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REVUE DE PHYSIQUE APPLIQUÉE 
Colloque C4, Supplément au n°4, Tome 24, Avril 1989 C4-13 

DRYING METHODS PRESERVING THE TEXTURAL PROPERTIES OF GELS 

G.M. PAJONK 

Université Claude Bernard Lyon I, Laboratoire de Thermodynamique et 
Cinétique Chimiques, CNRS UR-231, 43 bd du 11 novembre 1918, F-69622 
Villeurbanne Cedex, France 

Résumé - Il est possible de préserver plus ou moins la texture des gels au cours du 
séchage grâce à trois procédés principaux qui diffèrent en gros par le domaine des 
températures et des pressions qui les caractérise. Dans l'ordre croissant des 
températures et des pressions on peut distinguer : la cryodessication qui permet 
d'obtenir des cryogels (basses températures et pressions) - le séchage classique 
conduisant aux xérogels (températures et pressions habituelles ou faibles) et enfin le 
séchage dans les conditions supercritiques qui donne les aérogels (températures et 
pressions élevées). 

Abstract - To preserve more or less the gels textural properties during their drying 
step three main methods can be applied which differ roughly by the temperature and 
pressure range in which they are conducted. In increasing temperatures and pressures 
ranking one may distinguish : i) the freeze drying process giving "cryogels" (low 
pressures and temperatures), ii) the ordinary drying method leading to xerogels 
(ordinary or low pressures and temperatures) and finally, iii) the supercritical drying 
method producing aerogels (high pressures and temperatures). 

1 - INTRODUCTION 

The sol-gel technique has become a widely used method in order to- obtain highly divided 
solids (powders, monoliths, microspheres, etc..) having textural properties very well 
developed (surface area, porous volume, etc...). The dried gel is generally a precursor such 
as in the fabrication of glasses, catalysts, ceramics, adsorbents, composites whose 
properties are essential with respect to the final desired product /l, 2, 3, 4/. 

As a gel is usually regarded as a semi-solid having immobilized the solvent (mostly water) in 
a network of fine capillaries the drying conditions (nature of solvent, rate of heating or 
method of evacuation of the liquid part, duration, final temperature, etc..) are important 
factors that influence the texture of the dried solid (generally named xerogel after the 
greek word for dried). 

Figure 1 depicts the sol-gel transformation leading to a hydrogel for instance /l, 3/. 

Fig. 1 - a) sol, b) gel. 

Now in order to preserve the porous texture of the wet gel surface tension forces developed 
by the liquid-vapour interface menisci in the fine capillaries (or pores) must be 
counterbalanced if shrinkage is to be avoided. This shrinkage process is at the heart of the 
drying problem and the following methods described below give instructions how to "escape" 
pore collapse and surface area decrease phenomena taking into account that in this paper 
hydrothermal treatments modifying for instance surface areas (or particle size) will not be 
described. 

A general picture of the drying step of a wet gel into a dried one is given on figures 2 for 
a ceramic body and 3 for clay as examples /5/. 
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Fig.  2 - Rate  of drying and d ry ing  shr inkage f o r  a ceramic body. At a c r i t i c a l  mois ture  
con ten t  which corresponds t o  t h e  s o l i d  p a r t i c l e s  coming i n t o  c o n t a c t ,  t he  r a t e  of 
d ry ing  begins t o  dec rease  and t h e  shr inkage s tops .  

I t  can be seen  he re  t h a t  t h e  sh r inkage  is  almost completed i n  t h e  cons tan t  r a t e  d ry ing  per iod 
( f i g u r e s  2 and 3 ) .  A t  t h e  c r i t i c a l  po in t  t he  r a t e  begins t o  decrease  continuously.  The f i r s t  
r a t e  per iod corresponds t o  t h e  r a t e  of evaporat ion of " f r ee"  water  f i l m s  whi l e  t h e  dec reas ing  
r a t e  pe r iod  belongs t o  water  being removed from t h e  i n t e r i o r  of t he  body t o  t h e  surface .  

A more d e t a i l e d  comment. i s  g iven below when t h e  case  of s i l i c a g e l  is considered ( s e e  f i g u r e  
6 ) .  

Fig.  3 - Drying process  f o r  a c l a y  body showing (a )  wet body, (b)  c r i t i c a l  po in t  and ( c )  d r y  
ware. 

