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Abstract—The reaction of dichloromethane with hydrogen fluoride in the presence of antimony chlorofluo-
rides is studied in the setup for liquid-phase synthesis. The reaction type, orders with respect to reactants and
the catalyst, and Arrhenius parameters are determined. The elemental composition of the catalyst for liquid-
phase fluorination in the considered process is found. The dynamics of the catalyst activity is studied.

INTRODUCTION

Ozone depletion by chlorofluorocarbons [1] moti-
vates their replacement by other substances that do not
affect the ozone layer. Of these substances, most prom-
ising are chlorine-free compounds, including difluo-
romethane, which can be used as a coolant in composi-
tion with other compounds.

In [1, 2], the process for the preparation of chlorof-
luorocarbons and fluorinated hydrocarbons, including
difluoromethane, was described. This process is based
on the reaction of chlorinated hydrocarbons with chlo-
rofluorides and fluorides of variable-valence metals,
including antimony chlorofluorides (Swarts reaction).
A number of commercial organofluorine products are
synthesized by the reaction of chlorinated hydrocar-
bons with hydrogen fluoride in the presence of anti-
mony chlorofluorides, which are in turn synthesized in
the reaction zone from SbCls and HF [3]. The goal of
this work was to study the formation of difluo-
romethane by the reaction of dichloromethane with
hydrogen fluoride in the presence of antimony chlorof-
luorides.

EXPERIMENTAL

Difluoromethane was synthesized by the reaction of
dichloromethane with hydrogen fluoride in the pres-
ence of antimony chlorofluorides (Swarts reaction) in
the setup of liquid-phase synthesis. This setup included
a stainless steel reactor (volume, 2 I; diameter, 76 mm),
a distillation column attached to the top of the reactor,
reactant dosing units, and a system for the purification
of the final products. The reactor had a sight glass made
of transparent crystalline alumina, which enabled the
visual control of the level of the reaction mixture. The
heat carrier was supplied to the reactor jacket from the
circulation thermostat. The working volume, i.e., the
volume of the liquid phase in the reactor, was 1.3 1.

During the process, temperature and pressure inside the
reactor were continuously measured. Dichloromethane
was supplied into the reactor with a pump. Hydrogen
fluoride was fed under the action of nitrogen pressure
from a cylinder installed on a balance. This enabled the
control of hydrogen fluoride consumption. The packed
distillation column on the top of the reactor had a pack-
ing length of 400 mm and an inner diameter of 30 mm.
The column was equipped with a reflux condenser,
which was a heat exchanger of the tube-in-tube type.
The heat-exchange area was 170 cm? The space
between the tubes was filled with a coolant from the cir-
culation thermostat. Gaseous products leaving the
reflux condenser were transported into the water sys-
tem for neutralization, where hydrogen chloride was
separated from hydrogen fluoride. Then, the products
were dried and sent to a flowmeter.

The concentrations of chloride and fluoride ions in
the neutralization system were measured by potentio-
metric titration with silver nitrate and lanthanum
nitrate, respectively. The liquid and gaseous products
from dichloromethane fluorination were purified from
HCI and HF and then analyzed by GLC.

The construction of the setup made it possible to
withdraw samples for the analysis of gaseous products
in the reactor that were in equilibrium with the gas
phase. Gaseous products were collected by passing
them through a water reservoir and analyzed as
described above.

The composition of the catalyst for liquid-phase flu-
orination, which consisted of antimony chlorofluorides,
was determined by potentiometric titration. To deter-
mine antimony, the solution of potassium permangan-
ate was used. The contents of chloride and fluoride ions
were determined as described above. Titration by a
solution of KMnQ, allowed us to determine the content
of Sb(III). To determine Sb(V), it was transformed into
Sb(III) using a Na,SO; solution. The amount of Sb(V)
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was determined as a difference between the overall
amount of antimony and the amount of Sb(Ill) in a
sample.

The complete analysis of the liquid phase in the
reactor, including antimony chlorofluorides and syn-
thetic products, was rather complex, and the accuracy
of measurements was low because of the absence of
reliable techniques for the sampling and analysis of the
above mixture. Therefore, the composition of the liquid
phase was determined by calculating the phase equilib-
rium between gaseous products, whose concentrations
were determined in the experiment, and the liquid
phase.

We used hydrogen fluoride (GOST 14022-88) and
dichloromethane (GOST 9968-86) of the highest qual-
ity, and antimony pentachloride prepared in our labora-
tory. Antimony pentachloride contained 99.9 wt % of
the main substance.

