase was

determined by spectrophotometric method on SF-46
spectrophotometer. The concentration of ethylbenzene
and its derivatives in the solution was determined by
gas-liquid chromatography on the chromatograph with
the flame-ionization detector on 1 m long and 3.5 mm
column diameter, filled with the carrier — “INERTON-
Super” (0.16-0.2 mm), with a stationary phase “FFAP”
applied to it in the amount of 5 % by weight of the
carrier under the following conditions: evaporator
temperature — 503 — 533 K; the velocity of gas-carrier
(nitrogen) is 2.0 I'h™; hydrogen velocity is 1.8 I'h';
airspeed is 18 I'h”. Thermostating was carried out in
the temperature range 363448 K, the temperature was
raised by the program — 8 °C/min. The concentration of
peroxides was determined by a known iodometric
method [13].
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Research results and their discussion

During the ethylbenzene oxidation with ozone
in glacial acetic acid at 288 K, the reaction runs
mainly via the benzene ring with the formation of
ozonides (64 %) (Fig. 1), which are further transfor-
med into aliphatic peroxide products (Scheme 1).
Among the aromatic reaction products, 1-pheny-
lethan-1-ol was identified in the early stages, and
acetophenone (30 %) at complete oxidation of the
substrate (Fig. 1, Sch. 2). Under the conditions of
experiments, acetophenone is also an intermediate
reaction product. As can be seen from Fig. 3.1, after
150 minutes of oxidation, its concentration in the
solution decreases gradually. However, according to
the literature data [13] the expected benzoic acid,
which is formed during the acetophenone oxidation,
was found in the amount of 4 % of the total amount
of reaction products in our case. However, the CO,
emission of 0.2 mol per 1 mol of ethylbenzene has
been recorded, which can indicate the oxidative
decarboxylation of the reaction products.
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Fig. 1. Kinetics of ethylbenzene oxidation
by ozone-air mixture in acetic acid;

T =288 K; [ArCH,CH;],= 0,4; [03],=5,2-10" mol-I";
V,=0,01 I; = 30 I'h"; Changes in the concentration
of ethylbenzene (1), ozonides (2), acetophenone (3),

1-phenylethan-1-ol (4)

a-Phenylethylhydroperoxide is not identified in
the experiments. However, in the reaction mass, the
peroxide products of degradation of the benzene ring
(ozonolysis) (Fig. 1, Sch. 2), which represent a light
yellow colour liquid with characteristic solubility in
acetic acid and tetrachloroethane, accumulate to a
considerable degree. They react with potassium iodide
at high velocity, and in 1 hour there forms the amount
of molecular iodine that corresponds to one hydro-
peroxide group (Table 1). After 24 hours of exposure to
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the test solution, the results of the analysis are almost groups (760, 1050, 1300 cm™). These facts, as well

unchanged. These data do not contradict the literature as the stoichiometric coefficient of ozone, which at
[14], in which namely hydroperoxide groups react the temperature of 288 K is 2, are additional confi-
quickly with potassium iodide (usually within an hour), rmation of this assumption, and also indicate that
and the recovery of dialkyl peroxide groups is these hydroperoxides are formed due to the ozonides
completed within 2024 hours. and are linear structure monomers.

The analysis of the IR spectra of peroxides According to the accepted Criegee’s reaction
showed the absence of bands typical for the benzene of the ozonolysis of the aromatic ring [15], the
ring, but the presence of bands typical for the C=0 oxidation of ethylbenzene can occur in the following

groups (1705-1730 cm™) and the hydroperoxide ways:
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Scheme 1

The formation of aromatic products of ethyl- radical recombines with the formation of alcohol and
benzene ozonation corresponds to the scheme of the ketone [16] with subsequent conversion into products
transformation of the ethyl group, in which peroxyl of oxidation and oxidative decarboxylation:

H3Cxlé/00 H3ng,f’DH HEC“C”’?D

P —products of oxidation and oxidative decarboxylation of carboxylic acids.