A good r e p r e s e n t a t i o n  of how t h e  s u r f a c e  t e n s i o n  f o r c e s  a r e  a c t i n g  on t h e  pore w a l l s  i s  g iven 
i n  F igure  4 111. 

Fig. 4 - The f o r c e s  t h a t  cause  s i l i c a  g e l  t o  s h r i n k  dur ing  d ry ing  resemble those  t h a t  cause 
wet p l a t e s  of g l a s s  t o  draw together .  

For  i n s t a n c e  i f  t h e  porz width  i s  of t h e  o rde r  of 1.5 nm t h e  c a p i l l a r y  compression exe r t ed  
w i l l  be equ iva len t  t o  10 p s i  and h ighe r  f o r  sma l l e r  pores.  



Fina l ly  a s  s i l i c a  g e l s  a r e  one of the  most f requent  ge l s  Figure 5 describes the 
hydrogel-xerogel transformation i n  d e t a i l s  / I / .  

Fig. 5 - Evaporating f i lm of s i l i c a  s o l  t o  g e l  and drying-schematic cross  section. (a )  Sol ; 
(b )  concentrated sol-beginning of aggregation ; (c )  ge l  compressed by surface 
tension ; (d) f r a c t u r i n g  of gel  by shrinkage ; (e )  dr ied loose ge l  fragments. W = 
water surface,  S = s o l i d  substrate .  

A complete s e t  of data  concerning the  drying of a  hydrogel i s  represented i n  Figure 6 f o r  
s i l i c a  and can be generalized f o r  other  wet g e l s  a s  well  / 6 / .  I n  t h i s  f igure  s t e p  I (constant 
r a t e  period) is  re la ted  t o  the decrease of volume of the "still" hydrogel while s t e p  I1 shows 
the e f f e c t  of c a p i l l a r y  compressive forces counterbalanced by the res i s tance  of the  ac tua l  
framework of the gel.  Then s t e p  111 corresponding t o  the decreasing drying r a t e  occurs now 
without appreciable  volume change and i s  accompanied by the  hys te res i s  exhibi ted by the 
adsorption-desorption isotherm of water by the gel.  This means t h a t  water is  removed from the 
pores, the  l a r g e r  ones being emptied f i r s t .  The smaller the pores the slower the drying ra te .  
F ina l ly  s t e p  I V  represents  evaporation of water from contact points  between the  s i l i c a  
par t i c les .  

decrease Op wahr r ~ t e n t  - 
Fig. 6 - Drying s t e p s  and the  formation of the  framework of xerogels ,  dW/dt = drying r a t e ,  

A l l l o  = r e l a t i v e  deformation, P / P ~  = r e l a t i v e  vapor pressure,  F = contract ion 
force.  



C4-16 REVUE DE PHYSIQUE APPLIQUEE 

The pore volume and pore rad ius  modif icat ions  of a g e l  dur ing the  drying s t e p  a r e  summarized 
on f i g u r e  7 /3/ .  

Fig. 7 - V : porous volume, S = sur face  a rea ,  R = 2 V / S  = 2 t g a  = pore r a d i i  
~ ~ c o r r e s ~ o n d s  t o  t h e  hydrogel,  B corresponds ?o t h e  d r i ed  gel.  

A s  t h e  most encountered way of drying gives  xerogel ,  the  obtent ion of xerogels  w i l l  be 
t r e a t e d  f i r s t ,  followed by ae roge l s  and f i n a l l y  by cryogels.  

2 - XEROGELS 

According t o  Barby 171 the  drying method of g e l s  can have f i v e  major inf luences .  

F i r s t  when water is  present  t h e  hydrogel can be t o  some ex ten t  hydrothermally t r e a t e d  
(steaming) and i t  can loose  su r face  a rea  and i t  inc reases  i t s  pore volume a s  p ic tu red  i n  
f i g u r e  8 f o r  s i l i c a .  