RESULTS AND DISCUSSION

As seen from the literature data [2, 3), the first stage
of the liquid-phase fluorination of halogen-substituted
hydrocarbons in the presence of antimony chlorofiuo-
rides is the interaction of antimony pentachloride with
hydrogen fluoride:

SbCl; + mHF —» SbCl,_,F, +mHCL ()

Kolditz and Daunicht [4] showed that reaction (I) is fast
in excess hydrogen fluoride. The analyses of catalyst
samples withdrawn during the reaction, as well as the
calculations of the material balance of hydrogen fluo-
ride fed to the reaction zone and hydrogen chloride
formed in the reaction, showed that m = 3 in the reac-
tion of dichloromethane with hydrogen fluoride. More-
over, we found that the catalyst contains Sb(IIl) (see
below for details). This led us to propose the following
scheme of reactions [2].

CH,Cl, + CatF -2~ CH,CIF + CatCl, 11))
CH,CIF + CatF %2~ CH,F, + CatCl, (1)

where CatF and CatCl are fluorinated and chlorinated
forms of the catalyst and k, and k, are the rate constants
of steps (II) and (III).

We carried out a series of experiments where we
varied the concentrations of the catalyst and organic
reactants.

The gaseous reaction products were used to stir the
reaction mixture. The specific volume of gases con-
sumed for a unit of time characterized the intensity of
stirring [5]. This was calculated by the formula:

WiR +1)
P b

5p.

(p:
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where ¢ is the specific flow of gases per unit
time (mm s™); W is the flow of reaction products (m%s)
leaving the reflux condenser of the distillation column
(this was calculated from the flowmeter readings and
the results of the analyses of the neutralization system
content) (m%/s); T is temperature (K); S is the cross-sec-
tion of the reactor (m?); P is pressure (Pa); R' is the
reflux ratio of the distillation column; the subscripts r
and e refer to the parameters in the reactor (r) and at the
outlet of reflux condenser (e). The values W, T,, T, P,
and P, were measured in each run. The value of R' was
calculated by solving the equations describing phase equi-
libria and the material balance of the products at the inlet
and outlet of the reflux condenser [6]. In all of the runs, the
values of ¢ ranged from 0.003 to 0.010 m s, which cor-
respond to the medium to high stirring intensities [5).

At a constant rate of reactant supply, the stationary
regime is set up in the flow reactor [7]. This regime is
characterized by the constant flows at the inlet to and
outlet from the reactor, the constant level of the reaction
mixture, and constant temperatures and reactant con-
centrations over the whole volume of the reaction mix-
ture. The flow of initial components (dichloromethane
and hydrogen fluoride) was chosen so that it was the
highest possible while maintaining the constant level of
the reaction mixture in the reactor. The reaction rate
was determined by measuring the molar flow of the ith
component at the inlet to and outlet from the setup. The
results of measurements were divided by the volume of
the reaction mixture. In the general form, the reaction
rate is expressed as follows:

Ei C" i~
. = . e e b o , 2
r; kO,texp( RT) s, i Cc,t ( )
where r is the reaction rate (kmol m= min!); k, is the

. 1-(ng+ny) .
preexponential factor ((m*kmol) it nd min!); E is

the activation energy (J/kmol); T is the temperature
of a run (K); C is the reactant concentration (kmol/m?);
R = 8314 J kmol-! K- is the gas constant; n is the reac-
tion order with respect to the corresponding reactant;
subscript i refers to a substance or a reaction that
describes its transformation; subscript c refers to the
catalyst; and subscript s refers to the reactant.

At C,_ = const, formula (2) takes the following form:

Ei s, i
r = kieXP(—ﬁ)C:,n €))
where
ki = ko,iC:,Q ;. 4

The values of k;, E;, and n, ; in (3) were found by
regression analysis after carrying out a series of exper-
iments with C, = const and different temperatures T and
concentrations of reactants C,. These can be varied by
changing the temperature of the coolant supplied into
the reflux condenser. The values of ky ; and n, ; were
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Table 1. Calculation of the reaction mixture in a run at Py = 0.15 MPa and C, = 3.00 kmol/m?

Composition of gas phase Composition of liquid phase
Substance | 1M the equilibrium with the liquid Composition at the outlet
phase (Y:;c ), mol. fr. X;, mol. fr. C;, kmol/m? from the setup, mol. fr.

CH,F, 0.185 0.018 0.26 0.301
CH,CIF 0.102 0.055 0.81 0.025
CH,Cl, 0.210 0.427 6.27 0.002
HF 0.339 0.291 427 0.044
HCl 0.164 0.004 0.06 0.628
Catalyst - 0.204 3.00 -

found by the regression analysis of expression (4) in the
series of experiments with various catalyst concentra-
tions C.

