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I .  INTRODUCTION

The k i n e t i c s  of th e  in h ib i t e d  therm al decom position of p e n ta -  

c h lo ro e th an e  has been s tu d ie d  in  t h i s  work by means of th e  to lu en e  

c a r r i e r  gas te ch n iq u e .  The main purpose was to  e lu c id a te  th e  r a t e  

o f  i n i t i a t i o n  of p y ro ly s i s  and th e  m echan is tic  f e a tu r e s  of t h i s  s ta g e  

of th e  decom position . P en tach lo ro e th an e  was chosen fo r  t h i s  r e s e a rc h  

because th e  k i n e t i c s  of th e  i n i t i a l  s tep  of p y ro ly s is  was u n c e r ta in  

and because in  th e  p resence  of to lu e n e ,  a r e l a t i v e l y  simple mechanism 

le ad in g  to  few p roduc ts  was a n t i c ip a t e d .

A. Background

The i n i t i a l  r e s e a rc h  on th e  p y ro ly s is  of p en tach lo ro e th an e  

was c a r r i e d  ou t by Barton in  a flow system w ith  a c lean -w a lled  r e a c ­

t o r  a t  tem pera tu res  up to  450°C. I t  was found t h a t  th e  only  p ro d u c ts  

were t e t r a c h lo r o e th y le n e  and hydrogen c h lo r id e ,  and th a t  th e  p ro cess  

followed f i r s t - o r d e r  k i n e t i c s .
2

L a te r  work a t  407-438°C by Houser and B ern s te in  us ing  a carbon 

c o a te d ,  s t i r r e d - f l o w  r e a c to r  w ith  helium as a c a r r i e r  gas , showed 

t h a t  th e  p e n tac h lo ro e th an e  decom position was n o t  a f i r s t - o r d e r  r e a c ­

t i o n  bu t was a u t o c a t a l y t i c .  A r a d i c a l - c h a in  mechanism w ith  an i n i t i a ­

t io n  s te p  in vo lv ing  a C-Cl bond ru p tu r e  was proposed

C2HC1S --------- » C3HC1v + Cl* (1)

I t  was p o s tu la te d  t h a t  th e  a u t o c a t a l y t i c  n a tu re  of th e  r e a c t io n  

was due to  c h lo r in e  formed by th e  d i s p ro p o r t io n a t io n

C2C15* + Cl*--------------CaCl<, + Cla (2)

1

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



th e  c h lo r in e  formed from r e a c t io n  (2) then  a t t a c k s  th e  r e a c t a n t .  The 

p roduc ts  i d e n t i f i e d  were te t r a c h lo r o e th y le n e  and hydrogen c h lo r id e ,  

and a ls o  sm all amounts of t r i c h lo r o e th y le n e  and c h lo r in e .

R ecen tly ,  Shvets e t  a l . 3 have s tu d ie d  th e  therm al dehydroch lor­

in a t io n  o f  p en tach lo ro e th an e  in  a flow r e a c to r  a t  396-448°C. Some 

o f th e  d a ta  o f  t h i s  in v e s t ig a t i o n  confirmed th e  f in d in g s  o f  Houser 

and B e r n s t e in .2 However, i t  was p o s tu la te d ,  t h a t  th e  absence of a 

s u r fa c e  e f f e c t  on th e  o v e r a l l  r e a c t io n  coupled w ith  th e  la rg e  a c c e l ­

e r a t in g  in f lu e n c e  o f  th e  s u r fa c e  on the  i n h ib i t e d  r e a c t io n  in d ic a te d  

a r a d ic a l - c h a in  mechanism w ith  i n i t i a t i o n  on th e  w a l l s ,  p ropagation  

in  th e  b u lk ,  and te rm in a t io n  on the  w a l ls  from th e  recom bination  of 

c h lo r in e  atoms. I t  was a lso  concluded th a t  th e  a u t o c a t a ly t i c  e f f e c t  

of m olecu lar c h lo r in e  was much l e s s  than  t h a t  found p re v io u s ly .  

F u r th e r  i n v e s t ig a t i o n  by Shvets e t  a l . z* on th e  c h l o r i n e - i n i t i a t e d  

d e h y d ro c h lo r in a t io n  of p en tach lo ro e th an e  in  a flow system a t  350- 

425°C confirmed th e  above o b se rv a t io n s .  However, th e re  a re  some 

s e r io u s  r e s e r v a t io n s  reg a rd in g  th e se  co n c lu s io n s  because of the  l im i ­

ted  c o n d i t io n s  under which the  experim ents were c a r r i e d  o u t ;  t h i s  

w i l l  be d iscu ssed  in  a l a t e r  s e c t io n .

During th e  l a s t  few y ea rs  many s t u d i e s 5-11 on th e  c a t a l y t i c  

p y ro ly s i s  of p en tach lo ro e th an e  have been c a r r i e d  o u t ,  most of them 

w ith  th e  aim of improving th e  y ie ld  of t r i c h lo r o e th y le n e  and /o r 

t e t r a c h lo r o e th y le n e ,  and of i n h ib i t i n g  th e  fo rm ation  of carbonaceous 

b y -p ro d u c ts .  The c a t a l y s t s  used have been mainly FeCl2 , FeCl3 , CuCl, 

CuCl2 , CeCl3 , KC1, SnCl2 , CuSO*, K2S0<,, e t c . ,  o r  m ix tu res  of some 

of th e se  s a l t s .
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B. Kinetics in a Flow System

Flow systems may be conside red  a s  corresponding  to  two l im i t in g
1 2cases  , no lo n g i tu d in a l  mixing and complete lo n g i tu d in a l  mixing.

The d e r iv a t io n  of the  b a s ic  equa tions  fo r  flow systems w ith  

no s t i r r i n g  (p lug-flow ) can be t r e a t e d  by c o n s id e r in g  a tu b u la r  

r e a c to r  of co n s ta n t  c r o s s - s e c t i o n a l  a re a  and s teady  flow r a t e  of 

r e a c t io n  m ix tu re . The change in  the  number of moles of th e  component 

i  w ith  time in  the  volume element dV i s  expressed  by

d n ^ /d t  = r^dV -  udc^ (3)

where dV i s  a sm all c y l in d r i c a l  volume elem ent, c^ i s  the  co n cen tra ­

t io n  of component i ,  u i s  the  volume r a t e  of flow of the  r e a c t io n  

m ix tu re ,  and r ^  i s  th e  r a t e  of the  chemical r e a c t io n .  A fte r  a time 

a s teady  s t a t e  i s  reached , such th a t  equa tion  (3) becomes

r^dV = udc^

or

r ± = (u/dV)dCi (4)

Equation (4) may be in te g r a te d  to  g ive
fc.

V/u = dc,./r_. (5)
oc 1 i

where cQ i s  the  i n i t i a l  c o n c e n tra t io n  of component i  and V i s  the 

t o t a l  volume of th e  r e a c to r  up to  th e  p o in t  where i  has a concen tra ­

t io n  c . The use  o f  equa tion  (5) r e q u i r e s  a d e f i n i t e  exp ress ion  fo r  

th e  r a t e  r .  Under th e  co n d i t io n s  o f  c o n s tan t  flow (dV/u) may be r e ­

p laced  by d t  ( increm ent of c o n ta c t  time) in  equa tion  (4) to  give

r i  = dc i / d t  (6)

which i s  th e  f a m i l ia r  c losed-sys tem  equation .
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4
In a flow system w ith  complete mixing ( s t i r r e d - f lo w  r e a c t o r ) , 

the  r e a c t a n t  and p roduct com positions a re  uniform throughout th e  

e n t i r e  volume of the  r e a c to r .  Thus, the  volume element dV may be 

rep laced  by V, and dc^ may be rep laced  by (c -c Q) in  e q u a tio n  (4) 

which y ie ld s  a t  s t e a d y - s t a t e  flow

r  = (u/V) (c -c Q) (7)

This equa tion  can be a p p l ie d  to  any component in  the  system provided

th e  c o r r e c t  exp ress ion  f o r  r  i s  used. I f  flow r a t e s  a r e  c o n s ta n t ,

equation  (7) may be r e w r i t t e n  as

r  = (c -c Q) /  t  (8)

where t  = V/u i s  the  c o n ta c t  time or th e  average time of r e s id e n c e  

of a m olecule in  the  r e a c to r .  Equation (8) perm its  th e  d i r e c t  de­

te rm in a t io n  of r e a c t io n  r a t e s  w ithout in t e g r a t io n .  By changing in ­

i t i a l  c o n c e n tra t io n s  an d /o r  flow r a t e s  i t  i s  p o s s ib le  to  de term ine 

th e  r a t e  equation  and th e  r a t e  c o n s ta n ts  of a r e a c t io n .

For a s im ple f i r s t - o r d e r  p rocess  the  r e a c t io n  r a t e  i s  g iven  by

r  = -kc (9)

I t  i s  p o s s ib le  to  combine equa tions  (8) and (9) to  g ive

r  = (c -c  ) /  t  = -kc  (10)o

which pe rm its  d i r e c t  c a l c u l a t i o n  of r e a c t io n  r a t e s ,  and from th e se  

th e  r e s p e c t iv e  r a t e  c o n s ta n ts .

C. The Toluene C a r r ie r  Gas Technique

This method13 i s  used to  i n v e s t ig a te  th e  p y ro ly s is  of compounds 

which s p l i t  in to  two r a d i c a l s  by th e  b reak ing  of one bond on ly .  I f  

th e se  r a d i c a l s  a re  formed in  th e  p resence  of a l a rg e  excess of to lu en e ,
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th e  to lu en e  a c t s  as  a very  good in h i b i t o r  to  f r e e  r a d ic a l - c h a in  

r e a c t io n s ,  making i t  p o s s ib le  to  observe th e  r a t e  of th e  i n i t i a l  

decom position . Thus in te r f e r e n c e s  by secondary r e a c t io n s ,  and th e  

a c t i v i t y  o f  i n h i b i t o r s  and a u t o c a t a l y t i c  p roducts  a r e  reduced to  a 

minimum.

