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ABSTRACT 

I t  is very  i m p o r t a n t  to  k n o w  the  effect ive  diffusivit ies o f  r e a c t a n t  gases t h r o u g h  the  
p o r o u s  solid mat r ices  for  a d i f fus ion  l imi ted  reac t ion .  The  single pellet  high t e m p e r a t u r e  
d i f fus ion  cell r eac to r  is used to  measure  the  effect ive  diffusivit ies o f  a rgon  and  n i t rogen  
dur ing  the  s equence  o f  ca lc ina t ion ,  sintering,  salt  add i t ion  and  su l fa t ion  o f  Greer  lime- 
s tone .  This sy s t em can  be used to  s t u d y  the  gas--solid r eac t i on  sys t ems  where  the  solid 

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

The  mos t  c o m m o n  m e t h o d  o f  measur ing  coun te r -d i f fus ion  o f  gases in 
po rous  solids has been  by  a s teady-s ta te  t e c h n i q u e  first  used  by  Wicke and  
Ka l l enbach  [1]  and m o d i f i e d  b y  Weisz and  Schwar tz  [2]  and  Wakao and  
Smi th  [S] .  T w o  pure  gases f low past  two  sides o f  a th in  pel le t  o f  experi-  
men ta l  mater ia l .  The  coun te r -d i f fus ion  fluxes o f  t h e  t w o  gases t h r o u g h  the  
pel let  are measu red  f rom t h e  c o m p o s i t i o n  o f  t he  gas exit  s t reams on  each 
side o f  t he  d i f fus ion  cell. The  pressure  gradient  across t he  pel le t  m u s t  be  
ma in t a ined  at  zero.  F o r m e r l y ,  expe r imen t s  were  carr ied o u t  at  t e m p e r a t u r e s  
as high as 300°C [4] .  

A n e w  c o m p u t e r i z e d  advanced  design appara tus  has been  deve loped  
to  ob ta in  d i f fus ion  da ta  of  gases whi le  in te rna l  s t ruc tura l  changes  are tak ing  
place wi th in  t he  po rous  mat r ix .  Changes in gas effect ive di f fus ivi ty  d u e  to  
s inter ing o f  t h e  solid ma t r ix  inc lud ing  the  relat ive effects  o f  m a c r o p o r o s i t y  
and  m i c r o p o r o s i t y  can be d e t e r m i n e d .  The  t e m p e r a t u r e  range over  w h i c h  
m e a s u r e m e n t s  can be  ef fec t ive ly  m a d e  has been  e x t e n d e d  to  b e t w e e n  1000 
and  1200°C.  S t ruc tu ra l  changes  occur r ing  dur ing  chemica l  r eac t ion  can be 
fo l lowed  s imul t aneous ly  w i th  t he  e x t e n t  o f  reac t ion .  This i n f o r m a t i o n  is par- 
t i cu la r ly  valuable  w h e r e  gaseous reac tan t s  are depos i t ed  in t he  po rous  ma t r ix  
as a func t ion  o f  r eac t ion  e x t e n t  and  resul t  in a change  in s t ruc ture .  Macro- 
pore  vs. m i c r o p o r e  effects  can  be  d e t e r m i n e d  b y  separa te ly  measur ing  the  
K n u d s e n  and  the  bu lk  effect ive diffusivit ies,  o b t a i n e d  b y  measur ing  sys tem 
paramete r s  at  t w o  d i f f e ren t  pressures.  
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EXPERIMENTAL APPARATUS 

A d iamond  coring dril l  b i t  is used to  m a k e  a Greer  l imes tone  cy l inder  
wh ich  has a d iamete r  o f  0.75 in. This  cy l inder  is cu t  w i t h  a c a r b o r u n d u m  saw 
to  give 0 .125 in. th i ck  pellets.  The  pel le t  is m o u n t e d  in  t he  single pel le t  high 
t empe ra tu r e  d i f fus ion cell (see Fig. 1) w i th  Sauereisen h igh t empera tu re  
cement .  

