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Kinetic m e a s u r e m e n t s  have been made on the hydrogen reduc t ion  of solid cobalt  sulfide in 
the p r e s e n c e  of ca lc ium oxide. The cobalt  meta l  yield was compared  with that of the d i rec t  
reduc t ion  reac t ion  over  the t empera tu re  range  600 to 8O0*C at va r ious  hydrogen flow ra tes ,  
and ca lc ium oxide to cobalt  sulfide mixing ra t ios .  It was found that the p r e sence  of calcium 
oxide caused a sharp  i nc r ea se  in the reac t ion  r a t e - - f o r  example a 15 fold i n c r e a s e  in con- 
v e r s i o n  was achieved at 700~ after  24 min  of reac t ion .  Low hydrogen flow r a t e s  were  
found to be des i rab le ,  and an opt imum mixing ra t io  of 3.0 es tabl ished.  

T H E  d i rec t  reduc t ion  of meta l  sulfides to meta l  is 
i ndus t r i a l ly  v e r y  a t t rac t ive ,  but difficult  to c a r r y  out 
because  of unfavorable  the rmodynamics .  The ra te  of 
r educ t ion  can be improved,  however,  s ince previous  
s tudies  have shown that the yield of meta l  wil l  be in -  
c r eased  if the hydrogen sulf ide evolved is cont inu-  
ous ly  r emoved  f rom the v i c in i ty  of the r eac t ing  ma ss .  
Al te rna t ive ly ,  a chemical  means  of scavenging  the hy-  
drogen sulf ide may  be cons idered .  In this case ,  for 
the d i r ec t  r educ t ion  of sulf ide to metal ,  the su l fur  
p r e s e n t  is  obtained in sol id  form,  a l levia t ing  many  
of the pol lut ion p rob lems  assoc ia ted  with gaseous 
sulfur  compounds.  

Rosenqvis t  1 studied the absorb ing  power of ca lc ium 
oxide for hydrogen sulfide. The the rmodynamics  of 
this  r eac t ion  provide evidence of a high potent ial  for 
ca lc ium oxide to be used as a s c a v e n ~ n g  agent for 
hydrogen sulfide.  Cech and T iemann  took advantage 
of this fact and p repared  meta l  f ibers  by hydrogen 
reduc t ion  of mol ten  sulfides in the p resence  of ca l c i -  
um oxide. Barker  s reduced pyr i t e s  and Kay 4 reduced  
molybdenite ,  in the p re sence  of calcium oxide, to ob-  
ta in  the r e spec t ive  meta l s .  More recent ly ,  Habashi 
and Dugdale s r epor ted  on the hydrogen reduc t ion  of 
chalcopyri te  in the p resence  of ca lc ium oxide. 

THERMODYNAMIC CONSIDERATIONS 

In the p r e sen t  work, the consecut ive  reac t ion  

~CogS. + H~ = ~Co + HzS [A] 

CaO + HzS - -  CaS + HzO [B] 

was studied, to give overa l l  

~Co98 s + CaO + H a -  ~ Co + CaS + SzO [C] 

The the rmodynamics  of hydrogen reduc t ion  of meta l  
sulf ides  a re  v e r y  unfavorable.  For  r eac t ion  [A] the 
equi l ib r ium constant  

KA = Pa~s 
PH 2 
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at 900 K is 2.2 • 1O -s, and this  would give a low equi-  
l i b r ium conver s ion  of cobalt .  To shift the equ i l i b r i -  
um to the r ight ,  H2S has to be removed  cont inuously  
f rom the v ic in i ty  of the sulf ide.  This is where  r e a c -  
tion [B] plays art impor tant  ro le ,  in scavenging the 
I-I~S formed.  At 900 K the equi l ib r ium cons tant  of 
react ion [B] 

PH20 
K B -  PH2S 

is  4.08 • l0  s, which shows a s t rong  tendency to r e -  
place H28 by HzO. 

The equ i l ib r ium constant  for the overa l l  r eac t ion  
[C] is the product  of K A and K B 

K C = PH20 = K  A . K  B, 
P H  2 

which has a value of 8.98 at  900 K. Compar i son  of 
K A and K C shows a grea t  improvement  in the r e d u c -  
t ion the rmodynamics  of cobalt  sulfide by hydrogen. 
Table I gives n u m e r i c a l  va lues  of the d i f fe rent  equi-  
l i b r ium cons tants  as a funct ion of t e m p e r a t u r e .  

