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KaszakcmaH Pecniybnukacbl ¥nmmebiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibiIMOap Cepusicbl” fbinbIMU XypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapnaldbl. byn uHdekcmeny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmebipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHaObl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMdap 6olbiHWa KOHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu u mexHU4eCKUxX
Hayk» bbln npuHsam 0Onsa uHdekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Useecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpupyem Halwy NpueepXeHHOCMb K Haubonee akmyasbHOMY U 8/1USIMESIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam Orisi Hawezao coobujecmea.
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CALCULATION AND DESIGN
OF AN INDUSTRIAL REACTOR FOR PYRROLES SYNTHESIS

Abstract. Industry of pyrroles synthesis on the basis of acetylene, ammonia and amines over polyfunctional
catalyst can be organised only when for its recovery the rational industrial technology allowing to synthesize this
product in necessary quantity and demanded quality cheap enough from accessible raw materials is developed.
Considering the issues related to the development of a new reactor with high productivity and economic efficiency,
the processes running in the reactor were studied.

Phase characteristics have been investigated in response to changes in acetylene conversion rate due to the
height of the catalyst layer. As a result, high productivity of acetylene production with zinc-chromaluminum catalyst
at the temperature range of 340-440°C is achieved for 92% when the layer height is 1200 mm from the reactor top
point. Based on the mass balance as well as the experimental result, a reactor for the industrial synthesis of pyrroles
has been proposed.

Key words: pyrrol, acetylene, ammonia, amines, catalyst, dehydration, heterocyclization.

Introduction. The present-day level of development of innovative technologies promotes research in
the field of chemistry of heterocyclic compounds [1-3]. Condensation of acetylene with ammonia and
amines is of great theoretical and practical interest, which opens a perspective for the synthesis of complex
organic nitrogen-containing compounds of pyrrole and its derivatives, which are currently of practical
importance [4,5].

The pyrrole ring is contained in the molecules of blood - hemoglobin and green substances of plants -
chlorophyll, a number of antibiotics, and in many compounds [6,7]. The pyrrole fragments contained are
potentially important as optical electron-active materials [7]. Plasma copolymers of polypyrrole and
polyethylene glycol are used to produce an implant that promotes neuroprotection and the restoration of a
compound in the spinal cord after damage [8]. If the pyrrole structure contains two bound rings, then a
high degree of planarity is observed and as a result leads to improvement of optical and electronic
properties [9].

For the synthesis of pyrrole and its homologs there is a large number of methods [10-16], which we
will conditionally divide into three main groups:

— Synthesis of pyrroles from ketoximes and acetylene.

— Synthesis of pyrroles from ketoamines.

— Synthesis of pyrroles from acetylene and amines.

However, the known diverse methods of synthesis of the pyrrole cycle are multistage. The lifetime of
the catalysts used is limited and there are difficulties in separating the resulting complex mixture.

We have studied the reaction of synthesis of pyrrol and N-vinylpyrrol together with catalytic
heterocyclization of acetylene, ammonia and amines in the presence of zinc-chrome-aluminum (ZCA) and
cadmium-fluorine-zinc-chrome-aluminum (CFZCA) catalysts [17-19].
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Methods. In laboratory environment, heterocyclization reactions were performed at the temperature
range of 340 - 440 °C, the volumetric flow rate of gases 140-150 hour™. Processes running in the reactor
are determined by the phase state of the initial reagents and reaction products (phase characteristic), type
of catalyst (solid or liquid), reaction heat, respectively, thermal regime (energy and thermodynamic
characteristics), process dynamics, the nature of movement of reagents and reaction products, as well as
system hydrodynamics.

In order to select optimal process and reactor parameters, we have conducted a series of
experiments with different reactor designs. The reactor design must ensure that the following basic
process parameters are maintained [20-22]:

[1] reaction period;

[2] temperature: at various points of the reaction zone;

[3] reactor pressure;

[4] mass transfer rate to the active surface of the catalyst and between phases;

[5] catalyst activity.

Heterocyclization reaction was carried out in tubular reactors of size d - € = (. mm)

21x500; 21x1000; 21x1500
30x500; 30x1000; 45%x1000

Results and discussion. Reactors with fixed granular catalyst bed are the most common type of
devices for carrying out catalytic processes. Granular bed is a set of randomly stacked catalyst particles at
intervals in which the acetylene flows, i.e. a kind of coarse-grained medium, which must be strongly
exposed to various random factors related to the heterogeneity of particle-particle packing and distribution
of the reaction mixture flow.

