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The k i n e t i c s  and m e c h a n i s m  of the  r educ t ion  of NiaS2 by hydrogen have  been i n v e s t i g a t e d  
be tween  1133 ~ and 1300~ When high flow r a t e s  of hydrogen  and a rgon  or  he l ium bubbling 
th rough  the m e l t  a r e  m a i n t a i n e d  the r a t e - d e t e r m i n i n g  s tep  i s  a c h e m i c a l  p r o c e s s  which 
can be e x p r e s s e d  by  a r a t e  law of the  fo rm 

rH2 S = kexpt ( N  s -- Ot )'2 pH 2-1/2 

PH2 ~ 0.88 a tm  

w h e r e  kexpt = 85.1 a im  -1/2 rain -1, a = 0.17 at  1250~ 

The e x p e r i m e n t a l  ac t iva t ion  ene rgy  for  th i s  p r o c e s s  i s  20.1 • 3.0 kca l  p e r  mole .  These  
r e s u l t s  a r e  d i s c u s s e d  in t e r m s  of p o s s i b l e  c a t a l y s i s  by n icke l .  

R E A C T I O N S  be tween  mo l t en  m e t a l  su l f ides  and r e -  
ducing g a s e s  have r e c e i v e d  l i t t l e  a t ten t ion  e s p e c i a l l y  
f rom the k ine t ic  and m e c h a n i s t i c  s tandpoint .  Although 
r e a c t i o n s  of th i s  type a r e  not often encoun te red  in 
m e t a I l u r g i c a l  c h e m i s t r y ,  s i nce  the  convent iona l  rou te  
f rom sul f ide  to m e t a l  c o n s i s t s  of a r o a s t i n g  r e a c t i o n  
and the subsequent  r educ t i on  of the  oxide to m e t a l ,  i t  
a p p e a r s  that  d i r e c t  r e a c t i o n  of the su l f ide  with h y d r o -  
gen m a y  be p r o m i s i n g .  

A number  of r e p o r t s  on the t h e r m o d y n a m i c  p r o p e r -  
t i e s  1-s of the  b i n a r y  s y s t e m s  Ni -S ,  F e - S ,  Cu-S a s  wel l  
a s  the t e r n a r y  s y s t e m s  N i - F e - S ,  N i - C u - S ,  and F e - C u -  
S a r e  avai lab le .4-8  In many of t he se  i nves t i ga t i ons  the 
t h e r m o d y n a m i c  da ta  w e r e  ob ta ined  by equ i l ib ra t ing  an 
HaS-He gas  m i x t u r e  with the  mol t en  m e t a l  su l f ide .  In 
th i s  p r e s e n t  inves t iga t ion  the k i n e t i c s  and p o s s i b l e  
m e c h a n i s m  of the  r e a c t i o n  of mol ten  n icke l  su l f ide  
with hydrogen  a r e  r e p o r t e d .  The r e a c t i o n  i s  r e p r e -  
sen ted  by the fol lowing s t o i c h i o m e t r y  

NiaSa(I ) + 2 H2{g) ~ 3 Ni(s ) + 2 HaS(g) [1] 

Data  r e q u i r e d  for  a c o m p l e t e  k ine t ic  and m e c h a -  
n i s t i c  t r e a t m e n t  of t h i s  r e a c t i o n  w e r e  drawn f rom the 
r e l a t e d  t h e r m o d y n a m i c  and dens i ty  s tud ies  for  the N i -  
F e - S  s y s t e m  r e c e n t l y  r e p o r t e d  by the a u t h o r s .  4'7 

EXPERIMENTAL 

Theory (General) 

The experimental method used in this investigation 
consisted of direct reaction of the molten nickel sul- 
fide with hydrogen. The rate of sulfur consumption 
(-rS) was determined by analyzing samples of the sul- 
fide withdrawn periodically from the melt. The rates 
of hydrogen consumption (--rH2) and hydrogen sulfide 
generation (~i2S) were obtained from the concentration 
of these gases in the outlet gas mixture using open 
system theory. 8 

On the basis of the stoichiometry of the reaction 
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given in Eq. [1] the fol lowing r e l a t i o n s h i p  m a y  be 
w r i t t e n  

--~'S = --~'H 2 = ~vHaS [2] 

Modifying open s y s t e m  t h e o r y  for the c a s e  of c o m -  
p l e t e  mix ing  in a s t i r r e d  flow r e a c t i o n  a s  d i s c u s s e d  
by Denbigh et  a l . ,  s rH2 S and ~'H2 may  be e x p r e s s e d  a s  
fo l lows 

dCHas + U 
~'H2S = dt V ~  CH2S 

dCH a U 
"--YH2 = dt + V ~  (CH2 -- CHa) 

