
C H A PT E R  IV
R H E O L O G Y  A N D  H E A T  T R E A T M E N T  O F Z IR C O N IA  B A SE D  G ELS  
S Y N T H E S IZ E D  F R O M  SO D IU M  G L Y C O Z IR C O N A T E  PR E C U R SO R

A bstract
Z irc o n ia  b a se d  g e ls  w ere  p rep a red  by  th e  so l-g e l ro u te  u s in g  so d iu m  

tr is (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  d irec tly  f ro m  th e  reac tio n  o f  
in e x p e n s iv e  an d  re a d ily  a v a ilab le  co m p o u n d s  v ia  the  o n e  s tep  m e th o d . R h eo lo g ica l 
te c h n iq u e  w as u se d  to  in v e s tig a te  th e  so l-g e l tran s itio n  o f  z irc o n iu m  b a se d  m a te ria ls  
a t d iffe re n t w a te r /a lk o x id e  ra tio  an d  reac tio n  te m p e ra tu re . T h e  g e la tio n  tim e  w as 
d e te rm in e d  fro m  th e  ev o lu tio n  o f  th e  s to rag e  an d  lo ss  m o d u li v e rsu s  tim e  at v a rio u s 
fre q u e n c ie s  u s in g  th e  W in te r-C h a m b o n  c rite rio n . T h e  e ffe c t o f  an  in c rea se  o f  the  
h y d ro ly s is  ra tio  an d  /o r  te m p e ra tu re  w as an  e n h a n c e m e n t o f  th e  k in e tic s  o f  c ro ss lin k  
reac tio n s , th u s  d e c re a s in g  th e  g e la tio n  tim e. T h e  v a r ia tio n  o f  th e  g e la tio n  tim e  versus 
te m p e ra tu re  c o u ld  b e  d e sc rib e d  by  A rrh en iu s  law . F u rth e rm o re , z irc o n ia  p o w d e rs  
p re p a re d  fro m  th e  th e rm a l tre a tm e n t at 500°c w ere  a n a ly z e d  b y  X -ray  d iffrac tio n  
and  th e  B E T  tech n iq u e .
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Introduction
Z irc o n ia  is v e ry  u sefu l in m an y  ap p lic a tio n s  as c a ta ly tic  su p p o rts , co m p o site s , 

p ig m en ts , b io c e ra m ic s , p ie z o e le c tric  ce ram ics  an d  as so lid  e le c tro ly te  in  fuel ce ll o r 
o x y g en  s e n s o r . 1 ' 2  S tu d ie s  o f  th e  ea rly  s tag es o f  m o n o m e r o r  p a r tic le  ag g re g a tio n  are 
p a rtic u la rly  im p o rta n t fo r u n d e rs ta n d in g  the  b a s ic  m e c h a n ism  in v o lv in g  in the 
g e la tio n  p ro c e ss . M o s t o f  th ese  k in e tic  s tu d ies  a re  p e rfo rm e d  on  s ilica -b ased  
sy stem s. S tu d ie s  in  z irc o n ia -b ased  so lu tio n s  are  ra re ly  d o n e  o w in g  to  th e  d iff icu ltie s  
in a v o id in g  fa s t h y d ro ly s is  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. T h is  lead s  to  a  fast p re c ip ita tio n  o f  z irc o n iu m  h y d ro x id e  and  
h e te ro g e n e o u s  g e ls . T h is  p ro b lem  m ay  be av o id ed  by  a d d in g  th e  c h e la tin g  ag en ts , 
w h ich  a llo w s  a c o n tro lle d  c ro ss lin k in g  p ro c e s s . 3 H o w e v e r, th e  m o d ific a tio n s  are 
ra th e r  c o m p lic a te d  an d  ex p en s iv e . T h e  use o f  n ew  m eta l a lk o x id e s  is an  a lte rn a tiv e  
w ay  fo r th e  so l-g e l p ro cess . S o d iu m  tr is (g ly c o z irc o n a te )  is a g ly c o la te  d e riv a tiv e  o f  
z irc o n iu m  p re p a re d  d irec tly  fro m  th e  reac tio n  o f  in e x p e n s iv e  an d  re a d ily  av a ilab le  
co m p o u n d s  v ia  th e  o n e  s tep  p ro cess . Its p re se n c e  o f  e th y le n e  g ly c o la te  lig an d s  is 
h y d ro ly tic a lly  s ta b le , th u s  g iv in g  m o re  c o n tro lla b le  c h e m is try  a n d  m in im iz in g  
sp ec ia l h a n d lin g  req u irem en t. It is th e re fo re  a c a n d id a te  fo r  u s in g  as  p re c u rso r  in 
c e ra m ic  p ro c e ss in g . W e h e re in  s tu d y  the  v isc o e la s tic  p ro p e rtie s  an d  F T IR  on  so l-g e l 
p ro cess  o f  so d iu m  tr is (g ly c o z irc o n a te )  u n d e r d iffe re n t c o n d itio n s . A d d itio n a lly , so m e 
p re lim in a ry  th e rm a l s tu d ie s  o f  a  re su ltin g  z irc o n ia  gel a re  a lso  o b se rv e d .

