
CHAPTER V
PREPARATION OF ZIRCONIA POWDERS BY SOL-GEL ROUTE OF 

SODIUM GLYCOZIRCONATE COMPLEX

Abstract
Z irc o n ia  p o w d e rs  w ere  p rep a red  by  a so l-g e l m e th o d , u s in g  so d iu m  

g ly c o z irc o n a te  c o m p le x  as p re c u rso r  sy n th e s iz e d  v ia  th e  O x id e  O n e  P o t S y n th esis  
(O O P S ) p ro c e ss . G e la tio n  o f  th is  p re c u rso r  w as a c h ie v e d  th ro u g h  th e  v a ria tio n  o f  the 
h y d ro ly s is  ra tio  w ith o u t th e  u se  o f  th e  d o p an ts . T h e  gel sam p le s  w e re  a lso  ca lc in ed  at 
d iffe re n t te m p e ra tu re s . T h e  re su ltin g  z irco n ia  w as c h a ra c te r iz e d  u s in g  X -ray  
d iffra c tio n  an d  n itro g e n  a d so rp tio n /d e so rp tio n . T h e  so lid  m a te ria ls  o b ta in e d  a fte r  
h ea t tre a tm e n t a t 500°c by v a ry in g  th e  h y d ro ly s is  ra tio  h av e  la rg e  su rfa c e  a reas  o f  
154-220 m 2 g '1 an d  a n a rro w  p o re  s ize  d is tr ib u tio n  in  th e  m e so p o re  reg io n . By 
v a ria tio n  o f  th e  h e a t trea tm en t, th e  z irco n ia  x e ro g e ls  e x is te d  in  e ith e r  an  am o rp h o u s, 
te tra g o n a l, o r  m o n o c lin ic  fo rm  at ro o m  tem p e ra tu re . B ased  on  X R D  d a ta  the  firs t 
id e n tif ia b le  c ry s ta ll in e  s tru c tu re  d ev e lo p ed  fro m  th e  a m o rp h o u s  p h a se  w as the  
te tra g o n a l p o ly m o rp h , w h ich  w as fo rm ed  b e tw e e n  500 an d  800°c. W h en  the  
te m p e ra tu re  is ra ise d  to  1000°c, z irco n ia  p o w d e r  w ith  a  m o n o c lin ic  s tru c tu re  w as 
o b ta in ed . S u rfa c e  a rea s  ab o u t 280 m 2 g '1 w as o b ta in e d  a f te r  c a lc in a tio n  a t 400°c, 
w h ich  d ro p  to  ca . 70  m 2 g '1 fo llo w in g  tre a tm e n t a t 1000°c.
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Introduction
R e c e n t re se a rc h  in te re s t in z irco n ia  has g rea tly  e n h a n c e d  the  p ro sp ec ts  to  

ap p ly  th is  m a te r ia l in  au to m o tiv e  gas sen so rs , c a ta ly s is , e tc .1' 2 H o w ev e r, the  
p ro p e rtie s  o f  z irc o n ia  re la te d  m a te ria ls  d ep en d  on  the  s ize , ch em ica l c o m p o sitio n  o f  
in itia l z irc o n ia  p o w d e rs . T h e se  im p o rtan t p ro p e rtie s  a re  c o n tro lle d  by  severa l 
p re p a ra tio n  p ro c e sse s . T h e  so l-g e l m e th o d  is u sed  to  o b ta in  ce ra m ic  m ate ria ls  
e x h ib itin g  w e ll-c o n tro lle d  m ic ro s tru c tu re s  an d  b e tte r  p ro p e rtie s  th an  m ate ria ls  
p rep a red  by  c la s s ic a l p ro c e d u re s .3'4 N o t m an y  s tu d ie s  o f  a g g re g a tio n  in z irco n ia  
b a sed  so lu tio n s  h a v e  b e e n  d o n e  b e c a u se  o f  th e  d iff ic u ltie s  in a v o id in g  fa s t h y d ro ly sis  
o f  z irc o n iu m  a lk o x id e  in  th e  p re se n c e  o f  ev en  a sm all a m o u n t o f  w a te r, le ad in g  to  a 
fa s t p re c ip ita tio n  o f  z irc o n iu m  h y d ro x id e  an d  to  h e te ro g e n e o u s  g e ls . S o d iu m  
g ly c o z irc o n a te  c o n ta in in g  e th y le n e  g ly co la te  lig an d s  is a lk o x y a lk o x id e  d eriv a tiv e . 
O ne a d v a n ta g e  o f  th is  ch e la te d  z irco n iu m  a lk o x id e  is h y d ro ly tic  re s is tan t, thus 
re su ltin g  in  m o re  c o n tro lla b le  c h e m is t r y .5 7

