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Abstract: Selection and theoretical optimization of the reactor type was carried out on the basis of
a kinetic model of the process of selective oxidative dehydrogenation of methylcyclohexane into
methylcyclohexadiene on a modified active metal-zeolite catalyst. It was determined that it was
more expedient to carry out the process in an ideal tubular ( packed-bed ) type reactor. As a result
of theoretical optimization of the process, optimal technological regimes were determined and the
optimal design dimensions of the reactor element for a given capacity calculated. A complete
mathematical model of the process was developed with regard to the effect of heat and pressure
drop.
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Introduction

Methylcyclohexadiene is widely used in the production of synthetic jet fuels. At present, the
process of dehydrogenation of methylcyclohexane has not been studied properly. The development
of dehydrogenation catalysts with high stability, catalytic activity and product selectivity at low
temperatures and high pressures is a key issue in the industrialization of the dehydrogenation
process of methylcyclohexane [1] . In this respect, the synthesis of the valuable product -
methylcyclohexadiene-1,3 by oxidative dehydrogenation of methylcyclohexane is of great
theoretical and practical importance [2]. Given certain shortcomings of industrial methods for
obtaining this compound, the laboratory of the ANAS Institute of Catalysis and Inorganic
Chemistry developed an effective zeolite catalyst for the oxidative dehydrogenation of
methylcyclohexane into methylcyclohexadiene. It established that natural clinoptilolite containing
0.5% Co2+ and 0.25% Cr3+ exhibits relatively high activity in this reaction [3,4]. With the
participation of this catalyst, the kinetic regularities of the process were studied and, on their basis,
a theoretically substantiated kinetic model developed [4].

In the real devices, a chemical reaction is accompanied by physical processes and proceeds
in the presence of hydrodynamics, heat and mass transfer. Thus, the chemical kinetics of the
reaction does not fully reflect the real process. Therefore, macrokinetic factors must be taken into
account by developing a mathematical model for the implementation of this process on an industrial
scale.

The main purpose of this article is to address the issue of optimal design of the process
under consideration. This, in turn, implies the selection of the reactor type based on the kinetic
model, theoretical optimization, calculation of the optimal design dimensions of the reactor element
in accordance with the given capacity and the creation of a complete mathematical model of the
process.
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Choice of the optimal type of reactor

The choice of the optimal reactor type for the process under consideration was made by
comparing the volumes required to obtain a given conversion rate in different reactors based on its
kinetic model. There are two basic types of ideal reactors, stirred tanks and tubular or packed-bed
reactors [5]. The process was studied in these two types of reactors.

The kinetic model of the oxidative dehydrogenation process of methylcyclohexane into
methylcyclohexadiene on modified zeolites can be written as follows for an ideal tubular ( packed-
bed) type reactor:
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For an ideal mixing type reactor, the kinetic model of the process can be written as follows:
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Partial pressures of the components are calculated using the following formula:
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Pi — i- partial pressures of the component, atm; P — total system pressure (1 atm).
The material balance for both types of reactors is as follows:
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The process was studied for both types of reactors on the basis of given kinetic models in various
technological modes: T = 320400°C, space velocity V = 1000-3000 h-1, oxygen partial pressure atm,
and partial pressure of methylcyclohexane using a personal computer.

Fig.1 shows the results of studies in the range of molar ratios of methylcyclohexane and oxygen =
(0.00902 +0.02706) mol/h = (0.01129 + 0.03386) mol/h at 380 °C.
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Fig. 1. Dependence of the conversion (Xs, Xg) rate and selectivity (Ss, Sq) of the process on the contact
time in flow reactors of ideal mixing and tubular (packed-bed) reactor.

As can be seen from Fig 1, the coefficient of utilization of the reaction volume at all degrees of
conversion in the tubular ( packed-bed) reactor is greater than in the mixing reactor. The increase in the
degree of conversion from 35% to 50% is the ratio of the volumes of the studied reactors Vmix/Vcomp. It
rises from 1.23 to 1.45. Similar results are observed in other technological modes. Also, studies based
on the kinetic model showed that the selectivity for the target product in the mixing reactor was less than
in the tubular (packed-bed) reactor with increasing conversion.

