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Abstract—The kinetic features of catalytic hydrofluorination of trichloroethylene and 2-chloro-1,1,1-trifluo-
roethane on chromium fluoride/magnesium fluoride catalyst were studied. The effect of pressure and addition
of various components of the reaction mixture at the reactor inlet was studied using the developed model.

The procedure of production of 1,1,1,2-tetrafluoro-fed into the reactor through nickel capillaries. The
ethane by gas-phase catalytic hydrofluorination oflow rate of these reagents was set using the calibrat-
trichloroethylene is well known in the world practice ing plot of the flow rate vs. the pressure in the service
and is commercially used by various companiesvessels, which, in turn, was produced by their tempera-
There are many patents related to this procedure éfire control. Trichloroethylene was fed into the reactor
tetrafluoroethane production{8] and to the catalyst Wwith a dosing pump. The flows of the initial reagents
production [4, 5]. In gas-phase fluorination processegyere mixed and fed into a coil-type evaporator
chromium(lIl) compounds in the form of fluorides and equipped with electrical heating, and then into the
oxofluorides are mainly used. reactor. After washing with water, neutralization,
and drying, the reaction mixture was collected in

At _the_same time, ther_e are no publishgd o_Iata og glass condenser cooled with a mixture of dry ice and
the kinetics and mechanism of hydrofluorination OfCCI4/CHCI3.
e

trichloroethylene, which are necessary to design th , _
reaction unit. The reaction mixture was analyzed on a Tsvet-

. : 500M chromatograph equipped with a heat conductiv-
The goal of this work was to study experimentallyjy, detector. The 2-m chromatographic column was

this process on the chromium fluoride/magnesiunbacked with ASK silica gel impregnated with liquid
fluoride catalyst and, based on the developed klnetlﬁarafﬁn (10%).

model, to study the effect of pressure and addition of , -

various components of the reaction mixture (hydrogen Th€ products were identified by gas chromatogra-

chloride, 1,1-difluoroethylene, 1,1,1-trifluoroethane,PY-mass spectrometry on a Hewléackard device

and pentafluoroethane) at the reactor inlet. ggu'na?ed with an AJO5/KCI capillary column [ =

EXPERIMENTAL To determine the kinetic parameters, the experi-
ments were performed in the reactor with a fluidized

The study was carried out on a continuous installa?d of the chromium fluoride/magnesium fluoride

tion consisting of a nickel reactor with electrical heat_catalyst?

ing, units for dosing the initial reagents, and a system The initial 2-chloro-1,1,1-trifluoroethane and tri-
for collection and analysis of the synthesis froductschloroethylene were purified by fractional distillation.
The total capacity of the reactor was 1000¢rthe When developing the kinetic model, the following

inner dlametel‘ was 36 mm. The reactor temperaturgssumptions were made: the process |S k|net|ca”y

was monitored by a multizone thermocouple. Hydrozontrolled; the catalyst activity is constant in time;
gen fluoride and 2-chloro-1,1,1-trifluoroethane were

2 This catalyst (chromium fluoride applied to magnesium fluor-

1 Reported at the Third International Confererfg@hemistry, ide) is produced by the pilot plant of the Prikladnaya Khimiya
Technology, and Application of Fluorine Compourids, Russian Scientific Center and is used in various hydrofluori-
St. Petersburg, June-8, 2001. nation processes.
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the catalyst can operate as a fluorine transfer agenthlorine-containing organic compounds.

thermal decomposition of synthesis products is insig- ,
nificant [6]; in the course of synthesis, products of With these assumptions, the process scheme can be

asymmetric structure are mainly formed; only onddresented as a series of successive stages considering
fluorine atom in Criy participates in exchange with the processes related to production of 2-chloro-1,1,1-
chlorine atom; and the reaction of GrWith HCl is  trifluoroethane from trichloroethylene and subsequent
significantly faster than the reaction of Grfwith  fluorination to 1,1,1,2-tetrafluoroethane:

