
operation. The entire analysis is based on the assumption 
that  catalyst dilution effects are homogeneous and deter- 
ministic in character. I t  should be borne in mind that  in the 
larger framework of systems analysis, design of a reactor 
involving catalyst dilution has to  be undertaken within an 
overall economic domain. 

Nomenclature 
A = preexponential factor, l./mt 
A ,  = wall heat transfer area in fluid bed reactor, cm2 
A * = ratio of preexponential factors 
a = radius of plug flow reactor, cm 
C, = heat capacity of fluid, cal/g K 
E = activation energy, cal/g-mol 
h = film heat transfer coefficient, cal/mt cm2 K 
j = maximum adiabatic temperature rise, K 
k ,  = pseudohomogeneous reaction rate constant, l./mt 
K ,  = heterogeneous reaction rate constant, g-mol/mt cm2 

atm 
p = reactant partial pressure, a tm 
q = flow rate, ml/mt 
Qf = heat generation function, dimensionless 
Q- = heat abstraction function, dimensionless 
r = reaction rate, g-mol/mt ml 
F = reaction rate, l./mt 
R = gas constant, 1. atm/g-mol K 
S, = catalyst surface area, cm2/g 
S t  = Stanton number, h/Cp.puo, dimensionless 
T = temperature, K 
u = linear velocity, cm/mt 
u* = reduced velocity, dimensionless 
x = conversion 
z = reactor length 

Greek Let ters  
p = fluid density, g/ml 
pp = catalyst density, g/ml 
t = voidsin reactor 
CY = catalyst dilution factor 
0 = holding time, mt  
p = dimensionless, hA,/qpC, 
T = locus 
AHr = heat of reaction, cal/g-mol 
A S o  = standard reaction entropy, cal/g-mol K 
Subscripts 
0 = feedcondition 
A = reactant A 
b = bulk 
m = optimum 
e = equilibrium 
c = coolant 
* = lowerbound 
4 = entrance condition 
n = reactor number 

Superscripts 

* = upperbound 
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Formation of Dry Hydrogen Chloride by Means of Pyrolysis of the 
By-product of Vinyl Chloride Monomer Manufacturing 

P. R. R. Venhuizen, H. Bosch,* and P. Mars 

Department of Chemistry, Twente University of Technology, Enschede, The Netherlands 

A process is described for the pyrolysis of the by-products of vinyl chloride manufacture. By means of a batch- 
wise combined gas- and liquid-phase pyrolysis at 1 atm about half of the chlorine present in the by-product 
could be recovered as dry hydrogen chloride, about 20% as vinyl chloride, and about 30% as chlorinated C2 
hydrocarbons; less than 1 YO remained in the solid residue. 

1. Introduction 
Production of vinyl chloride monomer (VCM) gives rise 

to  about 2 wt % of by-products. This VCM by-product, 
containing about 70 wt % C1, consists of partially chlorinat- 
ed C2 and C4 compounds (especially 1,2-dichloroethane 
(EDC) and 1,1,2-trichloroethane) and higher molecular 
polymers and tars. Disposing of this by-product by dump- 
ing a t  sea is unacceptable and is prohibited in many areas. 
Therefore VCM by-product incineration systems are being 
installed to  produce hydrochloric acid for industrial use. In 
some cases, anhydrous hydrogen chloride is recovered for 
recycling to the oxychlorination unit within the VCM pro- 

cess. Other research workers point out that  part of the 
VCM by-product can be used as a feed supplement in per- 
chlorination processes (Stauffer, 1972). 