In th is  w o rk , z irc o n ia  m a te ria ls  w ere  p re p a re d  by  th e  so l-g e l p ro cess  o f  
so d iu m  g ly c o z irc o n a te  o b ta in e d  by  u sin g  the  m e th o d  d e sc r ib e d  in a  p re v io u s  p a p e r .8 
T h e  go a l o f  th is  w o rk  w as to  s tudy  th e  p rep a ra tio n  o f  z irc o n ia  m a te r ia ls  fro m  so d iu m  
g ly c o z irc o n a te  a s  a  c a n d id a te  p re c u rso r  in so l-g e l p ro cess . A d d itio n a lly , th e  e ffec ts  
o f  p ro c e ss in g  v a r ia b le s  on  p ro p e rtie s  o f  z irc o n ia  c a lc in e d  a t d if fe re n t tem p e ra tu res  
w ere  a lso  in v e s tig a te d . T h e  p o w d ers  o b ta in ed  w ere  th en  c h a ra c te r iz e d  u s in g  B E T  
su rface  a re a  an d  X R D  a fte r  th e rm al trea tm en t.

Experimental section
Materials. T h e  reag en ts  an d  p rep a ra tio n  o f  so d iu m  tr is (g ly c o z irc o n a te )  w ere  

th o se  u sed  in  p re v io u s  w o rk .8 Z irc o n iu m  h y d ro x id e  w as p u rc h a se d  fro m  A ld rich  
C h e m ic a l C o . an d  u sed  as rece iv ed . E th y le n e  g ly co l w as  p u rc h a se d  fro m  F arm ita lia  
C a rlo  E rb a  an d  p u rif ie d  by  frac tio n a l d is tilla tio n  a t 200°c, u n d e r  N2 b e fo re  use. 
S o d iu m  h y d ro x id e  w as p u rc h a se d  fro m  M e rc k  C o m p a n y  C o. L td . an d  u sed  as 
rece iv ed . M e th a n o l an d  a c e to n itr ile  w ere  p u rc h a se d  fro m  L a b -S c a n  C o m p an y  Co. 
L td . and  p u rif ie d  by  s ta n d a rd  te ch n iq u es . M e th a n o l w as  d is tille d  o v e r  m ag n esiu m  
ac tiv a te d  w ith  io d in e . A c e to n itr ile  w as d is tilled  o v e r  c a lc iu m  h y d rid e  p o w d er.
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T h e  sy n th e s is  o f  so d iu m  tr is (g ly c o z irc o n a te )  w as  c a rr ie d  o u t in  o n e  step . A 
m ix tu re  o f  z irc o n iu m  h y d ro x id e  an d  so d iu m  h y d ro x id e  w as su sp e n d e d  in E G , and  
h ea te d  to  th e  b o ilin g  p o in t o f  E G  u n d e r  n itro g en  to  d is till o f f  e th y le n e  g ly co l a long  
w ith  rem o v a l o f  w a te r  lib e ra te d  fro m  th e  reac tio n . T h e  so lu tio n  w as v ir tu a lly  c lear, 
in d ica tin g  re a c tio n  c o m p le tio n . T h e  reac tio n  m ix tu re  w as c o o le d  d o w n  to  ro o m  
te m p e ra tu re  an d  th e  c ru d e  p ro d u c t p re c ip ita te d  o u t as a  w h ite  so lid . T h e  so lid  w as 
sep a ra ted , w a sh e d  w ith  ac e to n itr ile  an d  d ried  u n d e r  v acu u m  (0.1 m m H g ) at room  
tem p e ra tu re .