The  f low char t  o f  t he  a u t o m a t e d  expe r imen t  is shown  in Fig. 2 and the  
f low sheet  o f  the  logical cont ro l led  opera t ion  in Fig. 3. Di f fe ren t  par ts  o f  the  
expe r imen t  are shown in Figs. 4--6. The  N2 and  Ar are suppl ied in h igh pres- 
sure cyl inders .  The  pressure regulator ,  PR 1, reduces  the  stremrn pressure to  
abou t  45 psig. The o the r  pressure regulator ,  PR  2, fu r the r  reduces  the N2 
pressure to  abou t  5 psig. Dtu-ing low pressure opera t ions ,  t he  pressure in the  
d i f fus ion cell is de te rmined  b y  PR 2. When  h igh  pressure opera t ion  is per- 
fo rmed,  the  pneumat i c  cont ro l  valve, V1,  is opened ,  t h e r e b y  bypass ing  PR 2 
and subject ing the  d i f fus ion  cell to  the  pressure de t e rmined  b y  P R  1. The  
check valve, S1, permi ts  f low in the  fo rward  d i rec t ion  dur ing  the  low pres- 
sure m o d e  b u t  s tops N~ f lowing back  to  P R  2 dur ing  the  h igh pressure mode .  

The  opening  of  the  con t ro l  valve, V1,  is very  del icate.  A n y  rapid change in 
pressure m a y  resul t  in damage to  t he  pel let .  The  ra te  o f  valve open ing  is an  
exponen t i a l  func t ion  o f  t ime.  Therefore ,  t he  valve will  open  s lowly at  first  
and t h e n  more  rapidly.  The  reverse is t rue  for  closure o f  t he  valve, i.e. a t  
first  rap id ly  and t hen  more  slowly.  The  d i f fe ren t ia l  pressure be tween  b o t h  
sides o f  the  pel let  is con t ro l led  dur ing  th is  cycl ing.  I f  th is  d i f ferent ia l  
pressure ever exceeds 4 in. o f  water ,  t he  ac t ion  o f  t he  con t ro l  valve is imme- 
diate~.y reduced.  This  gives t ime  to  equi l ibra te  on  e i ther  side o f  t he  pellet .  

One o f  the  major  r equ i rements  for  expe r imen ta l  accuracy  is having a zero 
pres~xre di f ferent ia l  be tween  b o t h  sides o f  t he  pellet .  This  d i f fe ren t ia l  pres- 
sure is measured  b y  the  d / p  cell, PI 5. PI 5 sends a signal to  t he  pneuma t i c  
control ler ,  C I ,  which  adjusts  the  con t ro l  valve, V2;  accordingly ,  the  up- 
strem~ pressure is regulated b y  PR 3. This  pressure is h igher  t h a n  the  
opera t ing  pressure and so adequa te  f low t h r o u g h  the  con t ro l  valve can be 
obtained. 

The flow rate is determined by using a d/p cell to measure the pressure 
drop resulting from the flow of the process gas through an orifice. In Fig. 2, 
PI 1 measures the flow rate of N2, and PI 4 measures that of At. These flow 
rates are controlled by C2 and C3 pneumatic controllers by making adjust- 
ments to control valves V3 and V4. By controlling the pressure before 
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Fig. 1. Single pellet high temperature  diffusion cell reactor. 
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Fig. 2. F low chart of  the automated apparatus. 
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Fig. 4. Overall  v iew o f  the  appa ra tu s .  
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Fig. 5. High t e m p e r a t u r e  d i f fus ion  cell r eac to r .  
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Fig. 6. Open view of  the diffusion cell reactor during the experiment.  

the diffusion cell and the flow rate after the cell, flow rates and the pressure 
can be changed independently. 

CI, C2 and C3 have proportional and integral action. Cl and C2 should be 
tuned according to their manual. The Am control, C3, should be handled in a 
different way since the An- pressure is also under pneumatic control. The 
flow rate and pressure are interacting. If V2 is opened to increase the pres- 
sure in the diffusion cell the flow rate h~creases. This causes the controller, 
C8, to close V4, thus pressure increases more. The result is that the system 
tends to oscillate. This can be handled by turning controller C8 loosely. 

The accurate measurement of pressure is one of the important factors in 
obtaining accurate results in this experiment. Two indicators are used to 
m e a s u r e  t h e  p r e s s u r e .  PI 2 is a d / p  cel l  a n d  m e a s u r e s  l o w  p r e s s u r e s  u p  t o  2 0 0  
in.  o f  w a t e r .  PI  3 is a p n e u m a t i c  t r a n s m i t t e r  w h i c h  m e a s u r e s  t h e  p r e s s u r e  u p  
t o  75  psig .  B o t h  PI  2 a n d  PI  8 m e a s u r e  t h e  p r e s s u r e  in t h e  N~_ s t r e a m .  T h e  Ar  
p r e s s u r e  is c a l c u l a t e d  f r o m  t h e  d i f f e r e n t i a l  p r e s s u r e  m e a s u r e d  b y  PI  5. 

