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ABSTRACT 

A two-year research and development program was 

initiated in April of 1979 to study the hydrochlorination 

of silicon tetrachloride and r~ietallurgical grade (m.g.) 

silicon metal to trichlorosilane, 

  his complementary research and development effort is 

conducted to supplement the engineering process development 

activities for the Experimental Process System Development 

unit (EPSDU) under the Union carbide Contract No. 954 334 

of the JPL Low-Cost Solar Array (LSA) Project. A labora- 

tory scale pressure reactor was constructed to study this 
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ii. 

r e a c t i o n  a t  p r e s s u r e s  up t o  500 p s i g .  React ion k i n e t i c  mea- 

surements  were c a r r i e d  o u t  a s  a  f u n c t i o n  of  r e a c t o r  p r e s s u r e ,  

r e a c t i o n  t empera tu re  and H2/SiC14 f e e d  r a t i o .  The c o n d i t i o n s  

f o r  r e a c t i o n  . k i n e t i c  d a t a  c o l l e c t e d  a t  500 p s i g  were s p e c i f i -  

c a l l y  des igned  t o  complement t h e  eng inee r ing  des ign  f o r  t h e  

h y d r o c h l o r i n a t i o n  r e a c t o r  i n  t h e  Union Carbide  EPSDU, s i l a n e -  

t o - s i l i c o n  p r o c e s s .  

The e f f e c t  o f  an added copper c a t a l y s t  on t h e  r e a c t i o n  

r a t e  was i n v e s t i g a t e d .  The presence  of  a  2 w t %  copper c a t a l y s t  

approx imate ly  i n c r e a s e s  t h e  r e a c t i o n  r a t e  by a  f a c t o r  o f  two. 

D i f f e r e n t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  m.g. s i l i c o n  meta l  

were u t i l i z e d  t o  s t u d y  t h e  e f f e c t  of  t o t a l  s o l i d  s u r f a c e  a r e a  

on t h e  r a t e  o f , t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  I n t e r e s t i n g l y ,  

t h e  r e a c t i o n  r a t e  was found t o  be e s s e n t i a l l y  c o n s t a n t  w i t h i n  

a  p a r t i c l e  s i z e  range  of  -30 mesh t o  +400 mesh. The e f f c c t  

o f  i m p u r i t i e s  i n  t h e  m.g. s i l i c o n  appeared t o  a c t  l i k e  a  c a t a -  

l y s t  t o  g r e a t l y  i n c r e a s e  t h e  r a t e  o f  t h e  h y d r o c h l o r i n a t i o n  

r e a c t i o n .  Experiments were c a r r i e d  o u t  w i th  t h c  o b j e c t  t o  

s t u d y  t h e  l i f e  o f  t h e  s i l i c o n  mass bed wi th  and wi thou t  t h e  

p r e s e n c e  of  a  copper  c a t a l y s t .  The e f f e c t  o f  a  prolonged 

r e a c t i o n  on t h e  r e a c t i o n  r a t e  was i n v e s t i g a t e d .  No s i g n i f i c a n t  

change i n  t h e  r a t e  o f  r e a c t i o n  was observed a f t e r  s e v e r a l  

hundred hou r s  o f  r e a c t i o n .  The l o n g e v i t y  o f  t h e  S i  mass bed 

i s  an impor tan t  f a c t o r  t o  o p e r a t e  t h e  h y d r o c h l o r i n a t i o n  p roces s  

e f f i c i e n t l y  and economical ly .  A. c o r r o s i o n  s tudy  was made on 



type 304 stainless steel and Incoloy 800H under the actual 

hydrochlorination reaction environment. A silicide protect- 

ive film was formed at the .reactor wall. The presence of 

such a silicide film protected the metal reactor from the 

corrosive environment of the hydrochlorination reaction. 

Based on the reaction kinetic data, the hydrochlorina- 

tion of SiC14 and m.g. silicon metal is found to be an 

efficient process to produce SiHC13 in good conversions 

and in high.yields.. Copper is an effective catalyst. 

Results of the corrosion study show that conventional 

nickel-chromium alloys are suitable material of construction 

for the hydrochlorination reactor. The hydrochlorination 

reaction is relatively insensitive to external process para- 

meters such as silicon particle size distribution and and the 

impurities in the m.g. silicon metal. These are advantageous 

factors since they provide a broad process lattitude for 

the engineering design of the hydrochlorination reactor. 

The hydrochlorination reaction of SiC14 and m.g. silicon 

is an important reaction step to provide a closed-loop 

process in recycling the by-product SiC14 and hydrogen in 

the Union Carbide silane-to-silicon process. It is also 

a potentially viable commercial process for the production 

of SiHC13. For axaii~ple, it can be incorporated into a 

closed-loop scheme for the Siemens Process for the produc- 

tion of poly-crystalline silicon metal with a substantial 

savings on the raw material cbst. 
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I .  SUMMARY 

The t w o - y e a r ' r e s e a r c h  and development a t  t h e  Massachuset ts  

I n s t i t u t e  . . of  Technology (JPL c b n t r a c t  No. 955382). on "The . . . , 

Hydrogenation. o f  S i l i c o n  T e t r a c h l o r i d e "  was conducted p r i m a r i l y  

a s  a  complentary e f f o r t  t o  supplement t h e  eng inee r ing  p roces s  

development a c t i v i t i e s  f o r  t h e  union Carbide s i l a n e - t o - s i l i c o n  

p roces s .  Tyo . p a r a l l e l  e f f b r t s  were c a r r i e d  ou t  t o  s t u d y  t h e  

h y d r o c h l o r i n a t i o n  of  'sic14 and m.g. s i l i c o n  meta l  f o r  producing 

One was t o  c o l l e c t  r e a c t i o n  k i n e t i c  d a t a  a s  a  f u n c t i o n  of  

p r e s s u r e ,  t empera ture  and H2/SiC14 f eed  r a t i o ,  a s  w e l l  a s  o t h e r  

impor tan t  p roces s  paramete rs ,  such a s  copper c a t a l y s t ,  p a r t i c l e  

s i z e  d i s t r i b u t i o n ,  i m p u r i t i e s  i n  m.g. s i l i c o n ,  S i  mass bed l i f e  

and c o r r o s i o n  e f f e c t .  The o t h e r  p a r a l l e l  e f f o r t  was o r i e n t e d  

toward b a s i c  r e s e a r c h  w i t h  an a t t emp t  t o  unders tand  t h e  mechan- 

i s m  o f  t h e  h y d r o c h l o r i n a t i o n  r c a c t i o n  and t h e  n a t u r e  o f  t h e  

copper c a t a l y s t .  A l a b o r a t o r y  p r e s s u r e  r e a c t o r  was des igned  

t o  o p e r a t e  a t  500 p s i g .  The c o n d i t i o n s  f o r  t h e  c o l l e c t i o n  of  

t h e  r e a c t i o n  k i n e t i c  d a t a  a t  t h i s  p r e s s u r e  i s  s p e c i f i c a l l y  

des igned t o  complement t h e  eng inee r ing  des ign  of t h e  hydro-  

c h l o r i n a t i o n  r e a c t o r  i n  t h e  Union Carbide  EPSDU, which i s  

proposed t o  o p e r a t e  a t  500 p s i g .  P r e v i o u s l y ,  exper imenta l  d a t a  

on t h e  h y d r o c h l o r i n a t i o n ,  r e a c t i o n  were c o l l e c t e d  a t  r e a c t o r  



p r e s s u r e  on ly  up t o  200 p s i g .  The r e s u l t s  o f  t h e  r e a c t i o n  r a t e  

measurements show a  l a r g e  e f f e c t  o f  r e a c t i o n  tempera ture .  A s  

p r e v i o u s l y  obse rved ,  h i g h e r  r e a c t i o n  tempera ture  produces  a  

r a p i d  i n c r e a s e  o f  t h e  r e a c t i o n  r a t e .  The e f f e c t  o f  r e a c t o r  

p r e s s u r e s  on t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  shows a  somewhat 

s l ower  r e a c t i o n  r a t e  a t  500 p s i g  a t  s h o r t  r e s i d e n c e  t imes  i n  

comparison w i t h  t h o s e  o b t a i n e d  a t  300 p s i g ,  However, a s  t h e  

r e a c t i o n  approaches  e q u i l i b r i u m  a t  l o n g e r  r e s i d e n c e  t i m e s ,  t h e  

r e a c t i o n  r a t e  measured a s  a  f u n c t i o n  of SiHC13 convers ion 

becomes h i g h e r  a t  500 p s i g  i n  comparison w i t h  t h o s e  o b t a i n e d  

a t  a  lower r e a c t o r  p r e s s u r e  of  300 p s i g .  Th is  o b s e r v a t i o n  i s  

i n  agreement w i t h  t h e  thermodynamic f u n c t i o n  of  t h e  h y d r o c h l o r i -  

n a t i o n  r e a c t i o n  (Equa t ion  1)  which r e s u l t s  i n  a  n e t  volume 

c o n t r a c t i o n  a s  p roduc t  SiHC13 i s  produced.  A t  h i g h e r  H2/SiC14 

f e e d  r a t i o ,  t h e  conve r s ion  of SiHC13 i n c r e a s e s .  Th i s  i s  expected 

s i n c e  an i n c r e a s e  i n  t h e  p a r t i a l  p r e s s u r e  o f  hydrogen i n  

Equat ion (1)  d r i v e s  t h e  e q u i l i b r i u m  of  t h e  h y d r o c h l o r i n a t i o n  

r e a c t i o n  t o  t h e  r i g h t  hand s i d e  t o  produce more SiHC13. 

Copper i s  an e f f e c t i v e  c a t a l y s t  f o r  th.e hydroch l 'o r ina t ion  

o f  SiC14 and m.g. s i l i c o n  me ta l  t o  SiHC13. The p re sence  of a  

copper  c a t a l y s t  app rox ima te ly  doubles  t h e  r e a c t i o n  r a t e .  The 

copper  c a t a l y s t  s t u d y  p r o v i d e s  some exper imenta l  ev idence  of 

t h e  n a t u r e  o f  c a t a l y t i c  s i t e s .  The a c t i v e  c a t a l y t i c  s p e c i e s  



o f  c o p p e r  i s  i n  t h e  form o f  Cu-Si  a l l o y s  on t h e  s i l i c o n  m e t a l  

s u r f a c e s .  The r e a c t i o n  mechanism i s  p o s t u l a t e d  a s  a  g a s - s o l i d  

r e a c t i o n .  The r e d u c t i o n  o f  a d s o r b e d  SiC14 by hydrogen a t  t h e  

a c t i v e  s i t e s  on t h e  S i  m e t a l  s u r f a c e  i s  t h e  s l o w ,  r a t e - d e t e r m i n -  
, . 

i n g  s t e p ,  

slow 
SiC14 + H z  -z SiHC13 + H C 1  

T h i s  i s  f o l l o w e d  by a  f a s t  r e a c t i o n  o f  H C 1  w i t h  s i l i c o n  on t h e  

m e t a l  s u r f a c e  t o  p roduce  more SiHC13, 

T h i s  mechanism i s  a l s o  i n  agreement  w i t h  t h e  r e s u l t s  o b t a i n e d  

from t h e  s i l i c o n  p a r t i c l e  s i z e  d i s t r i b u t i o n  s t u d i e s .  The r e a c t i o n  

r a t e  i s  i n d e p e n d e n t  o f  t h e  S i  p a r t i c l e  s i z e  w i t h  a  r a n g e  o f  -30 

mesh t o  +400 mesh. (510 t o  46 m i c r o n s ) .  These  r e s u l t s  show t h a t  

t h e  c h e m i c a l  r e a c t i o n  o c c u r i n g  on t h e  s o l i d  s u r f a c e  i s  t h e  r a t e -  

d e t e r m i n i n g  s t e p ,  w h i l e  mass t r a n s f e r  v i a  d i f f u s i o n  i s  n o t  r a t e -  

l i m i t i n g .  The e f f e c t  o f  i m p u r i t i e s  i n  t h e  m.g. s i l i c o n  m e t a l  was 

i n v e s t i g a t e d .  Exper imen t s  c a r r i e d  o u t  w i t h  an  u l t r a - p u r e ,  

e l e c t r o n i c  g r a d e  s i l i c o n  m e t a l  show a  much s. lower r e a c t i o n  r a t e  

i n  compar ison  w i t h  t h o s e  o b t a i n e d  w i t h .  t h e  impure m.g. s i l i c o n  

m e t a l .  The m e t a l l i c  i m p u r i t i e s  on t h e  s i l i c o n  m e t a l  s u r f a c e  

f u n c t . i o n  l i k e  a  c a t a l y s t .  The c a t a l y t i c  a c t i v i t i e s  o f  c o p p e r  and  

t h e s e  m e t a l l i c  i m p u r i t i e s  a r e  p o s t u 1 a t e d . a ~  c r y s t a l  c l e rec t s  c a u s e d  

by t h e  p r e s e n c e  o f  t h e s e  f o r e i g n  atoms i n  t h e  s i l . i c o n  c r y s t a l  1att.i.c. 



The e f f e c t  o f  a  prolonged r e a c t i o n  on t h e  h y d r o c h l o r i n a t i o n  of  

S i i 1 4  and ni. g .  s i l i c o n  was s t u d i e d .  Elo significant change in the 
. , s , .  . - 

reaction rate is observed a f te r  several hundred llours of reaction. The Si  

mass bed appears t o  have a  long mass l i f e .  The longevity of the Si  mass bed 

is an importantfactor i n  o p e r a t i n g  t h e  h y d r o c h l o r i n a t i o n  p roces s  

e f f i c i e n t l y '  and economical ly .  A c o r r o s i o n  s tudy  was mad.e on 
. - 

,Type 304 s t a i n l e s s  s t e e l  and Inco loy  800H. The r e s u l t s  of  t h e  
. . 

c o r r o s i o n  s t u d i e s  showed no significant amount of  c o r r o s i o n  on 
. .  . 

t h e  meta l  r e a c t o r  t u b e .  A p r o t e c t i v e  s i l i c i d e  f i l m  i s  formed 
. $ 

a t  t h e  r e a c t o r  w a l l  under  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  

c o n d i t i o n s .  The p re sence  of such a  s i l i c i d e  f i l m  p r o t e c t s  t h e  

me ta l  r e a c t o r  w a l l  from t h e  r e a c t i o n  environment.  The s e r i o u s  

c o r r o s i o n  problems c i t e d  i n  t h e  e a r l i e r  r e p o r t  by Union Carbide  

i s  most l i k e l y  due t o  a  secondary a tmospher ic  c o r r o s i o n  and n o t  

due t o  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  i t s e l f .  

I n  c o n c l u s i o n ,  t h e  hydrochlor inatwon of  SiC14 and 111. g .  

s i l i c o n  me ta l  i s  a n  e f f i c i e n t  r e a c t i o n  t o  produce h igh  y i e l d  

and good conve r s ion  o f  SiHC13. I t  i s  an impor tan t  s t e p  t o  

complete  t h e  r e c y c l e  loop  i n  t h e  Union Carbide  s i l a n e - t o - s i l i c o n  

p r o c e s s .  The h y d r o c h l o r i n a t i o n  r e a c t i o n  p rov ides  an e f f i c i e n t  

p r o c e s s  scheme t o  r e c y c l e  SiC14 t o  SiHC13. I t  f i t s  p e r f e c t l y  

i n t o  t h e  concept  o f  a  c lo sed - loop  p roces s  f o r  t h e  Siemens t ype  

r e a c t o r s  c u r r e n t l y  used i n  t h e  e l e c t r o n i c s  i n d u s t r y  f o r  t h e  

p roduc t ion  of  p o l y c r y s t a l l i n e  s i l i c o n  meta l  w i t h  s i g n i f i c a n t  



sav ings  i n  raw m a t e r i a l  c o s t .  From a  p roces s  and from an 
. :  

economics p o i n t  o f  view, t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  i s  
. . 

p o t e n t i a l l y  a  p r a c t i c a l  p roces s  f o r  t h e  commercial produc- 

t i o n  of t r i c h l o r o s . i l a n e .  

I 1  I N T R O D U C T I O N  

The MIT Con t r ac t  No. 955 382 i s  p a r t  o t  t h e  S i l i c o n  
' 

M a t e r i a l  Task under t h e  Low-Cost S o l a r  Array P r o j e c t  managed 
. 

by t h e  J e t  Propuls ion  Labora tory ,  C a l i f o r n i a  I n s t i t u t e  o f  

Technology. Th i s  t w o - y e a r s  r e s e a r c h  and d e v e l o p i i n t  c o n t r a c t  

covered t h e  p e r i o d  from March 31, 1979 t o  A p r i l  1, 1981. 

The h y d r o c h l o r i n a t i o n  of  SiC14 and m.g. s i l i c o n  me ta l  i s  ' 

O .  

t h e  f r o n t  end s t e p  i n  t h e  Union c a r b i d e  S i l a n e - t o - s i l i c o n  

p roces s  r e p r e s e n t e d  by t h e  fo l l owing  r e a c t i o n  seqbences .  

The h y d r o c h l o r i n a t i o n  r e a c t i o n  (Equation 1 )  completes t h e  c l o s e d  

loop p roces s  scheme by r e c y c l i n g  t h e  by -p roduc t s ,  SiC14 and 

hydrogen. The o v e r a l l  r e a c t i o n  becomes merely a  p u r i f i c a t . i o n  

scheme t o  conver t  impure m e t a l l u r g i c a l  g rade  (m.g.) s i l i c o n  

meta l  , . t o  t h e  h igh  p u r i t y ,  s o l a r  g rade  s i l i c o n  me ta l .  The hydro-  



c h l o r i n a t i o n  s t e p  (1)  b e a r s  t h e  g r e a t e s t  burden i n  terms of  

m a t e r i a l  p r o c e s s i n g  s i n c e  i t  produces t h e  s t a r t i n g  SiHC13 and 

r e c y c l e s  bo th  t h e  hydrogen and t h e  SiC14 gene ra t ed  i n  t h e  sequent 

r e a c t i o n  s t e p s .  Approximately 60  l b .  o f  SiC14 a r e  p rocessed  i n  

t h i s  s t e p  i n . o r d e r  t o  produce one l b .  o f  SiH4 down s t ream.  Thus 

any improvements on t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  have a  s i g n i -  

f i c a n t  impact on t h e  economics of  t h e  o v e r a l l  s i l a n e - t o - s i l i c o n  

p r o c e s s .  The goa l  o f  t h i s  r e s e a r c h  and development e f f o r t  i s  t o  

s u p p o r t  t h e  e n g i n e e r i n g  development a c t i v i t i e s  on t h e  h y d r o c h l o r i -  . 

n a t i o n  p r o c e s s  a t  Union Carbide w i th  t h e  aim t o  improve p roces s  

e f f i c i e n c y  and t o  reduce  c o s t .  

111. DISCUSSIONS 

The r e a c t i o n  o f  SiC14 and SiHC1-3 w i t h  hydrogen gas  a t  

e l e v a t e d  t empera tu re s  t o  d e p o s i t  s i l i c o n  meta l  has  been extensively 

s t u d i e d .  I t  forms t h e  b a s i s  f o r  t h e  s o - c a l l e d  Siemens Process  

f o r  t h e  p roduc t ion  of h igh  p u r i t y  s i l i c o n  meta l  used i n  t h e  

e l e c t r o n i c s  i n d u s t r y .  The r e a c t i o n  e q u i l i b r i a  i n  a  s i l i c o n -  

hyd rogen -ch lo r ine  sys tem a r e  w e l l - e s t a b l i s h e d  2, . Depending 

on t h e  r e a c t i o n  c o n d i t i o n s  and on t h e  hydrogen t o  c h l o r i n e  r a t i o s ,  

one can o p e r a t e  a  p r o c e s s  s o  a s  t o  d e p o s i t  s i l i c o n  me ta l  i n  a  

vapor  phase d e p o s i t i o n  p r o c e s s .  On t h e  o t h e r  hand,  one can vary  

t h e  r e a c t i o n  c o n d i t i o n s  t o  e f f e c t  t h e  r eve r sed  r e a c t i o n  t o  consume 



s i l i c o n .  The r e a ~ t i o n  c o n d i t i o n s  f o r  t h e  h y d r o c h l o r i n a t i o n  o f  

SiC14 and m.g. s i l i c o n  m e t a l ,  

a r e  s o  chosen a s  t o  maximize t h e  fo rmat ion  of  t r i c h l o r o s i l a n e .  

I n t e r e s t i n g l y ,  t h i s  r e a c t i o n  was f i r s t  observed by 0 .  Ruff and 

K .  A l b e r t  (3' i n  1905,  who r e p o r t e d  a  r e a c t i o n  i d e n t i c a l  t o  t h e  

r eve r sed  r e a c t i o n  i n  Eqliati.on ( 1 ) .  The same r e a c t i o n  was 

s t u d i e d  by Union Carbide  a t  t h e i r  Tonowanda L a b o r a t o r i e s  i n  t h e  

l a t e  1940(?) and i t  forms t h e  bagi.8 o f  t h e  c l o s e d - l o o p ,  s i l a n e -  

t o - s i l i c o n  p roces s  developed under t h e  J P L  Con t r ac t  No. 954 334. 

The r e a c t i o n  i n  Equat ion (1)  r e s u l t s  a  n e t  volume c o n t r a c t i o n  

a s  SiHC13 i s  produced.  A s  t h e  law oC thermodynamics p r e d i c t s ,  

h i g h e r  r e a c t o r  p r e s s u r e  produces a  h i g h e r  convers ion  t o  SiHCl.j. 

The exper imenta l  hydrogenat ion r e a c t o r  a t  MIT i s  s p e c i f i c a l l y  

designed t o  q p e r a t e  at .  t hese  h igh  p r e s s u r e s  i n  o r d e r  t o  optimize 

t h e  r e a c t i o n  c o n d i t i o n s .  

A: The Hydrochlorinatio 'n '  .Appara't'us 

The appa ra tu s  f o r  t h e  h y d r o c h l o r i n a t i o n  of  SiC14 and m.g. 

s i l i c o n  meta l  t o  SiHCIS i s  s c h e m a t i c a l l y  shown i n  F igu re  I .  

The s t a i n l e s s  s t e e l . p r e s s u r e  r eac to rwas  des igned t o  o p e r a t e  a t  

p r e s s u r e s  up . t o  + 500 p s i g .  The 500 p s i g  p r e s s u r e  i s  a l s o  t h e  

proposed o p e r a t i n g  p r e s s u r e  f o r  t h e  h y d r ~ c h l o r i n a t i o n  r e a c t o r  

i n  the Uqion Carbide  EPSDU, s i l a n e - t o - s i l i c o n  process ('41, A 



constant f low of  hydrogen gas from a  c y l i n d e r  i s ' m e t e r e d  

t h rough  a  f i n e  n e e d l e  v a l v e .  The hydrogen gas p r e s s u r e  i s  

c o n t r o l l e d  by a  p r e s s u r e  r e g u l a t o r  which s e t s  t h e  gas p r e s s u r e  

about  50 p s i g . a b o v e  t h e  s e l e c t e d  r e a c t o r  p r e s s u r e  f o r  t h e  

hyd rogena t ion .  The gas  f l o w r a t e  i s  measured by a  mass f lowmeter.  

The hydrogen gas  i s  d i s p e r s e d  i n t o  a  1 iqui .d  column of  SiC14, 

c o n t a i n e d  i n  a  s t a i n l e s s  s t e e l  c y l i n d e r .  The SiC14 l i q u i d  i s  

h e a t e d  by c i r c u l a t i n g  a  h e a t  t r a n s f e r  f l u i d  from a  c o n s t a n t  

t e m p e r a t u r e  b a t h  th rough  t h e  condenser  j a c k e t  around t h e  s t a i n l e s s  

s t e e l  c y l i n d e r .  The molar r a t i o  o f  t h e  H2/SiC14 f e e d  s t ream can 

be  c o n v e n i e n t l y  s e l e c t e d  by a d j u s t i n g  t h e  SiC14 l i q u i d  t empera ture  

and by t h e  a p p l i e d  hydrogen gas  p r e s s u r e .  S ince  t h e  vapor  pressure 

o f  t h e  SiC14 l i q u i d  i s  c o n s t a n t  a t  a  g iven  t empera tu re ,  t h e  

H2/SiC14 f eed  r a t i o  remains c o n s t a n t  even though t h e  f l o w r a t e  o f  

t h e  hydrogen gas varies. The gaseous H2/SiC14 mix tu rc  i s  f e d  i n t o  

the'bottom of t h e  one - inch  i n s i d e  d i ame te r  h y d r o c h l o r i n a t i o n  reactor 

c o n t a i n i n g  t h e  S i  mass bed.  The r e a c t o r  t ube  i s  made of  Type 304 

s t a i n l e s s  s t e e l  1 - 1 / 4  i n c h e s  o u t s i d e  d iamete r  by 30 i nches  long .  