E xperim ental Section
P rep aration  and H eat T reatm ent o f Z irconia  G els. S o d iu m  

tr is (g ly c o z irc o n a te ) , u sed  as the  z irc o n ia  so u rce  in th e  so l-g e l p ro c e ss , w as p rep a red  
a c c o rd in g  to  th e  p ro c e d u re  re p o rte d  e a r l ie r . 4  T h e  so l-g e l p ro c e ss  w as  c a rr ie d  o u t by 
ad d in g  w a te r  to  so d iu m  tr is (g ly c o z irc o n a te ) . A  s tu d y  on  th e  in flu en ce  o f  the  
fo llo w in g  p a ra m e te rs  (th e  h y d ro ly s is  ra tio  h  =  H 2 0 /a lk o x id e  m o la r  ra tio  and  the 
te m p e ra tu re  T )  w as p e rfo rm ed . T h e  ra n g e  fo r th e  p a ra m e te rs  w as as fo llo w s: h  =  6 - 
24  an d  T  -  2 0 ° -3 6 °C . T h e se  p a ra m e te rs  w ere  c h o se n  to  a llo w  a su ita b le  co n tro l o f  
the re a c tio n  k in e tic s .

T h e  re su ltin g  g e ls  w ere  so ak ed , w ash ed  w ith  d e io n iz e d  w a te r  to  e lim in a te  
so d iu m  an d  re c o v e re d  by  f iltra tio n  b e fo re  d ry in g . Z irc o n ia  p o w d e rs  w ere  o b ta in ed
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by h ea t tre a tm e n t o f  th e  d rie d  g e ls  in  a  fu rn ace  at 500°c fo r 7 h r. T h ese  m ate ria ls  
w ere  c h e c k e d  fo r  th e  ab se n c e  o f  re s id u a l so d iu m  u s in g  E D X  an a ly s is .

M easurem ents
S ol-gel process
R heological m easurem ents. T h e  s tu d ies  o f  so l-g e l tra n s itio n  an d  d y n am ic  

v isc o e la s tic  p ro p e rtie s  w ere  c a rried  o u t on  a  rh e o m e te r  (M o d e l A R E S ) w ith  a co n e- 
p la te  g e o m e try  (d ia m e te r  25 m m , a n g le  0 .0 4  ) c o v e re d  by  th e  h u m id ity  c h a m b e r to 
av o id  a  d ry in g  o u t d u rin g  m easu rem en ts . T h e  g ap  se t w as a b o u t 0 .051  m m . T h e  
te m p e ra tu re  w as c o n tro lle d  by  m ean s  o f  a  th e rm o s ta te d -c irc u la tin g  b a th . T h e  lin ea r 
v isc o e la s tic  ra n g e  o f  e a c h  sam p le  w as firs t d e te rm in e d  by  a s tra in  sw eep . T h e  m u lti
w av e  e x p e r im e n ts  w e re  c o n d u c te d  w ith in  the  lin e a r v isc o e la s tic  re g im e  o f  th e  sam p le  
(s tra in  y =  3 % ) in  th e  0 .2 -6 .4  rad  ร' 1 freq u en cy  range . A  n a rro w  fre q u e n c y  ran g e  w as 
e m p lo y e d  b e c a u se  th e ir  p ro p e rtie s  ch an g e  rem ark ab ly  w ith  tim e . A d d itio n a lly , no 
c ro sso v e r  at th e  c e r ta in  p o in t d e s ig n a te d  as the  gel p o in t w as o b se rv e d  on  th e  p lo t o f  
tan  8  v e rsu s  tim e  at h ig h e r  freq u en c ies . A lth o u g h  th e  tim e  re q u e s te d  fo r  G ' an d  G " 
to  be  e q u a l is id e n tif ie d  as the  gel p o in t by so m e  a u th o rs , 5 ' 6  a m o re  accu ra te  
d e fin itio n  o f  th e  gel p o in t has b een  g iv en  by W in te r  an d  c o -w o rk e rs  as the  p o in t 
w h e re  tan  8  is in d e p e n d e n t o f  freq u en cy . A cco rd in g  to  th is  c r ite r io n , th e  gel p o in t is 
d e te rm in e d  as th e  in s ta n t in  tim e  w h en  the  m o d u li sc a le  is in  an  id en tic a l fash io n  
w ith  fre q u e n c y , c o rre sp o n d in g  to  p a ra lle l lin es in a f re q u e n c y  sp ec tru m :