Thus, studies based on kinetic models showed that the optimal reactor for the process of oxidative
dehydrogenation of methylcyclohexane into methylcyclohexdiene was an ideal c tubular (packed-bed)
type reactor.

Theoretical process optimization

A theoretical optimization of the process based on the kinetic equation was carried out to ensure the
maximum productivity of the catalyst in terms of the target product - methylcyclohexadiene. As a result
of theoretical optimization, the optimal technological regimes of the process were determined.
Methylcyclohexadiene performance can be determined by the following formula:
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where (¢ sH7CH3 — performance of the catalyst for methylcyclohexadiene, gr/(h* grea); T —
Gcat : .
reactor temperature, °C; P contact time, (grcat *h)/mol; 6 — molar ratio of
CGH:LICHB

methylcyclohexane into oxygen, non-uniform measurement; nf — initial cost of
methylcyclohexane, mol/h.

Based on the developed kinetic model [4], the target function (optimization criteria) can be
expressed as follows to determine the mode parameters that provide the maximum efficiency of the
catalyst:
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According to the technological conditions, the following limitations were taken into account
when determining the parameters:

320°C<T<400°C
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The problem was solved on the basis of the kinetic model of the process and the material balance. In
considering the existing limitations, the performance of the catalyst based on the kinetic model was
calculated for each option using the following formula:
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where M - molecular weight of methylcyclohexadiene.
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The problem was solved on a personal computer using the "Matlab" software system [6] by
using simplex search method of Nelder-Mead [7] and the following results were obtained:

T=380°C; ngGH110H3=o.oz4mol/h; 0=0.9; &:150(%& h)mol. As a result of these
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conditions, the productivity of the catalyst was qc,,, ¢y, =0.250 gr/(grca: h), the degree of conversion
of methylcyclohexane X=50%, the yield of methylcyclohexane was 15%.

Compilation of the complete mathematical model of the process

. Therefore, the yields of products obtained by theoretical optimization based only on Kinetic
models are conditionally maximized. At this stage, a complete mathematical model of the process
was developed by adding heat equations and pressure drop equations to the kinetic equations to
obtain a more accurate description of the flow distribution.

The best approximation process for an ideal tubular (packed-bed) reactor is to be carried out
in a stationary bed catalyst reactor, and its mathematical model can be summarized as follows:
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where Dg — effective diffusion coefficient; R — coordinate in the radial direction; g — mass density;
- the stoichiometric coefficient of i-substance in vij — j reaction; q — mass velocity; rj — j-speed of



reaction; og — effective thermal conductivity of the layer; Q; — thermal effect of j-reaction; T —
reactor temperature; | — the length of the reactor; C, — heat capacities of substances.

To achieve the mass velocity of methylcyclohexane at the outlet of the reactor Q = 2000
kg/h, the value of the catalyst volume was determined based on the maximum productivity

(q =0.250 gth of the catalyst using the following formula:
grcat

V. = Q ~9.5m’
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where peat — catalyst density, pea= 850 kg/m®.

The height of the specified catalyst mass H = 4.4 m and it can be placed in a cylindrical
reactor with a diameter of D = 1.7 m in the form of a seamless layer. The heat balance of the
process is written as follows according to the material balance:

ZQd = ZQt

where Qq — incoming heat, Q; — heat that leaves. In practical calculations, it is necessary to

take (Qi;) into account the heat losses:
2 QRi=20+2.Q

The thermal effects of reactions play a very important role in chemical processes. The heat
included here is as follows:

2.Qs = +Q,+Q;

Q1 — temperatures of substances entering the apparatus, Q, — heat entering from the outside, Qs —
thermal effects of physical or chemical transformations.

The heat balance equation includes the thermal effects of chemical reactions, as well as heat losses
to the environment through the reactor walls. Accepting some simplifications, the above equation
which takes into account temperature changes in general, can be expressed as follows:
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where r; — rates of formation of reaction products, mol/(kgcah); AHRJ- — j- thermal effect of the

reaction, kDj/mol; Cpi(i :1,k) — values of heat capacities of process components corresponding to
the corresponding indices, Dj/(mol-‘K); a — thermal conductivity, Dj/(K-kgerh); Tx — ambient
temperature, K; T — temperature of the gas mixture, K; G — amount of catalyst, kg; m — total
number of reactions; n;j — mole velocity of the i-component, mol/h.

