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ABSTRACY 

A mesoporous  silica gel Davidson  59 was thermal ly  t reated in vacuo,  in the 
t empera tu re  range 20-1000°C. Effects o f  thermal  t rea tment  on  the  wa te r  contents ,  
nitrogen surface areas, pore structure and heats ofimmersion in water were investigated 
and  discussed. T h e  tempera tures  ~¢lected wcr¢ 20) 110, 200, 290, 380, 480, 510 and  
IO00~C_ These temperatures were found to cover all the various textural changes 
resulting f rom the heat  effecL 

I t  could  be shown t h a t  the heats  o f  immersion in water  depend primarRy on  the 
water  conten t  o f  the sample and  are  proport ional ,  a t  least qualitatively to  the n u m b e r  
o f  hydroxyl  ~mroups on  the surface and  their  availability for  interact ion with liquid 

water.  The  interesting result  obta ined  is tha t  a second fac tor  is involved, namely  the 
pore  s t ructure  o f  the adsorbent .  A q)lnlitative parallelism exists between the  normal ized 
heat  o f  immers ion per  uni t  a rea ,  and  the  average pore  radius_ Apparent ly  the packing 
o f  water  molecules in na r row pores leads to  a decrease in the  hea t  o f  immersion due  

to repulsion between the pe rmanen t  dipoles o f  the molecules. In  na r rower  pores, the 
heat  o f  immers ion in water  is smaller  than  in wide pores. 

INTRODUCTION 

In defining the physical s tate  o f  an  oxide surface, it has  been recently indicated ~, z 
tha t  the  pore  s t ruc tu re  represents  an  i m p o r t a n t  p a r t  o f  t he  surface charac te r  because  
o f  the variable pore  dimensions) and  bo th  the  accessibility and  adsorp t ion  energies 
involved. 

For the heat o f  immersion o f  magnesia in cyclohcxanc, it has been demonstrated 
tha t  micropores  can  have a significant effect in enhanc ing  the  h e a t  per  uni t  area.  
whereas the reverse effect is obta ined for  the hea t  o f  immers ion  o f  silica gel in  water  2. 

In  the laRcr ca.so it ~ould b¢ 5h0wn tha t  the s ample  with the  highest  p ropor t ion  o f  
micropores  yields the m i n i m u m  hea t  o f  immers ion normal ized  p e r  nni t  area.  T h e  

* Presented az tim 14th C.ouf~n:z~ on Vacuum ~ _ ) ~ , ~ - e - T ~ h n l q u ~ ,  Salfo~d. 27th-28th 
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differences between the cyclohexane results and  the water  results could  be interpreted 

t o  be due  to  the non-po la r  charac te r  o f  cyclohexane molecules and  the s trongly polar  
charac ter  o f  the water  molecules. In the  fo rmer  case, the fo _rc~__ between the adsorba te  
molecules are  mainly  dispersion, and  the heat  increases in na r rower  pores, while fo r  
the lat ter  case (i.e., water)  the repulsien between or i en t ed  permanen t  dipoles on  the 
surface leads to  a decrease in the heat  in na r rower  pores. 

In  a cont inua t ion  o f  these studies, the present  investigation deals with the heat  
o f  immersion in water  o f  a mesoporons  silica gel, namely  Davidson 59, which has  
been supplied by the  Davidson Division o f  W_ 17,_ Grace  and  Company ,  U.S.A. 

Thermal  t r ea tment  o f  the parent  material  affects the m o l e o d ~ r  wmer  and  hydroxyl  
p o p ,  l~tion on the surface, as well as the specific a rea  and  pore structure.  These  
parameters  were  investigated to show the compara t ive  effects o f  the chemis t ry  o f  the 
surface (hydroxyl  populat ion)  and  the geomet ry  o f  the surface (pore structure) on  
the heats o f  immersion in water.  The  induced properties due  to  thermal  t rea tment  
would permit  this s tudy to  cover  a wide range o f  both  hydroxyl  conten t  and  pore  

structure.  

-~,~ERIM~I"I 'AL AND MATERLALS 

The  heat  c f  immersion (h-,) values were determined at  35 4- 0.05°C by means  
o f  a thermosta ted  calorimeter ,  the tempera ture  o f  which could be kept  cons tan t  to 
within 4- 0.002"C dur ing  the experimental  run.  Details o f  the calor imeter  were 
described elsewhere 3_ At  lea_c- two electrical calibrations were per formed af ter  each 

experiment ,  the a m'eement between these pairs is always bet ter  than 0.3 ~ .  All the  hi 
values reported are  the result o f  a t  least two independent  determinat ions.  The  accura~-  
o f  the da ta  is + 29/0 fo r  the lowest surface area  sample  but  considerably bet ter  for  
the o the r  samples. 