G'(co) -  G"(co) -๓ "  (1)

T h e  re la x a tio n  e x p o n e n t, ท, can  h av e  v a lu es  in th e  ra n g e  0 < ท<1 in d ic a tin g  a s tro n g ly  
e la s tic  gel (ท= 0 ) o r  a  m o re  v isco u s  gel (ท= 1 ) . 7 In a d d itio n , a t th e  g e l p o in t, the  loss 
ta n g e n t tan  8  b e c o m e s  in d e p e n d e n t o f  freq u en cy :

tan 8C= G7G' = tan(n7i/2) or 8C = nn/2 (2)
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T h u s, th e  gel p o in t can  be c o n v e n ie n tly  d e te rm in e d  by  th e  e v o lu tio n  o f  tan  Ô w ith  
tim e  a t d iffe re n t fre q u e n c ie s . S u ch  th e  d iffe re n t p lo ts  c o in c id e  a t a s in g le  p o in t, at 
w h ich  tan  6  is in d e p e n d e n t o f  freq u en cy . T h e  tim e  at w h ich  th is  o ccu rs  is the 
g e la tio n  t im e . 7

F T IR  sp ectroscop ic  characterizations. T h e  h y d ro ly s is  an d  co n d e n sa tio n  o f  
so d iu m  tr is (g ly c o z irc o n a te )  p re c u rso r  w ere  fo llo w e d  as a  fu n c tio n  o f  the  reac tio n  
tim e by  F T IR  sp e c tro sc o p y . T h e  F T IR  e x p e rim e n ts  w e re  p e rfo rm e d  u s in g  a  N ico le t 
N E X U S  6 7 0  sp e c tro p h o to m e te r  u s in g  a  D T G S -K B r w ith  16 scan s  a t a  re so lu tio n  o f  
4  c m '1.

C h aracterization  o f heated gels. Z irc o n ia  p o w d e rs  o b ta in e d  by  h ea tin g  the 
gel at 500°c w ere  a n a ly z e d  u s in g  X -ray  d iffrac tio n  an d  B E T  te c h n iq u e s . T h e  p h ase  
d e v e lo p m e n t in  th e  sa m p le s  th e rm a lly  tre a ted  at v a rio u s  te m p e ra tu re s  w as o b ta in ed  
at ro o m  te m p e ra tu re  u s in g  X -ray  p o w d e r  d iffrac to m e te r. X R D  sp e c tra  w ere  reco rd ed  
on  D /M A X  2 0 0 0  se rie s  u s in g  C u K a  ra d ia tio n  as an  X -ray  so u rce  an d  o p e ra tin g  at 40  
kV , 3 0  m A  w ith  N i filte r. B E T  su rface  a rea  an d  p o re  s ize  d is tr ib u tio n  w ere  m easu red  
by  u s in g  n itro g e n  a t 77  K  in A u to so rb -1  gas so rp tio n  sy stem . A ll m easu rem en ts  
w ere  p e rfo rm e d  a f te r  o u tg a ss in g  th e  sam p le  at 170°c u n d e r  v acu u m .

R esults
S ol-gel process
R heological m easurem ents. T h e  v a ria tio n  o f  th e  s to ra g e  (G ')  an d  lo ss  (G ") 

m o d u li an d  c o m p le x  d y n a m ic  v isc o s ity  ( 77*) as a  fu n c tio n  o f  th e  tim e  ( h  =  12 and  T  =  