T h e  t e m p e r a t u r e  in t h e  cel l  is m e a s u r e d  w i t h  c h r o m e l - - a l u m e l  t h e r m o -  
c o u p l e s  o n  e i t h e r  s ide  o f  t h e  pe l l e t .  T h e s e  t h e r m o c o u p l e s  w e r e  p l a c e d  2 m m  
f r o m  t h e  G r e e t  l i m e s t o n e  p e l l e t  in  an  o ld  s t y l e  d i f f u s i o n  cel l .  T h e y  w e r e  
p l a c e d  5 m m  f r o m  t h e  pe l l e t ,  in  t h e  e x i t  gas s t r e a m  p i p e s ,  in t h e  m o d i f i e d  
d i f f u s i o n  cel l .  

T h e  sa l t  is l o a d e d  in a h a n d m a d e  s ta in less  s tee l  s ieve b o a t  w h i c h  is a t t a c h e d  
t o  t h e  e n d  o f  an  a l u m i n u m  wi re .  T h e  sa l t  b o a t  is p l a c e d  in a d e a d - e n d  o f  a T 
c o n n e c t i o n  l o c a t e d  o n  t h e  A r  i n l e t  s t r e a m  a n d  o u t s i d e  t h e  o v e n .  W h e n  sa l t  
a d d i t i o n  is d e s i r e d ,  t h e  b o a t  is p u s h e d  w i t h  t h e  wi re  u n t i l  t h e  e n d  o f  t h e  
o u t s i d e  p i p e  is r e a c h e d ,  t h u s  h a v i n g  t h e  b o a t  c lose  t o  t h e  pe l l e t .  
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The  d i f fus iv i ty  calcula t ions  require  t he  analysis  o f  t h e  N2 and  a~gon (or 
O2) s t re -ms  af ter  leaving the  d i f fus ion  cell. These  are ob t a ined  b y  gas chro- 
ma tog raphy .  At  t he  proper  t ime,  the  c o m p u t e r  sends a signal to  a fou~-way 
switch,  S10,  to  load up the  in jec t ion  coil w i t h  t he  N2 stream. The.N~ stream 
is passed t h rou gh  the  in jec t ion  coil,  sweeping o u t  a n y  gas remain ing  f rom the  
previous sample.  When this  is comple ted ,  t he  he l ium carrier  gas is passed 
t h r o u g h  the  in jec t ion  coil,  thus  in jec t ing the  a m o u n t  o f  gas con ta ined  in the  
in jec t ion  coil. A similar p rocedure  is fo l lowed  for  t he  Ar  s t ream.  F r o m  the  
in jec t ion  system,  the  "helium carrier gas takes  the  sample d i rec t ly  in to  the  
co lumn.  The  separa t ion of  Ar and  N2 (or O2 and  N~) is achieved b y  using a 5 / ~  
molecular  sieve co lumn.  The  oven is opera ted  a t  r o o m  t empera tu re  to  ob ta in  
the  m a x i m u m  separat ion.  The  co lumn  length  was 30 ft .  I t  takes  approxi-  
ma te ly ,  20 rain to  process.  The  areas unde r  the  peaks  are de t e rmined  by  the  
PDP8e compu te r  using a variable gain. 

E f f e c t i v e  d i f f u s i v i t y  calculat ions  

Nitrogen and argon enter the cell from opposite ends. Let the flow rates 
be QN2 ( cm3 sec-1), and QAr ( cm3 sec-1) for nitrogen and argon, respectively. 
From gas chromatographic results, the volume ratios (or mole ratios) of gases 
can be calculated at each side of the cell (see Fig. l). 

If the argon side is analyzed by injecting a sample from this side to the gas 
chromatograph, first the argon peak will be obtained, followed by the 
nitrogen peak. If the corrected areas are (AA~)I and (A~2)I, the mole ratio of 
argon is 

(Y.~)~ = (AA~)I / [ (AAr)I  + (AN2)1] (1) 

and the  mole  rat io o f  n i t rogen  is 

(Y~2)1 = (A~2) I / [ (AAr ) I  + (AN2)1] (2) 

When a sample f rom the  n i t rogen  side is in jected in to  the  gas ch romatograph ,  
(YA~)2 mud (Y~2)2 Can be calcula ted as on  t he  argon side. 

The a m o u n t  of  d i f fused argon is (ON2)ou~ X (YA~)2 (cm 3 sec - ' ) .  F rom a 
knowledge  of  t he  r o o m  t empe ra tu r e  and  pressure,  t he  n u m b e r  o f  moles  of  
diffused argon can be calculated.  Since t he  d i f fus ion  area o f  the  Greet  lime- 
s tone pel le t  is a l ready known ,  the  n u m b e r  o f  moles  o f  argon dif fused per  
cm 2 per  sec can  be calculated.  

