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Abstract. In this work, a kinetic model of the 2-aryl-5-pyrrolecarboxylic 
acid methyl ester synthesis is constructed. Computational experiments to 
optimize the reaction have been carried out. The reaction conditions for 
obtaining the maximum yield of the target product were determined. 

1 Introduction 

Pyrrolecarboxylic acids (PAC) are subject of great interest as primary compounds for 

porphyrins and drugs synthesis [1, 2]. 

The derivatives of 2-pyrrolecarboxylic acids exhibit antiviral properties, they are active 

against the viruses of classical bird plague (VCCP) in particular [3]. Sodium salts of 2-aryl-

5-pyrrolecarboxylic acids have anticonvulsant activity [4]. 

There are very few publications in the literature about pyrrolecarboxylic acids synthesis 

and about such important substances as 5-acetyl-2-pyrrolecarboxylic acid compounds 

synthesis in particular. The difficulty of 5-acetyl-2-pyrrolecarboxylic acid synthesis is due to 

the fact that the strong electron-withdrawing substituents (COOH, COOCH3 and COCH3) 

located  in α-position of pyrrole ring change the inherent regiolation of the pyrrole 

regioselectivity in the electrophilic substitution reactions. Thus reaction proceeds at position 
4, rather than at free α position [5-6].  5-chloro-2-pyrrolecarboxylic acid was received only 

in reaction with tert-butyl hypochlorite (it was radical type reaction, very rare case for 

pyrrhols) [7]. 

Mathematical modeling of complex processes which involve metal complex catalysts is 

in demand and it is used to provide large-scale transition from laboratory facilities to pilot 

and pilot-demonstration reactors [8]. Kinetic model which contains necessary information 

about main laws of chemical transformations is fundamental bases of chemical reactor 

mathematical model. Therefore, kinetic model development issue which describes the 

transformation of reagents for a wide range of temperatures becomes question of actual 

interest. 
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2 Chemical reaction scheme 

Kinetic model development which is represented in this paper is based on experimental data 

obtained in Laboratory of hydrocarbon chemistry at Institute of Petrochemistry and Catalysis 

of Russian Academy of Sciences. New method for introducing a carboxyl group into pyrrole 

compounds was developed using an original technique based on the interaction between 

pyrroles and  CCl4-CH3OH- catalyst system during experiments. 

Reaction scheme of chemical transformations in the synthesis of 5-acetyl-2-

pyrrolecarboxylic acid methyl ester by the reaction of 2-acetylpyrrole with carbon 

tetrachloride and methanol under the action of iron-containing catalysts  based on 

experimental data analysis and its mathematical processing [9-11], was proposed: 

 

  (1) 

Reaction scheme (1) and the corresponding kinetic equations are represented by equations 

(2): 
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1.  C1 + C 2C 3 + 

C 4 

2.  C 3 + C 5C 6 + 

C 4 

3.  C 6 + C 5C 7 + 

C 4    

4.  C 7+ C 5 C 8 + 

C 4 

5.  C 8C 9 + C 10 

W1=k1C1C2 

W2=k2C3C5 

W3=k3C5C6                                            (2) 

W4=k4C5C7 

W5=k5C8 

where Ci – components concentrations, mole/l :C1=C6H7NO – 2-acetylpyrrol ,C2=CCl4 – 

carbon tetrachloride, C3=C7H6NOCl3– 2-acetyl-5-trichloromethylpyrrole, C4=HCl– 

hydrochloric acid, C5=CH4O – methanol, С6=C8H9Cl2NO2 - 2-acetyl-5-dichloro (methoxy) 

methanpyrrole, C7=C9H12ClNO3 – 2-2-Acetyl-5-dichloro (methoxy) methanepyrrole, 

C8=C10H15NO4–2-Acetyl-5-trimethoxymethanepyrrole, C9=C8H9NO3 – methyl ester 5-

acetyl-2-pyrrolecarboxylic acid, C10=CH3OCH3 – formaldehyde; kj – kinetic constant of j-th  

reaction rate, l∙мольmole-1∙h-1(j=1, 2, 3, 4), h-1 (j=5). 

In (2) Wj – rate of j-th reaction, mole/(l∙h). 

Note that the given variable dimensions can vary depending on the study intervals: for 

example, instead of the standard volume (m3), one can use (l) or (ml = cm3), instead of the 
weight (kg) - (g), instead of the amount of the substance ( kmol) - (mole or mmol), instead 

of time (h) - (s) or (min). 

