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R e d u c t i o n o f Z n O s i n g l e p a r t i c l e s w i t h C O w a s i n v e s t i g a t e d a t a t m o s p h e r i c p r e s s u r e f r o m
1000 ° to 1 5 0 0 ° C . W e i g h t l o s s d a t a up to a b o u t 90 p c t r e d u c t i o n w e r e e a s i l y r e p r o d u c i b l e f o r
t h e d e n s e p h o t o c o n d u c t i v e g r a d e Z n O p a r t i c l e s but not f o r t h e A m e r i c a n g r a d e s a m p l e s ,
w h o s e s c a t t e r was a t t r i b u t e d to t h e 13 p c t r e s i d u a l i n t e r n a l p o r o s i t y a n d t o i m p u r i t i e s . T h e
d a t a a g r e e d c l o s e l y w i t h a m i x e d r e g i m e m o d e l , w h i c h p i c t u r e s e x t e r n a l d i f f u s i o n a c t i n g in
s e r i e s w i t h a n i r r e v e r s i b l e f i r s t o r d e r k i n e t i c p r o c e s s a t t h e s u r f a c e . A f t e r t h e d i f f u s i o n a l
c o n t r i b u t i o n w a s s u b t r a c t e d , a c t i v a t i o n e n e r g i e s o f 3 7 , 9 0 0 (+2040) c a l p e r m o l e a n d 2 0 , 6 0 0
( ± 1 0 , 2 0 0 ) c a l p e r m o l e w e r e o b t a i n e d f o r t h e p h o t o c o n d u c t i v e a n d A m e r i c a n g r a d e s , r e s p e c -
t i v e l y . F o r t h e p h o t o c o n d u c t i v e g r a d e t h e m i x e d r e g i m e m o d e l g a v e a g o o d f i t o v e r t h e
e n t i r e t e m p e r a t u r e r a n g e . D i f f u s i o n a l l i m i t a t i o n s w e r e a p p r o a c h e d a t 1 5 0 0 ° C .

Z I N C e x t r a c t i o n by t h e r m a l o r e l e c t r o t h e r m a l m e t h -
o d s i n v o l v e s t h e o v e r a l l r e a c t i o n :

Z n O ( s ) + C(s ) = Z n ( g ) + C O ( g ) [1]

O n e m e c h a n i s m f o r t h i s p r o c e s s p o s t u l a t e s a d i r e c t
s o l i d - s o l i d r e a c t i o n b e t w e e n t h e Z n O a n d t h e C , 1 ' 2
w h i l e a s e c o n d s p e c u l a t e s a c h a i n r e a c t i o n i n v o l v i n g
t h e i n t e r m e d i a t e f o r m a t i o n of C O a n d C O z :3-s

Z n O ( s ) + C O ( g ) = Z n ( g ) + C O z ( g ) [2]

C O 2 ( g ) + C(s ) = 2 C O ( g ) [3]

T h e f i r s t m e c h a n i s m a p p e a r s to o f f e r m o r e r e s i s t a n c e
t o t h e p r o c e s s b e c a u s e i t r e s t r i c t s r e a c t i o n t o t h e
p o i n t s o f c o n t a c t b e t w e e n the Z n O a n d the C . B e c a u s e
o f t h i s , t h e s e c o n d m e c h a n i s m is a c c e p t e d m o r e
r e a d i l y , but n e i t h e r o f the s t o i c h i o m e t r i e s i s e n t i r e l y
s a t i s f a c t o r y . T h e f i r s t c a n n o t e x p l a i n the f o r m a t i o n o f
CO2 in the f u r n a c e , w h i l e the s e c o n d r e q u i r e s t h e i n i -
t i a l p r e s e n c e o f C O o r CO2 to i n i t i a t e r e d u c t i o n . R e a c -
t i o n s [2] a n d [3] m a y b e i n i t i a t e d e i t h e r by r e s i d u a l
o x y g e n p r e s e n t in t h e f u r n a c e d u r i n g s t a r t - u p o r e l s e
by o x y g e n g e n e r a t e d by t h e t h e r m a l d e c o m p o s i t i o n o f
Z n O :6

Z n O ( s ) = Z n ( g ) + ~-02(g) [4]

T h e 0 2 f o r m e d in t h i s f a s h i o n c o u l d t h e n r e a c t w i t h t h e
C to p r o d u c e t h e C O r e q u i r e d f o r r e a c t i o n [2]:

c(s) + ~o2(g) : c o ( g ) [5]
A l l o f t h e s e r e a c t i o n s p r o b a b l y o c c u r to s o m e e x t e n t
in a c o m m e r c i a l z i n c s m e l t i n g s h a f t . T h e n e t c o n t r i -
b u t i o n o f e a c h r e m a i n s u n k n o w n a t t h e p r e s e n t t i m e .