M(t) M(S) 
v(t) = D - - ~ -  D(S) 

where  

CH2 S = 

CHa. = 

C ~ = H2 

U= 

v ( f )  = 

M(t)  = 

D(t) = 

M(S) = 

D(S) = 

[3] 

[4] 

[5] 

hydrogen  su l f ide  concen t r a t i on  in out le t  gas  
m i x t u r e  

hydrogen  concen t r a t i on  in out le t  gas  m i x t u r e  

hydrogen  concen t r a t i on  in in le t  gas  m i x t u r e  

in le t  gas  flow r a t e  

mol t en  n icke l  su l f ide  vo lume (va r i ab l e  with 
t ime)  

mol t en  n icke l  sul f ide  weight  ( va r i ab l e  with 
t ime)  

mol ten  n icke l  su l f ide  dens i ty  (va r i ab le  with 
t ime)  

mol t en  n icke l  sul f ide  weight  ( va r i ab l e  with 
sul fur  content)  

mol t en  n icke l  sul f ide  dens i ty  (va r i ab le  with 
su l fur  content)  

b e c o m e  

U 
"FH2 s = ~ CH2S 

U C ' 
--J'H2 = V--~ ( H2 - -CHa)  

At s t e a d y - s t a t e  d C / d t  i s  z e r o  and the b a s i c  equa t ions  

[6] 

[7] 
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Eqs .  [6] and [7] give the r a t e  of hydrogen sulf ide 
gene ra t i on  and hydrogen consumpt ion  as  a function of 
the concen t r a t i ons  of the g a s e s  in the out let  gas  m i x -  
t u r e ,  the sulfur  content  of the n ickel  sulf ide and the 
densi ty  of the mol ten  nickel  sulf ide .  7 

M a t e r i a l s  

The n icke l  sulf ide was p r e p a r e d  by heat ing pure  
n icke l  powder  (99.79 pct  pur i ty)  with r e agen t  g rade  s u l -  
fur in a h igh-pur i ty  r e c r y s t a l l i z e d  a lumina  c r u c i b l e .  
All  fus ions  w e r e  done under  pur i f i ed  a rgon .  The n icke l  
was  ca rbonyl  n icke l  powder  128 suppl ied by the I n t e r -  
nat ional  Nickel  Company of Canada Ltd. Argon,  hyd ro -  
gen,  he l ium,  and hydrogen sulfide w e r e  suppl ied by 
Matheson of Canada Ltd. Sulfur was  suppl ied by Br i t i sh  
Drug House.  

The  compos i t ion  of synthet ic  n ickel  sulf ide was  de -  
t e r m i n e d  to be 73.29 wt pct  Ni and 26.71 wt pct  S which 
is  v e r y  nea r  the s t o i c h i o m e t r i c  compos i t ion  of Ni3S2 
(73.24 wt pct  Ni, 26.76 wt pct  S).* 

*For experiments using He-H2 mixtures (data, Fig. 8) the nickel sulfide compo- 
sition was 74.58 wt pct Ni and 25.42 wt pct S. 

E x p e r i m e n t a l  Appara tus  

The appara tus  cons i s t ed  of a fu rnace ,  gas  f low-  
m e t e r s ,  gas  pur i f i ca t ion  s y s t e m ,  mol ten  sulf ide con-  
t a i ne r ,  quar tz  s t i r r i n g  rod  and p r o p e l l e r ,  and gas  
c h r o m a t o g r a p h .  The  fu rnace  was a v e r t i c a l  s i l i con  
c a rb ide  r e s i s t a n c e  type capable  of opera t ion  up to 
1500~ with a cons tant  t e m p e r a t u r e  zone of about 15 
cm.  The fu rnace  was con t ro l l ed  to within •176 us ing 
a s t andard  c o n t r o l l e r  ac t iva t ed  by a P t - P t  13 pct  Rh 
t h e r m o c o u p l e .  The  fu rnace  t e m p e r a t u r e  was m o n i -  
t o r e d  with a c a l i b r a t e d  P t - P t  13 pct  Rh t h e r m o c o u p l e .  
The gas  pu r i f i ca t ion  s y s t e m  cons i s t ed  of a pa l l ad in ized  
a s b e s t o s  tube,  two pyroga l lo l  co lumns ,  four c a l c ium  
c h l o r i d e  co lumns  and t h r ee  s i l i ca  gel  co lumns .  The 
c r u c i b l e  containing the mol t en  n icke l  sulf ide was h igh-  
pur i ty  r e c r y s t a l l i z e d  a lumina  m e a s u r i n g  9 cm long 
with an ID of 3.8 cm.  The quar tz  s t i r r i n g  rod  was  3 
m m  in d i a m e t e r  and 50 cm long. Th is  rod  was  con-  
nec ted  to a v a r i a b l e  speed  moto r  (0 to 100 rpm) .  