3 Mathematical model 

Kinetic equations of reaction scheme (2) are analyzed within the framework of the law of 

acting masses. A correct description of the laboratory reactor with a stirrer is the ideal mixing 

model [12]. 

Total balance of ideal mixing isothermal reactor for the i-th component in the reactor 

volume element (V) in case when molar density of gas or liquid (or total concentration C, 

kmol / m3) varies with time, i.e. when the reaction proceeds with a change in moles number, 

is determined by change: 

– was in time (t):Сi(t)V=С(t)Xi(t)V 

– become in time (t+t):Сi(t+t)V=С(t+t)Xi(t+t)V 

– has changed over time (t) due to chemical reactions:
J

ij j

j 1

W V t


 
     

 
 , where Xi=Ci/C 

– concentration of i-th component  (mole fraction). 

Then material balance of the isothermal ideal mixing reactor is described by equation: 

С(t)Xi(t)V – С(t+t)Xi(t+t)V + 

J

ij j

j 1

W V t


 
     

 
  = 0 

or 
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С(t)Xi(t) – С(t+t)Xi(t+t) + 

J

ij j

j 1

W t


 
  

 
  = 0. 

On condition that t value tends to zero we recieve differentail equations system: 

J
i

ij j

j 1

d(Cx )
W

dt 

                                                     (3) 

with such initial conditions – t = 0: 
o

ii XX  , С=Со. 

Equation system (3) is closed by normalization condition for components of reaction 

medium: 

1
1




I

i

iX . 

In kinetic studies, experimental data usually is obtained under isothermal conditions at 

constant pressure. For gas-phase reactions Molar gas density (Co)  can be calculated for gas-

phase reactions from the equation of state, for example, the Mendeleev-Clapeyron equation 

for ideal gases: 

nRTRT
M

m
PV   or  Р=CoRT, Со=P/(RT), 

where
V

n

MV

m
C

o
 . 

Initial molar density of liquid  (Cо) is constant at any temperature.  

Thus, after dividing (3) on Cо we have differential equation: 

J
i

ij j

j 1

d(Nx )

dt 

                                                           (4) 

where N =C/Co – relative change of number of moles in reaction medium,  

j=Wj /Co – reduced rates of chemical reactions. 

After summing equations (4) and taking normalization condition in to account we receive: 

J I

j ij

j 1 i 1

dN
F

dt  

    N

                                                    

 (5) 

After differentiation of equations (5), we receive: 
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J
i

i ij j

j 1

dxdN
x N F

dt dt 

    i                                              (6) 

Multiple (5) on Xi and subtract it from (6). Thus, due to right side of equation (5) we receive 

differential equations system of material balance for ideal batch mixing reactor (7)-(8): 

N
F

dt

Nd
 , 




J

1j
jj

o

N
V

1
F , 




I

1i
ijj                                       (7) 

N

FXF

dt

dX
Niii


                                                               (8) 

with initial conditions: at t=0 – ,1  ,  NXX o

ii  

where N = C/Co  - relative change in the number of moles of reaction mixture; C and Cо 

– molar density and its initial value, mole/l; Xi=Сi/C – components concentrations, mole 

fraction; Vo – reaction space volume, l; ωj=Wj/Co – reduced reactions rates, h-1;J – number 

of stages of chemical transformations; I – number of components. 

Inequality to zero of at least one of the j coefficients is the consequence of the fact that 

reaction proceeds with  a change in number of moles.   

All catalytic reactions goes occur with reaction volume and mole change practically. This 

fact is usually ignored by science sources. This leads to necessity to adjust or introduce some 

conditional parameters of the model during exact reactions kinetic models development. 
Thus, new function is introduced – reduced amount of moles and this function using makes 

calculations results balance. Correct kinetic model which abides law of conservation of 

matter will be received as a result.  

Right sides of equations system (7)-(8) for methyl ester of 5-acetyl-2-pyrrolecarboxylic 

acid are: 

F1 = –ω1; F2 = –ω1; F3 = ω1 – ω2; F4 = ω1 + ω2 + ω3 + ω4; F5 = ω2 – ω3 – ω4; F6 = ω2 – ω3; 

F7 = ω1 – ω4; F8 = ω4 – ω5; F9 = ω5; F10 = ω5; Fn= ω5. 

The numerical values of found steps rate constants and activation energies for of 5-acetyl-

2-pyrrolecarboxylic acid methyl ester synthesis are represented in Table 1. Summary of 

stages 2, 3 and 4 turned out to be imitational. First stage, which is 2-acetylpyrrole alkylation 

is the   most energy-intensive. 