The f resh ly  reduced meta l  will  be in contact  with 
hydrogen having a high m o i s t u r e  content, and t he re -  
fore a high oxidizing potent ial .  If the m o i s t u r e  con-  
tent,  expressed  as PH20/PH2 exceeds that which will 
oxidize the meta l ,  then the reac t ion  sequence depicted 
here  would not occur ,  and meta l  sulfide would be con- 
ve r ted  d i rec t ly  to oxide. By checking the equ i l ib r ium 
constant  for cobalt  oxide format ion  with that for r e -  
ation [C], it  is c lear  that oxide format ion  is not pos-  
s ible  under  these condit ions.  6 

Exper iments  were c a r r i e d  out on r eac t ion  [C], in 
powder form,  over  the t empera tu re  range  600 to 
800~ in o rde r  to examine the effect of gas flow ra te  
and CaO/CogS 8 mixing ra t io  on the yield of metal .  

Table I. Values of Equilibrium Constants 

T(K) K A r e Kc 

800 5.2 X lO "4 1.2 X 104 6.33 
900 2.2X 10 "a 4.08X 103 8.98 

1000 6.65X 10- a 1.7X 103 11.31 
1100 1.33X 10 -2 8.31X 102 11.05 
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Fig. 1--Schematic diagram of apparatus. 

EXPERIMENTAL 

(a) Apparatus  

The c o n v e r s i o n - t i m e  data were  obtained us ing a 
t h e r m o g r a v i m e t r i c  technique.  The schemat ic  d iag ram 
of the appara tus  is  given in Fig.  1. The bas ic  weigh-  
ing uni t  was a t r a n s d u c e r  cell ,  supplied by the Statham 
Co., Cal i fornia  (model #UC3). The top par t  of the ap-  
pa ra tus  cons is ted  of a 1/2 in. thick b r a s s  flange, 
through which the ma in  a c c e s s o r i e s  were  connected.  
The e l ec t r i ca l  connect ions  were  sea led  to this flange 
v ia  two vacuum sea l  connectors ,  which c a r r i e d  the 
output vol tages of the t r a n s d u c e r  and the t he rmocou-  
p les  respec t ive ly .  The r e a c t o r  chamber  was a 1.5 in. 
ins ide  d iamete r  • 33 in. long quar tz  tube, packed at 
the bottom with c e r a m i c  Raschig  r ings ,  for even hea t -  
ing of the in le t  gases .  The upper  end of the r e ac to r  
tube was connected to the top flange by a wa te r -coo led  
b r a s s  tube and sea led  by an O - r i n g  connector .  The 
gas and powder t e m p e r a t u r e s  were  m e a s u r e d  by 
c h r o m e l / a l u m e l  the rmocouples  (contained in 1/16 
in. outside d i ame te r  s t a in less  s tee l  sheaths).  Powder 
t e m p e r a t u r e  m e a s u r e m e n t s  were  only poss ib le  when 
the weight change was not be ing followed. A sp l i t - type  
v e r t i c a l  furnace  was used. The furnace  provided a 
un i fo rm t e m p e r a t u r e  zone of 6 in. at the center ,  where 
t e m p e r a t u r e s  could be control led to within •176 and 
the solid samples  were  therefore  placed in that zone. 

To m i n i m i z e  the effect of ex te rna l  mechanica l  v i -  
b ra t ions ,  the whole appara tus  was mounted on a heavy 
i ron  f rame  with a concre te  base .  Ul t ra  high pur i ty  hy-  
drogen,  hel ium and argon were  used in this work. Each 
gas emerg ing  f rom the cyl inder  was me te red  by 
Matheson f lowmeters ,  which were  ca l ib ra ted  over  a 
wide range  of flow r a t e s .  After pass ing  through ind i -  
v idual  constant  flow con t ro l l e r s ,  gases  were fed in at 
the bottom of the r eac to r .  