The r e a c t o r  i s  e l e c t r i c a l l y  hea t ed .  I n  a d d i t i o n  t o  t h e  main heater  

which c o n t r o l s  t h e  r e a c t o r  t empera tu re  through a  thermocoup1.e 

from t h e  t empera tu re  c o n t r o l l e r ,  t h e r e  a r e  f o u r  s e c t i o n i l  h e a t e r s  

p l a c e d  a long  t h e  r e a c t o r  t u b e .  These  s e c t i o n a l  h e a t e r s  can be 

i n d i v i d u a l l y  a d j u s t e d  s o  a s  t o  compensate . fo r  t h e  d i f f e r e n t  degree  

o f  h e a t  l o s s  a long  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r  e s p e c i a l l y  a t  t h e  

end o f  t h e  r e a c t o r  t u b e .  A s t a i n l e s s  s t e e l  meta l  b lock  i s  connected 



t o  t h e  H2/SiC14 i n l e t  a t  t h e  bottom of  t h e  r e a c t o r  a s  shown i n  

F igure  11. The s t a i n l e s s  s t e e l  b lock  r a i s e s  t h e  S i  mass bed 

about  s i x  inches  from t h e  bottom of t h e  r e a c t o r .  The S i  mass 

bed i s  now t o t a l l y  enc losed  by t h e  e l e c t r i c  h e a t e r s .  A uniform 

tempera ture  p r o f i l e  a long  t h e  r e a c t o r  t u b e  can be ach ieved  by 

f i n e  t un ing  t h e  i n d i v i d u a l  e l e c t r i c  h e a t e r s .  The s t a i n l e s s  

s t e e l  b lock a l s o  s e r v e s  a s  a  p r e h e a t e r  f o r  t h e  incoming H2/SiC14 

gaseous mix ture .  The r e a c t a n t  gas  i s  d i s p e r s e d  i n t o  t h e  S i  mass 

bed through a  g r i d  p l a t e  welded on to  t h e  t o p  of t h e  s t a i n l e s s  

s t e e l  b lock .  The g r i d  p l a t e  i s  a  5 - o r i f i c e  des ign  a s  shown i n  

F igure  11. This  designwas s e l e c t e d  from s e v e r a l  v a r i a t i o n s  by 

exper iment ing w i th  a  f l u i d i z e d - b e d  of  S i  me ta l  i n  a  one- inch  

in s ide -d i ame te r  g l a s s  t ub ing .  The q u a l i t y  o f  f l u i d i z a t i o n  i s  

judged v i s u a l l y .  The 5 - o r i f i c e  g r i d  appears  t o  g ive  t h e  b e s t  

r e s u l t s .  

An i n l e t  p o r t  i s  p rov ided  a t  t h e  t o p  of  t h e  h y d r o c h l o r i n a t i o n  

r e a c t o r .  F resh  S i  meta l  and copper c a t a l y s t  can be p r e s s u r e -  

charged i n t o  t h e  r e a c t o r  from a  sma l l  s t a i n l e s s  s t e e l  c y l i n d e r .  

I n  a  cont inuous  r e a c t i o n ,  s i l i c o n  meta l  i s  i n t e r m i t t e n t l y  charged 

i n t o  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r  t o  ma in t a in  t h e  S i  mass bed 

a t  a c o n s t a n t  l e v e l .  A thermocouple w e l l  i s  p l a c e d  i n s i d e  t h e  

r e a c t o r  ex tend ing  from t h e  t op  of  t h e  r e a c t o r  tube  t o  about  one 

inch  above t h e  g r i d  p l a t e .  The thermocouple from t h e  t empera ture  



c o n t r o l l e r  i s  p l a c e d  a t  about  t h e  mid-poind of  t h e  S i  mass bed. 

The t empera tu re  p r o f i l e  o f  t h e  S i  mass bed i s  r e a d i l y  measured 

by moving t h e  thermocouple  up o r  down i n s i d e  t h e  thermocouple 

w e l l .  The r e a c t i o n  produc t  mix ture  coming o u t  t h e  hyd roch lo r ina -  

t i o n  r e a c t o r  i s  condensed by t h e  -6S°C condenser  assembly a s  

s c h e m a t i c a l l y  shown i n  F igu re  I .  Cooling t o  t h e  -65OC condenser  

i s  p rov ided  by c i r c u l a t i n g  a  c o o l a n t  from a  Dry-Ice  r e s e r v o i r  

t h rough  t h e  condenser  j a c k e t .  The condensed c h l o r o s i l a n e  produc t  

m i x t u r e  i s  c o l l e c t e d  i n  t h e  2 - 1 / 2  g a l l o n  s t a i n l e s s  s t e e l  r e c e i v e r .  

The l i q u i d  p r o d u c t s  can be withdrawn from t h e  r e c e i v e r  through 

a  n e e d l e  v a l v e .  The u n r e a c t e d  hydrogen gas i s  ven t ed  i n t o  t h e  

fume hood a f t e r  i t  i s  reduced t o  a tmospher ic  p r e s s u r e  through a  

back p r e s s u r e  r e g u l a t o r .  Th.e back p r e s s u r e  r e g u l a t o r  a l s o  c o n t r o l s  

t h e  p r e s s u r e  i n s i d e  t h e  h y d r o c h l o r i n a t  i on  appa ra tu s .  The r e a c t i o n  

p roduc t  mix tu re  i s  ana lyzed  by an i n - l i n e  gas  chromatograph a s  

d e s c r i b e d  i n  S e c t i o n  B i n  th.e fo l l owing .  

B.  The In -L ine  Gas Chromat'ogr'a'ph 

An i n - l i n e  gas  chromatograph i s  connected d i r e c t l y  t o  t h e  

o u t l e t  o f  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  Th is  i n - l i n e  arrangement 

p r o v i d e s  i n s t a n t a n e o u s  a n a l y s i s  of  t h e  gaseous r e a c t i o n  produc t  

m i x t u r e .  A gaseous  sample from t h e  r e a c t o r  i s  drawn i n t o  t h e  

sample loop  th rough  a  n e e d l e  v a l v e  and a  f i l t e r  arrangement a s  



.shown in Figure I. All the connecting tubings are heat-traced 

so that the sample is maintained in a homogeneous vapor state. 

The sample in the sample loop is injected into the column by 

turning the G.C. sampling valve. The analytical column is 

1/8 inch O.D. x 12 ft. packed with 5% SE-30 silicone gum station- 

ary phase on 150 mesh Chromosorb W. A standard hot wire detector 

is used for the analysis. The G.C. spectrum is recorded and 

analyzed by the Hewlett-Packard Model 3380A Recorder/Integrator. 

The in-line arrangement eliminates the need for external sampling 

of the chlorosilane liquid mixture. About 1 - 2% of "heavies" 

was previously reported in the analysis of the chlorosilane 

liquid products. These heavies are absent in the in-line G.C. 

analysis. Thus, these heavies are most likely hydrolysates 

produced by the hydrolysis of the chlorosilanes in contact with 

air and moisture during the sampling procedure. 

C. Reaction Kinetic Measurements 

A series of experiments was carried out to measure the 

rate of the hydrochlorination reaction as a function of 

temperature, pressure and 1-I2/SiCl4 feed ratio. The 

reaction rate was followed by measuring the rate of product 

formation as a function of varying residence times. The only 

major product in the hydrochlorination of SiC14 and m.g. silicon 

metal is SiHC13. The presence of a small amount of SiH2C12 is 

the only significant by-product. The reaction product composition 



was ana lyzed  by t h e  i n - l i n e  gas  chromatograph. Dup l i ca t e  

a n a l y s e s  were made on each of  t h e  r e a c t i o n  r a t e  measurements 

u n t i l  two consecu t ive  ana lyse s  agreed w i t h i n  2 2 % .  The 

r e s i d e n c e  t ime  was v a r i e d  by g r a d u a l l y  i n c r e a s i n g  o r  d e c r e a s i n g  

t h e  H2/SiC14 f e e d r a t e .  I t  i s  d e f i n e d  a s  t h e  movement o f  t h e  

i n l e t  gaseous mix ture  pas s ing  through an empty r e a c t o r  t ube  

wi th  a  volume equa l  t o  t h e  volume o f  t h e  6 5  x  150 mesh S i  mass 

bed. The volume of t h e  S i  mass bed i s  o b t a i n e d  by d i v i d i n g  t h e  

weight  of  t h e  S i  meta l  by i t s  bu lk  d e n s i t y  o f  1 . 2 .  For example, 

i f  t h e  f e e d r a t e  of  t h e  H2/SiC14 gaseous mix ture  under  t h e  

r e a c t i o n  c o n d i t i o n s  i s  100 C . C .  p e r  minute ,  t h e  r e s i d e n c e  t ime 

i s  c a l c u l a t e d  t o  be 60  seconds w i t h  a  120g S i  mass bed i n s i d e  

t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  The r e s i d e n c e  t ime a s  d e f i n e d  i s  

a  h y p o t h e t i c a l  number which p rov ides  a  convenien t  common denomi- 

n a t o r  t o  s i m p l i f y  t h e  t r ea tmen t  o f  expe r imen ta l  r a t e  d a t a .  

Parameters  which i n f l u e n c e  t h e  gaseous f low through t h e  S i  mass 

bed,  such a s  p a r t i c l e  s i z e  d i s t r i b u t i o n  (vo id  space  i n  t h e  mass 

bed ) ,  volume c o n t r a c t i o n  a s  SiHCl i s  produced (Equat ion l ) ,  3 

b'ed expansion due t o  gas bubbles  ( f l u i d i z a t i o n  mode), e t c .  a r e  

n o t  i nc luded  i n  t h e  r e s i d e n c e  t ime measurements. These paramete rs  

were s t u d i e d  i n d i v i d u a l l y  i n  separated exper iments .  I n  each of 

t h e  r e a c t i o n  r a t e  measurements, a  mass ba l ance  was made t o  c a l c u -  

l a t e  t h e  amount of  S i  metal  consumed by t h e  h y d r o c h l o r i n a t i o n  



r e a c t i o n .  The weight  of t h e  remaining S i  meta l  i n s i d e  t h e  r e a c t o r  

was used t o  c a l c u l a t e  t h e  r e s idence  t ime a s  d e f i n e d  above. 

(1)  Func-tion of  Temperature & .  

A s e r i e s  o f  exper iments  was c a r r i e d  o u t  t o  s t udy  t h e  e f f e c t  

o f  t empera ture  .cn t h e  r a t e  o f  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  a t  

r e a c t o r  p r e s s u r e  of 500 p s i g  and wi th  a H2/SiC14 f e e d  r a t i o  o f  

2.8. The r e a c t o r  was ' i n i t i a l l y  charged about  200 g 65 x  150 

mesh (210 x  105 microns) m.g. s i l i c o n  me ta l .  The r e a c t i o n  was 

run f o r  a  few hours  u n t i l  a  s t eady .  s t a t e  was reached.  Then, 

r e a c t i o n  . k i n e t i c  measurements were made. Table  I  summar.ize.s t h e  

react , i ,on k i n e t i c  d a t a  at '  500°C. Data i n  Table  I  a r e  a l s o  

present ,ed  i n  F igure  I11  by p l o t t i n g  t h e  % SiHC13 convers ion  

versus '  r e s i d e n c e  t ime .  The smaLl amount o f  SiHZC12 by-produc t  

i s  n e g l e c t e d .  The same r e a c t i o n  ,was r e p e a t e d  a t  450°C and .550°C. 

The r e s u l t s  o f  t h e s e  two exper iments  a r e  summarized i n  Table  I 1  

(450°C) and i n  Table  I11  (550°C) r e s p e c t i v e l y .  Data i n  Table  I 1  

and Table  111 a r e  a l s o  p l o t t e d  i n  t h e  same graph i n  F igu re  111 

f o r  t h e  500°C exper iment .  The r e a c t i o n  k i n e t i c  cu rves  i n  F igu re  

I11 a r e  t y p i c a l  o f  an e q u i l i b r i u m  r e a c t i o n . ,  I n i t i a l l y ,  t h e  'l; 

convers ion  of  SiHC13 i n c r e a s e s  r a p i d l y  w i th  r e s p e c t  t o  r e s i d e n c e  

t i m e s ,  t h e  curves '  i n  F i g u r e  I11 l e v e l  o f f  a t  t h e  e q u i l i b r i u m  

convers ion  of  SiHC13. The h y d r o c h l o r i n a t i o n  r e a c t i o n  r a t e  i s  

d e f i n e d  a s  t h e  r a t e  a t  which t h e  convers ion  of  SiHC13 i s  

approach ing  i t s  e q u i l i b r i u m  v a l u e ,  The l a r g e  e f f e c t  o f  tempera- 

t u r e  on t h e  r e a c t i o n  r a t e  i s  c l e a r l y  shown i n  F igu re  111. A s  



e x p e c t e d ,  t h e  r a t e  o f  r e a c t i o n  i n c r e a s e s  r a p i d l y  w i th  r i s i n g  

r e a c t i o n  t e m p e r a t u r e s .  

A s  p r e s e n t e d  i n  F igu re  111, t h e  p l o t s  a t  450°C and a t  550°C 

show a  smooth cu rve .  The graph o f  t h e s e  two tempera tures  r e p r e s e n t  

s i n g l e  t e s t s  c a r r i e d  o u t  f o r  s h o r t  p e r i o d s  o f  t ime w i t h i n  one day. 

On t h e  o t h e r  hand,  t h e  p l o t  a t  500°C r e p r e s e n t s  a  c o l l e c t i o n  of 

s e p a r a t e d  expe r imen t s  w i t h  a  S i  mass bed a t  v a r i o u s  s t a g e s  o f  

conve r s ion .  The more n o t i c e a b l e  s c a t t e r i n g  of  d a t a  p o i n t s  i n  t h e  

500°C p l o t  r e p r e s e n t s  a  l a r g e r  d e v i a t i o n  of exper imenta l  e r r o r s  

when t h e  r e a c t i o n  k i n e t i c  d a t a  from one experiment aremeasured i n  

comparison w i t h  t h o s e  o f  anoth,er  experiment c a r r i e d  o u t  under 

s i m i l a r  r e a c t i o n  c o n d i t i o n s .  Another s e r i e s  o f  exper iments  was 

c a r r i e d  ou t  t o  s t u d y  t h e  e f f e c t  of  t empera ture  on t h e  h y d r o c h l o r i -  

n a t i o n  r e a c t i o n  r a t e  a t  a  lower r e a c t o r  p r e s s u r e  o f  300 p s i g  and 

w i t h  a  H2/SiC14 f e e d  r a t i o  o f  1 . 0 .  R e s u l t s  of  t h e s e  exper iments  

a r e  summarized i n  Table  IV (550°C), Table  V (500°C), Table  VI 

(450°C) and Table  VII (400°C). Data i n  t h e s e  t a b l e s  a r e  a l s o  

p l o t t e d  i n  F i g u r e  I V .  The graphs  i n  F igure  I V  aga in  show a  l a r g e  

e f f e c t  o f  r e a c t i o n  tempera ture  on t h e  r e a c t i o n  r a t e ' .  I n t e r e s t i n g l y ,  

a t  t empera tu re  a s  low a s  400°C, t h e  h y d r o c h l o r i n a t i o n  of  SiC14 

and m.g. s i l i c o n  me ta l  proceeded a t  a  r e s p e c t a b l e  r a t e  t o  produce 

2 1 %  conve r s ion  of  SiHC13 a t  180 seconds r e s i d e n c e  t ime.  Data i n  

F igu re  I11 and F igu re  I V  show t h a t  h i g h e r  r e a c t i o n  tempera tures  

n o t  o n l y  produce a  f a s t e r  r e a c t i o n ,  b u t  a l s o  gave a  h i g h e r  

SiHC13 conve r s ion .  The h i g h e r  e q u i l i b r i u m  convers ion  of  SiHC13 a t  

h i g h e r  r e a c t i o n  t empera tu re s  i s  due t o  a  p o s i t i v e  f r e e  energy of  



fo rmat ion  ( A G h  f o r  t h e ,  h y d r o c h l o r i n a t i o n  r e a c t i o n ,  which was 

observed i n  t h e  e a r l i e r  c o n t r a c t  work c a r r i e d  o u t  a t  Union 

Carbide .  The p r e s e n t  exper imenta l  r e s u l t s  a r e  s i m i l a r  t o  t h o s e  

r e p o r t e d  p r e v i o u s l y ( 4 ) .  The s i g n i f i c a n c e  of  t h e  above r e a c t i o n  

k i n e t i c  measurements i s  t h a t  t h e  d a t a  wereco l lec ted  a t  r e a c t o r  

p r e s s u r e  of  500 p s i g  which i s  a l s o  t h e  proposed p r e s s u r e  f o r  

t h e  hyd roch lo r ina t i on  r e a c t o r  i n  t h e  Union Carbide EPSDU. S ince  

a  h i g h e r  r e a c t i o n  tempera ture  produces both  a  h i g h e r  r e a c t i o n  

r a t e  and a  h i g h e r  SiHC13 conve r s ion ,  t h e  h i g h e s t  p r a c t i c a l  

r e a c t i o n  tempera ture  may be used t o  maximize r e a c t o r  o u t p u t .  

(2) Funct ion of  H2/SiC14 Feed Ra t io  

A s e r i e s  of  exyer iments  was c a r r i e d  ou t  t o  s t udy  t h e  e f f e c t  

o f  hydrogen and SiC14 c o n c e n t r a t i o n s  on t h e  r e a c t i o n  r a t e  and 

on t h e  product  SiHC13 convers ion .  The c o n c e n t r a t i o n  of  t h e  

r e a c t a n t s  i s  expressed  in  terms of the H2/SiC14 molar rat ios which 

can be e a s i l y  c o n t r o l l e d  i n  t h e  h y d r o c h l o r i n a t i o n  exper iments .  

The cxper iments  were c a r r i e d  o u t  at a  r e a c t o r  p r e s s u r e  300 p s i g  

and w i t h  a  H2/SiC14 r a t i o  o f  2 . 8 .  The r e a c t i o n  tempcra ture  was 

v a r i e d  a t  500°C, 450°C and 400°C r e s p e c t i v e l y .  The r e s u l t s  of  

t h e s e  exper iments  a r e  summarized i n  Table  V I I I  (500°C), Table  IX 

(450°C) and Table  X (400°C). Data i n  t h e s e  t a b l e s  a r e  a l s o  

p re sen t ed  i n  F igure  V by p l o t t i n g  t h e  % SiHC13 convers ion  ve r sus  

r e s i d e n c e  t ime .  A s  d a t a  i n  F igure  V show, t h e  % SiHC13 convers ion  

i s  s i g n i f i c a n t l y  h i g h e r  t han  t hose  o b t a i n e d  a t  a  lower H2/SiC14 

f eed  r a t i o  of 1 . 0  (F igure  IV) . The e f f e c t  o f  H2/SiC14 f eed  r a t i o  

u11 t h e  h y d r o c h l o r i n a t i o n  reactinn can be more c l e a r l y  seen  i n  



F i g u r e  VI by p l o t t i n g  one s e t  of  t h e  k i n e t i c  d a t a  a t  2.8 and 1 . 0  

H2/SiC14 r a t i o  o b t a i n e d  under t h e  same r e a c t i o n  c o n d i t i o n s  a t  

500°C, 300 p s i g .  The h i g h e r  convers ion  of  SiHCl a t  a  h i g h e r  3  

H2/SiC14 molar  r a t i o  i s  expec t ed ,  s i n c e  t h e  fo rmat ion  of  SiHC13, 

consumcs hydrogen.  An i n c r e a s e  o f  t h e  hydrogen gas  p a r t i a l  

p r e s s u r e  d r i v e s  t h e  e q u i l i b r i u m  r e a c t i o n  (1)  t o  t h e  r i g h t  hand 

s i z e  t o  produce more SiHC13. 

Although a  h i g h e r  H2/SiC14 f e e d  r a t i o  g i v e s  a  h i g h e r  SiHC13 

c o n v e r s i o n ,  t h e  p r o d u c t i o n  r a t e  of  SiHC13 i n  terms of  l b . / h r .  f o r  

a  g iven  r e a c t o r  s i z e  i s  reduced by t h e  p re sence  o f  an e x t r a  

amount o f  hydrogen g a s .  On ' t h e  o t h e r  hand, a  h i g h e r  SiHC13 

conve r s ion  r educes  t h e  s i z e  of  t h e  SiCl recycle  s t ream s i n c e  
4 

more SiC14 i s  c o n v e r t e d  t o  p roduc t  SiHC13. The optimum H2/SiClq 

f e e d  r a t i o  i s  a t  b e s t  a  compromise between t h e  ou tpu t  o f  SiHC13 

f o r  a g iven  r e a c t o r  s i z e  and t h e  amount o f  SiC14 needed t o  be r e -  

c y c l e d  from t h e  subsequent  d i s t i l l a t i o n / s e p a r a t i o n  s t e p .  

(3)  Func t ion  o f  P r e s s u r e  

The e f f e c t  o f  r e a c t o r  p r e s s u r e  on t h e  h y d r o c h l o r i n a t i o n  of 

SiC14 and m.g. s i l i c o n  meta l  can be seen  by t h e  r e a c t i o n  k i n e t i c  

d a t a  o b t a i n e d  a t  SO0 p s i g  (F igure  111) i n  comparison w i t h  t h o s e  

o b t a i n e d  a t  300 p s i g  (F igu re  V ) .  The e f f e c t  can be more e a s i l y  

observed  i n  F i g u r e  V I I  by p l o t t i n g  the '  two s e t s  o f ' d a t a  i n  t h e  

same graph .  For example,  F igure  V I I  shows t h e  e f f e c t  of  p r e s s u r e  

on b o t h  t h e  r e a c t i o n  r a t e  and t h e  SiHC13 convers ion  a t  450°C and 



wi th  a  H2/SiC14 f eed  r a t i o  o f  2 .8 ;  bu t  a t  d i f f e r e n t  r e a c t o r  

p r e s s u r e s  of 500 p s i g  and 300 p s i g  r e s p e c t i v e l y .  The e f f e c t  o f  

r e a c t o r  p r e s s u r e  on t h e  hyd roch lo r ina t i on  r e a c t i o n  i s  most i n t e r -  

e s t i n g .  A s  shown i n  F igure  V I I ,  t h e  r a t e  o f  approaching t h e  

e q u i l i b r i u m  convers ion  of SiHC13 i s  somewhat s lower  a t  500 p s i g  

t han  t h a t  a t  300 p s i g .  For example, a t  r e s i d e n c e  t ime l e s s  t h a n  

120 seconds ,  t h e  % SiHC13 convers ion  i s  h i g h e r  a t  300 p s i g  t h a n  

t h o s e  ob t a ined  a t  500 p s i g .  Th is  imp l i e s  a  h i g h e r  r e a c t i o n  r a t e  

a t  a  lower r e a c t o r  p r e s s u r e .  However, a t  r e s i d e n c e  t ime longe r  

t han  120 seconds ,  t h e  % convers ion  of  SiHC13 becomes h i g h e r  a t  

500 p s i g  t han  t h o s e  ob t a ined  a t  300 p s i g .  Th i s  i s  n o t  unexpected,  

s i n c e  t h e  fo rmat ion  of  SiHC13 r e s u l t s  i n  a  n e t  volume c o n t r a c t i o n  

a s  shown i n  Equation ( 1 ) .  A s  t h e  r e a c t i o n  approaches  e q u i l i b r i u m  

a t  long r e s i d e n c e  t i m e s ,  t h e  fo rmat ion  of  p roduc t  SiHC13 i s  

thermodynamically more f a v o r a b l e  a t  h i g h e r  r e a c t o r  p r e s s u r e s .  