As an alternative for incineration, we studied the pyroly- 
sis of VCM by-product which has the advantage of produc- 
ing less corrosive, anhydrous hydrogen chloride in a more 
concentrated product stream. Our objective was to develop 
a simple procedure for the VCM by-product pyrolysis, with 
a high yield of hydrogen chloride or other valuable prod- 
ucts. For this reason we reviewed the literature on thermal 
decomposition of individual chlorinated hydrocarbons. On 
this basis we designed our experiments which have been 
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carried out batchwise on a bench scale. For our investiga- 
tion we used a sample of a mixture of by-products from 
various units of a VCM plant utilizing Stauffer technology: 
a so-called balanced route consisting of chlorine addition 
and oxychlorination of ethene, followed by pyrolysis of 
EDC to VCM. 

2. Choice of Reactor System and Procedure 
2.1. Literature on Pyrolytic Dehydrochlorination. 

Most polychlorinated C1 and Ca hydrocarbons are capable 
of decomposing via a radical-chain mechanism. The reac- 
tions are mostly first order and often show a marked induc- 
tion period for the buildup of a propagating radical concen- 
tration. The rate of the radical-type decomposition is af- 
fected by the packing of the reaction vessel. Initiation and 
termination of the radical-chains are believed to  take place 
on the walls of the reaction vessel (Barton, 1949; Kapralova 
and Semenov, 1963). Only in "seasoned" reaction vessels in 
which a fine coating of carbonized material from previous 
decompositions had formed on the walls, was it possible to 
obtain reproducible experimental results. 

One of the best-known examples of a radical-chain de- 
composition is the gas-phase pyrolysis of EDC to vinyl 
chloride, an excellent review of which is given by Shelton e t  
al. (1971). For the uninhibited reaction the following mech- 
anism is proposed (Barton and Howlett, 1949) 

initiation: ClCH2CHzCl- ClCH2CH2. + C1. 

propagation: C1. + ClCHzCHzCl- ClCH&HCl + HC1 

ClCH&HCl+ CHZ=CHCl+ C1. 

termination: C1- + ClCH2CHC1- ClzCHCHzCl 

In many cases, besides the radical-chain reactions a unimo- 
lecular mechanism may operate a t  the same time (Swin- 
bourne, 1972). I t  is often found that  the rate of radical-type 
decomposition is decreased by the presence of small 
amounts of radical-chain inhibitors such as propene and 
aromatics due to the formation of relatively stable, unreac- 
tive radicals. At higher concentrations of these inhibitors 
unimolecular decomposition prevails over that  via radicals. 

Most chlorinated hydrocarbons such as chloroethane, 
with a P-hydrogen atom but no (3-chlorine atom, do not ex- 
hibit radical-chain decomposition a t  all, because the radi- 
cal that  would be involved in the propagation step can only 
continue the chain through hydrogen transfer (autoinhibi- 
tion, Maccoll, 1969). These compounds decompose via a 
much slower unimolecular mechanism, characterized by 
first-order kinetics without an induction period; the reac- 
tion rate is unaffected by packing the reaction vessel or by 
the presence of radical-chain inhibitors. Figure 1 gives Ar- 
rhenius plots from literature data of some uncatalyzed gas- 
phase dehydrochlorinations. 

The activation in the unimolecular mechanism involves 
charge separation in the carbon-chlorine bond. Consider- 
ation of this process provides an understanding of the rela- 
tive order of reactivity in the pyrolysis. Considering chlo- 
roethane as the parent molecule to  which substituent 
groups are attached, a-methylation results in a -200-fold 
increase in the dehydrochlorination rate a t  350 "C for each 
a-methyl group substituted (see Figure l), (3-methylation 
gives a -%fold increase for each @-methyl group, a-chlorin- 
ation in a -5-fold increase for each a-C1 group, and (3-chlo- 
rination a corresponding decrease for each p-Cl group sub- 
stituted. 