NAt = -- P-~--" O,~+- (YAD~ -- (YA~)~ (3) 
R T  Ar 

where  Ar is the  th ickness  o f  t he  pel le t  in cm and  NAt is t he  argon molar  f lux 
in g moles  cm -2 sec -1. The  molar  f lux  ra t io ,  NN2/NA~,  is the  same regardless 
o f  the  ex ten t  o f  t he  Knudsen  and  bu lk  di f fus ion.  Evans et  al. [6] have shown 
this  cons tan t  to  be 

- V 1.19 

A correction is made to obtain the right experimental results, i.e. 

(4) 
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(NN2)exp + ZkN 
- 1 . 1 9 4  (5)  

( N ~ ) e x p  - -  A N  

A N  = [ 1 . 1 9 4  • (NAr)exp - -  (NN2)exp] /2 .194  (6) 

(NN2)cor" = (NN2)exp + ~ (7) 

(NAt)cot" = (NAr)exp -- ~ (8)  

In  t h e  m o d i f i e d  d i f f u s i o n  cel l  f o r  ( y ~ ) i  a n d  ( Y ~ ) 2  t h e  a r i t h m e t i c  m e a n  o f  
t h e  in le t  a n d  o u t l e t  c o n c e n t r a t i o n s  is u sed ,  i .e.  

( y ~ ) ,  _ 0 + ( Y ~ ) I  (YA,)2 - 1 + (YAr)2 (9) 
2 ' 2 

This  r e p r e s e n t s  t h e  d r iv ing  f o r c e  wel l .  
(De)N2 a n d  (De)A~ wi l l  b e  c a l c u l a t e d  f o r  1 a n d  4 a t m .  T h e  b u l k  d i f fu s iv i t y  

is d e p e n d e n t  o n  p re s su re ,  w h e r e a s  t h e  K n u d s e n  d f f fus iv i ty  is n o t  w h e n  t h e  
m e a n  f ree  p a t h  does  n o t  c h a n g e .  T h e  C h a p m a n  e q u a t i o n  is 

T312(I/MA~ + I/MN:) I12 
(DAr_N2)Bul k = 0 . 0 0 1 8 5 8 8  Pc " o2;~-N2 " &"~Ar--N2 (10)  

(DAr)Knud.~en = 9700 • r e - T ~ A  r (II) 

The mean pore radius can be defined as 

2Vg 20 
re = ~ - (12) 

Sg Sgpp 
w h e r e  8 is t h e  p o r o s i t y ,  Sg is t o t a l  su r f ace  a r ea  in c m  2 g-*, a n d  pp is t h e  aver-  
age  pe l l e t  d e n s i t y  in  g c m  -3. S u b s t i t u t i n g  e q n .  (12)  in eqn .  (11) ,  t h e  K n u d s e n  
d i f f u s i o n  c o e f f i c i e n t  f o r  a p o r o u s  pe l l e t  b e c o m e s  

62 
_ D E "  0 _ 19 400  T ~ A r  (13)  

r rSgpp (DAr)K,e 

or 

(D~)K,e 

(De)~  = 

9 7 0 0  • re • e V-M-? = ~: - - . - , ,  ~ ( 1 4 )  

1 
(1 - -  YAr)/(D~--N2)e + [ ( I /DAr)K,e]  (15)  

w h e r e  a = 1 + NN~/NAz. 

B o s a n q u e t  [7]  s h o w e d  t h e r e  is n o  s ign i f i can t  d i f f e r e n c e  b e t w e e n  t h e  
(De) ~ w h i c h  w e r e  o b t a i n e d  f r o m  e q n .  (15)  a n d  t h e  e q u a t i o n  g iven b e l o w .  

1 _ l--aylr ~ 1 (16) 

( D , ) ~  [D(~-N2~], (D.~)K,, 
L e t  us  w r i t e  eqn .  (16)  f o r  P2 a r m  a n d  P l  a t m o s p h e r e  a b s o l u t e  p ressu res  

i _ 1 -- ~YA~ + 1 (17) 

(De,At)p2 [D(~,N~),e]  p2 [(DAr)K,e]p2 
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1 1 - -  ~ y ~  1 
- + (18) (De,t-~)pl [D(~,Nz)~]p i [ ( D ~ ) z , e ] p ,  

1 1 
= (19)  

[(DAr)K.e]p~. [(DAr)K.e]p 1 

[D(A~,N2),e]p2 = (Pl/P2) [D(A~--N2),e]pI (20) 

