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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical 

sciences scientific journal has been accepted for indexing in the Emerging Sources Citation 
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate 
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation 
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of 
Science offers to researchers, authors, publishers, and institutions sets it apart from other 
research databases. The inclusion of News of NAS RK. Series of geology and technical 
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the 
most relevant and influential content of geology and engineering sciences to our community. 

 
 
Қазақстан Республикасы Ұлттық ғылым академиясы "ҚР ҰҒА Хабарлары. Геология және 

техникалық ғылымдар сериясы" ғылыми журналының Web of Science-тің жаңаланған нұсқасы 
Emerging Sources Citation Index-те индекстелуге қабылданғанын хабарлайды. Бұл индекстелу 
барысында Clarivate Analytics компаниясы журналды одан әрі the Science Citation Index Expanded, 
the Social Sciences Citation Index және the Arts & Humanities Citation Index-ке қабылдау мәселесін 
қарастыруда. Webof Science зерттеушілер, авторлар, баспашылар мен мекемелерге контент 
тереңдігі мен сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология және техникалық ғылымдар 
сериясы Emerging Sources Citation Index-ке енуі біздің қоғамдастық үшін ең өзекті және беделді 
геология және техникалық ғылымдар бойынша контентке адалдығымызды білдіреді.  

 
 
НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и технических 

наук» был принят для индексирования в Emerging Sources Citation Index, обновленной версии Web 
of Science. Содержание в этом индексировании находится в стадии рассмотрения компанией 
Clarivate Analytics для дальнейшего принятия журнала в the Science Citation Index Expanded, the 
Social Sciences Citation Index и the Arts & Humanities Citation Index. Web of Science предлагает 
качество и глубину контента для исследователей, авторов, издателей и учреждений. 
Включение Известия НАН РК. Серия геологии и технических наук в Emerging Sources Citation 
Index демонстрирует нашу приверженность к наиболее актуальному и влиятельному контенту 
по геологии и техническим наукам для нашего сообщества. 
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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 340-440оС 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 С, the volumetric flow rate of gases 140-150 hour-1. 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 ∙  𝓵 ൌ ሺ𝓫. 𝒎𝒎ሻ 

21500; 211000; 211500 
30500; 301000; 451000 

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 С 

Reactor dl = 21x1500 mm; V = 140 - 150 hour-1 

 

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: 

െ
ఠ

ௌೡ
∙

ௗሺሻ

ௗ௫
ൌ 𝑊 

ఠ

ௌೡ
∙

ௗ

ௗ௧
                                                             (1) 

where 𝜔 ൌ
ௌభ

ௌమ
, 𝑆ଵ is reactor cross-sectional area free of catalytic material; 𝑆ଶ is reactor cross-sectional area; 

𝑆௩ is catalyst volume unit area, m2/m3;  A is current acetylene concentration, mole/m3; U is reactor gas 
mixture rate, m/sec.; W is acetylene flow rate, mole/m2 ∙ sec.; X is the coordinate of the volume element for 
which the process is described. 

When the reactor reaches a steady-state condition 

𝑑𝐴
𝑑𝑡

ൌ 0 

and the equation is as follows: 

𝑊 ൌ
ఠ

ௌೡ
∙

ௗሺሻ

ௗ௫                                                                                                               (2) 

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

𝑊 ൌ 𝐾 ∙ 𝑒ି
ா

ோ் ∙ 𝐴 

where, E is activation energy, J; Ê 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: 
ௗ

ௗ௧
ൌ െ𝐾ଵ ∙ 𝑊                                                                     (3) 

where K1 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:  

𝜌𝑈 ൌ 𝜌𝑈                                                                                                               (4) 

where, U is feed rate of acetylene and ammonia mixture into the reactor, m/sec.; 𝜌 is gas mixture density 
at the reactor inlet, kg/m3; 𝜌 is reactor gas mixture density, kg/m3. 

It follows from equation (4) that 

𝑈 ൌ
𝜌𝑈

𝜌
 

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

𝑏 ൌ 𝑏
ଵ

ଷ
ሺ𝑎 െ 𝑎ሻ  

𝑑 ൌ ℎ
ଵ

ଷ
ሺ𝑎 െ 𝑎ሻ                                                                   (5) 

where, a0, b0 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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𝐴 ൌ
బ

బ
; 𝐵 ൌ

బ

బ
; 𝐵 ൌ




; 𝐻 ൌ




; 𝐷 ൌ

ௗ


                                                 (6) 

where, V0 is volume of gas mixture passing through the reactor cross section in a unit of time, m3/sec. V is 
the volume of gas mixture passing through the reactor cross section in a unit of time, m3/sec. 