The most s u i t a b l e  compounds fo r  s tudy by t h i s  method a re  

halohydrocarbon d e r iv a t iv e s  (RX). The s u c c e s s fu l  o p e ra t io n  of the  

method has as a c o n d i t io n  th e  h igh  r e a c t i v i t y  of X, which has to 

be removed r a p id ly  from th e  system. A l i m i t a t i o n  of th e  method i s  

th e  bond d i s s o c i a t i o n  energy of the  compound being in v e s t ig a te d  

which must be sm alle r  than th e  C-H bond d i s s o c i a t i o n  energy in  to lu ­

ene (77.5 K ca l/m o le ) .

Szwarc and Sehon14 a p p l ie d  t h i s  method to  th e  p y ro ly s is  of me­

th y l  bromide and some ha logenated  bromoethanes. They found th a t  a l l  

th e se  decom positions were i n i t i a t e d  by th e  b reak ing  of th e  R-Br bond

RBr -----------   R* + Br* (11)

In  th e  p resence  of an excess o f  to lu e n e ,  th e  bromine atoms and the  

r a d i c a l  R were removed by th e  f a s t  r e a c t io n s

Br- + C6H5CH3 -------- ► C6HsCH2- + HBr (12)

R- + C5H5CH3 -------- > C6H5CH2- + RH (13)

Consequently th e  r a t e  of the  un im olecu lar  p rocess  (11) was measured 

by th e  r a t e  of fo rm ation  of HBr. In a d d i t io n ,  th e  fo rm ation  of d i ­

benzyl in  th e  py ro ly ses  of th e se  compounds confirmed th e  mechanism 

of th e  o v e r a l l  decom position.
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XI. EXPERIMENTAL

A. Apparatus

The flow system 15 used f o r  th e  experim ents in  t h i s  s tudy  i s  

s c h e m a tic a l ly  r e p re se n te d  in  F ig u re  1. The complete f lo w - l in e  was 

made of Pyrex g la s s  tu b in g ,  except th e  r e a c to r  which was c o n s t ru c te d  

of Vycor to  perm it tem pera tu res  as  h igh  as 1200°C. The t r a p s  of 

th e  system were jo in e d  to  th e  l i n e  by 18/9 b a l l  j o i n t  unions which 

a llow  ra p id  changes and c le a n in g .

The on ly  gas used f o r  d i l u t i o n  was helium. I t  was p u r i f i e d  

in  th e  flow system by p a ss in g  th rough about 1 l o n g i tu d in a l  fo o t  of 

ch a rco a l  in  a ' ' U ' '  t r a p  (CT) a t  room tem pera tu re . The flow of 

helium  was s e t  w ith  a p r e s s u r e - r e g u la to r  need le  v a lv e  com bination , 

and then  measured by a c a p i l l a r y  flowmeter (FM) which used d i b u ty l -  

p h th a la te  as  th e  manometric l i q u i d .  Two s iz e s  o f  c a p i l l a r y  tu b in g  

were used f o r  th e  f low m eter, and each was c a l i b r a t e d  (see  d a ta  in  

Appendix B) w ith  a ' ' P r e c i s i o n ' ' wet t e s t  meter by measuring p re s su re  

drops ( in  mm) a g a in s t  flow r a t e s  ( in  c c /s e c )  a t  room tem p era tu re .

I t  was found t h a t  th e  p re s s u re  drop was a l i n e a r  fu n c t io n  of th e  

flow r a t e  f o r  c a p i l l a r y  No. 1, o f  sm a l le r  d iam e te r ,  b u t  fo r  c a p i l l a r y  

No. 2 , a sm all  c u rv a tu re  was found.

To v a p o r iz e  th e  r e a c t in g  s o lu t io n ,  th e  helium was hea ted  to  

about 85-90°C by a 15 inch  long p re h e a te r  s e c t io n  c o n s i s t in g  o f  10 mm 

Pyrex tu b in g  wrapped w ith  22 B and S gauge chromel r e s i s t a n c e  w ire  

in s u la te d  by a s b e s to s .
6
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A s o lu t io n  o f  p en tach lo roe thane  in  to lu en e  was in je c te d  in to  

th e  helium gas s tream  a t  p o in t  P I ,  u s ing  a Sage, Model 237-2, S e r i a l  

1801, motor d r iv en  sy r in g e .  A 1 .0 ,  2 .0  or 5 .0  ml tu b e rc u l in  sy rin g e  

was jo in e d  to a hypodermic need le  which had been s i l v e r  so lde red  to  

a m etal b a l l  j o i n t  fo r  connec ting  the  assembly to  th e  flow system.

The r a t e  o f  i n j e c t i o n  was determined by th e  d i a l  s e t t i n g  fo r  a given 

sy r in g e  whose d e l iv e ry  had been p re v io u s ly  c a l i b r a t e d  (se e  d a ta  in  

Appendix B) by i n j e c t i n g  d ib u ty l  p h th a la te  in to  weighed v i a l s .  In­

j e c t i o n  was s t a r t e d  and stopped manually.

The gaseous m ix tu re  of p e n tach lo ro e th an e ,  to lu en e  and helium 

was assumed homogeneous a t  th e  en trance  to  th e  r e a c t o r ,  a d is ta n c e  

o f about 3 f e e t  in c lu d in g  th r e e  90° bends, from the  p o in t  of i n j e c t i o n .  

Two types  of r e a c to r s  (R) were used f o r  ex per im en ta tion  in  t h i s  

s tudy . R eactor No. 1, sch e m a tic a l ly  shown in  F igu re  2, was 3.47 in .  

h igh  and 1.765 in .  d iam eter ,  and had an e f f e c t iv e  volume of 78.3^

1 .5  cc .  To induce s t i r r i n g ,  the  r e a c to r  en tran ce  had a cen te red  

4 mm tube  w ith  p in  ho les  a t  th e  end n ear  th e  c e n te r  of th e  r e a c to r .

The gaseous m ix tu re  en te red  through t h i s  i n l e t  and j e t t e d  in s id e  th e  

r e a c to r .  To se rv e  as a thermocouple w e l l  f o r  tem pera tu re  measurement 

th e  r e a c to r  had ano ther  c en te red  4 mm tube ex tend ing  from th e  bottom 

to  about one t h i r d  the  h e ig h t  of th e  r e a c to r .  The o u t l e t  and i n l e t  

o f th e  r e a c to r  were c o n c e n tr ic .  To o b ta in  an e x p l i c i t  de te rm in a tio n  

of d i f f e r e n t i a l  r a t e  d a ta  from t h i s  system, i t  was n ecessa ry  th a t  

th e  r e a c t o r  d e s ig n  a s su re  complete mixing o f the  r e a c t i n g  s p e c ie s ,  

i . e .  t h a t  th e  c o n c e n tra t io n s  of th e  gaseous sp ec ie s  in  th e  r e a c to r  

and in  th e  e x i t  s tream  were equal.  S u l l iv a n  and Houser16 proved
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t h a t  t h i s  assumption was v a l id  fo r  th e  type  of r e a c to r  h e re  de­

s c r ib e d .  Reactor No. 2 was very  much the same as r e a c to r  No. 1, 

bu t w ith  the  fo llow ing  d i s t i n c t i o n s :  i t  was jo in e d  to  the  flow

l i n e  by 18/9 b a l l  j o i n t  unions making i t s  p o s i t io n  f i v e  90° bends 

from the  p o in t  o f  i n j e c t i o n ;  i t  was 3.49 in .  h igh  and 1.753 in . 

in  d iam eter and had an e f f e c t i v e  volume of 7 6 .8 -3 .0  cc; i t s  

en tran ce  tubing  had a cu t  end (no p in  h o l e s ) ; th e  le n g th  of the  

r e a c to r  o u t l e t  was s h o r te r  but wider in  d iam eter  causing  a lower 

e f f e c t i v e  tem pera tu re  in  th e  r e a c to r .

R eactor No. 1 was used fo r  th e  conven tiona l r a t e  experim ents 

of t h i s  s tu d y , r e a c to r  No. 2 was e x c lu s iv e ly  used to  determ ine  the  

e f f e c t s  o f  the  s u r fa c e  on the  r e a c t io n  r a t e .  To c a r ry  out these  

experim en ts , th e  su r fa c e  to  volume r a t i o  (S/V) was in c reased  from 

1.43 cm- 1 , corresponding  to  th e  empty r e a c to r ,  to  a v a lu e  of 9.45 cm-1 

by f i l l i n g  the  r e a c to r  w ith  about 440 c y l i n d r i c a l  Vycor p iece s  of 

10 mm le n g th  and 2 .6  mm d iam ete r .

The r e a c to r  was heated  by an e l e c t r i c  fu rn a c e ,  the  h e a t in g  

element of which was c o n s tru c te d  by wrapping a 2 in .  d iam eter  ( I .D .)  

by 1/8 in .  th ic k  N o rton -M ulli te  ceramic s le e v e  w ith  two c o n ce n tr ic  

windings of 18 B and S gauge nichrome r e s i s t a n c e  w ire  th e  f u l l  

le n g th  o f  the  s le e v e ;  each was about 10 ohms. Sheets of a sb e s to s  

were used as in s u la t in g  m a te r i a l  around th e  w ind ings . The inner  

c o n c e n tr ic  winding was powered by a 1 KVA v a r ia c  a c tu a te d  ON-OFF 

by a Honeywell type  K 200-1200°C, Model MS2, tem pera tu re  c o n t r o l l e r .