Preparation of zirconia materials. T h e  so l-g e l p ro c e ss  w as c a rried  ou t at 
25°c. S o d iu m  g ly c o z irc o n a te  w as f irs t d isso lv e d  in  w a te r  u s in g  d if fe re n t h y d ro ly sis  
ra tio  ( h  =  fE O /a lk o x id e  m o la r ra tio ). H y d ro ly s is  ra tio  ra n g in g  fro m  6 to  24  w as 
in v es tig a ted . T h e  o b ta in e d  z irc o n ia  b a sed  ge ls w ere  so ak ed  an d  w a sh e d  in  w a te r  to  
re m o v e  th e  so d iu m . T h e  sep a ra te d  gel w as o v en  d ried  a t 80°c fo r  12 h and  th en  
c a lc in e d  at d if fe re n t tem p e ra tu res . F ro m  E D X  a n a ly s is  o f  th e  o b ta in e d  z irco n ia , it 
sh o w ed  th a t th e  so d iu m  ion  is rem o v e d  by  w ash in g .

Characterization. S im u lta n e o u s  th erm al a n a ly s is  (S T A ) w as a cco m p lish ed  
u sin g  a N e tz sc h  S T A  4 0 9  at a h ea tin g  ra te  o f  1 0 °c /m in . u n d e r  o x y g e n  a tm o sp h ere . 
T h is  te c h n iq u e  w as u sed  to  in v e s tig a te  the  c h a n g e  o f  g e ls  d u rin g  the  th e rm al 
tre a tm en t. B E T  su rfa c e  a rea  and  n itro g en  ad so rp tio n  c h a ra c te r iz a tio n  w e re  p e rfo rm ed  
u s in g  an  A u to so rb -1  gas so rp tio n  sy s tem  (Q u a n ta so rb  JR .). T e s t  m a te ria ls  w ere  
o u tg a sse d  a t 170°c u n d e r  the  red u ced  p ressu re , p r io r  to  a n a ly se s . P o w d e r  X -ray  
d iffra c tio n  p a tte rn s  w e re  e x a m in e d  u sin g  a R IG A K U  R IN T  2 0 0 0  c o n n e c te d  w ith  
C u K a  so u rc e  o f  ra d ia tio n  an d  o p e ra ted  at 4 0  kV , 30  m A  w ith  N i filte r.

Results and discussion
T h e  th e rm a l b e h a v io r  o f  the  z irco n ia  g e ls  w as s tu d ie d  up  to  1000°c u sing  

T G A -D T A  a n a ly se s  an d  X R D . T h e  h ea t tre a tm e n t p ro c e ss  b a se d  on  th e  T G -D T A  
cu rv es  w as u se d  to  c a lc in e  th ese  ge ls. F ig u re  1 sh o w s th e  ty p ic a l T G A -D T A  cu rv es 
o b ta in e d  fro m  th o se  d rie d  ge ls. T h e  w e ig h t lo ss  in  th e  te m p e ra tu re  ra n g e  200 -400°C
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is d u e  to  th e  c o m b u s tio n  o f  o rg an ic  sp ec ies  fo rm ed  b y  h y d ro ly s is  an d  co n d e n sa tio n  
d u rin g  th e  gel p re p a ra tio n . T h is  is su p p o rted  by  th e  p re se n c e  o f  tw o  e x o th e rm ic  
p eak s  a t ab o u t 2 0 0  an d  350°c in th e  D T A  cu rv es . It is su g g e s te d  th a t e lim in a tio n  o f  
o rg an ic s  th ro u g h  o x id a tio n  g en e ra te s  th e  e x o th e rm ic  reac tio n . T h u s , th e se  p eak s 
w ere  a ss ig n e d  to  th e  o x id a tiv e  d e c o m p o s itio n  o f  o rg a n ic  re s id u es . T h e  f irs t p eak  is 
p ro b ab ly  d u e  to  th e  e v a p o ra tio n  an d  d e c o m p o s itio n  o f  e th y le n e  g ly c o l trap p ed  in  the 
ge ls an d  th e  se c o n d  p eak  to  th o se  w ith in  the  p o res. A n  e x o th e rm ic  p eak  a t ab o u t 
500°c w as th e  re su lt o f  the  d e c o m p o s itio n  o f  Z r-O H  an d  so m e  o rg a n ic  re s id u es  and  
c ry s ta lliz a tio n , w h ic h  w as in  g o o d  a g reem en t w ith  th e  X R D  re su lts . H o w e v e r, a t the 
te m p e ra tu re  500°c, th e  gel p rep a red  a t h =  12 e x h ib its  a g ray ish  a p p e a ra n ce  d u e  to 
the  free  c a rb o n  re m a in in g  in th e  sam p le , in d ic a tin g  a  n eed  fo r h ig h e r  h ea t tre a tm en t 
te m p e ra tu re . U p o n  fu r th e r  in c rea s in g  th e  te m p e ra tu re , the  w e ig h t loss in the 
te m p e ra tu re  ra n g e  7 0 0 -8 0 0 °C  w as cau sed  by  th e  d e c o m p o s itio n  o f  th e  resid u a l 
c a rb o n  c o m p le te ly  re m o v e d  fro m  a d ried  gel.