Scheme 2
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Table 1

The effect of the exposure time a mixture of solutions of the analyzed ethylbenzene peroxides
with potassium iodide on the analysis results (oxidation conditions, Fig. 1)

Concentration of peroxides, mol-l”
Oxidation tizs, min. After hours of exposure to the test solution After 24 hours of exposure o the test
solution
15 0.050 0.050
30 0.075 0.075
60 0.140 0.150
90 0.205 0.225
120 0.260 0.290
150 0.235 0.255

The consumption of ozone in reaction with
ethylbenzene coincides well with the considered
schemes. While oxidation to acetophenone (Sch. 2), 4
electrons are displaced during the reaction, and when
O; is reduced only 2 electrons are displaced, that is
2 mol of ozone is consumed per 1 mol of ethylbenzene,
and 0.68 mol of ozone is consumed by 0.34 mol.
According to Scheme 1, the formation of hydro-
peroxide requires 2 mol of ozone, and 1.32 mol of O;
requires for 0.66 mol, from which the calculated
amount of ozone is 0.68 + 1.32 =2 mol of ozone.

With the increasing temperature in the studied
interval (288-343 K), there is an increase in the

consumption of ozone (up to 4.5 mol), the initial
oxidation velocities of ethylbenzene and the accu-
mulation of reaction products triply, while the maxi-
mum concentrations of both alcohol and ketone
reduce gradually. It is typical that acetophenone is
sufficiently resistant to ozone in the temperature
range from 288 to 313 K (Fig. 2), but further
increase in temperature to 343 K leads to a decrease
in selectivity for acetophenone almost twice. Similar
temperature dependencies are an additional argument
in favour of the fact that 1-phenylethan-1-ol and
acetophenone are intermediate products of ethyl-
benzene oxidation according to Scheme 2.
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Fig. 2. Effect of temperature on the kinetics of oxidation of ethylbenzene with ozone-air mixture in acetic acid.:
consumption of ethylbenzene (a); accumulation of 1-phenylethan-1-ol (b), acetophenone (c).
[03],=5.2- 107, ArCH,CH3], = 0.4 mol-I", =30 ['i1, V,, = 10 ml.

Temperature: 288 (1), 293 (2), 303 (3), 313 (4), 323 (5), 343 K (6)

In the presence of the catalyst manganese
(I) acetate the selectivities of oxidation of ethylben-
zene on the side chain and the output of acetopheno-
ne increase significantly (Table 1). It becomes possible
due to two-stage oxidation (1-3):

Mn(Il) + O; + 2H" — Mn(IV) + O, + H,0 (1)
ArCH,CH; + Mn(IV) — ArCHCH; + Mn(Ill) + H  (2)

ArCH,CH; + Mn(Ill) - ArC’HCH; + Mn(I) + H  (3)
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In these conditions, ozone reacts not with
ethylbenzene (k = 0.41 (mol's)"), but with metal
(k = 1,8:10° I(mol's)") with the formation of the
oxidized form of manganese (1), which then involves
the substrate to the oxidation according to the ethyl
group at high speed (2,3).

The introduction of a bromine atom into the
ethylbenzene molecule contributes to the increase in
the yield of the corresponding acetophenone up to
92 % (Table 2), that satisfies completely the current
understanding of the effect of the substituents nature
on the reactivity of the compound [5].

Table 2

Selectivity of catalytic oxidation of alkylbenzenes by ozone at 288 K in acetic acid.
[ArC,Hs]|, = 0.4; [0],=5.2:10"*; [Mn(OAc),], = 0.04 mol-I"

The concentration of the corresponding reaction products, mol/l The total yield of the
Compound reaction products by
acetophenone 1-phenylethyl acetate ethyl group, %
Ethylbenzene 76.5 11.2 87.7
1-Bromo-4-ethylbenzene 92.0 5.6 97.6

As can be seen from Table 2, the main pro-
ducts with the preserved aromatic structure are the
corresponding acetophenone and 1-phenylethyl
acetate. 1-Phenylethan-1-ol and trace amounts of
benzaldehyde (C < 10 mol'lI") were identified as
intermediate products of ethylbenzene oxidation. After
exhaustive oxidation of ethylbenzene, up to 4 % of
benzoic acids were identified.