T A B L E  1 

WA'I 'ER  OD,..",~tt.-'~i-f A N D  ~iU'MBER OF SII.A~x~Oq- G R O U " I ~  O F  D A ~ N  5 9  S.,AMPLES 

Sam, o k  W a t e r / a r t  C W a t o -  content  l q ' - . o a / l ( I ) A :  
(g H~OIg) IO ~ (g H~OIg) lO ~ 

ED(2D) 4_45 4.09 ( 7 . 8 ~  
ID(t 10) 5.S0 2.74 (5.8"p 
ID(2i30) 6.18 2.36 4.9  
ID(290)  6.65 1.89 4 .6  
IIM'380) 6.79 1.75 3 .2  
ID(480)  6_90 1_6,4. 3.1 
ID(510)  7.32 1..22 0.1 
rD(10O0) 8.52  0 .00  0.0 

" T h e  n u m b e r  o f  ~ i b - o l  g roups ,  ca lo ,~! , ,x l  o n  t h e  b a s i s  o f  the  t e v . l  v,~!_,,~: loss  inc lud ing  
c o ~  a n d  ~___~,o_rb~ wate r .  
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Silica gel Davidson 59 was evacuated at  temperatures ranging from room 
temperature to 1000°C for four hours. The selected temperatures were 20, 1 I0, 200, 
290, 380, 480, 510 and 1000°(2. These samples are designated as H~20),  LD(II0), 
ID(200). ID(290). ID(380), ID(480), H~510) and ID(1000), respectively. The pre- 
heating temperatures being indicated between parentheses. 

Water contents of  the different silica samples were calculated, and from the 
p e r ~ n t a g e  loss o f  water  a t  ~ h  t empera tu re  a n d  a ~ - m ; u g  tha t  the loss of  w~ter is 
completed a t  1000°(2, the number  of  silanol groups could be calculate& Water  
contents and the number  of  sfianol groups are summarized in Table 1. 

RESULTS AND DISCUSSION 

Silica gel Davidson 59 dehydra tes  upon  heat ing at  different tempera tures  

ranging f rom r o o m  tempera tu re  to  1000°C and  all the water  is assumed to be lost at  
1000¢C. At any temperature, the loss of  molecular water starts from the lowest 
temperature up to 300~C and involves also some dehydroxylation at  temperatures 
above 200°C. At temperatures above 300°C, the dehydration of  the silica sample is 
mainly due to the interconversion o f  the silanol groups to siloxane bridges with the 
evolution of  some last traces of  molecular water. An essential prefiminary was the 
assessment of  both the extent o f  the surface o f  all the Davidson 59 samples and their 
pore structures, as obtained from the adsorption of  nitrogen at liquid nitrogen 
temperature. 

Specific surface areas from nitrogen adsorption 
Areas were derived by applying the BET equation to the adsorption isotherms 

of  nitro r2en in the conventional range of  relative pressure (P]Po -~- 0.05-0.3~, and by 
adopting the value of  16.2A 2 for the molecular area of  nitrogen. The adsorpt ion-  
desorption isotherms on all samples are type II o f  Brunauer's classification, and all 
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Fig. I. Adsorpdon-desorption isotherm of nitrogen on ID (480) 
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are  character ized by hysteresis loops which close a t  some  intermediate  pressure. A 

typical isotherm is shown in Fig. 1 for  the sample ID(480). 
The  porous  charac te r  o f  the various ~ m p l e s  was detected by bo th  the  Vz-t  

plots o f  de Boer  e t  aL s, and  by  the ng-nt method ,  recently developed by  Mikhai l  and  
Cadenhead  6. Both methods  gave essentially the same informat ion.  The  ns-n t plots 
are  shown in Pig. 2. As shown in Pig. 2, f o r  all the  samples prepared f r o m  r o o m  
tempera ture  to 1000°C, the initial l inear region (with slope equals to one)  is followed 

by an  upward  deviation, indicating the  presence o f  only  mesopores  in all samples 
investi,~ated, a l though o f  variable size, as will be shown shortly. 

t l  s, 

I 2 0 ! 2 0 "! 2 0 I 2 3 ~ 5 

8 t-~:3~ I t,,~=,--;o 
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l~g. ~ ~ - n z  ploZs for t~Jtrogen ad.~rption on Davidson 59 samples. 

