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One of the features of the industrial heterogeneous catalytic reactions is an influence of qualitative and
guantitative composition of the initial reaction mixture on the reactions proceeded. At the stage of the
laboratory experiments it is possible to find the stoichiometry, kinetic equations and reaction constants for
different components of the initial flow of the raw materials. It is important also to take into account
multivariant composition of the initial flows. For these purposes we developed and realized an algorithm for
using the model with a simultaneous choice of model equations depending on the composition of the initial
reaction mixture. The algorithm was checked on the basis of an example of the aromatization of light
alkanes with the different composition of the initial mixture.

1. Introduction

Solving of the problems of investigation, optimization and design of the catalytic reactors is based on
developing of the models of the chemical transformations and determination of the rate constants of the
corresponding reactions. One of the characteristics of the process of developing of the models of the
industrial reactors is the need for taking into account a variation of the composition, pressure and
temperature of the raw materials in the reactor input (Chistyakov et al., 2013). Variation of these
parameters of the initial flow gives different quality and quantity composition of the reaction products
(House, 2007). These features are necessary to take into account both in the laboratory investigations and
in the process of design of the mathematical model (Gartman and Klushin, 2008). For this reason, it is
desirable to carry out experiments in the wide range of parameters of the raw materials and to take into
account a variation of the composition of the initial mixture in the mathematical models (Dobrynkin et al.,
2012).

There is important in this case to develop an algorithm for solving identification task for a wide range of
experimental data which includes various input parameters for reactors and allow to determine
simultaneously one set of model parameters for using by simulation pilot and industrial reactor processes.
Finally the mathematical model should have a complex structure with different equation systems
depending on the parameters the raw’s streams of reactors (temperature, pressure and composition). This
model allowed to make automatically choice between different equation systems which describes
processes for inlet streams with different parameters of raw to the reactor (Gartman et al., 2014).

The procedure of the mathematical model design was investigated by treatment of experimental data of
processing of light alkanes into aromatics (Gartman et al., 2009). The significance of the investigated
process derives from necessity of an expansion of the source of raw materials, especially cheap ones, for
aromatics production. Such a source is light alkanes (for example associated gas).
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Figure 1: The kinetic data of consumption of initial reagents and formation of products (sorted by type of
hydrocarbons): symbols — experimental, lines — calculated

2. Experimental section

The experiments were carried out in a laboratory tube flow isothermal reactor with a fixed-bed of the
catalyst. The length of the reactor was 450 mm and diameter 10 mm. Promoted ZSM-5 was used as a
catalyst. Particle size of the catalyst was 0.5 - 1 mm. Catalyst loading was 1 — 2 g. The mixture of propane
(81 %) and butane (19 %), and the mixture of propane (14.8 %), butane (10.2 %), i-butane (37.2 %) and
butane (36.8 %) were used as a raw material. The range of conditions were: temperature 520 — 650 °C,
pressure 0.1 MPa, WHSV 0.5 — 15 g/(g-h). The composition of the inlet and outlet mixtures was
determined by GC.

The experimental data on changing of reaction mixture composition in dependence of WHSV showed that
the main products where: alkanes C1-C2, light olefins C3-C4 and aromatics C6-C9. The preliminary kinetic
treatment of the whole array of the experimental data (46 experiments) showed that consumption of initial
reagents was well described by first-order kinetics, and the products were formed by parallel-consecutive
reactions (Figure 1).

3. Mathematical model of the chemical transformations

On the base of the obtained data the minimal system of reactions (27 reactions) describing these
transformations was proposed:

1. CzHg+ Ha— CHs + C2He 15. 2C4Hg — p -CsHa(CHs)2 + 3H,
2. 2C4Hio + 2H; — 2 CHs+ CzHs 16. 2CsHg — CgHe + 5H>

3. 4C3Hg — 3C;H4 + 2C3Hg +4H> 17. 7CzHg — 3CgHsCH3 + 16H>

4. 4 C4Hyg — 3CoHs+2C3He + C4Hg +4H> 18. 8CzHg — 3 P -C5H4(CH3)2 + 9H,
5. CsH4 + Ho— CyHg 19. 3CzHi9 — 2CeHs + 9H>

6. 2C3Hg +3H>— 3C2Hg 20. 7 C4H19 —4CsHsCHs + 19H>

7. 3 CyHs — CeHe+ 3H> 21. 2C4H10 — P -CGH4(CH3)2 + 5H>
8. 2C3H6 — CeHe + 3H> 22. 5 C5H5—> 3C10H3 + 3H>