According to the received and literature data
[5, 14, 16—18], the catalytic ozonation of ethylbenze-
ne occurs by a non-chain mechanism according to
the reaction scheme (1-5).

The phenylbenzyl radical obtained by reaction
(3) is transformed rapidly in reaction with oxygen
(k = 108 1-(mol-s)" [14] forming a peroxide radical,
which further recombines with the corresponding
alcohol and ketone [16].

According to the results of kinetic studies, it
was shown that 1-phenylethan-1-ol is the major
intermediate product under non-catalytic ozonation.
However, in the presence of manganese (IV) acetate,
1-phenylethyl acetate accumulates with it, that is
acylated alcohol is formed only in the presence of a
catalyst. In this regard, we assume that acylation can
occur through the formation of the ArC + HCH;
cation by reactions (6-8).

Non-chain oxidation of ethylbenzene with ozone
is indicated by the obtained kinetic data: first, ozone
should be fed to the system continuously, and its
termination leads to stopping the process. It additio-
nally indicates that under conditions when the limiting
stage of the selective oxidation of ethylbenzene is the
reaction (2,3) of formation of Mn (IV) occur by the
reaction with ozone (1), and the chain extension
reactions [16], in which Mn (IV) can also occur, are
minor; and secondly, 2.3 mol of ozone is consumed
per 1 mol of ethylbenzene, that is the theoretically

required amount. This ratio of ArCH,CHj3 to Oj; also
indicates that the same chain-extension reactions do
not play a significant role. If it had been to the
contrary, ozone would have required only as an
initiator of oxidation. That is, it should be involved
only at the beginning of the reaction, or in small
quantities throughout the reaction.

The velocity of oxidation and the mixture of
the reaction products are significantly affected by the
reaction temperature (Fig. 3, Table 3). With the
increase in temperature from 288 to 343 K, the initial
oxidation velocity of ethylbenzene increases almost
twice with the increase in the velocity of accu-
mulation of its oxidation products on the side chain
of 1-phenylethan-1-ol and 1-phenylethyl acetate, and
the velocity of accumulation of acetophenone decrease
gradually.

In contrast to the velocity, the selectivity of
side-chain oxidation, both for the products outlined
and as a whole, tends to decrease.

The obtained temperature dependences can be
explained based on the data in Table 4. As can be
seen, the activation energy of ethylbenzene is almost
twice as high as the activation energy of alcohol and
its acetate. With this ratio, the velocity of oxidation
of the intermediate products increases with temperature
more slowly than the velocity of their accumulation
and, as a result, the increase in the velocity of
accumulation of the product is accompanied by a
certain decrease in selectivity for the substance.

The simultaneous decrease in the velocity of
acetophenone oxidation and its selectivity is ex-
plained by the fact that the activation energy of the
acetophenone oxidation reaction is slightly higher
than the activation energy of the ethylbenzene oxida-
tion reaction.
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Fig. 3. The effect of temperature on kinetics: consumption of ethylbenzene (a)
in reaction with ozone in acetic acid in the presence of manganese (Il) acetate; accumulation
of 1-phenylethan-1-ol (b), 1-phenylethyl acetate (c) and acetophenone (d); reaction velocity
dependence on temperature (e); [ArCH>CHyJy = 0.4 mol-I"'; [O3]y = 5.2-107; [Mn(OAc),], = 0.04 mol-I"’;
Ve=83107 s, V= 0,011 T=288(1); 303 (2); 318 (3); 343 (4) K