Table 1. Kinetic parameters of 5-acetyl-2-pyrrolecarboxylic acid methyl ester synthesis. 

Kinetic constants at temperature 

105оС, h-1 
Еi, ccal/mole 

K1 4.9×10-2 23.8 

K2 4.3×10-3 3.6 

K3 4.1×10-2 4.4 

K4 7×10-4 9.7 

K5 6.4 3.1 

For this reaction reduced and true constants are interconnected by ratios: Ki=ki∙Co (i=1, 2, 3, 

4), dimension ki (l∙mole-1∙h-1); 
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k5=K5 (h-1). 

There are constants values presented in table 1 in accordance to some fixed temperature 

points (Тf).  Тf=105оС  or  378 К is chosen as one of them. Formula below (9) is used for 

constants recalculation in order to find constant value at any temperature. Chosen fixed 

temperature is used here: 

 

(9) 

 

4 Experimental and calculated data comparison 

Calculation experiment for target product yield (methyl ester  of 5-acetyl-2-pyrrolecarboxylic 
acid) determination was done based on the developed kinetic model (2) with help of 

mathematical model (7)-(8) with  temperature  and initial reagents ration variation.  

It is impossible to study any object only with experimental research. So after setting tasks 

of investigation and identification of the most essential object qualities researches often use 

modeling approach [13-15].  Model must be usable for study and simple as possible, but also 

must contain all object qualities needed to study, in order to complete tasks. So there may be 

whole complex of different models of one object, each model refers to different research task. 

Comparison of calculated (obtained on the basis of observed substances molar ratio: 

initial reagent 2-acetylpyrrole and the final product methyl ester of 5-acetyl-2-

pyrrolecarboxylic acid) and the experimental data for the synthesis reaction of 5-acetyl-2-

pyrrolecarboxylic acid methyl ester synthesis is shown on Figure 1, Figure 2 and in Table 2. 

 

Fig. 1. Calculated and experimental data of 2-acetylpyrrole consumption at temperatures, оС: 1 (■) – 
105оС; 2 (▲) – 110оС; 3 (●) – 115оС. 
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Fig. 2. Calculated and experimental data of 5-acetyl-2-pyrrolecarboxylic acid methyl ester synthesis at 
temperatures:1 (■) – 105оС; 2 (▲) – 110оС; 3 (●) – 115оС. 

Table 2. Comparison of calculated and experimental data of 5-acetyl-2-pyrrolecarboxylic acid methyl 
ester synthesis. 

Experiment 

temperature , 

ºС 

Time, h 

X1 X9 

Exp. Calc. Exp. Calc. 

 

105 

4.0 1.00 0.79 0 0.21 

4.5 0.70 0.70 0.30 0.30 

5.0 0.60 0.60 0.40 0.40 

6.0 0.43 0.43 0,57 0.57 

 

110 

3.0 0.93 0.83 0.07 0.17 

4.0 0.62 0.62 0.38 0.38 

6.0 0.29 0.29 0.71 0.71 

 

115 

3.0 0.63 0.63 0.37 0.37 

4.0 0.26 0.26 0.74 0.74 

6.0 0 0.03 1.00 0.97 

As can be seen from presented data, developed kinetic model describes adequately 

experimental observations: discrepancy between the calculated data and the experimental 

concentrations changes over time does not exceed the error of quantitative analysis. 

5 Optimal conditions for chemical reactions 

Chemical reactor optimization task is related to determination of optimal working regime, 

i.e. such regime which gives best value of chosen process criterion and thus gives the best 

output of the whole process.  The solution of this problem includes following main steps [18, 

19]: 1) optimization criterion or objective function selection; 2) describing variables and their 

limitations; 3) mathematical description of the process; 4) choosing the method of calculating 

of optimal regimes. 

In this paper, the search for the optimal regime is carried out using an algorithm for 

solving optimization problems, based on methods of statistical experiment planning [20]. N 

controls, some central point (control reference values), and control variation intervals are 
selected. Then a computational experiment is performed on the computer with the help of a 

mathematical model of the process in accordance with the requirements of a rotational plan 

of the second order for N variables [21] and the numerical values of the optimization criterion 

and all phase variables are calculated. Based on the calculations performed, we obtain 
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regression equations for the optimization criterion (Fo) and M phase variables (Fk, k = 1 ... 