800' 

Thus it i s  poss ib le  now t o  d i s t i n g u i s h  between "hot" and "cold" drying under these  
condi t ions .  For ins tance  lowering t h e  drying temperature impedes g e l  breakage, t h i s  r e s u l t  
can be a l s o  obtained by inc reas ing  the  r e l a t i v e  humidity o r  reducing the  air-flow ac ross  the  
g e l  /2 / .  Ternan e t  a 1  /8/  prepared highly porous alumina xerogels  us ing the  low temperature 
drying method while  when drying a t  h igher  temperatures (T > 333 K) pore co l l apse  occured due 
t o  p ressure  and temperature e f f e c t s .  They concluded t h a t  t h e  low drying temperature in f luence  
i s  t o  remove water  from t h e  l a r g e  pores. 
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Steaming occurs  when t h e  water  vapor i s  not  removed from t h e  drying system a s  f a s t  a s  i t  i s  
generated. It has been observed t h a t  i f  t h i s  process bu i lds  up i n  the  constant  r a t e  s t e p  then 
t h e  s i l i c a  g e l  e x h i b i t s  l a r g e  su r face  a rea  and pore volume. Now i f  steaming proceeds dur ing  
t h e  decreasing r a t e  s t e p  then t h e  su r face  a r e a  a s  wel l  a s  the  pore volume decrease whi le  
cracks  developed i n  t h e  g e l  /2/. 

0 r l e d o t 5 0 ~ ~  - 
or,ed 01w~59+- - -~00 '0~e  

Drted o150eC I I 
I I 

I' 

I 

/' 

- 

Orled 01 90-SIOO'C I 
I I 

- ,,' 
I 

I , 
Orled 01 90-6100-~---,0' 

I I I 

It has a l s o  been shown t h a t  predrying t reatments  of s i l i c a  g e l s  a t  T < 393 K r e s u l t .  i n  a 
decrease  of pore volume wi th  decreasing predrying temperatures but does not  vary t h e  su r face  
a r e a  and the  hydroxyl content  191. R e s u l t s  a r e  shown on t a b l e  1 and f i g u r e  9. 

Fig. 8 - Drying hydrogels 30020 40 60 80 100 
Woter 1%) 



pH of format ion Predrying temp. 9ET Pore  volume OH con ten t  i n  X 
i n  "C 3  

m l g  cm / g  

Tab le  1  - 

P1 94 96 W 

FCg. 9 - N a d s o r p t i o n  i so therms.  - P/P, 2  
I. S i l i c a  prepared a t  pH = 3.2 p red r i ed  a t  20°C 
11. S i l i c a  prepared a t  pH = 3.2 no predrying 
111. S i l i c a  prepared a t  pH = 7 p r ed r i ed  a t  20°C 
I V .  S i l i c a  prepared a t  pH = 7  no predrying.  

Secondly t h e  r a t e  of d ry ing  is  an impor tant  parameter because i t  can a f f e c t  t h e  p a r t i c l e  s i z e  
t o  a  g r e a t  e x t e n t  121. I n  p a r t i c u l a r  i n  o r d e r  t o  p repa re  monol i ths  cons ide rab le  d ry ing  t imes  
a r e  neces sa ry  1101. Drying t imes  may va ry  from hours t o  weeks a s  i n  t h e  ca se  of l e a d - t i t a n a t e  
monol i th  1111 a t  307 K o r  months a s  f o r  T i 0  monol i th  1121 a t  room tempera ture .  

2 

It  i s  w e l l  known a t  l e a s t  f o r  s i l i c a  g e l s  t h a t  s t e p  I of f i g u r e  6 determines  t h e  t o t a l  
p o r o s i t y  of t h e  xe roge l  wh i l e  s t e p  I1 imposes t h e  pore  s i z e  d i s t r i b u t i o n .  The s u r f a c e  a r e a  i s  
a  f u n c t i o n  of s t e p  I11 1131. Thus by a  r ap id  d r y i n g  of t h e  g e l  du r ing  s t e p  I and a  s m a l l e r  
one d u r i n g  s t e p  I1 it is p o s s i b l e  t o  prepare  bimodal porous s i l i c a  ge l s .  

I n  g e n e r a l  a  r ap id  d ry ing  i n c r e a s e s  both pore  volume and pore s i z e  d i s t r i b u t i o n  (po re  s i z e  
d i s t r i b u t i o n s  a r e  broadened). T h i s  i s  a l s o  confirmed f o r  s i l i c a  g e l s  made from a lkox ides  
1121- 

T h i r d l y  i t  has  been observed t h a t  i f  t h e  d r y i n g  r a t e  is  such t h a t  water  is evapora ted  more 
r a p i d l y  than  i t  can be removed then  t h e r e  i s  a  dec rease  of g e l  sk r inkage  12,  71. 