The o u te r  winding was powered by a 1 KVA v a r ia c  d i r e c t l y  connected to 

a 115 v o l t s  60 cps power l i n e .  As a tem pera tu re  d e te c to r  fo r  the

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



11

c o n t r o l l e r ,  a chrom el-alum el thermocouple was p laced  between the  

r e a c to r  and th e  fu rn ac e  w a l l .  An a d d i t i o n a l  s tan d a rd iz e d  chromel- 

a lum el therm ocouple p laced  in  the  therm ocouple w e l l  o f  th e  r e a c to r  

was used f o r  p o te n t io m e tr ic  tem peratu re  measurement. The in s u la t io n  

of th e  fu rn ace  was c o n s t ru c te d  of s e v e n ,9 x 4 1 /2  x 2 1/2 in .  f i r e  

b r ic k s  a rranged  a s  a c u b ic a l  housing and he ld  to g e th e r  by s t e e l  

p in s  th rough  h o le s  in  th e  b r ic k s .

The gaseous r e a c t io n  products  le a v in g  th e  r e a c to r  were passed 

th rough  a ' ' U ' ’ t r a p  (SP) f i l l e d  w ith  6 mm g la s s  beads to in c re a s e  

th e  s u r f a c e  a re a  and thus remove the  s o l id  p ro d u c ts  a t  room temper­

a t u r e ,  O ther p roduc ts  and noncondensable gasses  passed to  a Beckman 

gas sampling v a lv e  (V), where samples were taken  f o r  chromatographic 

a n a ly s i s ;  th e  v a lv e  was equipped w ith  two loops  w ith  a t o t a l  c a p a c i ty  

of about 45 cc .

In  o rd e r  to  o b ta in  samples fo r  chrom atographic  a n a ly s i s  of 

th e  r e a c t in g  s p e c ie s  b e fo re  they reached  th e  r e a c t o r ,  a by -p ass  l i n e  

connec ting  a p o in t  b e fo re  th e  r e a c to r  e n tra n c e  to  an o th er  p o in t  

a f t e r  th e  ' ' U' * t r a p  f i l l e d  w ith  beads was c o n s t ru c te d  as p a r t  of 

th e  flow  system.

The gas chromatograph (GC) used was composed o f  a GOW-MAC 

th e rm is to r  d e t e c t o r ,  a column heated  by an o i l  b a th  to  about 75°C, 

a homemade power supply  and e le c t r o n ic  d e t e c to r  c i r c u i t  (F ig u re  3 ) ,  

and a B r i s t o l  Dynamaster, Model 1PH760-51, r e c o rd e r .  The s o l id  

phase o f  th e  chrom atographic column was a c id  washed Chromosorb-W, th e  

l i q u id  phase was 10% d inonyl p h th a la te .  The c a r r i e r  gas f o r  the  

chromatograph was helium ; th e  flow was measured by a  c a l ib r a t e d
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(see Appendix B) flow m eter (BL).

B. Procedure and Sample C a lcu la t io n s

Run No. 19 i s  d e sc r ib e d  as  an example of the  techn ique  used 

fo r  th e  exper im en ta l p rocedure  followed in  a l l  ru n s .

The d e s i re d  r e a c to r  tem pera tu re  fo r  t h i s  run was 578°C. To 

determ ine  th e  te m p e ra tu re ,  th e  o u tp u t  p o t e n t i a l  o f  th e  thermocouple 

in  the  thermocouple w ell o f  the  r e a c to r  was measured w ith  a Honeywell, 

Model 2732, p o r ta b le  p o te n t io m e te r .  Since t h i s  read in g  corresponded 

to  th e  number o f  degrees  above room tem pera tu re , a thermocouple 

ou tpu t e q u iv a le n t  to  578-27 = 551°C or 22.79 mV17 was n e cessa ry .

Thus, th e  ON-OFF tem pera tu re  c o n t r o l l e r  was a d ju s ted  u n t i l  th e  d e s ire d  

o u t-p u t  p o t e n t i a l  was a t t a in e d  ( th e  read ing  of the  tem pera tu re  con­

t r o l l e r  was no t a r e l i a b l e  in d ic a t io n  of the  r e a c to r  te m p e ra tu re ) .

The placement o f  th e  tem pera tu re  c o n t r o l l e r  d e te c to r  in  th e  annular 

space between th e  r e a c to r  and th e  fu rnace  w all enhanced c o n t r o l l e r  

s e n s i t i v i t y  to  tem pera tu re  changes and r e l a t i v e  c o n s is te n c y ;  th u s ,  

th e  tem pera tu re  c y c l in g  never exceeded ± 1°C.

The helium gas p re s su re  downstream from th e  flowmeter was con­

s id e re d  to  be t h a t  of th e  l a b o r a to r y ,  740 mm llg, which was measured 

w ith  a mercury barom eter.

According to  th e  c o n d i t io n s  fo r  run No. 19 the  flow r a t e  of 

helium was chosen to  be 12.64 c c / s e c ,  which corresponded to  a AP 

v a lue  o f  190 mm w ith  c a p i l l a r y  No. 1. Using a 2 .0  ml s y r in g e ,  a d i a l  

s e t t i n g  of 16 .0  gave a r a t e  o f  i n j e c t io n  of  0.885 x 10-3 c c /se c  

of l i q u id  s o lu t io n  o f  10.16 mole % pen tach lo ro e th an e  in  to lu en e .  The
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flow and i n j e c t i o n  r a t e s  s e le c te d  would g ive  th e  c o n ta c t  tim e and 

c o n ce n tra t io n  t h a t  were needed.

The f a c to r s  which l im i te d  the  c o n c e n tra t io n  range fo r  th e  r e a c ta n t  

were th e  vapor p re s su re s  of to luene  and p en tach lo ro e th an e  a t  room 

tem perature  and th e  s e n s i t i v i t y  of th e  GC c e l l s .  At th e se  i n j e c t i o n  

and flow r a t e s  a vapor c o n c e n tra t io n  of l e s s  than  2 mole % of to lu en e  

in  th e  helium stream  was o b ta in ed ;  th e  maximum vapor c o n c e n tra t io n  of 

to luene  a t  room tem perature  i s  about 4 mole %. The flow l i n e  was 

c a r e f u l ly  checked to  in su re  t h a t  the  a p p ro p r ia te  r a t e  of i n j e c t io n  

was used and d id  no t cause any condensation  of th e  r e a c t a n t s  on th e

w a lls  of the  tub ing  b e fo re  th e  r e a c to r .

A f te r  having e s ta b l i s h e d  th e  c o n d i t io n s  to  g ive  th e  d e s ired  

r e a c ta n t  c o n c e n tra t io n  and c o n ta c t  tim e, the  succeeding s te p s  were 

fo llowed: Before connecting  th e  sy r in g e  to  th e  flow system , helium

was allowed to  flow through th e  complete system fo r  a few m inutes to 

f lu s h  out oxygen, remove any p re v io u s ly  d ep o s ited  v o l a t i l e  m a te r ia l  

and warm up th e  s tream  by th e  p re h e a te r .  The s o lu t io n  of p en tach lo ro ­

e thane in  to lu en e  o f the  c o n c e n tra t io n  to  be used was f r e s h ly  prepared 

(d e n s i ty  of 0.9577 g /cc  fo r  the  10.16 mole % s o lu t io n ,  see  Appendix 

B). A fte r  c a r e f u l ly  f i l l i n g  th e  sy r in g e  and removing any a i r  in  th e  

sy r inge  and hypodermic n e ed le ,  the  system fo r  i n j e c t io n  was assembled 

and jo in te d  to  th e  flow system. With th e  helium flow p ro p e r ly  a d ju s t ­

ed th e  sy r in g e  d r iv e  motor was a c tu a te d  and th e  gaseous m ix tu re  p ro­

duced was d i r e c te d  through th e  by-pass  l i n e  and f i n a l l y  ven ted  to  the

room. A f te r  about 25-30 m inutes to e s t a b l i s h  s t e a d y - s t a t e  flow, th e  

f i r s t  sample fo r  r e l a t i v e  q u a n t i t a t i v e  chromatographic a n a ly s i s  was
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taken  u s ing  th e  Beckman v a lv e .  The time fo r  sampling was 15 seconds 

because both  loops were combined fo r  one sample and th e  time was needed 

to f i l l  th e  second loop. A fte r  about 7 minutes a second sample was 

taken  and th e se  e s ta b l i s h e d  the  zero p e rcen t  r e a c t io n  peak h e ig h ts .

Next, th e  sy r in g e  was r e f i l l e d  and aga in  run under th e  same c o n d i t io n s ,  

bu t th e  r e a c t a n t  m ixture  was d i r e c te d  through the  r e a c to r .  A fte r  

about 30 m inutes to  a llow  the  es tab lish m en t of the  s t e a d y - s t a t e  condi­

t i o n ,  two samples f o r  chromatographic a n a ly s i s  were taken , fo llow ing  

th e  same tech n iq u e . Since the  i n j e c t io n  and flow r a t e s  were known, 

th e  i n i t i a l  c o n c e n tra t io n  of the  r e a c ta n t  m ix ture  could be c a lc u la te d ,  

which corresponded to the  peaks of the  chromatogram fo r  the  run through 

th e  b y -p ass .  S im ila r ly ,  th e  peaks of th e  chromatogram ob ta ined  fo r  th e  

run through th e  r e a c to r  corresponded to  th e  f i n a l  c o n c e n tra t io n s  of 

th e  r e a c t a n t  m ix tu re  a f t e r  p y ro ly s is .

I t  was found th a t  fo r  a g iven run th e  w idth  of th e  chromatographic 

peaks fo r  p en tach lo ro e th an e  from the  by-pass  or from th e  r e a c to r  d id  

no t d i f f e r  s i g n i f i c a n t l y ,  and th a t  th e  b a s e l in e  was q u i te  s t a b l e .