M), which are constrained: 

 
  


N

1i

N

1i

N

1j
ji

k

iji

k

i

k

ok
zzbzbbF  control parameters (k=0…M)                        (10) 

where Z – normalized  control parameters. 

Finally, optimum Fo with limitations on Fk is determined by using method of Lagrange 

multipliers, i.e. extremum of function 



M

1k
kkko
)F(F  is found along with limitation 

.F
kk

  

At the end we have simple equations system with (N+M) amount of equations for N 

unknown Zi and М unknown k: 

 
 









N

1i

M

1k
i

k

k

i

o ;0)
z

F

z

F
( 




M

1k
kk

0)F(                                     (11) 

System of nonlinear algebraic equations solution (11) is found by Newton-Raphson method. 

Obtained solution is verified by a direct calculation of mathematical description equations 

system [22]. 

Considered algorithm of the solution is quite simple, free from the choice of arbitrary 

parameters and requires relatively simple and short computations to find coefficients of 

regression equations (10) and solution of the system (12) [23]. 

Concentration of components are phase variables for studied chemical reaction, and 

temperature and initial composition are control parameters.   

The mathematical description of reactions in the laboratory reactor is based on  equations 
of material balance (7) - (8).  Regression analysis is used for kinetic constants and optimal 

regimes searching. 

Minimum time to achieve 95% conversion of 2-acetylpyrrole (Х1) is chosen as the control 

parameter for  5-acetyl-2-pyrrolcarboxylic acid methyl ester synthesis reaction. 

A computational experiment was carried out for three temperatures at which the 

experiments were also carried out: 105 ° C, 110 ° C and 115 ° C. 

Calculations results (based on the ratio of the number of moles of reacted substances to 

the initial number of moles of this substance from the change in time) of carbon tetrachloride, 

methanol and 2-acetylpyrrole conversions are shown in Figure 3-Figure 5, respectively. 

Analysis of the stages rates change (Figure 6-Figure 8), conversion of 2-acetylpyrrole 

(see Figure 5) and the yield of the desired product depending on the initial product at 
temperatures of 80 ° C, 90 ° C, 105 ° C, 110 ° C, 115 ° C, 120 ° C, 125 ° C (Figure 9-Figure 

10) showed that the optimal condition for conducting the experiment is 3 hours at a 

temperature of 115 ° C (at higher temperatures, the sample becomes contained with resins). 
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Fig. 3. Carbon tetrachloride conversion changes at different temperatures 105oC, 110oC and 115oC. 

 

Fig. 4. Methanol conversion changes at different temperatures 105oC, 110oC and 115oC. 

 

Fig. 5. 2-Acetylpyrrole conversion changes at different temperatures 105oC, 110oC and 115oC. 
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The nature of stages rates change of chemical transformation (1) is shown on Figure 6-Figure 

8. 

 

Fig. 6. Changing of reaction stages rates of methyl ester of 5-acetyl-2-pyrrolecarboxylic acid synthesis 
per time at temperature 105 оС. 

 

Fig. 7. Changing of reaction stages rates of methyl ester of 5-acetyl-2-pyrrolecarboxylic acid synthesis 
per time at temperature 110оС. 

 

Fig. 8. Changing of reaction stages rates of methyl ester of 5-acetyl-2-pyrrolecarboxylic acid synthesis 
per time at temperature 115оС. 
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Fig. 9. Consumption of 2-acetylpyrrole in the synthesis methyl ester of 5-acetyl-2-pyrrolecarboxylic 

acid at temperatures 80оС, 90оС, 105оС, 110оС, 115оС, 125оС, 140оС. 

 

Fig. 10. Formation of methyl ester of 5-acetyl-2-pyrrolecarboxylic acid at temperatures: 80оС, 90оС, 
105оС, 110оС, 115оС, 125оС, 140оС. 

Calculated data about changes in MEAPCK yield at five temperatures and variable ratio of 

the initial components: 2-acetylpyrrolocarycarbonyl chloride and methanol, are given in 

Table 3-Table 7. 

Table 3. The dependence of the yield of the target product on the ratio of the initial substances at a 
temperature 105 ° C. 

2-acetylpyrrole 

(X1), mole 

fraction 

Carbon 

tetrachloride (Х2), 

mole fraction 

Methanol (Х5), 

mole fraction 

Yield of 

MEAPCA (Х9), 

%mole. 