25°C ) a t 0 .2  rad  ร" 1 w as d e p ic te d  in F ig . 1. In itia lly , G " is la rg e r  th an  G ',  w h ich  is a 
c h a ra c te r is tic  o f  liq u id s . A s th e  sam p le  u n d e rg o es  the  rea c tio n , th e  m o d u li in c reased  
w ith  tim e. H o w e v e r , G ' g ro w s m o re  rap id ly  th an  G ". T h e  in c re a se  in  G ' in d ica te s  a 
d e v e lo p m e n t o f  th e  n e tw o rk  s tru c tu re  w ith  a h ig h ly  e la s tic  b e h a v io r . T h e  v isco sity  
a lso  in c re a se d  as th e  g e la tio n  g rew . F ig . 2 d isp la y s  th e  tim e  e v o lu tio n  o f  tan ô  at 
v a rio u s  fre q u e n c ie s  d u rin g  th e  so l-g e l p ro cess  ( / 1 =  12 an d  T  =  25°C ). A ll the  tan  Ô 
cu rv e s  c o n v e rg e  at a  s in g le  p o in t, w h ich  c o rre sp o n d s  to  th e  g e l p o in t in  acco rd an ce
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w ith  th e  W in te r-C h a m b o n  c rite rio n . T h e  g e l tim e  tgei fo r  th is  sy s tem  is 
a p p ro x im a te ly  6 0 4 8  ±  235 ร. B e fo re  th e  gel p o in t, tan  Ô d e c re a se d  w ith  in c rea s in g  
freq u en cy , w h ic h  is ty p ica l fo r a v isco e la s tic  liq u id . A fte r  th e  g e l p o in t, tan  Ô 
in c re a se d  w ith  fre q u e n c y , as the  c h a ra c te ris tic  o f  a v isc o e la s tic  so lid . A p p aren tly , 
th e  sam p le  h ad  c h a n g e d  fro m  a v isc o e la s tic  liq u id  to  a  v isc o e la s tic  so lid . A cco rd in g  
to  p rev io u s  se c tio n , v a lu es  o f  ท n ea r the  g e la tio n  c r itic a l p o in t can  be  d e te rm in ed  
fro m  p o w e r law  ch a ra c te r . T h e  s lo p es  o f  th e se  lin e s  g av e  ท, th e  v isco e las tic  
e x p o n e n t in e q . l ,  fo r  th e  freq u en cy  d e p e n d e n c e  o f  th e  m o d u li. B o th  ท' an d  ท" va lues 
d e c re a se d  an d  th en  c o n v e rg e d  to  0 .0 6  at 6 0 4 8  ร. T h e se  v a lu e s  o f  ท c o m p o n en t 
c o rro b o ra te  w e ll w ith  th e  v a lu es  o b ta in e d  fro m  F ig . 2 an d  eq .2 . A t th e  g e l p o in t, tan  § 
is eq u a l to  0 . 1 , w h ic h  is c o in c id e n t w ith  an  ex p o n e n t o f  ท =  0 .06 .

T he in flu en ce o f the hydrolysis ratio. T h e  v isc o e la s tic  p ro p e rtie s  at the gel 
p o in t w e re  d e m o n s tra te d  in T a b le  1. T h e  in c rea se  o f  h  re d u c e d  th e  tim es re q u ire d  fo r 
g e la tio n . A lso , G ' o u tw e ig h e d  G " fo r all sy s tem s, sh o w in g  th a t th e  e lastic  
c o m p o n e n t a p p re c ia b ly  p re d o m in a te d  o v e r  th e  v isc o u s  o n e  a t th e  gel po in t. 
F u rth e rm o re , G ' an d  ๆ *  d e c re a sed  w h ile  ท in c re a se d  w ith  in c rea se  o f  h .  It co u ld  be 
n o te d  th a t w h en  th e  h  is g rea te r , gel fo rm a tio n  e v o lv in g  q u ick ly  th ro u g h  th e  reac tio n  
o f  h y d ro ly s is  an d  c o n d e n sa tio n  co n ta in s  lo w  in te rc o n n e c te d  n e tw o rk s. 
C o n se q u e n tly , th e  n e tw o rk  is lo o se r w ith  lo w er v a lu e  o f  G '. O n  th e  co n tra ry , a 
sy s tem  w ith  a  lo w e r  h  g rew  s lo w ly  re su ltin g  in  a  d e n se r  n e tw o rk  w ith  h ig h e r  G '. 
C o rre sp o n d in g ly , a  h ig h e r  v a lu e  o f  ท is re la ted  to  a  lo w e r  e la s tic  sy s tem  in d ica tin g  
th a t in te rm o le c u la r  c ro ss lin k s  a re  w eaker.

