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B padome npedcmasnenvt pe3yivmamsbl IKCHEPUMEHMATbHBIX UCCTIC006AHUTL 08YXCMA-
OUIIHO20 npouecca NoJydeHus cmupona u3 oymaduena-1,3 nymem nociedosamenvHozo CUHme3d
yuknooumepos oymaouena-1,3 (4-eununyurnozexcena-1 u yuxknooxkmaouena-1,4) na nepeoii cma-
ouu u cmupona Ha emopoit cmaouu. Llenvio uccnedosanuii Asunucy ygenuueHue npou3eo0UmenbHo-
cmu npouecca, NOGblUICHIE €20 CeJIeKMUGHOCU U YRPOUleHUEe MEXHOI0ZUU NOYYeHUsA CIUPOld U
Imunben3ona uz 00Hozo euoa cvipva — H-Oymana. Ilokazana eo3modricnocms nonyuenus 4-eu-
Huayukinozexcena-1 u yuxnookmaouena-1,4 mepmuueckou u Kamaaiumu4uecKou oumepusayueii oy-
maouena-1,3 Ha ycmanoeKkax nepuoouyecKo20 0elicmeus ¢ RPUMeHeHUeM 6 Kauecmee Kamaau3amo-
poe numpama meou, komniekcnoii conu meou [CU(NH:)1](NO2), nenmarapéonuna rscenesza, mpu-
X70puda xHecenesa. Ycmanoenenot 3aK0OHOMEPHOCHU RPOUECCa MepMuUiecKoil Oumepuzayuu oymaou-
eHa 6 2a30801l (haze Ha ycmanosKke Henpepvlenozo oelicmeus. Ilocmaenennas yenv docmuzHyma npo-
6edeHuem cuHme3sa Oumepos OymaoueHa Ha RPOMOUHOI YCMAHOBKe 6 2A308011 (ha3ze npu NOGLIUIEH-
HOII memnepamype u He@blCOKOM 0aeieHUl, 8 NPUCYMCMEUU 800AHO20 RAPA U UHZUOUMOPA CMONO-
oopazoeanusn. Ilpusedenst pesynvmameol 1a00PAmMOPHBIX UCCAEO06AHUIL RPOYECCA ROTIYUEHUA CIU-
pona oezudpuposanuem 4-euHunyuK0zeKcena-1 6 npucymcmeuu npoMovluIeHHbIX KAMaau3amopos
de2udpuposanusn y2neeo0opooos: nainaduesozo 1,0% Pd/y-Al,03 (AIl), naamunoeozo 0,6%
Pt/y-Al.O3 (HII-62), oxucnozo sceneso-xpom-kanuesozo (K-28) anomoxpomosozo zpanynuposan-
HO020 0711 00HOCMAOUIIN020 Oecudpuposanus n-oymana gupmer «Houdry». Yemanoenena 603moorc-
HOCMb ROIYYEeHUA CIUpPOoa 0ezuopuposanuem 4-euHUIUUKI02eKceHa-1 Ha npoMbluIeHHOM Kama-
auzamope decuopuposanus Imunodensona. Ilokaszano, umo npespawienue 4-eununyuxnozexcena-1 6
cmupon npomexkaem npu nosviuienuu memnepamypot ¢viuie 400 °C uepe3 cmaouro obpazosanusn
amunobensona. Ilpu oezudpuposanuu 4-eununuyurxiozexcena-1 eviaenena u3ouUpamensbHOCmb nO
IMUNOEH301Y HA ATIOMOXPOMOGOM KAMAAUIAMOPE 0e2UOPUPOBAHUA NAPAPUHOBBIX Y2]1€6000pP0008
cocmaga 18-20%Cr,03, yALOs. Ilo noayuennvim pesyibmamam 6vlOpaHbl ONMUMATLHBLE YCLOGUSA
npoeedenusn npouecca.
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The paper presents the results of the experimental research of a two-stage process for sty-
rene production from butadiene-1,3 by a sequential synthesis of the butadiene-1,3 (4-vinylcyclo-
hexene-1 and cyclooctadiene) cyclodimers in the first stage and styrene — in the second stage. The
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purpose of the research is to increase the productivity of the process and its selectivity and to sim-
plify the technology for producing styrene and ethylbenzene from one type of raw material — n-
butane. The possibility of producing 4-vinylcyclohexene-1 and cyclooctadiene by thermal and cat-
alytic butadiene-1,3 dimerization on batch and continuous installations using copper nitrate, cop-
per [Cu(NHs)4] (NO2) complex salt, iron pentacarbonyl, iron trichloride as catalysts is shown, as
well as the regularities of the thermal butadiene dimerization process in the gas phase are estab-
lished. The goal has been achieved by carrying out the synthesis of butadiene dimers on a flow-
through installation in the gas phase at a high temperature and low pressure, in the presence of
water vapor and a gum inhibitor. The results of laboratory research of the process for the styrene
production by 4-vinylcyclohexene-1 dehydrogenation at the industrial catalysts for the hydrocar-
bons dehydrogenation: palladium 1.0% Pd/y-Al,Oz (AP), platinum 0.6% Pt/y-Al,O3 (IP-62), iron-
chromium-potassium oxide (K-28) aluminum-chromium granulated for one-step dehydrogenation
of n-butane produced by ""Houdry"" are presented. The possibility of styrene production by 4-vinyl-
cyclohexene-1 dehydrogenation at the industrial catalyst for the ethylbenzene dehydrogenation has
been established. It is shown that turning 4-vinylcyclohexene-1 into styrene occurs with an increase
in temperature above 400 °C through the ethylbenzene-forming stage. When dehydrating 4-vinyl-
cyclohexene-1, selectivity for ethylbenzene on the aluminum-chromium catalyst for the dehydro-
genation of paraffin hydrocarbons with the composition of 18-20% Cr,0s, yAl>Os has been re-