T h e  e v o lu tio n  o f  th e  X -ray  d iffrac tio n  p a tte rn s  o f  z irc o n ia  g e ls  (F ig .2) h ea ted  
to  th e  d e s ire d  te m p e ra tu re  in  th e  ran g e  400°-1000°C su g g es ts  th a t th is  e x o th e rm  is 
d u e  to  c ry s ta lliz a tio n  o f  a m o rp h o u s  z irco n ia  in to  th e  te tra g o n a l p h ase . In d eed , on  
h ea tin g , a X R D  p e a k  at 20  =  30.2°, c h a ra c te ris tic  o f  te tra g o n a l z irc o n ia  (IC D D  file  
17-293), w as d e te c te d . T h e  p eak  sh a rp n ess  and  in te n s ity  in c re a se d  w ith  tem p e ra tu re  
in d ic a tin g  an  im p ro v e m e n t in c ry s ta llin ity  o f  z irco n ia . H ea t tre a tm e n t to  1000°c 
b ro u g h t a b o u t th e  te tra g o n a l- to -m o n o c lin ic  tra n sfo rm a tio n . C ry s ta llin e  p h ase s  w ere  
id e n tif ie d  by  c o m p a r iso n  w ith  th e  IC D D  file  37-64. In  ad d itio n , it is w o rth  to  no te  
th a t th e  c ry s ta ll in ity  d e c re a sed  w ith  in c reas in g  h y d ro ly s is  ra tio . A c c o rd in g  to  the 
g e la tio n  p ro c e ss , w h en  th e  h y d ro ly s is  ra tio  w as in c re a se d , th e  g e la tio n  tim e 
d ec rea sed . T h e  in c re a se  in w a te r  av a ila b le  fo r h y d ro ly s is  in c re a se d  th e  n u m b e r o f  Z r- 
O H  g ro u p s  p re se n t. T h e  in c rea se  in  th is  g ro u p  a c c e le ra te d  th e  c o n d e n sa tio n  reac tio n , 
thus d e c re a s in g  th e  g e la tio n  tim e. T h e  h ig h e r h y d ro ly s is  ra tio  p ro v id e d  less tim e  to 
a rran g e  i ts e lf  le a d in g  to  lo w e r c ry sta lliz a tio n .

T o  g iv e  th e  in fo rm a tio n  ab o u t the  c ry s ta llite  g ro w th  p ro c e ss , re p re se n ta tiv e  
S E M  m ic ro g ra p h s  o f  c a lc in e d  sam p le s  are  sh o w n  in  F ig .3. A ll th e  m ic ro g ra p h s  are
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e x h ib ite d  a t sa m e  m a g n ific a tio n . W h en  th e  c a lc in a tio n  te m p e ra tu re  is ra ised , the 
c ry s ta ls  b e g in  to  s in te r  an d  ag g lo m e ra te  to g e th e r  a ffe c tin g  th e  su rfa c e  areas.