Four th ly  i t  i s  w e l l  agreed t h a t  t h e  degree  of sh r inkage  is  a  f u n c t i o n  of t h e  s u r f a c e  t e n s i o n  
p r o p e r t i e s  of t h e  so lven t .  The sma l l e r  t h e  l i q u i d  s u r f a c e  t e n s i o n  t h e  lower t h e  degree  of 
sh r inkage  1 2 ,  71. Th i s  remark opens t h e  f i e l d  of nonaqueous drying. Water may be r ep l aced  by 
an  o r g a n i c  l i q u i d  of  lower s u r f a c e  t e n s i o n  o r  by u s i n g  t h e  same o r g a n i c  s o l v e n t  i n s t e a d  of 
water  f o r  t h e  g e l a t i o n  s t e p .  Alcohols  a r e  commonly used i n  t h i s  a p p l i c a t i o n .  

A z e o l i t i c  t e x t u r e  type  of alumina was prepared through t h e  sol -gel  method u s i n g  methanol a s  
s o l v e n t  and t h e  a l c o g e l  was d r i e d  a t  room tempera ture  and under vacuum /14/.  T h i s  type of 
alumina e x h i b i t e d  a  uniquf microporous t e x t u r e  (Langmuir N2 i so therm f o r  i n s t a n c e )  and a  ve ry  
h igh s u r f a c e  a r e a  & 600 m /g) .  



C4-18 REVUE DE PHYSIQUE APPLIQUEE 

An i n t e r e s t i n g  d ry ing  p r c e s s  which can be r e l a t e d  t o  non aqueous d ry ing  invo lv ing  DCCA 
(d ry ing  c o n t r o l  chemical a d d i t i v e )  i s  desc r ibed  i n  t h e  paper of Wang and Hench /15/ .  Addi t ion  
of formamide i n  t h e  Na 0-Si02 s o l  p r e p a r a t i o n  p reven t s  f r a c t u r e  of t h e  xerogel .  I t  is  

2  be l i eved  t h a t  t h e  amine groups  b u i l d  up hydrogen bonds between t h e  hydroxide groups of t h e  
s i l i c a  p a r t i c l e  s u r f a c e  t h u s  improving t h e  s t r e n g t h  of t h e  gel .  The main r e s u l t  is  t h a t  w i th  
DCCA the  c r i t i c a l  sh r inkage  r a t e  ( l e a d i n g  t o  c r aks  when overcome) i s  s u b s t a n t i a l l y  h ighe r  
t han  wi thout  t h u s  a l l owing  h ighe r  d ry ing  r a t e s  and subsequent ly  s h o r t e r  d ry ing  t imes  wi thou t  
c r ack ing  e f f e c t s .  

Urania  sphe re s  U02 were a l s o  prepared by i n t e r n a l  g e l a t i o n  and d r i e d  acco rd ing  two ways : 
steam o r  a i r  drying.  The r e s u l t i n g  xe roge l  sphe re s  showed d e n s i t i e s  depending upon t h e  d r y i n g  
c o n d i t i o n s  /16/ .  For ejxample steam d ry ing  a t  373 K gave microspheres  w i th  d e n s i t i e s  va ry ing  
between 9.7 t o  1  g/cm whi l e  a i r  d ry ing  a t  293 K l e d  t o  d e n s i t i e s  comprised between 1.3 t o  
1.6 g/cm . 
3 - AEROGELS 
To p re se rve  a t  most t h e  o r i g i n a l  t e x t u r e  of a  wet g e l  t h e  s u r f a c e  t e n s i o n  f o r c e s  which 
develop i n  t h e  pores  when t h e  s o l v e n t  is  evacuated  g i v i n g  a  l iquid-vapor  meniscus must be 
complete ly  e l imina t ed  d u r i n g  t h e  d r y i n g  s t age .  T h i s  is  achieved by s u p e r c r i t i c a l  d ry ing  which 
g i v e s  "aerogels"  i n s t e a d  of common xerogels .  D e t a i l s  can be found i n  r e f e r e n c e  /17/.  Water a s  
s o l v e n t  must be d i sca rded  because due t o  i t s  high c r i t i c a l  c o n s t a n t s  (T = 647 K ,  P  = 218 
b a r s )  t h e  g e l s  a r e  always r e c r i s t a l l i z e d  showing poor t e x t u r a l  p r o p e r t i e s f  Water is  u&d on ly  
a s  a  r e a c t a n t  p a r t n e r  i n  t h e  s o l  s t ep .  Genera l ly  a l c o h o l s  a r e  p re fe red  a s  s o l v e n t s  o r  CO 