(b) Mater ia l s  Used 

Pure  ca lc ium oxide was supplied by Baker Chemical  
Co., the sur face  a r e a  as de te rmined  by the Ontario Re-  
sea rch  Foundation being 2.26 x 104 g / cm 2. 

Cobalt sulfide was p repared  by r eac t ing  sulfur  with 
pure  meta l  powder as follows. Fine  powders of sub-  
l imed  sulfur  and high pur i ty  cobalt  meta l  were mixed 

in t imate ly  in the mola r  s to ich iomet r i c  ra t io  c o r r e -  
sponding to Co~Sa, and placed in a quar tz  ampoule ,  
which was then sealed under  vacuum.  The tube was 
heated slowly to 950~ and held at this t e m p e r a t u r e  
for two hours .  It was then cooled to 700~ and held for 
12 hours .  After cooling slowly to room t e m p e r a t u r e ,  a 
homogeneous rod of sulfide was obtained.  X - r a y  di f -  
f rac t ion showed the product  to be e s se n t i a l l y  pure  Co9S w 
This sol id rod was crushed and s c r eened  into powders  
of d i f ferent  pa r t i c l e  s izes .  

(c) P rocedure  

The mic roba lance  was f i r s t  ca l ib ra ted  with s t andard  
weights.  Then the sample  was placed in a quar tz  t ray ,  
which was suspended on a p la t inum wire .  The p la t inum 
wire  in tu rn  was at tached to the t r a n s d u c e r  by a shor t  
gold chain. 

After the sample  was in place,  the r e a c t o r  was evac-  
uated, f lushed with hel ium, and then brought  to a p r e s -  
su re  s l ight ly  g rea t e r  than a tmospher i c .  The r eac t i on  
t e m p e r a t u r e  was now set,  and held for at l ea s t  1/2 h, 
under  a s teady flow of hel ium.  To s t a r t  the reac t ion ,  
he l ium was cut off, and pure  hydrogen switched on. At 
the end of the reac t ion ,  hydrogen was switched off, and 
he l ium switched on, for f lushing.  The sample  was 
cooled in the he l ium a tmosphere .  The m i c r o b a l a n c e  
was protected f rom product  gases  and heat dur ing  the 
r u n  by f lushing the bel l  j a r  with argon.  All r u n s  were  
c a r r i e d  out at a tmospher ic  p r e s s u r e .  

The gas flow r a t e  was changed f rom 0.05 l / m i n  to 
2 . 0 / / m i n  and the reac t ion  t e m p e r a t u r e  v a r i e d  f rom 
600 to 800~ according  to the expe r imen ta l  condit ions.  

RESULTS AND DISCUSSION 

In the ea r ly  s tages ,  r eac t ion  [C] was c a r r i e d  out 
with the s to ich iomet r ic  mola r  mix ing  ra t io  of 1.0. 
However, hydrogen sulfide could be detected in the 
exit  gas s t r e a m .  The amount  of hydrogen sulf ide 
evolved at 737~ after  36 minu tes ,  could have con-  
ta ined as much as 4 pct of the total  sulfur  p r e s e n t  in 
the unreac ted  sulf ide.  This could in t roduce an e r r o r  
of up to 5 pct in the calculated convers ions ,  based  on 
the assumpt ion  that all  in i t ia l  su l fur  would be t r a n s -  
f e r r e d  to ca lc ium oxide in accordance  with r eac t i on  
[C]. Thus it  was impor tan t  as a f i r s t  step to m i n i m i z e  
hydrogen sulfide evolution, by us ing more  ca lc ium ox- 
ide. 

Effect of Mixing Ratio 

The appropr ia te  amounts  of ca lc ium oxide and co-  
bal t  sulf ide were  mixed, suspended in the m i c r o b a l -  
ance,  and the weight r eco rded  in the usual  ma nne r .  
The exit gases were  passed  through a two stage s c r u b -  
be r  containing cadmium aceta te  solut ion to prec ip i ta te  
the su l fur  as cadmium sulf ide.  The t i m e - c o n v e r s i o n  
r e s u l t s  a re  p resen ted  in Fig.  2, at d i f ferent  mix ing  r a -  
t ios .  