For the heterogeneously catalyzed decomposition of gas- 
eous chlorinated hydrocarbons on Pyrex glass, silica, alu- 
mina, alkali halides, and related solids a similar polar type 
mechanism has been proposed as for the unimolecular de- 

b* 

7 
I 2  1.4 1.6 1.8 - d / r  P K ~  

Figure 1. Arrhenius plots of various pyrolytic dehydrochlorina- 
tions: -, radical-chain decomposition; - - - - - , unimolecular de- 
compositions; *, studied under conditions of maximal inhibition. 
The compounds and the respective references are as follows: (a) 
1,2-dichloroethane, Barton and Howlett (1949); (b) 1,1,2-trichlo- 
roethane, Teramoto et al. (1964); (c) 1,2-dichloroethene, Goodall 
and Howlett (1956); (d) 1,1,2,2-tetrachloroethane, Barton and 
Howlett (1951); (e) 1,4-dichlorobutane, Williams (1953); (f) chlo- 
roethane, Hoolbrook and March (1967); (g) 1-chlorobutane, Hart- 
mann et al. (1964); (h) 2-chlorobutane, Heydtmann and Rinck 
(1961); (i) tert-butyl chloride, Barton and Onyon (1949); and 6 )  
VCM by-product sample, this investigation. 

composition (Moller et al., 1971). A fast deactivation of the 
catalyst has been reported in most cases, due to  fouling of 
the surface and reaction of hydrogen chloride with the cat- 
alyst. 

Hydrogen-containing chloroethanes can also be dehydro- 
chlorinated in the liquid phase (35-100 "C) in the presence 
of metal chlorides possessing strong Lewis acid characteris- 
tics (Prins, 1937), such as and FeC13. Products are 
hydrogen chloride, chloroethylenes, chlorobutanes and 
-butenes and, especially in the case of dichloroethanes, 
complex polymeric products (Zilberman et al., 1967). Rapid 
polymerization of vinyl chloride was found to  occur a t  20 
"C in a slurry of metal chloride in EDC (Rothan and Sims, 
1970). 

The pyrolytic breakdown of polymers containing chlo- 
ride is also of interest (Berticat et al., 1970; Kelen et al., 
1974). Polyvinyl chloride (PVC) undergoes dehyrochlorina- 
tion a t  200 "C, leaving tars and a graphite-like residue; pol- 
yvinylidiene chloride rapidly gives off one molecule of hy- 
drogen chloride per monomer unit a t  170 "C and a second 
molecule a t  700-800 "C, giving an amorphous carbon resi- 
due. Chlorinated PVC of the formula (-CHCl-CHCl-), 
performs dehydrochlorination upon heating (one molecule 
of hydrogen chloride a t  270-300 "C, a second a t  300-800 
"C), leaving a porous carbon residue having a high surface 
area (400-1300 m2/g). 

2.2 Selection of Apparatus and Design of Experi- 
ments. Considering the kinetic data of the dehydrochlori- 
nation of the various compounds and especially the fact 
that  the lighter components of the liquid VCM by-product, 
having mostly primary chlorine atoms, pyrolyze a t  higher 
temperatures than the heavier molecules with more secon- 
dary chlorine atoms, we chose a combination of gas- and 
liquid-phase pyrolysis for our batchwise experiments. 

After vaporization a t  95-150 "C, the tar-free vapor of the 
lighter components decomposes under conditions that  coke 
formation is limited. For this decomposition no catalyst is 
needed. The products of this gas-phase pyrolysis are par- 
tially condensed: the condensate containing unreacted ma- 
terial and unsaturated products is recycled to the remain- 
ing VCM by-product in the evaporation vessel, and the gas- 
eous hydrogen chloride and other light products are col- 
lected. 
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Table I .  Analysis of the VCM By-product Sample 

Figure 2. Boiling range of the VCM by-product sample at 1 atm. 

In the liquid phase we try, under the influence of a cata- 
lyst, for example AlC13, to accomplish the formation of 
higher molecular compounds, which have the advantage of 
containing more secondary and tertiary C1 atoms for rela- 
tively easy dehydrochlorination. As in the second part of 
the experiment the temperature of the liquid phase in- 
creases, these newly formed compounds with high molecu- 
lar weight, together with the polymers and tars already 
present in the VCM by-product, will undergo dehydrochlo- 
rination in the liquid phase. 

