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Abstract

:

Currently, the most common method of silane synthesis for electronics and photovoltaics is trichlorosilane (TS) dismutation. TS dismutation proceeds in the form of a reactions cascade, therefore its study is of both practical and scientific interest. The results of calculating the equilibrium composition of the reaction mixture in the vapor phase based on literature data from various sources were not reliable. Therefore, the dependence of the composition of the reaction mixture on the time of contact of the TS vapor with the catalyst under static conditions was experimentally investigated. The stationary composition of the mixture, close to equilibrium, was determined. A good agreement of the obtained results with the literature data in one of the sources was shown. The kinetics of the dismutation reaction of TS and dichlorosilane (DCS) was carried out by the flow method. As a result of regression analysis of experimental data, the rate constants of the direct and reverse dismutation reactions of TS, DCS, and monochlorosilane (MSC) were obtained. The rate constants were used to calculate the equilibrium composition of the reaction mixture. A good agreement between the calculated and experimental data was shown.
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1. Introduction


Intensive industrial development leads to an increase in energy demand, which requires an increase in the production capacity of environmentally dirty and polluting energy sources. One of the alternative environmentally friendly and renewable energy sources is solar photovoltaics [1,2].



Semiconductor silicon obtained by the thermolysis of silane has become the most widespread to realize the conversion of light energy into an electrical one [3,4,5]. In addition, silicon is currently the leading semiconductor material in electronics. So far, the main method of obtaining semiconductor silicon is the Siemens process [6,7], which is used by more than 80% of polysilicon manufacturers in the world. Nevertheless, this process has a number of disadvantages, such as the environmental hazard of the reaction products, significant investments due to the corrosive activity of both the starting materials and the reaction products, high energy consumption costs, and difficulties in preparing products for the manufacture of high-purity polysilicon for the electronics industry.



This, in turn, stimulates an increase in interest in the production of polysilicon by the thermal decomposition of silane (SiH4) since this process requires less energy and this production minimally pollutes the environment [8]. Thus, silane is widely used in optoelectronics, micro- and nanoelectronics, the production of solar cells, and the semiconductor industry [3,4,5].



Currently, silane is mainly obtained by the catalytic disproportionation of trichlorosilane [9,10,11,12] and various variants of acidolysis of magnesium silicide [13,14,15]. The method of disproportionation of TS involves a simple process with the lowest cost and high industrial safety compared to methods based on the acidolysis of magnesium silicide.



Several types of catalysts can catalyze the disproportionation process, for example, aluminum trichloride, heterocyclic arenes, or acyclic nitriles [16,17]. However, almost all of them are a source of impurities in the reaction products. Thus, when using organic homogeneous catalysts containing a nitrogen atom as an electron pair donor, difficulties associated with the separation of reaction products from the reaction mixture arise. For this reason, non-volatile nitrogen-containing anion exchange resins are of interest, which, due to their low volatility, do not enter the reaction products and whose matrices are chemically inert with respect to chlorosilanes. Amberlyst-21, Amberlyst-26, and IRA-400 anionites produced by foreign companies were the first of such resins to be used [18,19]. They are a styrene copolymer with divinylbenzene containing weakly basic tertiary amine N+(CH3)2- groups or strongly basic quaternary ammonium N+(CH3)3- groups as the functional groups. Among the domestic analogs of the above-mentioned resins, AN18-12P (the analog of Amberlyst-21), AB17-12P (the analog of Amberlyst-26), and AB27-10P are known, in which one methyl group is replaced by the ethoxy group in the nitrogen atom in the quaternary ammonium functional group. The study of these resins revealed the greatest catalytic activity in the AB27-10P sample [20]. However, the use of divinylbenzene-styrene resins with grafted amine and ammonium groups is possible only at temperatures no higher than 80 °C, which limits the kinetic possibilities of the reactions [21]. Anion exchange resins based on the vinyl pyridine copolymer with divinylbenzene are more heat-resistant. The increased thermal stability of such a catalyst allowed the disproportionation of TS at higher temperatures, which not only improved the kinetic characteristics of the disproportionation reactions but also increased the yield of dichlorosilane due to the endothermicity of the reaction [22,23]. The literature contains information about the catalytic activity of some samples of vinyl pyridine resins [24]. However, in [24], the kinetics of the disproportionation of only TS on various types of anionites was considered, and there is no information about the kinetics of the disproportionation of DCS.