Table 3

The effect of temperature on the yield of ethylbenzene oxidation products.
[ArCH,CH;]) = 0.4; [O3]y=5.2:10™*; [Mn(OAc),], = 0,04 mol-1". V, =8.3-10° I's™, V,,, = 0.01 1

T K Yield, % The selectivity of the oxidation
’ acetophenone 1-phenylethyl acetate according to the ethyl group

288 76.5 11.2 87.7

303 65.0 9.7 74.7

318 37.5 9.6 47.1

343 20.0 9.2 29.2

The effective activation energy of the catalytic
oxidation process of ethylbenzene (34.4 kJ-mol™)
obtained from the graphical data (Fig. 3 a,e) correlates
well with the data from the activation energy of the
reaction of ethylbenzene with Mn (IV) (Table 4). This
indicates that the reactions (2,3) are limiting.

Ethylbenzene oxidation velocity increases
markedly with the increase of ozone concentration in
the system. This dependence on the concentration of
ozone is a consequence of the increase of the velocity
of formation of the oxidized form of the catalyst
according to the reaction scheme (1). In the testing
concentration range for ozone (1-10* — 7.7-10™* mol-I"")
the velocity of oxidation of the accumulated reaction
products increases more than twice (Fig. 4). It’s typical
of these conditions that almost all reaction products are
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intermediate. But due to the different reactivity in the
reactions with ozone and Mn (IV), their concentration
changes over time occur in different ways. 1-
Phenylethan-1-ol accumulates quickly and is also
quickly consumed and is not present in the system at
the time of maximum acetophenone concentration. 1-
Phenylethyl acetate accumulates and consumes more
slowly, due to this at [Mn(OAc),]o = 0.04 mol-I" at the
moment of maximum acetophenone concentration its
content reaches 11.2 % in the reaction products.
Acetophenone, as the most resistant to oxidation, is the
main product formed in the system, but it is oxidized at
a certain velocity with the destruction of the benzene
ring. The selectivity of acetophenone oxidation remains
almost unchanged at a predetermined concentration
interval for ozone.
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Table 4

Kinetic parameters of the reactions of ethylbenzene and its derivatives with Mn (IV) in acetic acid.
[Mn(OAc),]o = 0.04; [ArH], = 0.4 mol-I"

Compound T,K | I/T-10° | k*, I(mol's)’ 1gk E, kJ - mol” A, 1(mol's)’
288 3.47 0.012 -1.94
303 3.30 0.029 -1.55 10t
ethylbenzene 323 310 0.056 125 32.8+2.7 (1.13+0.08)-10
343 2.91 0.096 -1.02
283 3.53 0.029 -1.54
288 3.47 0.033 -1.48
1-phenylethan-1-ol 303 3.30 0.052 -1.28 19.2+1.8 99.3+8.7
323 3.10 0.080 -1.10
343 2.91 0.120 -0.92
283 3.53 0.0048 -2.32
1-phenylethyl acetate igg ;gg gggg; :5(3)3 21.0£1.8 9.34+0.8
323 3.10 0.0158 -1.80
283 3.53 0.0025 -2.60
288 3.47 0.0028 -2.55
acetophenone 303 3.30 0.0060 -2.22 37.742.8 (1.60+0.08)-10*
323 3.10 0.0110 -1.96
343 2.91 0.0270 -1.57
* - effective velocity constants.
C,mol-I!
0,4 ¢, mol-I! 1
0,04 3
03} 4
0,03} b
B 0,02}
0,11 0,01 |
2'0 40 66 80 1, min 2I0 4I0 66 86 T,min
C, mol-I'!
0,045}
4 o 3 %)
0,035} e
l/; - 0,3
0,025} oy
///6,/
oo1sk 4/ c 0:2
7/
0,005 [ jB/7" 0.1
20 40 60 80 t.min 200 40 60 80 tmin