Three types of experimental runs were performed: (I) 
pyrolysis without recycling of the condensate from the par- 
tial condensor; (11) pyrolysis with recycling of the conden- 
sate; and (111) pyrolysis with recycling and addition of a po- 
lymerization promoting catalyst to the VCM by-product. 

3. Experimental Section 
3.1 Material. The VCM by-product sample is a black 

liquid, density 1.33 g cm-3, elementary analysis by weight: 
70.2% C1, 25.7% C, and 3:6% H. The  boiling range is shown 
in Figure 2. Above 154 "C the remaining components begin 
to decompose. Table I gives the analysis of the sample of 
the mixture of by-products from various units of a VCM 
plant. 

3.2 Apparatus. The gas-phase pyrolysis was performed 
in a quartz glass reactor of 38 mm i.d., 600 mm in length. A 
sketch of the entire apparatus is given in Figure 3. The  
lower 200 mm of the gas-phase reactor were packed with 
Raschig-rings; the following reaction zone had a tempera- 
ture profile of f 5  "C, measured through a thermocouple 
channel in the reactor. The Pyrex glass evaporator, as well 
as liquid phase reactor, was heated electrically with a con- 
stant energy supply. The temperature of both reactors was 
recorded continuously. Organic products were collected in 
a cold trap, kept a t  -60 "C with dry ice and acetone. 

3.3 Procedure. Nitrogen was used for flushing the ap- 
paratus before every run. During operation the pressure in 
the system was 2-5 cmHg above atmospheric pressure. 

Some preliminary runs were performed in order to deter- 
mine the limitations of the procedure. A batch weight of 
146 g (1.2 mol) of VCM by-product was used. The  energy 
supply to the vaporization vessel was adjusted to obtain a 
stable vapor feed to the gas-phase reactor of about 0.5 mol 
h-l. The  gas-phase pyrolysis was conducted between 340 
and 600 "C, but TGR = 545 "C was taken for most of the 
runs to ensure a high conversion without excessive tar for- 
mation. 

Between the runs, the gas-phase reactor was not thor- 
oughly cleaned. Only the material tha t  could be loosened 
from the reactor wall by shaking the Raschig rings up and 
down was recovered. 

3.4 Analysis. Hydrogen chloride was efficiently ad- 
sorbed in a well stirred aqueous alkaline solution and ti- 
trated stepwise with a 4 N KOH solution, using methyl red 
as the indicator. The  analysis of the VCM by-product sam- 
ple and the liquid products of the pyrolysis was performed 
by means of a gas chromatograph with katharometer detec- 
tion (Urone e t  al., 1962). Two columns were used: the first 

Wt % 
of the 
VCM 

g by-pro- 
mol-' Compound BD. "C. 1 atm duct 

99 
133  

99 
133  
131 
168 
202 
127 
161 
125 
-. 

1,2-Dichloroethane 
1,1,2-Trichloroethane 
1 ,l-Dichloroethane 
1,l ,l-Trichloroethane 
Trichloroethene 
Tetrachloroethane (2x ) 
Pentachloroethane 
Dichlorobutane ( 3 ~  ) 
Trichlorobutane ( 2 x  ) 
1,4-Dichlorobutene-2 
Polymers and tars 

a4 
113  

57 
74 
87 

129,146 
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124,131,16 
150,165 
152 - 

1 KOH t N2 

37 
43 

>total:  20 
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Y Y 
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Figure 3. Experimental setup: VR = evaporator/liquid phase reac- 
tor (400 cm3); GR = gas-phase reactor (i.d. 38 mm, length 600 
mm); PC = partial condensor, CT = cold trap (200 cm3); AB = 
HC1 absorption and titration vessel (200 cm3); GC = gas chromato- 
graph; GM = gas metering device. 