T h e  e v o lu tio n  o f  the  sp ec if ic  su rface  a rea  as  a  fu n c tio n  o f  ca lc in a tio n  
te m p e ra tu re  w as g iv e n  in F ig . 4. T h e  su rface  a rea  d e c re a sed  w h en  th e  tem p era tu re  
in c re a se d  d u e  to  s in te rin g . T h is  o b se rv a tio n  is in a g re e m e n t w ith  th e  narrow  
d iffra c tio n  p e a k s , in d ic a tin g  the  c ry s ta llite  g ro w th  in th e  X R D  re su lts . A n  in crease  o f  
c ry s ta llin ity  fo llo w e d  the  rev e rse  tren d  to  the  su rface  a rea . It is a lso  n o ted  tha t the 
sm a lle r  th e  h y d ro ly s is  ra tio , th e  lo w e r the  su rface  area . L o n g e r  g e la tio n  tim es 
in c rea sed  th e  c ry s ta llin ity  w h ile  d e c re a s in g  th e  su rface  a rea . T h e  g e n e ra l sh ap e  o f  the 
cu rv es  is th e  sam e . T h e  B E T  sp ec if ic  su rface  a rea  in c re a se s  w ith  th e  h y d ro ly s is  ra tio  
fro m  154 to  220 m 2/g  (F ig . 4 ). T h e  n itro g e n  a d so rp tio n /d e so rp tio n  iso th e rm  o f  the 
z irc o n ia  g e l fo r  th e  sy s tem  w ith  th e  h y d ro ly s is  ra tio  h  =  24  an d  ca lc in a tio n  
te m p e ra tu re  o f  500°c w as sh o w n  in F ig . 5 (a). T h e  sh a p e  o f  th e  iso th e rm  sh o w s the 
c h a ra c te r is tic  b e h a v io r  o f  the  s tru c tu re  o f  p o w d er, w h ich  is c o m p o se d  o f  an  assem b ly  
o f  p a rtic le s  w ith  la rg e  o p en  p ack in g . T h e  h y s te re s is  lo o p  in  th e  re la tiv e  p ressu re  o f
0.5-0.9 ty p ic a lly  re su lts  fro m  w ed g e d -sh a p e d  c a p illa r ie s  w ith  a  c lo se d  e d g e  at the 
n a rro w  sid e . A c c o rd in g  to  IU P A C  c la ss if ic a tio n , th is  iso th e rm  sh a p e  is o f  ty p e  IV  as 
w ell as  sh o w in g  a m ark ed  h y s te re s is  a sso c ia te d  w ith  c a p illa ry  c o n d e n sa tio n  in the 
m e so p o re  ra n g e  (20-500 Â). T h e  h y s te re s is  lo o p  in  g en e ra l m a tc h e s  w ith  ty p e  H 2. 
T h is  in d ic a te d  th a t  th e  p o w d e rs  c o n ta in  m eso p o re s . A lso , the  iso th e rm s  sh o w  one  
h y s te re s is  lo o p , in d ic a tin g  m o n o m o d a l p o re  s ize  d is tr ib u tio n s .9 T h e se  re su lts  
su g g e s te d  th a t a sm a ll p o re  s ize  d is tr ib u tio n  an d  u n ifo rm  p o re  s tru c tu re  w ere  
o b ta in e d . In m a n y  a p p lic a tio n s , th e  re a g e n t m o lecu le s  m u st o p e ra te  a c ro ss  th e  po ro u s 
sy s tem , as w e ll as th e  p ro d u c ts  h av e  to  leav e  th e  p o ro u s  m a te ria ls . M ass  tran sfe r  
p ro c e ss  in s id e  th e  p o ro u s  d e p e n d e d  on  p o re  s ize  an d  u n ifo rm ity  o f  p o re  s tru c tu re . 
A d d itio n a lly , F ig . 5 (b ) g av e  the  p o re  s ize  d is tr ib u tio n  sh o w in g  th a t th e  m ean  po re  
s ize  d ia m e te r  w as  a p p ro x im a te ly  65 Â . In o rg an ic  m a te ria ls  w ith  m e so p o re s  o f  
b e tw e e n  2 an d  50 n m  (a cco rd in g  to  IU P A C  c la ss if ic a tio n )  p lay  a ro le  in  liq u id  
se p a ra tio n s  (fo r  e x a m p le , c le a n in g  o f  tap  w a te r), c a ta ly tic  m a te r ia ls , c a rrie rs  and  
o th e r  fie ld s. 10 H ig h  a rea  im p lie s  f in e  p o res , b u t re la tiv e ly  sm a ll p o re s , su ch  as <  2 
nm , m ay  b e c o m e  p lu g g e d  in c a ta ly s t p rep a ra tio n , e sp e c ia lly  i f  h ig h  lo ad in g  are 
so u g h t. Z irc o n iu m  o x id e  p o w d e r  w ith  a  h igh , th e rm a lly  s tab le  B E T  su rfa c e  a rea
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Conclusions
. M e so p o ro u s  z irc o n ia  m a te ria ls  c o u ld  b e  p re p a re d  fro m  so d iu m  