The below-cited are thermochemical equations for the oxidative dehydrogenation of
methylcyclohexadiene for standard conditions [8]:



C,H,, +0.50, —2»C.H,, +H,0 AH, =-12.851 kcal/mol
C,H,, +0.50,—»C,H,+2H,0  AH,=-70.533kcal/mol
C,H, +1.50,—<C,H, +3H,0 AH, =-124.421 kcal/mol
C,H, +10.50,—=57C0O, +7H,0  AH, =-1030.994 kcal/mol
C,H,, +100,—%7CO, +6H,0 AH, =-1013.12%cal/mol
C,H,, +9.50,— 37C0O, +5H,0  AH, =-955.442 kcal/mol

To solve the heat balance equation, it is necessary to determine the temperature dependence of the
thermal effect of each reaction [8,9]:

1) for isobaric heat capacity of components:
C,=a,+bT+cT?+d T

2) for changes in the isobar heat capacity of the system:
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3) standard heat of j-reaction:
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4) j-reaction temperature change:
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and in view of the values of standard formation temperatures AH;and all reactions involved in the
process by means of empirical coefficients of heat capacity, the temperature dependence of the
AH rj thermal effects was determined in accordance with their stoichiometric scheme where: v; va

V; — stoichiometric coefficients of the initial substances and the i-component of the reaction

products; AHg", AHS° — standard formation temperatures of the initial substances and the i-

[
component of the reaction products; AHRJ- — thermal effect of j-reaction; AHOJ- — standard thermal

effect of j-reaction. If we express the mass of the catalyst by its density, diameter and length of the
reactor, the heat balance equation can be expressed as follows:
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where A; - i-output of the product,%; pca - density of the catalyst; | - length of the reactor; D-
diameter of the reactor; rj- j-speed of reaction.

The passage of reagents through flow-type reactors is accompanied by pressure losses. The
process is carried out at atmospheric pressure. Although the pressure drop is not so great here, the
pressure drop must be taken into account in order to obtain a more accurate and precise distribution
of the productivity of the reaction products along the length of the reactor.

The calculation equation proposed by Ergun is used [5,10] to calculate the pressure drop for
heterogeneous catalytic processes which well describes the experimental estimates of various
authors on the resistance in the catalyst layer and can be used to calculate the pressure loss along the
reactor length of the studied process:
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where Re — is the Reynolds criterion, (1 ) ; D — diameter of the reactor, m; pgas — gas density,
wl—e

kg/m®; g — gravity, m/s% uo — linear speed, m/s; dp — equivalent diameter of particles, m ; ¢ —
porosity; u — viscosity of gas, kg/m -s); | —the length of the reactor, m.

Kinetic equations of the process of oxidative dehydrogenation of methylcyclohexane to
methylcyclohexadiene, equations taking into account the heat balance and pressure drop form a
complete mathematical model of the process:
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where g, , IS, IS, — rates of carbon dioxide formation from methylcyclohexane (C7Hu),

methylcyclohexene (C7Hi,) and methylcyclohexadiene (C7Hio) ; Te ., feu, . fou, — formation

rates of methylcyclohexane, methylcyclohexadiene and toluene.



Conclusion

Thus, based on the above results, we can conclude that the optimal reactor for the process of
selective oxidative dehydrogenation of methylcyclohexane into methylcyclohexadiene is an ideal
tubular (packed-bed) type reactor, and it is more expedient to carry out the process in a stationary
catalytic reactor. The adequacy of the developed mathematical model was tested on an experimental
device and its accuracy was proved. Studies on a mathematical model showed a relatively small
pressure drop (from 1 atm to 0.9 atm). This does not affect the overall process and there is no need
to increase the linear flow rate. There is also some increase in temperature along the length of the
reactor (from 380°C to 385°C). Allowing for the small temperature difference, there is no need to
use expensive isothermal reactors, and an adiabatic type reactor can be used for the process under
study. The results obtained can be used in the development of the process of the oxidative
dehydrogenation of methylcyclohexane into methylcyclohexadiene on a modified active metal
seolite catalyst.
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MODIFIKASIYA OLUNMUS SEOLIT KATALIZATORU UZORINDO
METILTSIKLOHEKSANIN METILTSIKLOHEKSADIENO OKSIDLOSDIRICI
DEHIDROGENLOSMOSi PROSESININ OPTIMAL LAYIHOLOSDIRILMOSININ ELMI
OSASLARI
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AMEA-nin akad. M.Nagiyev adia Kataliz vo Qeyri-iizvi Kimya Institutu
AZ 1143, Baki, H.Cavid pr., 113; e-mail: kerimov.alibala@mail.ru