vealed. According to the results obtained, optimal conditions for the process have been chosen.

Key words: 4-vinylcyclohexene-1, cyclooctadiene, butadiene-1,3, styrene, dimerization, dehydrogena-
tion, catalyst, installation, reactor, process parameters, yield, selectivity, conversion
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INTRODUCTION

In terms of production volumes, styrene-buta-
diene rubbers, oligomers and other products take one
of the first places in the world. Styrene (vinyl benzene,
phenyl ethylene) CsHs—CH=CH, — one of the most im-
portant monomers — is used in the synthetic rubber in-
dustry to produce styrene butadiene rubbers and la-
texes, polystyrene and copolymers of styrene in the
plastics industry, as well as paint and varnish, chemical
pharmaceutical and other industries. The production of
the initial monomers — butadiene and styrene — is based
on different raw materials and different technologies;
therefore, to produce butadiene-styrene copolymers, it
iS necessary to have two monomer productions: buta-
diene and styrene. It is more efficient and more profit-
able to use one source hydrocarbon, n-butane, and pro-
duce styrene along a single technological chain. Buta-
diene-1,3 and styrene are strategically important, but
scarce monomers for the Russian Federation [1-4].

The 4-vinylcyclohexene-1 production by buta-
diene dimerization has been studied theoretically and
experimentally quite well [5-7], but has found no prac-
tical application due to the lack of industrial technol-
ogy. The studied butadiene cyclodimer production
methods are thermal processes with inhibitors and cat-

alytic processes [8], while both of them have their pos-
itive and negative sides.

The high-yield vinylcyclohexene (VCH) is de-
hydrated to styrene on an iron-chromium-potassium
oxide catalyst used in industry to dehydrogenate
ethylbenzene. To improve significantly the use of the
energy potential of the process in industrial production
is possible through the use of catalysts with high activ-
ity and selectivity at lower temperatures [9-11].

The general scheme of conversion of VCH on
an oxide iron-chromium catalyst can be represented as

follows
CH, - CH, CH, - CH,
/ -H,
2H, l-u

CH=CH,
N 3
O CH, - CH, @ CH=CH,

l

Benzene
Toluene

One of the latest developments is a new two-
stage process by the company Dow Chemical (USA)
for the production of styrene from the C, fraction, a by-
product of the pyrolysis ethylene production. The pro-
cess involves the cyclodimerization of butadiene-1,3 to

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 11 73



1.V. Alexandrova, Z.R. Tushakova, E.V. Prokutina

VCH, followed by its oxidation to styrene. Cyclodi-
merization is carried out in the liquid phase in the pres-
ence of copper on zeolite as a catalyst, which has a high
selectivity with respect to butadiene-1,3 (more than
99%). In the second stage, the VCH is oxidized with
oxygen in the presence of water vapor. Conversion ex-
ceeds 90%, the selectivity of the conversion of VCH to
styrene — 92%, and ethylbenzene — 2%. The process
has been tested on a pilot plant with a raw material ca-
pacity of 18 kg/h. The cost of styrene production by the
new process is 13-22 cent/kg lower than by traditional
synthesis and ethylbenzene dehydrogenation [12].