Fig. 4. Kinetics of ethylbenzene oxidation (a), accumulation of
1-phenylethan-1-ol (b), of 1-phenylethyl acetate (c), of acetophenone (d)
when ozone concentration changes in the ozone-air mixture. [O3]y = 1.0-107 (1), 3.0-10* (2), 5.2-10” (3),
7.7-107 (4) mol-I'. T = 288 K, [ArCH,CH;], = 0.4, [Mn(OAc) ]y = 0.04 mol-l”', Vy = 8.3-10° I-s, V,.,, = 0.01 1

The nature of the kinetic curves of 1-pheny-
lethan-1-ol and 1-phenylethyl acetate accumulation
highlights an interesting regularity: with the increase
of ozone concentration in the system, the maximum
concentration of non-acylated alcohol decreases and
the acylated one increases at the concentration to

5.2:10™* mol-I". In conditions when manganese, even
at minimal ozone concentrations, is predominantly in
oxidized form, the increase of the ozone concentra-
tion cannot affect the acceleration of the velocity of
acylated alcohol formation according to the reaction
scheme (6-8).
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Conclusions

It is ascertained that the catalyst — manganese
(II) acetate plays a decisive role in achieving the
desired oxidation selectivity according to the ethyl
group of ethylbenzene and its substituents in the ratio
[ArCH,CH3]y : [Mn(OAc),]o = 1 :0,1. It has been
shown that in the conditions of catalytic oxidation,
ozone plays the role of the generator of the oxidized
form of metal, which takes part in the oxidation
initiation reaction, and the decrease in temperature to
288 K contributes to the prevailing formation of the
corresponding acetophenone.

Based on the conducted research, the optimal
conditions for the production of acetophenone were
determined and the method of synthesis of this
product was proposed.
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KIHETHUKA TA TIPOAYKTU OKUCHEHHS ETUJIBEH3EHY
TA MOI'0 3AMIIEHAX O30HOM B OIITOBIN KHUCJIOTI

Ha ocHoBi oTpuMaHMX KiHETHYHMX 3aKOHOMIpHOCTell Ta cymiml NPOAYKTIB peakuii OKHCHEHHS
eTWIOeH3eHY 3 030HOM B OLTOBiil KHCJIOTi po3po0/1eH0 HAYKOBI OCHOBM TEeXHOJIOTiI CHHTe3y aneTo(eHoHy.
IToka3aHo, 0 B yMOBAaX 030HYBAHHS Yy NPUCYTHOCTI aneTaty mapraumio (II) mo:xxna HanpaBJasiTH OKMCHEHHS
MepeBakHO 32 eTHJIBHOI TI'PYIOI0 cyOcTpaTy 3 YTBOPEHHSIM apOMAaTHYHMX NPOAYKTiB. BuBYeHo TexHo-
JIOTiYHi mMapamMeTpM Ta BCTAHOBJIEHO ONTUMAJIBHI YMOBH Jjs peatizanii nmpouecy. OTpumani excmepu-
MEHTAJIbHI TA TeOPeTHYHi Pe3yJIbTATH 103BOJINJIM 3aNPONOHYBATH HOBMII HU3bKOTeMIePaTYPHMIl MaJIoBia-
XOHWH MeToJ BHUPOOHHMITBA aneTO(eHOHY, AKUIH 3ale3neuye e(eKTUBHICTH mpouecy 3aBAAKH M’SIKHM
yMmoBaM okucHeHHs1 (288 K, atmocdepHmii THCK) Ta 3MeHIIEHHIO TOKCHYHUX Biaxoai. TexHosoria mosxke
0yTH abTEPHATHBOIO iCHYIOYHM MeTOIaM CHHTe3y apOMATHYHHX KETOHIB.

Kuio4uoBi ci10Ba: eTui10eH3€eH, alleTO(heHOH, KATAII3aTOP, KiHETUKA, OKMCHEHHSI, 030H.
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