The process of the disproportionation of TS, DCS, and monochlorosilane in the presence of a catalyst consists of three reversible reactions involving five components: TS, DCS, MCS, silicon tetrachloride (STC), and silane (S) [25]:


  2  SiHCl 3       →     ←       SiCl 4  +  SiH 2   Cl 2  ,  



(1)






  2  SiH 2   Cl 2       →     ←       SiHCl 3  +  SiH 3  Cl ,  



(2)






  2  SiH 3  Cl      →     ←       SiH 2   Cl 2  +  SiH 4  .  



(3)







The study of the equilibrium composition of products and the kinetics of reactions (1)–(3) in the liquid phase in the presence of the catalyst Amberlyst-21 (anionite with tertiary amine functionality) was carried out by Union Carbide employees [26]. In Huang et al. [27], several ion-exchange resins were compared as catalysts for the disproportionation (dismutation) reaction of TS (1), and with the DOWEX MWA-1 resin (also a weakly basic tertiary-amine anionite, with a macroporous structure), the degree of transformation of TS and the rate of the liquid-phase reaction of the TS dismutation were studied. Data on the kinetics of the catalytic dismutation of chlorosilanes in the vapor phase, except for the publication [24], have not been found in the literature. Therefore, the subject of this research is an experimental study of the equilibrium and kinetic characteristics of the dismutation reaction of vaporous TS and DCS in the presence of the ion-exchange resin VP-1AP, with an assessment of the activation energy of these reactions. The study also includes a review of the available information on the thermodynamics of the process to select the appropriate experimental data for calculating the composition of equilibrium mixtures.




2. Results


As a result of the experimental determination of the composition of the reaction mixture under static conditions, it was found that after 1 h in the TS reactor, the composition of the mixture practically did not change within the analysis error. The relative error did not exceed 5%. The results of the experiment are presented in Table 1.



The values of the equilibrium constants of reactions (1) and (2) calculated according to Table 1 are: (2.1 ± 0.1)·10−2 and 0.35 ± 0.02 at 353 K; (2.2 ± 0.1)·10−2 and 0.360 ± 0.014 at 373 K; (2.4 ± 0.1)·10−2 and 0.39 ± 0.02 at 393 K.



However, carrying out the dismutation reaction of chlorosilanes in synthesis devices does not always allow for achieving the level of concentration of the components close to the equilibrium. Therefore, in addition to thermodynamic data, the kinetic characteristics of the reactions are necessary to adequately reflect the current composition of the reaction mixture in the reactor. To determine these characteristics, an experimental study of the kinetics of TS and DCS dismutation reactions was carried out. The relative error in measuring the concentration of the components in the reaction mixture did not exceed 5%. The differences in the experimental conditions are shown in Table 2.



Experiments to study the kinetics of dismutation reactions were carried out with both TS and DCS. The differences in their formulation are shown in Table 2.



Where    V p    is the free gas volume of the resin, equal to the product of the resin volume and porosity, and    w p    is the volumetric flow rate of the reaction mixture through the reactor. The formula for calculating the value of    w p    is


   w p  =  w  г H      T  p      P a     T  г н      P a  −  P  p e a г  0       



(4)




which can be obtained from the equations:


   w p  =  w б  c м      T p     T б    ,    w б  c м      P a  −  P  p e a г  0    =  w б  г н    P a    ,    w б  г н   =  w  г н      T б     T  г н      








where    w б  c м     is the volumetric velocity of the carrier gas-saturated with the reagent at the temperature of the bubbler ampoule,    T б   ;    T p    is the reactor temperature;    P a    is the atmospheric pressure (the same as the carrier gas pressure);     P  p e a г  0    is the saturated vapor pressure of chlorosilane at bubbler temperature;    w б  г н     is the volumetric flow rate of the carrier gas at bubbler temperature;    w  г н     is the flow rate of the carrier gas for bubbling at ambient temperature    T  г н       293    K     , fixed with the help of a flow stabilizer 6.



Since the experimentally determined concentration of the components in the reaction mixture was in molar percentages, it was converted to a molar concentration for kinetic analysis according to the equation:    C i    =  X i   C i 0   , where    C i    is the molar concentration of the i-th component at the reactor outlet,    C i 0    is the molar concentration of the reagent at the inlet into the reactor, and    X i    is the molar fraction of the reagent at the reactor outlet.



The initial molar concentration of the reagent was calculated from the equation of the state of the ideal gas as


   C i 0  =    P i 0    1000 R  T p    ,    



(5)




since the reaction was carried out at a pressure close to atmospheric.



The results obtained in the form of kinetic curves are presented in Appendix A.



2.1. Kinetic Analysis


For the quantitative processing of the experimental results, it was necessary to solve the problem of choosing the form of the kinetic equation. Based on the data of [27] on the second order of direct and reverse reactions of TS’s dismutation (1), it is assumed that the reactions of the dismutation of DCS (2) and MCS (3) also have a second order, which corresponds to the formal kinetic approach to the description of the process under study. It was assumed that Equations (1)–(3) described not only the mass balance but also the kinetic scheme of the process.