The relationship of acetylene conversion rate change to catalyst layer height has been studied. It has
been established that the acetylene conversion rate changes in direct proportion to the catalyst layer height
(table).

Relationship of acetylene conversion rate change to catalyst layer height ZCA at 340 - 440 °C
Reactor dxI1 =21x1500 mm; V = 140 - 150 hour™!

No. Layer height from the top point of the reactor, mm Acetylene conversion rate, %
1 400 41.0
2 600 57.0
3 800 76.0
4 1000 86.0
5 1200 92.0
6 On reactor outlet 96,0 - 99,0

The table shows that the reaction takes place in the inner diffused area. We considered the kinetics of
catalytic reactions, in which the speed was determined by chemical processes inside of reactor: adsorption,
surface reaction, desorption. The ZCA catalysts used by us are porous bodies. Heterogeneous reactions of
acetylene and ammonia are rather fast, the speed of the total catalytic action is the diffusion of reagents in
the pores of the ZCA catalyst grain, i.e. inside of the diffusion region.

The internal surface of porous catalyst grains can exceed 99 % of the total catalyst surface. Catalyst
grain is described as a medium in which the substance is transferred with an effective diffusion
coefficient, and the catalytic reaction of acetylene and ammonia proceeds with an effective speed constant,
referred to grain volume unit, and these constants are constant throughout the volume of grain. Thus, the
reaction in the reactor proceeds somewhat homogeneously in the mass of the catalyst, and the reagents
come from another phase [23,24].

High efficiency of heterogeneous processes is achieved by the right choice of the reactor device, due
to the required selectivity of chemical transformations of the initial substances, as well as the productivity
of the target product.

The reactor design must ensure the maintenance of the following basic process parameters:
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[1] reaction time;
[2] temperatures at various points of the reaction zone;
[3] reactor pressure;
[4] mass transfer rate to the active surface of the catalyst and between phases;
[5] catalyst activity.
For acetylene and ammonia catalytic reactions we proposed a catalyst layer.
The mass balance of the main parameters of flow-type reactor for pyrrole synthesis was calculated
[25,26].
For plug-flow reactor, the mass balance equation for the reacting substance is as follows:
_w 4w _ V[/_|_i.d_“1
Sop  dx Sop dt

(M

s . . . . . .
where w = 5—1, S, is reactor cross-sectional area free of catalytic material; S, is reactor cross-sectional area;
2

S,y is catalyst volume unit area, m?/m’; 4 is current acetylene concentration, mole/m®; U is reactor gas
mixture rate, m/sec.; W is acetylene flow rate, mole/m? - sec.; X is the coordinate of the volume element for
which the process is described.

When the reactor reaches a steady-state condition

dA 0
dt
and the equation is as follows:
d(UA)
W= e @

The rate of acetylene consumption reaction is described by the equation:
E

W=K-e RT-A
where, E is activation energy, J; £ is catalyst activity parameter, m/sec.
In the process of the catalyst activity it is deactivated due to deposition of high-molecular carbon
products on its surface.
We assume that the deactivation speed is proportional to the acetylene conversion rate.
Based on these assumptions, the equation reflecting the catalyst deactivation process becomes as
follows:
dK _ 1
e KW 3)
where K’ is catalyst deactivation constant, m/mole-sec.;
To describe the dependence of the gas mixture rate in the reactor on the current concentration of
acetylene, the flow continuity equation is used:

poUo = pU 4)
where, U is feed rate of acetylene and ammonia mixture into the reactor, m/sec.; py is gas mixture density
at the reactor inlet, kg/m’; p is reactor gas mixture density, kg/m”.

It follows from equation (4) that
PoUo

U=

To get the ratio py/p, let’s write down the stoichiometric balance equation for the pyrrole synthesis
process:

b= bo3 (a0 —a)
d = h=(ao— a) (5)

where, ao, by is the amount of acetylene and ammonia molecules entering the reactor per unit of time,
mole/sec.

a, b, d, h is the amount of acetylene, ammonia, hydrogen and pyrrole molecules passing through the
reactor section in a unit of time, mole/sec.