CFCICCIH CECCIHH

7 N7 N\

CCl,CCIH &= CFCL—CCIH, T CF,C—CCIH, ¢ CF;—CCIH, &= CF—CFH,

VR

CFy;—CF,HT— CF;—CFCIH <= CF,—CClL,H CF;—CH,

CF3-CCIH, + =C-F > CF3-CFH, + =Cr-Cl CF,CI-CCIH, + =Cr-Cl > CFCL-CCIH, + =Cr-F
{ky/k 4}, 1) {kiofk 12}, (12)
=Cr-Cl + HF 2 =Cr-F + HCl  {kJ/k,}, (2 CFCL-CCIH, + =Cr-Cl 2 CCl,-CCIH, + =Cr-F
{Ky 9K 13 (13)
=Cr-F + 2CF,CCIH, > [=Cr—F-2CF;CClH,] 1ad
{ka/k_3}, 3) CCl;-CCIH, + =Cr-F <__) [CCI;-CCIH, - =Cr-F]
(KoK 14} (14)
[=Cr—F - 2CF3-CCIH,] > CF4-CHa + CF3-CClLH + =Ci-F
{k4/k_4}, (4) [CCI3—CCIH2 :Cr—F] (__) CC|2=CCIH + HCl + =CrF
{kig/k 12}, (15)
CF3CCLH + =Cr-F 2 CF;-CFCIHH + =Cr-Cl .
(ko) (59  CCL=CCIH + HF + =CFF 2 [CCI,=CCIH- HF-=Cr-F]
{kig 16} (16)
CFCFCIH + =Cr-F > CF3-CF,H + =Cr-Cl
[CCl,=CCIH-HF-=Cr-F] 2> CFClL-CCIH, + =Cr-F
{ke/K_g}, (6)
{Ky7K 47}, 17)
CF;-CCIH, + =Cr-Cl 2 CF,CI-CCIH, + =Cr-F
3 2 < T2 2 CFCL-CCIH, + =Cr-F > [CFCl,-CCIH, =Cr-F]
{k/k } (7) 2 <« 2 2
o (kg 1g, (18)
F,Cl- =Cr—F 7> [=Cr-F. |
CRLI-CCIH, + =CrF = [FCr-F- CRCI-CCIH,) [CFCL,-CCIH, =Cr-F] & CFCI=CCIH + HCI + =CrF
Ke/K_g}, 8
{ 8 —8} ( ) {klglk_lg}, (19)
= — . —| % = =
[FCr=F- CRCIECCIHy] = CR=CCIH + HCl + =CEF ECi=CCIH + HF + =CeF 2 [CFCI=CCIH- HF - =Cr-F]
K o, 9
{kQI —9} ( ) {kZOlk—ZO}' (20)

— — —> — —
CR=CCIH + HF + =CrF & [CR=CCIH-HF-=CFl (cECI=CCIH- HF- =Cr-F] 2 CF,CI-CCIH, + =Cr-F

{kyo/k 10} (10) {Kpq/K 59} (21)

— — o -
[CF,=CCIH-HF-=Cr-F] & CFR3-CCIH, + =Cr-F Based on the developed scheme of this catalytic
{kqq/k 14}, (11) process, using the methods of pathways for com-
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plicated reactions [7], we derived a kinetic modelTable 1. Rate constants and activation energies of the

considering the stages of formation of 2-chloro-1,1,1process stages

trifluoroethane and 1,1,1,2-tetrafluoroethane. In se

773

doing, each reaction was considered as a multistageRate Ink E Rate

process [8]. The developed model describes variatiopenstant

of the concentrations of HF, HCI, GFCCIH,, CF5z-
CFH,, CF3-CHz, CF3-CCLH, CF;-CFCIH, Ch-
CF,H, CF,CI-CCIH,, C,HCI;, CF,=CCIH, CFChb-
CCIH,, and CFCI=CCIH:

dcy
o = ki7Cg — k7€1Cq1 — ki€ + K 3€5C11 + KyoCaCag
2 2
— ksoC1 — 2kgCy + 2K CT + 2KiCyCyy,
deg |
o kicy — K_1C3Cqq,
dc,
) 2
e kacl — KiCT — KCaCr1,
dcg
—_— t 2 2 1
. k3cl — KicT — kiCsC1q — ksCs + K_5CsCqy,
dc6 — kl k 1 + k
e 5C5 — K5CC11 — KsCo _6C7C11
dc,
T = KgC — K gC7C11,
dcg
e = K_12C5C1 — Ky oCgC11 — K 7Cg + K7C1C11 — 0.5KgCq
+ 0.5 gC1C11 + KpoCoCra
—dC9 = _K + k +
. 16C2Cg 5CgC11 + KsCoCra,
dcyg
i 0.%gCg — 0.5k gC10C11 — KigCaCip *+ KsoCrs
dcy, .
e = K16CoCo — K 15CC1p + KisCgC11 — 0.5KigC1p
+ 0.5 1011013,
dcy; . .
i 0.51gC15 — 0.5k 19C11C13 — KooCaCra

C;= 63— 3(c;— ¢ - 4(C3— ¢ - 3(c4 — ¢ - 3(c5 - ¢
— 4(cs — @) — 5(c; — €9) - 2(cg - ¢d) — 2(Cy0 - C0)
— (12 — ¢fp) - (c13 — ),
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, E,
kcal mot | constant ™K [kcal mort

ks 43 50 K, 0
K, 11.7] 183 | k, 0
kK, |156] 122 | Kk 85| 5
ks 30.5 33.7 ks 26.2 35
k. 36.9 32.3 k'_9 23.7 20
K 11 15 kg | 295| 45
ke |227] 20 Ky, |828| 77.6
Ky 435| 50 ke 08| 21
K, |205| 20 Kig | 387| 34.9
Ky 17 20 Kio |587| 49.6
Ko |122| 10 Ko |467| 388
Ke |338] 29.9

Cp1 =9y + (e - cp) + 2(cd - cg) + (@ - Cg) + 2(c] - Cg)
+3(c3 - cg) + (- C10) + 3T, — €19 + 2(c%5 - ¢19),

where c; is the concentration of GFCCIH, (Freon
133a), ¢, is that of HF, c; is that of CR-CFH,
(Freon 134a).c, is that of CR-CHg (Freon 143a),
Cg is that of CR-CCl,H (Freon 123a)cg is that of
CF3-CFCIH (Freon 124a)gc; is that of CR-CF,H
(Freon 125)cg is that of CR,CI-CCIH, (Freon 132a),
Cg is that of GHCIj (trichloroethylene),c,q is that
of CF,=CCIH (1,1-difluorochloroethylene};  is that
of HCI, ¢, is that of CFC}-CCIH, (Freon 131),
Cy3is that of CFCI=CCIH (1-fluoro-1,2-dichloroethyl-
ene); andk are the kinetic constants:

_ Zk'14k13k12 ‘= Kagkiakas Kk
- Kigkig Kqskig Kg+ky
kK Kk
“ Ka+tk 0 Kig+kiy

ki = K[=Cr-F]; [=Cr-F] ~ const.

The constants were determined by regression analy-
sis. The functional to be minimized was the weighted
sum of squared deviations of the experimental and cal-
culated concentrations. As a procedure of numerical
integration, we used the LSODA method designated
for solving rigid systems of differential equations [9].
The functional was minimized by the Gaubkwton
method.

The kinetic constants obtained are listed in Table 1.
The developed kinetic model is adequate in the
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Table 2. Hydrofluorination of 2-chloro-1,1,1-trifluoroethane and trichloroethylene. Residence time 10 s