To obtain information about the rate and depth of reactions (1)–(3) from the experimental data (i.e., to solve the inverse kinetic problem), the approach described in [26] was used for the dismutation reactions of the liquid chlorosilanes.



To solve the kinetic problem, a system of Equations (6) for reactions (1)–(3) was compiled:


          d  C  S T C     d τ   =  k 1   C  T S  2  −  k  − 1    C  S T C    C  D C S   ;         d  C  T S     d τ   =  k 2   C  D C S  2  −  k  − 2    C  T S    C  M C S   − 2  k 1   C  T S  2  + 2  k  − 1    C  S T C    C  D C S   ;         d  C  D C S     d τ   =  k 1   C  T S  2  −  k  − 1    C  S T C    C  D C S   − 2  k 2   C  D C S  2  + 2  k  − 2    C  T S    C  M C S   +  k 3   C  M C S  2  −  k  − 3    C S   C  D C S   ;         d  C  M C S     d τ   =  k 2   C  D C S  2  −  k  − 2    C  T S    C  M C S   − 2  k 3   C  M C S  2  + 2    k  − 3    C S   C  D C S   ;         d  C S    d τ   =  k 3   C  M C S  2  −  k  − 3    C S   C  D C S   .        



(6)







The rate constants of the direct and reverse reactions are optimized using the least squares method. During optimization, the calculated concentrations of    C i   τ   , obtained by the numerical integration of the system (6), were maximally approximated to the experimental data. The relative approximation error in calculating the reaction rate constants did not exceed 0.1%.



Since the experiments with TS and DCS were carried out at the same set of reactor temperatures, the concentration data obtained at each temperature value for the two substances were used to optimize a single set of rate constants for all reactions, (1)–(3).



The values of the rate and equilibrium constants of chemical reactions (1)–(3), optimized by the least squares method, are presented in Table 3. The data obtained allow for determining the    C i  = f  τ    characteristics.



From the graphs presented in Appendix A (Figure A1, Figure A2, Figure A3, Figure A4, Figure A5 and Figure A6), it can be seen that the experimental points are in good agreement with the calculated lines obtained as a result of optimizing the values of the rate constants of the dismutation reactions.



According to Figure A1, Figure A2, Figure A3, Figure A4, Figure A5 and Figure A6 (Appendix A), the optimized data are in satisfactory agreement with the experimental results.



The analysis of the sources of the errors in the measurement results and calculations showed that the main error was the measurement of the concentration of the components in the reaction mixture, and the relative error did not exceed 5%.



This fact was taken into account when presenting the results of the calculations.



Limitations in the accuracy of the experimental data allow for only an approximate estimate of the activation energy,    E a   , for the TS, DCS, and MCS dismutation reactions.



The activation energy was calculated based on the experimental dependence of the reaction rate constant on the temperature in Arrhenius coordinates, shown in the Figure 1.



The values of    E a    and pre-exponential coefficient, A, with a relative error of correlation, not exceeding 4%, are obtained by fitting the dependencies   ln  k  d i r     and   ln  k  r e v     of reactions (1)–(3) on the inverse temperature in accordance with the Arrhenius equation,   k = A  e    −  E a    R T       (Table 4).



The obtained values of the pre-exponential coefficient for the direct and reverse reactions of TS dismutation (1) are significantly higher than those found in [27] for the liquid-phase reaction: when at 80 °C, k1 = (3.01 ± 0.38)10−4 M−1s−1 and k−1 = (1.86 ± 0.25)10−2 M−1s−1. At the same time, the values of    E  a ,   d i r     and    E  a ,   r e v    , found in [27] for reaction (1) (36 and 29.6 kJ/mol, respectively), are close to those obtained here.



In [26], the values of the reaction rate constants (I–III) in the liquid phase (min−1, and the concentrations are expressed in mole fractions) were obtained, which satisfactorily agree with the data of [27] on the rate of TS’s dismutation. This makes it possible to compare the rates of direct reactions (1), (2), and (3). It follows from a comparison of the literature’s data [26,27] that the richer the initial molecule is in hydrogen, the higher the rates of direct reactions. So, at 56 °C, k1 = 7.23  ·   10   − 2    , k2 = 5.32·10−1, and k3 = 4.21 min−1. The results of the kinetics experiment demonstrate the same trend but stronger; the constants differ by more than one decimal order.




2.2. Thermodynamics of Chlorosilanes Dismutation


The case is of interest to compare the values of the equilibrium constants of the TS, DCS, and MCS dismutation reactions obtained on the basis of experimental data with the calculation results based on the use of a change in the standard Gibbs function at the reaction temperature. The calculation was carried out using the literature’s data on changes in the enthalpy and entropy of the reaction under standard conditions.