On t h e  o t h e r  hand,  t h e  k i n e t i c  measurements a t  s h o r t  r e s i d e n c e  

time showed a  s lower  r e a c t i o n  a t  h i g h e r  p r e s s u r e .  Th is  phenomenon 

i s  n o t  f u l l y  unders tood a t  t h e  p r e s e n t  t ime.  

F igure  VIII shows s i m i l a r  r e s u l t s  on t h e  e f f e c t  o f  r e a c t o r  

p r e s s u r e .  Two s e t s  of  r e a c t i o n  k i n e t i c  d a t a  ob t a ined  a t  r e a c t i o n  

tempera ture  o f  500°C and wi th  a  H2/SiC14 f e e d  r a t i o  o f  2.8 a r e  

p l o t t e d  i n  t h e  same graph.  The r e a c t i o n  k i n e t i c  curves  i n  F igure  

VI I I  aga in  show a  slower reaction rate a t  the higher reactor pressure of 

500 p s i g  i n  comparison wi th  t hose  o b t a i n e d  a t  300 p s i g .  A t  long  

r e s i d e n c e  t i m e s ,  t h e  convers ion of SiHC13 becomes h i g h e r  a t  500 

p s i g  t han  t h a t  ob t a ined  a t  300 p s i g .  Although t h e  h y d r o c h l o r i n a t i o n  



r e a c t i o n  r a t e  i s  somewhat s lower  a t  500 p s i g  t h a n  t h a t  ob t a ined  

a t  300 p s i g ,  t h e  p roduc t ion  r a t e  i n  terms of pounds p e r  hour i s  

s t i l l  much h i g h e r  a t  h i g h e r  r e a c t o r  p r e s s u r e s .  For example, i n  

F igu re  V I I I  a t  60 seconds  r e s i d e n c e  t ime ,  t h e  s lower  r e a c t i o n  

r a t e  a t  500 p s i g  g i v e s  30% SiHC13 wh i l e  t h e  f a s t e r  r e a c t i o n  a t  

300 p s i g  g i v e s  32% SiHC13. However, t h e  throughput  o f  a  g iven  

r e a c t o r  s i z e  i s  i n c r e a s e d  by 64% when t h e  r e a c t o r  p r e s s u r e  i s  

r a i s e d  from 300 p s i g  t o  500 p s i g .  For example, a  r e a c t o r  

p roduces  1 ,000 l b . / h r .  of  SiHC13 a t  300 p s i g  w i l l  make about  

1 ,540 l b . / h r .  o f  SiHC13 a t  500 p s i g  w i t h  t h e  same 60 seconds  

r e s i d e n c e  t i m e ;  t a k i n g  i n t o  account  f o r  t h e  s lower  r e a c t i o n  r a t e  

a t  t h e  h i g h e r  r e a c t o r  p r e s s u r e .  I n  o r d e r  t o  maximize r e a c t o r  

o u t p u t ,  t h e  h i g h e s t  p r a c t i c a l  r e a c t o r  p r e s s u r e  i s  recommended f o r  

t h e  o p e r a t i o n  of  t h e  h y d r o c h l o r i n a t i o n  p r o c e s s .  

D.  Copper C a t a l y s t  S t u d i e s  

The e f f e c t  o f  added copper c a t a l y s t  on t h e  h y d r o c h l o r i n a t i o n  

r e a c t i o n  r a t e  was s t u d i e d .  The c a t a l y t i c  a c t i v i t y  o f  copper i s  

measured i n  t e rms  of r e a c t i o n  r a t e  i n  comparison w i t h  t h e  r e a c t i o n  

k i n e t i c  d a t a  o b t a i n e d  i n  S e c t i o n  (C) w i thou t  copper added. 

(1) Cement Type Copper 

A s e r i e s  o f  expe r imen t s  was c a r r i e d  o u t  t o  s t u d y  t h e  hydro- 

c h l o r i n a t i o n  o f  SiC14 and m.g. s i l i c o n  meta l  i n  t h e  p re sence  of  

5  w t %  of a  cement t y p e  copper  s u p p l i e d  by Union Carbide .  Th i s  

cement t ype  copper  i s  a  complex mixture  o f  CuO, Cu20 and CuO. A 

mix tu re  o f  180g 65 x 150 mesh m.g. s i l i c o n  me ta l  and 9g (5 wt%) of 

cement cooper  powder was thoroughly  mixed and c a r e f u l l y  charged 



i n t o  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  The r e a c t o r  was brought  up 

t o  r e a c t i o n  c o n d i t i o n s  a t  500 p s i g ,  500°C and a  H2/SiC14 r a t i o  o f  

2:8. The r e a c t i o n  r a t e  was measured i n  t h e  same manner a s  

d e s c r i b e d  i n  S e c t i o n  (C). An " induc t ion  pe r iod"  of  about  20 hours  

was no t ed ,  du r ing  which no c a t a l y t i c  a c t i v i t y  was observed.  T h i s  

i n d u c t i o n  p e r i o d  i s  i l l u s t r a t e d  i n  F igu re  IX. I n  F igu re  I X ,  t h e  

r e a c t i o n  r a t e  w i t h  5 %  cement copper i s  p re sen t ed  a s  a  f u n c t i o n  o f  

r e a c t i o n  t ime (%  convers ion  of  t h e  ~i mass bed ) .  The r e a c t i o n  

r a t e  ob t a ined  under  t h e  same c o n d i t i o n s  w i t h  no copper added i s  

a l s o  p l o t t e d  i n  t h e  same graph ( d o t t e d  l i n e ) .  A t  t h e  s t a r t  o f  t h e  

r e a c t i o n  ( 0 %  convers ion)  , t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  r a t e  i s  

a c t u a l l y  s lower  t h a n  t h o s e  ob t a ined  wi thout  copper added. The 

s lower  r e a c t i o n  r a t e  may be due t o  t h e  p re sence  o f  t h e  i n a c t i v e  

copper powder which occupies  some space  on t h e  s i l i c o n  me ta l  

s u r f a c e .  The % S i  convers ion  i s  d e f i n e d  a s  t h e  weight  o f  S i  

consumed by t h e  r e a c t i o n  d i v i d e d  by t h e  weight  o f  t h e  s i l i c o n  

me ta l  i n i t i a l l y  charged.  I t  i s  d i r e c t l y  r e l a t e d  t o  t h e . t o t a 1  

r e a c t i o n  t h e  ' to r e f l e c t  t h e  l lagell  o f  t h e  S i  mass bed. A f t e r  2.0 

hours  of r e a c t i o n  (about  25% S i  c o n v e r s i o n ) ,  t h e  p resence  o f  t h e  

cement copper began t o  show some c a t a l y t i c  a c t i v i t i e s .  A t  t h i s  

p o i n t ,  t h e  r e a c t i o n  r a t e  wi th  coppea became f a s t e r  t han  

wi thout  copper added. 

~ f t e r  t h e  r e a c t i v i t y  o f  t h e  Cu/Si mass bed s t a b i l i z e d ,  a  

s e r i e s  o f  exper iments  was c a r r i e d  o u t  t o  measure t h e  r a t e  o f  t h e  

h y d r o c h l o r i n a t i o n  r e a c t i o n  a s  a  f u n c t i o n  of  t empera ture  , 

(450°C, 500°C), p r e s s u r e  (300, 500 p s i g )  and H2/SiC14 f eed  



r a t i o  (1 .0  and 2 . 8 ) .  Table  X I  summarizes t h e  r e a c t i o n  k i n e t i c  

d a t a  o b t a i n e d  w i t h  t h e  cement c o p p e r / s i l i c o n  mass a t  500 p s i g ,  

500°C and aH2/SiC14 f e e d  r a t i o  o f  2.8. Data i n  Table  X I  a r e  

p r e s e n t e d  i n  F igu re  X by p l o t t i n g  t h e  % SiHC13 convers ion  and 

t h e  % SiH2ClZ conve r s ion  v e r s u s  r e s i d e n c e  t ime.  Also p l o t t e d  

i n  t h e  same graph  a r e  exper imenta l  r a t e  d a t a  p r e v i o u s l y  ob t a ined  

from t h e  same h y d r o c h l o r i n a t i o n  r e a c t i o n  under s i m i l a r  c o n d i t i o n s  

b u t  w i t h  no copper  added. The presence  o f  copper  s i g n i f i c a n t l y  

i n c r e a s e s  t h e  r e a c t i o n  r a t e  a s  shown i n  F igu re  X .  Another s e r i e s  

o f  exper iments  was r e p e a t e d  a t  a  lower r e a c t i o n  tempera ture  o f  

450°C. The r e a c t i o n  k i n e t i c  measurements a r e  summarized i n  , 

Tab le  XII .  The same d a t a  a r e  p l o t t e d  i n . F i g u r e  X I  t o g e t h e r  wi th  

p r e v i o u s l y  o b t a i n e d  r e s u l t s  from t h e  same r e a c t i o n  w i t h  no copper 

added.  A s  t h e  r e s u l t s  i n  F igure  X I  shows, t h e  hyd roch lo r ina t i on .  

r e a c t i o n  r a t e  i n  t h c  p r e s e n c e - o f  cement copper i s  approximately  

doubled i n  comparison w i t h  t h o s e  ob t a ined  wi thout  copper .  For 

example,  i n  the,  p r e sence  of  copper ,  23% convers ion  o f  SiHC13 i s  

, observed  a t  30 seconds  r e s i d e n c e  t ime ( s o l i d  l i n e ) .  With n o .  

coppe r ,  t h e  same 23% SiHC13 convers ion  i s  ach i evab le  a t  a r e s i d e n c e  

t ime  tw ice  a s  long (60 seconds ,  d o t t e d  l i n e  i n  F igure  XI) .  

The e f f e c t  o f  copper on t h e  r e a c t i o n  r a t e  was a l s o  s tud i -ed  a t  

a  lower r e a c t i o n  p r e s s u r e  of  300 p s i g .  Table  XI11 and Table  XIV 

summarize t h e  r e s u l t s  o f  t h e  r e a c t i o n  k i n e t i c  measurements a t  500°C 

a n d - a t  a  d i f f e r e n t  H2/SiC14 f eed  r a t i o  o f  1 . 0  and 2.8 r e s p e c t i v e l y .  

Data i n  Table  XI11 and Table  X I V  a r e  a l s o  p r e s e n t e d  i n  Fig.ure XI1 

and F igure  X I I I ,  r e s p e c t i v e l y ,  t o g e t h e r  w i th  p rev ious  exper imenta l  



r e s u l t s  ob t a ined  from t h e  same r e a c t i o n  wi thout  copper .  The 

r e s u l t s  of t h e  300 p s i g  exper iments  a r e  very  s i m i l a r  t o  t h o s e  

ob t a ined  a t  500 p s i g . ,  I n  t h e  p re sence  of  copper ,  t h e  r e a c t i o n  

r a t e  i s  i n c r e a s e d  by approximately  100% i n  comparison w i t h  t h o s e  

ob t a ined  under t h e  same r e a c t i o n  c o n d i t i o n s  b u t  w i t h  no copper 

added. 

( 2 )  Cuprous Chlor ide  

A " r e a c t i v e "  copper compoundwas e v a l u a t e d  a s  c a t a l y s t  f o r  

t h e  h y d r o c h l o r i n a t i o n  of  SiC14 and m.g. s i l i c o n  meta l  t o  SiHC13 

Cuprous c h l o r i d e ,  CuC1, i s  known t o  r e a c t  w i t h  S i  a t  about 

350°C i n  a  d i sp lacement  r e a c t i o n ,  
. . 

A 4 CuCl + S i  -> SiC14 + 4 C U  
. . (5) 

Copper gene ra t ed  from Equat ion (5) i s  d e p o s i t e d  on to  t h e  s i l i c o n  

meta l  s u r f a c e .  The copper atoms gene ra t ed  i n  t h i s  chemical  reaction 

can d i f f u s e  i n t o  t h e  s i l i c o n  me ta l  l a t t i c s  t o  form what i s  generally 

known as Cu-Si a l l o y s .  Thcse Cu-Si a l l o y s  have been r e p o r t e d  t o  

be t h e  c a t a l y t i c  s p e c i e s  f o r  a  v a r i e t y  of r e a c t i o n s  between o r g a n i c  

' h a l i d e s  and s i l i c o n  me ta l  t o  produce o rgano- func t ion  s i l i c o n  hdlides (6) 

A s e r i e s  of  exper iments  was c a r r i e d  o u t  i n  t h e  p re sence  of 5 w t %  

CuCl i n  t h e  same manner a s  i n  t h e  c a s e  o f  t h e  cement copper .  A 

sample o f  cuprous c h l o r i d e  was ground and s i e v e d  through a  400 mesh 

s c r e e n  (opening 38  microns) .  A mix ture  o f  180g 6 5  x 150 mesh 

('210' 'x 105 microns) m.g. s i l i c o n  meta l  and 9g of t h i s  CuCl powder 

was thoroughly  mixed and c a r e f u l l y  charged i n t o  t h e  hydroch lor i r l a t ion  

r e a c t o r .  The r e a c t o r  was brought  up t o  r e a c t i o n  c o n d i t i o n s  a t 5 0 0  psig 



and a t  500°C. I n  c o n t r a s t  t o  t h e  ca se  w i t h  cement copper ,  t h e r e  

was no i n d u c t i o n  p e r i o d  observed w i t h  cuprous c h l o r i d e .  F u l l  

c a t a l y t i c  a c t i v i t y  was no t ed  soon a f t e r  t h e  h y d r o c h l o r i n a t i o n  

r e a c t o r  was b rought  up t o  t h e  r e a c t i o n  tempera ture .  The absence 

of an i n d u c t i o n  p e r i o d  i s  shown by t h e  p l o t s  i n  F igure  X I V .  

Unl ike  cement copper ,  t h e  CuCl/Si mass bed a t  t h e  s t a r t  of  t h e  

exper iment  ' (0% S i  convers ion)  showed s i g n i f i c a n t l y  h i g h e r  r e a c -  

t i ' v i t y  t h a n  t h a t  o b t a i n e d  wi thout  copper  ( d o t t e d  l i n e ) .  F u r t h e r -  

more, t h e  r e a c t i v i t y  o f  t h i s  Cu/Si mass bed remained c o n s t a n t  wi th  

r e s p e c t  t o  r e a c t i o n  t ime .  A s  F igure  X I V  shows t h e  r e a c t i o n  r a t e s  

a t  t h e  s t a r t  o f  t h e  experiment (0% S i  convers ion)  i s  t h e  same a s  

t h o s e  o b t a i n e d  a f t e r  25% S i  convers ion .  A s e r i e s  of exper iments  

was c a r r i e d  o u t  t o  measure t h e  r a t e  of  r e a c t i o n  a s  a  f u n c t i o n  of 

r e a c t i o n  t empera tu re  (400°,  450' and 500°C), r e a c t o r  p r e s s u r e  

(300,  500 p s i g )  and H2/SiC14 f eed  r a t i o  (1 .0  and 2 .8 )  . Table  XV 

summarizes t h e  r e a c t i o n  k i n e t i c  measurements ob t a ined  w i t h  t h e  

5 %  CuCl/Si mass a t  SO0 p s i g ,  500°C and H2/SiC14 f e e d  r a t i o  o f  2 . 8 .  

Data  i n  Table  XV a r e  p r e s e n t e d  i n  F igu re  XV by p l o t t i n g  t h c  SiHC13 

and SiH C I  conve r s ions  v e r s u s  r e s i d e n c e  t ime.  A l s o  p l o t t e d  i n  
2 2  

t h e  same graph a r e  exper imenta l  d a t a  p r e v i o u s l y  ob t a ined  from t h e  

same h y d r o c h l o r i n a t i o n  r e a c t i o n  under s i m i l a y  r e a c t i o n  c o n d i t i o n s  

b u t  w i t h  no copper  added. The presence  of  capper  approximately  

doubles  t h e  r e a c t i o n  r a t e  i.n comparison w i t h  t h o s e  ob t a ined  wi th  

no copper  added. A s  i n  t h e  c a s e  o f  t h e  cement copper ,  t h e  % con- 

v e r s i o n  of  SiH2ClZ i s  a l s o  i n c r e a s e d  i n  t h e  p resence  of  copper .  

S i m i l a r l y ,  Tab le  XVI and F igure  X V I  summarize t h e  r e a c t i o n  k i n e t i c  



d a t a  o b t a i n e d  under t h e  same r e a c t i o n  c o n d i t i o n s  b u t  a t  a  lower 

r e a c t i o n  tempera ture  o f  450°C. A t  t h e  lower r e a c t i o n  t empera tu re ,  

t h e  p resence  of copper appears  t o  show a  more pronounced e f f e c t .  

For example, i n  F igure  X V I ,  28% SiHC13 convers ion  i s  o b t a i n e d  a t  

40 seconds r e s i d e n c e  t ime wi th  5% CuCl i n  comparison w i t h  t h e  108 

seconds r e s i d e n c e  t ime r e q u i r e d  t o  ach ieve  t h e  same 28% SiHC13 

convers ion  w i th  no copper.  The p re sence  of copper has  i n c r e a s e d  

t h e  r e a c t i o n  r a t e  by a  f a c t o r  of  about  2 . 7 .  The same h y d r o c h l o r i -  

n a t i o n  r e a c t i o n  i n  t h e  p resence  of  copper  was r e p e a t e d  a t  a  lower 

r e a c t o r  p r e s s u r e  o f  300 p s i g .  Table  XVII and T a b l ~  W I I I  

summarize t h e  r e a c t i o n  k i n e t i c  measurements ob t a ined  a t  300 p s i g  

and wi th  a  H2/SiC1 f e e d  r a t i o  o f  1 . 0 ,  b u t  a t  a  d i f f e r e n t  r e a c t i o n  
4 

t empera ture  of  500°C and 400°C r e s p e c t i v e l y .  Data i n  t h e s e  two 

t a b l e s  a r e  a l s o  p l o t t e d  i n  F igure  XVII and i n  F igu re  XVIII, 

r e s p e c t i v e l y ,  t o g e t h e r  w i th  t h e  p r e v i o u s l y  o b t a i n e d  exper imenta l  

d a t a  c o l l e c t e d  under  s i m i l a r  r e a c t i o n  c o n d i t i o n s  b u t  w i t h  no copper  

added. l'he k i n e t i c  d a t a  ob t a ined  a t  300  p s i g  i s  s i m i l a r  t o  t h o s e  

ob t a ined  a t  500 p s i g .  I n t e r e s t i n g l y ,  a t  r e a c t o r  t empera ture  a s  

low a s  40U°C, a  r e s p e c t a b l e  2 4 %  SiHC13 convers ion  i s  ach i evab le  

a t  . . 180 seconds r e s i d e n c e  t ime i n  t h e  p resence  of copper ( s e e  

F igure  XVIII) . 
(3)  E f f e c t  of  Copper Concent ra t ion  on t h e  React ion Rate  

The e f f e c t  of  copper c o n c e n t r a t i o n  i n  t h e  S i  mass bed on t h e  

r a t e  o f  . the  h y d r o c h l o r i n a t i o n  r e a c t i o n w a s  s t u d i e d .  A mix ture  o f  

180g 65  x  1 5 0  mesh m.g. s i l i c o n  me ta l  and 3.6g ( 2  w t%)  CuCl was 

p repa red  and charged i n t o  t h e  r e a c t o r .  The experiment was c a r r i e d  



o u t  a t  300 p s i g ,  500°C and H2/SiC14 f e e d  r a t i o  o f  1 . 0 .  There was 

a  s h o t  i n d u c t i o n  p e r i o d  w i t h  t h e  2 %  CuCl a s  shown by t h e  r e a c t i o n  

k i n e t i c  measurements p r e s e n t e d  i n  F igure  X I X .  The r e a c t i o n  r a t e  

a t  t h e  s t a r t  o f  t h e  r e a c t i o n  (03 S i  convers ion)was s l i g h t l y  s lower  

t h a n  t h e  r e a c t i o n  r a t e  a f t e r  2 5 %  of  t h e  S i  meta l  i n  t h e  Cu/Si 

mass bed had been consumed. The r e a c t i v i t y  o f  t h e  Cu/Si mass bed 

improved s l i g h t l y  w i t h  r e a c t i o n  t ime .  The sp read ing  of copper 

ove r  t h e  s i l i c o n  me ta l  s u r f a c e  may be t h e  cause .  The n a t u r e  of 

t h e  a c t i v e  copper  c a t a l y s t  w i l l  be d i s c u s s e d  l a t e r  on i n  Section (4). 

R e s u l t s  of t h e  r e a c t i o n  k i n e t i c  measurements w i t h  2 %  CuCl a r e  

summarized i n  Tab le  X I X .  The performance of  t h i s  2 %  CuCl/Si mass 

bed i s  shown i n  F i g u r e  XX by p l o t t i n g  t h e  % SiHC13 convers ion  

v e r s u s  r e s i d e n c e  t ime .  Also p l o t t e d  i n  t h e  same graph a r e  r e a c -  

t i o n  r a t e  d a t a  o b t a i n e d  f r o m . t h e  same r e a c t i o n  w i t h  5% CuCl added 

and from t h e  same r e a c t i o n  w i t h  no copper added. A s  t h e  r e s u l t s  

i n  F igu re  XX show, t h e r e  i s  no d i f f e r e n c e  between t h e  r e a c t i o n  

r a t e s  o b t a i n e d  from t h e  5% CuC1,and t h e  2 %  CuCl exper iment .  

I n t e r e s t i n g l y ,  t h e  same l e v e l  of  . . r e a c t i v i t y  i s  produced w i t h  t h e  

5  wt% cement copyer i n  t h e  S i  mass bed.  A f t e r  going th rough  t h e  

i n d u c t i o n  p e r i o d ,  t h e  cement copper /S i  irlass g.ave t h e  same r e a c -  

t i v i t y  a s  t h a t  o f  t h e  CuCl/Si mass bed. This  o b s e r v a t i o n  i s  

i l l u s t r a t e d  i n  F i g u r e  XXI by p l o t t i n g  t h e  r e a c t i o n  k i n e t i c  d a t a  

o b t a i n e d  from t h e  5% cement copper experiment and from t h e  5% CuCl 

exper iment  i n  t h e  same graph.  A s  t h e  r e s u l t s  i n  F igure  X X I  show, 

t h e r e  i s  e s s e n t i a l l y  no d i f f e r e n c e  between t h e  r e a c t i o n  r a t e s  i n  

t h e  p re sence  of t h e s e  two copper  compounds. The numbers i n  t h e  



p a r e n t h e s i s  a r e  t h e  % S i  convers ion  t o  r e f l e c t  t h e  age of  t h e  silicon 

mass beds .  

I n  summary, copper i s  an e f f e c t i v e  c a t a l y s t  f o r  t h e  h y d r o c h l o r i -  

n a t i o n  of  SiC14 and m.g. s i l i c o n  me ta l  t o  SiHC13. The r e a c t i o n  r a t e  

i s  i n c r e a s e d  by approximately  100% w i t h  a s  l i t t l e  a s  2 w t %  CuCl 

p r e s e n t  i n  t h e  S i  mass bed.  Other  than  a s l i g h t l y  s lower  i n i t i a l  

r e a c t i o n  r a t e ,  t h e  performance of  t h e  2 w t %  CuCl i n  t h e  h y d r o c h l o r i -  

n a t i o n '  r e a c t i o n  i s  e s s e n t i a l l y ' t h e  same a s  t h e  5 w t %  CuCl i n  t h e  S i  

mass bed. In  c o n t r a s t ,  t h e  5 w t %  cement copper exper iment  showed a  

long induc t ion  p e r i o d .  Before t h e  cement copper  i s  " a c t i v a t e d "  

through t h i s  i n d u c t i b n  p e r i o d ,  t h e  r e a c t i o n  r a t e  i s  a c t u a l l y  s lower  

t han  t h e  r e a c t i o n  r a t e  ob t a ined  w i t h ' n o  copper  added. I n  t h i s  

r e s p e c t ,  cuprous c h l o r i d e  i s  t h e  p r e f e r r e d  c a t a l y s t  over  cement 

copper.  The lower  l e v e l  of  2 w t %  ~ u ~ l  c a t a l y s t  f o r  t h e  h y d r o c h l o r i -  
. . . . .  

n a t i o n  r e a c t i o n  i s  p r e f e r a b l e  from a' p roces s  and from an economics 

p o i n t  'of view. 