Concentration at reactor inlet, M

initial reactants

component added

Concentration at reactor outlet,
M

c9=0.003733,c9 = 0.01493

9 =0.003733,¢J = 0.01493

9 =0.003733,c¢J = 0.01493
¢ =0.003733,c¢J = 0.01493

¢ =0.003733,¢J = 0.01493

9 =0.01991, c§ = 0.005856

9 =0.01991, c§ = 0.005856

cd =0.01991, ¢ = 0.005856
2 Co

cd =0.01991, ¢ = 0.005856
2 Co

CF;CHy:  ¢§=0.3x10*
c9=0.6x10*

CF;-CFH:  ¢9=0.53x10°
9=1.6x10"°

CF, = CCIH: ¢§,=0.1x10*
9y =0.8x10*
HCI: ), =0.7x10°
), =0.7x10%
cd,=0.7x10°3

Trichloroethylene**
CFyCHy  c§=1x10°

CFy-CFH: 9=1x10°
CF, = CCIH: ¢§,=0.3x10*

2-Chloro-1,1,1-trifluoroethane*

c3=0.75¢ 1073, ¢, = 0.3x107%,
¢; = 0.53x 10, ¢, = 0.75x 10°°
cy = 0.47x 10

¢, = 0.63x 104

c, = 0.63x10°
¢, = 0.82x 10
C10=0.75x107°
C10=0.1x107%
C10=0.7x107°
C10=0.7x107°

Clo = 07)( 10_5
c3=0.5x10°3

¢, =0.35x 107 ¢, = 0.45x 10713,
C10=0.3x107%

¢, = 0.45x 107

¢, = 0.87x 107

Ci0= 0.42x107*

* Molar ratio HF : CR-CCIH

,=4:1, 380C

** Molar ratio HF : CobHCI3=3.4:1, 200C.

following intervals of the process parameters: temof the process parameters on the main reaction

perature 175420°C; molar

ratio of reactants

HF : CH,CIF5 = (2-18) : 1 and HF : GHCl3 = (3.4

13.6) : 1.

stages. The influence of pressure was studied under
the following conditions: molar ratio of reactants
HF : C,HCI; = 3.4 : 1, 200C (first stage); HF : Fre-

Using this kinetic model, we studied the influence®n 133a = 4:1, 38 (second stage); and contact
o, v, %; ¢ x 103, ¢, x 10/, M

160} 4
1
80 3
2

2 6 10 p, atm

Fig. 1. Hydrofluorination of trichloroethylene:1j conver-
sion of trichloroethylenex, (2) concentration of 2-chloro-
1,1,1-trifluoroethane, x 103, (3) selectivity with respect to
2-chloro-1,1,1-trifluoroethane, and @) concentration of
1,1,1,2-tetrafluoroethane, x 107; (p) pressure.

time t = 10 s. The course of the process was analyzed
at a pressure of 1, 3, 6, and 10 atm. The results of
evaluation (Figs. 1, 2) show the following.

(1) In the stage of trichloroethylene hydrofluorina-
tion with hydrogen fluoride to Freon 133a, conversion
of trichloroethylene increases (to -9%/%) with in-
creasing pressure to 6 atm, the selectivity with respect
to Freon 133a increases up to a pressure of 3 atm and
then becomes practically constant (approximately
90%); the concentration of Freon 134a increases up to
a pressure of approximately 6 atm and then increases
insignificantly, but the yield of by-products increases.
Thus, increase of the pressure above 6 atm is not
appropriate.

(2) In the stage of hydrofluorination of Freon 133a

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 75 No. 5 2002
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Table 3. Hydrofluorination of 2-chloro-1,1,1-trifluoroethane*

775

RUN Component Mixture composition, %
no. added . . .
at reactor inlet (without HF) at reactor outlet (without HF and HCI)
1 - CF;-CCIH, 97.02, others 2.98 CF;-CCIH, 71.45, CR-CFH, 23.24,
CF;-CFH 2.38, CR—CH; 1.86, others 1.08

2 |CR—CFRH CF;-CCIH, 92.79, CR-CFH, 0.46, CF;-CCIH, 69.98, CR-CFH, 22.29,

CF;-CF,H 3.88, others 2.87 CF;-CFH 5.06, CR—CH; 1.82, others 0.85
3 |CR—CFRH CF;-CCIH, 85.79, CR-CFH, 0.24, CF;-CCIH, 64.89, CR-CFH, 23.99,