Pr oc edur e 

Between 55 and 70 g of nickel sulfide was fused in 
an alumina crucible under purified argon. When the 
desired temperature was reached the quartz stirring 
rod was activated and purified hydrogen was bubbled 
through the molten nickel sulfide. The progress of the 
reaction was followed by periodic sampling and anal- 
ysis of both the outlet gas mixture and nickel sulfide. 
The gas analysis was done with an F and M Scientific 
Corporation Model 700 gas chromatograph using Pora- 
pak Q and Molecular Sieve Type 5A columns. The 
nickel sulfide was analyzed for sulfur using a standard 
gravimetric method. 

EXPERIMENTAL RESULTS 

P r o f i l e  of the Reac t ion  

In Fig .  1 typ ica l  e x p e r i m e n t a l  data a r e  given show- 
ing the consumpt ion  of sulfur  in the n icke l  sulf ide,  the 
consumpt ion  of hydrogen,  and the gene ra t ion  of hyd ro -  
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Fig. 1--Typical experimental curves. (a) Profile of hydrogen 
sulfide generation with time. (b) Profile of hydrogen consump- 
tion with time. (c) Profile of sulfur consumption with time. 
�9 Temp = 1247~ gas flow rate = 200 cu cm per rain, PH~ 
= 0.918 arm, bubbling, st irring rate = 65 rpm, sample =70 g. 
�9 Temp = 1133~ gas flow rate = 178 cu cm per rain, PH2 
= 0.901 atm, bubbling, st irring rate = 65 rpm, sample = 70 g. 
tD Temp = 1250~ gas flow rate = 196 • 3 cu cm per min, PH2 
= 0.680 atm, bubbling, no stirring, sample = 55 g. 

gen sulf ide as  a function of t ime .  The shape of these  
c u r v e s  was  c h a r a c t e r i s t i c  of a l l  e x p e r i m e n t s .  

The f i r s t  obse rvab l e  indicat ion of r eac t i on  took 
p lace  about 5 min  a f te r  in t roduct ion  of hydrogen.  The 
m a x i m u m  hydrogen sulf ide and m a x i m u m  hydrogen 
consumpt ion  r a t e s  occur  f rom 30 to 60 min a f t e r  the 
s t a r t  of the r eac t i on .  Fig .  2 shows the hydrogen sulf ide 
gene ra t ion  r a t e  as  a function of sulfur  content  of the 
n ickel  sulf ide for  t h r e e  e x p e r i m e n t s .  T h e s e  c u r v e s  
may  be c o n s i d e r e d  in two sec t ions .  Sect ion 1 c o r r e -  
sponds to the p e r i o d  f r o m  the beginning of the r eac t i on  
to a s t e a d y - s t a t e  condit ion.  Sect ion 2 c o r r e s p o n d s  to 
the s teady s ta te .  Fo r  the p u r p o s e s  of th is  d i scuss ion  
only the s t e a d y - s t a t e  por t ion  of the r eac t i on  is  s ig -  
n i f icant .  

Kine t ics  of the Reac t ion  

a) E F F E C T  OF M E L T  GEOMETRY AND 
AGITATION 

E x p e r i m e n t s  w e r e  c a r r i e d  out to inves t iga te  the e f -  
fect  of me l t  g e o m e t r y ,  s t i r r i n g ,  and inlet  gas  flow r a t e .  
Two e x p e r i m e n t s  w e r e  p e r f o r m e d  us ing 70 and 55 g 
s a m p l e s .  The r e s u l t s  given in F ig .  3 show that  s ample  
s ize  has  l i t t le  effect  on the r eac t i on  r a t e .  