2  
/18/ (T = 304 K ,  P  = 73 b a r s ) .  The s u p e r c r i t i c a l  d ry ing  method is t h e  b e s t  way up t o  now t o  
p repa reCmono l i th s  wt thout  c r acks  and of l a r g e  dimensions. Again he re  t h e  h e a t i n g  r a t e  of t h e  
au toc l ave  and t h e  ven t ing  r a t e  a r e  impor tant  f a c t o r s  c o n t r o l l i n g  t h e  q u a l i t y  of t h e  a e r o g e l s  
/19/.  A t y p i c a l  s u p e r c r i t i c a l  procedure  i s  desc r ibed  on f i g u r e  10. 

timelhours 
b I 

phase 1 2 3 L 

Fig.  10 - Autoclave  c y c l e  w i t h  t h e  f o u r  phases : 1  = h e a t i n g ,  2  = equ i l i b r ium,  3  = vapour 
o u t l e t ,  4  = coo l ing .  

Improvment of t h e  a e r o g e l  d ry ing  method have been claimed by Mulder and van L ie rop  who 
a p p l i e d  a  p r e p r e s s u r e  of 80 ba r s  of N 2  p r i o r  t o  t h e  h e a t i n g  s t e p  of t h e  au toc l ave  /20/ i n  
o r d e r  t o  avoid shr inkage.  Tab le  2 shows t h e  i n f l u e n c e  of t h e  p re s su re  upon t h e  shr inkage.  
Moreover t h i s  l a s t  method does  no more r e q u i r e  t o  i n t roduce  e x t r a  a l coho l  i n  t h e  au toc l ave  t o  
ma in t a in  t h e  s a t u r a t i o n  p r e s s u r e  of t h e  l i q u i d  ( h e r e  e thano l  f o r  i n s t a n c e )  and i t  s h o r t e n s  
t h e  t ime of t h e  whole procedure  a s  i t  can be seen on f i g u r e  11. 

N p r e s s u r e  S p e c i f i c  dcjnsity 
( b a r )  (g/cm ) 

Shrinkage 
( X )  

73 (cracked)  
52 

7 
0  

Tab le  2  - I n i t i a l  N P r e s s u r e  and Corresponding Densi ty  and Shr inkage of a  Gel 
2  
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Fig. 11 - (a) Pressure of ethanol from room temperature to 300°C. 
(b) Temperature and total pressure during a drying process, starting with 80 bar N 

and a heating rate of 50e/h. After reaching 300°C decompression follows an3 
finally the vessel is cooled down. 

Other fluids can be used in supercritical drying such as the Freons 13, 23 or 116 but they 
are more expensive than CH OH,  C H OH or C02. 

3 2 5  

The supercritical drying method gives large size monoliths and very large pore volume 
aerogels under the form of monoliths, powders or granules and the general rules given for the 
xerogels also apply for aerogels. 

4 - CRYOGELS (OR FREEZE-DRIED GELS) 

The same reason of choosing the supercritical drying method can be involved in this process 
which consists to freeze the solvent (mainly water) and then to sublimate it under low 
pressure. Again the direct solid-vapour transformation can be achieved without the formation 
of a meniscus in the pores. The term cryogel is proposed by the author to distinguish the so 
dried gels from aerogels, though the resulting solids should be a priori comparable. 

Figure 12 shows the pressure-temperature diagram for water. In this picture AB represents the 
curve for subliming ice. (Note that C is the criatical point for water). Now when a salt is 
dissolved in water the pressure temperature diagram for the system is represented on figure 
13. The freezing point of the system is depressed as is the water vapour pressure. At 
saturation an invariant point Q exists where four phases are in equilibrium : ice, anhydrous 
salt, saturated salt solution and water pressure. Q is often called the cryohydric point 
/21/. At pressures below this point water can be removed by sublimation until the anhydrous 
salt remains in a freeze-dryer as shown on figure 14 schematically. 