( 4 )  React ion Mechanism and t h e  Role of  Copper 

The r e a c t i o n  k i n e t i c  measurements a s  p r e s e n t e d  i n  .Figure X 

through F igure  XX show t h a t ,  a t  long r e s i d e n c e  t ime ,  t h e  % SiHC13 

conversiol i  i n  t h e  p re sence  of copper t ends  t o  l e v e l  o f f '  a t  about  

t h e  same p o s i t i o n  a s  t h o s e  ob t a ined  from t h e  same h y d r o c h l o r i n a t i o n  

r e a c t i o n  w i th  no copper  p r e s e n t .  I n  o t h e r  words, bo th  k i n e t i c  c u r v e s ,  
. . 

wi th  and wi thou t  copper ,  approach t h e  same e q u i l i b r i u m  convers ion  of 

SiHC13. I n  t h i s  r e s p e c t ,  copper performes i n  t h e  h y d r o c h l o r i n a t i o n  

as a t r u e -  c a t a l y s t  s i n c e  it changes t h e  r e a c t i o n  r a t e  b u t  n o t  t h e  

e q u i l i b r i u m  composi t ion.  



A p l a u s i b l e  mechanism f o r  t h e  h y d r o c h l o r i n a t i o n  o f  SiC14 and 

m..g. s i l i c o n  t o  SiHC13 may be p o s t u l a t e d  a s  a  f i r s t  s low,  r a t e -  

d e t e r m i n i n g  s t e p  on t h e  hydrogen r e d u c t i o n  of  S i C 1 4 t o  SiHC13 and 

H C 1  on t h e  s i . l i c o n  me ta l  s u r f a c e  (Equat ion 6 ) .  T h i s  i s  fo l lowed  

by a  r a p i d  r e a c t i o n  of  t h e  H C 1  w i t h  s i l i c o n  me ta l  t o  produce more 

SiHC13 (Equa t ion  7 ) .  The o v e r a l l  r e a c t i o n ,  3  x (6)  + ( 7 ) ,  g i v e s  

e q u a t i o n  (8) f o r  t h e  h y d r o c h l o r i n a t i o n  of  SiC14 and m.g. s i l i c o n  

m e t a l  t o  SiHC13. 

slow 

The copper  c a t a l y s t  s t u d i e s  w i t h  cement copper and cuprous chlo-  

r i d e  p rov ide  some ' exper imenta l . . ev idence  of  t h e  mechanism of  t h e  

h y d r o c h l o r i n a t i o n  r e a c t i o n  a s  p o s t u l a t e d  above and on t h e  n a t u r e  

o f  t h e  copper  c a t a l y s t .  An i n d u c t i o n  p e r i o d  i s  observed when cement 

copper  is used i n  t h e  h y d r o c h l o r i n a t i o n  re ' ac t ion .  Th i s  i n d u c t i o n  

p e r i o d  is  a b s e n t  wh.en cuprous  c h l o r i d e  i s  used i n  t h e  same r e a c t i o n .  

A s  tFi.e 'hydroch.1 'orination reacti 'on p roceeds ,  bo th  cement copper  and 

c a p r o u s  c N o r l . d e  u l t i m a t e l ' y  produce t h e  same c a t a l y t i c  $ c t i v i t i e s .  

Pur th .ermore , ' .2% CuCl works e q u a l l y  we'll  a s  t h e  5 %  CuCl p r e s e n t  i n  

th.e 'hydrochl 'or inat i .on r eac t i . on  t o  produce t h e  same r e a c t i o n  r a t e s .  

S i n c e  t h e  ox ide -based  cement copper  i s  r a p i d l y  reduced by hydrogen 



a t  500°C t o  e l emen ta l  copper ,  t h e  i n d u c t i o n  p e r i o d  may be 

exp la ined  a s  t h e  t ime r e q u i r e d  f o r  t h i s  " f r e e t 1  copper  t o  form 

t h e  a c t i v e  c a t a l y t i c  s p e c i e s  on t h e  s i l i c o n  me ta l  s u r f a c e .  

This  a l s o  p o i n t s  t o  t h e  f a c t  t h a t  e l emen ta l  copper ( f r e e  copper)  

i s  n o t  a  c a t a l y s t  i n  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  Howcver, 

once t h e  cement copper  i s  a c t i v a t e d  through t h e  i n d u c t i o n  p e r i o d ,  

i t  shows t h e  same c a t a l y t i c  a c t i . v i t y  a s  observed w i t h  CuC1. 

These p i e c e s  o f  exper imenta l  ev idence  sugges t  t h a t  a  common 

c a t a l y t i c  s p e c i e s  i s  formed du r ing  t h e  hyd roch . lo r ina t i on  r e a c t i o n  

even though two d i f f e r e n t  forms o f  copper  compound a r e  i n i t i a l l y  

used.  S ince  Cu-Si a l l o y s  a r e  known t o  form on t h e  s i l i c o n  me ta l  

s u r f a c e  (6 )  when CuCl r e a c t s  w i th  S i  me ta l  under t h e  r e a c t i o n  

c o n d i t i o n s ,  t h e  a c t i v e  c a t a l y t i c  s p e c i e s  must be t h e  copper-  

s i l i c o n  a l l o y s .  

A 4 CuCl + S i O  --, SiC14 + 4 CuO (9  

CuO + S i Q  -> Cu-Si a l l o y  (1.0) 

The e n e r g e t i c  copper  atoms produced i n  t h e  chemical  r e a c t i o n  ( 9 )  

can d i f f u s e  i n t o  t h e  s i l i c o n  meta l  m a t r i x  t o  form Cu-Si bonds i n  

t h e  c o p p e r - s i l i c o n  a l l o y s .  On t h e  o t h e r  hand,  t h e  ox ide-based  

cement copper i s  f i r s t  r a p i d l y  reduced by hydrogen a t  500°C t o  

e l emen ta l  copper .  The e lementa l  copper does n o t  t he rma l ly  form 

t h e s e  c o p p e r - s i l i c o n  a l l o y s  a t  a  s i g n i f i c a n t  r a t e  under t h e  low 

r e a c t o r  t empera tu re  o f  500°C. T h e  copper powder must go th rough  

a  chemical  t r a n s f o r m a t i o n  (most l i k e l y  t o  copper  c h l o r i d e )  s o  t h a t  

t h e  Cu-Si a l l o y s  can be produced through a chemical  r e a c t i o n  w i t h  



t h e  S i  on t h e  s o l i d  s u r f a c e .  The i n d u c t i o n  p e r i o d  observed wi th  

cement copper  i s  t h u s  t h e  t ime r e q u i r e d  f o r  t h i s  chemical  t r a n s -  

fo rma t ion  t o  t a k e  p l a c e .  On t h e  o t h e r  hand,  cuprous c h l o r i d e  i s  

a  r e a c t i v e  chemica l  toward s i l i c o n  m e t a l .  The Cu-Si a l l o y s  a r e  

r a p i d l y  formed on t h e  s i l i c o n  me ta l  s u r f a c e  a t  t empera tu re s  w e l l  

below 500°C. Thus,  no i n d u c t i o n  p e r i o d  i s  expec ted  w i t h  CuC1. 

The mechanism o f  t h e  h y d r o c h l o r i n a t i o n  of  SiC14 may be v i s u -  

a l i z e d  a s  a  f i r s t  s t e p  chemisorp t ion  of  SiC14 a t < t h e  Cu-Si s i t e s ,  

v i z . ,  

f o l l owed  by t h e  r e d u c t i o n  of  t h e  a c t i v a t e d  S i - - -C1 ,  S i - - - S i  and 

Cu---C1 l i n k a g e s  by hydrogen t o  form SiHC13 and H C 1 .  T h i s  i s  t h e  

s low ,  r a t e - d e t e r m i n i n g  s t e p  occur ing  a t  t h e  s i l i c o n  meta l  s l ~ r f a c e .  

The i n t e r m e d i a t e  H C 1  r a p i d l y  r e a c t s  w i t h  S i  a t  t h e  Cu-Si c a t a l y t ' i c  

s i t e  s i n c e  HC1  ga s  i s  known t o  r e a c t  w i t h  s i l i c o n  meta l  a t  a  much 

lower  t empera tu re  o f  3 0 0 - 3 5 0 " ~ ( ~ ~ ~ ) .  A s  S i  i s  consumed t o  form 

SiHC13, t h e  v a c a t e d  s i t e  i s  f i l l e d  by m i g r a t i o n  o f  S i  atoms f r o m . t h e  

u n d e r - l a y e r s  t o  r e - g e n e r a t e  t h e  a c t i v e  Cu-Si s p e c i e s  t o  complete 

t h e  c a t a l y t i c  c y c l e  o f  copper .  The mechanism i s  ve ry  s i m i l a r  t o  

t h e  r e a c t i o n  mechan.ism o f  t h e  well-known D i r e c t  React ion between 

(5 1 methy l  c h l o r i d e  and s i l i c o n  meta l  t o  produce m e t h y l c h l o r o s i l a n e s  . 
The p re sence  o f  t h e s e  Cu-Si a l l o y s  i s  e s s e n t i a l  f o r  t h e  CH C1 +: Si 

3. 
( 6  1 r e a c t i o n  . 



The catalyt ic  act ivi ty of copper may be interpreted as due to the 

c r y s t a l  d e f e c t s  caused by t h e  p re sence  of  copper atoms i n  t h e  
,. . 

s i l i c o n  c r y s t a l  l a t t i c s .  F u r t h e r  exper imenta l  ev idence  on t h i s  

p o s t u l a t i o n  i s  prov ided  i n  t h e  ' ~ m ~ u r i t i e s  s t u d i e s  which i s  '. 

d i s c u s s e d  l a t e r  on i n  S e c t i o n  (F) .  S ince  t h e  a c t i v e  copper  

c a t a l y s t  i s  t h e  c o p p e r - s i l i c o n  a l l o y s  c o n t a i n i n g  Cu-Si bonds,  

l o o s e  copper  p a r t i c l e s  o r  h i g h l y  c o n c e n t r a t e d  copper d e p o s i t s  

on the silicon metal surface do not provide an effective catalyst.  In 

p r a c t i c e ,  one needs  t o  add more copper t o  t h e  S i  mass bed than  

t h a t  i s  t h e o r e t i c a l l y  ne.eded t o  g e n e r a t e  t h e s e  a c t i v e  Cu-Si s i t e s .  

Thus, t h e  a b s o l u t e  amount of  copper  p r e s e n t  i n  t h e  S i  mass bed 

i s  n o t  t h e  f a c t o r  i n  de te rmin ing  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e  

C U / S ~  mass bed. The t o t a l  'number o f  t h e s e  ac t i ve .  Cu-Si s i t e s  i s  

t h e  impor tan t  paramete r  f o r  t h e  observed c a t a l y t i c  a c t i v i t i e s .  

A s  iong  a s  t h e r e  a r e  s u f f i c i e n t  amounts o f  copper p r e s e n t  i n  t h e  

S i  mass bed t o  cover  t h e  s i l i c o n  met'al s u r f a c e s  w i t h  t h e s e  Cu-Si 

s i t e s ,  t h e  u l t i m a t e . r e a c t i v i t y  o f  t h e  Cu/Si mass bed i s  t h e  same 

r e g a r d l e s s  of  t h e  t o t a l  amount o f  copper  i n i t i a l l y  charged.  

Thi's i s  shown .by t h e  experiment w i th  2 %  CuCl which produces  t h e  

, s a m e ' c a t a l y t i c  a c t i v i t y . . a s  t h e  5% CuCl i n  t h e  S i  mass bed ( s ee  

F i 'gure  X X ) .  Thus, t h e  method and t h e  p rocedure  f o r  p r e p a r i n g  t h e  

Cu/Si mass a r e  e q u a l l y  impor tan t  paramete rs .  For example, 2 ~ . t %  

CuCl i n  t h e  S i  mass produces a  more r e a c t i v e  Cu/Si mass bed. t h a n  

t h a t  o f  t h e  .5 wt% ceme.nt copper .  Th is  i s  because c u p r o u s c h l o r i d e .  

forms t h e  a c t i v e  Cu-Si s p e c i e s  more e f f i c i e n t l y  t han  cement copper .  



E.  S i l i c o n  P a r t i c l e  S i z e  D i s t r i b u t i o n  

The e f f e c t  o f  s i l i c o n  p a r t i c l e  s i z e  d i s t r i b u t i o n  on t h e  

h y d r o c h l o r i n a t i o n  r e a c t i o n  r a t e  was s t u d i e d  a s  a  f u n c t i o n  of  

r e a c t o r  p r e s s u r e ,  r e a c t i o n  tempera ture  and H2/SiC14 molar r a t i o .  

The 65 x  150 mesh m.g. s i l i c o n  meta l  was used a s  t h e  s t a n d a r d  

i n  p r e v i o u s  exper iments .  Two p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  m.g. 

s i l i c o n  m e t a l ,  150 x 400 mesh and 32 x 65 mesh, were e v a l u a t e d  

i n  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  Table  XX summarizes t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h e s e  t h r e e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  

o f  s i l i c o n  m e t a l ,  such  a s  t h e  mean p a r t i c l e  s i z e ,  s u r f a c e  a r e a ,  

b u l k  d e n s i t y  and % v o i d  space .  

A s e r i e s  o f  exper iments  was c a r r i e d  o u t  w i t h  180g 32 x  65 

mesh m . g .  s i l i c o n  a t  r e a c t o r  p r e s s u r e  o f  500 p s i g ,  r e a c t i o n  

t empera tu re  o f  SOO0C and H2/SiC14 f eed  r a t i o  o f  2 .8 .  React ion 

k i n e t i c  d a t a  were c o l l e c t e d  i n  t h e  same manner a s  p r ev ious  

exper iments  by measuring t h e  r a t e  o f  SiHC13 format ion  a s  a  

f u n c t i o n  o f  r e s i d e n c e  t ime.  The r e s u l t s  o f  t h e s e  measurements 

a r e  summarized i n  Table  X X I .  Another s e r i e s  of  exper iments  was 

c a r r i e d  o u t  under  t h e  same r e a c t i o n  c o n d i t i o n s  w i t h  a  much f i n e r  

150 x  400 mesh s i l i c o n  p a r t i c l e  s i z e  d i s t r i b u t i o n .  R e s u l t s  of  

t h i s  s e r i e s  of experiments are given in Table XXII. Data i n  Table  X X I  

and i n  Table  X X I I  a r e  p r e s e n t e d  i n  F igu re  XXII by p l o t t i n g  t h e  

SiHC13 conve r s ion  v e r s u s  r e s i d e n c e  t ime.  Also p l o t t e d  i n  t h e  

same graph  a r e  r e a c t i o n  r a t e  d a t a  p r e v i o u s l y  o b t a i n e d  from t h e  

s t a n d a r d  65 x  150 mesh s i l i c o n  under  t h e  same r e a c t i o n  c o n d i t i o n s .  

A s  t h e  r e s u l t s  i n  F igu re  XXII show, t h e  d i f f e r e n t  p a r t i c l e  s i z e  



d i s t r i b u t i o n s  of s i l i c o n  metal  have e s s e n t i a l l y  no e f f e c t  on t h e  

r a t e  of  t h e  hyd roch lo r ina t i on  r e a c t i o n .  The s c a t t e r i n g  of d a t a  

p o i n t s  a r e  w i t h i n  t h e  .exper imental  e r r o r .  Thus, t h e  h y d r o c h l o r i -  

n a t i o n  r e a c t i o n  r a t e s  remain c o n s t a n t  w i t h i n  t h e  s i l i c o n  p a r t i c l e  

s i z e  d i s t r i b u t i o n  range of 32 x  400 mesh. S i m i l a r  r e s u l t s  were 

ob t a ined  when t h e  r e a c t i o n  was c a r r i e d  ou t  a t  a  lower r e a c t o r  

p r e s s u r e  of  300 p s i g  w i t h  t h e  150 x  400 mesh and t h e  32 x 65  mesh 

s i l i c o n  meta l .  Resu l t s  of  t h e s e  two exper iments  a r e  g iven  i n  

Table XXIII and i n  Table  X X I V  r e s p e c t i v e l y .  The r e a c t i o n  r a t e  

d a t a  i n  t h e s e  two t a b l e s  a r e  a l s o  p r e s e n t e d  i n  F igure  XXIII by 

p l o t t i n g  t h e  % SiHC13 convers ion  v e r s u s  r e s idence  t ime.  A s  t h e  

r e s u l t s  i n  F igure  XXIII show, t h e r e  i s  e s s e n t i a l l y  no d i f f e r e n c e  

i n  t h e  r e a c t i o n  r a t e  between t h e  150 x 400 and t h e  3 2  x  65 mesh 

s i l i c o n  me ta l .  The c o n s t a n t  r e a c t i o n  r a t e  w i t h  r e s p e c t  t o  S i  

p a r t i c l e  s i z e  a l s o  imp l i e s  t h a t  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  

of SiC14 and S i  i s  a l s o  independent of  t h e  t o t a l  s o l i d  s u r f a c e  

a r c a .  For t h e  same weight  o f  t h e  s i l i c o n  mass bed,  t h e  150 x  400 

mesh p a r t i c l e  s i z e  d i s t r i - b u t i o n  has  about f i v e  t imes  t h e  t o t a l  

s u r f a c e  a r e a  a s  t h e  much c o a r s e r  3 2  x  65 mesh s i l i c o n .  Desp i te  

t h e  l a r g e  d i f f e r e n c e  i n  t h e  t o t a l .  s o l i d  s u r f a c e  a r e a ,  t h e  r e a c t i o n  

r a t e  remains about t h e  same. The r e s u l t s  o f  t h e s e  exper iments  

show t h a t  t h e  chemical  r e a c t i o n  occu r r ing  on t h e  s u r f a c e  01 t h e  

s i l i c o n  metal  i s  t h e  r a t e -de t e rmin ing  s t e p .  Mass t r a n s f e r  v i a  

d i f f u s i o n  o f  r e a c t a n t s  and produc ts  i s  n o t  r a t e - l i m i t i n g .  This  

o b s e r v . a ~ i o n  i s  i n  agreement with t h e  p o s t u l a t e d  r e a c t i o n  mechanism 

a s  d i s c u s s e d  i n  S e c t i o n  D (.4) above. The r e d u c t i o n  of  t h e  



c h e m i c a l l y  absorbed  SiC14 wi th  hydrogen on t h e  s i l i c o n  meta l  

s u r f a c e  i s  t h e  r a t e - d e t e r m i n i n g  s t e p .  

The c o n s t a n t  r e a c t i o n  r a t e  w i th  r e s p e c t  t o  s i l i c o n  p a r t i c l e  

s i z e  d i s t r i b u t i o n  i s  advantageous from a  p roces s  p o i n t  o f  view. 

I t  p rov ides  a  b roade r  o p e r a t i n g  l a t i t u d e  f o r  t h e  h y d r o c h l o r i n a t i o n  

p r o c e s s .  For example, one can conven ien t ly  i n c r e a s e  t h e  ou tpu t  

of SiHC13 by o p e r a t i n g  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r  a t  a  h i g h e r  

r e a c t i o n  t empera tu re  t o  g ive  a  h i g h e r  r e a c t i o n  r a t e .  The i n c r e a s e  

i n  l i n e a r  gas  v e l o c i t y  due t o  t h e  h i g h e r  H2/SiC14 f e e d r a t e  can 

be compensated f o r  by s imply i n c r e a s i n g  t h e  s i l i c o n  p a r t i c l e  s i z e  

d i s t r i b u t i o n .  S i n c e  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  r a t e  i s  

independent  o f  t h e  S i  p a r t i c l e  s i z e ,  t h e  % SiHC13 convers ion  

remains  t h e  same. 

F. E f f e c t  o f  I m p u r i t i e s  i n  m.g. S i l i c o n  Metal  

The ~ a e t a l l u r g i c a l  g r ade  (m. g. ) s i l i c o n  meta l  c o n t a i ~ l s  about  

98.5% S i .  The major  i m p u r i t i e s  i n  t h e  m.g. s i l i c o n  meta l  a r e  i r o n  

(0 .5  - 0 .9%)  and aluminum (0 .3  - 0 . 6 % ) .  These two e lements  account  

f o r  t h e  bulk  (80 - 90%) of t h e  t o t a l  i ~ ~ l p u r i t i e s  i n  t h e  m.g. s i l i c o n  

m e t a l .  Other  m e t a l l i c  e lements  a r e  a l s o  p r e s e n t  b u t  i n  a  much 

s m a l l e r  amount, v i z .  , Manganese ( 0 . 0 6 % ) ,  Calcium ( 0 . 0 5 % ) ,  Copper 

(0 .01%)  , Nickel  (0 .01%)  , Chromium (0.01%) and Ti tanium (0.01%) . 
To s t u d y  t h e  e f f e c t  o f  each of t h e s e  m e t a l l i c  i m p u r i t i e s  on t h e  

h y d r o c h l o r i n a t i o n  r e a c t i o n  i s  beyond t h e  scope of  t h e  p r e s e n t  

expe r imen ta l  e f f o r t .  R a t h e r ,  t h e  o v e r a l l  e f f e c t  o f  t h e s e  impurities 

on t h e  r e a c t i o n  i s  s t u d i e d  from t h e  view p o i n t  of  o p e r a t i n g  t h e  

h y d r o c h l o r i n a t i o n  p r o c e s s .  A convenient  method of  s t udy ing  t h e  



o v e r a l l  e f f e c t  o'f t h e s e  i m p u r i t i e s  i s  t o  measure t h e  r e a c t i o n  . 

r a t e  w i t h  t h e  m.g. s i l i c o n  metal. i n  comparison w i t h  t h o s e  ob t a ined  

wi th  a  h igh  p u r i t y ,  e l e c t r o n i c  g rade  s i l i c o n  me ta l .  The e l e c t r o n i c  

grade s i l . i c o n  meta l  c o n t a i n s ' n o . i m p u r i t i e s  from the . chemica1  

r e a c t i o n  p o i n t  of  view, t h e  common m e t a l l i c  impur i t : i e s  3.n t h e  

e l e c t r o n i c  grade s i l i c o n  meta l  having been reduce,d t o  l e s s  t han  

one p a r t  p e r  b i l l i o n .  

A. sample o f  e l e c t r o n i c  g.rade, posyer-stall.j.ne s i l i c o n  meta l  

was ground and s i e v e d  t o  a  p a r t i c l e  s i z e  d i s t r i b u t i o n  of 32 x 400 

mesh (500 x 37 microns) .  A s e r i e s  o f  exper iments  was c a r r i e d  o u t  

w i th  180g of  t h i s  h i g h  p u r i t y  S i  a t  a  r e a c t o r  p r e s s u r e  o f  500 p s t g ,  

a  r e a c t i o n  tempera ture  o f  SOO°C and a  H2/SiC14 f eed  r a t i o  o f  2.8. 