RESEARCH PROCEDURE

The 1,3-butadiene cyclodimer synthesis has
been carried out on a batch laboratory installation un-
der the following conditions: temperature — 175 °C;
time — 4 h; pressure in the reactor — 1.5-1.6 MPa [13-15].

Butadiene-1,3 was used as a raw material with
the content of the main substance of 99.3% by weight.
Hydroquinone, tret-butyl pyrocatechin (TBP), hydra-
zine were used as a polymerization inhibitor. The in-
hibitor was added in the calculation of 1-3% by weight
on raw materials and solvent. The following were used
as the solvent: o-xylene, diesel fuel fraction 210-250 °C,
n-decane, concentrated diethyl benzene fraction (the
content of isomers of diethyl benzene is 98.72% by
weight). Copper nitrate, complex copper salt
[Cu(NHz3)4] (NOy), iron pentacarbonyl, and iron tri-
chloride were used as catalysts.

For comparison, syntheses have been carried
out on a laboratory flow-through installation. Synthesis
conditions are: reactor temperature — 350-400 °C,
evaporator temperature — 175-200 °C, pressure in the
reactor — 0.5-1.6 MPa.

Since during the experiment the coke is depos-
ited on the inner surface of the reactor, it is necessary
to clean periodically the reactor for 8-16 h with air at
450 °C and to control the carbon dioxide content at the
reactor outlet.

The second stage in the research was to study
the process of 1.3-butadiene cyclodimers dehydro-
genation to styrene. VCH with the content of the main
substance 84-92% by weight and a small amount of an-
other dimer — cyclooctadiene-1,4 (COD) up to 5% by
weight have been used as the raw material.

The following catalysts were used: palladium
1.0% Pd/y-Al,O3 (AP), platinum 0.6% Pt/y-Al,Os (IP-62),
oxide iron-chromium-potassium (K-28), granulated
aluminum chromium for one-step dehydrogenation of
n-butane produced by the company Houdry. The syn-
thesis of styrene has been studied on a flow-through
installation under the following conditions [16-18]. The
conditions for styrene synthesis are represented in table.
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Table
The conditions for styrene synthesis
Tabauya. Ycn0BHs CHHTE3a CTUPOJIA
Catalyst
Parameters AP 1P-62 K.pg | company
«Houdry»
Tevaporator, °C 150 150 150 200
Treactor, °C | 150-450 | 200-400 | 400-600 | 500-550
U rawmaterial - | 1 015 | 1.1-2.7 [0.15-0.45| 0.3-0.4
ply: 9/Jcath
Yair supply, I/min|  1-1.8 | 0.8-1.2 — —
VVCH:H,0, o o 112 o
mole
Texperiment, h 1.0 1.0 1.0 0.5
Tregeneration; h 1.0 1.0 1.0 1.0

The catalyst has been regenerated for 1 hour in
a stream of air at the temperature of 50 °C higher than
the reaction temperature, and the content of carbon di-
oxide in the air at the reactor outlet has been analyzed.

The analysis of raw materials, dimerizate, sty-
rene synthesis products have been carried out by gas
chromatography using specialized software [16-18].
The raw material analysis has been made on the device
"Crystal-lux" with ionization-flame detector, as well
the analysis of dimerizate and styrene synthesis prod-
ucts — on the device "Cvet-500M" with a thermal con-
ductivity detector. The air analysis for carbon dioxide
content has been carried out on the LHM-80 device
with a thermal conductivity detector.

RESULTS AND DISCUSSION

On the batch installation in the reactor with a
stirrer, fairly stable results are obtained. With a total
partial pressure of butadiene of 1.5-1.6 MPa and the
temperature of 150-280 °C, it is possible to achieve a
conversion of butadiene (o) to more than 90% by
weight when the selectivity for cyclodimers (VCH +
COD) (Bvew + cop) is higher than 70% by weight. The
yield of by-products of oligomers (Boiig) is 28.45% by
weight [13].