T h i s p a p e r i n v e s t i g a t e s r e a c t i o n [2] b o t h t h e o r e t i -
c a l l y a n d e x p e r i m e n t a l l y , w i t h p a r t i c u l a r e m p h a s i s
b e i n g p l a c e d o n i s o l a t i n g t h e c h e m i c a l r a t e p r o c e s s a t
t h e s u r f a c e f r o m t h e p h y s i c a l r a t e p r o c e s s e s o f e x -
t e r n a l m a s s t r a n s f e r a n d i n t e r n a l d i f f u s i o n . P r e v i o u s
s t u d i e s e m p l o y e d p o r o u s s a m p l e s w i t h u n u s u a l g e o m -
e t r i e s , w h i c h m a k e i t d i f f i c u l t to e s t i m a t e t h e c o n t r i -
b u t i o n o f e x t e r n a l a n d i n t e r n a l d i f f u s i o n . T h e u l t i m a t e
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o b j e c t i v e i s to d e v e l o p a p r o c e s s e n g i n e e r i n g m o d e l o r
d e s i g n e q u a t i o n t h a t w o u l d e n a b l e p r e d i c t i o n a n d e v a l u -
a t i o n of m u l t i p a r t i c l e z i n c s m e l t i n g p r o c e s s e s .
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T w o t y p e s o f m e c h a n i s m h a v e b e e n p r o p o s e d f o r t h e
r e d u c t i o n o f Z n O w i t h C O . T y p e 1 m e c h a n i s m s p o s t u -
Late t h e i r r e v e r s i b l e c h e m i s o r p t i o n of C O o n t h e Z n O
l a t t i c e w i t h s u b s e q u e n t r e l e a s e o f Z n a n d C O z . T h e
e x a c t n a t u r e o f t h e s o l i d s t a t e s u r f a c e p h e n o m e n a h a s
b e e n d i s c u s s e d by A n d e r s o n ,7 O a t e s a n d T o d d ,8 a n d
m o r e r e c e n t l y by H a u f f e . 9 T h e o t h e r t y p e o f m e c h a -
n i s m a s s u m e s t h e t h e r m a l d e c o m p o s i t i o n o f Z n O into
Z n a n d O2, w h i c h t h e n d i f f u s e i n t o t h e bulk gas s t r e a m ,
w h e r e t h e O2 r e a c t s w i t h a n y C O p r e s e n t , l ° 'u I n t h i s
c a s e , t h e f u n c t i o n o f t h e C O is s i m p l y to e s t a b l i s h t h e
c o n c e n t r a t i o n g r a d i e n t s n e c e s s a r y f o r r e m o v i n g t h e
Z n a n d O2 f r o m t h e s u r f a c e , t h u s p r e v e n t i n g t h e i r a c -
c u m u l a t i o n to e q u i l i b r i u m p r o p o r t i o n s .

T r u e s d a l e a n d W a r i n g12 m e a s u r e d r a t e s o f r e d u c t i o n
1

f r o m 800 ° t o 1 1 7 5 ° C by s u s p e n d i n g a 1 i n . d i a m by 4- i n .
l o n g ZnO di sc into a 1~- i n . d i a m f u r n a c e tube f r o m o n e
a r m o f a n a n a l y t i c a l b a l a n c e . C a r b o n m o n o x i d e w a s
p a s s e d t h r o u g h t h e tube a t a r a t e of 0 . 2 9 5 g p e r m i n
p e r sq c m , a n d w e i g h t l o s s d a t a o b t a i n e d f o r t h e e a r l y
s t a g e s o f r e d u c t i o n . F i g . 1 i l l u s t r a t e s t h e t e m p e r a t u r e
d e p e n d e n c e o f T r u e s d a l e a n d W a r i n g ' s i n i t i a l r e d u c t i o n
r a t e s . F r o m 800 ° t o 1 0 0 0 ° C T r u e s d a l e a n d W a r i n g ob-
s e r v e d a n a p p a r e n t a c t i v a t i o n e n e r g y of 20 k c a l p e r
m o l e a n d c o n c l u d e d that r e d u c t i o n i s c o n t r o l l e d b y s u r -
f a c e r e a c t i o n . T h e s l i g h t n e g a t i v e c u r v a t u r e s e e n a t
h i g h e r t e m p e r a t u r e s was a t t r i b u t e d to a n i n c r e a s i n g l y
i m p o r t a n t c o n t r i b u t i o n of a d i f f u s i o n p r o c e s s , t h e n a -
t u r e o f w h i c h w a s u n s p e c i f i e d . F i g . 1 , h o w e v e r , a l so
s h o w s p r e d i c t i o n s f o r a 1 c m d i a m s p h e r i c a l p e l l e t
a n d a C O v e l o c i t y o f 0 . 5 g p e r m i n p e r sq c m , c o m -
p u t e d by a s s u m i n g that e x t e r n a l d i f f u s i o n c o n t r o l s a t
a l l t e m p e r a t u r e s . T h e e x t e r n a l d i f f u s i o n m o d e l~3 a s -
s u m e s that t h e s u r f a c e r e a c t i o n i s s u f f i c i e n t l y f a s t to
g u a r a n t e e a l o c a l e q u i l i b r i u m a t t h e s u r f a c e . F o r
s t r o n g l y e n d o t h e r m i c r e a c t i o n s , s u c h a s Z n O r e d u c -
t i o n , t h e e q u i l i b r i u m c o n s t a n t i n c r e a s e s r a p i d l y w i t h
i n c r e a s e in t e m p e r a t u r e . W h e n t h e r e v e r s i b i l i t y o f t h e
r e a c t i o n i s c o n s i d e r e d , t h e h y p o t h e t i c a l e x t e r n a l d i f -
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F i g . 1--Comparison of T r u e s d a l e and W a r i n g ' s ini t ial ra te
da ta wi th predict ions of e x t e r n a l t r a n s p o r t model .

I0

f u s i o n m o d e l e x h i b i t s the s a m e t e m p e r a t u r e d e p e n d -
e n c e a s T r u e s d a l e and W a r i n g ' s d a t a . T h u s , a l a r g e
a p p a r e n t a c t i v a t i o n e n e r g y does not a l w a y s i m p l y a
s u r f a c e r e a c t i o n l i m i t e d p r o c e s s , n o r d o e s a c h a n g e
in a c t i v a t i o n e n e r g y a l w a y s i n d i c a t e a c h a n g e in the
r a t e - c o n t r o l l i n g s t e p . C o m p a r i s o n of e s t i m a t e d dif-
f u s i o n r a t e s wi th the o b s e r v e d o v e r a l l r a t e s i s the
only s u r e m e t h o d of d e t e c t i n g k i n e t i c c o n t r o l .

M I X E D - R E G I M E R E D U C T I O N M O D E L

R e d u c i n g g a s e s c a n a t t a c k both the e x t e r n a l and in-
t e r n a l s u r f a c e s of a ZnO p e l l e t ; the c o n t r i b u t i o n of
i n t e r n a l r e d u c t i o n , h o w e v e r , i s s m a l l f o r d e n s e p e l l e t s
s u c h a s t h o s e u s e d in the p r e s e n t s t u d y . E x t e r n a l
r e d u c t i o n i n v o l v e s :

1) D i f f u s i o n of C O t h r o u g h the e x t e r n a l f i lm o r
b o u n d a r y l a y e r s u r r o u n d i n g the p a r t i c l e .