The r e s u l t s  of  t h i s  experiment a r e  summarized i n  Table  XXV. Data 

i n  Table  XXV a r e  p r e s e n t  i n  F igure  X X I V  by p l o t t i n g  t h e  % SiHC13 

convers ion  v e r s u s  r e s idence  t ime.  Also p l o t t e d .  i n  t h e  same graph 

a r e  r e a c t i o n  k i n e t i c  d a t a  ob t a ined  w i t h  m.g. s i l i c o n  metal  under  

t h e  same r e a c t i o n  c o n d i t i o n s .  The shaded curve i n  F igu re  XXIV 

r e p r e s e n t s  t h e  combined r e s u l t s  o b t a i n e d  from t h e  same r e a c t i o n  

c a r r i e d  o u t  w i th  a  32 x 65 mesh, a  65' x 150 mesh and a  150 x 400 

mesh m.g. S i  metal  mass bed. A s  t h e  r e s u l t s  i n  F igure  XXIV show, 

t h e  r e a c t i o n  r a t e  i s  about one o r d e r  o f  magnitude s lower  wi th  t h e  

e l e c t r o n i c  g rade  S i  meta l  i n  comparison w i t h  t h o s e  ob t a ined  from 

t h e  impure, 98.5% m.g. S i  meta l .  The p re sence  of t h e s e  m e t a l l i c  . _ _.._ ..... 

i m p u r i t i e s  i n  m.g. s i l i c o n  meta l  g r e a t l y  , i n c r e a s e s  t h e  r a t e  of 

t h e  h y d r o c h l o r i n a t i o n  of SiC14 and hydrogen. 



The e f f e c t  o f  added copper  c a t a l y s t  was a l s o  s t u d i e d .  The 

e l e c t r o n i c  g r a d e  S i  mass bed was t aken  o u t  o f  t h e  hyd roch lo r ina -  

t i o n  r e a c t o r  and mixed wi th  9g (5 wt%) o f  t h e  - 4 0 0  mesh cuprous 

c h l o r i d e  powder used  i n  t h e  copper c a t a l y s t  s t u d i e s  (Sec t ion  D). 

The mix tu re  was c a r e f u l l y  charged back i n t o  t h e  r e a c t o r  t ube .  

Then, t h e  exper iment  was r e p e a t e d  under t h e  same r e a c t i o n  

c o n d i t i o n s .  R e s u l t s  o f  t h i s  experiment a r e  summarized i n  

Tab le  XXVI. The r e a c t i o n  k i n e t i c  d a t a  i n  Table  XXVI  a r e  a l s o  

p r e s e n t e d  i n  F igu re  XXV by p l o t t i n g  t h e  % SiHC13 convers ion  ve r sus  

r e s i d e n c e  t ime .  Also  p l o t t e d  i n  t h e  same graph a r e  t h e  r e a c t i o n  

r a t e  d a t a  o b t a i n e d  i n  S e c t i o n  (D) w i t h  a  5% CuCl/m.g. s i l i c o n  

mass bed under  t h e  same r e a c t i o n  c o n d i t i o n s .  I n t e r e s t i n g l y ,  

r e s u l t s  i n  F igu re  XXV show t h a t  t h e  r e a c t i o n  r a t e s  o b t a i n e d  from 

t h e  5 %  CuCl + e l e c t r o n i c  g rade  S i  experiment a r e  e s s e n t i a l l y  t h e  

same a s  t h o s e  o b t a i n e d  from t h e  5% CuCl + m.g:Si exper iment .  

These expe r imen ta l  r e s u l t s  appear  t o  show t h a t . t h e  i m p u r i t i e s  

i n  t h e  m.g. s i l i c o n  me ta l  f u n c t i o n  l i k e  a  c a t a l y s t . .  E v i d e n t l y ,  

t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  r a t e  i s  ve ry  much dependent on t h e  

compos i t ion  of  t h e  s i l i c o n  m e t a l  s u r f a c e .  With an  o r d e r l y  o r ie .n ted  

c r y s t a l  l a t t i c s  such a s  t h o s e  on t h e  s u r f a c e  of  t h e  e l e c t r o n i c  

g r a d e ,  p o l y c r y s t a l l i n e  s i l i c o n  m e t a l ,  t h e  r e a c t i o n  r a t e  i s  much 

s lower  by about  an o r d e r  o f  magnitude.  The p re sence  of copper and 

o t h e r  m e t a l l i c  e l emen t s  on t h e  s i l i c o n  me ta l  s u r f a c e  g r e a t l y  

i n c r e a s e s  t h e  r a t e  o f  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  Thus, t h e  

c r y s t a l  d e f e c t s  caused  by t h e  p resence  of  copper o r  o t h e r  m e t a l l i c  

e lements  appear  t o  be t h e  mechanism f o r  t h e  observed c a t a l y t i c  



a c t i v i t i e s .  However, r e s u l t s  o f  t h e  Copper C a t a l y s t  S t u d i e s . i n  

S e c t i o n  (D)  show t h a t  t h e  p resence  of  copper on t h e  m.g,. s i l i c o n  

meta l  s u r f a c e  i n c r e a s e s  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  r a t e  by 

ano the r  f a c t o r  of  two. I n  t h i s  r e s p e c t ,  copper appears  t o  be 

a more e f f e c t i v e  c a t a l y s t  t han  t h e s e  m e t a l l i c  i m p u r i t i e s  i n  m.g. 

s i l i c o n  me ta l .  Exper imental  ev idences  a r e  l a c k i n g  a t  t h e  p r e s e n t  

t ime t o  p rov ide  a  p l a u s i b l e  mechanism t o  account f o r  t h e  d i f f e r -  

ences .  The p re sence  of t h e s e  m e t a l l i c  i m p u r i t i e s  i n  m.g. s i l i c o n  
. . 
meta l  do n o t  appear  t o  produce harmful  e f f e c t s .  I n  f a c t ,  t hey  

a r e  b e n e f i c i a l  t o  t h e  h y d r o c h l o r i n a t  i o n  r e a c t i o n .  A l so ,  t h e  

a p p l i c a t i o n  of  a  copper c a t a l y s t  p rov ides  a  convenien t  means t o  

r e c y c l e  o f f - s p e c i f i c a t i o n  s o l a r  g rade  s i l i c o n  meta l  i n  t h e  

h y d r o c h l o r i n a t i o n  r e a c t o r .  . 

G .  Mass L i f e  Stu'di'es 

Exper iments  on t h e  h y d r o c h l o r i n a t i o n  of  SiC14 and m.g. s i l i c o n  

meta l  t o  SiHC13 were.  c a r r i e d  o u t  w i t h  t h e  o b j e c t  of  s t udy ing  t h e  

l i f e  of  t h e  s i l i c o n  mass bed. In  p r a c t i c e ,  t h e  h y d r o c h l o r i n a t i o n  

p roces s  must be a b l e  t o  s u b s t a i n  s u f f i c i c n t l y  long p e r i o d  of 

o p e r a t i o n  b e f o r e  it has  t o  be s h u t  down f o r  s e r v i c e .  Thus,  t h e  

l o n g e v i t y  of t h e  s i l i c o n  mass bed i n s i d e  t h e  h y d r o c h l o r i n a t i o n  

r e a c t o r  i s  an impor tan t  f a c t o r  i n  o p e r a t i n g  t h e  h y d r o c h l o r i n a t i o n  

p roces s  e f f i c i e n t l y  and e c o n o m i c a ~ l y .  I n  a  con t inuous  o p e r a t i o n ,  

m.g. s i l i c o n  meta l  was added t o  t h e  r e a c t o r  t o  r e p l e n i s h  t h e  S i  

consumed by t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  In o t h e r  g a s - s o l i d  

r e a c t i o n s ,  d e t e r i o r a t i o n  of  t h e  s o l i d  mass bed can occur  a f t e r  t h e  



p r o c e s s  has been o p e r a t e d  f o r  a  c e r t a i n  p e r i o d  of  t ime .  The 

d e t e r i o r a t i o n  o f  t h e  mass bed i s  l a r g e l y  due t o  accumulat ion of 

t h e  i m p u r i t i e s  i n  t h e  s t a r t i n g  m a t e r i a l  and t h e  n o n - v o l a t i l e  by- 

p r o d u c t s  produced by t h e  chemical  r e a c t i o n s .  The presence  of  

t h e s e  u n d e s i r a b l e  m a t e r i a l s  can f o u l  t h e  r e a c t i v e  s o l i d  s u r f a c e .  

A s  a  r e s u l t ,  t h e  a c t i v i t y  of t h e  s o l i d  mass bed d imin i shes .  

Eventhough t h e  i m p u r i t i e s  may be t o t a l l y  i n e r t  t o  t h e  chemical  

r e a c t i o n s ,  t h e i r  p h y s i c a l  p r e sence  t a k e s  up space  i n s i d e  t h e  

r e a c t o r  and i n d i r e c t l y  reduce t h e  r e a c t o r  o u t p u t .  Thus, t h e  

a b i l i t y  of  t h e  moving gaseous s t ream t o  remove t h e s e  i m p u r i t i e s  

a s  e l u t r i a t e d  f i n e s  o u t  of t h e  r e a c t o r  i s  ano the r  impor tan t  

f a c t o r  t o  c o n s i d e r .  The purpose of  t h e  Mass L i f e  S t u d i e s  i s  t o  
. . 

c a r r y  o u t  t h e  hydroch1,or inat ion I r e a c t i o n  , f o r  long p e r i o d s  of  

t ime  i n  o r d e r  t o  obse rve  t h e . e f f e c t ,  i f  any,  on . . ,  t h e  r e a c t i o n  

r a t e .  The pro longed  r e a c t i o n  a l s o  p rov ides  s u f f i c i e n t  r e a c t i o n  . . 
produc t  t o  c a r r y  o u t  a  m a t e r i a l  ba lance  on t h e  h y d r o c h l o r i n a t i o n  

. . 

p r o c e s s .  A n a l y s i s  o f  t h e  f i n e  s , o l i d s  e l u t r i a t e d  from t h e  s i l i c o n  
. . 

mass bed can p rov ide  u s e f u l  in format ion  on how t h e  i m p u r i t i e s  a r e  . . 

d i s t r i b u t e d  i n s i d e  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  

The h y d r o c h l o r i n a t i o n  o f  SiC14 and m.g. s i l i c o n  meta l  t o  

SiHC13 i s  a  c l e a n  r e a c t i o n  from a  p roces s  p o i n t  o f  view. F i r s t  

o f  a l l ,  t h e  r e a c t i o n  i t s e l f  does no t  produce any n o n - v o l a t i l e  

by-produc ts .  The r e a c t a n t s  c o n s i s t  o f  s i l i c o n ,  c h l o r i n e  and 

hydrogen.  Other  t h a n  s i l i c o n  metal  i t s e l f ,  there are no s o l i d  by- 

p roduc t s  produced from t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  SiC14 and 

hydrogen a r e  p u r i f i e d  th rough  t h e  r e c y c l e  s t ream.  The re fo re ,  t h e  



only s i g n i f i c a n t  sou rce  o f  i m p u r i t i e s  i s  t h e  m.g. s i l i c o n  

meta l  i t s e l f .  F o r t u n a t e l y ,  t h e  bu lk  o f  t h e  i m p u r i t i e s  i n '  m . g .  

s i l i c o n  metal  a r e  i r o n  and aluminum. In  t h e  c h l o r i n e - r i c h  

r e a c t i o n  environment ,  i r o n  and aluminum form v o l a t i l e  FeC13 

(b .p .  31S°C) and ~ 1 ~ 1 ~  ' (b .p .  183OC) which a r e  r e a d i l y  removed from 

t h e  r e a c t o r  w i t h  t h e  gaseous p roduc t  s t ream.  

(1) E f f e c t  of prolonged R e a c t i o n  on t h e  Rate o f  t h e  
' 

~ y d r o c h l o r i n a t i o n  ~ e a c t i o n  

A prolonged r e a c t i o n  of  SiC14 and m.g. S i l i c o n  meta l  i n  t h e  

p resence  o f  hydrogen was c a r r i e d  o u t  a t  a  r e a c t o r  p r e s s u r e  o f  300 

p s i g ,  a  r e a c t i o n '  t empera ture  of  500°C and a  H2/SiC14 f e e d  r a t i o  

of 2 . 0 .  The exp&riinent was run on a  day- to -day  b a s i s :  About 8  

t o  10 hours  o f  r e a c t i o n  t ime were accumulated f o r  each day of  

o p e r a t i o n .  A cha rg ing  p o r t  a t  the' t o p  of  t h e  h y d r o c h l o r i n a t i o n  

r e a c t o r  al lowed a  weighed sample o f  m.g. s i l i c o n  me ta l  t o  be 

i n t e r m i t t e n t l y  charged i n t o  t h e  r e a c t o r  t o  r e p l e n i s h  t h c  S i  
. . 

consumed. Two hundred grams of t h e  32 x 400 mesh m.g' .  s i l i c o n  , 

. . 
meta l  was i n i t i a l l y  charged in to .  t h e  r e a c t o r .  The r ea ' c to r  was 

brought up t o  the" r ' e ac t i on  c o n d i t i o n s  i n  t h e  u s u a l  manner. The 

r e a c t i o n  r a t e  was c o n t i n u o u s l y  moni tored by ana lyz ing  t h e  composi- 

t i o n  of  t h e  r e a c t i o n  produc t  mix ture  w i th  t h e  i n - l i n e  g:c. 

arrangement a t  r e g u l a r  i n t e r v a l s  of 2 t o  4 hours .  The c h l o r o s i l a n e  

l i q u i d  p roduc t s  c o l l e c t e d  i n  t h e  r e c e i v e r  was t aken  ou t  and weighed 

a t  t h e  end o f  each day of  o p e r a t i o n .  The y i e l d s  o f  Sif1Cl3 and 

SiH [ ' I  i n  t h c  r eac l ion  product  mix ture  were measured and  recorded .  2 -" 2 

The t o t a l  amounts of  SiHZC12 and SiHC13 produced throughout  t h c  



pro longed  experiment wereused t o  c a r r y  o u t  a  m a t e r i a l  ba lance  f o r  

s i l i c o n  i n  S e c t i o n  ( 2 ) .  

The pro longed  experiment was t e rmina t ed  a f t e r  a  t o t a l  of  

238 hou r s  o f  r e a c t i o n .  R e s u l t s  o f  t h e  r e a c t i o n  k i n e t i c  measure- 

ments a r e  g r a p h i c a l l y  p r e s e n t e d  i n  F igu re  XXVI by p l o t t i n g  t h e  % 

SiHC13 convers ion  v e r s u s  r e s i d e n c e  t ime .  Each d a t a  p o i n t  i n  

F igu re  X X V I  r e p r e s e n t s  approximately  t h e  average o f  e i g h t  hours  

o f  r e a c t i o n .  These d a t a  p o i n t s  f a l l  w i t h i n  a  range o f  r e s idence  

t ime  of 2 5  t o  45 seconds .  The v a r i a b l e  r e s i d e n c e  t ime i s  a  r e s u l t  

o f  t h e  changing s i l i c o n  mass bed h e i g h t .  A s  S i  i s  consumed by t h e ,  

h y d r o c h l o r i n a t i o n  r e a c t i o n ,  t h e  r e s i d e n c e  t ime i s  s h i f t e d  t o . a  

lower  number. I t  moves back t o  a  h i g h e r  number when f r e s h  s i l i c o n  

me ta l  i s  added i n t o  t h e  r e a c t o r .  A s  f r e s h  m.g. S i  i s  added from 

t ime  t o  t ime d u r i n g  t h e  course  of  t h e  mass l i f e  s t u d i e s ,  t h e  d a t a  

p o i n t  i n  F igu re  XXVI move back and f o r t h  between 25 and 45 seconds 

of  r e s i d e n c e  t imes .  Although t h e s e  d a t a  p o i n t s  show some s c a t t e r -  

i n g  a long  t h e  k i n e t i c  cu rve ,  t h e  r e a c t i o n  r a t e s  a r e  e s s e n t i a l l y  

c o n s t a n t  w i t h i n  t h e  range of exper imenta l  e r r o r  throughout  t h e  238 , ,  

hours  o f  r e a c t i o n .  Tab le  XXVII summarizes t h e  r e s u l t s  of  some 

s e l e c t e d  d a t a  p o i n t s  shown i n  F igure  XXVI. These s e l e c t e d  d a t a  

p o i n t s  have r e s i d e n c e  t imes  which c o i n c i d e  w i th  one ano the r  a t  

about  32 seconds .  A s  t h e  r e s u l t s  i n  Table  X X V I I  show, t h e  hydro-  

c h l o r i n a t i d n  r e a c t i o n  r a t e  a s  measured by t h e  % SiHC13 convers ions  

a t  32 seconds  r e s i d e n c e  t ime remains c o n s t a n t  throughout  t h e  235 

hours  o f  r e a c t i o n .  Based on t h e s e  r e a c t i o n  r a t e  measurements, t h e  

s i l i c o n  mass bed appea r s  t o  have a  long mass l i f e .  Th is  i s  an 



i m p o r t a n t  f a c t o r  s i n c e  i t  shows t h a t  t h e  h y d r o c h l o r i n a t i o n  p r o c e s s  

can  be o p e r a t e d  c o n t i n u o u s l y  f o r  a  long  p e r i o d  o f  t i m e  w i t h o u t  

i n t e r r u p t i o n s .  

The same s e r i e s  o f  e x p e r i m e n t s  was r e p e a t e d  w i t h  a  copper  

c a t a l y s t  added t o  t h e  s i l i c o n  mass bed .  A m i x t u r e  o f  200g 32 x  400 

mesh m.g. s i l i c o n  m e t a l  and l o g  (5 w t % )  o f  t h e  -400 mesh CuCl powder 

was p r e p a r e d  and c h a r g e d  i n t o  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  The 

r e a c t i o n  was c a r r i e d  o u t  under  t h e  same c o n d i t i o n s  a s  t h e  above 

exper imen t  w i t h  no copper  added a t  300 p s i g ,  500°C and H2/SiC14 

r a t i o  o f  2 . 0 .  A s  S i  i s  consumed by t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n ,  

a  weighed sample o f  t h e  32 x 400 mesh s i l i c o n  c o n t a i n i n g  5 %  CuCl 

c a t a l y s t  i s  i n t p r m i t t e n t l y  added t o  t h e  r e a c t o r .  The r e a c t i o n  

r a t e  i s  c o n t i n u o u s l y  moni to red  a t  2 t o  4 hour  i n t e r v a l s  by analyzing 

t h e  corapus i t ion  o f  t h e  r e a c t i o n  p r n d ~ i c t  m i x t u r e  w i t h  t h e  i n - l i n e  

g a s  chromatograph.  A f t e r  90 h o u r s  o f  r e a c t i o n ,  t h e  exper imen t  i n  

t h e  p r e s e n c e  o f  copper  was t e r m i n a t e d .  R e s u l t s  o f  t h e  r e a c t i o n  

k i n e t i c  measurements  a r e  p r e s e n t e d  i n  t h e  same g r a p h  i n  F i g u r e  XXVI 

f o r  t h e  p r o l o n g e d  exper imen t  w i t h o u t  c o p p e r .  A s  t h e  r e s u l t s  i n  

F i g u r e  XXVI show, t h e  r e a c t i o n  r a t e  i n  t h e  p r e s e n c e  o f  c o p p e r  

remains  e s s e n t i a l l y  c o n s t a n t  t h r p u g h o u t  t h e  90 h o u r s  o f  r e a c t i o n .  

The s c a t t e r i n g  of d a t a  p o i n t s  on t h e  k i n e t i c  c u r v e  i s  w i t h i n  t h e  

e x p e r i m e n t a l  e r r o r .  A s  e x p e c t e d ,  t h e  p r e s e n c e  o f  c o p p e r  c a t a l y s t  

a p p r o x i m a t e l y  d o u b l e s  t h e  r e a c t i o n  r a t e  i n  compar ison  w i t h  t h o s e  

o b t a i n e d  w i t h o u t  copper  ( F i g u r e  X X V I )  . 
There i s  o t h e r  p h y s i c a l  eviclerlce whi'ch a l s o  p o i n t s  t o  t h e  

l o n g e v i t y  o f  t h e  s i l i c o n  mass bed i n  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  



The s p e n t  S i  mass bed was taken  ou t  of  t h e  r e a c t o r  f o r  

examina t ion  a f t e r  t h e  exper iments  on t h e  Mass L i f e  S t u d i e s .  

Examination o f  t h e  s p e n t  S i  mass bed showed no evidence of aggre-  

g a t e s  o r  agg lomera t ion  of t h e  s i l i c o n  p a r t i c l e s .  The spen t  S i  

mass a f t e r  238 hours  o f  r e a c t i o n  was complete ly  f r e e - f l o w i n g .  

A n a l y s i s  of  t h e  e l u t r i a t e d  f i n e s  showed a  h igh  c o n c e n t r a t i o n  

of  m e t a l l i c  i m p u r i t i e s ' i n  comparison w i t h  t h e  s t a r t i n g  m.g. 

s i l i c o n  me ta l .  Thus, t h e  s o l i d  i m p u r i t i e s  a r e ,  a t  l e a s t ,  pa r t i a l l y  

removed from t h e  s i l i c o n  mass bed o u t  o f  t h e  h y d r o c h l o r i n a t i o n  

r e a c t o r  a s  e l u t r i a t e d  f i n e s .  The r e s u l t s  o f  t h e s e  a n a l y s e s  a r e  

d i s c u s s e d  i n  s e c t i o n  ( 3 ) .  

(2)  M a t e r i a l  Balance f o r  S i l i c o n  

A m a t e r i a l  b a l a n c e  on s i l i c o n  was made f o r  t h e  h y d r o c h l o r i -  

n a t i o n  o f  SiC14 and m.g. s i l i c o n  me ta l  t o  SiHC13, 

A t o t a l  o f  46,659g (103 l b . )  o f  c h l o r o s i l a n e  produc t  c rude  was 

c o l l e c t e  du r ing  t h e  cou r se  o f  t h e  238 hours  o f  r e a c t i o n  i n  t h e  

p ro longed  exper iment  i n  S e c t i o n  ( 1 ) .  Analyses of t h e  c h l o r o s i -  . 

l a n e  produc t  mix tu re  by g a s - l i q u i d  p a r t i t i o n  chromatography 

showed t h e  p re sence  of  69g SiHZC12 and 7,944g (17.5 l b . )  o f  

SiHC13. . The s i l i c o n  consumption from t h e s e  two c h l o r o s i l a n e  

produc.t;swas c a l c u l a t e d  accord ing  t o  t h e  above equa t ion  (9)  f o r  

SiHC13 and e q u a t i o n  (10) below f o r  SiH2C12, 



The t o t a l  S i  e q u i v a l e n t  from 69g of SiH2C12 and 7,9448 of  SiHC13 

p roduc t s  was c a l c u l a t e d  t o  g i v e  a  t o t a l  o f  417.6g S i  me ta l  

consumed. The a c t u a l  amount of , S i  . meta l  consumption can be r e a d i l y  

measured from t h e  weight  of t h e  s p e n t  S i  mass bed.  A t o t a l  o f  

570g m. g.  s i l i c o n  meta l  was charged i n t o  t h e  r e a c t o r  dur ing ,  t h e  

238 hours  o f  r e a c t i o n .  A t  t h e  end of  t h e  exper iments ,  110.2g of  . . 

unreac t ed  S i  me ta l  was recovered .  Thus, 570-110.2 = 459.8g m.g. 

s i l i c o n  me ta l  was consumed by t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  

S ince  t h e  m.g. s i l i c o n  meta l  i s  on ly  98.5% p u r e ,  t h e  a c t u a l  S i  

c o n t e n t  was 459.8 x  0.985 = 452.9g. The m a t e r i a l  ba l ance  on S i  
. .  

i s  c a l c u l a t e d  t o  g i v e ,  

The agreement i s  q u i t e  good. These r e s u l t s  conf i rm t h e  s t o i c h i o -  

metry o f  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  a s  w r i t t e n  i n  Equat ion ( 9 ) .  

A s  observed i n  p rev ious  exper iments ,  t h e  S i  c o n t e n t  c a l c u l a t e d  

from t h e  c h l o r o s i l a n e -  p roduc t s  was g e n e r a l l y  lower t han  t h e  va lue  

ob t a ined  from t h e  d i , f f e r ence  between t h e  spen t  S i  mass bed and t h e  

t o t a l  s i l i c o n  metal  charged.  Th i s  may be e x p l a i n e d  .by t h e  f a c t  

that. some v o l a t i l e  SiH,Cl, (b .p .  8OC) and SiHC13 (b .p .  31°C) a r e  
L u 

l o s t  by evapora t i on  dur ing  hand l ing  and s t o r a g e .  