Two e x p e r i m e n t s  w e r e  c a r r i e d  out us ing s t i r r i n g  of 
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Fig. 2--Hydrogen sulfide genera t ion  ra te  vs N S. O Temp 
= 1250~ gas flow ra te  = 200 • 10 eu crn per  rnin, PH2 = 0.901 
atrn, bubbling, no s t i r r ing ,  sample  = 70 g. A Temp = 1247~ 
gas flow ra te  = 200 cu cm per  min, PH2 = 0.918 atrn, bubbling, 
s t i r r i n g  ra te  = 65 rprn, sample  = 70 g. [] Temp = 1250~ gas 
flow ra te  = 105 cu era pe r  rnin, PH2 = 0.681 atm, bubbling, no 
s t i r r ing ,  sample  = 55 g. 
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Fig. 3--Effect of mel t  geometry.  Temp = 1249~ gas flow ra te  
= 186 • 9 eu em per  rain, PH2 = 0.738 atm, bubbling, no s t i r -  
ring. 

0 a n d  65 r p m .  T h e  e f f e c t  of c h a n g i n g  s t i r r i n g  r a t e s  on  
t h e  r a t e  of r e a c t i o n  w a s  r a t h e r  m i n o r  a s  s h o w n  in  F i g .  
4.  H o w e v e r ,  i t  i s  i m p o r t a n t  to  r e c o g n i z e  t h a t  t h e  m e l t  
i s  a l s o  a g i t a t e d  q u i t e  v i o l e n t l y  by  t h e  b u b b l i n g  H 2 - A r  
g a s  m i x t u r e .  T h u s  t h e  e f f e c t  of i n l e t  g a s  b u b b l i n g  m u s t  
b e  c o n s i d e r e d  b e f o r e  t he  n a t u r e  of t h e  r a t e  l i m i t i n g  
s t e p  c a n  b e  i d e n t i f i e d .  

F i g .  5 s h o w s  t h e  e f f e c t  of i n l e t  g a s  (H2 + A r )  f low 
r a t e  on  t h e  r e a c t i o n  r a t e  a t  a c o n s t a n t  H 2 / A r  r a t i o  of 
a p p r o x i m a t e l y  2. T h e  r e s u l t s  i n d i c a t e  t h a t  a t  a f low 
r a t e  of o v e r  200 c u  c m  p e r  m i n  t h e  r e a c t i o n  i s  r a t h e r  
i n s e n s i t i v e  to  v a r i a t i o n  in  f low r a t e  w h i l e  a t  l o w e r  
f low r a t e s  t h e  r e a c t i o n  r a t e  v a r i e s  w i t h  f low r a t e .  
T h e s e  o b s e r v a t i o n s  c o u p l e d  w i t h  t h o s e  i n v o l v i n g  m e l t  
g e o m e t r y  w o u l d  s u g g e s t  t h a t  t h e  r e a c t i o n  m e c h a n i s m  
i s  e s s e n t i a l l y  i n d e p e n d e n t  of d i f f u s i o n  a t  h i g h  f low 
r a t e  a n d  m a y  b e  d e p e n d e n t  on  d i f f u s i o n  a t  low f low 
r a t e .  

b)  E F F E C T  O F  S U L F U R  C O N T E N T  

E x a m i n a t i o n  of r H S v s  N~ c u r v e s  s h o w n  in F i g  2 
i n d i c a t e s  a m a j o r  2 ~, d e p e n d e n c e  of r e a c t i o n  r a t e  on  t h e  
s u l f u r  c o n t e n t  of t h e  m o l t e n  n i c k e l  s u l f i d e .  A l t h o u g h  
a p lo t  of rH2 s v s  N ~ ,  d i d  show l i n e a r i t y  i n d i c a t i v e  
of s e c o n d - o r d e r  k i n e t i c s ,  e x t r a p o l a t i o n  in to  t h e  low s u l -  
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Fig. 4--Effect of s t i r r i n g  rate .  Temp = 1250~ gas flow ra te  
= 200 • 10 cu ern per  min, PH2 = 0.901 atm, bubbling, sample  
= 7 0 g .  
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Fig. 5--Effect of gas flow ra te .  Temp = 1250~ bubbling, no 
s t i r r ing ,  sample = 55 g. 

