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Carbon reductants are used in the carbothermic
reduction of quartz to produce metal lurgi.cal grade
s i l i con .  A  pr i rnary  fac to r  fo r  de termin ing  the
s i l i ca  reduc t i .on  process  e f f i c iency  is  the  reac t iv i t y
of the carbon reductants. A thermogravimetric
analysis test was developed to determine the
re la t i ve  reac t iv i t y  o f  var ious  k inds  o f  reduc tan ts
and mini¡nize the náed for ful l  scale furnace
eva lua t ions .

Introduction Theore t ica l  D iscuss ions

Carbon reduc tan ts ,  cons is t ing  na in ly
o f  coa l ,  pe t ro leum coke,  and wood ch ips ,
are used in the carbothermic reduction of
quar tz  to  p roduce meta l lu rg ica l  g rade
s i l i con .  A  pr imary  fac to r  fo r  de termin ing
the  s i l i ca  reduc t ion  process  e f f i c iency  is
the reactj .vi ty of the carbon reductants.
A test was developed to determine the
re la t i ve  reac t iv i t y  o f  var ious  k inds  o f
reductants and ¡ninimize the need for ful l
sca le  fu rnace eva lua t ions .

Process  React ions

The reductants and guartz are
combined in  an  e lec t r i c  a rc  fu rnace to
produce s i l i con  meta l  by  the  overa l l
r e a c t i o n :

S i 0 2  +  2 C  =  S i  +  2 C 0  ( 1 )

Carbon reductants do not react direct ly
w i th  quar tz  as  ind ica ted  in  equat ion  (1 ) ,
but react with gaseous Sio to form an
in te rmed ia te ,  S iC,  wh ich  reac ts  w i th  S i02
and/or  S iO to  p roduce s i l i con  meta l .

The t rue  tes t  o f  a  reduc tan t rs
reac t iv i t y  wou ld  be  i t ' s  reac t ion  w i th
c i  n .

S i O  1 n ¡ .  +  2 C  ( " )  =  S i C  ( s )  +  c 0  ( s )  ( 2 1

Producing Sio gas to react with the carbon
reductant requires hig! temperature and
e labora te  appara tus .L tz  A  carbon d iox ide
reactivi ty test could be performed at much
lower  tempera tures  eas i l y ,  and is  expec ted
to  a f low the  pred ic t ion  o f  S iO reac t iv i t y .
Deve lopment  o f  th is  C02 tes t  nas
under taken.

Reaction D.escript ions

The carbon/carbon dioxide reactipn
examined^ in  th is  tes t  v ¡as  a  he terogeneous
reac t ionr  o f  the  type :

s o l i d  +  g a s + g a s .  ( 3 )
The sur face  or  in t r ins ic  reac t ion  was o f
the  most  in te res t .  The pore  d i f fus ion
effect on the reaction had to be minimized
to  a l low determinat ion  o f  the  in t r ins ic  re -
ac t iv i t y  o f  the  reduc tan t .  The ra te  o f
coal oxidation had been found to increase
wi th  an  inc rease in  sur face  area  fo r  la rge
par t i c les  (>1m¡n)  ,  the  ra te  became pro-
oort ional to the sample r. 'eight for part icle
s i z e s  < 0 . 1 m ¡ n . 4

Upon reac t ion  o f  C02 r r r i th  a  carbon
sample  o f  the  par t i c le  s ize  grea ter  than
1.0  mm,  the  ox ida t ion  o f  carbon on  the
sur face  and w i th in  the  par t i c le  inc reases
its pore vol-ume and surface area thus
resu l t ing  in  a  re la t i ve ly  cons tan t
reac t ion  ra te .  When gaseous S iO reac ts
wi th  carbon,  a  so l id  reac t ion  produc t  o f
s i l i con  carb ide  is  fo rmed wh ich  covers  the
reduc tan t  par t i c le .  The reac t ion  ra te
wiII  slow. as i t  becornes dependent on the
d i f fus ion  o f  the  gases  th rough the  produc t
layers .  These reac t ion  mechan isms produce
d i f fe ¡en t  rank ing  o f  reduc t ion  mater ia ls
with the exception of extremely reactive
reduc tan ts  Which  reac t  equa l ly  we l l  w i th
e i t h e r  g a s . o  r n  o r d e r  t o  e q u a l i z e  t h e s e
e f f e c t s . d u e  t o  o v e r s i z e d  p a r t i c l e s ,  t h e
reduc tan t  par t i c le  s i -ze  used in  the  tes t
was the  s ize  f rac t ion  o f  200 x  325 I . !
( 0 . 0 7  -  . 0 4 m m ) .



I t  h tas  hoped tha t  C02 and S iO
reac t iv i t ies  wou ld  cor re la te  be t te r
throughout the entire range of reductant
reactivi ty by improving sample preparation
and tes t  p rocedures .