2) R e a c t i o n of the C O with the ZnO s u r f a c e p r o d u c i n g
Zn v a p o r a n d CO2.

3) D i f f u s i o n of the Zn a n d COz t h r o u g h the b o u n d a r y
l a y e r in to the bulk g a s .
It i s n o t e w o r t h y that for e v e r y m o l e of C O c o n s u m e d
a t the s u r f a c e , two m o l e s of p r o d u c t g a s e s a r e f o r m e d
w h i c h s t r e a m a w a y f r o m the p e l l e t . T h u s , t h e r e i s a
net c o n v e c t i o n o r bulk flow a w a y f r o m the p a r t i c l e ,
w h i c h m a k e s i t m o r e d i f f i c u l t f o r the C O to a p p r o a c h
the ZnO. If i n t e r n a l r e a c t i o n i s a p p r e c i a b l e , t h r e e
a d d i t i o n a l s t e p s a c t in p a r a l l e l wi th s t e p 2 a b o v e :

4) D i f f u s i o n of C O into the i n t e r s t i c e s of the p e l l e t .
5) R e a c t i o n of C O with the i n t e r n a l s u r f a c e .
6) C o u n t e r d i f f u s i o n of the p r o d u c t Z n a n d CO2 out

of the p e l l e t .
S i n c e r e d u c t i o n i s also e n d o t h e r m i c , the e x t e r n a l
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s u r f a c e t e m p e r a t u r e of the ZnO s p e c i m e n m u s t d r o p
so that h e a t c a n b e r e c e i v e d by:

7) T h e r m a l r a d i a t i o n f r o m the f u r n a c e w a l l s .
8) C o n d u c t i o n , c o n v e c t i o n , and r a d i a t i o n f r o m t h e

s u r r o u n d i n g g a s .
If i n t e r n a l r e d u c t i o n i s c o n s i d e r a b l e , h e a t wi l l a l s o
b e t r a n s f e r r e d to the i n t e r i o r of the ZnO s a m p l e .

D e v e l o p m e n t of a c o m p l e t e l y g e n e r a l m o d e l f o r the
Z n O r e d u c t i o n p r o c e s s i s p r o h i b i t i v e l y d i f f i c u l t f o r
s e v e r a l r e a s o n s . F i r s t of a l l , p e l l e t p r o p e r t i e s s u c h
a s e x t e r n a l d i a m e t e r , e x t e r n a l a n d i n t e r n a l s u r f a c e
a r e a s , p o r e s i z e s , a n d so f o r t h , c h a n g e c o n s t a n t l y ,
thus v a r y i n g a l l t r a n s p o r t a n d k i n e t i c r e s i s t a n c e s .
S e c o n d l y , e s t i m a t i o n of d i f f u s i o n f l u x e s ( s t e p s 1 , 3 , 4 ,
a n d 6 a b o v e ) i s c o m p l i c a t e d b e c a u s e a t h r e e - c o m p o -
nent g a s (CO, CO2, Zn) i s i n v o l v e d a n d b e c a u s e of the
n e t c o n v e c t i v e flux a w a y f r o m t h e p e l l e t . F i n a l l y , heat
t r a n s f e r e f f e c t s a r e s u p e r i m p o s e d on th i s a l r e a d y
c o m p l e x m a s s t r a n s f e r p r o b l e m . I n g e n e r a l , ZnO r e -
d u c t i o n i s a m u l t i c o m p o n e n t , n o n e q u i m o l a r , c o u p l e d
r e a c t i o n , m a s s , a n d heat t r a n s f e r p r o b l e m with m o v i n g
e x t e r n a l a n d i n t e r n a l b o u n d a r i e s . To o b t a i n a f i r s t g e n -
e r a t i o n m o d e l , the f o l l o w i n g a s s u m p t i o n s a r e m a d e :

1) I n t e r n a l r e a c t i o n i s n e g l i g i b l e a n d the p e l l e t i s
s p h e r i c a l l y s y m m e t r i c a l wi th no c r a c k i n g o r s i n t e r i n g .

2) A type 1 c h e m i c a l m e c h a n i s m is o p e r a t i n g .
3) T h e s y s t e m is i s o t h e r m a l ; i . e . , heat f l u x e s do not

h a v e to be c o n s i d e r e d .
T h e f i r s t a s s u m p t i o n i s m o s t c r i t i c a l b e c a u s e i t d e -
t e r m i n e s the s u r f a c e a r e a e x p o s e d to the r e d u c i n g
a t m o s p h e r e . It p r o v e s , h o w e v e r , to b e a d e q u a t e f o r
d e n s e p e l l e t s . A type 1 c h e m i c a l m e c h a n i s m is a s -
s u m e d b e c a u s e t h e r e s e e m s to b e m o r e p r e c e d e n c e
f o r th i s type of m e c h a n i s m . A s f o r the t h i r d a s s u m p -
t i o n , n o n i s o t h e r m a l m o d e l s c a n b e d e v e l o p e d f o r th i s
s y s t e m , but the m u l t i p a r a m e t e r e q u a t i o n s that r e s u l t
a r e e x t r e m e l y d i f f i c u l t to i n t e r p r e t a n d v a l i d a t e e x -
p e r i m e n t a l l y .