Because o f  t h i s ,  i t  was p o s s ib le  to  use th e  h e ig h t  r a t i o  of the  moder­

a t e l y  broad peaks to  determ ine the  e x ten t  o f  r e a c t io n  of p en tach lo ro ­

e thane  in s te a d  of th e  a re a  r a t i o .  The s e n s i t i v i t i e s  used fo r  th e  

chromatograms were 70-90% of maximum fo r  p en tach lo ro e th an e , and 3-5% 

of maximum fo r  to lu en e  (power supply s e t t i n g s  were 12 v o l t s  and 8 .0  mA). 

Toluene had a r e t e n t io n  time of about 2 minutes ( fo r  a helium flow 

of about 3.7 c c / s e c ) ,  w hile  pen tach lo ro e th an e  had one of about 17 

m inu te s ,  thus  th e re  was no in te r f e r e n c e .

The fo llow ing  in fo rm ation  was known f o r  experim ental run No. 19:
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flow r a t e  of helium a t  27°C, 12.64 c c /s e c ;  r a t e  of i n j e c t i o n  of 

r e a c ta n t  s o lu t io n ,  0.885 x 10-3 c c / s e c ;  p en tach lo ro e th an e  c o n c e n tra t io n  

of th e  s o lu t io n ,  10.16 mole % in  to lu e n e ;  d e n s i ty  of th e  s o lu t io n ,

0.9577 g /c c ;  m olecu lar  w e ig h ts ,  202.30 g/mole fo r  p e n tac h lo ro e th a n e ,  

and 92.14 g/mole fo r  to lu e n e ;  room tem p era tu re ,  27°C; r e a c to r  tem­

p e ra tu re  above room te m p e ra tu re ,  551°C; r e a c to r  volume, 78.3 -  1 .5  cc; 

ba rom etr ic  p re s s u re ,  740 mm Hg; and, molar volume of a gas a t  the  la b o r ­

a to ry  c o n d i t io n s ,  25 .3  x 103 cc/m ole . Assuming id e a l  b ehav io r  i t  was 

p o s s ib le  to  de term ine  the  fo llo w in g :

Volume of vapor i n je c te d  a t  27°C

= 0-885 x 10~3 c c /s e c  x 0.9577 g /cc  x 25.3 x 103 cc/mole
(92.14 x 0.8984 + 202.30 x 0.1016) g/mole

= 0 .21  c c / s e c .

Rate of p e n tac h lo ro e th an e  in je c te d  a t  27°C

= 0-885 x 10~3 c c /s e c  x 0.1016 x 0.9577 g /cc
(92.14 x 0.8984 + 202.30 x 0.1016) g/mole

= 0.833 x 10"6 m ole/sec

T o ta l flow r a t e  a t  27°C

= 12.64 + 0.21 = 12.85 c c /s e c

I n i t i a l  c o n c e n t r a t io n  of p en tach lo ro e th an e  a t  th e  r e a c to r  en trance

_ 0.833 x 10*"6 m ole /sec  x 1000 cc /1

12.85 c c / s e c  x 851 K/300 K.

= 2.285 x 10"s mole/1

Contact time

___________ 78.3 cc___________
12.85 c c /s e c  x 851 K/300 K

= 2.15 sec .

9
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By comparison of the  h e ig h t  of th e  chromatographic peaks of 

p e n tach lo ro e th an e  ob ta ined  from samples taken from th e  by-pass  and 

from th e  r e a c t o r ,  i t  was p o s s ib le  to c a l c u l a t e  th e  e x ten t  of the  

r e a c t i o n .

E x ten t of r e a c t io n  = / l  -  h e ig h t  Peak ReactorX x ^ qq

\  Height Peak B y-Pass/

= (1- x 100 = 29.5%
V 9 .1 5 /

Because o f  th e  low c o n c e n tra t io n  of th e  r e a c t a n t ,  the  change in  the  

number of moles of th e  r e a c t a n t  m ixture  during  p y ro ly s is  d id  n o t  

s i g n i f i c a n t l y  a f f e c t  the  t o t a l  flow r a t e .

Run No. 19 i s  aga in  used as an example f o r  th e  c a lc u la t io n  of

th e  r e a c t io n  r a t e  and r a t e  c o n s ta n t .  Making th e  rea so n ab le  assumption 

th a t  the  r e a c t io n  i s  f i r s t - o r d e r  w ith  r e s p e c t  to  pen tach lo ro e th an e , 

eq u a tio n s  (8) and (9) can be combined to  g ive  th e  fo llow ing  r a t e  

ex p re ss io n :

-  r a t e  = (cQ- c ) / t  = X /t  = kc (14)

where X i s  th e  change in  c o n c e n tra t io n  of r e a c t a n t  (cD- c ) , cQ i s  

th e  i n i t i a l  c o n c e n tra t io n  o f r e a c t a n t ,  c i s  th e  c o n c e n tra t io n  of

r e a c t a n t  a t  time t ,  and t  i s  th e  c o n ta c t  tim e.

The change in  c o n c e n tra t io n ,

X = (cQ-c )  = 2.285 x 10-5 mole/1 x 0.295 

= 0.673 x 10 5 mole/1 

C o n cen tra t io n  a t  time t ,

c = (cQ-X) = (2 .285-0 .673) x 10~s mole/1 

= 1.612 x 10-5 mole/1
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Hence,

The r a t e  of r e a c t io n ,

r  = ^ _ =  0.673 x 10-5 m o le - l - 1 / 2 .15 sec 
t

= 0.315 x 10"5 m o le - l - l - s e c -1

and

The ap paren t r a t e  c o n s ta n t ,

k = X = 0.315 x 1 0 -5 mole-1-1 - s e c -1 = Q>194 se(, - i

c t  1.612 x 1 0 -5 mole-1-1

The f i r s t - o r d e r  assum ption was v a l id a te d  by the  r e l a t i v e  c o n s is ten cy  

o f the  v a lu e s  o b ta ined  fo r  k.

C. M a te r ia ls

A ld r ic h  p en tach lo roe thane  p r a c t i c a l  reag en t  g rade , 96% p u r i ty  
20

and r e f r a c t i v e  index '/j = 1.5033 was used a f t e r  i t  was p u r i f i e d

by f r a c t i o n a l  d i s t i l l a t i o n  a t  low p re s su re  and a t  a co n s tan t

b o i l in g  p o in t  of 47°C; a f t e r  d i s t i l l a t i o n  i t  was s to re d  in  a dark 

f l a s k .  The to lu en e  used was ' ' Baker A n a ly ze d ' ' Reagent, sp ec tro p h o to -  

m e tr ic  grade  and b o i l in g  p o in t  1 1 0 .6°C, w ithout f u r th e r  p u r i f i c a t i o n .
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I I I .  RESULTS AND DISCUSSION

A. R eaction  Products

The major v o l a t i l e  products  of th e  in h ib i te d  p y ro ly s is  of 

pen tach lo roe thane  were hydrogen c h lo r id e  and t r i c h lo r o e th y le n e .

The f i r s t  was q u a n t i t a t i v e ly  determined by a c id -b ase  t i t r a t i o n .  The 

second was q u a l i t a t i v e l y  determined by the  comparison of th e  r e t e n ­

t io n  times of chromatographic peaks observed during  th e  re g u la r  runs 

of pen tach lo roe thane  in  to luene  through th e  r e a c to r  w ith  th a t  ob­

ta ined  fo r  th e  pure t r i c h lo r o e th y le n e ,  through the  by-pass l i n e .

In  a d d i t io n ,  th e  s i z e  of the  peak in d ic a te d  t h a t  i t  was th e  major 

organic  p roduct.  T r ic h lo ro e th y len e  was a lso  checked by running pen­

ta ch lo ro e th an e  a lone  through the  r e a c to r .  In  t h i s  c a se ,  i t  i s

2 3known ’ th a t  te t r a c h lo ro e th y le n e  i s  the  major o rg an ic  p roduc t,  and 

t r i c h lo r o e th y le n e  i s  a minor p roduct. Two chromatographic peaks 

were o b ta ined i a sm all peak a t  th e  same r e t e n t io n  time as th a t  a l ­

ready found fo r  t r i c h lo r o e th y le n e  (which confirmed th e  above d e t e r ­

m ination) , and a la rg e  peak a t  th e  same r e t e n t io n  time as th a t  

re g u la r ly  found fo r  to lu en e .  I t  was concluded (by odor) th a t  t h i s  

second peak corresponded to  t e t r a c h lo ro e th y le n e .

A n o n - v o la t i l e ,  yellow product of th e  r e a c t io n  coated  the  w a lls  

of the r e a c to r  e x i t  l i n e  and p a r t  of th e  SP ' ' U ' 1 t r a p .  Host of t h i s  

re s id u e  was r e a d i ly  so lu b le  in  carbon t e t r a c h l o r i d e ,  e th an o l ,  ace tone  

and carbon d i s u l f i d e .  I t  had been p re v io u s ly  re p o r te d  th a t  th e

main component o f  t h i s  r e s id u e  i s  d ibenzy l which i s  formed by dim er-

19
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i z a t i o n  of th e  benzyl r a d i c a l s  in  th e  e x i t  s tream  of th e  r e a c to r

\ 2C6H5CH2- -----------»* C6H5CH2-CH2C6HS (15)

Other carbonaceous by-p roducts  completed th e  r e s id u e  and gave i t  

th e  yellow  c o lo r .  Dibenzyl was q u a l i t a t i v e l y  c h a ra c te r iz e d  by running  

a chrom atographic a n a ly s is  of a sample o f  the  yellow m a te r i a l ,  which 

gave a peak a t  a c e r t a i n  r e t e n t io n  tim e; a second sample w ith  pure 

d ib en zy l  added, gave th e  same peak, bu t in c reased  in  s i z e ,  which 

in d ic a te d  th e  p resence  of d ib e n zy l .  For t h i s  a n a ly s i s ,  an F and M,

Model 720, gas chromatograph was used.