one 6 mm i.d., 3.5 m long, packed with 10% SE 30 on 60-80 
mesh Chromosorb W, column temperature 48 "C, carrier 
gas argon, 30 ml/min, which gave good separation of the 
trans- and cis- 1,2-dichloroethene; the other one l/4 in. i.d., 
2.25 m long, packed with 24% paraffin on 60-80 mesh Chro- 
mosorb W, column temperature 92 "C (injection 250 "C), 
carrier gas hydrogen, 60 ml/min, gave good results for high- 
er boiling components. 

Before injection, the liquid from the cold trap was mixed 
with cooled carbon tetrachloride in the weight ratio 1:4 to 
lower the partial pressure of the volatile components. The  
collected gaseous products of the pyrolysis were analyzed 
on the above described SE 30 column and for the analyses 
of traces of hydrogen and c 1 - C ~  hydrocarbons, a Porapak 
Q column was used, 6 mm i.d., 3 m long, temperature 48 "C, 
and carrier gas argon, 30 ml/min. 

In all cases the sum of the analyzed components added 
up to 95-110%. For unknown components having a longer 
retention time on the paraffin column than 1,1,2-trichlo- 
roethane, we assumed an average molecular weight of 150 g 
mol-l. 

In all our experiments 80-90% of the starting material 
was recovered from the apparatus (compare Figure 6). 
Apart from losses due to holdup and incomplete recovery 
of residues, the main cause was slip of organic products 
through the cold trap into the hydrogen chloride absorp- 
tion fluid. The solubility of chlorinated hydrocarbon in 
water is low (VCM : 0.11, 1,l-dichloroethene : 0.021 g/100 g 
of H20, 25 "C), but in the presence of inorganic salts vari- 
ous reactions may occur. The aqueous absorption fluid be- 
came very turbid during each experiment. 

As mentioned before, three types of experimental runs 
have been performed. In a type I experiment the pyrolysis 
is a once-through operation, without the complication of a 
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Figure 4. Product distribution as collected in a type I experiment. 
Tvn = 95-600 "C, TGR = 545 OC, Tpc = 15 "C. Letter code: see 
caption of Figure 3. 1 = hydrogen chloride, 2 = vinyl chloride, 3 = 
1,l-dichloroethene, 4 = trans- 1,2-dichloroethene, 5 = cis- 1,2-di- 
chloroethene, 6 = 1,2-dichloroethane, 7 = 1,1,2-trichloroethane, 8 
= unknown heavy material, 9 = solid residue VR, 10 = recovered 
from GR. 

recycle stream. The  temperature in the evaporator (TvR) 
as a function of the remaining weight of the liquid will fol- 
low that  of Figure 2 for the greater part  of the experiment. 
Toward the end TVR sharply rises to 600 "C. Figure 4 
shows the products as collected in a type I experiment, 
split up according to the point of recovery. The  amount of 
hydrogen chloride dissolved in the cold t rap was calculated 
using the data of Danov and Golubev (1968). The  overall 
conversion of the EDC in the VCM by-product is about 85 
wt %; of 1,1,2-trichloroethane, 75 wt %. 

The composition of the condensate from the partial con- 
densor, as collected in a type I experiment, varies with time 
as shown in Figure 5 .  

We calculated an  overall rate constant for the gas-phase 
pyrolysis of the EDC rich feed, assuming an isothermal, 
ideal tubular reactor and first-order decomposition kinet- 
ics: hl  = 0.018 s-l a t  545 "C. Variation of TGR showed that  
the activation energy was about 40 kcal mol-l. Both rate 
constant and activation energy are comparable with results 
from pure compounds: in Figure 1 compare line j with the 
others. 