A m i x e d r e g i m e m o d e l r e q u i r e s that r a t e e x p r e s -
s i o n s b e w r i t t e n f o r s t e p s 1 to 3 . F o r t u n a t e l y , p r e l i m -
i n a r y e s t i m a t e s o f m u l t i c o m p o n e n t d i f f u s i o n c o e f f i -
c i e n t s i n d i c a t e that the d i f f u s i o n c o u p l i n g e f f e c t i s
r o u g h l y o n e - t e n t h the m a i n d i f f u s i o n e f f e c t for the
C O - C O 2 - Z n s y s t e m . D i f f u s i o n c o u p l i n g m a y t h e r e f o r e
b e n e g l e c t e d a n d a l l m a i n d i f f u s i o n c o e f f i c i e n t s
t r e a t e d a s i d e n t i c a l . '4 S t e p s 1 a n d 3 , the flow of c o m -
p o n e n t s t h r o u g h the b o u n d a r y l a y e r , m a y b e w r i t t e n
a s the sum of d i f f u s i v e and c o n v e c t i v e t e r m s :

N C O = -~DC ~ x + ( N c o + NCO2 + NZn + N I ) Y c o

[6]
d Y c o z

N C O2 = - ~)C d x + ( N c o + NCO2 + NZn + NI)yCO2

[71
d Y z n

N z n = - ~ C ~ + ( N c o + N c o 2

i s ]
d Y I

g I = - ~DC - - ~ + (/qCO + NCO2 + g z n + NI)YI [9]

F r o m the r e a c t i o n s t o i c h i o m e t r y ( E q . [ 2 ] ) ,

R = - N c o = N c o ~ = N z n a n d NI = 0 [10]

+ NZn + NI)YZn

Subs t i tu t ing E q . [10J in to [6] to [9] a n d i n t e g r a t i n g f r o m
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x = 0 w h e r e y = Yb (bu lk p h a s e c o m p o s i t i o n ) t o x = 6
y i e l d s t h e gas c o m p o s i t i o n a t t h e s u r f a c e :

Y C O , s = ( 1 + YCO, b)eRS/CD - 1 [11]

= 1 - (1 -ycch,b)eR~/c~)YcO2,s [12]
YZn,s = 1 - (1 --yzn, b)eR5/C~) [13]

YI,s = YI, b eR6/C~ [14]

By d i r e c t a n a l o g y w i t h t h e c l a s s i c f i l m m o d e l , is a ) / 6
m a y be r e p l a c e d by t h e m a s s t r a n s f e r c o e f f i c i e n t k ,
w h e r e k in t u r n , m a y be c o r r e l a t e d 16 by

2.0 [DVP~\~'2fJL-~1,3 [15]kD +000 7 )
E q . [15] s h o w s that k v a r i e s w i t h t h e p a r t i c l e d i a m e t e r
a c c o r d i n g t o

/3 [16]k = ~ + Dlt2

w h e r e a a n d /3 a r e d i m e n s i o n a l c o n s t a n t s .
S t e p 2 , t h e s u r f a c e r e a c t i o n , m a y be m o d e l e d by a

r e v e r s i b l e r e a c t i o n a s s u g g e s t e d by t h e s t o i c h i o m e t r y :

l _e_ ao (c
R SM dt = 2M dt - - k r CO,s Kc /

= - k r C [ Y c o , s - YC~K);YZn's ] [17]

E q s . [ 1 1 ] , [ 1 2 ] , [ 1 3 ] , a n d [17] m a y n o w be c o m b i n e d to
y i e l d

R = k r C { P [ 1 - ( 1 - Y c o 2 , b ) e R/Ck]

x [1--(1--YZn, b)eR/Ck] - - [ ( 1 + YCO, b)eR/Ck- 1]}

[18]

w h i c h i s a n i m p l i c i t e q u a t i o n f o r t h e i n s t a n t a n e o u s
r a t e o f r e d u c t i o n , R . A l l q u a n t i t i e s in t h i s e q u a t i o n
a r e c o n s t a n t e x c e p t R a n d k , w h i c h v a r y a s t h e p a r t i c l e
d i a m e t e r d e c r e a s e s . E q . [18] i s c o m p a t i b l e w i t h t h e r -
m o d y n a m i c s b e c a u s e i t y i e l d s a z e r o r a t e of r e d u c t i o n
w h e n t h e bulk gas i s a t e q u i l i b r i u m . U n f o r t u n a t e l y ,
t h e r e d u c t i o n r a t e c a n n o t be s o l v e d e x p l i c i t l y , a n d nu-
m e r i c a l i n t e g r a t i o n i s r e q u i r e d t o d e t e r m i n e t h e p a r -
t i c l e d i a m e t e r a s a f u n c t i o n o f t i m e .

S I M P L I F I E D M I X E D - R E G I M E M O D E L

T w o s i m p l i f i c a t i o n s c a n be i n t r o d u c e d w h i c h p e r m i t
not o n l y e x p l i c i t s o l u t i o n f o r t h e r e d u c t i o n r a t e but
a l so a n a l y t i c a l i n t e g r a t i o n a s w e l l :

1) If t h e r e d u c t i o n r a t e , R , i s s m a l l r e l a t i v e to C k ,
t h e e x p o n e n t i a l s in E q . [18] c a n be l i n e a r i z e d to

R [19]en / c k = 1 + C---k

T h i s l i n e a r i z a t i o n i n t r o d u c e s a m a x i m u m e r r o r o f 28
p e t in t h e r e d u c t i o n r a t e u n d e r t h e m o s t e x t r e m e c o n -
d i t i o n s , i . e . , p u r e C O a t v e r y h i g h t e m p e r a t u r e s .

2) If t h e r e a c t i o n i s a s s u m e d to be e s s e n t i a l l y i r -
r e v e r s i b l e ,

PYco2,s YZn,s / g << Yco,s [20]

W h i l e t h i s a p p r o x i m a t i o n i s c e r t a i n l y q u e s t i o n a b l e a t
l o w t e m p e r a t u r e s w h e r e K is s m a l l , t h e s u r f a c e r e a c -

t i o n b e c o m e s i n c r e a s i n g l y i n f l u e n t i a l a t l o w t e m p e r a -
t u r e s , a n d s u r f a c e c o n c e n t r a t i o n s a p p r o a c h bulk
p h a s e v a l u e s . T h u s , f o r s m a l l c o n c e n t r a t i o n s o f CO2
a n d / o r Z n in t h e bulk p h a s e , t h i s a s s u m p t i o n i s s u r -
p r i s i n g l y u s e f u l .
T h e s e s i m p l i f i c a t i o n s r e d u c e E q . [18] to