tr is (g ly c o z irc o n a te )  p re c u rso r  u sin g  the  so l-g e l p ro cess  w ith o u t ad d itio n  o f  
s tab iliz e rs . B y o p tim iz in g  the  so l-g e l p a ram e te rs  in  th e  p re p a ra tio n , w e p re p a re d  the 
x e ro g e ls  w ith  h ig h  su rface  a rea  (ca. 2 2 0  m 2 g"1 a f te r  h e a tin g  a t 500°C) an d  m o d era te  
th e rm al s ta b ility  w ith  h ea tin g . T h e  u se  o f  z irc o n ia  as  a  c a ta ly s t o r  c a rr ie r  is e ffec tiv e  
w hen  th e  o x id e  h as  a  h ig h  sp ec ific  su rface  a re a  th a t rem a in s  s ta b le  in reac tio n  
c o n d itio n s . W ith  th e rm a l tre a tm en t, e ith e r an  a m o rp h o u s , o r  te trag o n a l, o r 
m o n o c lin ic  m a te ria l co u ld  b e  s im p ly  o b ta in ed  a t ro o m  te m p e ra tu re . Z irc o n ia  w as 
a m o rp h o u s  to  X -ray  d iffra c tio n  at 400°c, w ith  a  te tra g o n a l p h a se  a t 500°c, and  a 
m o n o c lin ic  p h a se  a t ab o u t 1000°c. K n o w led g e  o f  th e  th e rm a l p ro p e rtie s  o f  various 
p h ase s  w o u ld  b e  u se fu l fo r  n u m ero u s  te c h n o lo g ic a l a p p lic a tio n s  o f  z irco n ia  in 
e le c tro n ic  an d  s tru c tu ra l m ate ria ls .
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Figure Captions

F ig u re  1. D T A  an d  T G A  cu rv es  o f  the  z irco n ia  gel o b ta in e d  fro m  th e  h y d ro ly sis  
ra tio  (/ไ) =  12

F ig u re  2. X R D  p a tte rn s  o f  z irc o n ia  ge ls h e a t- tre a te d  a t v a rio u s  ca lc in a tio n  
te m p e ra tu re s  fo r  (a) h  =  6; (b) h  =  12; (c) h  =  24: ๐, te tra g o n a l p h ase  o f  
z irc o n ia ; • ,  m o n o c lin ic  p h a se  o f  z irco n ia

F ig u re  3. S c a n n in g  e le c tro n  m ic ro g rap h s  o f  ZrC >2 p o w d e rs  o b ta in e d  fro m  h  =  12 
a f te r  c a lc in in g  a t (a) 500°c, (b) 800°c, an d  (c) 1000°c.

F ig u re  4. S u rfa c e  a re a  o f  z irc o n ia  sam p le s  p rep a red  a t d iffe re n t h y d ro ly s is  ra tio  as a 
fu n c tio n  o f  h ea t tre a tm e n t tem p era tu re .

F ig u re  5. P lo ts  sh o w in g  (a) N itro g e n  a d so rp tio n /d e so rp tio n  iso th e rm s; (b ) P o re  s ize  
d is tr ib u tio n  o f  th e  z irc o n ia  gel fo r h  =  24  c a lc in e d  a t 500°c, 7 h.
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Figure 3. (Ksapabutr et al.)
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Figure 4. (Ksapabutr et al.)
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