f u r  r e g i o n  r e s u l t e d  in  a n o n z e r o  i n t e r c e p t .  F i g .  6 s h o w s  
p l o t s  of rH~ S v s  (N s - ~)2 w h e r e  a = 0 .17  a t  1250~ 
T h e s e  c u r v e s  a r e  l i n e a r  a n d  do  e x t r a p o l a t e  to  t h e  o r i -  
g in .  T h i s  r e l a t i o n s h i p  s u g g e s t s  a s e c o n d - o r d e r  d e p e n d -  
e n c e  on  s u l f u r  in  t h e  r a n g e  of s u l f u r  c o n c e n t r a t i o n  a n d  
h y d r o g e n  p r e s s u r e  i n v e s t i g a t e d .  T h e  v a l u e  of a a t  
1250~ c o r r e s p o n d s  to  t h e  s u l f u r  c o n t e n t  of t h e  s u l f i d e  
a t  t h e  p o i n t  w h e r e  n i c k e l  s e p a r a t e s  f r o m  t h e  s u l f i d e  
(Ns  = 0 .17) .  9 E x a m i n a t i o n  of the  r e a c t i o n  in  t he  v i c i n i t y  
of  NS = 0 .17  r e s u l t e d  in H2S e v o l u t i o n  r a t e s  t h a t  w e r e  
s o  low a s  to  b e  v i r t u a l l y  i m m e a s u r a b l e .  T h i s  a p p a r e n t  
c h a n g e  in  k i n e t i c  b e h a v i o r  c a n  b e  a t t r i b u t e d  to  t h e  a p -  
p e a r a n c e  of a n e w  l e s s  r e a c t i v e  s u l f i d e  w h i c h  m a y  e x -  
h i b i t  l e s s  t h a n  s e c o n d - o r d e r  k i n e t i c s  w i t h  r e s p e c t  to  
t h e  s u l f u r  c o n c e n t r a t i o n .  S e c o n d - o r d e r  k i n e t i c s  a b o v e  
N s = 0 .17  s t i l l  r e m a i n  v a l i d .  S o m e  f u r t h e r  c o m m e n t s  
on  t h e  r o l e  of s u l f u r  in  t h e  r e a c t i o n  a r e  g i v e n  in t h e  
D i s c u s s i o n  s e c t i o n .  

c) EFFECT OF HYDROGEN PRESSURE 

Experiments were conducted using different partial 
pressures of hydrogen while maintaining a constant 
flow rate above 200 cu cm per rain. An increase in hy- 
drogen partial pressure has a marked effect on the 
rate of reaction as shown by the series of curves in 
Fig. 6. In Fig. 7 the slopes obtained from Fig. 6 are 

/ 1 / 2  
p l o t t e d  v s  ~H 2 . A l i n e a r  r e l a t i o n s h i p  i s  o b t a i n e d  in t h e  
p r e s s u r e  r a n g e  0 .88  to  1.03 a r m  ( to ta l  p r e s s u r e  1 .00 
to  1 .06 a t m ) .  B e l o w  PH2 = 0 .88  a t m  t h e  l i n e a r  r e l a t i o n -  
s h i p  i s  no  l o n g e r  v a l i d .  

d) EFFECT OF INERT GAS 

In order to determine whether the hydrogen pres- 
sure dependence observed was in fact genuine, three 
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Fig. 6--Dependence of r eac t ion  ra t e  on sulfur  content  and hy-  
drogen p r e s s u r e .  Gas flow ra te  = 186 - 268 eu em per  rain, 
bubbling, no s t i r r ing ,  sample  = 55 - 70 g. 

e x p e r i m e n t s  w e r e  p e r f o r m e d  in  w h i c h  H2-He g a s  m i x -  
t u r e s  w e r e  s u b s t i t u t e d  f o r  H 2 - A r  g a s  m i x t u r e s .  In 
t h e s e  e x p e r i m e n t s  on ly  c h e m i c a l  a n a l y s i s  of t h e  m o l t e n  
s u l f i d e  w i t h  t i m e  w a s  d o n e  b e c a u s e  t he  c h r o m a t o -  
g r a p h i c  s e p a r a t i o n  of H2 a n d  He w a s  u n r e l i a b l e .  T h e  
d a t a  o b t a i n e d  f r o m  t h e s e  e x p e r i m e n t s  a r e  s u m m a r i z e d  
in  F i g .  8. T h e  r H S / ( N s  - a)2 v a l u e s  c a l c u l a t e d  f r o m  
t h e  d a t a  g i v e n  in  l~ig. 8 a r e  i n c l u d e d  in  F i g .  7. T h e  
r a t e s  a r e  s e e n  to  b e  u n a f f e c t e d  b y  t h e  d i f f e r e n t  h y d r o -  
g e n - i n e r t  g a s  m i x t u r e  a t  h i g h  p a r t i a l  p r e s s u r e s  of 
h y d r o g e n .  A s  t h e  p a r t i a l  p r e s s u r e  of h y d r o g e n  i s  r e -  
d u c e d  t h e  r a t e  of r e a c t i o n  f o r  H 2 - A r  m i x t u r e s  i s  
l a r g e r  t h a n  t he  r a t e  f o r  H2-He m i x t u r e s  u n d e r  c o m -  
p a r a b l e  c o n d i t i o n s .  T h e s e  o b s e r v a t i o n s  l e n d  s u p p o r t  
to  t h e  v a l i d i t y  of t h e  h a l f - o r d e r  h y d r o g e n  d e p e n d e n c e  
of t h e  r e a c t i o n  r a t e  a t  a h i g h  p a r t i a l  p r e s s u r e  of h y d r o -  
g e n  w h i l e  i n d i c a t i n g  t h a t  a t r a n s p o r t  p r o c e s s  m a y  h a v e  
i n c r e a s i n g  s i g n i f i c a n c e  a t  l o w e r  h y d r o g e n  p a r t i a l  
p r e s s u r e .  T h i s  p h e n o m e n o n  w a s  no t  f u r t h e r  e x a m i n e d  
due  to  d i f f i c u l t y  in  o b t a i n i n g  r e l i a b l e  d a t a  a t  low h y -  
d r o g e n  p a r t i a l  p r e s s u r e s  a l t h o u g h  s o m e  s p e c u l a t i o n  on  
t h e  e f f e c t  i s  g i v e n  in  t h e  D i s c u s s i o n  s e c t i o n .  