CyCO,b
R = - 1 1 YCO,b [21]

kr +-k + k
T h e t e r m s , 1 / k r , 1/k, a n d YCO, b/k r e p r e s e n t t h e r e -
s i s t a n c e s due to s u r f a c e r e a c t i o n , d i f f u s i o n , a n d n e t
c o n v e c t i o n , r e s p e c t i v e l y . A s e x p e c t e d , t h e s e r e s i s t -
a n c e s a c t in s e r i e s . S u b s t i t u t i n g E q s . [16] a n d [17]
into [21] y i e l d s

__p__ dD [ 1 (l + YcO, b) ]
2M d--t -~r + a/D + {3/D •2 = - C y c o ,b [22]

I n t e g r a t i n g b e t w e e n t = 0 , D = D o a n d t = t , D = D
g i v e s

( I + Y c o , b)D2° 1(~k-72) [ 1 _ D 1t = o 2otMCYco,b

' 2 V"l•

w h e r e 7 = a//3D~12 a n d ~ = ~ / ( 1 + yCO, b)Dok~.. E q . [23]
p r o v i d e s t h e d e s i r e d r e l a t i o n s h i p b e t w e e n p a r t i c l e d i -
a m e t e r a n d t i m e f o r bulk gas c o m p o s i t i o n s f a r r e -
m o v e d f r o m e q u i l i b r i u m .

E X P E R I M E N T A L A P P A R A T U S A N D P R O C E D U R E

Two grades of ZnO, supplied by the St. Joe Minerals
Company, Monaca, Pennsylvania, were used in the ex-
perimental p r o g r a m - - - a p i g m e n t g r a d e A m e r i c a n p r o c -
c e s s o x i d e a n d a h i g h p u r i t y p h o t o c o n d u c t i v e g r a d e
o x i d e . T a b l e I l i s t s t h e r e p o r t e d i m p u r i t i e s . S p h e r i c a l
p e l l e t s w e r e p r e s s e d a t r o o m t e m p e r a t u r e u s i n g s p e -
c i a l s t a i n l e s s s t e e l d i e s d e v e l o p e d by N . C . S c r i v n e r ,17
a c o w o r k e r w h o w a s c o n d u c t i n g a s i m i l a r i n v e s t i g a t i o n
i n t o t h e k i n e t i c s of w t ] s t i t e r e d u c t i o n . M r . S c r i v n e r ' s
o r i g i n a l d i e s w e r e c o a t e d w i t h T e f l o n to f a c i l i t a t e m o l d
r e l e a s e , but t h i s c o a t i n g a l o n e p r o v e d i n a d e q u a t e f o r
p r e s s i n g Z n O p e l l e t s . R e l i a b l e m o l d r e l e a s e was
a c h i e v e d by c l e a n i n g t h e d i e s u r f a c e s w i t h h e x a n e a f t e r
e v e r y p r e s s . A s l o n g a s t h e h e x a n e was u s e d r e g u l a r l y ,
no b i n d e r o r e x c e s s m o i s t u r e was n e e d e d . T h e p r e s s e d
p e l l e t s w e r e d r i e d o v e r n i g h t a t 1 5 0 ° F a n d t h e n s i n t e r e d
in a i r in a G l o b a r r e s i s t a n c e f u r n a c e to r e d u c e t h e
p o r o s i t y . E s s e n t i a l l y z e r o p c t p o r o s i t y w a s a c h i e v e d

Table I. Analysis of Zinc Oxide Samples

Impurity American Photoconductive

Fe203 0.0142 pct 0.001 pct
SiO2 0.123 pct 0.002 pct
CdO 0.0033 pct 0.000177 pct
PbO 0.0095 pct 0.00102 pct
CuO 0.00070 pct 0.0001 pct
MnO 0.00163 pct 0.0005 pct
In,On 0.00110 pct 0.00017 pct
AI2Oa 0.053 pct 0.01 pct
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f o r t h e p h o t o c o n d u c t i v e g r a d e Z n O by s i n t e r i n g a t
1000°C f o r 1 h r , w h e r e a s o n l y 13 p c t v o i d a g e was ob -
t a i n e d f o r t h e A m e r i c a n g r a d e s p e c i m e n s by s i n t e r i n g
a t 1 4 0 0 ° C f o r 2 h r . P o r o s i t i e s w e r e c a l c u l a t e d f r o m
p e l l e t v o l u m e s d e t e r m i n e d by d i s p l a c i n g t e t r a c h l o r o -
e t h a n e in a 250 m l v o l u m e t r i c f l a s k a n d m e a s u r i n g
t h e d i s p l a c e m e n t w i t h a 1 m l p i p e t t e g r a d u a t e d to
w i t h i n 0.01 m l .

A t h e r m o g r a v i m e t r i c m e t h o d was u s e d to f o l l o w t h e
k i n e t i c s of r e d u c t i o n . T h e p e l l e t s w e r e s u s p e n d e d
f r o m a N i S p a n C s p r i n g b a l a n c e into a n a l u m i n a r e a c -
t i o n tube h e a t e d by a m o l y b d e n u m - w o u n d r e s i s t a n c e
f u r n a c e . T h e s e n s i t i v i t y of t h e s p r i n g was 0 . 6 0 2 c m
p e r g , a n d s p r i n g d i s p l a c e m e n t s w e r e f o l l o w e d w i t h a
c a t h e t o m e t e r c a p a b l e o f r e a d i n g to w i t h i n 0 . 0 0 5 c m .
T h e o v e r a l l s e n s i t i v i t y of t h e b a l a n c e s y s t e m w a s
t h e r e f o r e 8 . 3 m g , w h i c h was a d e q u a t e b e c a u s e o f t h e
l a r g e w e i g h t l o s s a c c o m p a n y i n g Z n O r e d u c t i o n . T h e
s p r i n g b a l a n c e a n d u p p e r s u s p e n s i o n w e r e p r o t e c t e d
f r o m t h e hot f u r n a c e g a s e s by m e a n s o f a N2 gas s e a l .
T h e a l u m i n a s e a l tube was s u f f i c i e n t l y l o n g to p r e v e n t
t h e r e v e r s i b l e d e p o s i t i o n o f Z n O o n t h e u p p e r s u s p e n -
s i o n . No Z n O d e p o s i t e d b e l o w t h e s e a l tube b e c a u s e o f
t h e h i g h e r t e m p e r a t u r e s t h e r e . T h e s a m p l e was l o c a t e d
a b o u t 15 i n . b e l o w t h e s e a l t u b e , a n d t h e d o w n w a r d s e a l
gas f l o w w a s a l w a y s s m a l l c o m p a r e d to t h e u p w a r d
r e d u c i n g g a s f l ow .