0.014 0.102 0.884 56.9 

0.01 0.11 0.88 62.0 

0.1 0.4 0.5 96.9 
0.2 0.3 0.5 59.2 

0.2 0.5 0.3 90.6 

0.3 0.5 0.2 38.9 

0.3 0.4 0.3 31.2 

0.3 0.3 0.4 2.2 
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Table 4. The dependence of the yield of the target product on the ratio of the initial substances at a 

temperature 110 ° C. 

2-acetylpyrrole 

(X1), mole fraction 

Carbon 

tetrachloride (Х2), 

mole fraction 

Methanol (Х5), 

mole fraction 

Yield of 

MEAPCA (Х9), 

%mole. 

0.014 0.102 0.884 71.0 

0.01 0.11 0.88 75.4 

0.1 0.4 0.5 98.9 

0.2 0.3 0.5 76.0 

0.2 0.5 0.3 96.4 

0.3 0.5 0.2 36.2 

0.3 0.4 0.3 49.3 

0.3 0.3 0.4 59.3 

Table 5. The dependence of the yield of the target product on the ratio of the initial substances at a 
temperature 115 ° C. 

2-acetylpyrrole 

(X1), mole fraction 

Carbon 

tetrachloride (Х2), 

mole fraction 

Methanol (Х5), 

mole fraction 

Yield of 

MEAPCA (Х9), 

%mole. 

0.014 0.102 0.884 96.0 

0.01 0.11 0.88 97.8 

0.1 0.4 0.5 99.9 

0.2 0.3 0.5 97.1 

0.2 0.5 0.3 99.9 

0.3 0.5 0.2 99.3 

0.3 0.4 0.3 89.3 

0.3 0.3 0.4 38.4 

Table 6. The dependence of the yield of the target product on the ratio of the initial substances at a 
temperature 120 ° C. 

2-acetylpyrrole 

(X1), mole 

fraction 

Carbon 

tetrachloride (Х2), 

mole fraction 

Methanol (Х5), 

mole fraction 

Yield of 

MEAPCA (Х9), 

%mole. 

0.014 0.102 0.884 99.6 

0.01 0.11 0.88 99.7 

0.1 0.4 0.5 99.9 

0.2 0.3 0.5 99.8 

0.2 0.5 0.3 99.9 

0.3 0.5 0.2 99.9 

0.3 0.4 0.3 99.1 

0.3 0.3 0.4 31.4 

Table 7. The dependence of the yield of the target product dependence from initial reagents ration at 
temperature 125 ° C. 

2-acetylpyrrole 

(X1), mole 

fraction 

Carbon 

tetrachloride (Х2), 

mole fraction 

 

Methanol (Х5), 

mole fraction 

Yield of 

MEAPCA (Х9), 

%mole. 

0.014 0.102 0.884 99.86 
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0.01 0.11 0.88 99.81 

0.1 0.4 0.5 99.90 

0.2 0.3 0.5 99.90 

0.2 0.5 0.3 99.70 

0.3 0.5 0.2 98.30 

0.3 0.4 0.3 99.98 

0.3 0.3 0.4 39.50 

As can be seen from all presented data, optimum reaction conditions for 5-acetyl-2-

pyrrolecarboxylic acid methyl ester synthesis are: reaction temperature is 115 ° C, the ratio 

of the starting components 2-acetylpyrrole: carbon tetrachloride: methanol  is  0.1: 0.4: 0.5. 

With such values of the control parameters  time to reach 95% conversion of 2-acetylpyrrole 

(X1) is 3 hours. During this time  rate of target product formation (w5) has practically reached 

its asymptotic value, so increasing the reaction time by 2.5-3 times is hardly advisable, 

although the conversion of x1 will increase to 99%. More economical is the Option with 95% 

conversion of 2-acetylpyrrole and recycle of unreacted starting reagents is more preferable 

from economic point of view. 

6 Conclusion 

The reaction scheme of 5-acetyl-2-pyrrolecarboxylic acid methyl ester synthesis is presented 

in this paper and its mathematical model is studied. 

The mathematical model equations derivation for the ideal mixing model is presented.   

The kinetic model for 5-acetyl-2-pyrrolecarboxylic acid methyl ester synthesis reaction 

has been developed. 

The dependence of the yield of the target product on the ratio of the initial reagents is 

shown and it is shown that the convergence of the calculated and experimental data for 

studied reaction is within the error of the quantitative analysis. 

The computational experiment was carried out and dependences of target product 
maximum yields with the variation of the reaction temperature and the composition of the 

feedstock were determined. 