R a t e  L a w  F o r m u t a t i o n  

In v i e w  of t h e  o b s e r v e d  e f f e c t s  of s u l f u r  c o n c e n t r a -  
t i o n  a n d  h y d r o g e n  p a r t i a l  p r e s s u r e  on  t h e  h y d r o g e n  
s u l f i d e  g e n e r a t i o n  r a t e ,  t h e  e x p e r i m e n t a l  r a t e  l aw m a y  
b e  f o r m u l a t e d  a s  f o l l o w s  

�9 "H2 S = kexpt (N S -- Ot)Zp~ [8] 
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w h e r e  

a = 0 .17  a t  1250~ 

kexpt = 85.1 a t m  -1/2 m i n  -1 a t  1250~ 

T h i s  r a t e  l aw i s  v a l i d  f o r  p a r t i a l  p r e s s u r e s  of h y d r o g e n  
a b o v e  0 .88  a t m  ( to ta l  p r e s s u r e  = 1.00 to  1 .06 a t m ) .  

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

T h e  e f f e c t  of t e m p e r a t u r e  w a s  i n v e s t i g a t e d  o v e r  t h e  
t e m p e r a t u r e  r a n g e  1133 ~ to  1300~ u s i n g  a h y d r o g e n  

10 
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Fig. 7--rH2s/(N S - a )  2 vs p l /2  plot. Temp = 1246~ to 1253~ 
It: 

gas flow ra te  = 186 to 268 cu em per  rain, bubbling, no s t i r -  
r ing,  sample  = 55 to 70 g. 
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Fig. 8--Exper imental  r e su l t s  with H2-He gas mixture.  Total 
p r e s s u r e  = 1.00 arm, temp = 1250r gas flow ra te  - 198 
to 202 cu cm per  rain, bubbling, no s t i r r ing ,  sample  = 70 g. 
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Fig. 9--Arrhenius plot. Gas flow rate = 190 ~ 200 eu cm per 
min, PH2 = 0.901 to 0.905 atm, bubbling, st irring rate = 65 
rpm, sample = 70 g. 

pa r t i a l  p r e s s u r e  of 0.901 to 0.905 a im (total p r e s s u r e  
1.00 a tm).  F r o m  the A r r h e n i u s  plot shown in Fig.  9 

an expe r imen ta l  ac t iva t ion  energy of 20.1 • 3.0 kcal  
per  mole was ca lcula ted .  This  value fal ls  within the 
range  gene ra l ly  found for a chemica l ly  con t ro l l ed  
p r o c e s s .  

DISC USSION 

A reac t ion  m e c h a n i s m  may be pos tu la ted  which is  
compat ib le  with the kinet ic  evidence s u m m a r i z e d  in 
the r a t e  law given by Eq. [8]. The m e c h a n i s m  may be 
r e p r e s e n t e d  by the following scheme:  

gl 
n 2  ( g ) ~  2 H( i  n m e l t )  [9] 

K2 
2 S(in melt) ~-- S2(in melt) [10] 

H +S2k---~c HS +S  [11] 

HS + H fas t  H2S [12] 

The r a t e  law der ived  f rom this  r eac t ion  sequence 
c o r r e s p o n d s  to 

r~i/2 r~1/2 
C/XI -t~-2 ~]3 ~,T2 ~ i /2  

rH2S = yly~/2 ~* S/~H2 [13] 

where  

a H = YIN H [14]* 

*Henry's Law relationship. 