Earlier, the authors of [28] calculated the equilibrium composition of the Si/H/Cl system for two industrially significant ratios of the total content of Cl/H atoms, regardless of the molecular shape, as well as two total pressures. It was found that in the temperature point of 400 K with two calculation options—pressure 1 bar, ratio Cl/H = 0.1, and pressure 35 bar, Cl/H = 1.0—the main component in the gas phase is molecular hydrogen, despite the high concentration of chlorine-containing compounds in the first case.



On the other hand, the equimolar Cl/H ratio in the second case (the same as in DCS) and high pressure should lead to a decrease in the number of moles of gases, i.e., contribute to the formation of light chlorosilanes [29] by the reactions of the type:


3SiCl4(g) + Si(s) + 2H2(g) = 4SiHCl3(g),











However, as shown in [28], in both calculation variants, the main components following hydrogen in the reaction products are STC and TS, with a small admixture of DCS; MCS and silane, as well as hydrogen chloride, are absent.



In addition, kinetic studies [30,31] and quantum mechanical calculations [32] have established that the decomposition reactions of silane, MCS, DCS, TS, and STC [33], proceeding with the formation of silylenes SiHxCl2-x, H2, and HCl, have a high activation energy (above 250 kJ/mol) and proceed with noticeable speed only at temperatures above 600 K. Thus, the results of [28,33] make it possible to exclude SiHxCl2-x, H2, and HCl from consideration when calculating the thermodynamics of the dismutation reactions of chlorosilanes occurring at temperatures below 400 K and concentrate on the transformations of only five substances—STC, TS, DCS, MCS, and silane.



The composition of the equilibrium gas mixtures was calculated according to the values of thermodynamic equilibrium constants:


   K eq  = exp ( −  Δ r   G T 0  / R T ) ,  



(7)




where Δr   G T 0    is the change in the standard Gibbs function of the reaction at temperature T.



The value of Δr   G T 0    can be calculated by the equation


    Δ r   G T 0      =  Δ r   H T 0    − T  Δ r   S T 0  ,   



(8)




where Δr   H T 0    is the change in the standard enthalpy of the reaction at temperature T, and Δr   S T 0    is the change in the standard entropy of the reaction at temperature T, since the reaction was carried out at standard pressure and constant temperature.



The values of the enthalpy and entropy of the reaction at a given temperature are found by integrating the temperature dependencies of the corresponding quantities:


    Δ r   H T 0    =  Δ r   H  298  0    +   ∫   298  T   ∆ r   C P 0  d T ;   



(9)






    ∆ r   S T 0      =  ∆ r   S  298  0    +   ∫   298  T     ∆ r   C P 0   T  d T ,   



(10)




where Δr   H  298  0    and    ∆ r   S  298  0    are the change in the enthalpy and entropy of the reaction under standard conditions at 298 K, and    ∆ r   C P 0    is the difference of the molar isobaric heat capacities of the reaction products and starting substances under standard conditions.



The difference standard values at 298 K for reactions of the type 2A = B + C are calculated using reference data [34,35,36,37]:


    Δ r   H  298  0      =  ∆ f   H  298 , B    0    +  ∆ f   H  298 , C    0    − 2    ∆ f   H  298 , A    0  ;   



(11)






    Δ r   S  298  0      =  S  298 , B    0    +  S  298 , C    0    − 2  S  298 , A    0  ;   



(12)






    Δ r   C P 0      =  C  P , B    0    +  C  P , C    0    − 2  C  P , A    0  ,   



(13)




where Cp is the molar isobaric heat capacity of a gaseous substance as a function of temperature, approximated by the Mayer–Kelly equation [37] with numerical coefficients a, b, and c:


Cp(T) = a + bT − c/T2.



(14)







Instead of Equations (9)–(14), the Shomate equations of the following form can be used, as in [35]:


   ∆ f   H  T , i    0  = a t +  bt 2  / 2 +  ct 3  / 3 +  dt 4  / 4 − e t + f − h ;  



(15)






   S  T , i    0  = a ln t + bt +  ct 2  / 2 +  dt 3  / 3 − e / ( 2  t 2  ) + g ,  



(16)




where t = T(K)/1000 and a, b, c, d, e, f, g, and h are coefficients.



At the same time, the values Δr   H T 0    and Δr   S T 0    are calculated using equations similar to (11) and (12).



Since the initial thermodynamic data from various sources differ significantly, it makes sense to use the semi-empirical equation of the isobar of a chemical reaction obtained in [26] for three temperature values (32, 56, and 81 °C). The sixth column of Table 5 contains the results of extrapolation of the isobar equation [26] for calculating Keq in the temperature range of 353–393 K.