In  o rde r  to  v e r i f y  the  s to ic h io m e try  of th e  r e a c t io n ,  q u a n t i t a ­

t i v e  a n a ly s i s  of hydrogen c h lo r id e  was c a r r ie d  o u t .  To accom plish 

t h i s ,  s e v e ra l  runs were made u s ing  r e a c to r  No. 1 a t  851 and 865 K 

and c o n ta c t  times o f  2.15 and 5.00 seconds r e s p e c t iv e ly  w ith  a pro­

cedure s im i la r  to  t h a t  d esc rib ed  e a r l i e r  (Chapter 2, S ec t io n  B ).

However, th e  ' 'U1’ t r a p  (SP) fo l lo w in g  a t  the  e x i t  of th e  r e a c to r  

was immersed in  a d r y - i c e  b a th  ( to  condense a l l  v o l a t i l e  m a te r i a l s ,  

except HC1) and the  e x i t  s tream  from th e  r e a c to r  was bubbled through 

a b a s ic  s o lu t io n .  Table I shows the  r e s u l t s  o b ta in ed , and Appendix 

D p re s e n ts  th e  p rocedure  used.

I t  was concluded th a t  th e  decom position of p en tach lo ro e th an e  

in  the  p resence  of to lu en e  fo llow s  th e  s to ich io m etry

C6H5CH3

CHC12CC13 ------------------- * 2HC1 + CaClaH + d ibenzy l (16)

p y ro ly s is

I t  should be po in ted  ou t t h a t  under th e  experim ental c o n d i t io n s  

employed, decom position of to lu e n e 18 was no t observed in  th e  absence
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TABLE I

R esu l ts  o f  the  Hydrogen C h lo rid e  A na lysis

P en tach lo ro e thane HC1
HC1/Exp. No. Temp. ,  K Contact a b c

tim e, sec Moles x 104 X/c0 Moles x 104 PCE

1 851 2.15 2.435 0.237 1.123 1.95

2 2.435 0.237 1.265 2.19

3 3.653 0.237 1.590 1.84

4 4.871 0.237 2.143 1.86

5 865 5.00 1.592 0.574 1.591 1.74

6 1.592 0.574 1.684 1.84

Moles i n j e c t e d .  Mole f r a c t i o n  decomposed accord ing  to  th e  q u a n t i t a t i v e  chrom atographic a n a ly s is  
c a r r i e d  o u t  under th e  same flow c o n d i t io n s  as fo r  th e  HC1 a n a ly s i s .  CMoles produced as  d e te c te d  
by t i t r a t i o n .  Moles o f  HC1 produced per mole o f  p en tach lo ro e th an e  (PCE) decomposed.

to
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of p e n tac h lo ro e th a n e .

B. Kinetics Results

The r e s u l t s  o b ta in e d  fo r  th e  in h ib i t e d  p y ro ly s is  of pen tach lo ro ­

e thane  by flow experim ents  us ing  r e a c to r  No. 1 a t  548, 552, 578 

and 592°C a re  t a b u la te d  in  Appendix A. D eterm inations  a t  four d i f ­

f e r e n t  c o n ta c t  tim es fo r  each tem pera tu re  were c a r r ie d  out ( th re e  

fo r  563°C). Furtherm ore , a t  578°C th re e  d i f f e r e n t  i n i t i a l  concen­

t r a t i o n s  were used to  e s t a b l i s h  th e  o rd e r  of th e  r e a c t io n  r a t e  w ith  

r e s p e c t  to  p e n tac h lo ro e th a n e .

The r a t e  was found to  be f i r s t - o r d e r ,  thus  equa tion  (14) was 

used to  r e p re s e n t  th e  d a ta

- r  = X /t  = k ic

where r  i s  th e  r a t e  expressed  in  mole-1 1- s e c - 1 , k i i s  a f i r s t - o r d e r  

r a t e  c o n s ta n t  in  sec 1, X i s  th e  change in  r e a c t a n t  c o n c e n tra t io n  due 

to  decom position  in  mole-1- 1 , and c i s  th e  p en tach lo ro e th an e  concen­

t r a t i o n  in  th e  r e a c to r  in  mole-1- 1 .

Table  I I  p r e s e n ts  a summary of th e  r a t e  c o n s ta n ts  ob ta ined  w ith  

r e a c to r  No. 1 a t  th e  fo u r  d i f f e r e n t  tem p era tu res .  Appendix C p re s e n ts  

the  u n c e r t a i n t i e s  in  th e  in d iv id u a l  measurements and t h e i r  e f f e c t s  on 

th e  f i n a l  r e s u l t s .

F ig u re  4 i s  th e  A rrhenius p lo t  fo r  th e  flow  experim ents using  

r e a c to r  No. 1. A le a s t - s q u a r e s  a n a ly s i s  o f  th e se  r e s u l t s  g ives  

th e  fo l lo w in g  e x p re ss io n

11.56 ± 0.67 t (48,200  ± 2,600)/RT
ki = 10 e , sec -1 (17)
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TABLE I I  

Summary of K in e t ic  R esu lts

T,K 1/T x 103 k i ,  sec 1 x 10 - lo g  ki (Obs.)

Obs. C a lc .

821 1.218 0.543 -  0.026 0.533 1.265

836 1.196 0.948 -  0.046 0.905 1.023

851 1.175 1.43 -  0.04 1.51 0.8447

865 1.156 2.53 -  0.08 2.41 0.5969

Standard d e v ia t io n  o f the  mean. C a lcu la ted  from equation  
(17).

The r e s u l t s  found u s ing  r e a c to r  No. 2 a t  578°C to s tudy  the  

e f f e c t s  of th e  s u r fa c e  on th e  r e a c t io n  r a t e  a r e  summarized in  Table 

I I I  and a re  ta b u la te d  in  Appendix A a ls o .  Four and th r e e  c o n tac t  

tim es f o r  th e  empty and packed r e a c t o r ,  r e s p e c t iv e ly ,  were used.

TABLE I I I

S u rface  E f fe c t s  on th e  Rate a t  851 K

— l  Sl
R eactor No. 2 k i ,  sec x 10

+ b
Empty 0.518 -  0.023

F i l l e d  0.444 -  0.020

The a p p aren t  d e c rea se  in  k r was due to  a d i f f e r e n t  tem peratu re  
d i s t r i b u t i o n  w ith  r e a c to r  Ng. 2 in  comparison to  r e a c to r  No. 1 
f o r  th e  same tem p era tu re .  Standard d e v ia t io n  of  th e  mean.
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FIGURE 4: A rrhen ius  P lo t
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C. C a lc u la t io n  of th e  CHC12CC12-C1 Bond 
D is so c ia t io n  Energy

There i s  no re p o r te d  va lue  fo r  t h i s  bond d i s s o c i a t i o n  energy 

based on d i r e c t  k in e t i c  d a ta .  An e s t im a tio n  v a lu e  of 72 Kcal/mole 

was re p o r te d  by Houser and B e rn s te in 2 fo r  th e  a c t i v a t i o n  energy of 

th e  i n i t i a t i o n  s te p  of t h e i r  mechanism. C a lc u la t io n s  based on th e r ­

mochemical d a ta  and an e s t im a tio n  from group p ro p e r ty  a d d i t i v i t y  

r u le s  by F ra n k lin  and Huybrechts19, g ive  in  bo th  cases  a va lue  

of 70 Kcal/mole ( a t  25°C and 1 atm) fo r  th e  C-Cl bond d i s s o c ia t io n  

energy in  p en tach lo ro e th an e .  The a c t i v a t io n  energy c a lc u la te d  from 

the  r e s u l t s  of t h i s  s tudy  i s  48.2 Kcal/mole which can be d i r e c t l y  

equated to  the  CHC12CC12-C1 bond d i s s o c i a t i o n  energy. The disagreem ent 

w ith  the  former v a lu e s  i s  unreso lved  a t  t h i s  time.

D. Mechanism of R eac tion

Taking in to  account th e  s to ic h io m e try  of the  r e a c t io n ,  the  ob­

served  f i r s t - o r d e r  r a t e  law, th e  a c t i v a t i o n  energy, and th e  r e s u l t s  

on the  s u r fa c e  e f f e c t s  (see  be low ), th e  fo llow ing  sim ple  mechanism 

i s  proposed fo r  the  p y ro ly s is  of p en tach lo ro e th an e  in h ib i t e d  by to lu en e ,

CHC12CC13 ----------- —------------- > CHCl2CCla* + Cl*

CHC12CC12* ----------- —-------------- ► CHC1CC12 + Cl*

Cl* + C6HsCH3 ----------—-------------- > HC1 + C6HsCH2-

c 6h 5c h 2*+ c 6h 5ch 2- ------- — > C6H5CHa-CH2C6Hs

A few o th e r  v a r i a t i o n s  were considered  such a s :

CHC12CC12* --------------- ^ ------ »- CC12CC12 + H*
1 h r 1CHC12CC12*+ C6HsCH3 -----—--------- >  CHC12CHC12 + C6HsCH2*
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bu t th e se  were ru le d  ou t as  major c o n t r ib u to r s  to  th e  mechanism due 

to  e n e rg e t ic  c o n s id e ra t io n s  (E& = 21.4 Kcal/mole f o r  lb  and Ea =

42.6 fo r  l b ' ) 19, and because  t e t r a c h lo r o e th y le n e  and t e t r a c h l o r o -  

e thane  were not observed as  s i g n i f i c a n t  p ro d u c ts .  In  a d d i t i o n ,  

s in c e  two moles o f  HC1 were produced fo r  each mole o f CHClaCCl3 

decomposed, a Cl e l im in a t io n  s te p  l i k e  lb  i s  n ecessa ry .