T he in flu en ce o f the tem perature. T h e  re su lts  o f  m e a su re m e n ts  p e rfo rm ed  
fo r d iffe re n t te m p e ra tu re s  b e tw e e n  20° and  36°c ( h  = 1 2 ) w ere  re p o r te d  in  T ab le  2. 
A t h ig h e r  te m p e ra tu re s  g e la tio n  o ccu rs  fas te r, re su ltin g  in  a  sh o r te r  tim e  to  gel. T h e  
d y n a m ic  m o d u li a t th e  gel p o in t d e c re a sed  w ith  in c re a s in g  te m p e ra tu re . T h e  tren d  o f  
th ese  re su lts  is a n a lo g o u s  to  th a t o f  o th e r  s tu d ie s . 7 , 8 A d d itio n a lly , th e  tem p e ra tu re  
d e p e n d e n c e  o f  ๆ *  w as a lso  s im ila r  to  th a t o f  th e  m o d u li. In c o n tra s t, the  ท va lues 
o b ta in e d  fo r a ll sy s te m s  in c rea sed  w ith  tem p e ra tu re . T h e se  o b se rv a tio n s  in d ic a te  tha t
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th e  n e tw o rk  fo rm a tio n  p ro c e e d e d  fa s te r  w ith  in c re a s in g  te m p e ra tu re , w h e re a s  th e  gel 
tex tu re  is ra th e r  lo o se .

T h e re  is so m e  d isc u ss io n  in  the  lite ra tu re  re g a rd in g  a p p a re n t ac tiv a tio n  
en e rg y  fo r th e  g e la tio n  re a c tio n  ca lcu la ted  fro m  th e  g e l tim e  a t d iffe ren t 
te m p e ra tu re s . 8 F ig .3 e x h ib its  a tgei v e rsu s  1/T cu rv e  in  s e m ilo g a rith m ic  sca le , w h ich  
can  b e  f itted  by  th e  a p p a re n t A rrh en iu s  law

ln(tgei) =  A  + E a/R T  (3)

w h e re  A  is a  c o n s ta n t, R  is th e  id ea l gas c o n s ta n t, an d  T  is te m p e ra tu re . T he 
a c tiv a tio n  e n e rg y  E a  o f  the  g e la tio n  can  be c a lc u la ted  fro m  th e  s lo p e  o f  a  p lo t o f  log  
tgei a g a in s t 1/T. T h e  v a lu es  o f  E a w ere  e s tim a te d  to  be  a p p ro x im a te ly  th e  sam e in 
each  ca se , a b o u t 87 ±  0 .6  k j  m ol"1. T h is  im p lie s  th a t Ea o f  th e  g e la tio n  does no t 
d e p e n d  on  h y d ro ly s is  ra tio .

F T - I R  a n a ly s is .  T h e  F T IR  sp ec tra  o f  th e  gel as a  fu n c tio n  o f  tim e  w ere  
c o m p a re d  to  e lu c id a te  the  s tu d y  o f  th e  h y d ro ly z e d  so d iu m  tr is (g ly c o z irc o n a te ) . A s 
th e  re a c tio n  p ro c e e d e d , a d e c re a se  in  th e  in ten s ity  o f  th e  Z r-O -C  v ib ra tio n  o f  so d iu m  
tr is (g ly c o z irc o n a te )  a t 1090 c m " 1 w as o b se rv ed . T h e  w id th  an d  in te n s ity  o f  som e 
p eak s  p re se n t a t 9 0 0 -5 0 0  c m " 1 re g io n s  in c reased . T h is  re su lt c o rre sp o n d e d  to  the  
fo rm a tio n  o f  Z r-O -Z r  b o n d s acco rd in g  to  th e  c o n d e n sa tio n  re a c tio n . F ig .4  d ep ic ts  
the  F T IR  sp e c tra  o f  h y d ro ly z e d  sy s tem s at d iffe re n t h y d ro ly s is  ra tio . T h e  in ten s ity  o f  
Z r-O -Z r  w as m a x im iz e d  a t /2=24 w ith  d e c re a s in g  th e  in ten s ity  a t lo w e r h y d ro ly sis  
ra tio . T h e  d e c re a se  in in ten s ity  o f  Z r-O -C  b an d  is a c c o m p a n ie d  w ith  th e  in c rease  o f  
Z r-O -Z r  b a n d  as h y d ro ly s is  ra tio  in c reases . T h is  im p lie s  th a t th e  g e la tio n  can  be 
a c c e le ra te d  w ith  in c re a s in g  h y d ro ly s is  ra tio  le ad in g  to  th e  re d u c tio n  o f  th e  gel tim e. 
It is o b v io u s  th a t th e  h y d ro ly s is  ra tio  is the  im p o rta n t fa c to r  a ffe c tin g  th e  gel tim e. 
F u rth e rm o re , it w as  fo u n d  th a t th ese  F T IR  o b se rv a tio n s  a re  c o n s is te n t w ith  the  
rh e o lo g ic a l re su lts .
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C haracterization  o f heated gel. S o m e p re lim in a ry  s tu d ie s  o f  h ea te d  gel 
w ere  p e rfo rm e d  to  o b se rv e  th e  e ffe c t o f  te m p e ra tu re  on  th e  p ro p e r tie s  o f  o b ta in ed  
z irco n ia . X R D  p a tte rn s  o f  th e rm a lly  trea ted  gel a t d iffe re n t te m p e ra tu re s  ran g in g  
b e tw e e n  400° an d  1000°c sh o w ed  a m o rp h o u s  p h a se s  a t 400°c, see  F ig . 5. A fte r a 
h ea t tre a tm e n t o f  500°c, c ry s ta lliz a tio n  o ccu rred . T h e  p eak  in te n s ity  in c re a se d  w ith  
te m 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 irc o n ia . H e a t trea tm en t 
to  1000°c b ro u g h t ab o u t the  te tra g o n a l to  m o n o c lin ic  tra n s fo rm a tio n . T h e  sam ple  
tre a ted  at 500°c sh o w s  th e  m o n o m o d a l po re  s ize  d is tr ib u tio n  in th e  m e so p o re  range . 
A lso , the  re su ltin g  p o w d e r  sh o w s th e  n itro g en  a d so rp tio n /d e so rp tio n  iso th e rm s o f  
ty p e  IV  (IU P A C  c la ss if ic a tio n )  w h ich  e x h ib it h y s te re s is  lo o p s  m o s tly  o f  ty p e  H 2 . 9 