~, CO, C02, Zn

Fig. 2--Flow d i a g r a m of gas d i s t r i b u t i o n s y s t e m : 1 , 2 , 3--8 pet
H2-N2 m i x t u r e , N2 and CO gas c y l i n d e r s , respectively; 4 , 5 , 9 ,
10 , 11 , 12--rotameters; 6 , 7--magnesium p e r c h l o r a t e d r y i n g
t o w e r s ; 8--mercury manometer; 13--oxygen r e m o v a l f u r n a c e ;
14--copper b a s e c a t a l y s t c h a m b e r f o r oxygen r e m o v a l ;
15--Lindberg Hevi Duty high t e m p e r a t u r e molybdenum-wound
r e s i s t a n c e furnace; 16 , 17--water manometers.

T h e r e a c t o r c o n s i s t e d o f a 2 i n . I D by 60 i n . l o n g
i m p e r v i o u s a l u m i n a tube w h o s e l o w e r s e c t i o n w a s
p a c k e d w i t h a l u m i n a p e l l e t s to p r e h e a t t h e r e d u c i n g
g a s . T h e hot j u n c t i o n o f 30 gage P t v s P t 10 p c t Rh

1t h e r m o c o u p l e , i n s e r t e d f r o m t h e b o t t o m t h r o u g h a a-
i n . a l u m i n a p r o t e c t i o n t u b e , was l o c a t e d ~ i n . b e l o w
t h e s a m p l e . T h e c o l d j u n c t i o n w a s i m m e r s e d in a n
i c e b a t h , a n d t h e e l e c t r o m o t i v e f o r c e m e a s u r e d to
w i t h i n 0.01 m v ( 0 . 8 3 ° C ) w i t h a p o r t a b l e p o t e n t i o m e t e r .
T h e r e d u c t i o n tube w a s h e a t e d w i t h a 4 i n . d i a m m o l y b -
d e n u m r e s i s t a n c e f u r n a c e , h a v i n g a n o v e r a l l l e n g t h o f
52 i n . a n d a h e a t e d l e n g t h o f 24 i n . T e m p e r a t u r e s w e r e
c o n t r o l l e d to w i t h i n +2°C w i t h a B a r b e r C o l m a n p r o -
p o r t i o n a l t e m p e r a t u r e c o n t r o l l e r . F i g . 2 s h o w s t h e
gas d i s t r i b u t i o n s y s t e m , w h i c h p e r m i t t e d f e e d i n g o f
C O o r C O - N 2 m i x t u r e s to t h e r e d u c t i o n tube a n d N2-He
m i x t u r e s into t h e f u r n a c e i n s u l a t i o n c o m p a r t m e n t t o
p r e v e n t o x i d a t i o n o f t h e m o l y b d e n u m r e s i s t a n c e
w i n d i n g s .

T h e e x p e r i m e n t a l p r o c e d u r e w a s r e l a t i v e l y s t r a i g h t -
f o r w a r d . T h e p e l l e t was w e i g h e d , p l a c e d in a P t - 1 0 p c t
Rh w i r e b a s k e t , s u s p e n d e d f r o m t h e s p r i n g b a l a n c e ,
a n d g e n t l y l o w e r e d into t h e r e d u c t i o n t u b e . A s m a l l
h o i s t a t t a c h e d t o t h e s p r i n g b a l a n c e e n c l o s u r e w a s
u s e d f o r i n s e r t i n g a n d r e m o v i n g t h e p e l l e t s f r o m t h e
f u r n a c e . W h i l e t h e p e l l e t w a s b e i n g h e a t e d to r e a c t i o n
t e m p e r a t u r e , t h e r e d u c t i o n tube w a s p u r g e d w i t h N2.
C O w a s t h e n i n t r o d u c e d a n d t h e s p r i n g p o s i t i o n r e -
c o r d e d a t h a l f - m i n u t e i n t e r v a l s a b o v e 1 4 0 0 ° C a n d
e v e r y m i n u t e b e l o w 1 4 0 0 ° C . T e m p e r a t u r e , p r e s s u r e ,
a n d C O f l o w w e r e m e a s u r e d p e r i o d i c a l l y d u r i n g t h e
r u n .

R E S U L T S A N D D I S C U S S I O N

T h e s c o p e o f t h e e x p e r i m e n t s i s p r e s e n t e d in T a b l e
I I . M a n y r u n s w e r e t e r m i n a t e d e a r l y t o p r o v i d e p h o t o -

T a b l e I I. S c o p e o f E x p e r i m e n t a l D a t a

Type of Oxide A m e r i c a n Photoconductive

Initial pellet size, cm 0.77 to 1.4 0.98 to 1.0
Initial pellet weight, g 1.17 to 6.79 2.73 to 3.06
Reduction temperature, °C 1000 to 1400 1000 to 1500
CO Flow, gper sq cm per rain 0.25 to 0.59 0.11 to 1.5
Reduction time, rain 6 to 70 2 to 74
Final pct reduction 30 to 99 10 to 99

Fig. 3--Reduction of A m e r i c a n grade ZnO
p e l l e t s a t 1000°C: 15 , 38 , and 58 min.
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F i g . 4---Reduction of photoconductive ZnO
pellets at 1400°C: 2 , 5 , 6 , and 8 min .
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Fig. 5--Variation of f i r s t o r d e r rate constant d u r i n g reduction
of photoconductive g r a d e ZnO s a m p l e s .

g r a p h i c s a m p l e s , s o m e of w h i c h a r e i l l u s t r a t e d in
F i g s . 3 a n d 4 . In g e n e r a l , the p h o t o c o n d u c t i v e g r a d e
p e l l e t s r e a c t e d m o r e e v e n l y than the A m e r i c a n G r a d e .
T h e s u r f a c e r o u g h n e s s of the p h o t o c o n d u c t i v e ZnO
w a s a l s o m o r e p r o n o u n c e d at l o w e r t e m p e r a t u r e s
w h e r e s u r f a c e r e a c t i o n a n d h e n c e s u r f a c e h e t e r o g e n e -
i ty i s m o r e i n f l u e n t i a l . F o r the A m e r i c a n p e l l e t s , both
r e s i d u a l p o r o s i t y a n d s u r f a c e h e t e r o g e n e i t y a r e b e -
l i e v e d r e s p o n s i b l e f o r s u r f a c e r o u g h n e s s , the r e a c t i o n
t e m p e r a t u r e h a v i n g l i t t l e o r no e f f e c t .