There  was a l imi t ing  mix ing  ra t io ,  above which there  
was no fur ther  i nc r ea se  in r e a c t i o n r a t e .  It s e e m s  that 
above this ra t io ,  the r e m a i n i n g  ca lc ium oxide becomes  es -  
sen t i a l ly  an ine r t  f i l ler .  Fig. 3 shows that the H2S evolu-  
t ion dropped as the mixing  ra t io  inc reased .  At f i r s t  sight, 
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Fig. 3--Effect of mixing rat io on amount of H2S evolved. 

i t  would  a p p e a r  tha t  a m i x i n g  r a t i o  of  6.0 was  needed  
to a b s o r b  a l l  H2S e v o l v e d .  H o w e v e r  t e s t s  showed  tha t  
a m i x i n g  r a t i o  of 3.0 was  s a t i s f a c t o r y ,  in tha t  H~S e v o -  
lu t ion  e s s e n t i a l l y  c e a s e d .  The  r a t i o  of  6.0 was  r e a l l y  
on ly  n e c e s s a r y  to e n s u r e  tha t  m e t a l  su l f ide  p a r t i c l e s  
d id  no t  l i e  on the  s u r f a c e  of the  p o w d e r .  T h e r e f o r e  a l l  
r u n s  w e r e  done a t  a m i x i n g  r a t i o  of  3.0. 

I t  i s  p o s s i b l e  to fo l low the  e f f e c t  of the  m i x i n g  r a t i o ,  
by  p lo t t i ng  the  t i m e  r e q u i r e d  fo r  s a y  40 pc t  c o n v e r s i o n  
as  a func t ion  of m i x i n g  r a t i o .  The  r e s u l t ,  p r e s e n t e d  
in F i g .  4, shows  tha t  t h e r e  was  v e r y  l i t t l e  d e c r e a s e  in 
the  t i m e  r e q u i r e d  fo r  40 p c t  c o n v e r s i o n ,  when u s ing  a 
m i x i n g  r a t i o  above  t h r e e .  

E f fec t  of H y d r o g e n  F low R a t e  

T h e  e f f ec t  of  h y d r o g e n  f low r a t e  was  i n v e s t i g a t e d  
by m i x i n g  the  p o w d e r s  in a m o l a r  r a t i o  of  t h r e e  and 
c a r r y i n g  out  the  r e d u c t i o n  r u n s  a t  d i f f e r e n t  f low r a t e s  
a t  the  s a m e  t e m p e r a t u r e .  As the  f low r a t e  was  in -  
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Fig. 5--Effect of hydrogen flow rate.  Reaction temperature  
= 737~ Molar mixing rat io = 3.0; Average part ic le  diam 
= 0.0125 cm. Hydrogen Flow Rate (//min): A = 0.05, [] = 0.10. 
�9 = 0.15, �9 = 0.20. 

c r e a s e d  the  r e a c t i o n  r a t e  i n c r e a s e d .  H o w e v e r  a t  a 
f low r a t e  of  0 . 2 / / m i n ,  h y d r o g e n  su l f ide  con t a in ing  as  
m u c h  as  10 pc t  of  the  su l fu r  p r e s e n t  in the  u n r e a c t e d  
su l f ide  was  e v o l v e d .  At l o w e r  f low r a t e s  h y d r o g e n  
su l f ide  evo lu t ion  was  n e g l i g i b l e .  It s e e m s  tha t  at  h igh 
f low r a t e s ,  t h e r e  a r e  two c o m p e t i n g  m e c h a n i s m s  for  
the  r e d u c t i o n .  The  r e d u c t i o n  can  go via r e a c t i o n  [A], 
which  has  now l e s s  gas  f i l m  r e s i s t a n c e ,  o r  via r e -  
ac t i on  [C]. The c o n t a c t  t i m e  b e t w e e n  c a l c i u m  ox ide  
and h y d r o g e n  su l f ide  i s  v e r y  s h o r t  and the  gas  could  
be  c a r r i e d  out  wi thou t  r e a c t i o n  into the  bulk gas  
s t r e a m .  B a s e d  on th i s  b e h a v i o r ,  i t  s e e m s  tha t  the  
s u c c e s s  of r e a c t i o n  [C] depends  on the  u s e  of l o w e r  
h y d r o g e n  f low r a t e s .  The  t i m e - c o n v e r s i o n  c u r v e s  
fo r  the  r u n s  d e s c r i b e d  above  a r e  shown in F ig .  5. 