F u rth e r  in v e s tig a tio n s  on  th e  h ea t tre a tm e n t o f  z irc o n ia  g e l o b ta in e d  v a rio u s  reac tio n  
c o n d itio n s  a re  in  p ro g re ss  an d  w ill b e  re p o rte d  la ter.

D iscussion
S ol-gel process. F ro m  th e  re su lts  o f  th e  m u ltip le  w a v e fo rm  rh eo lo g y , the 

g e la tio n  p o in t c a n  be  d e te c te d  by  th e  W in te r  c rite rio n , as m e n tio n e d  p rev io u s ly : (a) 
f re q u e n c y  in d e p e n d e n t lo ss  tan g en t; (b) the  eq u a lity  o f  s lo p e s  in  th e  freq u en cy  
sp ec tru m . T h e  W in te r  c r ite r io n  th u s  seem s to  w o rk  re m a rk a b ly  w e ll fo r  o u r  sy stem . 
T h e  v a lid ity  o f  th e  d a ta  o b ta in e d  u s in g  the  m u lti-w a v e  te c h n iq u e  w as v e rif ied  by 
c o m p a rin g  w ith  c o n tin u o u s  tim e  sw e e p s  c o n d u c te d  a t th e  sam e  te m p e ra tu re . T h e  
e x p o n e n t (ท) o b se rv e d  in o u r  sy s te m  w as so  lo w  (0 .0 6 ± 0 .0 0 1 ) . M o s t s tu d ie s  b ased  
on  th e rm o p la s tic  e la s to m e rs  h av e  fo u n d  ท> 0 .5 . V a lu e s  o f  ท b e lo w  0 .2  h av e  been  
re p o rte d  in  so m e  c a s e s . 8 , 1 0  H o w e v e r, tren d s  in  ท fo u n d  can  b e  an a ly zed  to 
u n d e rs ta n d  w h y  th e  v a lu e  o b ta in e d  in  th is  w o rk  is v e ry  low . W in te r  h as  sh o w n  th a t 
i f  ท >  0 .5 , th e  g e l p o in t o ccu rs  b e fo re  the  c ro ss in g -p o in t o f  G ' an d  G ". O n the 
c o n tra ry , i f  ท <  0 .5  th e  c ro ss in g -p o in t p reced ed  th e  g e l p o in t. T h is  is a g re e m e n t w ith  
th e  re su lts  fo r  o u r  sy s tem . It is th u s  d iff icu lt to  p re c ise  ex a c tly  th e  n a tu re  o f  the  gel 
w ith  th e  ท v a lu e . H o w e v e r, the  v a lu e  o f  ท is re la te d  to  th e  e la s tic ity  o f  th e  m ate ria l. 
S o m e  a u th o rs  m e n tio n e d  th a t a low  ท v alue  im p lie s  th a t th e  m a te r ia l is a  m o stly  
e la s tic  b o d y  w ith  th e  lim it o f  G ” =  0 a t ท =  0 an d  v ice  v ersa . T h is  is re a so n a b le  in 
o u r  c a se  b e c a u se  th e  sy s tem  d e v e lo p s  a  p re d o m in a n tly  e la s tic  c h a ra c te r  as g e la tio n
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p ro ceed s . T h e se  g e ls  sh o w  the p ro p e rty  o f  b e in g  flu id  b e fo re  th e  g e l p o in t a llo w in g  
th e ir  e a sy  fa b r ic a tio n  in to  sp ec ia l p ro d u c ts , an d  reach  a  h ig h  v isc o s ity  a fte r  the  
g e la tio n  tim e . C o n c e rn in g  the  h  d e p en d en ce  o f  th e  g e la tio n  tim e , it w as fo u n d  a 
s tro n g  d e c re a se  o f  th e  g e la tio n  tim e  w ith  h  sh o w in g  th a t th e  c ro s s lin k in g  p ro cess  w as 
acc e le ra te d . T h e  g e l fo rm a tio n  n eed s to  cro ss an  e n e rg e tic  b a rr ie r  c o rre sp o n d in g  to  
the  a p p a re n t a c tiv a tio n  en erg y . E a.