React iv i t v  Ca lcu la t ions

Modif icat ions of an experimental pro-
cedure and equation develoPed bY
Mannesmann Denag Hüttentechnik to determine
the reactivi ty o! carbon reductants in
si l icon smelt ing / lead to the Present
reac t iv i t y  tes t .  React iv i t y  (KR)  was ca l -
cu la ted  as :

K R  =  l n  c A  ( 4 )
cE

Ce = Fixed carbon=Reductant-volat i les-ash.

Co = Fixed carbon-Carbon which reacted
"  w i th  carbon d iox ide .

Exper imenta l  Resu l ts

Three exper imenta l  con f igura t ions
were used in determining the best procedure
for  tes t ing  reduc tan ts .

Two configurations, a vert ical f luid
bed reactor and a horizontal f ixed bed
reac tor ,  cons is ted  o f  vesse ls  nh ich  con-
tained the reductant samples. The vessel
was placed in a furnace and heated
seguential ly with nitrogen, carbon dioxide,
and f ina l l y  a i r  to  de termine vo la t i le
conten t ,  reac t ive  carbon,  and ash.  Weigh-
ings took place betldeen every change of gas
to determine weight loss during every cycle'

The ver t i ca l  f lu id  bed reac tor  was  a
fas ter  tes t  wh ich  gave incons is ten t  resu l ts .
Problems r,t i th material loss and snal l
reactivi ty ranges lead to the use of the
hor izon ta l  reac tor .

The horizontal f ixed bed reactor \{as a
s lower  tes t  bu t  h igh ly  repeatab le .  No
major problems Itere encountered with this
test, but only two tests Per day could be
comple ted .

Thermograv imet r ic  ana lys is  (TGA) ,  the
third configuration used to predict
reac t iv i t y ,  was  based on  ins tan taneous
weigh t  loss  versus  t ime in fo rmat ion  dur ing
each cyc le .  TGA used a  C02 reac t ion  temp-
era tu le  o f  1070oC fo r  pe t ro leum cokes  as  in
the horizontal reactor. Since TGA
indicated ldhen the sample had completed i ts
reac t ion  in  the  C02 cyc le ,  t i ¡ne ,  t ,  cou fd
then be  in t roduced-as  another  var iab le  in
the  reac t iv i t y  ca lcu la t ion .  The or ig ina l
Kp equat ion  v tas  mul t ip l ied  by  60 / t  to
i i icorporate this variable in the determina-
t ion. The Demag test required 60 minutes in
the  COr  cvc le ,  bu t  i f  60  mi 'nu tes  r re re  no t
needed- fo i  comple te  reac t ion  the  equat ion
could now be adiusted to the actual t ime
r e q u i r e d .

the  d i f fe ren t  gas  cyc les  opera ted  a t
950oC except  fo r  the  C02 cYc le  w i th
pet ro leum coke reduc tanEs in  the  hor izon ta l
f i xed  bed and TGA conf igura t ions .  In i t ia l

reac t iv i t y  resu l ts  found pe t ro leum cokes  to
be the  leas t  reac t ive  carbon reduc tan ts ,  by
an order  o f  magn i tude,  as  conpared to  coa ls
and charcoa l .  Because o f  the  1ow reac t iv i t y
and the very compressed range between
d i f fe ren t  sources  o f  pe t ro leum coke,  a
h igher  tempera ture  o f  1070oC was used to
determine the i r  reac t iv i t y .

Comparison to Smelt ing Performance

The low amount of petroleum coke added
to the smelter does not make i ts reactivi ty
a  s ign i f i can t  fac to r .  A l l  pe t ro leum cokes
performed equally well  in production
except for one which performed below normal
in  the  smel te r  and in  the  reac t iv i t y  tes t .

Only two coals have been both tested
and used in  the  smel te r .  There  was no
direct comparison of the two in the produc-
t io r i  smel te r ,  bu t  d i rec t  compar isons  o f  the
coa ls  were  made on a  p i lo t  sca le  smel te r
and the  coa ls  per fo rmed jus t  as  p red ic ted
by  the  reac t iv i t y  tes t  resu l ts .

Conc lus ion

Thermogravimetric analysis is the pre-
fe r red  tes t  fo r  de termin ing  reac t iv i t y .

TGA gives information on C02 reaction
ra te  versus  t ime dur ing  the  tes t - t  h ich  is
not knor"rn with the other test configua-
t ions .  Th is  in fo rmat ion  is  used to  fu r ther
de f ine  reduc tan t  reac t iv i t y .

The reac t iv i t y  tes t  shouLd no t . ,be
cons idered a  pass / fa i l  tes t ,  bu t  i t  w i l l
he lp  ident i f y  the  r i sks  o f  runn j .ng  a
reduc tan t  in  a  pLant  t r ia l .
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