Let’s denote
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Ag=7kBy=%B=1H=0D =7 (6)
where, V) is volume of gas mixture passing through the reactor cross section in a unit of time, m*/sec. V' is
the volume of gas mixture passing through the reactor cross section in a unit of time, m*/sec.

Considering that the pressure along the length of the reactor remains virtually unchanged, we can
write down

Ag+By=A+B+H+D (7
based on (5) and (7) we obtain
— Yo 1 Yo

B=By+2-1(4,-2-2) (8)

-1 Yo
b=3 (AO v ) ©)

-1 Mo
w=i(a - o

Using the law of mass conservation, we obtain:
— oyl =l

POUO—PUPO— U (11)

Considering (7), (8), (9), (10), (11)
Uy p 34,+3B,—24

U py  Ag+3B
—y..—Ao*t3B
U="1U, 349+3By—24 (12)
To control the recording, the following designations are entered:
B = (4o +3Bo) - Uy
then U = ——.
Y—24A

Thus, for mathematical description the following equations were used: mass balance on reacting
substance for the reactor of ideal displacement (2), reflecting the process of catalyst deactivation (3), flow
continuity (4), stoichiometric balance (5), as well as the equation derived from the Avogadro law for
isothermal process (9).

With substitution (13) in equation (2) we obtain

dA K-exp( s
A@A-? K%-Ef-yRT) dx (14
where K1 = si

Thus, the system of equations of mathematical model of the process in the isothermal case has the
form (14).

Expenses of initial components of acetylene, ammonia and ammines at the reactor inlet and final
components at the outlet have been calculated and mass balance has been compiled.

Based on data from laboratory, experimental installations and mass balance we have proposed a
reactor for industrial synthesis of pyrroles.

The reactor is a vertical cylindrical device in the form of a heat exchanger with an external diameter
of 3800 mm and a height of 8400 mm. Inside the cylinder are fixed pipes with dimension of 38x2,5 filled
with a catalyst in the amount of 1765 pcs. The reaction pipes are heated with nitrogen. A mixture of
acetylene and ammonia is supplied to the upper parts of the reactor and hot nitrogen is supplied to the
lower parts [27-29].

The nature of movement of initial reagents and reaction products is largely determined by the volume
of output products. Depending on the production volume, periodic processes are used.

For periodic processes during time, we can distinguish the following separate stages (figure).
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t°C reaction
lII'IiI.‘C 4 £ {({ f‘) /‘, £
Se
§
&
) T, | T, T, : ; - T, hour
’, T total A

Process steps in the reactor

Where
is loading of raw materials, T1
is mixing and heating, Ty
is chemical transformation of raw materials, T3
is reactor heat removal, T,
is reaction mass cooling, Ty
is reaction mass unloading, Ts
is reactor cleaning and inspection, Te
is length of operation, Ttotal
is reaction temperatures e
tmin

Such processes have the following advantages: they are characterized by great flexibility (different
products can be obtained in the same reactor).

Conclusion. Thus, we have selected the design and calculated the mass balance of the process on the
basis of laboratory and experimental installations. A model has been developed for the case of the reaction
proceeding in the reactor of ideal displacement under isothermal conditions taking into account the change
of steam mixture rate in the reactor and taking into account deactivation of the catalyst surface. The
obtained data can be used for the development of the pyrrole synthesis unit in industrial conditions.

V. llokupos!, C. M. Typaémxanos', X. Kagupos?, ®. Bagpuaaunosa?, b. I1I. Kenean6aes®

"Mcnam Kapumos arbinarsl TanIKeHT MEMIIEKETTIK TEXHUKAIBIK YHUBEPCUTETI, O30€KCTaH;
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3M. Oyesos atbigarel OHrycTik Kazakcran MemiekeTTik yausepeuteti, [lbivkenT, Kaszakcran

IUPPOJIJAPABI CHUHTE3JEYI'E APHAJIFAH OHEPKOCIITIK
PEAKTOP KY¥PbLIIBIMbBIH ECENITEY ’KOHE TAHJAY

AHHOTanus. AIICTHICH, aMMHUaK XOHE aMHUHJEp HeTi3iHIeTi THPPOJI CHHTE31H KON(PYHKIHOHAIIB KaTaln3a-
TOPJAPIBIH KATHICYBl apKbUIBI OHIIPY YIUIH YTHIMJBI ©HEPKACINTIK TEXHOJIOTHS JKacalFaHIa FaHa YHBIMIACThIpyFa
Oouapl, OyJ1 OHIM/II KOJDKETIMIII IIMKI3aTTaH ap3aH kKoHe KaXKETTI caraja anyra MyMKIHIIK Oepei.