O n e r u l e of t h u m b that p e r v a d e s the l i t e r a t u r e o n
g a s - s o l i d r e a c t i o n s s t a t e s that i f t h e r a t e s h o w s a
s t r o n g t e m p e r a t u r e d e p e n d e n c e , s u r f a c e k i n e t i c s a r e
controlling. This particular generalization, however,
does not apply to ZnO reduction. As discussed above,
the external transport model also shows a strong tem-
perature dependence because of the unusual effectof
the equilibrium constant. In general, the rule of thumb
about apparent activation energies must be used with
cautionwhenever large heat effects are associated
with the reaction. Over certain temperature ranges,
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Fig. 6--Variatlon of f i r s t o r d e r rate constant d u r i n g reduction
of A m e r i c a n g r a d e ZnO s a m p l e s .

e n d o t h e r m i c a n d e x o t h e r m i c r e a c t i o n s l i m i t e d by d i f f u -
s ion m a y a c t u a l l y e x h i b i t l a r g e p o s i t i v e a n d n e g a t i v e
o v e r a l l a c t i v a t i o n e n e r g i e s , r e s p e c t i v e l y . F u r t h e r -
m o r e , a s m a l l p o s i t i v e a p p a r e n t a c t i v a t i o n e n e r g y f o r
a n e x o t h e r m i c r e a c t i o n d o e s not n e c e s s a r i l y i m p l y a
d i f f u s i o n l i m i t e d p r o c e s s . I n s t e a d , i t m a y b e a n i n d i c a -
t ion of m i x e d c o n t r o l .

B e c a u s e the r u l e of t h u m b a b o u t a c t i v a t i o n e n e r g i e s
d o e s not a p p l y to ZnO r e d u c t i o n , i t i s d i f f i c u l t to d e -
v i s e a t r u l y c r i t i c a l t e s t f o r d i s t i n g u i s h i n g b e t w e e n
s u r f a c e r e a c t i o n a n d e x t e r n a l d i f f u s i o n c o n t r o l . Al l
da ta w e r e t h e r e f o r e a n a l y z e d in t e r m s of the m i x e d -
r e g i m e r e d u c t i o n m o d e l s d e s c r i b e d e a r l i e r . B e c a u s e
E q s . [18] a n d [21] c o r r e l a t e d the d a t a e q u a l l y w e l l ,18
t h e d i s c u s s i o n h e r e i s c o n f i n e d to the s i m p l i f i e d m i x e d
m o d e l . E q . [21] w a s s o l v e d to c o m p u t e the p o i n t - t o -
p o i n t v a r i a t i o n in the f i r s t o r d e r r a t e c o n s t a n t , kv:

k.~ : R / C [ 1 - (1 - YCO, b)(1 + R I C h ) ] [24]
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F i g . 7--Arrhenius p lo t of Eq . [28J for photoconductive g r a d e
ZnO.
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T h e p a r t i c l e d i a m e t e r , m a s s t r a n s f e r c o e f f i c i e n t , a n d
r e d u c t i o n r a t e p e r uni t s u r f a c e w e r e c o m p u t e d a s s u r e -
ing a s m o o t h s p h e r i c a l p e l l e t :

D = (6W/ l ip ) u3

k = e / D + ~/D 112

R = ( d w / d t ) / ~ D 2 M

[25]

[26J

[27]

R o u g h n e s s and s h a p e f a c t o r s c o u l d be i n c o r p o r a t e d
in to t h e s e e x p r e s s i o n s to a c c o u n t f o r d e v i a t i o n s f r o m
the i d e a l s u r f a c e , but i n d e p e n d e n t s u r f a c e a n d s h a p e
m e a s u r e m e n t s w o u l d b e n e e d e d to s e p a r a t e t h e m
f r o m the r a t e c o n s t a n t . In the a b s e n c e of t h e s e m e a s -
u r e m e n t s , i t s h o u l d b e r e a l i z e d that the c a l c u l a t e d
v a l u e of k r r e f l e c t s not only c h e m i c a l k i n e t i c s but
a l s o d e v i a t i o n s f r o m the i d e a l r e a c t i n g i n t e r f a c e .

F i g s . 5 a n d 6 show t y p i c a l v a r i a t i o n s in the r a t e
c o n s t a n t d u r i n g r e d u c t i o n . S o m e i n i t i a l f l u c t u a t i o n
o c c u r s , but no l o n g - t e r m t r e n d s a r e a p p a r e n t . T h e
o b s e r v e d v a r i a t i o n s d u r i n g t h e e a r l y s t a g e s of r e d u c -
t ion p r o b a b l y r e f l e c t the i n i t i a l t r a n s i t i o n f r o m a
s i n t e r e d s m o o t h s u r f a c e to a r o u g h r e a c t i n g i n t e r f a c e
a n d the e n d o t h e r m i c h e a t of r e a c t i o n , w h i c h w o u l d
p r o d u c e a n i n i t i a l d r o p in p e l l e t t e m p e r a t u r e .