To determine the concentrations of substances in the
reactor, we calculated the phase equilibrium between
the reaction mixture and gaseous products, whose com-
position were determined in the experiment [8, 9]. In
this work, we used the following equations:

Yi = F(Xia PO» Tr), (5)
X

Cc = Xc/z_p_’ (6)

Yi= Y?#c(l_Yc)’ (7)

Y X =1, (8)

where Y and X are the compositions of gaseous prod-
ucts, which are in equilibrium with the gas phase of the
reactor, and liquid products in the reactor (molar frac-
tion); Py is the total pressure in the reactor (Pa); T, is
temperature (K); p is the molar density of substances at
T (kmol/m3); C is the molar concentration of the liquid
phase (kmol/m?); Y@ is the experimental composition of
gaseous products which are in equilibrium with the lig-
uid phase (the composition does not include catalyst
vapor) (molar fraction). The function F describes the
liquid—vapor phase equilibrium, calculated using the
correlation equations [9] taking into account the asso-
ciation of hydrogen fluoride in the gas phase. This asso-
ciation is described by the model that accounts for the
presence of monomers and hexamers of HF [10]. This
model suggests the following equations:

sat

_ PivurYieurXiznr
Yi#HF - P0+ 5P6 s (9)
PiatYHFXHF +6Pg
PY, Pg = f(T)), (11)
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where P is the partial pressure (Pa); P** is the pressure
of saturated vapors of a substance at the temperature T,
(Pa); y is the activity coefficient; and subscripts 1 and 6
refer to the monomers and hexamers of hydrogen flu-
oride, respectively. The function f describes the cor-
relation between the above parameters and tempera-
ture [10].

The data on phase equilibria in the binary systems of
difluoromethane synthesis products were borrowed
from [6, 11, 12]. These were necessary for the calcula-
tion of activity coefficients. We assumed that the binary
systems containing the catalyst in their compositions
are ideal. The data on the pressures of saturated vapor
and their molar densities were taken from[1, 9, 13-15].
The data on saturated catalyst vapor were taken equal
to the partial pressure of the saturated antimony pen-
tachloride vapor [16]. This assumption did not make
the calculations inaccurate because the partial pressure
of antimony pentachloride was much lower than the
partial pressures of other reaction products. At the tem-
peratures above critical values for hydrogen fluoride
and difluoromethane, the pressure of saturated vapors
and the molar density were found by extrapolating the
corresponding values to a supercritical region [8, 9].

Upon substituting the experimental values of Y7, C,,
and P, into equations (5)—(8), we calculated the values
of X,, Y;, and T,. Then, equations analogous to (6) were
used to calculate the concentrations C;.

An example of the calculation of the product com-
position in one of the runs is presented in Table 1. The
same table shows the gaseous products at the outlet
from the setup for liquid-phase synthesis.

The temperature in the reactor calculated for the run
described in Table 1 was 96.5°C. The calculated tem-
peratures differ from the experimental values by 1.5-
2.0°C. This confirms the correctness of the method and
the assumptions made in the calculations. In further
calculations, we used T in K, measured in the experi-
ments.