Some regularities of the process have been es-
tablished: the presence and type of solvent influence
the dimerization process, namely: in the absence of a
solvent, the process goes weakly with low conversion
of butadiene. In the presence of solvents based on aro-
matic hydrocarbons, the process is quite intensive. The
optimal solvent is 0-xylene or a mixture of xylenes, and
also a mixture of diethylbenzenes [17]. In their pres-
ence, the conversion of butadiene at 175-280 °C
reaches 80-90% by weight, with selectivity to the tar-
get products of 85-95% by weight.
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It is possible to conduct selective dimerization
in the presence of solvents based on aliphatic hydro-
carbons: diesel fuel fraction, n-decane. However, in
this case, the conversion of butadiene is less than 50%
by weight at the temperatures up to 160 °C, and at the
temperatures above 200 °C there is an increase in the
formation of polymers.

The most effective polymerization inhibitors
are tret-butyl pyrocatechin (TBC) and hydrazine in an
amount of 1-3% by weight on raw materials.

The catalytic dimerization of butadiene has
been studied in homogeneous catalytic systems: Cu(NOs)s,
FeCls, [Cu(NHs)4](NO>), Fe(CO)s. A polymerization in-
hibitor hydroquinone or TBC has been also added to
the system in a mass ratio to the catalyst < 1. The re-
sults are presented in the papers [13-15]. It is found that
in the temperature range of 150-220 °C, no accelera-
tion of the reaction is observed. The maximum yield of
the target products at the low temperatures of 90-100 °C is
achieved in the presence of Fe(CO)s at the level of 96-
98% mass.

It has been established that in the experiments
carried out according to the described methods [6] on
the heterogeneous copper-containing catalysts the res-
inification of the catalysts occurs, which leads to a
rapid loss of their activity to zero. Regeneration does
not restore their activity; therefore, the use of hetero-
geneous catalysts using this technology is inefficient.

The most effective experiments on the VCH
synthesis on a flow-through installation in water vapor
containing hydrazine under a slight excess pressure in
the reactor were carried out. Under these conditions,
much less oligomers are formed and the selectivity of
the formation of butadiene dimers increases.

Conversion of butadiene per cycle is up to 66%
by weight with a selectivity of 70-98% by weight, the
yield of side oligomers is from 10 to 25% by weight.
The yield of side oligomers is strongly influenced by
the temperature and partial pressure of butadiene. The
optimal process parameters will be: a temperature of
220-300 °C and a pressure of 0.1-0.5 MPa. The reac-
tion time affects both the conversion of butadiene into
the target products and the yield of polymers. The op-
timal contact time of butadiene in the reactor is 0.5-1.5 h,
depending on the temperature.

The results of experiments on the VCH dehy-
drogenation on three different types of catalysts are
presented below. The first type includes the AP cata-
lyst (palladium on a carrier y-Al>O3) and the IP-62 cat-
alyst (platinum on a carrier y-Al,Qs3), which are cata-
lysts for the process of aromatization of paraffinic hy-
drocarbons. Oxidative dehydrogenation is carried out
in the presence of oxygen at temperatures below 400 °C.

N.B. Anekcannaposa, 3.P. Tymakosa, E.B. [Ipokyrnna

With an increase in temperature, the yield of ethylben-
zene is gradually decreased, and, accordingly, the yield
of styrene is increased (Fig. 1). The maximum conver-
sion of VCH and COD butadiene dimers in the experi-
ments has been observed on the AP catalyst at the tem-
perature of 300 to 400 °C and was more than 42%. The
use of the IP-62 catalyst does not give satisfactory re-
sults (conversion ~ 16%) [16]. At higher temperatures,
the surface of the catalyst granules is coked with resin-
ated products and decomposition products, and coke
burn-off is required.