The r e s u l t s  on the  e f f e c t s  o f  th e  s u r fa c e  c l e a r l y  re v e a le d  

th a t  the  i n i t i a l  p rocess  o f  p y ro ly s i s  i s  homogeneous, s in c e  in c re a s in g  

th e  s u r f a c e  area/volum e of th e  r e a c to r  by a f a c to r  of 6 .6  did  no t 

show a s i g n i f i c a n t  change on th e  r e a c t io n  r a t e .  This c o n t r a d i c t s  

th e  f in d in g s  of Shvets e t  a l . 3, who have re p o r te d  a f a c to r  o f  2 .5  

in c re a s e  in  the  r a t e  o f  the  i n h ib i t e d  decom position when th e  s u r fa c e  

area/volum e was in c reased  by a f a c t o r  of 3 .14 . I t  should be noted 

t h a t  th e se  a u th o rs  used n-hexane a t  low c o n c e n tra t io n s  (about 1 

mole %) as the  i n h i b i t o r ,  worked w ith  a Pyrex tu b u la r  r e a c to r  a t  

tem p era tu res  more than  100°C below those  of t h i s  s tudy , and d id  no t 

use  a c a r r i e r  gas; i t  i s  p o s s ib le  t h a t  th e se  changes in  c o n d i t io n s  

account f o r  the  d i f f e r e n c e .

The low v a lu es  fo r  th e  r a t e  c o n s ta n t  ob ta ined  w ith  r e a c to r  No. 2 

a t  851 K, compared w ith  th o se  o b ta in ed  w ith  r e a c to r  No. 1 fo r  th e  

same tem p era tu re ,  were mainly due to  r e a c to r  des ig n  which d id  n o t  

p erm it an e f f i c i e n t  h e a t in g  o f  th e  upper end of r e a c to r  No. 2. In  

s p i t e  of t h a t ,  th e  r e s u l t s  on th e  e f f e c t s  o f  th e  su r fa ce  on the  

r e a c t io n  r a t e  a r e  v a l i d  because th e  same h e a t in g  was provided fo r  th e  

r e a c to r  in  both  c a s e s ,  empty and f i l l e d .  One l a s t  c o n s id e ra t io n ,  

from th e  carbonaceous d e p o s i t s  on the  r e a c to r  and packing i t  d id
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n o t appear t h a t  s i g n i f i c a n t  channeling  took  p la ce  to  o f f s e t  p o s s ib le  

r a t e  in c re a s e s  due to  a  l a r g e r  s u r fa c e  a r e a .

The o v e r a l l  mechanism fo r  th e  p y ro ly s is  o f  pen tach lo ro e th an e  

proposed by Shvets e t  a l . 3 appears  rea so n a b le ,  w ith  th e  excep tion  of 

th e  h e te r o g e n e i ty  o f  th e  i n i t i a t i o n  and te rm in a t io n  s t e p s .  Reevalua­

t io n  of  th e  k i n e t i c  d a ta  o f  Houser20 in  accordance  w ith  th e  r a t e  

equ a tio n  o b ta in ed  from t h e i r  mechanism le a d s  to  th e  c o n c lu s io n  th a t  

th e  d a ta  and mechanism a r e  c o n s i s t e n t .
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APPENDIX A

K in e t ic s  Data

Symbols:

% cone = mole p e rcen t  o f  p e n tach lo ro e th an e  in  to lu en e

cG = i n i t i a l  c o n c e n t ra t io n  of p en tach lo ro e th an e  a t  
r e a c to r  c o n d i t io n s ,  mole-1-1 x 10s

t  = c o n ta c t  tim e, sec

X = c o n c e n tra t io n  of p en tach lo ro e th an e  r e a c te d ,  
mole-1-1 x 10s

X/c0 = f r a c t i o n  o f  p e n tac h lo ro e th an e  decomposed

c = c o n c e n tra t io n  o f p en tach lo ro e th an e  a t  time t ,  
mole-1-1 x 105

r  = X /t  = r a t e  o f  r e a c t i o n ,  m ole-1-1 - s e c -1 x 106

k = r / c  = r a t e  c o n s ta n t ,  sec-1 x 10

Data a t  548°C (821 K), R eactor No. 1

Run No. % conc. t X/Cg C r k

1 5.077 1.127 3.00 0.162 0.9443 0.540 0.572
2 0.120 0.9912 0.401 0.405
3 5.156 1.123 5.01 0.228 0.8665 0.512 0.591
4 0.247 0.8457 0.554 0.655
5 0.234 0.8600 0.525 0.611
6 5.077 1.132 7.00 0.233 0.8676 0.377 0.435
7 0.289 0.8051 0.466 0.579
8 5.156 1.124 9.99 0.347 0.7340 0.390 0.532
9 0.314 0.7707 0.354 0.459

10 0.372 0.7054 0.419 0.594

28
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Data a t  563°C (836 K), R eactor No. 1

Run No. % conc. 2° t X/cP c r k

11 5.065 1.115 3.01 0.196 0.8964 0.727 0.811
12 0.179 0.9158 0.663 0.723
13 5.136 1.103 4.92 0.348 0.7197 0.779 1.083
14 0.323 0.7469 0.724 0.969
15 0.311 0.7599 0.697 0.918
16 5.136 1.104 9.81 0.512 0.5393 0.576 1.067
17 0.484 0.5695 0.545 0.957
18 0.508 0.5431 0.572 1.053

Data a t  578°C (851 K), R eactor No. 1

Run No. % conc. co t X/cO c r k

19 10.16 2.285 2.15 0.295 1.612 3.13 1.94
20 0.253 1.707 2.69 1.58
21 10.09 2.255 3.40 0.281 1.621 1.87 1.15
22 0.392 1.371 2.60 1.90
23 0.358 1.443 2.37 1.64
24 0.365 1.433 2.42 1.69
25 10.09 2.252 6.80 0.471 1.191 1.56 1.31
26 0.542 1.004 1.80 1.79
27 0.430 1.283 1.43 1.11
28 0.515 1.093 1.70 1.56
29 0.451 1.236 1.49 1.21
30 0.467 1.201 1.55 1.29
31 10.09 2.367 12.5 0.636 0.8623 1.20 1.40
32 0.615 0.9115 1.16 1.28

33 5.105 1.234 0.98 0.105 1.104 1.32 1.20
34 0.139 1.063 1.74 1.64
35 5.156 1.114 2.15 0.296 0.7845 1.37 1.75
36 0.222 0.8662 1.03 1.19
37 0.221 0.8674 1.03 1.19
38 0.240 0.8461 1.24 1.47
39 0.230 0.8575 1.19 1.39
40 0.223 0.8653 1.16 1.34
41 4.980 1.114 3.40 0.367 0.7055 1.20 1.70
42 0.296 0.7839 0.971 1.24
43 0.284 0.7972 0.932 1.17
44 4.980 1.113 6.80 0.476 0.5835 0.779 1.34
45 0.458 0.6034 0.749 1.24
46 0.476 0.5830 0.779 1.34
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Run No. % conc. ^0 t oo>< c r k

47 2.555 0.6118 1.00 0.0976 0.5521 0.599 1.08
48 1.110 0.5446 0.674 1.24
49 1.128 0.5337 0.784 1.47
50 2.537 0.6193 2.95 0.284 0.4433 0.597 1.35
51 0.300 0.4335 0.630 1.45
52 0.250 0.4645 0.525 1.13
53 2.537 0.6145 5.12 0.423 0.3545 0.508 1.43
54 0.415 0.3597 0.498 1.38
55 0.368 0.3885 0.441 1.14
56 2.537 0.6070 9.88 0.652 0.2111 0.401 1.90
57 0.652 0.2111 0.401 1.90
58 0.607 0.2385 0.373 1.56

Data a t  592°C (865 K ), Reactor No. 1

Run No. % conc. £o t x / c p c r k

59 5.102 1.114 1.00 0.185 0.9080 2.06 2.26
60 0.234 0.8530 2.61 3.06
61 0.179 0.9140 2.00 2.18
62 5.065 1.106 1.00 0.195 0.8900 2.16 2.42
63 0.174 0.9131 1.93 2.11
64 5.077 1.131 2.00 0.286 0.8080 1.62 2.00
65 0.299 0.7926 1.69 2.14
66 0.331 0.7569 1.87 2.47
67 5.156 1.130 3.03 0.438 0.6356 1.63 2.57
68 0.435 0.6390 1.62 2.54
69 0.421 0.6538 1.57 2.40
70 5.102 1.114 5.00 0.607 0.4381 1.35 3.08
71 0.600 0.4455 1.34 2.99
72 5.065 1.106 5.00 0.578 0.4670 1.28 2.74
73 0.584 0.4596 1.29 2.81
74 0.553 0.4943 1.22 2.47
75 0.573 0.4719 1.27 2.69
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Data a t  578°C (851 K), R eactor No. 2 , Empty

Run No. % conc. fo t X/cc c r k

76 5.762 0.9945 1.49 0.0645 0.9303 0.431 0.463
77 0.0705 0.9244 0.471 0.509
78 5.762 0.9985 2.99 0.153 0.8459 0.510 0.603
79 0.129 0.8694 0.432 0.497
80 0.154 0.8448 0.514 0.609
81 5.762 0.9952 5.00 0.238 0.7587 0.473 0.624
82 0.192 0.8048 0.381 0.474
83 0.217 0.7796 0.432 0.554
84 5.762 1.026 7.02 0.258 0.7617 0.377 0.495
85 0.257 0.7619 0.376 0.494
86 0.206 0.8145 0.301 0.370