In the seventh and eighth columns of Table 5, the values Kp, obtained when processing the results of the experiment under static conditions and by the flow method, are presented. As a result of regression analysis of the system of Equation (6), the rate constants of the direct and reverse reactions were obtained, and Kp is a quotient obtained when it is divided by the rate constants of the direct and reverse reactions.



From the data presented in Table 5, it can be seen that the results of the calculations differ significantly. This is due to the fact that the calculation requires accurate thermodynamic data on the values of the enthalpies of the formation, entropies, and temperature dependence of the heat capacity of all the substances involved in the cascade of the reactions of the TS, DCS, and MCS disproportionation.



In the reference literature [34,35], these values are presented with a relative error of 1–10%, which, when calculating the equilibrium constants, gives a deviation of up to two decimal orders (Table 5).



The third column of Table 5 presents the results of calculating the Keq of the mixtures according to Equations (7)–(14) using the data [34]; the fourth is according to Equations (7), (8), and (15), (16) with the data [35], and the fifth is according to the same formulas using    ∆ f   H  T , i    0    [36], refined in [26].



A comparison of the Kp values in Table 5 shows that the calculation results using the data of [26] are in good agreement with the experimental ones. In addition, it can be noted that the Kp obtained by processing the results of static and kinetic experiments are in good agreement with each other. Consequently, the use of the proposed system of kinetic equations for calculating the rate constants of the dismutation reactions of chlorosilanes is justified since it does not contradict the results of static measurements and is in good agreement with the literature data from [26].




2.3. Calculation of Equilibrium Concentrations Based on the Values of Keq


Having compiled a system of differential Equations (6) of the form


    d  C i    d τ   = f    k 1  , …  k j  ,    C 1  , …  C i    ,  



(17)




where    C 1  , …  C i    are the concentrations of the reacting substances, and    k 1  , …  k j    are the rate constants of the direct and reverse reactions of the second order according to Equations (1)–(3), it was additionally verified by applying it to calculate the composition of the equilibrium reaction mixture and comparing the results with the data in [26] and the experimental data. A numerical solution of this system of equations was performed to calculate the equilibrium concentrations under the condition τ→∞. The condition for the end of the calculations was the achievement of the immutability of the values of    C i    in a given error interval. Since the equilibrium concentrations at the given    C i 0    are uniquely determined by the equilibrium constants Keq, the rate constants for their calculation can be chosen arbitrarily in compliance with the condition      k  d i r      k  r e v     =  K  e q    .



Based on these considerations, an algorithm was compiled for calculating the equilibrium concentrations using the value of Keq. Numerical integration was carried out using the Euler method, which is based on the approximation of the function (   C i   ) by its derivative with small changes in the argument (τ).



The compositions of the equilibrium mixtures calculated for the case of the disproportionation of pure TS and DCS using the equilibrium constants from [26] are given in Table 6. For the convenience of comparison, it also presents the experimental data from Table 1.



From the data presented in Table 6, it can be seen that the results of the experiment on the study of thermodynamics and kinetics of dismutation reactions of chlorosilanes do not contradict each other and are in good agreement with the literature data [26]. Consequently, the system of Equation (6) proposed for calculation and the values of the rate constants of the dismutation reactions of chlorosilanes obtained by regression analysis from the experimental data can be used to calculate the composition of nonequilibrium mixtures obtained at a given time of contact of chlorosilanes with a catalyst.



The use of kinetic representations for calculating the equilibrium composition is justified since the calculation results are in good agreement with the experimental results.





3. Discussion


As a result of the study of the equilibrium and kinetic characteristics of the reversible dismutation reactions of gaseous TS and DCS in the presence of the ion-exchange resin VP-1AP, the values of the equilibrium constants and rate constants of these reactions in the temperature range of 353–393 K were determined.



As a result of the study of the kinetic characteristics of the dismutation reactions of chlorosilanes, it was found that the catalytic activity of VP-1AP was not inferior to the catalysts known in the literature [38,39].



The value of the activation energy of the TS and DCS dismutation reaction in the vapor phase obtained on the basis of the experimental data was compared with the literature data on the kinetics of liquid-phase reactions. The comparison showed that the values of the activation energy of the reaction in the gas and liquid phases were close, despite the significant difference in the reaction rate. The value of the activation energy not exceeding 40 kJ/mol indicates a probable adsorption–desorption control of the process rate.



The analysis of the literature data [26,34,35,36] on the thermodynamic properties of STC, TS, DCS, MCS, and silane showed that their accuracy was insufficient to calculate the equilibrium constants of the cascade of reactions of the dismutation of chlorosilanes. As a result of the comparison with the experimental data, it was found that the semiempirical equation from [26] was the most applicable for calculation.