T h e  F T IR  sp e c tro sc o p y  fo r a d irec t e x a m in a tio n  o f  th e  so l-g e l p ro cess  w as 
u sed . It a lso  g a v e  in fo rm a tio n  ab o u t th e  c ro ss lin k in g  re a c tio n  in so l-g e l p ro cess . T h e  
b an d s  lo c a te d  a t 1090  cm ' 1 c an  in fo rm  a b o u t th e  h y d ro ly s is  o f  so d iu m  
tr is (g ly c o z irc o n a te ) . T h is  band  d e c rea se  co n tin u o u s ly  w ith  in c re a se  o f  re ac tio n  tim e. 
T h e  p o ly m e riz a tio n  p ro cess  w as fo llo w ed  by  the  b a n d  lo c a te d  at 9 0 0 -5 0 0  c m " 1 

a sso c ia tin g  to  Z r-O -Z r  s tre tch in g . T h is  b an d  in c rea se s  w ith  th e  re a c tio n  tim e. T h e  
d e c re a se  in in te n s ity  o f  Z r-O -C  b an d  in  tr is (so d iu m  g ly c o z irc o n a te )  w as 
a c c o m p a n ie d  w ith  th e  in c rea se  o f  n ew  b an d  o f  Z r-O -Z r  b o n d  le ad in g  to  the 
fo rm a tio n  o f  n e tw o rk  s tru c tu re .

H e a te d  g e ls . D T A  sh o w ed  an  ex o th e rm ic  p e a k  a ro u n d  500°c w hich  
c o rre sp o n d e d  to  th e  c ry s ta lliz a tio n  o f  th e  m a te ria l, b u t th e  te m p e ra tu re  p ro g ram  o f  
th e  D T A  scan  w as a  c o n tin u o u s  ra m p  w ith  no  h o ld , u n lik e  th e  c a lc in a tio n  p ro ced u re . 
A lth o u g h  no  e x a c t te m p e ra tu re  can  be  p o in ted  to  as th e  c ry s ta lliz a tio n  te m p e ra tu re , it 
co u ld  be  n o te d  th a t th e  c ry s ta lliz a tio n  in to  th e  te tra g o n a l p h a se  o c c u rre d  in the 
te m p e ra tu re  ra n g e  400°-500°C. F u rth e r  h ea t tre a tm e n t c o n v e r te d  th e  te trag o n a l to  
m o n o c lin ic  p h ase , m e a n in g  th a t th e  so l-g e l p re p a ra tio n  w as ab le  to  s ta b iliz e  z irco n ia  
in to  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, s im p ly  by  v ary in g  
th e  h ea t tre a tm e n t.

C o n c lu s io n s
S o d iu m  tr is (g ly c o z irc o n a te )  can  be u sed  as m e ta l a lk o x id e  p re c u rso r  fo r 