Data a t  578 °C (851 K), R eactor No. 2, F i l l e d

Run No. % conc. t X/cQ c r k

87 5.169 0.9962 1.50 0.0643 0.9321 0.427 0.458
88 0.0546 0.9419 0.362 0.385
89 0.0524 0.9440 0.348 0.368
90 0.0707 0.9258 0.469 0.507
91 5.169 1.001 3.00 0.101 0.9000 0.338 0.375
92 0.131 0.8698 0.438 0.504
93 0.111 0.8900 0.371 0.417
94 0.146 0.8545 0.488 0.572
95 0.128 0.8730 0.428 0.490
96 0.113 0.8880 0.378 0.425
97 5.169 1.000 4.99 0.192 0.8084 0.385 0.475
98 0.149 0.8515 0.298 0.350
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APPENDIX B

C a l ib r a t io n  Data

Flow R ate  of Helium:

C a p i l l a r y  No. 1 C a p i l la r y  No. 2
(sm a lle r  Diameter)

P re s su re  d rop , mm Flow r a t e ,  P re s s u re  d rop , mm Flow r a t e ,
, a . ac c / s e c  c c /s e c

16 .0 1.15 17.0 4.64
31.3 2 .20 33.5 9.00
60.0 4 .12 55.2 14.20
89.7 6.20 91.0 22.57

124.0 8 .43 117.3 28.40
164.5 11.06 154.2 36.11
208.5 13.75 203.1 45.13
221.5 14.62 221.0 48.61

a ,
Flow r a t e s  of helium were c a l i b r a t e d  a t  27-2°C and 740 mm Hg 
t o t a l  p r e s s u re .

Rate o f  I n j e c t i o n :

D ia l s e t t i n g  
f o r  th e  

s y r in g e  d r iv e

1 0 . 0
1 5 .0
20 .0
30 .0
4 0 .0
4 5 .0
50 .0
60 .0
70 .0
75 .0
90 .0

The volume flow  r a t e s  were determ ined  u s in g  d ib u ty l  p h th a la te  
(1 .043  g /cc  d e n s i ty )  a t  a tem pera tu re  o f  27^2°C.

32
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Rate of

1 .0  ml sy r in g e  

0.172

0.484

0.825

1.166

1.481

i n j e c t i o n ,  c c /s e c

2 .0  ml sy r in g e

0.569

1.125
1.678
2.205

2.757
3.288
3.839

x 103

5 .0  ml sy r in g e

1.541

3.017

4.575

6.118

7.791 
. 9.076



Flow Rate o f  Helium fo r  th e  Gas Chromatograph:

Height l e v e l  o f  b a l l ,  mm Flow rate, cc/sec

27.0
53.0
63.0 
74.5

0.984
3.050
4.000
4.874

This c a l i b r a t i o n  and th o se  fo r  the  c a p i l l a r i e s  were made us ing  a 
’ ’P r e c i s io n ’ ’ wet t e s t  m eter a t  room tem pera tu re  of 27^2°C and 
740 mm Hg t o t a l  p re s s u re .

S o lu t io n s  o f  p en tac h lo ro e th a n e  in  to lu en e

The d e s i r e d  c o n c e n tra t io n s  were prepared  by pouring  in to  sm all 

weighed da rk  f l a s k s  (each o f about 60 cc c a p a c i t y ) , th e  d e s ired  

volumes of p en tac h lo ro e th a n e  and to lu e n e ,  and each r e s p e c t iv e ly  

weighed u s in g  a M e t t l e r ,  Type H15, e l e c t r i c  b a lan ce .  The d e n s i ty  

of each s o lu t io n  was determ ined  u s ing  a 5 .00 ml v o lum etr ic  f l a s k .

The room tem pera tu re  was 27-2°C.
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APPENDIX C 

Error A nalysis

The u n c e r t a in t i e s  in  the  in d iv id u a l  measurements and t h e i r  

e f f e c t s  on th e  f i n a l  r e s u l t s  were analyzed in  the  fo llow ing  way:

1) The u n c e r ta in ty  in  th e  flow r a t e  of helium depended on the 

magnitude o f  the  p re s su re  drop (AP) which could be read  to  -1  mm.

The h ig h e s t  read ing  was 190 mm; the  low est read ing  was 35 mm (both 

w ith  c a p i l l a r y  No. 1 fo r  th e  flow m eter). These gave the  minimum un­

c e r t a i n t y  o f  1/190 x 100 = 0.5% and th e  maximum u n c e r ta in ty  of

1/35 x 100 = 3.0%, r e s p e c t iv e ly .  Consequently, maximum u n c e r ta in ty  

appeared a t  r e l a t i v e l y  long c o n tac t  t im es.

2) The u n c e r t a in t i e s  in  the  c o n ce n tra t io n  of p en tach lo roe thane  

s o lu t io n s  were es tim ated  to  be 10 .16-0 .01  mole % fo r  th e  h ig h e s t  

c o n c e n tra t io n  and 2 .537-0 .003 mole % fo r  th e  low est c o n ce n tra t io n .  

Thus, th e  u n c e r ta in ty  was about 0.1% fo r  both  ca se s .

3) The u n c e r ta in ty  in  the  amount of p en tach lo roe thane  in je c te d  

was based on the  r a t e  of i n j e c t i o n ,  which was l im i te d  by i t s  re p ro ­

d u c i b i l i t y  es tim ated  to  be -0 .002  x 10~3 c c /s e c .  Hence, th e  l a r g e s t  

u n c e r ta in ty  appeared a t  the  lowest c o n ce n tra t io n  of pen tach lo roe thane  

s o lu t io n  (2.537 mole %) and th e  re s p e c t iv e  lo n g e s t  c o n tac t  time 

(9.88 s e c . )  where th e  r a t e  was 0.205 x 10 3 c c /s e c .  For t h i s ,  th e  

u n c e r ta in ty  was 1.0%. The sm a l le s t  u n c e r ta in ty  was about 0.1%

when th e  r a t e  of i n j e c t i o n  was 2.080 x 10"3 c c /s e c  o f  5.105 mole % 

pen tach lo roe thane  s o lu t io n .

4) The volume o f  r e a c to r  No. 1 was measured to  -1 .5  cc ,  and i t s
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t o t a l  volume was 78.3 cc ,  which gave an u n c e r ta in ty  o f 1 .5 /7 8 .3  

x 100 = 1.9%. R eac to r No. 2 was measured to  - 3 .0  cc ,  and i t s  t o t a l  

volume was 76.8 c c ,  which produced an u n c e r ta in ty  o f 3 .0 /7 6 .8  x 100 =

3.9%. The source  of u n c e r ta in ty  fo r  e i t h e r  r e a c to r  was sy s tem a tic  

and th e r e f o r e  d id  no t c o n t r ib u te  to  th e  random behavior of th e  i n ­

d iv id u a l  v a lu e s ,  bu t was added to  th e  f i n a l  u n c e r ta in ty  in  th e  r a t e  

c o n s ta n t .  Volume v a r i a t i o n s  due to  tem pera tu re  changes were considered  

n e g l ig ib l e  (because o f  the  very  low therm al expansion c o e f f i c i e n t  

o f  V ycor) .

5) The u n c e r ta in ty  in  the  r e l a t i v e  q u a n t i t a t i v e  gas chromato­

g raph ic  d e te rm in a tio n  of  p en tach lo ro e th an e  o r ig in a te d  mainly from 

in s t ru m e n ta l  f a c to r s  which r e s u l t e d  in  i r r e p r o d u c i b i l i t y .  Thus, 

the  u n c e r ta in ty  in  th e  d e te rm in a t io n  of samples from th e  by-pass  

l i n e  was 0 .1 0 /6 .0 0  x 100 = 1.7%, and th e  u n c e r ta in ty  of samples from 

th e  r e a c to r  was 0 .1 0 /4 .0 0  x 100 = 2.5%, b o th  on the  average . I t  

should be po in ted  ou t t h a t  a sy s tem a tic  sou rce  of u n c e r ta in ty  was 

involved  in  any sampling produced by p o s s ib le  d is tu rb a n ce s  in  th e  

in h e re n t  s t e a d y - s t a t e  flow or by th e  sampling va lve  i t s e l f .  Since 

t h i s  u n c e r ta in ty  i s  n o t  random, i t  could no t be added to  th e  in d iv id u a l  

d e te rm in a t io n s ,  bu t would appear in  th e  f i n a l  u n c e r ta in ty  in  th e

r a t e  c o n s ta n t .  U n c e r ta in ty  in  th e  tim e of sampling was e s tim ated  

to  be n e g l ig ib l e .

6) The u n c e r t a i n t i e s  in  th e  i n i t i a l  c o n c e n tra t io n  were from

(1 ) ,  (2) and (3) and those  in  th e  f i n a l  c o n c e n tra t io n  o r ig in a te d  from 

(1 ) ,  ( 2 ) ,  (3) and (5 ) .