The system of kinetic equations is proposed for the kinetic characteristics of the cascade of the reactions of the dismutation of chlorosilanes, using which of the reaction rate constants were calculated on the basis of experimentally determined kinetic curves. The proposed system of kinetic equations was applied to calculate the equilibrium composition of the reaction mixture when the contact time tends to infinity. The calculation results were compared with the experimental data and with those known from the literature [26]. A good agreement between the literature, calculated, and experimental data has been established. Consequently, the proposed system of kinetic equations and the rate constants of the chlorosilane dismutation reactions are applicable for calculating the nonequilibrium composition of the reaction mixture at a given contact time with the VP-1AP catalyst.




4. Materials and Methods


4.1. Reagents and Catalyst


VP-1AP resin, produced by OAO VNIIKhT, is a strongly basic quaternary ammonium macroporous anionite, a copolymer of 2-methyl-5-vinylpyridine and divinylbenzene, and methylated by pyridine nitrogen (Figure 2).



VP-1AP resin is supplied in a sulfate form, so its preparation was required before the study. To do this, the samples were treated with a 10% solution of sodium hydroxide for conversion to the OH form and then with a 10% solution of hydrochloric acid for conversion to the Cl form. After these operations, the resin was washed with distilled water to a neutral reaction and dehydrated by weekly calcination in a helium stream at 200 °C, and no change in the color of the resin was observed.



TS, with a purity of 3N produced by OAO Khimprom, and DCS, with a purity of 99.5% produced by OOO HORST, were used in the experiments.




4.2. Design of Experiments


Determination of the composition of the reaction products under static conditions was carried out on the installation shown in Figure 3.



Resin in the amount of 4.6 cm3 was poured into reactor 2 and placed in a thermostat. Saturated reagent vapor was injected into the reactor from the ampoule 3. During exposure for 1–24 h, a mixture of disproportionation reaction products from the reactor was fed into a chromatograph, and its composition was determined. The composition of the gas phase at the reactor outlet was determined on a chromatographic analyzer using a thermal conductivity detector made on the basis of the chromatograph Chromos GC-1000, connected to a computer with the installed software, Chromosome. The separation of the mixture was carried out in a 4 m long column made of a 4 × 0.5 mm stainless-steel tube filled with chromaton with E-301 methylsilicon elastomer applied to it in an amount of 15%. The absolute calibration method was used to calculate the concentrations. The relative error in determining the concentrations of the reaction products did not exceed 4%.



To study the kinetic characteristics of the catalyst, experiments were carried out in a flow reactor according to the scheme shown in Figure 4. Resin in an amount of 4 or 4.6 mL with a porosity of 0.53 was placed in the thermostated reactor 3. The reactor was thermostated in a chromatograph thermostat 2. Chlorosilane was in a glass bubbler ampoule 5 placed in a cryostat 4 operating in the temperature range of 213–283 K. To supply the reagent steam to the reactor, bubbling with a carrier gas (helium of grade 6.0) was used through a bubbler 5. The content of chlorosilane in the vapor–gas mixture at the reactor inlet was stabilized by cryostating the bubbler. The studies were carried out at different cryostat temperatures, carrier gas flow rates, and reactor temperatures. The composition of the mixture after the reactor was determined in chromatograph 1, according to the above procedure.





5. Conclusions


As a result of the study of the equilibrium and kinetic characteristics of reversible dismutation reactions of gaseous TS and DCS in the presence of ion-exchange resin VP-1AP, the values of the equilibrium constants and rate constants of these reactions in the temperature range of 353–393 K were determined.



As a result of the study of the kinetic characteristics of the dismutation reactions of chlorosilanes, it was found that the catalytic activity of VP-1AP is as good as that of the catalysts known in the literature [38,39].



The value of the activation energy of the TS and DCS dismutation reaction in the vapor phase, first obtained on the basis of the experimental data, was compared with the literature data on the kinetics of liquid–phase reactions. The comparison showed that the values of the activation energy of the reaction in the gas and liquid phases were close, despite the significant difference in the reaction rate. The value of the activation energy not exceeding 40 kJ/mol indicates a probable adsorption–desorption control of the process rate.



For the first time, the analysis of the possibility of using the literature data on the thermodynamic properties of STC, TC, DCS, MCS, and silane to calculate the equal composition of the reaction mixture was carried out. The analysis of the literature data [26,34,35,36] on the thermodynamic properties of STC, TS, DCS, MCS, and silane showed that their accuracy was insufficient to calculate the equilibrium constants of the cascade of reactions of the dismutation of chlorosilanes.



As a result of the comparison with the experimental data, it was found that the semiempirical equation from [26] was the most applicable for calculation.