Tables 2-6 show the results of experiments on
dichloromethane fluorination in the presence of various
catalyst amounts. Equation (3) in the numerical form
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Table 2. Dichloromethane fluorination at C, = 1.40 kmol/m?
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Py, MPa | Temperature, °C |7, °C| Ccn,ct,» kmol/m® Cen,ciF> kmol/m* TTCH,C TCHF, "
kmol m™> min~! | kmol m= min™!
0.10 78.7 0 9.67 0.91 0.0091 0.0071
80.4 10 9.83 0.87 0.010 0.0078
82.8 20 10.0 0.82 0.011 0.0082
0.15 87.7 0 9.51 1.01 0.014 0.014
89.9 10 9.55 0.95 0.016 0.015
924 20 9.61 1.04 0.018 0.017
0.20 94.7 0 9.59 1.00 0.020 0.020
96.5 10 9.61 0.95 0.022 0.021
98.2 20 9.81 0.92 0.026 0.022
Table 3. Dichloromethane fluorination at C, = 2.20 kmol/m?
Py, MPa| Temperature, °C | Ty, °C| Cen,ci,» kmolm® | Cey ey, kmol/m? ~"C“zC‘zt TeHyF, »
kmol m™ min~! kmol m™ min~!
0.10 79.5 0 8.36 0.74 0.011 0.010
82.4 10 8.41 0.69 0.013 0.010
84.1 20 8.44 0.68 0.015 0.012
0.15 89.3 0 7.85 0.78 0.018 0.017
914 10 7.94 0.75 0.020 0.019
94.4 20 8.20 0.74 0.024 0.022
0.20 95.8 0 7.86 0.79 0.025 0.025
98.6 10 8.20 0.77 0.029 0.028
99.6 20 8.23 0.74 0.032 0.031
Table 4. Dichloromethane fluorination at C, = 3.00 kmol/m>
Py, MPa| Temperature, °C {T,,, °C| Cen,ci,» kmol/m® | C CH,CIF kmol/m? kmglrfr:éc:l;n"l kmo:Cr:f:n’in“l
0.10 84.1 0 7.09 0.87 0.016 - 0.014
85.8 10 7.12 0.78 0.018 0.014
86.9 20 7.14 0.76 0.019 0.014
0.15 93.8 0 6.17 0.83 0.023 0.022
94.9 10 6.27 0.81 0.025 0.023
95.3 20 6.29 0.74 0.026 0.023
0.20 98.3 0 6.12 0.83 0.029 0.029
100.8 10 6.30 0.82 0.033 0.034
102.4 20 6.41 0.79 0.038 0.035
for each case are given below the tables. These equa- , 6.2 % 10"\ 052
tions describe the rates of dichloromethane consump- rewr, = 1.2x10 eXP(-—RT—) cuars  (13)
tion and difluoromethane formation. The values of T,
presented in the tables are the temperatures of the cool- ] 57% 107 _0s3
ant in the jacket of the reflux condenser. ~Tenya, = 4.3 %107 exp (’T)Cﬁwz , (14)
7 7
o =20 )l (s =16 107exp(- 2220 Jeliir, (19
KINETICS AND CATALYSIS Vol. 41 No.3 2000
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Table 5. Dichloromethane fluorination at C, = 3.90 kmol/m?
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Py, MPa| Temperature, °C [T,,, °C| Cch,ct,» kmol/m? Cen,ciF» kmol/m? —rC"zC‘zj é C“stz g 1
kmol m~ min! kmol m~ min~
0.10 86.2 0 5.15 0.40 0.014 0.013
88.6 10 5.25 0.38 0.016 0.014
90.2 20 5.38 0.38 0.018 0.016
0.15 96.0 0 5.36 0.39 0.023 0.022
96.1 10 5.37 0.38 0.024 0.022
98.2 20 5.52 0.37 0.027 0.023
0.20 100.2 0 5.15 041 0.028 0.028
101.8 10 529 0.38 0.031 0.029
103.1 20 5.38 0.38 0.036 0.032
Table 6. Dichloromethane fluorination at C, = 5.10 kmol/m?
Py, MPa| Temperature, °C [Ty, °C| Ccu,ci,» kmolm® | Cey ey, kmol/m? "rc"zc'zj rCHze’.
kmol m~3 min! kmol m™ min™!
0.10 90.5 0 2.66 0.17 0.011 0.0090
92.3 10 2.81 0.17 0.012 0.010
93.8 20 2.90 0.16 0.014 0.010
0.15 99.3 0 2.36 0.17 0.014 0.014
99.6 10 2.50 0.17 0.016 0.014
100.1 20 2.68 0.18 0.017 0.015
0.20 101.8 0 2.11 0.16 0.016 0.016
103.6 10 2.28 0.15 0.019 0.016
105.6 20 2.48 0.17 0.022 0.022
5 59% 107\ 12 Using the above values, we arrive at the expressions
=rcH,c, = 58x%10 exp _—_— CCH Cl, s (16)
2% RT 212 5 ~0.91
ky =21x10°C,", (22)
;
rong, = 18x107exp(-2X 0 )oer,  (17) ky = 78x10°C%%, 23)
; where subscripts 1 and 2 refer to CH,Cl, and CH,F,,
~ron, = 66X 105exp(—5'7 x 10 ) cﬁicnz s respectively. . ' .
RT After rounding the reaction orders with respect
; to substances to unity, averaging the activation ener-
, = 1.9%10"ex _6.1x10 73 (19) gies to E, = 5.8 x 107 J/kmol and E, = 6.2 x 107 J/kmol,
CH,F, = & P RT CHCIE > and recalculating the preexponential factors k; ; in for-
mula (3), we have the following formulas:
s 5.8 x 10" 081
—renya, = 9-8%10 exp(—————) cHya,»  (20) 5 58x%x10
24 RT 2v12 _rCH2C12 =22x%x10 €Xp (—T)CCHZCI2CC’ (24)
7 6.4x 10"\ s
rCHzFl = 4.9 X ]O exp(“T) CH,CIF (21) 5 6'2 X 107
rCHZFZ = 8.3 X 10 eXp (—T)CCHZCIFCC' (25)

For the regression analysis of equation (4), we had
to know the catalyst concentration C, and the preexpo-
nential factor &, of the reaction of CH,Cl, and CH,F,
formation. These values are given in the titles of Tables 2—
6 and corresponding equations (12)—21).