(3) D i s t r i b u t i o n  of I m p u r i t i e s  i n  t h e  E l u t r i a t e d  F ines  

Sample o f  t h e  f i n k  s o l i d s  e l u t r i a t e d  from t h e  s i l i c o n  mass 

bed was c o l l e c t e d  and ana lyzed .  Th i s  sample was taken  from t h e  

prolonged experiment w i t h  no copper  c a t a l y s t  added.  S ince  t h c  

l i n e a r  gas  v e l o c i t y  i n s i d e  t h e  l a b o r a t o r y  s c a l e  r e a c t o r  i s  s low,  



t h e  e l u t r i a t e d  s o l i d s  a r e  ex t remely  f i n e .  These f i n e l y  d i v i d e d  

s o l i d s  t e n d  t o  s p r e a d  o u t  and c o a t  t h e  i n s i d e  w a l l s  of  t h e  hydro- 

c h l o r i n a t i o n  a p p a r a t u s .  Thus, i t  was n o t  p o s s i b l e  t o  make a  

q u a n t i t a t i v e  measurement on t h e  t o t a l  weight  o f  t h e  f i n e  s o l i d s  

e l u t r i a t e d  o u t  o f  t h e  s i l i c o n  mass bed.  R e s u l t s  o f  t h e  a n a l y s e s  

on t h e  e l u t r i a t e d  f i n e s  a r e  summarized i n  t h e  fo l l owing :  

Element % i n  E l u t r i a t e d  F ines  % i n  M . G .  S i l i c o n  

I r o n  

Aluminum 

Calcium 

Manganese 

Nickel  

Chromium 

Chlor ine  

S i l i c o n  (ba l ance )  81.46 9 8 . 7  

The m e t a l l i c  i m p u r i t i e s  i n  a  t y p i c a l  m.g. s i l i c o n ' m e t a l  i s  shown 

i n  t h e  l a s t  column. R e s u l t s  o f  t h e s e  a n a l y s e s  show t h a t  t h e  

i m p u r i t i e s  i n  t h e  m.g. s i l i c o n  a r e  c o n c e n t r a t e d  by a  f a c t o r  o f  

10 o r  more i n  f i n e  s o l i d s  e l u t r i a t e d  from t h e  s i l i c o n  meta l  mass 

bed.  Aluminum i s  an excep t ion  s i n c e  i t  i s  p r c s e n t  a t  a  111uch lower 

c o n c e n t r a t i o n  i n  comparison w i t h  i r o n .  Th i s  may be exp la ined  by 

t h e  h i g h  v o l a t i l i t y  o f  A l C 1 3  which can be removed a long  w i t h  t h e  

l i q u i d  c h l o r o s i l a n e  c rude .  Depos i t ion  o f  t h e  whi te  A 1 C 1 3  s o l i d  

a t  t h e . c o n d e n s e r  and i n  t h e  l i q u i d  c h l o r o s i l a n e  c rude  has  been 

observed  i n  p rev ious  exper iments .  The prese.nce o f  a  l a r g e  amount 

o f  c h l o r i n e  i n  t h e  e l u t r i a t e d  f i n e s  i n d i c a t e d  t h a t  some of  t h c  

m e t a l l i c  e lements  a r e  i n  t h e  form of meta l  c h l o r i d e s .  However, t h e  



amount of  c h l o r i n e  i n  t h e  f i n e s  i s  n o t  s u f f i c i e n t  t o  a c c o u n t , f o r  

a l l  t h e  m e t a l l i c  e lements  t o  e x i s t  i n  t h e  form of meta l  c h l o r i d e s .  

For example, i f  a l l  t h e  i r o n  i n  t h e  e l u t r i a t e d  f i n e s  e x i s t s  a s  

FeC13, t h e  c h l o r i n e  c o n t e n t s  would be i n  excess  of  11%. A s  t h e  

above a n a l y t i c a l  r e s u l t s  i n d i c a t e ,  only  7.49% C 1  a r e  p r e s e n t  i n  

t h e  f i n e s .  These i n t e r e s t i n g  r e s u l t s  sugges t  t h a t  some of t h e s e  

m e t a l l i c  i m p u r i t i e s  e x i s t  i n  an e l emen ta l  s t a t e ,  o r  i n  the  form 

of  s i l i c i d e s .  Although a q u a n t i t a t i v e  account f o r  t h e  removal o f  

t h e s e  m e t a l l i c  i m p u r i t i e s  from t h e  s i l i c o n  mass bed i s  n o t  

a c h i e v a b l e ,  t h e  e l emen ta l  a n a l y s e s  show t h a t  t h e  i m p u r i t i e s  a r e ,  

a t  l e a s t ,  p a r t i a l l y  removed from t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  

H .  Corros ion S t u d i e s  

A t  e l e v a t e d  temp.e ra tures ,  H C 1  i s  produced i n  v a r i a b l e  amounts 

i n  a  r e a c t i o n  system con ta in ing  c h l o r o s i l a n e  and  hydrogen gas .  The 

h i g h l y  c o r r o s i v e  e f f e c t  of  H C 1  gas  on me ta l s  and a l l o y s  a t  h igh  

tempera tures  i s  well-known. Convent ional  me ta l s  and a l l o y s  o f f e r  

l i t t l e  o r  no r e s i s t e n c e  t o  h igh  c o n c e n t r a t i o n s  of  H C 1  ga s  a t  

t empera tures  much above 4 5 0 " ~ ( ~ ) .  u n d e r  t h e s e  c o n d i t i o n s ,  a  me ta l  

c h l o r i d e  f i l m  i s  formed on t h e  me ta l  s u r f a c e .  The c o v a l e n t  n a t u r e  

o f  nleLal c h l o r i d e s  e x h i b i t  a. much h i g h e r  vapor  p r e s s u r e  t h a n  t h o s e  

uf t h e i r  ox ide  c o u n t e r p a r t s ,  A t  e l e v a t e d  t empera tu re s ,  t h i s  me ta l  

c h l o r i d e  f i l m  beg ins  t o  evapora t e  o f f .  Cor ros ion  becomes a  s e r i o u s  

problem a s  t h e  m a t e r i a l  o f  c o n s t r u c t i o n  of t h e  r e a c t o r  i s  c o n s t a n t l y  

removed from t h e  r e a c t o r  w a l l  a s  metal  c h l o r i d e s .  In  t h e  c h l o r i n e -  

r i c h  h y d r o c h l o r i n a t i o n  r e a c t i o n  environment ,  t h e  proposed o p e r a t i n g  

tempera ture  of  500°C poses  a  r a t h e r  obvious p o t e n t i a l  t h r e a t  t o  t h e  



h y d r o c h l o r i n a t i o n  r e a c t o r  c o n s t r u c t e d  w i t h  conven t iona l  meta l  

a l l o y s .  T h i s  was a  major  concern i n  t h e  eng inee r ing  des ign  of  

t h e  h y d r o c h l o r i n a t i o n  r e a c t o r ,  s i n c e  h igh  c o r r o s i o n  r a t e s  were 

(4)  r e p o r t e d  i n  t h e  e a r l i e r  c o r r o s i o n  t e s t s  by Union Carbide  . 
C o n t r a d i c t i o n  t o  t h i s  p o t e n t i a l  c o r r o s i o n  e f f e c t  w a s  first 

n o t e d  when t h e  s t a i n l e s s  s t e e l  r e a c t o r  w a s  c u t  up f o r  examinat ion.  

A dense  c o a t i n g  appeared t o  cover  t h e  i n s i d e  r e a c t o r  ' w a l l  which 

h a s  been exposed t o  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  environment.  

T h i s  dense  c o a t i n g  i s  v e r y  s , i m i l a r  t o  t h e  e p x i t a x i a l  s i l i c o n  l a y e r s  

produced by a  vapor  phase  d e p o s i t i o n  p roces s .  Upon exposure  t o  

a i r  and m o i s t u r e  i n  t h e  atmosphere,  t h i s  dense c o a t i n g  was ' r a p i d l y  

e r o d  e.d t o  deve lop  c r e e p s  and c r a c k s .  Even tua l ly ,  it f l a k e d  o f f  

from t h e  r e a c t o r  w a l l .  A sample o f  t h e  l o o s e  f l a k e s  was ana lyzed  

t o  g i v e  t h e  f o l l o w i n g  r e s u l t s .  

Element 

Nicke l  

Chromium 

I r o n  

S i l i c o n  

.%. in. .L.o.o.se. .F.lak.es % i n  t ypc  304 
S t a i n l e s s  S t e e l  

8  t o  11 

18 t o  20 

7 2  t o  67 

Trace .  

The r e s u l t s  o f  t h i s  a n a l y s i s  p rov ide  t h e  ev idence  t h a t  a  s i l i c i d e  

f i l m  i s  formed on t h e  r e a c t o r  w a l l .  The r a t i o  o f  Ni:Cr:Fe i n  

t h e  s i l i c i d e  f i l m  i s  about  t h e  same a s  t h o s e  i n  t h e  Type 304 

s t a i n l e s s  s t e e l .  E v i d e n t l y ,  s i l i c o n  from t h e  r e v e r s a b l e  hydrdchlo-  

r i n a t i o n  r e a c t i o n ,  



p e n e t r a t e s  t h e  r e a c t o r  w a l l  t o  form t h e  observed s i l i c i d e  f i l m .  

The concept  o f  a  me ta l  c h l o r i d e  f i l m  on t h e  r e a c t o r  w a l l  s u r f a c e  

does n o t s a p p e a r  t o  o p e r a t e  i n  t h e  h y d r o c h l o r i n a t i o n '  r e a c t i o n  

environment.  The. p resence  of S i  i n  t h e  a u s t e n i t i c  (non-magnetic)  

Type 304 s t a i n l e s s  s t e e l  a l t e r s  t h e  s t r u c t u r e  and composi t ion of  

t h e  me ta l  a l l o y .  A s  a  r e s u l t ,  t h e  loosened s i l i c i d e  f i l m  becomes 

magnet ic .  The pre$ence of  such a  m e t a l ' s i l i c i d e  p r o t e c t i v e  f i l m  

on t h e  r e a c t o r  w a l l  opens up a  new dimension on t h e  s u b j e c t  o f  

c o r r o s i o n  of t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  The above observations 

show t h e  fo l l owing  impor tan t  f a c t s .  

(i) A meta l  s i l i c i d e .  f i l m  i s  formed on t h e  r e a c t o r  wal l  

i n s t e a d  o f  a  me.tal c h l o r i d e  f i l m .  

( i i )  Th is  s i l i c i d e  f i l m  i s  r e a c t i v e  toward a i r  and m o i s t u r e .  

4 

( i i i )  Secondary c o r r o s i o n  r a p i d l y  d e s t r o y s  t h e  p r o t e c t i v e  

s i l i c i d e  f i l m  when t h e  r e a c t o r  w a l l  i s  exposed t o  t h e  

atmosphere.  

A f u r t h e r  c o r r o s i o n  studywas made on a  h i g h  nickel-chromium 

a l l o y ,  Inco loy  800H. I t  i s  t h e  m a t e r i a l  o f  c o n s t r u c t i o n  s e l e c t e d  

by Union Carbide  f o r  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r  EPSDU. A p i e c e  

o f  t h e  Inco loy  800H t u b i n g ,  1 inch  O.U. x  1 j 1 6  inch  wa l1 ,was  

s u p p l i e d  by Union Carbide  f o r  t h e  c o r r o s i o n  s t u d i e s .  A t e s t  sample 

s t r i p  was c u t  from t h e  p i e c e s  o f  Inco loy  800H tub ing  t o  f i t  i n s i d e  

t h e  h y d r o c h l o r i n a t i o n  r e a c t o r  as s c l l e ~ n a t i c a l l y  shown i n  F igu re  XWII. 

The r i n g s  a t  t h e  t o p  and bottom of  t h e  middle s t r i p  a r e  purpose ly  



c o n s t r u c t e d  s o  a s  t o  ho ld  t h e  sample a t  t h e  s i d e  w a l l  o f  t h e  

r e a c t o r  t u b e .  The c o r r o s i o n  t e s t  was c a r r i e d  o u t  c o n c u r r e n t l y  

w i t h  t h e  p ro longed  exper iment  i n  S e c t i o n  ( G )  a t  a  r e a c t o r  p r e s s u r e  

o f  300 p s i g ,  a  r e a c t i o n  tempera ture  o f  500°C and a  H2/SiC14 r a t i o  

o f  2 .0 .  The t e s t  sample was weighed (53.195g) a t  t h e  s t a r t  of  t h e  

exper iment .  A f t e r  238 hours  o f  r e a c t i o n ,  t h e  sample was taken  o u t  

and re-weighed:  53.520g. Thus, t he rewas  a  weight  g a i n  o f  53.520 - 

53.195 = 0.325g. A dense c o a t i n g  a p p e a r e d o n t h e  s u r f a c e  of  t h e  

Inco loy  800 t e s t  sample.  Th is  c o a t i n g  had a  p h y s i c a l  appearance 

v e r y  s i m i l a r  t o  t h a t  ob t a ined  from t h e  vapor  phase  d e p o s i t i o n  of  

S i  w i t h  SiHC13 and H Z  a t  h igh  t empera tu re s .  The t e s t  sample was 

2 measured t o  g i v e  a  t o t a l  s u r f a c e  a r e a  o f  120 cm . Assuming t h e  

d e p o s i t e d  m a t e r i a l  i s  S i  and t h e  c o a t i n g  i s  un i formly  d i s t r i b u t e d ,  

t h e  0.325g r e p r e s e n t s  a  weight  g a i n  o f  0.00271 g/cm2 o r  a  s i l i c o n  

me ta l  f i l m  o f  about  11 .6  microns (micrometers)  t h i c k .  The f a c t  

t h a t  t h e r e  was no weight  l o s s  from t h e  t e s t  sample i n d i c a t e s  no 

s i g n i f i c a n t  amount o f  c o r r o s i o n  on t h e  Inco loy  800H meta l  a l l o y .  

A f t e r  t h e  Inco loy  800H t e s t  sample was re-weighed,  i t  was 

immediate ly  p l a c e d  i n s i d e  a  Dry Box under  an atmosphere o f  d ry  

n i t r o g e n .  The middle  s t r i p  ( s ee  F igurc  XXVII) was c u t  up w i t h  a 

p a i r  o f  p l i e r s .  P i e c e s  o f  t h e  sample m a t e r i a l  were p l a c e d  i n  g l a s s  

ampoules. The g l a s s  ampoules t h e n  were s e a l e d  under n i t r o g e n  t o  

p r e v e n t  a tmospher ic  c o r r o s i o n  of t h e  t e s t  m a t e r i a l .  To s tudy  t h e  

e f f e c t  o f  a tmospher ic  c o r r o s i o n  on t h e  s i l i c i d e  c o a t i n g ,  t h e  bottom 

r i n g  ( s e e  F igu re  XXVII) was weighed (12.4025g). I t  was purpose ly  

exposed t o  a i r  and mo i s tu re  f o r  a f e w  days .  As p r e v i o u s l y  observed ,  



t h e  dense s i l i c i d e  c o a t i n g  on t h e  Incoloy 800H t e s t  sample r e a d i l y  

developed c r eeps  and c r acks .  P i eces  o f  t h e  c o a t i n g  f l a k e d  o f f  

from t h e  meta l  s u r f a c e .  The dense s u r f a c e  c o a t i n g  was r a p i d l y  

des t royed  by a tmospher ic  c o r r o s i o n .  A f t e r  a tmospher ic  c o r r o s i o n  

had taken  i t s  e f f e c t ,  t h e  l oose  s c a l e  was s c r aped  o f f  from t h e  

t e s t  sample w i t h  a  s p a t u l a .  The r i n g  was c l eaned ,  d r i e d  and r e -  

weighed (12.1446'g). Thus, t h e r e  was a weight l o s s  of  12.4026 - 

12.1445 = 0.2581g. The bottom r i n g  was measured t o  g ive  a  t o t a l  

2 s u r f a c e  a r e a  o f  2 7  cm . The weight  d i f f e r e n c e  r e p r e s e n t s  a  

weight  l o s s  o f  0.00956 g/cm2 i n  comparison w i t h  a  weight  g a i n  of 

0.00271 g/cm2 be fo re  a tmospher ic  c o r r o s i o n  had t aken  p l a c e .  I f  

one deduc ts  t h e  weight  o f  s i l i c o n  i n i t i a l l y  d e p o s i t e d  on t h e  

t e s t  sample,  t h e r e  i s  s t i l l  a  n e t  weight  l o s s  o f  0.00956 - 

2 0.00271 = 0.OU685 g/cm . I n  o t h c r  words, some base  meta l  from 

t h e  Inco loy  800H t e s t  sample was a l s o  t aken  o f f  a long  w i t h  t h e  

loosened s c a l e .  Taking t h e  d e n s i t y  of  Incoloy 800H a s  8.0 g / c . c . ,  

about 8 .6  microns of  t h e  b a s e m e t a l  were removed from t h e  meta l  

s u r f a c e  w i th  t h e  s i l i c o n  c o a t i n g .  These measurements p rov ide  

f u r t h e r  evidence t h a t  t h e  s i l i c o n  d e p o s i t e d  from t h e  h y d r o c h l o r i -  

n a t i o n  r e a c t i o n  p e n e t r a t e s  t h e  Inco loy  800H base  meta l  t o  form a  

s i l i c i d e  p r o t e c t i v e  f i l m  of approximately  20 microns t h i c k .  This  

s i l i c i d e  f i l m  appears  t o  be s t a b l e  i n s i d e  t h e  r e a c t o r  under t h e  

h y d r o c h l o r i n a t i o n  r e a c t i o n  environment.  The 238 hours  o f  r e a c t i o n  

t ime were accumulated from 2 7  s e p a r a t e d  i n d i v i d u a l  exper iments .  

In  o t h e r  words, t h e  Inc.oloy 800H t e s t  sample i n s i d e  t .he r e a c t o r  had 

gone through 2 7  s t a r t - u p  and 2 7  shut-down thermal  c y c l e s .  There 



i s  no ev idence  t h a t  t h i s  p r o t e c t i v e  f i l m  has  b r o k e n ' o f f  from t h e  

b a s e  meta l  d u r i n g  t h e  c o r r o s i o n  t e s t .  Had t h e  s i l i c i d e  f i l m  

been broken l o o s e  from t h e  800H t e s t  sample,  a  s i g n i f i c a n t  weight  

l o s s  would have been no ted .  Fur thermore ,  examinat ion of t h e  spen t  

S i  mass bed a f t e r  t h e  experiment showed no loose  f l a k e s  o f  t h e  

s i l i c i d e  c o a t i n g  p r e s e n t  i n  t h e  S i  meta l  powder. These e x p e r i -  

men ta l  r e s u l t s  show t h a t  a  s t a b l e  s i l i c i d e  f i l m  i s  formed a t  t h e  

r e a c t o r  w a l l .  The p r e s e n c e  o f  such a  s i l i c i d e  f i l m  can indeed 

p r o t e c t  t h e  me ta l  r e a c t o r  from t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  

environment .  

Cor ros ion ,  o r  t h e  l a c k  o f  i t ,  i s  l a r g e l y  determined by a l l  

t h e  p l a u s i b l e  chemica l  r e a c t i o n s  reach ing  a  s t a t e  o f  e q u i l i b r i u m  

a t  t h e  r e a c t o r  w a l l .  The most thermodynamically s t a b l e  r e a c t i o n  

o r  r e a c t i o n s  w i l l  de te rmine  what i s  a t  t h e  i n t e r f a c e  between t h e  

r e a c t o r  w a l l  and t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  environment.  The 

d e p o s i t i o n  o f  S i  c an  be  r e a d i l y  exp la ined  by t h e  r e v e r s i b l e  hydro-  

c h l o r i n a t i o n  r e a c t i o n ,  

(SiHC13) 4 
Equ i l i b r ium C o n s t a n t ,  K = 

3  
(SiC14) (HZ) 

2 

The a c t i v i t y  o f  S i  m e t a l  i s  t aken  a s  u n i t y .  . A t  t h e  s t a r t  

o f  t h e  r e a c t i o n ,  t h e  a c t i v i t y  (Concent ra t ion)  o f  S i  i s  ze ro  

a t  t h e  r e a c t o r  w a l l .  A s  t h e  h y d r o c h l o r i n a t i o n  proceeds ,  S i  

i s  d e p o s i t e d  on to  t h e  me ta l  s u r f a c e  u n t i l  an e q u i l i b r i u m  composi- 

t i o n  i s  reached .  The S i  atoms gene ra t ed  from t h e  chemical  



r e a c t i o n  can d i f f u s e  i n t o  t h e  m e t a l l i c  ma t r ix  t o  form t h e  s i l i -  

c i d e  p r o t e c t i v e  f i l m .  ~ h e a c t u a l  s u r f a c e  c o n d i t i o n s ,  a t  any . 

t ime ,  depend on t h e  s y s t k m  c o n d i t i o n s ,  t h e  e q u i l i b r i a  and t h e  

k i n e t i c s  o f  t h e  r e a c t i o n s .  With many elements p r e s e n t ,  t h e r e  

a r e  many e q u i l i b r i a  and complex r e a c t i o n  k i n e t i c s  t o  be 

'considered.  ' T h e  s t eady  s t a t e  composit ion of t h e  s i l i c i d e  

p r o t e c t i v e  f i l m  depends on where t h e  equi l ibr ium of t h e  

h y d r o c h l o r i n a t i o n  r e a c t  ion  l i e s  and on o t h e r  p l aus ib l e  r e a c -  

t i o n s  o c c u r i n g a t  t h e  i n t e r f a c e .  For example, H C 1  i s  known 

t o  be p r e s e n t  i n  t h e  s i l i c o n  ch lor ide /hydrogen  system a t  

e l e v a t e d  tempera tures .  I t  can r e a c t  w i t h  s i l i c o n  and t h e  

me ta l l ' i c  e lements  a t :  t h e  r e a c t o r  w a l l .  

( 9 )  
: Met.aJ. c h l o r i d e s  a l s o  a r e  known t o  r e a c t  w i t h  s i l i c o n  m e t a l ,  

* .  4 FeC13 + 3  S i t  3  SiC14 + 4 Fe ( 1  6 

2 N i C 1 2  + S i  SiC14 + 2 Ni (17) 

* 4 C r C 1 3  + . 3  S i  t 3  SiC14 + 4 C r  . . (18) 

S ince  S i  i s  more r e a c t i v e  toward H C 1 ,  s i l i c o n  i n  t h e  s i l i c i d e  f i l m  

i s  p r e f e r e n t i a l l y  r e a c t e d  i n  t h e  p re sence  o f  H C 1 .  A s  t h e  a c t i v i t y  

o f  S i  on t h e  s i l i c i d e  f i l m  i s  lowered,  s i l i c o n  i s  r e - d e p o s i t e d  from 



t h e  r e v e r s e d  h y d r o c h l o r i n a t i o n  r e a c t i o n  (11) .  T h i s  i s  a  p l a u s i b l e  

mechanism from which t h e  meta l  r e a c t o r  w a l l  i s  p r o t e c t e d  from t h e  

h i g h l y  c o r r o s i v e  H C 1  gas a t  e l e v a t e d  t empera tu re s .  Although 

p r e s e n t  a t  much lower  c o n c e n t r a t i o n s ,  me ta l  c h l o r i d e s ,  such a s  

FeC13, N i C I Z  and C r C 1 3  can e x i s t  a t  t h e  i n t e r f a c e .  The vapor  

p r e s s u r e  o f  t h e s e  m e t a l  c h l o r i d e s  p rov ides  a  d r i v i n g  f o r c e  t o  

remove t h e s e  m e t a l l i c  e lements  from t h e  r e a c t o r  w a l l .  On t h e  

o t h e r  hand,  t h e  thermodynamically f avo red  r e a c t i o n s  ( 1 6 ) ,  (17) 

and (18) p r o v i d e  t h e  o p p o s i t e  d r i v i n g  f o r c e  t o  keep t h e s e  

m e t a l l i c  e lements  on t h e  r e a c t o r  su r f ace ( ' ) .  The h igh  vapor  

p r e s s u r e  o f  t i t a n i u m  t e t r a c h l o r i d e  ( b . p .  136OC) i s  t h e  b a s i s  of 

an u n s t a b l e  T i / S i  s i l i c i d e  f i l m  s i n c e  t i t a n i u m  i n  t h e  s i l i c i d e  

f i l m  c o n s t a n t l y  e v a p o r a t e s  o f f  a s  T i C 1 4 .  Thus, t i t a n i u m  metal  

i s  n o t  s u i t a b l e  f o r  t h e  m a t e r i a l  o f  c o n s t r u c t i o n  f o r  t h e  hydro- 

(4 ) c h l o r i n a t i o n  r e a c t o r  a s  p r e v i o u s l y  r e p o r t e d  by Union Carbidc  . 
On t h e  o t h e r  hand,  n i c k e l  and chromium produce t h e  l e a s t  v o l a t i l e  

N i C I Z  and C r C 1 3  among t h e  c h l o r i d e s  of  t h e  conven t iona l  m e t a l s .  