It is shown that developed kinetic model developed adequately describes experimental 

data in the wide ranges of reaction temperature and the molar ratio of initial reagents. 

The optimum reaction time for the preparation of 5-acetyl-2-pyrrolecarboxylic acid 

methyl ester synthesis with 95% conversion of 2-acetylpyrrole is 3 hours. 

It was found that in order to obtain the maximum yield of benzylidene-benzylamine, the 

best molar concentration ratio of the initial reagents benzylamine: carbon tetrachloride  is 1: 

9. 

References 

1. Vogel E, Richert K, Benninghaus T, Muller M, Cross A D 1993 Pat. 5179120 SSHA  

2. Kleinspehn G G, Corwin A H 1960 J. Am. Chem. Soc. 82(11) 2750 

3. Korobchenko L V, Vladyko G V, Borenko Ye I, Sobenina L N, Mikhaleva A I, 

Sergeyeva M P, Trofimov B A 1992 Khim.-farm. Zhurnal 11-12 57  

4. Sobenina L N, Mikhaleva A I, Bakhareva Ye V, Vasil'yeva N N, Pushechkina T YA, 

Kazimirovskaya V B, Sergeyeva S Ye, Korostova S Ye, Nesterenko R N,Golovanova N 

I, Polovnikova R I 1992 Khim.-farm. Zhurnal 6 26 

5. Dzhoul' Dzh, Mills K 2004 Khimiya geterotsiklicheskikh soyedineniy (M.: Mir) p 728  

13

E3S Web of Conferences 224, 02022 (2020)
TPACEE-2020

https://doi.org/10.1051/e3sconf/202022402022



6. P Belanger, 1979 Tetrahedron Lett. p 2505  

7. Dzhoul' Dzh, Smit G 1975 Osnovy khimii geterotsiklicheskikh soyedineniy (M.: Mir) p 

398  

8. Akhmetov I V, Bobrenova YU O, Gubaydullin I M, Novichkova A V 2013 Sistemy 

upravleniya i informatsionnyye tekhnologii 52(2.1) 111-115  

9. Khusnutdinov R I, Bayguzina A R, Mukminov R R, Akhmetov I V, Gubaydullin I M, 

Spivak S I, Dzhemilev U M 2010 Zhurnal organicheskoy khimii 46(7) 1054-1060 

10. Akhmetov I V, Gubaydullin I M, Balayev A V 2010 Zhurnal Srednevolzhskogo 

matematicheskogo obshchestva 12(3) 75-79 

11. Akhmetov I V, Gubaydullin I M, Bayguzina A R, Muckminov R R, Spivak S I, 

Khusnutdinov R I 2012 Abstracts of IX International Conference «Mechanisms of 

Catalytic Reactions (MCR)». St. Petersburg, Russia 115-116 

12. Akhmetov I V, Gubaydullin I M, Koledina K F, Safin R R 2015 Elektrotekhnicheskiye 

i informatsionnyye kompleksy i sistemy 11(2) 53-58  

13. Slin'ko M G 1979 Khimicheskaya promyshlennost' 11 27-31  

14. Slin'ko M G 1998 Teor osnovy khim tekhnol 32(4) 433-440  

15. Boreskov G K 1987 Kataliz. Voprosy teorii i praktiki (Novosibirsk: Nauka)  

16. Slin'ko M G 1968 Modelirovaniye khimicheskikh reaktorov (Novosibirsk: Nauka) p 96  

17. Slin'ko M G 1986 Khimicheskaya promyshlennost' 4 3-4  

18. Fedorenko R P 1978 Priblizhennoye resheniye zadach optimal'nogo upravleniya. M.: 

Nauka. –. – 488 s.  

19. Ostrovskiy G M, Volin Y M 1967 Metody optimizatsii khimicheskikh reaktorov (M.: 

Khimiya)  

20. Nalimov V V, Chernova N A 1965 Statisticheskiye metody planirovaniya 

ekstremal'nykh eksperimentov (M.: Nauka) 

21. Lacks D J 2003 AIChE Journal 49(11) 2980  

22. Akhmetov I V and Gubaydullin I M 2016 CEUR Workshop Proceedings 1576 402–410  

23. Akhmetov I V and Gubaydullin I M 2017 CEUR Workshop Proceedings 1902 1–4 

 
 

 

 

 

14

E3S Web of Conferences 224, 02022 (2020)
TPACEE-2020

https://doi.org/10.1051/e3sconf/202022402022