9. 3C4Hg— 2CgHg + 6H; 23. 10 CgHsCH3— 7CyoHsg + 12H,
10. 7CoH4s — 2C6H5CH3 + 6H> 24. 5 p-CeH4(CH3)2 — 4C10Hg + 9H>
11. 7CsHg — 3CeHs5CH3 + 9H» 25. CoHg+ Hy — 2CHg4

12. 7 C4Hg —4CsHsCH3 + 12H; 26. C4Hio+H2, — C3Hg + CHy

13. 4CoH4 — p-C6H4(CH3)2 + 3H> 27. CyHg + CH4 — CsHg+H»

14. 8C3He — 3 P -C6H4(CH3)2 + 9H,
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Mathematical model of the chemical transformations was developed using the following assumptions:
isothermal conditions, quasi-homogeneous kinetics and ideal gas phase.

On the basis of the above scheme of the reactions the following system of twelve differential equations
were used for description of all the chemical transformations including experiments with and without
butane in the starting mixture:

dn - 1

dm,

where N — is the vector of mole of twelve key components, M — is current mass of catalyst, J - is the

vector of rates of formation (consumption) of the components which are determined by means of matrix
equation:

g = ar ,where a - given by the matrix of stoichiometric coefficients; F - are rates of the reactions.
Values of Fare based on the analysis of experimental data and calculated as follows:

L= k10C3H8 KC3H8 = kzccm10 KC4H10; ;= kSCC3H8 K03H8 = k4CC4H10 KC4H10;

Is = kSCCZH4 Ken, o ls = kGCC3H6 Kepor 7 = kYCC2H4 Ken, e = k8CC3H6 Keghes

Iy = kgccm8 KC4H8 1110 = KioCe,h, KCZH4 = k11CC3H6 KC3H6 1110 = KioCe KC4H8;

s = k13CC2H4 KC2H4 Ty = k14CC3H6 KC3H6 Ts = k15CC4H8 KC4H8 Tie = leCaHB KC3H8 )

_ 2 e 2 e 2 . 2 .
h, = k17Cc3|-|8 KC3H8 g = k18C03H8 K03H8 g = k190c4|-|10 KC4H10’ 20 kZOCC4H10 KC4H10’

_ 2 A e .
= k21CC4H10 KC4H10’ Iy = kZZCCGHB KCGHG 1o = kzsch8 KC7H8 1oy = kZACCSHlo chH10

s = kzsccsz KCZHG » e = k26CC4H10 KC4H10; I, = k27CC2H6 KCZHG’
Where:
Ci — is the concentration of i-component [mass % relative to the mass of propane];

Ki — is the conversion factor for the rate of the reaction to [mol/(g(cat) h)]
K=—=" " (i=1,2..m) 2

M; — is the molar mass of i-component [g/mol].

The following equation was used for conversion of any of 27 rate constants to any other temperature:
(0)

-k
K = —— where y —is factor taking account the dependence of the rate constants on the temperature:
Y

11
4
y=e T TJ \where To= 813 K (540 °C), B — is a determined coefficient [K].

(0
As a result, 28 coefficients K and coefficient B of the system of differential Eq(1) were the fit
parameters.
Calculations were made by means of the fourth-order algorithm of Runge-Kutta and the procedure used
makes it possible automatically to choose the system of the differential equation for each composition of

the starting material.
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4. Determination of kinetic parameters of the chemical transformations

The task of parametric identification of the model (system of Eq(1)) was solved simultaneously for all the
three sets of experimental data with and without butene and i-butane in the starting material with the
general criteria for minimization of the target function:

5= 3 [ o~ Y ] ®

u=l i=l
where:
w;j— 1S mass. % of the components (starting materials and products), “calc” — calculated by model, “exp” —
experimental data;
m — is the number of the components (starting materials and products);
f — is the number of the experimental points;
ag, 02, ..... am— are weight coefficients.
After the procedure of minimization of mismatch criterion was reduced from 261,125 to 17,900 with using
Generalized Least Squares methods, adequate description of experimental data was received and 28
parameters of the kinetic equations were determined:

1 1. 1. 1 1. _
K =002 k? =005 k¥ =0.04 k? ~0.01; ki =0.04+5 K =0.09
k@ —0.053; k© =0.052; k© =0.11%; k© =0.032; k@ =0.021; k® —0.05;
h h h h h h
K® =0.005=; k® =0.004; K =0.092:
h h h
k(9 =575-10"7 ;;
% mass - h
k(9 =1.25.10° ;; k{9 =475-107 ;;
% mass.-h % mass.-h
k(9 =2.95.10° 1 'k =9.10° ;;kéﬁ) ~1.95.10° ;;
% mass.-h % mass.-h % mass.-h
K =0.0032:k® =0.0032k® =0.004 1:k© =032 1 :k® =1.28 1 :k® —08;
2 — = h' 28~ hl4 T f'ies T oe e S0 = RO

kO =B =6000K*

Partly the results of the kinetic model reconciliation for one of the experimental point (Number 11 from the
all number of 46 experimental points) listed in Table 1.