KINETICS AND CATALYSIS  Vol. 41
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The analysis, which takes into account metrological
characteristics of the instruments used in our study,
showed that the absolute error of the above values is not
higher than the last significant digit.
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Fig. 1. Measured (points) and calculated (solid line) rates of
dichloromethane fluorination in the setup for liquid-phase
synthesis.

The values of activation energies point to the
absence of diffusion control [17]. This confirms that the
reactor is well stirred. Figure 1 compares the calculated
and measured rates of dichloromethane transformation.
The rates were calculated by equation (24) by substitut-

ing the values of T;, Ccy,q,, and C, presented in

Tables 2-6. The data obtained on a pilot-scale setup for
liquid-phase synthesis with a reactor volume of 40 | are
marked with a circle. This setup worked for several years
at the pilot plant “Applied Chemistry.” The construction
of the setup was analogous to the laboratory setup.

Figure 1 shows that equations (24) and (25) corre-
sponding to reactions (II) and (III) describe well the
process of dichloromethane reaction with hydrogen flu-
oride in the presence of the antimony catalyst.

The catalyst samples were analyzed to find the con-
centrations of Sb(IIT) and Sb(V), chlorine, and fluorine.
The fluorine concentration was determined as a differ-
ence between the analytically measured general
amount of fluorine and the amount of fluorine existing
in the form of hydrogen fluoride, which was calculated
from the material balance between supplied HF and
HCI formed during the reaction. We also used the cal-
culations of phase equilibria. As a result, we found that
the freshly prepared, actively working catalyst for the
liquid-phase synthesis of difluoromethane has the ele-
mental composition [SbF;],;[SbCL,F;];. Antimony
chlorofluorides formed by SbCls fluorination by reac-
tion (I) probably dissociate to form Sb**.

During fluorination, the catalyst activity steadily
decreases. This is mainly associated with a decrease in
the Sb>* concentration (Fig. 2).

The catalyst activity can be retained by supplying
chlorine into the reaction zone. However, Sb** would
not be completely reduced to Sb>*. The reaction SbF; +
Cl, — SbCl,F, was described in [3]. The formation of
chlorine in the reaction zone observed in experiments

VINOGRADOV, KHOMUTOV

[Sb**], mol %
—-rCHZClZ, kmol m—3 min~

1
85

65

45

L 1 ] 1 1 1 I
25 0 10 20 30 40 50 60
h

Fig. 2. The rate of dichloromethane transformation (trian-

gles) and Sb>* concentration (circles) vs. duration of the run
at Py =0.15 MPa, T, = 94.9°C, and T, = 10°C.

suggests that the process is reversible and the catalyst
activity decreases because of the reaction

SbCLF; === SbF, + Cl,. av)

SbF; is less active in the Swarts reaction than SbCl,F,
[2, 3]. Chlorine formed in the reaction is partially dis-
solved in the reaction mixture. Because of this, the cat-
alyst activity is kept constant for several tens of hours.
All the experiments described above were carried out
with freshly prepared catalysts. The duration of each
run was several hours while the catalyst activity was
constant. The catalyst activity may be decreased
because of corrosion products appearing in the reaction
mixture. These are formed by the reaction of the mix-
ture with the reactor material (stainless still). Also, the
catalyst activity may be decreased because of moisture

and sulfur dioxide, which exist as admixtures in the
starting materials.

CONCLUSION

Thus, the reaction of dichloromethane with hydro-
gen fluoride in the presence of antimony chlorofluo-
rides is consecutive. It occurs via the formation of chlo-
rofluoromethane and has the first order with respect to
the catalyst and the second overall order. The values of
activation energy of dichloromethane consumption and
difluoromethane formation are 58 and 62 kJ/mol,
respectively. They show that the reaction is not con-
trolled by diffusion. The catalyst for difluoromethane
synthesis has the composition [SbF;], ;[SbCLF;], ;. The
catalyst activity decreases because of an increase in the
concentration of Sb(IlII).
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