B, %
70 1

60
50 A .
40 A 2
30 1
20 1
10 A
0

oo"""l

100 300 500 1.°C
Fig. 1. The effect of temperature on the ethylbenzene and styrene yield
(B) on the AP catalyst: 1 — styrene yield; 2 — ethylbenzene yield
Puc. 1. Biusinue Temrieparypbl Ha BBIXOJI STHIOEH301a U cTrpoa ([3)
Ha Kataiu3atope AP: 1 - BEIX0I cTHpOIIa; 2 - BBIXOJ 3THIIOEH301a

The second type of catalysts for the VCH de-
hydrogenation to styrene is the industrial iron oxide-
chromium-potassium catalyst K-28. The reaction has
been carried out at the temperatures of 400-600 °C, and
ethylbenzene is mainly formed at the temperature of
400-500 °C, and styrene — at 500-580 °C.

o, %
80 r
70 1
60
50 F S 3
40 F ]
30 r N
20 e ’7\.
10 .-’ \>,

0 L ;

300 500 700 T,°C
Fig. 2. Conversion (o) of VCH on the catalyst K-28: 1 — VCH
conversion; 2 — ethylbenzene yield; 3 — styrene yield

Puc. 2. KonBepcus (0) BUHHILMKIIOT€KcaHa Ha KaTanu3arope K-

28: 1 — KOHBepCHS BUHIIIIMKIOTEKCaHa; 2 - BBIXOI ITHIIOCH3011a;
3 - BBIXOJI CTHpOJIA

Thus, at temperatures of 450-580 °C, ethylben-
zene and styrene are formed from the initial trans-
formed feedstock. Obviously, there is a consequential
reaction of the transformation of VCH into styrene
through the intermediate formation of ethylbenzene
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(Fig. 2). Up to 500-550 °C, a practically uniform in-
crease in the concentration of ethylbenzene and styrene
in the dehydrogenation contact gas is noticeable. After
550 °C, the concentration of ethylbenzene in the con-
tact gas, reaching a value of 30% by weight, begins to
decrease (the curve bends), and the concentration of
styrene rises sharply, reaching a maximum of 55-58%
by weight at the temperature of 580-600 °C.

When conducting the experiment, the feed rate
of the raw material to the reactor is of great importance.
With an increase in the contact time a decrease in the
feed rate of the raw materials from 0.35-0.45 to 0.15-
0.20 g/g of a catalyst, the VCH conversion is tripled.

The yield of styrene to the skipped VCH, tak-
ing into account the losses in the presence of K-28 cat-
alyst, reaches 50-60%. In this case, the highest conver-
sion of butadiene dimers is 68.5% of the mass com-
pared to other types of catalysts. The mileage of the
catalyst before coke burning-off exceeds 0.5 h.

For the first time, the use of Houdry's alumina
chromium catalyst in the synthesis of styrene by VCH
dehydrogenation was tested. It has been established
that at the catalyst operating temperatures of 500-550 °C,
VCH completely turns into ethylbenzene (75.23% by
weight) [18].

The process of butadiene-1,3 dimerization on
a continuous flow-through installation has technologi-
cal advantages compared to a batch one: the simplicity
of the process equipment, the possibility of carrying
out the process in a furnace coil or a heat exchanger;
low pressure in the reactor; high performance; no ad-
ditional solvent reagents. The calculations show a de-
crease in the cost of styrene produced by the synthesis
and dehydrogenation of 4-vinylcyclohexene-1, relative
to the self-cost of styrene obtained by ethylbenzene de-
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hydrogenation, by 16.92%, which significantly in-
creases the economic efficiency of production [19].

However, it should be noted that during the op-
eration it is necessary to flush the reactor periodically
from the accumulated resins, and in the case of a strong
resinification — to burn fresh resins and polymers with
subsequent passivation of the reactor metal.

Obviously, when choosing the optimal process
parameters and developing a basic technological
scheme of styrene production from butadiene in the
second stage of styrene production from VCH, the al-
ready known dehydrogenation method on the iron-
chromium-potassium catalyst K-28 in the presence of
water vapor should be followed.

CONCLUSION

The process of butadiene-1,3 cyclodimeriza-
tion has been studied under the laboratory conditions
on batch and continuous installations. For the first
time, the regularities of the butadiene thermal dimeri-
zation process in the gas phase on a flow-through in-
stallation have been established.

The process of butadiene dimers (4-vinylcy-
clohexene-1 and cyclooctadiene) dehydrogenation has
been investigated under the laboratory conditions on a
continuous flow-through installation using three types
of catalysts.

The selectivity of the process for ethylbenzene
has been revealed for the first time when dehydrating
raw materials on the aluminum chromium catalyst.

Optimal conditions have been selected for the
styrene production from butadiene-1,3 by means of a
sequential synthesis of butadiene-1,3 (4-vinylcyclo-
hexene-1 and cyclooctadiene) cyclodimers in the first
stage and styrene in the second stage.
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