When the condensate from the partial condensor PC is 
recycled to the evaporator VR, as is done in the type I1 and 
I11 experiments, an  overall conversion of EDC and 1,1,2- 
trichloroethane of over 95% is obtained. Along with the un- 
reacted material unsaturated products, especially dichlo- 
roethenes (Figure 4) are recycled to the reactor system. 
The  effect of recycling on the total product distribution of 
the combined gas- and liquid-phase pyrolysis is shown in 
Figure 6. 

Recycling increases the yield of solid residue in the liq- 
uid-phase reactor. In contrast with the pyrolysis product of 
chlorinated PVC this residue did not show any porosity 
even after heat treatment a t  800 "C. In the type I1 experi- 
ment there was also a marked increase in the fouling of the 
gas phase reactor: 1 wt % of the feed was recovered as a film 
deposit from the gas-phase reactor and tar formation above 
the reactor was considerable (estimated 4%). The  low yield 
of 1,2-dichloroethenes suggests that  these compounds, 
when circulating through the reaction system, are involved 
in the fouling of the gas-phase reactor. This is in agreement 
with the observation of Goodall and Howlett (1956) that  
monochloroacetylene, formed by decomposition of dichlo- 
roethene in the gas phase, polymerizes rapidly. 

4oi 

t "  
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8 

Figure 5. Composition of the collected condensate from the par- 
tial condensor PC as a function of reaction time for the type I ex- 
periment of Figure 4. Please refer to the number code of the cap- 
tion of Figure 4. 
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Figure 6. Total product distributions of the combined gas- and 
liquid-phase pyrolvsis. TCR = 545 "C. Number code: see the cap- 
tion of Figure 4.- = tar formation. I, without recycling of con- 
densate PC; TVR = 95-600 "C; 11, without recycling of condensate 

' PC; TVR = 96-230 "C; 111, with recycling of the condensate P C  and 
0.63% AlC13 added to the VCM by-product; TVR = 95-600 OC. a, 
ratio 1,1-:1,2-dichloroethene; b, ratio trans-:cis 1,2-dichloroethene. 
Please refer to the letter code of the caption of Figure 3. 

Recycling of the condensate from the partial condensor 
also results in an increase of the overall translcis- 1,2-dich- 
loroethene ratio in the product distribution, as shown in 
Figure 6. In the type I experiment the trans/cis ratio is 
close to the thermodynamic equilibrium: 0.6 (Pitzer and 
Hollenberg, 1954) due to the rapid isomerization of 1,2-di- 
chloroethene as i t  is formed in the gas-phase pyrolysis 
(Jones and Taylor, 1940). Due to  the higher boiling point of 
the cis isomer (60 "C) in comparison with the trans isomer 
(47 "C), a relative high fraction of the cis isomer is collect- 
ed in the partial condensor: trans/& ratio <0.5 (see Figure 
4). Because the equilibrium is again rapidly established in 
the gas-phase reactor when the condensate is recycled, the 
overall trans/& in the type I1 and I11 experiments ratio lies 
above that of the equilibrium. 

If, in a type I11 experiment, finely powdered AlC13 is 
added to the VCM by-product feed, the yield of solid resi- 
due in the liquid-phase reactor is higher than in a type I1 
experiment, due to the polymerization effect of AlC13. This 
can be seen in Figure 6, especially when the lower maxi- 
mum temperature TVR in the type I1 experiment is taken 
into account. No increased fouling of the reactor was ob- 
served compared to type I experiments. This supports the 
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Figure 8. Flow sheet of the possible semicontinuous combined 
gas- and liquid-phase pyrolysis of the VCM by-product on an in- 
dustrial scale: VR = evaporator/liquid phase reactor; GR = gas- 
phase reactor furnace; Q = quenching column; HC = hydrogen 
chloride column; a = tank for VCM by-product; b = tank for 
heavies; c = tank for vinyl chloride and chlorinated Cz; and P = re- 
actor for polymerization. 