Subtract ing eqn.  (18) f rom eqn.  (17) and  subst i tu t ing eqns.  (19) and (20) 
gives 

yh~)(p2--p~/~ I i ] 
(21)  

\ (Do. ) IJ 

( D e . ~ ) , 2 ,  and  (De.A~)p, are known .  [(DAr.N2)e]p~, t he  effect ive bulk  diffusiv- 
ity of -At at 1 arm can be calculated from eqn. (21). By substituting this 
value in eqn. (18), [(DA~)K,e]p~ can be found. The temperature and mole- 
cular weight of argon are known• If the porosity and tortuosity are known, - 
the average pore radius can be calculated from eqn. (14)• 

(DA~--N~) Can be calculated from eqn (I0), and [(DA~--N )e]Pl is obtained 
from the experimental results. From the following equatmn the tortuosit~, 
T, will be found 

• -- (22) [(D(Ar--N2)e]Pl = (DAr--N2)Pl r 

r = (DAr--~-2)pl " e/[(DAr.~2)e]pl (Ts) 

and t h e  poros i ty  will  be f o u n d  f rom the  a m o u n t  o f  evolved C02• 
When the  poros i ty  and  to r tuos i ty  are k n o w n ,  t he  m e a n  pore  size can be  

calctflated f rom eqn. (24) 

(DA~)K.e " r l M/-M-~ 
re= 9-- 6 : V 

F r o m  eqn.  (3), the  exper imenta l  effect ive diffusivi ty of  argon is 

(De~)A~ = "--(NA~)eor. " RT" A / [ p  " ((Y~)2 --  (YA~)I)] 

(De~)N2 will be calculated in the  same way. 

(24) 

(25) 

SAMPLE RUN 

t i n  e x p e r i m e n t  at 843°C is carried ou t  for 110 h (see Fig. 7). The  diffusiv- 
ity of argon and nitrogen is increased as a function of calcination time. After 
45 h of calcination~ a salt boat is pushed close to the pellet. The salt vapor is 
allowed to open up the pores. The diffusivity of gases is increased. After 
74.9 h of calcination, the sulfation is stY. Instead of argon, 540 ppm SO2 
and 1.02% 02 in argon is used. The diffusivity of argon and nitrogen is 
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Fig. 7. D i f fus iv i ty  o f  a rgon  a n d  n i t r ogen  t h r o u g h  ca lc ined  G r e e r  l i m e s t o n e  du r ing  calci- 
na t ion ,  sa l t  a d d i t i o n  and  su l fa t ion .  T e m p e r a t u r e  8 4 3 . 1 ° C ;  r u n  no .  C6. 

decreased as t he  sulfat ion reac t ion  takes  place. There  was no  sulfur d iox ide  
on  the  N2 steam exit.  At  99.8 h salt is added  to  the  system; the  
diffusivit ies are increased again dur ing  the  sulfat ion.  

CONCLUSIONS 

The single pel le t  h igh t empe ra tu r e  d i f fus ion  cell reac tor  can be used  to  
measure  t h e  effect ive diffusivi ty o f  gases t h rough  t he  porous  pel lets  at  low 
and high t empera tu re s  (20- -1200°C) .  The  change in t he  diffusivi ty o f  gases 
due  to  the  chemica l  reac t ion  tha t  takes  place in t h e  pel le t  can be d e t e r m i n e d  
durLug t h e  react ion.  The  effect ive diffusivi ty o f  gases can also be  d e t e r m i n e d  
at d i f fe ren t  pressures up  to  45 psig. For  a d i f fus ion  l imi ted  react ion,  t he  
k n o w l e d g e  o f  effect ive diffusivi ty is one  o f  ma jo r  concern .  The  single pel le t  
h igh t e m p e r a t u r e  d i f fus ion  cell can be  used as a very  i m p o r t a n t  t o o l  in mea- 
suring the  diffusivities so the  react ion  can be  u n d e r s t o o d  and m o d e l e d  in a 
better way. 

NOMENCLATURE 

A uni t  area under  t h e  peaks 
Def~ e f fect ive  di f fus iv i ty  o f  a gas (cm 2 sec - z )  
M m o l e c u l a r  weight (g) 
N rate o f  d i f fus ion  (g m o l e  cm -2 sec - I )  
p t h e  pressure o f  the  gas ( a t m )  
Q the  f l o w  rates ( cm3 / sec )  
Ar t h e  th ickness  o f  the  pe l le t  ( c m )  
y t h e  m o l e  ratio o£ gas 
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