= N 2 as2 ~ ~ [15]~ 
= N 2 as  Y3 S [16]]" 

J-Expressions based on activity data obtained for the Ni-S system. 4 

The r a t e  exp res s ion  der ived  f rom the r eac t ion  
m e c h a n i s m  is cons i s t en t  with the expe r imen ta l  r a t e  
law if: 

Ys = Y S - ot [17] 

and 

k r 7 1 / 2  r ~ I / 2  
C I ~ I  / 'k2 "~3 

kexpt = yzy~/2 [18] 

The equ i l ib r ium shown in Eq. [9] is  proposed because  
dia tomic gases  such as  Hz a re  cons ide red  to exist  in 
solut ion of mol ten  m e t a l s  in monatomic  form (Sic- 

M E T A L L U R G I C A L  TRANSACTIONS 

Table I. Effect of Nickel on the Activation Energy of Some 
Reactions Involving Hydrogen H'13'=4 

ENi* E 
Reaction kcal per mole kcal per mole 

H2 ,2H 0.5 100 
H2 + D2 ~ 2HD 8 90 
C2 H4 + Hz ~ C2 H6 "--9 43 
C6H~ + H 2 _  ~C6H8 11 78 
H2 + S , H2 S 20j- 45 

*ENi denotes activation energy in the presence of nickel. 
t Present work. 

v e r t ' s  Law).1~ In the p r e se n t  case  it s e e ms  r ea sonab l e  
to a s s u m e  that this  might  be appl icable  to a sulfide 
mel t .  Eq. [10] r e p r e s e n t s  an equ i l ib r ium suggested on 
the bas i s  of the r e s u l t s  of Ayns ley  et al. ~ for the r e -  
act ion between hydrogen and sulfur  at 350~ 

The exper imen ta l  ac t iva t ion  energy a s soc ia t ed  with 
the above suggested m e c h a n i s m  was ca lcula ted  to be 
20.1 • 3.0 kcal  per  mole .  This  value is about 25 kcal  
per  mole l e s s  than the value for the hydrogen- l iqu id  
sulfur  or hydrogen-gaseous  sulfur  r e a c t i ons  r epor t ed  
by Ayns ley  et  al.  ~1 This  d i f ference  is  eas i ly  explained 
by cons ide ra t ion  of the na tu re  of the r eac t ing  spec ies  
in the r a t e  de t e rmin ing  step.  

In the mechan i s t i c  scheme shown above the ra t e  de-  
t e r m i n i n g  step involves  a r eac t ion  between $2 and H in 
the mel t .  Cons ide ra t ion  of the mo lecu l a r  o rb i t a l s  of 
these  two spec ies  suggests  that this  r eac t ion  is  s y m -  
me t r y  allowed. '2 However,  the r a t e - d e t e r m i n i n g  step 
for the hydrogen- l iqu id  sulfur  reac t ion  is  s y m m e t r y  
forbidden.  It appea r s  that the nickel  p r e se n t  in Ni3S2 
may be funct ioning as  a ca ta lys t  by promot ing  step one 
in the above mechan i s t i c  scheme.  Consequent ly  the H 
spec ies  in the r a t e - d e t e r m i n i n g  step may be that of an 
adsorbed  type. 

The ro le  of n ickel  meta l  as  a ca ta lys t  for hydrogen 
ac t iva t ion  is  wel l -known 13 and it i s  conceivable  that 
n ickel  p r e s e n t  in mol ten  NisS2 may exhibit ,  at  leas t  to 
some extent ,  s i m i l a r  p r ope r t i e s .  Some ac t iva t ion  en-  
ergy data for r eac t i ons  involving hydrogen in the p r e s -  
ence and absence  of n ickel  a r e  given in Table  I. The 
p r i m a r y  function of the ca ta lys t  i s  to adsorb  the r e a c t -  
ing molecu les ,  with the r e s u l t  that the r eac t ion  may 