Figure 7. Percent of chlorine recovered from the VCM by-product 
in a type I11 experiment (0.63% AIC13 added) and the temperature 
in the evaporatorhquid-phase reactor ( TVR) as a function of reac- 
tion time. 1, as hydrogen chloride; 2, as vinyl chloride; 3, as 1,l-di- 
chloroethene; 4 and 5, as 1,2-dichloroethene; 6 ,  total wt 96 of chlo- 
rine recovered in the form of these products. 

view that  tar  and coke formation is mainly caused by the 
presence of unsaturated chlorinated compounds. Toward 
the  end of the type I11 experiment of Figure 6 (TVR = 
450-600 "C) small amounts of cracking products (0.1%) 
such as hydrogen and methane were produced. Figure 7 
give the % of the chlorine recovered from the  VCM by- 
product and the TVR as a function of the reaction time in 
the type 111 experiment. 

In all our experiments the chlorine contents of the  car- 
bon deposit in the gas-phase reactor were low: <5%. The 
chlorine contents of the solid residue in the liquid-phase 
reactor depended on the maximum temperature reached: 
26% a t  TVR = 230 "C, 7.4% at TVR = 600 "C and 2.0% at 
TVR = 700 "C. 

T o  check the formation of higher molecular compounds 
in the liquid-phase reactor in the presence of larger 
amounts of AlC13, we brought together the  condensate from 
the  partial condensor (Figure 4, second column) with 11 wt 
% AlC13 powder, under reflux and constant stirring. After 
46 h at 70 "C the reflux cooler was removed and the  reac- 
tion vessel was heated for 4.5 h until a temperature of 700 
"C was reached, thus distilling off the reaction products. Of 
these products, 23 wt o/o formed a fraction bp 70-250 "C, 
20% a fraction bp 250-350 "C, 10% was collected as hydro- 
gen chloride, and 24% remained as a solid residue after 
cooling to  room temperature. Above 350 "C considerable 
amounts of hydrogen and methane were detected. 

The  main reactions that take place in our reaction sys- 
tem are shown in the following scheme. 

4. Considerations about Industrial Application 
Using the results of the above described experiments and 

literature, we considered the industrial application of our 
combined gas- and liquid-phase pyrolysis of VCM prod- 
ucts. The  proposed installation, of which a flow sheet is 
shown in Figure 8, should be operated at 6-7 a t m  pressure 
to  decrease the installed volume, to achieve a better heat 
transport in the gas phase and still have a workable tem- 
perature in the evaporator. Because of the absence of 
water, no appreciable corrosion is to be expected when 
stainless steel is used as a construction material. 

An important point in the process is the degree of coke 
formation in the gas-phase reactor. Because chloroethenes 
are the main precursors of the coke formation, i t  seems ap- 
propriate to maximize their polymerization to avoid their 
recycling, by installation of a separate polymerization tank 
P. As shown in our experiments, higher molecular com- 
pounds are formed from chloroethenes with chloroethanes 
under the influence of a metalchloride such as 

Considerations of the prevention of coke formation by 
choosing both the optimal dimensions of the gas-phase re- 
actor and the optimal process pressure are given in a patent 
of the Goodrich Company (1963). By optimizing operating 
conditions and through careful reactor design i t  should be 
possible to lower the deposit of carboneoils material in the 
gas-phase reactor by a factor of 3 with respect to  that  in our 
experiments of type 111. In that  case about 1 g of carbon 
would be deposited per kg of feed pyrolyzed. It is then pos- 
sible to carry out gas-phase pyrolysis continuously for sev- 
eral days in a weekly cycle, a t  constant temperature TVR in 
the evaporator. During this period the higher boiling mate- 
rial in the VCM by-product feed, together with tha t  formed 
in the polymerization tank, is stored. 