Makananapaa eHIMIUIIN MEH SKOHOMHUKAIBIK THIMILUIITT )KOFaphl jKaHa PeakTOpAbl d3ipiieyre KaTbICThl Mace-
Jenep KapacThlpbUiFaH. Peakropnarbl ynepictep ae 3eprTTenii.ALeTHICHIl KOHBepcUsiay IOOPEKECiHIH e3repyiHe
JKOHE KaTajn3aTop KabaThIHBIH OMIKTiriHe OaitnaHbicThl (azanbik cunarramanap seprrenai. Hotmwkecinge 340-440 °C
TEMIIEpaTypaaa MbIPILI-ATIOMUHUI KaTalu3aTopbl 0ap aneTHICHHIH KOFaphl OHAIPICTIK XKBULIAMIBIFBI PEAKTOPIbIH
YKOFapFbl J)KarblHaH Ka0aTThIH OuikTiri 1200 mm Gonranna 92%-ra sxeteni. MarepuaniblK Terne-TeHIKTIH, COHIai-aK
SKCTIEPUMEHT HOTHXXECIHIH HETi31H/Ie TUPOJIONbAEPIiH OHEPKACINTIK CHHTE31HE PEaKTOp YCHIHBLUIA/IBI.

Tyiiin ce3aep: nuppoI, aneTHsIeH, aMMHaK, aMUHIEP, KaTaJIu3aTop, AeruApaTalys, reTeponrKIN3aIys.
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PACYET U BbIBOP KOHCTPYKIIMU TIPOMBIIIJIEHHOI'O PEAKTOPA
JJIs1 CHHTE3A ITMPPOJIOB

AnHoTanust. [Ipor3BOACTBO CHHTE3a MHMPPOJIOB HA OCHOBE allETHJICHA, aMMHaKa U aMHUHOB B NPUCYTCTBHU
oAU YHKIUOHAJIBHBIX KaTaJIM3aTOPOB MOXKET ObITh OpPraHM30BaHO TOJIBKO TOTIA, KOTAA JUisi €ro IOJy4YeHHUs
paspaboTaHa pairoHaIbHas MPOMBIIUICHHAS TEXHOJIOTHsl, TO3BOJISAIONIAs IOCTATOYHO JICIIEBO U3 IOCTYITHOTO ChIPbS
MOJy4aTh 3TOT HPOJYKT B HEOOXOAMMOM KOJIMYECTBE U TPeOyeMOro KauecTsa.

B crarbe paccMaTpuBarOTCS BOMPOCHI, CBSI3aHHBIE C Pa3pabOTKONH HOBOTO peakTopa, 00JaJaroliero BhICOKOM
MPOM3BOIUTEIBHOCTHIO U IKOHOMHYECKOH 3(PEeKTUBHOCTHIO. BbulM Takke U3ydeHbI MPOLECCHI, MPOTEKAMOUINE B
peakrope.

HUccnenoBanbl (ha3oBble XapaKTEPUCTHKU B OTBET HAa W3MEHEHHE CKOPOCTH KOHBEPCHUH alleTHIICHA B 3aBHCH-
MOCTH OT BBICOTHI CJIOSI Karaiu3aropa. B pesyibraTe AOCTHUTaeTcsi BHICOKAs MPOM3BOAUTEIHHOCTH MPOU3BOJICTBA
aleTUICHa C [IMHK-XPOMAaJIOMIHHAEBBIM KaTau3aTopoM B HMHTepBajie Temmeparyp 340-440 ° ¢ va 92% npu BBIcOTE
cmos 1200 MM oT BepxHel Touku peakropa. Ha ocHoBe OamaHca Macc, a TaKKe pPe3yJbTaTOB AKCIEPHMEHTa
MPEAI0KEH PEaKkTOp ISl IPOMBIIIUIEHHOTO CHHTE3a HUPPOJIOB.

KioueBble ciioBa: nuppot, aleTuieH, aMMUAaK, aMHHBI, KATAINW3aToOp, IETUIPATALINS, TeTePOLIMKIN3ALINS.
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