For the first time, a system of kinetic equations was proposed for calculating the characteristics of the cascade of reactions of chlorosilanes’ dismutation, using which of the reaction rate constants were calculated based on the experimental kinetic curves. The simulation results were used to calculate the equilibrium constant. A comparison of the equilibrium constants obtained as a result of the experiment under static conditions by the flow method and those known from the literature [26] showed good agreement. Also, the proposed system of kinetic equations was applied to calculate the equilibrium composition of the reaction mixture when the contact time tends to infinity. The simulation results were compared with the experimental data obtained under static conditions and with those known in the literature [26]. The good agreement between the literature, calculated, and experimental data allows for using the proposed system of kinetic equations and the rate constants of chlorosilane dismutation reactions to calculate the nonequilibrium composition of the reaction mixture at a given contact time with the VP-1AP catalyst.



Hence, the proposed system of kinetic equations describes not only the material balance but also a kinetic scheme of the cascade of reactions of chlorosilanes’ dismutation, which gives it a high degree of generality.



Further development of the study is associated with the use of the obtained kinetic data to calculate the composition of the reaction mixture, leaving the reaction apparatus under the condition of a limited contact time with the catalyst VP-1AP and then the experimental verification of the results obtained.
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Appendix A


Dependencies    C i   t    and their approximation.



Experimental data are depicted as points; the approximation is a solid line.



Appendix A.1. TS Dismutation
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Figure A1. Dependence of the molar concentrations of chlorosilanes on time (TS, 80 °C). 






Figure A1. Dependence of the molar concentrations of chlorosilanes on time (TS, 80 °C).



[image: Chemengineering 07 00013 g0a1]







[image: Chemengineering 07 00013 g0a2 550] 





Figure A2. Dependence of the molar concentrations of chlorosilanes on time (TS, 100 °C). 
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Figure A3. Dependence of the molar concentrations of chlorosilanes on time (TS, 120 °C). 
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Appendix A.2. DCS Dismutation
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Figure A4. Dependence of the molar concentrations of chlorosilanes on time (DCS, 80 °C). 
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Figure A5. Dependence of the molar concentrations of chlorosilanes on time (DCS, 100 °C). 
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Figure A6. Dependence of the molar concentrations of chlorosilanes on time (DCS, 120 °C). 
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Figure 1. (a) The dependencies of   ln  k  d i r     and (b)   ln  k  r e v     on 1/T for reactions (1), (2), and (3). 
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Figure 2. Structure of the active link of the VP-1AP anionite. 
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Figure 3. Scheme of an experimental setup for studying the composition of the reaction mixture under static conditions: 1—thermostat; 2—reactor; 3—ampoule bubbler with SiHCl3; 4—chromatograph; 5–7—control valves. 
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Figure 4. Scheme of an experimental setup for studying the kinetic characteristics of the catalyst: 1—chromatograph; 2—thermostat; 3—reactor with catalyst; 4—thermostat; 5—ampoule bubbler with SiHCl3 (SiH2Cl2); 6—flow stabilizer. 
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Table 1. The composition of the products of the TS dismutation reaction under static conditions after one hour of the TS in the reactor (molar percentages).
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	T, K
	SiH3Cl
	SiH2Cl2
	SiHCl3
	SiCl4





	353
	0.55
	11.0
	76
	11.1



	373
	0.59
	11.1
	75
	11.3



	393
	0.66
	11.2
	74
	11.8
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Table 2. Details of the design of kinetic experiments with TS and DCS.
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	Experiment Parameter
	TS
	DCS





	Resin volume, ml
	4.6
	4.0



	Atmospheric pressure, mm Hg
	760
	760



	Bubbler temperature, K
	273
	215.6



	Carrier gas consumption per bubbling, ml/min
	5, 10, 15, 20
	10, 15, 20, 25



	Reactor temperature, K
	353, 373, 393
	353, 373, 393
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Table 3. The rate constants of direct and reverse reactions and the equilibrium constants of the system of Equations (1)–(3) obtained by optimizing the parameters of the kinetic model (6).
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T, K

	
Reaction

	
     k dir  ,    l    m o l · s      

	
     k rev  ,    l  m o l · s      

	
Keq






	
353.0

	
1

	
2.02

	
142

	
1.42·10−2




	
2

	
42.6

	
199

	
2.14·10−1




	
3

	
2800

	
1600

	
1.80




	
373.0

	
1

	
3.02

	
173

	
1.75·10−2




	
2

	
81

	
460

	
1.76·10−1




	
3

	
5300

	
3400

	
1.650




	
393.0

	
1

	
6.32

	
336

	
1.88·10−2




	
2

	
143

	
770

	
1.86·10−1




	
3

	
8100

	
5400

	
1.50
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Table 4. The parameters of the temperature dependencies of the rate constants of direct and reverse reactions of TS and DCS dismutation.
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	Parameter
	(1),

dir.
	(1),

rev.
	(2),

dir.
	(2),

rev.
	(3),

dir.
	(3),

rev.