CF;-CFKH 12.43, CK—CH5 0.04, others 1.5 CF;-CFRH 7.82, CR-CH;5 2.11, others 1.19
4 - CF;-CCIH, 99.69, CR-CH5 0.12, CF;-CCIH, 62.96, CR-CH3 3.56,

others 0.19 CF;-CFH, 30.48, CK—CF,H 2.08, others 0.92
5 |CR—CHg CF;-CCIH, 99.0, CR-CH5 0.68, CF;-CCIH, 64.23, CR-CH3 3.58,

others 0.32 CF;-CFH, 28.98, CK—CF,H 2.44, others 0.77
6 |CR—CHy CF;-CCIH, 92.49, CR-CH5 7.14, CF;-CCIH, 60.58, CR-CH5 8.48,

others 0.37 CF;-CFH, 27.08, CR-CF,H 2.73, others 1.13
7 - CF;-CCIH, ~ 100 CF;-CCIH, 82.39, CR-CFH, 16.93,

CF,=CCIH 0.15, others 1.13
8 |Mixture of CF;-CCIH, 71.45, CR-CFH, 25.41, CF;-CCIH, 56.66, CR—CFH, 41.12,
CF;-CFH, and |CF, =CCIH 1.56, others 1.58 CF,=CCIH 0.10, others 2.12
CF,=CCIH

* Reactor with fixed catalyst bedy = 0.25 | (run nos. 43) and with fluidized catalyst bed/=0.4 | (run nos. 48); molar ratio
HF : CF;-CCIH, =8.3: 1 (run nos. 43), 10 : 1 (run nos. 46), 19.6 : 1 (run nos. 7 and 8); temperature 400 (run ne8),1420
(run nos. 4-6), and 380C (run nos. 7 and 8); residence time 4.8 (run neK)16.1 (run nos. 46), and 4.3 s (run nos. 7 and 8;
with addition of a mixture of CE-CFH, and CKRL=CCIH, 3 s).

with hydrogen fluoride, an increase in the pressure
results in decreased conversion of Freon 133a; in this

CONCLUSIONS

case, the conversion is decreased to the greatest extent(1) Study of the process of 1,1,1,2-tetrafluoro-
in the pressure range from 1 to 3 atm (from 22.3 teethane production using the developed kinetic model
15.8%). At a higher pressure, the conversion becomegescribing the process in the temperature range- 175
practically constant (14:614.9%). Thus, elevated 420°C at a molar ratio of reagents HF }8,CIF; =
pressure has a detrimental effect on this stage. (2-18):1, HF : GHCI3 = (3.4-13.6) : 1 showed that

Calculated data on the effect of adding varioud" INcréase in pressure to 6 atm has a positive effect
components of the reaction mixture at the reactor inle?" € conversion and selectivity in hydrofluorination

are listed in Table 2. o, v, %
Our results show that addition of 2-chloro-1,1-di- 100y

fluoroethylene decreases the degree of its formation in i

the course of synthesis, i.e., in the process a mixture

of Freon 134a and 2-chloro-1,1-difluoroethylene can 60F

be supplied to the reactor inlet for subsequent re-
covery. In a similar manner, addition of Freons 125 - 2
and 143a into the initial mixture decreases the degree

of their formation in the course of synthesis. How- 20—y, o
ever, the presence of hydrogen chloride in the initial . . . . .
mixture in the stage of formation of Freon 134a from 5 6 10 p, atm

Freon 133a decreas.es the ylelc_j of Freon 134.6" TheFig. 2. Hydrofluorination of 2-chloro-1,1,1-trifluoroethane:
results _of the experiments confirmed the validity of (1) conversion of 2-chloro-1,1,1-trifluoroethane and

evaluation of the influence of the process parameters (2) selectivity with respect to 1,1,1,2-tetrafluoroethane
(Table 3). (p) pressure.
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of trichloroethylene. However, in hydrofluorinaton of 4. US Patent 51555082.
2-chloro-1,1,1-trifluoroethane, an increase in pressurg \WoO Patent 9810 862.

to 3 atm adversely affects the process. 6. Dmitriev, A.V., Trukshin, I.G., and Vishnyakov, V.M.,
(2) A partial return of by-products (pentafluoro-  Abstracts of Papers3-ya Mezhdunarodnaya konferen-
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Teza, 2001.
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