The u n c e r ta in ty  in  th e  i n i t i a l  c o n c e n tra t io n  was,

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



36
-L

Maximum: (3 .0 2 + O . l2 + l .O 2) 2 = 3.2%

Minimum: (0 .5 2 + O . l2 + O . l2)*  = 0.5%

The u n c e r ta in ty  in  th e  f i n a l  c o n c e n tra t io n  was,
1_

Maximum: (3 .0 2 + O . l 2 + l .O 2 + 1 .7 2 + 2 .5 2) 2 = 4.4%

Minimum: ( 0 .5 2 + O . l2 + O . l2 + 1 .7 2 + 2 .5 a) 2 = 3.1%

7) The u n c e r t a i n t i e s  in  c o n ta c t  time a ro se  mainly from th e  

u n c e r t a i n t i e s  in  th e  flow r a t e  of helium , whose l i m i t s  were 0 .5  and 

3.0%. Minor c o n t r ib u t io n s  from u n c e r t a i n t i e s  in  the  r a t e  of i n j e c ­

t i o n  and in  any gas volume change due to  p y r o ly s i s ,  were conside red  

n e g l i g i b l e .  I f  p y ro ly s is  caused any gas fo rm ation  w ith  th e  consequence 

of volume increm ent,  th e  fo rm ation  of n o n - v o la t i l e  r e s id u e  w ith  th e  

consumption of some gas m ix ture  component produced a volume d e c rea se ,  

which gave a n e t  r e s u l t  of approxim ate ly  no gas volume change.

The u n c e r ta in ty  in  c o n ta c t  time was,

Maximum: 3.0%

Minimum: 0.5%

8) The u n c e r ta in ty  in  the  r a t e  c o n s ta n t  r e s u l t e d  from the  

t o t a l  u n c e r ta in ty  in  the  d i f f e r e n c e  between th e  i n i t i a l  and the  

f i n a l  c o n c e n tra t io n s  which had a  h igh  dependence on th e  e x ten t  of 

r e a c t io n .  As i l l u s t r a t i o n ,  th e  fo l lo w in g  examples a r e  p re sen ted :

(a) Run No. 48. The d a ta  a r e ,  i n i t i a l  c o n c e n t ra t io n ,  

cQ = 0.6118 x 10 3 m ole /1 ; f i n a l  c o n c e n t r a t io n ,  c = 0.5446 x 10~5 

m ole/1 ; c o n ta c t  t im e, t  = 1 .00 sec ;  and, tem p e ra tu re ,  T = 851 K. For 

t h i s  run the  minimum c o n c e n tra t io n  u n c e r t a in ty  was a p p l ic a b le  because 

th e  c o n ta c t  time was low, being  a t  th e  h igh  flow r a t e .
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X = cq -  c = (0.6118 -  0.5446) x 10“ s -  [(0 .6118 x 0 .0 0 5 )2 

+ (0.5446 x 0.031) 2] i  x 10"5 

= 0.0672 x lO-5 ± [ (0 .0 0 3 1 )2 + (0 .0 1 6 9 )2] *  x 10~3 

= (0.0672 -  0.0172) x 10“ 3 

Thus, th e  u n c e r t a in ty  in  X was -0 .0172 /0 .0672  x 100 = -  26%.

(b) Run No. 32. The d a ta  a r e ,  i n i t i a l  c o n c e n t ra t io n ,

cQ = 2.367 x 10- s  m ole /1 ; f i n a l  c o n c e n t ra t io n ,  c = 0.9115 x 10-3 

m ole/1; c o n ta c t  t im e, t  = 12.5 sec ;  and, te m p e ra tu re ,  T = 851 K. For 

t h i s  example, a c o n c e n t ra t io n  u n c e r ta in ty  g r e a t e r  than  minimum but 

l e s s  than  maximum was a p p l ic a b le  because th e  c o n ta c t  time was long 

bu t th e  c o n c e n t r a t io n  was h igh .

X = cQ -  c = (2.367 -  0.9115) x 10-5 ± [(2 .367  x 0 .0 2 2 )2 

+ (0.9115 x 0 .0 3 0 )2]a  x 10-s  

= 1.456 x 10~s -  [ (0 .0 5 2 1 )2 + (0.0274) 2] i  x 10-5 

= (1 .456 ± 0.059) x 10-3 

Thus, th e  u n c e r t a in ty  in  X was -  0 .0 5 9 /1 .456  x 100 = -  4.1%

(c) Run No. 70. The d a ta  a r e ,  i n i t i a l  c o n c e n tra t io n ,

cQ = 1.114 x 10~s m ole /1 ; f i n a l  c o n c e n t ra t io n ,  c = 0.4381 x 10-3 

m ole/1 ; c o n ta c t  t im e , t  = 5.00 sec ; and, te m p e ra tu re ,  T = 865 K.

For t h i s  c ase  an in te rm e d ia te  u n c e r ta in ty  c o n c e n t r a t io n  was a p p l i ­

c a b le  because  th e  c o n ta c t  time and c o n c e n t ra t io n  were in te rm e d ia te .

X = cQ -  c = (1 .114 -  0.431) x 10-5 ± [(1.114 x 0 .0 1 8 )2 

+ (0.4381 x 0 .0 2 6 )2] l  x 10“ s 

= 0.676 x 10_s -  [(0 .0201)2 + (0 .0 1 1 4 )2] 2  x 10-5 

= (0 .676 + 0.023) x 10~3 

Thus th e  u n c e r t a in t y  in  X was -0 .0 2 3 /0 .6 7 6  x 100 = -  3.4%.
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For runs  of low c o n ta c t  time and low e x te n t  o f  r e a c t io n  the  

u n c e r ta in ty  in  the c a lc u la te d  r a t e  (X /t)  gave,

(262 + 0 .5 a)= = 26%

Long c o n ta c t  time and h igh  e x ten t  of r e a c t io n  gave an u n c e r ta in ty  in  

th e  r a t e  of

( 4 . I 2 + 3 2)^ = 5.1%

And fo r  an in te rm e d ia te  v a lue  of c o n ta c t  time and a h igh  e x te n t  of 

r e a c t io n ,  th e  u n c e r ta in ty  in  th e  r a t e  was,

(3 .4 2 + 3 2)^  = 4.5%

I t  can be seen  th a t  th e re  was a le v e l in g  e f f e c t  because h igh  flow 

r a t e s  which gave low u n c e r ta in ty  in  c o n c e n tra t io n s  and produced low 

e x te n ts  of r e a c t i o n ,  r e s u l t e d  in  h igh r a t e  u n c e r t a i n t i e s  as  a  con­

sequence of th e  sm all v a lu es  o f X, and v ic e v e r s a .  N e v e r th e le s s ,  th e  

above examples showed t h a t  the  u n c e r ta in ty  in  X was always more 

s i g n i f i c a n t  than th a t  in  c o n ta c t  time.

9) According to  the  above examples, th e  maximum d e v ia t io n  from 

the  mean th a t  th e  r a t e  c o n s ta n ts  can have under a s p e c i f i c  s e t  of 

c o n d i t io n s ,  f a l l  w ith in  th e  range of th e  d e v ia t io n s  found e x p e r im en ta l ly ,  

bu t indeed a r e  no t ve ry  r e l i a b l e .  Tabulated  below a r e  th e  mean 

v a lu e s  fo r  th e  r a t e  c o n s ta n t s ,  shown to g e th e r  w ith  th e  observed s ta n ­

dard  d e v ia t io n s  of a sample, which a re  f e l t  to  be more r e l i a b l e  than 

th e  p re d ic te d  maximum d e v ia t io n s  from th e  a n a ly s i s  o f  u n c e r t a i n t i e s .
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Temperature Mean va lue Observed ( s t d . )  d e v ia t io n

K , s e c " 1

821 0.0543 -0.0079 (15%)
836 0.0948 -0.0120 (13%)
851 0.143 ±0.0245 (17%)
865 0.253 ±0.0324 (13%)
851b 0.0518 ±0.0072 (14%)
851 0.0444 10.0065 (15%)

a bReactor No. 2, empty. Reactor No. 2, f i l l e d
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APPENDIX D

Procedure fo r  Determining th e  Hydrogen C hloride  
in  th e  E x i t  Stream

As mentioned e a r l i e r  (R esu lts  S e c t io n ) , a simple a c id -b ase  

t i t r a t i o n  was used to  determ ine th e  HC1 in  th e  e x i t  s tream  from the  

r e a c to r .  The fo llow ing  procedure was used:

By means of a p i p e t t e ,  10.0 ml NaOH s o lu t io n  f r e s h ly  prepared  

was poured in to  a gas bubbler f l a s k  of about 300 ml c a p a c i ty .  Then, 

th r e e  drops o f p h en o lp h ta le in  in d ic a to r  s o lu t io n  and enough d i s t i l l e d  

w ater (about 30 ml) to  cover the  t i p  of the  bubbler  were added.

Next, th e  bubb le r  f l a s k  was connected to  th e  e x i t  s tream  from the  

r e a c to r  us ing  a t e f l o n  tu b in g , and th e  gases le av in g  th e  ’ 'U 1' 

t r a p  (SP) immersed in  a d r y - ic e  b a th  were pe rm itted  to  bubble through 

th e  b a s ic  s o lu t io n  f o r  a c e r t a i n  tim e. F in a l ly ,  th e  bubb le r  f l a s k  

was removed and th e  excess of NaOH was t i t r a t e d  w ith  a h y d ro ch lo r ic  

a c id  s o lu t io n  us ing  a 50.0 ml b u re t .

The ta b u la t io n  below summarizes th e  d a ta  fo r  th e  a n a ly s i s  of

HC1 in the e x i t  s tream  from th e  r e a c to r .

Exp. T, K PCEa ,
b

Time , 10 .0  ml NaOH HC1 s o l . , ml HC1
No. x 107 min. s o lu t io n ,  N N f o r  exc

1 851 4.059 10.0 0.07112 0.07130 8.40
2 4.059 10.0 0.07112 0.07130 8.20
3 4.059 15.0 0.07674 0.09218 6.60
4 4.059 20.0 0.07674 0.09218 6.00
5 865 1.769 15.0 0.07537 0.09218 6.45
6 1.769 15.0 0.07537 0.09218 6.35

^ a t e  of i n j e c t io n  of  p en tach lo ro e th an e  (PCE) to  th e  r e a c to r  in  
m o les /sec  x 107 . Time of bubbling  through th e  NaOH s o lu t io n .
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