mailto:kerimov.alibala@mail.ru

Xiilasa: Modifikasiya olunmus aktiv metalseolit katalizatoru {izorindo metiltsikloheksanin
metiltsikloheksadieno selektiv oksidlosdirici dehidrogenlosdirmo prosesin kinetik modeli asasinda
reaktor tipinin se¢imi vo nazori optimallagdirilmasi aparilmisdir. Miioyyon olunmusdur ki, baxilan
prosesi ideal tipli reaktorda aparilmasi daha mogsadouygundur. Prosesin nazari optimallagdirilmasi
naticosindo  optimal texnoloji rejimlori toyin  olunmusdur. Reaktor elementinin verilmis
mohsuldarliga goro optimal konstruktiv &lciilori hesablanmisdir. Istilik effektlorini vo tozyiq
diisglisiinii nozoro alaraq prosesin tam riyazi modeli tortib olunmusdur. Acar sézlor:
metiltsikloheksan, metiltsikloheksadien, oksidlosdirici dehidrogenlogsmo, Kklinoptilolit, reaktor
se¢imi, nozori optimallagdirma, riyazi model.

HAYYHBIE OCHOBbBI OIITUMAJIBHOI'O IPOEKTUPOBAHUA
OKUCJIMTEJIBHOI'O AETUAPUPOBAHUSA METHILHUKJIOT'EKCAHA B
METHWJIIUKJIOI'EKCAAUEH HA MOAN®UIIUTPOBAHHOM HEOJIMTHOM
KATAJIN3ATOPE

A.N. Kepumos

NHCcTUTYT Katanus3a 1 HEOpraHM4YecKou Xxumuu uM. akan. M.Haruesa
Hanmonansnoit AH Azepbaiimxana
AZ 1143 baky, np.I".J[)xaBuaa, 113; e-mail: kerimov.alibala@mail.ru

AnHoTauus: Ha ocHOBe KHHETHYECKOW MOJENH TMpolecca CEIeKTUBHOTO OKUCIUTEIHLHOTO
JNETHIPUPOBAHUS  METUIMKIIOTEKCaHa B  METWJIIHUKIOIeKCAaaueH Ha  MOJIU(DHUIIMPOBAHHOM
[[EOJIMTHOM KaTallu3aToOpe OCYIIECTBIEH BHIOOP ONMTHMAIBHOTO THUIIA PEaKTOpa M TeopeThdecKas
ONTUMU3ALMS JAHHOTO TMpoIlecca. bbUIO BBISBIEHO, YTO PEAKTOP HACAIHHOTO BBITECHEHUS
ABIIIETCS Hambosee 1eaecooOpa3HbIM N7 BEACHHS paccMaTpuBaeMoro mporecca. B pesymbrare
TEOPETHYECKOM ONTHUMHU3AIMKU OBUIM ONpPENETeHbl ONTHUMAIbHBIE TEXHOJIOTHYECKUE PEKUMBI.
Ucxons u3 3aaHHON MPOU3BOAUTENBLHOCTH, PACCUMTAHBI ONITUMAJIbHBIE KOHCTPYKTUBHBIE Pa3Mephl
peakTopHOro sneMmenta. C yueToM TemioBbIX 3(h(EeKTOB U nepenaja 1aBIeHUs] COCTAaBIIEHA MOJIHAS
MaTeMaTHuecKas MOJIeJb IIpolecca.

KiroueBble ciioBa: MCTUIINUKIIOTCKCAH, MECTUJIINHUKIIOTCKCAAUCH, OKHCIIUTCIIBHOC ACTUAPUPOBAHUC,
KIIMHOIITUIOJMUT, BBI60p pCaKTOopa, TCOPECTUICCKAA ONTUMHU3ALINA, MATCMATUYICCKASA MOJCIIb.
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