E f f ec t  of  T e m p e r a t u r e  

The  e f f e c t  of t e m p e r a t u r e  was  i n v e s t i g a t e d  at  a 
m i x i n g  r a t i o  of 3.0 and f low r a t e  of 0.1 / / m i n .  An-  
o t h e r  s e t  of  r u n s  was  c a r r i e d  out  unde r  i d e n t i c a l  c o n -  
d i t ions  u s ing  the m e t a l  su l f ide  a lone .  The r e s u l t s  of 
both r u n s  w e r e  v e r y  u se fu l  in c o m p a r i n g  the  s c a v -  
enged  s y s t e m  with  the  u n s c a v e n g e d  one .  T h e s e  r e s u l t s  
a r e  g iven  in F ig .  6. It  i s  qu i t e  c l e a r  tha t  the  r e d u c -  
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Fig. 6--Effect of temperature on reactions [A] and [C]. Mix- 
ing ratio = 3.0; Hydrogen flow rate = 0.1 l/roAn; Average 
diam of Co~S a = 0.011 cm. 

t ion r a t e  for  the scavenged  s y s t e m  was much higher  
than that  for  the unscavenged one. F o r  example ,  at 
700~ the ra t io  of the two r a t e s  was 15 af te r  24 m i n -  
utes  of reac t ion .  At high t e m p e r a t u r e s ,  the scavenged  
s y s t e m  b e c a m e  s l igh t ly  s ens i t i ve  to t e m p e r a t u r e  
changes ,  indicat ing deve lopment  of di f fus ional  e f fec ts ,  
which is qui te  unders tandable  at such sma l l  flow r a t e s .  

T h e r e  was always an induction pe r iod  at the begin-  
ning of the r e a c t i o n  (of the o r d e r  of a few minutes) .  
This  phenomenon could be explained by a slow nuc l e -  
at ion p r o c e s s  o c c u r r i n g  in the me ta l  sulf ide.  Cobalt 
sul f ide  is  a me ta l  de f ic i t  compound 7 and on exposure  
to a hydrogen a tmosphe re ,  sulfur  a toms  a re  f i r s t  r e -  
moved,  and thus the me ta l  de f i c i ency  d e c r e a s e s .  Ac -  
cord ing  to Wagner '  the  me ta l  ions di f fuse  to the bulk 
of the me ta l  sulf ide,  which gradua l ly  b e c o m e s  s u p e r -  
s a t u r a t e d  with r e s p e c t  to the meta l .  Accord ing ly  nu-  
c lea t ion  of the me ta l  b e c o m e s  poss ib le .  Once me ta l  
nuc le i  a r e  fo rmed ,  they s t a r t  to grow on the su r f ace  
of the sulf ide,  fo rming  a she l l  of cobal t  meta l .  At 

h igher  t e m p e r a t u r e s  these  nucle i  m a y  grow into w h i s -  
ke r s .  At 800~ need l e - l i ke  w h i s k e r s  of cobal t  m e t a l  
were  fo rmed .  These  whiske r s  w e r e  a lso  o b s e r v e d  in 
the d i r e c t  reduc t ion  of cobalt  sul f ide  by hydrogen.  6 
However ,  the whi ske r s  obtained in the scavenged  s y s -  
tem w e r e  s h o r t e r  in length. 

CONCLUSIONS 

F r o m  the r e s u l t s  obtained in this  study, it can be 
concluded that: 

1) Cons iderab ly  enhanced cobal t  sul f ide  r educ t ion  
r a t e s  a r e  achieved in the p r e s e n c e  of CaO. For  e x -  
ample ,  at  700~ the r a t io  of the two r a t e s  was 15, 
af ter  24 minutes  of r eac t ion .  

2) The ef fec t  of exces s  CaO b e c o m e s  s m a l l  beyond 
a CaO/CogS 8 r a t io  of 3.0. 

3) The succes s fu l  use of a scaveng ing  agent  (CaO) 
depends on a low hydrogen flow r a t e  being main ta ined  
dur ing the r eac t ion .  
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