The  rest of the week this higher boiling material is pyro- 

CICH, -CH, CI CH, =CHCl 
-HC1 gas phase: i C~CH,-CHC~Z I-- y t 2  CICH=CHCI - HC=CCl - coke and tar 

I 

I I--HC? CH,=CCI, 
30% 

-HC1 

-HC1 
3CC1, =CHCI - C,CI, (Goodall and Howlett, 1954)  

CHC1,-CHCl, - CCl,=CHCI 
-HCl ( di- and trichlorobutanes - (chlorinated) butadienes - 

higher molecular compounds 

gas and 
liquid 
phase : 

liquid 
phase: -HC1 (-CH,-CHCl-), - (-CH=CH-), 
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lyzed batchwise in the liquid phase a t  TVR = 220-600 "C, 
in the presence of AlC13 ( l - lO%) .  Meanwhile the gas-phase 
reactor can be cleaned by burning off the carbonaceous de- 
posit with air. In this way about 45 wt % of the VCM by- 
product feed could be converted into hydrogen chloride, 
35% is obtained as a mixture of VCM and 1,l-dichlo- 
roethene, and 20% forms a high molecular residue with a 
chlorine content of about lo%, which, for example, could be 
used in road construction. 

Although many aspects of the process will have to be de- 
tailed according to results of further investigations, rough 
calculations, based on a 12 000 ton/year installation inte- 
grated in a VCM plant employing oxychlorination, indicate 
that the value of the products can a t  least compensate the 
capital and operating costs of the process. 

5. Conclusions 
The VCM by-product sample we examined contained 70 

wt % chlorine and was a mixture of a t  least 16 partially 
chlorinated Cz and Cq compounds and higher molecular 
polymers and tars. The main components were 1,2-dichlo- 
roethane (EDC, 37 wt %) and 1,1,2-trichloroethane (43 wt 
96). By means of a batchwise combined gas- and liquid- 
phase pyrolysis at  1 atm, 54% of the chlorine present in the 
VCM by-product could be recovered as dry hydrogen chlo- 
ride, 18% as vinyl chloride, 27% as chlorinated Cz hydrocar- 
bons, and only less than 1% remained in the solid residue of 
the pyrolysis. 

The first stage of the pyrolysis TVR = 95-150 OC) con- 
sists mainly of gas-phase dehydrochlorination of EDC and 
1,1,2-trichloroethane, producing, besides hydrogen chlo- 
ride, vinyl chloride and three dichloroethene isomers, as 
expected. For the decomposition of the EDC rich vapor 
feed we calculated an overall first-order rate constant 0.018 
s-l a t  545 "C. The rate of the process cannot be expected to 
depend largely on the presence of inhibitors such as carbon 
tetrachloride or aromatics because this value suggests that 
the monomolecular decomposition prevails. The activation 
energy was about 40 kcal mol-I. 

At TVR = 150 OC the remaining VCM by-product starts 
decomposition in the liquid phase. Besides dehydrochlori- 
nation, a complex of condensation and polymerization re- 
actions occurs in which recycled products of the gas-phase 
pyrolysis are also involved. The chlorine contents of the 
final residue in the liquid-phase reactor depend on the 
maximum temperature reached: at  TVR = 600 "C, <7 wt % 
C1. The amount of higher molecular material formed can be 
increased by the addition of AlC13. 

The amount of solid residue and the overall conversion 
of VCM by-product are considerably increased by recycling 
unreacted material and part of the unsaturated products of 
the gas-phase pyrolysis to the evaporator annex liquid- 
phase reactor. When, however, the polymerization of these 
recycled products is not large enough, the fouling of the 
gas-phase reactor will increase. In all our experiments a t  
least 0.5 % of the VCM product feed was recovered as coke 
from the gas-phase reactor. The  chlorine contents of this 
deposit were always <5 w t  %. 

For technical application separate polymerization of un- 
saturated compounds in the recycle stream seems neces- 
sary. This can be done in a reactor a t  the temperature of 
the bottom of the quenching column, under the influence 
of metal chlorides. 
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