14 occur  via  a path involving a lower ac t iva t ion  energy.  
The appl ica t ion of quantum mechan ic s  to a sys t em con-  
ta in ing  a hydrogen molecule  and two sur face  a toms  of 
n ickel  has led to the conc lus ion  that in the mos t  s table  
conf igura t ion  the d is tance  between the adsorbed  hydro-  
gen a toms is  much g rea t e r  than in the n o r m a l  H2 m o -  
l e c u l e s J  S Thus ,  adsorp t ion  is  accompanied  by d i s s o -  
c ia t ion of the adsorbed  molecu le  which is  cons i s t en t  
with the monatomic  na tu re  of d isso lved  hydrogen in 
mol ten  me ta l s .  ~~ 

A poss ib le  explanat ion of the effect of ine r t  gas on 
the r eac t ion  r a t e  may be that the gas molecu les  p a r -  
t ic ipate  in the desorp t ion  of hydrogen sulfide fo rmed  
in the fast  step of the r eac t ion  m e c h a n i s m .  The re  a re  
s e ve r a l  r e p o r t s  1s-Is which desc r ibe  the effects of i ne r t  
gases  on r a t e s  and ac t iva t ion  ene rg ie s  of ga s - so l i d  r e -  
ac t ions .  The explanat ion genera l ly  given is  based  on a 
m o m e n t u m  exchange between the ine r t  gas and adsorbed  
molecu le .  In the p r e se n t  case it is  difficult  to say with-  
out more  expe r imen ta l  data whether an explanat ion of 
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t h i s  t y p e  i s  a p p l i c a b l e  to  a g a s - l i q u i d  r e a c t i o n .  
The  a p p a r e n t  sh i f t  in  k i n e t i c s  f r o m  s e c o n d  o r d e r  in 

s u l f u r  to  s o m e  l o w e r  d e p e n d e n c e  b e l o w  NS = 0 .17 c a n  
be  d i s c u s s e d  q u a l i t a t i v e l y  in  t e r m s  of known s u l f u r  a c -  
t i v i t y .  F r o m  t h e r m o d y n a m i c  da t a  f o r  t he  N i - S  1'z'4 s y s -  
t e m  the  a c t i v i t y  of s u l f u r  in  n i c k e l  s u l f i d e  d e c r e a s e s  
p a r a b o l i c a l l y  a s  t h e  s u l f u r  c o n c e n t r a t i o n  d e c r e a s e s .  
F o r  e x a m p l e  a t  1250~ t h e  s u l f u r  a c t i v i t y  and  a c t i v i t y  

c o e f f i c i e n t  d e f i n e d  a s  p H 2 S / p H 2 ,  ( P H 2 s / P H 2 ) / N s  a r e  5 
• 10 -t and  1.54 f o r  N s = 0.325 w h e r e a s  f o r  N s = 0 .17,  
t h e  s u l f u r  a c t i v i t y  and  a c t i v i t y  c o e f f i c i e n t  a r e  5 • 10 -3 
a n d  2.94 • 10 -2 r e s p e c t i v e l y .  The  r a t h e r  s h a r p  d e -  
c r e a s e  in  s u l f u r  a c t i v i t y  a s  t he  s u l f u r  c o n c e n t r a t i o n  
n e a r s  t he  v a l u e  fo r  p h a s e  s e p a r a t i o n  wou ld  i n d i c a t e  
t h a t  t he  i n t e r a c t i o n  e n e r g y  fo r  N i - S  i s  i n c r e a s i n g  w h i l e  
t h e  i n t e r a c t i o n  e n e r g y  f o r  N i - N i  and  S -S  i s  d e c r e a s i n g .  
A l though  t h e r e  a r e  u n d o u b t e d l y  o t h e r  f a c t o r s  w h i c h  
c o n t r i b u t e  to t h e  o b s e r v e d  k i n e t i c s  w i th  r e s p e c t  to  s u l -  
fu r  c o n c e n t r a t i o n  in t h e  m e l t  i t  i s  no t  u n r e a s o n a b l e  to  
r e l a t e  s u l f u r  a c t i v i t y  and  i n t e r a c t i o n  e n e r g i e s  of c o n -  
s t i t u e n t s  w i th  t h e  c h a n g e  in k i n e t i c s  o b s e r v e d  f o r  t h e  
d e s u l f u r i z a t i o n  r a t e  of t h e  n i c k e l  s u l f i d e .  
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The  a u t h o r s  a r e  g r a t e f u l  to  t he  N a t i o n a l  R e s e a r c h  
C o u n c i l  of C a n a d a  f o r  f i n a n c i a l  a s s i s t a n c e  and  the  I n -  

t e r n a t i o n a l  N i c k e l  C o m p a n y  of C a n a d a  L td .  f o r  s u p p l y -  
ing  m a t e r i a l s  u s e d  in t h i s  p r o j e c t .  
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