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

𝐴  𝐵 ൌ 𝐴  𝐵  𝐻  𝐷                                                                                            (7) 

based on (5) and (7) we obtain 

𝐵 ൌ 𝐵 
బ


െ

ଵ

ଷ
ቀ𝐴 ∙

బ


െ 𝐴ቁ                                                                                       (8) 

𝐷 ൌ
ଵ

ଷ
ቀ𝐴 ∙

బ


െ 𝐴ቁ                                                                (9) 

𝐻 ൌ
ଵ

ଷ
ቀ𝐴 ∙

బ


െ 𝐴ቁ                                                              (10) 

Using the law of mass conservation, we obtain: 

𝜌𝑈 ൌ 𝜌𝑈
ఘ

ఘబ
ൌ

బ

                                                                                                    (11) 

Considering (7), (8), (9), (10), (11) 

𝑈

𝑈
ൌ

𝜌
𝜌

ൌ
3𝐴  3𝐵 െ 2𝐴

𝐴  3𝐵
 

𝑈 ൌ 𝑈 ∙
బାଷబ

ଷబାଷబିଶ
                                                              (12) 

To control the recording, the following designations are entered: 

𝛽 ൌ ሺ𝐴  3𝐵ሻ ∙ 𝑈 

𝛾 ൌ 3𝐴  3𝐵                                                                                                        (13) 

then 𝑈 ൌ
ఉ

ఊିଶ
. 

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 

ௗ

ሺଶିఊሻమ ൌ
∙ୣ୶୮ቀି

ಶ
ೃ

ቁ

మ
భ∙ఉ∙ఊ

∙ 𝑑𝑥                                                       (14) 

where 𝐾ଶ
ଵ ൌ

ఠ

ௌೡ
. 

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 382,5 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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Process steps in the reactor 
 

Where  

is loading of raw materials, 𝜏ଵ 
is mixing and heating, 𝜏ଶ 
is chemical transformation of raw materials, 𝜏ଷ 
is reactor heat removal, 𝜏р 
is reaction mass cooling, 𝜏ସ 
is reaction mass unloading, 𝜏ହ 
is reactor cleaning and inspection, 𝜏 
is length of operation, 𝜏௧௧ 

is reaction temperatures 
tmax 

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. 
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ПИРРОЛДАРДЫ СИНТЕЗДЕУГЕ АРНАЛҒАН ӨНЕРКӘСІПТІК  
РЕАКТОР ҚҰРЫЛЫМЫН ЕСЕПТЕУ ЖӘНЕ ТАҢДАУ 

 
Аннотация. Ацетилен, аммиак және аминдер негізіндегі пиррол синтезін көпфункционалды катализа-

торлардың қатысуы арқылы өндіру үшін ұтымды өнеркәсіптік технология жасалғанда ғана ұйымдастыруға 
болады, бұл өнімді қолжетімді шикізаттан арзан және қажетті сапада алуға мүмкіндік береді.  

Мақалаларда өнімділігі мен экономикалық тиімділігі жоғары жаңа реакторды әзірлеуге қатысты мәсе-
лелер қарастырылған. Реактордағы үдерістер де зерттелді.Ацетиленді конверсиялау дәрежесінің өзгеруіне 
және катализатор қабатының биіктігіне байланысты фазалық сипаттамалар зерттелді. Нәтижесінде 340-440 °C 
температурада мырыш-алюминий катализаторы бар ацетиленнің жоғары өндірістік жылдамдығы реактордың 
жоғарғы жағынан қабаттың биіктігі 1200 мм болғанда 92%-ға жетеді. Материалдық тепе-теңдіктің, сондай-ақ 
эксперимент нәтижесінің негізінде пиролольдердің өнеркәсіптік синтезіне реактор ұсынылады. 

Түйін сөздер: пиррол, ацетилен, аммиак, аминдер, катализатор, дегидратация, гетероциклизация. 
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РАСЧЕТ И ВЫБОР КОНСТРУКЦИИ ПРОМЫШЛЕННОГО РЕАКТОРА  

ДЛЯ СИНТЕЗА ПИРРОЛОВ 
 

Аннотация. Производство синтеза пирролов на основе ацетилена, аммиака и аминов в присутствии 
полифункциональных катализаторов может быть организовано только тогда, когда для его получения 
разработана рациональная промышленная технология, позволяющая достаточно дешево из доступного сырья 
получать этот продукт в необходимом количестве и требуемого качества.  

В статье рассматриваются вопросы, связанные с разработкой нового реактора, обладающего высокой 
производительностью и экономической эффективностью. Были также изучены процессы, протекающие в 
реакторе.  

Исследованы фазовые характеристики в ответ на изменение скорости конверсии ацетилена в зависи-
мости от высоты слоя катализатора. В результате достигается высокая производительность производства 
ацетилена с цинк-хромалюминиевым катализатором в интервале температур 340-440 ° с на 92% при высоте 
слоя 1200 мм от верхней точки реактора. На основе баланса масс, а также результатов эксперимента 
предложен реактор для промышленного синтеза пирролов. 

Ключевые слова: пиррол, ацетилен, аммиак, амины, катализатор, дегидратация, гетероциклизация. 
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