	  A     ,    l    m o l · s     
	   1.32 ·   10  5    
	   5.50 ·  10 5    
	   6.40 ·  10 6    
	   1.26 ·   10  8    
	   1.01 ·   10  8    
	   3.20 ·  10 3    



	Ea, kJ/mol
	32.7
	24.5
	35.0
	39.1
	30.7
	14
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Table 5. Equilibrium constants of reactions (1)–(3) calculated according to the literature data [26,34,35,36,37] and obtained as a result of the experiment for temperatures 353, 373, and 393 K.
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T, K

	
Reactions

	
Kp

	




	
[34]

	
[35]

	
[36] + [26]

	
[26]

	
Experiment (Static)

	
Experiment

(Kinetics)






	
353

	
I

	
1.2905

	
0.0134

	
0.0369

	
0.0208

	
0.021 ± 0.001

	
0.020 ± 0.007




	
II

	
0.0214

	
0.1259

	
0.1625

	
0.3586

	
0.35 ± 0.02

	
0.30 ± 0.07




	
III

	
1.4127

	
0.6952

	
0.6986

	
1.6434

	

	
1.8 ± 0.3




	
373

	
I

	
1.4410

	
0.0158

	
0.0414

	
0.0233

	
0.022 ± 0.01

	
0.021 ± 0.005




	
II

	
0.0223

	
0.1331

	
0.1694

	
0.3731

	
0.360 ± 0.014

	
0.30 ± 0.08




	
III

	
1.3918

	
0.6660

	
0.6692

	
1.5697

	

	
1.6 ± 0.1




	
393

	
I

	
1.5914

	
0.0185

	
0.0460

	
0.0258

	
0.024 ± 0.001

	
0.020 ± 0.005




	
II

	
0.0231

	
0.1399

	
0.1760

	
0.3867

	
0.39 ± 0.02

	
0.35 ± 0.05




	
III

	
1.3742

	
0.6413

	
0.6442

	
1.5063

	

	
1.5 ± 0.1
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Table 6. Compositions (in mole percentages) of equilibrium mixtures of products of TS and DCS disproportionation for temperatures 353, 373, and 393 K calculated according to the data [26] and experimental data.






Table 6. Compositions (in mole percentages) of equilibrium mixtures of products of TS and DCS disproportionation for temperatures 353, 373, and 393 K calculated according to the data [26] and experimental data.





	
T, K

	
SiH4

	
SiH3Cl

	
SiH2Cl2

	
SiHCl3

	
SiCl4






	
Disproportionation of TS




	
353 [26]

	
0.042

	
0.52

	
10.57

	
77.14

	
11.73




	
353 experiment statics

	

	
0.55 ± 0.03

	
11.0 ± 0.4

	
76 ± 3

	
11.1 ± 0.4




	
353 experiment kinetics

	
0.03 ± 0.01

	
0.42 ± 0.12

	
10.5 ± 0.4

	
78 ± 3

	
11.4 ± 0.4




	
373 [26]

	
0.05

	
0.59

	
10.97

	
76.08

	
12.31




	
373 experiment statics

	

	
0.59 ± 0.02

	
11.1 ± 0.4

	
75 ± 3

	
11.3 ± 0.4




	
373 experiment kinetics

	
0.03 ± 1

	
0.4 ± 0.2

	
10.7 ± 0.4

	
77 ± 3

	
11.6 ± 0.8




	
393 [26]

	
0.058

	
0.66

	
11.34

	
75.09

	
12.84




	
393 experiment statics

	

	
0.66 ± 0.02

	
11.2 ± 0.4

	
74 ± 3

	
11.8 ± 0.4




	
393 experiment kinetics

	
0.04 ± 0.02

	
0.5 ± 0.2

	
10 ± 24

	
77 ± 3

	
11.5 ± 0.7




	
Disproportionation of DHS




	
353 [26]

	
10.24

	
15.55

	
38.8

	
34.7

	
0.65




	
353 experiment kinetics

	
9 ± 2

	
15.2 ± 1.2

	
41 ± 3

	
33.2 ± 1.3

	
0.6 ± 0.7




	
373 [26]

	
10.23

	
15.82

	
38.4

	
34.8

	
0.74




	
373 experiment kinetics

	
9 ± 2

	
15.6 ± 0.5

	
41 ± 3

	
33 ± 2

	
0.6 ± 0.2




	
393 [26]

	
10.22

	
16.06

	
38.0

	
34.8

	
0.82




	
393 experiment kinetics

	
9 ± 2

	
17 ± 1

	
39 ± 2

	
34.2 ± 0.7

	
0.6 ± 0.3
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