Thus,  s i l i c i d e s  c o n t a i n i n g  n i c k e l  and chromium form a  s t a b l e  

p r o t e c t i v e  f i l m  a t  t h e  r e a c t o r  w a l l  a s  shown by t h e  c o r r o s i o n  

t e s t  f o r  ' ~ n c o l o y  800H (40% N i ,  30% C r ,  30% Fe) .  Thus, t h e s e  

p r e l i m i n a r y  c o r r o s i o n  d a t a  show t h a t  Inco loy  800H i s  a  good choice  

a s  t h e  m a t e r i a l  o f  c o n s t r u c t i o n  f o r  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  

I n  c o n c l u s i o n ,  t h e  c o r r o s i o n  t e s t  f o r  Inco loy  800H produced 

ev idence  of a  s t a b l e  s i l i c i d e  p r o t e c t i v e  f i l m  formed a t  t h e  r e a c t o r  

w a l l .  The e x t e n t  o f  c o r r o s i o n  o f  t h e  meta l  r e a c t o r  by t h e  hydro- 

c h l o r i n a t i o n  r e a c t i o n  environment was i n s i g n i f i c a n t .  However, c a r e  



should  be t aken  t o  p reven t  a tmospher ic  c o r r o s i o n  when t h e  r e a c t o r  

i s  s h u t  down f o r  s e r v i c e  o r  r e p a i r .  The s i l i c i d e  p r o c e c t i v e  f i l m  

i s  r e a d i l y  des t royed  by a i r  and mo i s tu re .  The s e r i o u s  c o r r o s i o n  

problems a s  p r e v i o u s l y  r e p o r t e d  by Union on t h e i r  t e s t  

r e s u l t s  on Inco loy  800H a.nd on s t a i n l e s s  s t e e l  a r e  most l i k e l y  

due t o  t h i s  a tmospher ic  c o r r o s i o n  and n o t  due t o  t h e  h y d r o c h l o r i -  

n a t i o n  r e a c t i o n  environment i t s e l f .  

IV CONCLUSI'ONS 

The exper imenta l  r e s u l t s  on t h e  h y d r o c h l o r i n a t i o n  of  SiC14 

and m.g. s i l i c o n  me ta l  show t h a t  t h e  h y d r o c h l o r i n a t i o n  p roces s  i s  

an e f f i c i e n t  r e a c t i o n  t o  g i v e  good convers ion  and h igh  y i e l d  o f  

SiHC13. The r e a c t i o n  i s  very  c l e a n  and h i g h l y  s p e c i f i c  f o r  t h e  

p roduc t ion  of  SiHC13. The only  s i g n i f i c a n t  by-product  i s  a sma l l  

amount (1 -2%)  of SiH2ClZ which i s  a l s o  a u s e f u l  p roduc t .  

Thus, convers ion of s t a r t i n g  m a t e r i a l  t o  u s e f u l  product  

i s  e s s e n t i a l l y  1 0 0 % .  The e f f e c t  of p r e s s u r e  on t h i s  e q u i l i b r i u m  

r e a c t i o n  i s  v e r i f i e d  by t h e  exper imenta l  d a t a  c o l l e c t e d  a t  500 p s i g  

These r e a c t i o n  k i n e t i c  d a t a  r e i n f o r c e  t h e  eng inee r ing  des ign  of 

t h e  h y d r o c h l o r i n a t i o n  r e a c t o r  f o r  t h e  Union Carbide  EPSDU, s i l a n e -  

t o - s i l i c o n  p roces s .  

The r e a c t i o n  i s  wel l -behaved from a  chemical  p r o c e s s i n g  p o i n t  

o f  view. The smal l  h e a t  o f  r e a c t i o n  gene ra t ed  i n  t h e  h y d r o c h l o r i -  

n a t i o n  p roces s  (4) i s  advantag e o u s  from a  p r o c e s s  p o i n t  o f  view. 

Thc ou tpu t  o f  a g iven  r e a c t o r  qi ze  can be ir!creasecl by i n c r c n s i n g  

t h e  r e a c t o r  p r e s s u r e .  The i n c r e a s e s  ' i n  mass t r a n s f e r  do no t  



a d v e r s e l y  e f f e c t  t h e  problem of h e a t  t r a n s f e r  s i n c e  t h e  hydroch lor -  

i n a t i o n  r e a c t i o n  i s  n e a r l y  thermal  n e u t r a l .  Fur thermore ,  t h e  

n a t u r e  of  t h e  e q u i l i b r i u m  r e a c t i o n  p r a c t i c a l l y  e l i m i n a t e s  t h e  

danger  o f  a  run away r e a c t i o n  normal ly  a s s o c i a t e d  w i th  a  s t r o n g l y  

exothermic  p r o c e s s .  Thus, t h e  r e l a t i v e l y  poor h e a t  t r a n s f e r  

c h a r a c t e r i s t i c s  o f  a  mass bed of  s i l i c o n  me ta l  i s  n o t  a  draw back 

i n  t h e  h y d r o c h l o r i n a t i o n  p roces s .  The r e a c t i o n  can be c a r r i e d  o u t  

i n  a  f l u i d i z e d - b e d  r e a c t o r  o r  i n  a  f i x e d  bed r e a c t o r .  

The p re sence  of a  copper c a t a l y s t  s i g n i f i c a n t l y  improves t h e  

r a t e  o f  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  Cuprous c h l o r i d e  i s  a  

more e f f i c i e n t ,  c a t a l y s t  t han  t h e  cement type  copper.  The r e a c t i o n  

r a t e  i s  i n c r e a s e d  by a  f a c t o r  of  two w i t h  a s  l i t t l e  a s  2 w t %  CuCl 

i n  t h e  s i l i c o n  me ta l  mass bed. However, t h e  b e n e f i t  of  a  h i g h e r  

p roduc t ion  r a t e  i n  t h e  p resence  of copper must be ba lanced  by t h e  

e x t r a  c o s t  a cc rucd  from t h e  a d d i t i o n a l  equipment needed t o  handle  

t h e  c a t a l y s t  and from t h e  c o s t  o f  t h e  copper compound i t s e l f .  The 

s i l i c o n  p a r t i c l e  s i z e  d i s t r i b u t i o n  s t u d y  produces  some i n t e r e s t i n g  

r e s u l t s .  The r e a c t i o n  rate i s  e s s e n t i a l l y  independent  o f  t h c  S i  

p a r t i c l e  s i z e  w i t h i n  a  range of + 4 0 0  t o  - 3 2  mesh. This  i s  an 

advantage  fro-m a  p r o c e s s  p o i n t  of  view s i n c e  i t  o f f e r s  a  b roader  

o p e r a t i n g  l a t i t u d e  f o r  t h e  hyd roch lo r ina t i on  p roces s .  A h i g h l y  

p u r i f i e d  s i l i c o n  me ta l  g i v e s  a  much slower r e a c t i o n  r a t e  i n  compari- 

son w i t h  t h o s e  o b t a i n e d  from t h e  impure, m.g. s i l i c o n  me ta l .  The 

s m a l l  amount o f  m e t a l l i c  i m p u r i t i e s  i n  t h e  9 8 . 5 %  m.g. s i l i c o n  meta l  

do n o t  adve r se ly  e f f e c t  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  I n  f a c t ,  



t h e i r  p resence  i n  t h e  m.g. s i l i c o n  meta l  i s  needed t o  produce a  

r a p i d  r e a c t i o n  r a t e  f o r  t h e  h y d r o c h l o r i n a t i o n  p roces s .  

The copper c a t a l y s t  and t h e ' S i  p a r t i c l e  s i z e  d i s t r i b u t i o n  

s t u d i e s  p rov ided  some exper imenta l  ev idences  on . the  mechanism ,of 

t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  of  S.iCl4 and m.g. s i l i c o n  me ta l  t o  

SiHClS. The r a t e - d e t e r m i n i n g  s t e p  appears  t o  be t h e  a d s o r p t i o n  

o f  SiC14 on t h e  s i l i c o n  me ta l  s u r f a c e  fo l lowed  by t h e  reduction of 

a  Si -C1 l i n k a g e  t o  S i H ' w i t h  hydroken. The i n t e r m e d i a t e  by-product  

H C 1  produced a t  t h e  s o l i d  s u r f a c e  r e a d i l y  r e a c t s  w i t h  t h e .  S.i atoms 

p r e s e n t  t o  produce SiHC13. The a c t i v e  c a t a l y t i c  s p e c i e s  appea r s  

50 be t h e  c o p p e r - s i l i c o n  a l l o y s  wh'ich c o n t a i n  Cu-Si m e t a l l i c  bonds. 

Free ;  elemental copper n o t  c h e m i c a l l y  bonded t o  t h e  S i  on t h e  .meta l  

s u r f a c e  i s  i n a c t i v e  in ' .  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n .  C r y s t a l '  

d e f e c t s  caused by t h e  p re sence  o f  copper  i n  t h e  s i l i c o n  c r y s t a l .  

l a t t i c s  a r e  t h e  p l a u s i b l e  mechanism f o r  t h e  observed c a t a l y t i ' c  

a c t i v i t y  o f  copper.  Th is  mechanism may a l s o  account f o r  t h e  

s i m i l a r  c a t a l y t i c  e f f e c t  of  t h e  m e t a l l i c  i m p u r i t i e s .  a l r e a d y  p r e s e n t  

i n  t h e  m.g. s i l i c o n  me ta l  i n  t h e  form of meta l  s i l i c i d e s .  The 

exper imcnta l  evidence shows t h a t  t h e  h y d r o c h l o r i n a t i o n  r e a c t i o n  

i s  p r i m a r i l y  a  g a s - s o l i d  r e a c t i o n .  A homogeneous gas  phase  r e a c -  

t i o n  between SiC14 and hydrogen i s  e i t h e r  very  slow o r  u n l i k e l y .  

R e s u l t s  o f  t h e  prolonged r e a c t i o n  between SiC14 and m.g. 

s i l i c o n  meta l  i n  t h e  p resence  of  hydrogen show t h a t  t h e  s i l i c o n  

mass bed has  a  long mass l i f e .  Th is  i s  an impor tan t  f a c t o r  i n  

c a r r y i n g  ou t  t h e  h y d r o c h l o r i n a t i o n  p r o c e s s  f o r  long p e r i o d s  of  time 

wi thout  i n t e r r u p t i o n .  The m e t a l l i c  i m p u r i t i e s  r e l e a s e d  from t h e  



r e a c t e d  m.g. s i l i c o n  meta l  p a r t i ~ l ~ e s  do no t  appear  t o  produce 

harmful  e f f e c t s  on t h e  h y d r o c h l o r i n a t i o n .  Ana lys i s  o f  t h e  

e l u t r i a t e d  f j n e s  p r o v i d e  ev idence  t h a t  t h e s e  m e t a l l i c  i m p u r i t i e s  

a r e ,  a t  l e a s t ,  p a r t i a l l y  removed from t h e  S i  mass bed by t h e  gas 

s t r e a m  p a s s i n g  th rough  t h e  hyd roch lo r ina t i on .  r e a c t o r .  

The c o r r o s i o n  s t u d i e s  on Type 3 0 4  s t a i n l e s s  s t e e l  and on 

Inco loy  800H produce t h e  most g r a t i f y i n g  r e s u l t s .  A t  e l e v a t e d  

t e m p e r a t u r e s ,  H C 1  i s  produced i n  v a r i a b l e  amounts i n  a  r e a c t i o n  

sys tem c o n t a i n i n g  c h l o r o s i l a n e  and hydrogen gas .  The h i g h l y  

c o r r o s i v e  e f f e c t s  o f  H C 1  on conven t iona l  me ta l s  and a l l o y s  a t  

t empera tu re s  above 450" a r e  well-known. The presence  o f  a  

p r o t e c t i v e  s i l i c i d e  f i l m  a t  t h e  r e a c t o r  w a l l  e l i m i n a t e s  t h i s  

p o t e n t i a l  c o r r o s i o n  problem. 

I V  RECOMMENDATIONS 

(1)  ( I 
Optimum Proces s  Parameters  

Based on t h e  r e a c t i o n  k i n e t i c  d a t a  and on t h e  s i g n i f i c a n t  

expe r jmen ta l  o b s e r v a t i o n s ,  recommendations a r e  made t o  op t imize  

t h e  r e a c t i o n  pa rame te r s  f o r  o p e r a t i n g  t h e  h y d r o c h l o r i n a t i o n  

p r o c e s s .  These may i n c l u d e  : 

h i g h e s t  p r a c t i c a l  r e a c t i o n  tempera ture  f o r  t h e  

h y d r o c h l o r i n a t i o n  r e a c t i o n  

h i g h e s t  p r a c t i c a l  r e a c t o r  p r e s s u r e  f o r  t h e  

h y d r o c h l o r i n a t i o n  p roces s  

2 %  CuCl c a t a l y s t  added t o  t h e  s i l i c o n  mass bed 

t o  improve r e a c t i o n  r a t e  

conven t iona l  nickel-chromium a l l o y s  a s  t h e  m a t e r i a l  

of  c o n s t r u c t i o n  f o r  t h e  h y d r o c h l o r i n a t i o n  r e a c t o r .  



( 2 )  Additional Research and Development for the 

Hydrochlorination process. 

Additional experimental work on the hydrochlorination reaction 

of.SiC14 and m.g. siliconmetal is recommended to further improve 

the hydrochlorination process in terms of efficiency and cost. 

This may include: . . 

• further refinement of the reaction kinetic data with 

a larger reactor size to provide more accurate design 

criteria for scaling up the hydrochlorination process, 

design experiments to study the fl.uidization mechanics 

in a bed of m.g. silicon metal and evaluate the merits 

between, the fluidized-bed and the fixed-bed reactor 

design , . . 

• additional studies on the effect of impurities, iron 

and aluminum, on the hydrochlorination reaction and 
evaluate different grades of commercial silicon metal 
on a cost-effective basis, 

. .a further corrosion studies to evaluate a variety of 

commercial metal alloys for t h e  material of construe- 

. . tion for the hydrochlorination reaction on a cost- 

effective basis, 

.e study the effect of added HC1 gas on the hydroch1ori.- 
nation reaction. Residual chloride waste (chloro-, 

silane heavies, FeC13, AlC13, etc.) may be hydrolysed 

and the HC1 generated can be fed into the hydrochlori- 

nation reactor to,produce more useful SiHC13. The 

idea to recycle HC1 to the hydrochlorination reactor 

provides a closed-10,op scheme for the conventional 
Siemens Process, 



(3)  A Closed-Loop Concept f o r  t h e  siemens p roces s  

The c u r r e n t  commercial p r o c e s s  f o r  t h e  p roduc t ion  o f  po ly -  

c r y s t a l l i n e  s i l i c o n  m e t a l  i n v o l v e s  t h e  vapor  phase  d e p o s i t i o n  of 
. - , . 

s i l i c o n  me ta l  from a  mix ture  o f  c h l o r o s i l a n e  and hyhrogen gas  a t  , 

h i g h  t e m p e r a t u r e s .  T h i s  i s  g e n e r a l l y  known a s  t h e  s iemens process .  
- " 8  

P r e s e n t l y ,  t r i c h l o r o s i l a n e  i s  . t he  most . .widely  used s t a r t i n g  
. a .  

m a t e r i a l .  The r e d u c t i o n  o f  SiHC13 i n  t h e  Siemens t ype  p r o c e s s  
. " 

produces  H C 1  and SiC14 a s  t h e  major b ~ - ~ r o d ; c t s .  
. ..., . , 

1 ,00o0c  
SiHC13 + H 2  -> S i ,  SiC14, H C 1 ,  l i t e s ,  (19) 

h e a v i e s  
. . 

The need t o  h a n d l e  and t o  d i s p o s e  o f  t h e s e  by-produc ts  r e s u l t s  i n  

a l a r g e  n e g a t i v e  : impact  .on t h e  eco,nomics o f  t h e  Siemens typ,e p ro-  

c e s s  f o r  t h e  p r o d u c t i o n  o f  po lycrys t . a l l ine  s i1 , icon meta l  used by 

. t he .  e l e c t r o n i c s  . i n d u s t r y :  Fur thermore ,  o n l y  p a r t  of  t h e  s i l i c o n  

i s  d e p o s i t e d .  A ' s i g n i f i c a n t  p o r t i o n  of  t h e  s t a r t i n g  SiHC13 i s  

l o s t  a s  by-produc t  SiC14. The h y d r o c h l o r i n a t i o n  o f  SiC14 and m.g. 

s i l i c o n  m e t a l ,  - 

p r o v i d e  a  p e r f e c t  f i t  i n  a  c l o s e d - i o o p  concept  t o  r e c y c l e  t h e s e  

by-produc ts . .  

- Thi s  c losed- . loop  Siemens Process  f o r  t h e  p roduc t ion  o f  po ly -  

- .  c r y s t a l l i n e  s i l i c o n  m e t a l  i s  i 1 l u s . t - r a t e d .  i n  F igu re  X X V I I I .  . The 

b l o c k  diagram a t  t h e  l e f t  r e p r e s e n t s  t h e  Siemens t ype  r e a c t o r  

which, : g e n e r a t e s  thc5 'p roduc t  p o l y c r y s t a l l i n e  s i l i c o f i  m e t a l  and 

t h e  by-product  s t r eam,  H C 1 ,  SiC14, S i - S i  and Si-C1.  The ~ , i - ~ i  



r e p r e s e n t s  t h e  heav ie s  i n  Equat ion (19) which c o n s i s t s  mos t ly  

d i s i l a n e  (C13SiSiC13) and p o l y s i l a n e s .  The ~ i - ~ l  r e p r e s e n t s  

t h e  l i t e s  i n  Equat ion (19) which c o n s i s t  o f  mainly  lower b o i l i n g  

s ~ H ~ c ~ ~  and . . SiH3C1. The h y d r o c h l o r i n a t i o n  r e a c t i o n  ( ~ ~ u a t i o n  20) 
. . . , . . " .  

f i t s  p e r f e c t l y  i n t o  t h e  c l o s e d - c y c l e  scheme a s  shown i n  F igu re  .. e. : 

XXVIII. F i r s t  o f  a i l ,  i t  produces t h e  s t a r t i n g  S ~ H C ~ ~  f o r  t h e  
. . 1 . .  . . 

siemens r e a c t o r .  Secondly,  it consumes t h e  by-product  SiC14 . . .  

gene ra t ed  by t h e  Siemens Process .  T h i r d l y ,  t h e  same h y d r o c h l o r i -  

n a t i o n  r e a c t o r  can be used t o  r e c y c l e  H C 1  t o  produce more SiHC13, 

v i z .  , 

The well-known H C 1  + S i  r e a c t i o n  (Equat ion 2.1) p roduces  SiHC13 and 

H Z  w i t h  a  minor amount o f  SiCi1.i. The. SiC14 and H 2  a r e  a l s o  t h e  . 

s t a r t i n g  m a t e r i a l  f o r  t h e  hydr -och lor ina t ion  r e a c t i o n .  Fur thermore ,  

evdn: t h e  r'emaining Small amount , o f  by-produc ts  ( l i t e s  and heav ie s )  

f r o m - t h e  Siemens r e a c t i o n  can be r e c y c l e d  t o  t h e  h y d r o c h l o r i n a t i o n  

r c a c t o r .  A t  50Q0C and i n  t h e  p re sence  of hydrogen,' t h e  S i - S i  

l i n k a g e s  a r e  reduced t o  SiH, v i z . ,  

A t  50O06, t h e  l i t e s  (SiH2ClZ, SiH3C1) a r e  r e a d i l y  r e d i s t r i b u t e d  t o  

t h e  more t he rma l ly  s t a b l e  Sic14 and SiHC13. I n  e s s e n c e ,  a l l  t h e  

by -p roduc t s ,  major and .minor ,  coming o u t  o f  t h e  siemens . r e a c t o r  can 

b e ,  a t  l e a s t  i n  p r i n c i p l e ,  conve r t ed  back t o  SiHC13 i n  t h e  same 

hydroch lo r ina t i on  r e a c t o r  a s  shown i n  F ikure  X X V I I I  . 



A d i s t i l l a t i o n / s e p a r a t i o n  s t e p  s e p a r a t e s  t h e  ch lo ros i l ane  

components and t h e  hydrogen gas.  Unreacted SiC14 i s  recycled  ,:, 

back t o  t h e  hydroch lo r ina t ion  r e a c t o r .  The SiHC13 and a  

smal l  amount of  SiH2C12 a r e  f e d  back t o  t h e  Siemens r e a c t o r  
. .. 

with  t h e  hydrogen gas a f t e r  a  p u r i f i c a t i o n  s t e p  t o  ~ ~ - ~ r a d e  

t h e i r  p u r i t y  requirements  f o r  t h e  product ion of e l e c t r o n i c  
. . 

grade s i l i c o n  meta l .  

This  c losed-cyc le  Siemens product ion scheme u t i l i z e k . t h e  

impure m.g. s i l i c o n  meta l  as  t h e  only s t a r t i n g  m a t e r i a l  while 

it produces p o l y c r y s t a l l i n e  s i l i c o n  metal  as  t h e  only' pro'duct. 

The c h l o r i n e  and hydrogen a r e  merely in termedia te  c a r r i e r s  t o  

a f f e c t  t h e  p u r i f i c a t i o n  of t h e  m.g. s i l i c o n  metal .    here fore, 

s u b s t a n t i a l  'saving,s on t h e  raw m a t e r i a l  c o s t  can be r e a l i z e d .  
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TABLE I 

HYDROCHLORINATION OF SiC14 AND M . G .  SILICON 

AT 500 PSIG, 500°C AND H2/SiC14 RATIO 2.8 . . 

Hydrogen Residence Reac t ion  Product  
Experiment F e e d r a t e  Time mole% Composition (2) 

No. S C C M ' ~ )  Second Si.H2.Cl2 .SiHC13 S ic14  ,: 

(1 )  SCCM S t a n d a r d  C . C .  p e r  minute  

(2 )  Average o f  two o r  t h r e e  a n a l y s e s  



TABLE I1 

HYDROCHLO~INATI-ON OF SiC14 AND M . G .  S I L I C O N  

AT 500 PSIG, 4 5 0 ' ~  AND H2/SiC14 RATIO OF 2.8 

Hydrogen Residence Reac t ion  Product  
-Experiment F e e d r a t e  Time. ( 2 )  .mole% Composit ion 

No. S C C M ( ~ )  Second SiH2C12 SiHC13 SiC14 

('1)' SCUM, S t anda rd  C . C .  p e r  minute  

( 2 )  'Average o f  two o r  t h r e e  a i ~ a l y s e s  
. . 



HYDROCHLORINATION OF SiC14 AND M . G .  SILICON 

AT 500 PSIG, 550°C AND H2/SiC14 RATIO OF 2.8 

Hydrogen 
Experiment Feedr .a te  

No. 
.SCCM 

I 

Residence Reac t ion  
. Time 

Second SiH2C12 

Produc t  
mole% Composition 



TABLE IV 

HYDROCHLORINATION OF SiC14 AND M.G. SILICON 

AT 300 PSIG, 550°C AND H2/SiC14 RATIO OF 1.0 

Hydrogen Residence Reaction Product 
Experiment Feedrate Time mole% ' Composition 

No. SCCM Second SiH2C12 SiHC13 SiC14 



TABLE ..V . .  