A v e r a g e v a l u e s f o r the r a t e c o n s t a n t w e r e c o m p u t e d
f o r e a c h r u n , and t h e i r l o g a r i t h m s p l o t t e d a g a i n s t r e -
c i p r o c a l a b s o l u t e t e m p e r a t u r e . A s s h o w n in F i g s . 7
a n d 8 , the f i r s t o r d e r r a t e c o n s t a n t s e x h i b i t the c l a s -
s i c a l A r r h e n i u s - t y p e t e m p e r a t u r e d e p e n d e n c y . F o r
the p h o t o c o n d u c t i v e a n d A m e r i c a n g r a d e s , r e s p e c t i v e l y ,
the f o l l o w i n g e q u a t i o n s y i e l d the b e s t s t r a i g h t l i n e s
t h r o u g h the d a t a :

k r = 9 . 7 9 ( 1 0 5) exp - ( 3 7 , 9 0 0 ± 2 0 4 0 ) [28]
0tT
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k r = 1.80 (103) exp - ( 2 0 , 6 0 0 + 1 0 , 2 0 0 ) [29 [
~IT

T h e f r e q u e n c y f a c t o r s a n d a c t i v a t i o n e n e r g i e s w e r e
e s t i m a t e d by l i n e a r r e g r e s s i o n , a n d the e r r o r i n d i -
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Fig. 8--Arrhenius p lo t of Eq . [29J for A m e r i c a n g r a d e ZnO.
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F i g . 9--Comparison of model predict ions wi th data for photo-
conductive g r a d e ZnO.
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Fig. 10--Comparison of model predictions with data for photo-
conductive grade ZnO.

c a t e d for each activation energy represents the 95
pct confidence interval. For the A m e r i c a n grade ox-
ide, the scatter indicated by the 95 pct confidence limit
is considerable.

Fig. 9 shows how well the simplified mixed- reg ime
m o d e l fits the weight loss data for the photoconductive
grade ZnO at 1200°C. Also presented is the predicted
weight loss assuming that e x t e r n a l transport (of CO
towards and of CO2 and Z n away from the pellet sur-
face) is completely controlling. F i g s . 10 and 11 con-
firm that the mixed reg ime m o d e l fits the data very
well over the e n t i r e temperature range from 1000° to
1500°C.

CONCLUSIONS

This work supports the following specific conclu-
sions:

1) Good single particle reproducibility was achieved
in reduction of the high puri ty photoconductive ZnO,
but considerable scatter was encountered with the less
pure A m e r i c a n Grade. Commerc i a l grades may be
expected to exhibit even w i d e r variations in r e p r o -
ducibility.

2) Reduction of dense, high pur i ty , photoconductive-
g rade ZnO pellets with CO can be adequately de-
scribed by a two-step m o d e l which postulates an
external diffusion step acting in s e r i e s with a f i r s t
o r d e r i r r e v e r s i b l e chemica l reaction step at the sur-
f a c e . The chemica l reaction step exhibits an activa-
tion energy of 37,900 (+2040) cal per m o l e .

3) Results for the A m e r i c a n grade ZnO indicate
that impurities, primarily s i l i c a and alumina, inhibit
the rate at high temperatures.
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Fig. ll--Comparison of model predictions with data for photo-
conductive grade ZnO.

This study also refutes the " r u l e of t h u m b " which
states that a strong temperature dependence indicates
that surface reaction is controlling. Highly endother-
mic and exothermic reactions can exhibit large posi-
tive and negative apparent activation e n e r g i e s , r e s p e c -
tively, even when the o v e r a l l rate is controlled
entirely by diffusion. This o c c u r s over the t e m p e r a -
ture range w h e r e the equilibrium conversion changes
rapidly.
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NOMENCLATURE

Upper Case

total m o l a r gas concentration, mole per
cu cm; C = P/R T for an idea l gas m i x t u r e .

m o l a r concentration of component i at the
pellet surface, mole per cu cm; i = CO,
CO2, Zn, I (inert).

initial and instantaneous particle d iam-
e t e r , am.
thermodynamic equilibrium constant for
the ZnO reduction reaction, atm.

concentration equilibrium constant for the
ZnO reduction reaction, mole per cu am.

m o l e c u l a r weight of ZnO, 81.38 g per m o l e .

m o l a r flux of i th component, mole per sq
am per sea.

total p r e s s u r e , atm.

reduction rate of ZnO per unit a r ea of sur-
f a c e , mole per sq cm per sec.
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e x t e r n a l p e l l e t s u r f a c e , sq c m .

a b s o l u t e t e m p e r a t u r e , °K.

f r e e s t r e a m o r bulk g a s v e l o c i t y , c m p e r
s e a .

L o w e r C a s e

d i f f e r e n t i a t i o n o p e r a t o r .

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

f i r s t o r d e r s p e c i f i c r e a c t i o n r a t e c o n s t a n t ,
a m p e r SeE.

t i m e , s e a .

i n s t a n t a n e o u s p e l l e t w e i g h t , g .

s p a t i a l c o o r d i n a t e , c m .

m o l e f r a c t i o n of i th s p e c i e s .

m o l e f r a c t i o n o f i th s p e c i e s in the bulk g a s
a n d a t the p e l l e t s u r f a c e , r e s p e c t i v e l y .

S c r i p t

c o m m o n d i f f u s i v i t y f o r the CO, CO2, Zn
s y s t e m , sq c m p e r s e c .

u n i v e r s a l gas c o n s t a n t , 1 . 9 8 7 c a l p e r m o l e ,
°K, o r 82 .1 cu c m , a r m p e r m o l e , °K.

G r e e k

d i m e n s i o n a l c o n s t a n t d e f i n e d by E q s . [15]
a n d [ 1 6 ] , sq c m p e r s e c .

d i m e n s i o n a l g r o u p d e f i n e d by Eqs . [15]
a n d [ 1 6 ] , c m ale p e r s e c .

d i m e n s i o n l e s s g r o u p a/~D~o/2.

h y p o t h e t i c a l film t h i c k n e s s , c m .

d e n s i t y o f ZnO, 5 .6 g p e r c u c m .

Pg

P

g a s d e n s i t y , g p e r cu c m .

g a s v i s c o s i t y , p o i s e .

d i m e n s i o n l e s s g r o u p a / ( 1 + YCO, b ) D o k r
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