p re p a rin g  h ig h  su rfa c e  z irc o n ia  p o w d e rs  by so l-g e l p ro c e ss . T h e  m u ltip le -w a v e fo rm  
rh e o lo g ic a l te c h n iq u e  an d  F T IR  w ere  fo u n d  to  be  e ffe c tiv e  fo r  s tu d y in g  th e  g e la tio n  
o f  so d iu m  tr is (g ly c o z irc o n a te ) . H y d ro ly s is  ra tio  an d  te m p e ra tu re  a ffec ted
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d ra m a tic a lly  th e  g e l tim e . A n in c rea se  o f  th ese  p a ra m e te rs  lead s  to  th e  d e c rea se  o f  
gel tim e . H o w e v e r , th e  s tre n g th  o f  th e  gel n e tw o rk  fo rm e d  m o re  q u ic k ly  is lo w er 
th an  th a t o b ta in e d  g rad u a lly . T h e  v a lu e  o f  ท fo r o u r sy s te m s  w as fo u n d  to  be  fa irly  
low  in d ic a tin g  h ig h  e la s tic  gel. T h e  Ea o f  th e  g e la tio n  re a c tio n  d e te rm in e d  d irec tly  
fro m  g e la tio n  tim e  m e a su re m e n t a t d iffe ren t te m p e ra tu re s  w as a b o u t 87 kJ m o l '1. 
H ea t tre a tm e n t o f  th e  re su ltin g  z irc o n ia  g e ls  at 500°c p ro d u c e s  a h o m o g en eo u s  
m eso p o re  z irc o n ia  w ith  h ig h  su rface  area .

A ck now ledgm ents
T h e  au th o rs  g ra te fu lly  a c k n o w le d g e  th e  f in an c ia l su p p o rt re c e iv e d  fro m  the  

T h a ila n d  R e se a rc h  F u n d  (T R F ), P o s tg ra d u a te  E d u c a tio n  an d  R e se a rc h  P ro g ram  in 
P e tro le u m  an d  P e tro c h e m ic a l T e c h n o lo g y , P P T  c o n so r tiu m  (A D B ) F u n d  and  
R a tc h a d a p isa k e  S o m p o te  F u nd , C h u la lo n g k o rn  U n iv e rs ity .
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Figure C aptions

F igure 1. T im e  e v o lu tio n  o f  th e  s to rag e  (G ')  an d  lo ss  (G ") m o d u li an d  co m p lex  
v isc o s ity  ( 77*) fo r h  = 12 at 25°c.

F igure 2. V a ria tio n  o f  tan  5 as a fu n c tio n  o f  tim e  fo r  / 7 =  12 a t 25°c.
Figure 3 . S e m ilo g a r ith m ic  cu rv e  o f  g e la tio n  tim e  v e rsu s  1/T w h e re  th e  tem p era tu re  

is e x p re s se d  in  K elv in .
F igure 4. F T IR  sp e c tra  o f  z irc o n ia  gel at 25°c an d  v a rio u s  h y d ro ly s is  ra tio  o f  

(a ) / 7 = 6 ; (๖ ) / 7  = 1 2 ; (c ) h  = 24 .
F igure 5. X R D  p a tte rn s  o f  z irc o n ia  gel h ea ted  up  to  v a rio u s  te m p e ra tu re s  o f  (a)

400°C; (๖) 500°C; (c) 700°C; (d) 800°C; (e) 1000°c.
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T able C aptions

T able 1. H y d ro ly s is  ra tio  e ffe c t on  the  g e la tio n  tim e  an d  v isc o e la s tic  p ro p e rtie s  at
25°c

T able 2. T e m p e ra tu re  e ffe c t on  th e  g e la tio n  tim e  an d  v isc o e la s tic  p ro p e rtie s  fo r 
h =  1 2 .
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h tgel (ร) G' G" *ๆ G7G" ท

6 21000±236 23042.2+421 1516.6+75 115460.3+2125.1 15.2+0.47 0.04+0.๓ 1
12 6048+235 16041.0+635.3 1634.5+86 80620.5+2302.2 9.8+0.13 0.06+0.๓ 1
24 2500+421 9945.4+331 1734.8+87 50477.8+1705.1 5.7++0.1 0 .11+0.๓ 2

Table 1. (Ksapabutr et al.)
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h = 1 2 tgel (ร) G' G" ท* G7G" ท
20°c 12570±325 23381.31542.0 1521.11101 117153.612737.1 15.410.67 0.0410.002
23°c 91421254 19796.01452.1 1623.0193 99312.112290.4 12.2+0.42 0.0510.002
25°c 60481235 16041.01635.3 1634.5186 80620.313202.2 9.810.13 0.0610.001
28°c 42451186 13123.31526.5 1678.7179 66151.2+2658.8 7.810.05 0.0810.001
32°c 31591165 9562.61354.4 1714.3195 48575.211826.0 5.610.1 0.1110.002
36°c 19991201 7821.31203.1 1745.41107 40068.411107.1 4.510.16 0.1410.005

Table 2. (Ksapabutr et al.)
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