I 

C 

Steam 

I 

Temperature. 'C 

Fig. 12 - Pressure-temperature diagram 
for water. 

-12 0 
TfMFERATURE P C )  

Fig. 13 - Temperature-pressure relations in a 
salt-water system. The dotted lines 
pertain to pure water (or solvent). 



C4-20 REVUE DE PHYSIQUE APPLIQUEE 

The main drawback of t h i s  drying method i s  the  time required t o  sublimate the  i c e  (o r  t h e  
f rozen so lven t ) .  So heat  is  suppl ied from an e x t e r n a l  source t o  a c c e l e r a t e  (without mel t ing)  
t h e  subl imat ion s t e p ,  f o r  ins tance  v i a  an i n f r a  red lamp 1221. It  was shown t h a t  t h e  time 
required t o  sublime 100 g of i c e  was reduced from 40 h t o  4 h when heat was suppl ied by a i-r 
lamp, a l l  o t h e r  condi t ions  being t h e  same /23/. 

I t  has been checked t h a t  cryogels  such a s  L i  doped NiS04 /22/ ,  aluminium s u l f a t e  / 2 4 / ,  
ammonium para tungs ta te  1251 a r e  more developed from the  t e x t u r a l  point  of view than t h e i r  
corresponding xerogels.  
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OR 
REFRIGERANT ,-+ 

HEAT C3 

Fig. 14 - Schematic diagram of a f r e e z e  dryer. 

The main parameters c o n t r o l l i n g  t h e  t e x t u r a l  p roper t i e s  of t h e  f i n a l  cryogel  seem t o  be t h e  
r a t e  of f r eez ing ,  t h e  temperature of f r eez ing  and t h e  na tu re  of t h e  solvent  (which a l s o  
determines t h e  r a t e  of sublimation).  

For  ins tance  i f  a s i l i c a  g e l  is  f rozen  very quickly an extremely porous honeycomb mate r i a l  
can be obtained,  i f  t h e  f reez ing  r a t e  of the  g e l  i s  lowered chunks of porous s i l i c a  cryogel  
a r e  prepared a s  descr ibed by Mahler and Chowdhry /26/. 

The temperatures of f r e e z i n g  a s  we l l  a s  the  d ry ing  temperatures seemed t o  e x e r t  an inf luence 
on the  BET a rea  of samples of pulpwood f i b r e s  according Swanson /27/. Table 3, shows t h a t  f o r  
a constant  drying temperature decreasing the  f r e e z i n g  temperature r e s u l t s  i n  inc reas ing  the  
su r face  a r e a ,  t h e  same e f f e c t  a p p l i e s  a l s o  when f o r  a constant  f r e e z i n g  temperature t h e  
drying temperature i s  decreased. 

Freezing temperature "C Drying temperature "C BET area  (m2 g-l) 

Table  3 - Surface a reas  of f i b r e s  d r i ed  by subl imat ion of water 

F i n a l l y  Beyer e t  a l .  1241 observed t h a t  the  r a t e s  of subliming i c e  i n  aluminium s u l f a t e  - ice  
system gave d i f f e r e n t  r e s u l t s .  For ins tance  using t h e  long dura t ion  subl imat ion (70 up t o  122 
h) l e d  t o  a mixture of amorphous and c r i s t a l l i z e d  phases while using an infra-red lamp t o  
a c c e l e r a t e  t h e  subl imat ion (33 up t o  49 h) of t h e  same mixture gave a q u i t e  complete 
amorphous cryogel.  Due t o  processes of ovulat ion o r  sphero id iza t ion  occuring when water 
separa tes  i n t o  channels 1241 a macroporosity developed i n  both types  of cryogels  dur ing 
sublimation. A d i f fe rence  was however observed : the  high r a t e  sublimed cryogel showed 
smal ler  average pore diawter ,  p a r t i c l e  s i z e  and su r face  area  than the  o t h e r  one (without heat  
suppl ied by t h e  i-r lamp). 