Table 1: Results of the kinetic model reconciliation. Comparison of the calculated and experimental data
for one of the experiments

Parameter of the flows

P; KPa WHSW; g/(g-h)  G; g/ t; °C
100 5.52 11.04 575
Components Input Output
composition in  composition in % mass
% mass
Calculated Data with  Experimental Data
above defined
parameter set
CH4 0.63 4.87 5.46
C2Hs 1.99 8.01 3.7
CsHs 76.55 43.82 42.03
CaH1o 18.03 13.63 6.78

CoHa4 0 7.63 7.4
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Table 1 (Continued): Results of the kinetic model reconciliation. Comparison of the calculated and
experimental data for one of the experiments

CsHs 2.26 7.83 6.52

H-» 0 1.57 1.23
CsHs 0 3.92 4.97
C7Hs 0 7 9.38
CoHa(CHa): 0 112 2.65
CioHs 0 0.44 0.46

In Figure 1 below the composition of the reaction mixture is presented for one of the experiment where
synthesis of the aromatic compounds is proved (lines 9-12).

w=f{mk)

W, %mass.

mk; g.

Figure 1: The composition of the reaction mixture along the tube of the reactor in experiment from set
No 1. 1 — methane, 2 — ethane, 3 — propane, 4 — butane, 5 — ethylene, 6 — propene, 7 — butene, 8 —
hydrogen, 9 — benzene, 10 — toluene, 11- p-xylene, 12 — naphthaleneComputer modelling of polytrophic
reactor of catalytic process of aromatization of light alkanes

The pilot reactor for modeling was a tube with a fixed-bed of catalyst (mass of the catalyst was 1,000 g)
with a jacket heated by furnace gas.

Computer model of polytrophic reactor was developed on the basis of Eq(1) by adding the equation of the
heat balance:

T
d_T:LAqR_FF—AqT +Id_N @)
dm, CpN MkaN N dm,

Where:

27
AQR = ZAHerj ; AQ" =k" (T, —T);Aq"— is the rate of heat [J/g]; Aq'— is the rate of heat allocation
=

[J/mz]; AHR-is the enthalpy or reaction [J/mol]; F'_ is the area of heat exchange [mz]; k" - is the heat-

exchanger coefficient [VV/(K*mZ)]; Tt — is the temperature in the shell of tube reactor; Cp — is the heat
capacity [J/(molK)]; N — is the total number of moles in the mixture.

The developed model makes it possible to take into account variation of mathematical model which
depends on the composition of the initial mixture and to vary in the wide range parameters of the starting
flow: feed rate in the range of 0.6 — 12 g/(g-h), temperature in the input of the reactor in the range of 550 —
645 °C, temperature of the furnace gas in the jacket in the range of 675 — 725 °C. As it follows from the
above, an increase in the temperature in the input of the reactor and in the jacked caused an increase in
the aromatics content but an increase in the feed rate worked in the reverse direction. The highest overall
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yield of aromatics was about 40 %. It was received with the parameters of the process listed in Tables 2 &
3.

Table 2: Compositions (% mass) of feed and output at WHSV = 0.6 g/(g-h), G = 600 g/h, P = 0.1 MPa,
t(input) = 600 °C

Components Input Output

CHg4 0 18.78
C2Hsg 1.74 5.70
CsHs 80.64 16.95
CsHio 14.96 6.81
CoHs 0 5.09
CsHs 2.36 4.43
CsHs 0.31 0.07
H> 0 2.58
CesHs 0 13.59
C7Hs 0 16.94
p-C6H4(CH3)2 0 5.36
CioHs 0 3.62

Final parameters of the process modelling in the pilot reactors are given in Table 3.

Table 3: Final parameters of the process modelling

Conversion of the starting material; % 71.21
Selectivity of aromatics formation; %  56.49

Yield of aromatics; % 40.22
Average heat load; MJ/h 2.08
Average temperature; °C 598

5. Conclusion

The mathematical model of important industrial process of transformation of light alkanes into aromatics
was designed. The model is applicable for calculating of the composition of products mixture in processing
paraffines to aromatics considering 27 reactions, which were choose on the base of analysis of
experimental data. Algorithm of calculation included a choose of mathematical model equation depending
on the composition of the initial reaction mixture.
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