HYDROCHLORINATION OF SiC14 AND M. G. SILICON 'AT 

300 PSIG, SOO'C -AND H ~ Y S ~ C ~ ~  RATIO OF 1;0 ' -  

Hydrogen Residence Reaction Product 
Experiment Feedrate Time mole% Composition 

No. S,CCM Second SiH2C12 SiHC13 sic14 



'TABLE 'VI 

... .HYDROCHLORINATION OF SiCli4 AND M.G. SILICON 
- . . , . _  . ' .  . . . , . .: I 

AT 300 PSIG ,. ,4_50°C AND H2,/SiC>4 RATIO OF .. 1.0 . . . . , . . . 

. ~ydrogen , ~esidiice ~ e a c t  ion , pr&luct 
~xperiment Feedrate . . Time mble% ~ofi~6s:iti~n 

, .. . 
., No.' 

. .  . ,  -, 'S.CCM ~6.co.n.d S ~ H ~ C . ~ . ~ ,  .S..i,HCS3. Sic1 - .  
. . 



TABLE VII 

AT 300 PSIG 400°C AND H2/SiC14 RATIO OF 1.0 

Hydrogen Residence Reaction product 
Experiment Feedrate Time mole% Composition - 

No. SCCM Second , ' SiHZC12 SiHC13 SiC14 



TABLE V I I I  

HYDROCHLORINATION OF SiC14 AND M . G .  SILICON 

AT , .  300 ... PSIG, 500°C ANDH2/SiC14 RATIO OF 2 .8  

Experiment  
No. 

Hydrogen 
F e e d r a t e  

SCCM 

Residence  
Time 

, . Second 

Reac t ion  Produc t  
mole% 

SiHC13 

Composit ion 

SiC14 



'TABLE ' I X  

AT 30.0 'PSI.G, 450°C AND aH2/SiC1i RATIO O F  2 , 8  
I 

Hydrogen Residence React ion Product  
Experiment Feedra te ,  . Time , . mole% Composition 

. . 
a . NO. . ".. ' . S ~ C M  Second S.iH2C12 . SiHCI3 . 

. . - : 's.i'c14 
,. , . . .  



'TABLE X 

. - 

AT' 300 PSIG,  400°C AND H2/sic14' RATIO OF 2 .'8 

. , .  . .  ' . . . . .  
. . .  

, Hydrogen Residence Reactibn Pro,duct - , - 
, . . . . 

~xpey iment  F,eedrat e Time . , . -mole% Composition 
- .  

. . .  No . . .  
- SCCM - Second - SiH2C12 SiHC13 SiC14 



TABLE XI 

HYDROCHLORINATION OF SiC14 AND M.G. SILICON 

AT 500 PSIG, 500°C AND H2/SiC14 RATIO OF 2.8 

WITH 5% CEMENT COPPER 

Hydrogen Residence .Reaction Product 
Experiment Feedrate Time mole% (2) Composition 

. No. SCCM Second . SiH2C12 SiHC13 'SiC14 

(1) SCCM, Standard C.C. per minute 

(2) Average of two or three analyses 



TABLE XI1 
. , 

HYDR°CHLORINATION OF SiC14 AND M.G. SILICON . o  . . . . 
> * 

5 

, . AT $00 PSIG, 450°C AND H2/SiC1i RATIO O F  2 .8  

, - WITH 5 %  CEMENT COOPER . .  . 

Hydrogen Residence Reaction Product. . . 
Experiment Feedrate Time . . .mole% (2) Composition 

. . 
No .. . S C C ~ ~ )  Secgnd SiH2C.12 SiHCI3 SiC14 . c, . 

.. * . . . . - . . . . . . . . . . ., . . . . . . . 

, ,. 

.:. (1) SCCM, Standard C . C .  per minute 

(3).  Ayerage o f  twq or three analyses 



TABLE XI11 

AT 3 0 0  PSIG, 500°C A N D  H2/SiC1.4 .RATIO OF 1 . 0  
, > 

. - 
_ . !  . _  r a" 

WITH 5 %  CEMENT COPPER 
. . . . I - . . .  

Hydrogen Residence Reaction Produ.ct 
Experiment F.eedrate Time . . . . 

, . 
(2.). ~ o m ~ o s i t i o n .  

No. mole% , . . .  - . .  S C C M  (l.) Second .s:icib . ; 

. , .  s ~ H ~ c ~ ~  SiHC13' 
. . . . 

(1)  SCCM, standard c . c .  per  minute 
.... . . .  . . ~  . . . .  . . . , +  . . .  . . , . 

(2)  Average o f  two or three  analyse's' 
. . . : -  . . . i 



. . 

TABLE XIV 

. . . . .  s. . . . . . . . . . . . - ,  . . .  , : , .  

HY'DROCHLORINATION . :  , .  OF siC14 AND . . .  M . G .  SILICON 
. . . .  , . . . . .  

AT 300 PSIG; 5 0 0 ~ ~  AND H 2 / s i C 1  ., ... 4 RATIO : O F  2.8 
. I (  . . . . . . .  

" . . . . . . . 
WITH 5% CEMENT COPPER 

. . . : .  * ..... . . . * 
. . . .  . , , . . - . Hydrogen Residence ~ d a c t  ion  -P;bduct 
Experiment Feedrate  Time . , . . . . . .  mole% (,2) Composition 

e .  . . 
. . No'. - SCCM . :second siH261; SiHC13 s i d 1 4  

> :  . . . . . .  . . .  
I . ,  I.. . - . . 

(1) SCCM, Standaid c .  c'. per: minute ' 
. L a . _  . : ( . .  < . - ,> . . .  ' 

( 2 ) '  ~ v e ' r a ~ e  o f  two o r  t h r e e  analyses  



HYDROCHLORINATION'OF SiC14 AND M.G. SILICON 

AT 500 PSIG, 500°C AND H2/SiC14 RATIO O F  2.8 

WITH 5% CUPROUS CHLORIDE 

Experiment 
No. 

Hydrogen Residence Reaction Product 
Feedrate Time mole% (2) Composit ton 

SCCM Second SiH2C12 SiHC13 SiC14 

(1) SCCM, Standard C.C. per minute 

(2) Average of two or three analyses 



TABLE XVI 

HYDROCHLORINATION OF SiC14 AND M.G. SILICON 

AT 500 PSIG, 450°C AND H2/SiC14 RATIO OF 2.8 

WITH 53 CUPROUS CHJ.ORIDE3 

Hydrogen 
Experiment Feedrate  

No .: . . S C CM (I' 

Res.idence Reaction 
Time 

Second Si.H2Cl 

Product 
(2) Composition mole% 

(1) SCCM, Standard c .  c .  p e r  ,minute . . 

(2) .Average of two o r  t h r e e  analyses .  -. 
. . . . 

. . .  



TABLE XVII 

HYDROCHLORINATION OF SiCI4 AND M , G .  SILICON 

AT 300 pSIG, 500°C AND- H2/SiC14 !TI0 OF 1 . 0  

WITH 5 %  CUPROUS CHLORIDE 

. . ,  . . 
Hydrogen Residence Reaction Product . ' . 

. . Experiment Feedrate Time : (2) ~ o r n ~ o s ' i t i o n  
No . .  mole% 

SiHC1 . . 
. . 

. SCCM . second S i H  2.Cl.2 SiC14 ' 

(1)  SCCM, Standard C . C .  per minute,  C" 
, . .  . - .  

(2)  Average of two or three  analyses  



TABLE XVIII 

. ~ y d r o g e n  Residence Reaction Product 
Experiment Feedrate Time . . ' mole%? (2) . , . , . Composition 

No. , .  . . '  

., . . . . . . .. , .  ... itCM (1) ,~e,co,nd . ~ . i , ~ ~ l . ~  . SiHC.l3 : .S.iCl4 , .  t .  . . . . , ,  
. . . .  . 

2 .  
. . .  

., . . . 

- .  . .  . , .  . . . .. , . . .  

. . 
(1) .  SCCM, standard' c . c .  per minute ' -  . . 

. . .  
I '  . . 

(2) Average o f  . . two or t h r e e  anhlyses  '.. 



TABLE XIX 

, HYDROCHLORINATION 'OF SiC14 AND M . G .  SILICON' 

AT 300 PSIG, S O O ' . C  AND H2/SiC14 = 1 . 0  WITH 2% C U C ~  

Hydrogen Residence React ion Product 
Experiment Feedrate  Time mole% Composition 

No. SCCM Second SiH2C1.2 SiHC13 SiC14 

(1) SCCM, Standard C.C. p e r  minute 



'TABLE 'XX 

FOR THE'HYDROCHLORINATION STUDIES 

Tyler  P a r t i c l e  Me.an Re 1,at ive  Bulk Density Average % 
Mesh ' Siz.e Range P a r t i c l e  Surface Area compact L0os.e Density void 
No. Size 

(1 1 . Space. 
.V In Fim 65. .x 150 =. .I.. 0 .g.. /.c ..c .g.../r. c .  c. .g.../. c .  c . 

(1) ym, micrometea' =. mi.cron's 



TABLE XXI 

HYDROCHLORINATION OF SiC14,,WITH 32 x 65 MESH 

M . G .  S i  AT 500 , . PSIG, 500°C AND H2/SiC14 = 2 . 8  
. ' , . . . , ,  . . 

~ y d r o g b n  ~ e k i d e n c e  + '  . ~ e a c t ? o n  . product . . 
~ x p e r i m e n t  Feedrate  Time mole% ~ o m ~ o ' s i ' t i o n  

(1) , . . . "' No .. SCCM . . Second . SiH2C12 . .SiHC13 . s i c 1 4  

. . .  . "  $ * .  . , 
( 1 )  SCCM, Standard C . C .  p e r  minute '  : ; . . . . .  



Hydrogen Residence.. . .  .. Re,acg.ion ... . , Product 
Exppriment Feedrate " " Time' . ' . . : ' . . 'mole%. Composition 

No. S C C M ( ~ )  . Second S:iH2Cl2 : s ~ H c . ~ . ~ .  .S,i.C 1 4 
,. . 

. .. . .. , . . . . .  . . . 

(1) SCCM, Standard C . C .  per.  . minut,e. I .  _ . * .  ._ -. . .  . . . . ,  p . . . ,. :. ,I . . 
. .  . . . 



'TABLE 'XXI'I I 

HYDROCHLORINATION OF SiC14 AND 150 x 400 MESH M . G .  

S i  AT 300 PSIG, 500°C AND H2/SiC14 = 1.0 

. . . Hydrogen ~ e s i d e n c e  Reaction Product . - 

~ x ~ e r i m e n t .  Fee'drate Time. ' , . . mole% Composition 
No. S.CCM (1) . Second .Si.H.2.C.1.2 S.i.H.Cl3 .S.i.C 1. 4' 

(1) SCCM, Standard C . C .  per minute 



TABLE XXIV 

. .. . . ,  

HYDROCHLORINATION OF SiC14 AND 32 x 65 MESH 

M.G. Si AT 3 0 0  PSIG, 500°C AND H2/SiC14 = 1.0 
> *'I . . 

Hydrogen Residence Reaction Product 
Experiment Feedrate Time v - - mole% Composition 

No. SCCM Second SiH2C12 SiHC13 SiC14 

. . .  . o  .. I '  :: , . " ' 

(1) SCCM, Standard C.C. per minute 



'TABLE XXV 

S i  TO SiHC13- AT 5.00 PSIG, 500°C AND 

H2/SiC14 Rat io  of 2.8 

. . . .. . . . . . , 
.. . 

. . . ' Hydrogen Residence Reaction product. ' . 
. Expeyiment , Feedra te  Time ~. mole% Composition 

' . - .No. S C C M ( ~ )  .~e.co.nd * .  ' SiHZC.12 SiHCl3 ' S i C 1 4  

(1) SCCM, Standard C . C .  p e r  minute 



TABLE XXVI 
. . 

. . 

Hydrogen Residence 
Experiment- , Feedrate Time , . . .. . 

. No. 
. . . I  \ . . ,  . .  ... SCCM ' t l )  ,S~,co,nd' 

. . I -  

React f dn Product 
. . mole% 

.Si.H~C.12 - . :  .SiHC13 , 

(1) sCCM, Standard C . C .  per minute 
- < .  ' :* , . -  . , . . .  . ,  . . 

: I 



TABLE X X V I I  

HYDROCH.LORINATION OF SiC14 AND M . G .  S i  AT 500°C, 

300 PSIG AND H2/SiC14 = 2.0 

Cumulative S i l i c o n  Hydrogen Residence SiH2C12 SiHC13 
.Experiment Re ac t"i on Time Mass Bed Feed ra t e  Time 

Date Hour g SCCM Second mole% mo1.e % 





P I G ~ E  I1 %/Sic14 ~ a s e o u s  I n l e t  to  Reactor and Grid D e a i e  

5 -0 r i f i ce  Grid D e r i h  - 

Q . - 
. * 

. Reactor Tube 1-1/4" 
0 .D .x 1/81' Wall Or i f i ce  - 0.05" 

Reactor Grid 
Welded to  S.St. Blook 

Sta in less  s f  e e l    lock 
15/16" D i a . r  5" Long 
Machine To Shape Ae 'Shorn 

3/6" s. st. Tub* 'For azi/gici4 
Iii let ,  Flared A t  Top To.,Hold S.St. Block 

. .. 

1-1/4" S t r in l e ra  steel' '. ~wigelok  Cap 

3/8" ~wagelok Ma1 e Conaec t o r  



FIGURE III .HYDROCHLORINATION OF SiCZ4 A T  500 PSIG, H2/SiCC4 RATIO 
O F  2.8 
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0 50 I00 150 200 250 300 350 
RESIDENCE TIME,  Second 

FIGURE IP HYDROCHLORINATION OF SiCC4 AT 3 0 0 P S I G ,  H2/SiCCq RATIO 
O F  1.0 



- 500°C 
- * , ,* 

a '  .. " 

4~5.0°C 

400°C 

3 SiCC4 + 2H2 + S i  4 SiHCe3 

- --c , . t 
. . b  - .  

- 9  
1 .  

1 1 1 1 1 1  

.O 5 0 '  ' . -  I00 150 200 250 300 350 
RESIDENCE TIME, . . Second 

FIGURE P HYDROGENATION OF SiCCq AT 300 PSlG AND H2/SiCC4 RATIO 
OF 2.8 



. . . l i ,  
RESIDENCE TIME, Second 

A .  
4 .  . (. 



-- RESIDENCE TIME, Second 
. ,-  
i -.:. ,. . . .-.,., . .<.., . . . b.. .?- ..‘.. . . . . . . . . . . . . .  . , . . .  ___ 

F~.G.URE. E F F E C T  OF PRESSURE :ON. THE REACTION RATE AT 45.0°C,  
. H * / S ~ C ~ ~  RATIO OF 2.8 



- 500 PSlG 
- 300 PSlG 

, - 

I I I l I I I I I I I I I I l I I l . 1 I I I . I ~ . ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~  
0 5 0  I00 150 : 2 0 0  2 5 0  300 350 

. . RESIDENCE TIME, Second 

FIGURE PIIT EFFECT OF PRESSURE ON THE REACTION RATE A T  5 0 0 ° C ,  
H ~ / S ~ C - # ~  RATIO O F  2.8 



r WlTH CEMENT TYPE COPPER AN INDUCTION 
' PERIOD OF 15-20HOURS WAS OBSERVED 

& Si MASS BED @ - 38% CONVERSION 
& S ~ . M A S S  BED @, 18°/~ CONVERSION 
4 FRESH Si MASS BED @ OO/~ CONVERSION ---- NO COPPER BED @ 20° /~  CONVERSION 

RESIDENCE T I M E ,  Second , ,, 

FIGUREIX , .  HYDROCHLORINATION OF S i  CC4 AT 300 PSIG,  
' 

5 0 0 ° C  AND H ~ / S i C 4 4 = 1 . 0  WlTH 5 ° / ~ C E M E N T  
CO.PPER CATALYST 



h 5 010 CEMENT COPPER ---- NO COPPER (15) 
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V) 

2 8 3 . 0 -  

FIGURE X HYDROCHLORINATION OF Sic& AND M. G. SILICON 
AT 5 0 0  PSIG, 500°C  AND H2/SiC-(6 2.8 WITH 5 %  
CEMENT COPPER 

- 
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/ 
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r /  
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I I 1 
150 200 250 

RESIDENCE TIME,  Second 



--6-- 5 O/o CEMENT COPPER -+- . .  NO COPPER . 

FIGURE XI HYDROCHLORINATION OF SiCeq AT 500 PSIG, 
. . . , ,. . : , . . .. 450°c :AND. H ~ / s ~ c ~ ~ = .  28 ,  W IrH . . . . . .  :ASS . WITHOUT .. .. .. 

: COPPER CATALYST-. . . . . . , . . . . . . , . . . .  . s .. . . .. 



* 5% CEMENT r . " 

- .  
-0- . NO , COPPER 

COPPER 

= RESIDENCE -TIME, Second. 

FIGURE XII HYDROCHLORINATION OF SiC-C4 AT 300PSIG,  
500°C AND H2/SiCd4= 1.0 WITH AND WITHOUT 
COPPER CATALYST 



FIGURE' HYDROCHLORINATION OF s ~ c ~ ~ , ' , A ' T .  300 PSIG, 
500°C AND H2/SiCd4=2.8 WITH AND WITHOUT 
COPPER CATALYST 

* 5 %  CEMENT COPPER 
-0- NO COPPER 
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z 
0 - 
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f, y 2 . 0 -  . . 

I I 1 
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iz 250 

RESIDENCE TIME, Second 
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. .  . . u ~ ~ ~ ~ ~ ~ ~ ~ l l  C U C ~  C A T A L Y S T  SHOW ED 
W ESSENTIALLY NO INDUCTION PERIOD 

. . 
FIGURE. XIJZ HY DROCHLORI NATION 'OF S iCGq b. 300 PSIG, 

5 0 0 ° C  AND H2/SiCC4= 1.0 WITH '5% CuCC 
C A T A L Y S T  

0 a 5 01: CuC.4, FRESH Si MASS ' ,  5 1 0  
V) 

'.-BED .@; - OX CONVERSION 

o 5 %  CucC, s i  MASS 
BED @ - 25% CONVERSION 

z- 
0 - 
V) 

5$3.0 
- . .*.> : .  . 

z W 

---- NO COPPER ADDED 
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FIGURE , XSZ HYDROCHLORINATION OF SiCC4, AT 5 0 0  PSIG, 
, ;. . t . . c  . . 

: 500°C AND ~ ~ / ~ , ~ 4 ~ = 2 . 8  WITH AND w I T ~ ~ U T  . . 
. . 

. . .,. : 
C O P P ~ R  'CATALYST 

. % 



C 

5 %  cuc4 . * 

-0- NO COPPER 

V, RESIDENCE TIME, Second 

FIGURE XPI HYDROCHLORINATION OF Sic44 AT 500  PSIG, . . 
450°C AND Hi/SiCC4=2.8 WITH AND WITHOUT.' ' - .  

COPPER CATALYST 
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" S0/o CUCZ . . 
0 --Go NO COPPER * 

V) RESIDENCE TIME., second , . 
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- !. 

. . . . ... 

FlG,URE XPII HYDROCHLORINATION O F  SiCC4- AT 300:PSIG. 
. . 

. . .  
: . , , 5 0 0 ~ ~  AND H2/SiCC4= 1.0 W I T H N O  . .. WITHOUT, 

. .  . 
COPPER CATALYST . .. 

.., . : . 
\ 
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. O  -- ---+ ,--, -=-+--- 0 
0 50 . 100 150' 200. 250 

3 RESIDENCE TIME, Second 

FIGURE XPIll HYDROCHLORINATI0N.OF SiC.e4 AT 3 0 0  PSIG, 
t . . 400°C AND H2/SiCZ4= 1.0 WITH AND WITHOUT 

j COPPER CATALYST 



0 2 %  C u U ,  FRESH Si  MASS 
BED @ - 0% CONVERSION 

- o 2% CuC4, Si MASS 

z BED @ - 25% CONVERSION 
0 ---- - NO COPPER ADDED 
U) 

& $3.0 - 
> 8 y 2 . 0  - 
u o  

1.0 - 
U I I I 1 
I- . - 0. 50 100 150 2 00 250 
V) RESIDENCE TIME, Second 

FIGURE XlX HYDROCHLORINATION O F  Si CC4 AT 300PSIG. 
500°C AND H2/SiU4=1.0 WITH 2 % CuCC 
INITIALLY ADDED 



- NO COPPER 

V) RESIDENCE TIME, Second 
, . . L , .  . 

FIGURE'XX HYDROCHLORINATION OF SiC$q AT 300 PSIG, 
500°C. AND H2/SiC44= 1.0 WITH 2% AND 5 % 
CuC4 CATALYST 



FIGURE XXI HY DROCHLORINATION OF Si C4q AT 3 0 0  PS IG, 
, - 500°C AND H2/SiCa4= 1.0 'WITH AND WITHOUT 

COPPER CATALYST 

;I . - f - 5% Cum ( 2 5 )  
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0 150 x 400 MESH Si (105x37pm)  
A 65 x 150-MESH Si (210x105pm)  
0 32 x 6 5  MESH Si (500  x210 p m  

. ,- RESIDENCE TIME, Second 

FIGURE ,XXTT PARTICLE SIZE DlSTRl'BUT ION STUDIES : THE HYDROCHLORINATION, OF 
Sic& AND M. G. Si AT 500°C AND H2/.SiCCq RATIO tOF.2.8 
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FIGURE XXIIIPARTICLE SIZE DlSTRlBUTlDN STUDIES: THE HYDROCHLORINATION 
OF S i w  AND M.G. Si  AT 3 0 0  PSIG, 500°C AND H2/SiC.e4 RATIO 
OF 1.0 I-' 

0 
\Z) 



RE.SIDENCE TIME, Second: 

FIGURE XXlP HYDROCHLORINATION OF SiC147D SiHC43 AND Si AT 500PSIG,  
500°C AND Hp/SiC14= 2.8 



A 65 x 150 MESH 98.5% M. G. Si 
0: 32 x. 400 MESH ELECTRONIC GRADE Si 

- RESIOE-NCE TIME, Second 

FIGURE xIce HYDR,OCHLORINATION OF SiCQTO Si l ica3 AND S i A T 5 0 0 P S I G ,  
5 0 0 ° C  AND H2/  S i Cd4= 2.8 WITH 5% CUPROUS CHLORIDE CATALYST - 

w 
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RESIDENCE T IME,  Second 

FIGURE XXIZI PROLONGED REACT1 ON OF S i U 4  AND M. G. 
SILICON AT 500°C ,  300PSIG,  Hz/SiC-Cq=2.0 
WITH AND WITHOUT COPPER ADDED 



FIGURE XXVII. 

I NCOLOY 800 .TEST SAMPLE 



FIGURE XXV I I I CLOSED-LOOP SIEMENS PROCESS 

OUTPUT 
S U U E U S - E q c T Q L  i -, - BY-PRODUCT STREAM 

r---- 1 
,,,,,,, 7 

I '  I 
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\c/ \d 7 
INPUT en \ 

1 

\ 
I 

I , M. G. SI \ \ I 
I i 

r"7 I HYDROCHLORINATION I 
I 1 I I I REACTOR I 

I I , \ .  0 I I 

I Z  1 I  E l  I I 

I Z  I I  r I  I SIHCL~.SICL~.H~ S I H ~ C L ~ S I H C L ~ , S I C L ~ , H ~  I  I 
lo 1 - I  251 I '  I 

I t l  I I - 
LL 1 

I I I z l  
I I I = I  
I I I  

I I 
WASTE 

L*-l 
D I S T I L L A T I O N  

r.---------k 
SEPARATI  ON - ------- 

L -l 
! -SICL~ 

I LC_ - - - - - - - -- -- - - - - -.-- J 

i 

SI H c ~ 3 . s  IH~CLZ 
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