A comparison of drying a mixed oxide NiO-A1 0 e i t h e r  by t h e  s u p e r c r i t i c a l  process giving an 
.2 3 aerogel  o r  by freeze-drying i s  discussed I n  paper no 23 i n  t h i s  Symposium 1281. The main 

d i f fe rence  between the  two g e l s  i s  i n  r e l a t i o n  with  t h e i r  r e spec t ive  macropore volumes. 

Two o the r  d ry ing  modes a r e  worthy t o  be mentionned here. 



Spray d ry ing  is  widely used t o  ob ta in  microspheres of xerogel.  The p a r t i c l e  s i z e  depends upon 
t h e  d ry ing  r a t e  among o the r  parameters. Spray drying i s  considered a s  a f a s t  drying method. 

Freeze-thawing 1261 is  an i n t e r e s t i n g  drying process  l ead ing  t o  f i b r i l l a r  g e l s  developing 
poros i ty  and high su r face  a r e a s  such a s  s i l i c a  and z i rcon ia  f ibe r s .  Th i s  morphology seems t o  
be due t o  the  i c e  s t r u c t u r e  playing the  r o l e  of a mould. As the  solvent  i s  not  sublimed here  
su r face  t ens ion  f o r c e s  bui ld  up dur ing the  thawing s t e p ,  the re fo re  i t  is  advantageous t o  
rep lace  water by a lower su r face  t ens ion  l i q u i d  such a s  acetone i n  o rder  t o  develop t h e  t o t a l  
poros i ty  of the  f i n a l  gel .  Figure  15 demonstrates t h e  e f f e c t  of s u b s t i t u t i n g  acetone t o  water  
on t h e  t o t a l  poros i ty  a s  wel l  a s  on t h e  pore s i z e  d i s t r i b u t i o n .  

Fig. 
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15 - E f f e c t  of washing medium on pore s i z e  d i s t r i b u t i o n  of freeze-thawed s i l i c a .  

6 - CONCLUSIONS 
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To summarize t h e  many drying methods surveyed i n  t h i s  paper i t  i s  convenient t o  keep i n  mind 
p r imar i ly  what i s  t o  be avoided i n  the  f i n a l  g e l  r a t h e r  than what p r o p e r t i e s  a r e  expected 
because these  c h a r a c t e r i s t i c s  depend on t h e  t h r e e  important previous s t a g e s  of t h e  sol-gel,  
process  p r i n c i p a l l y  : hydrolysis ,  condensation and ageing. 
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I n  o t h e r  words c a r e f u l  drying processes  a r e  t o  be used i n  o rder  t o  preserve t h e  general  
t e x t u r e  of the  wet gel .  I n  p a r t i c u l a r  i f  cracks  and/or  shrinkage a r e  not wanted a general  
r u l e  seems t o  apply whatever t h e  p rec i se  d ry ing  method t o  be f i n a l l y  choosen : if water is  
presen t  a s  a so lven t  i t  may be important t o  r ep lace  i t  by a 1,ower su r face  t ens ion  medium. 
Moreover combination of water (even a s  a r eac tan t  i f  i n  excess)  and high temperatures a r e  
q u i t e  always de t r imenta l  towards t h e  t e x t u r a l  p roper t i e s  of the  d r i e d  ge l  wi th  respec t  t o  
those c h a r a c t e r i z i n g  t h e  s t i l l  soaked one, a t  l e a s t  f o r  s i l i c a  1291. 
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C4-22 REVUE DE PHYSIQUE APPLIQUEE 

I n  1972 R.B. Keey wrote i n  h i s  book / 51 "The word d ry ing  i s  commonly used t o  desc r ibe  any 
process  i n  which water  ( o r  so lven t )  i s  removed from a substance" and adds he : "Drying i s  a 
commonly p r a c t i s e d  a r t  but a neglected science". 

The sol-gel  process  which i s  now i n c r e a s i n g l y  developed t o  f a b r i c a t e  high technology 
m a t e r i a l s  has  been a n  i n c e n t i v e  t o  look a t  t h e  drying s t e p  i n  more d e t a i l s  s i n c e  though not 
considered a s  a c e n t r a l  o r  key s t e p  i t  may we l l  determine t h e  f i n a l  p r o p e r t i e s  exh ib i t ed  by 
t h e  end mate r i a l .  
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