TABLE 2 

~ ' I ~ A C E  ARF_A~ O F  DAVI]DSON 59 s~upt~s 

Su~pZe SmL-r St BET-C 

~ )  348.6 337.0 co 
ED(110) 318-0 287.0 133 
1I)(200) 322-0 280.0 oo 
IDC290) 272.0 305O ¢~o 
ID(380) 363.1 330.0 oo 
ID(480) 348_6 335.0 oo 
ii)(510) 382.6 397.0 30 
ID(1000) 27~_4 278.0 32 
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Pore structure analysis 
T h e  analysis for  the surfaces and  volumes  associated wi th .mesopores  was 

carr ied ou t  using the  "corrected modelless me thod  "7.  The  analysis was based on  the  
dezorpt ion branches  o f  the  isotherms a n d  was con t inued  dovt~ward to the closure 
points  o f  the hysteresis loops.  Mesopore  analysis was carr ied ou t  adopt ing  the parallel 
plate  model ,  which  was found  to  satisfy the cri teria for  correct  analysis 7_ 

The  cumulat ive  surfaces ( ~ ,  m e g - l )  a n d  the cumulat ive  volumes (V rP, 
ml g -  ~) associated with mesopores  are  summar ized  in co lumns  (3) and  (4) o f  Table  3. 

A n  average pore  radius was also calculated by the relat ion (~ = 2Vr/,S'eE-r), 
where  V r is the total  pore  vo lume (ml g - 1 )  and  ~ - r  is the specific surface a rea  
(In z g -  x). The  values are  shown in co lumn 7 o f  Table  3. 

TABLE 3 

~"RFACES ARE.AS A.~:'D PORE V ~  ~ ' f ' E D  Eq un:eZ~POP.~ 

I 2 3 4 5 6 7 

S a m p l e  N z  S w  PP V w  PP Vp S w  ~ A v e r o g e  pore 
Sn~r r a d i ~  r (  X )  
( m  ~ g - t )  ( i n  ~ K - t  ) ( m l  g "- t )  ( m l  F ' )  S n E ' r  

ED(20) 348.6 331A 1 ~ 1.80 0.95 103 
ID(!  10) 318.0 314.9 1.21 1..(38 0.99 106 
ID(2fl0) 321_0 357.0 1.11 " 1.88 !.11 ! 16 
ED(290) 272_0 264.8 0.90 - 2-24 0.97 164 
ID(380) 363.1 359.S 1.16 1.21 0.99 99 
ED(480) 348.1 367.1 1.16 1.84 1.06 105 
ID(510) 382.6 384.9 1.21 1-24 1.01 65 
ID(1000) 272.4 295.9 1.18 1.53 1.09 1 ! 2 

The number o f  silanol groups 

The  n u m b e r  o f  silanol groups  per  uni t  area  o f  the surface shows a gradual  
decrease with rise o f  tempera ture  up to  10013 s. 

Some studies 9 on a fully hydroxyla ted  silica sample  emphasize  tha t  the n u m b e r  
o f  silanol groups  ( N _ o t J l 0 0 A  2) will no t  exceed the n u m b e r  o f  silicon a toms  per  un i t  
area,  as de termined by  crystal lographic da ta  9- i o, assuming tha t  each silicon a t o m  
coming  to  the  surface binds only  one  hydroxyl  group.  Therefore,  the  m i n i m u m  values 
obta ined  for  different crystalline and  a m o r p h o u s  silicas are  4 . 2 - 5 . 7 0 H ] I 0 0  A z_ 

U p o n  heat ing Davidson  59 a t  temperatures  be low 200~C, the n u m b e r  o f  
silanol groups,  as calculated by thermogravimetry ,  axe larger than  those postulated 
basically on  crystal lographic da ta .  Th~s is due  to the  fact, t h a t  the  n u m b e r  o f  silanol 
groups  ~ e r e  calculated f rom the total  water  loss including the  loss o f  molecular  
water  preseU..t in the pore  system o f  t h e s a m p l  e .  Thesevalues (N_ott/100 A 2) are  
represented between parentheses in  Tab le  1. .- 
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Heats o f  immersion 
Heats o f  immersion were me~___~ured using water as a wett ing fiquid. Figure 3 

shows  the var/ation o f  the integral heat o f  immersion and the water content  o f  these 
samples, both as functions o f  temperature. The integral heat o f  immersion shows an 
almost  constant value from room temperature up to 200~C, fo l lowed by a mar~eiJ 
rise o f  the heat, leading to a maximum at 290~C. With further dehydration, the heart 
o f  immersion decreases, showing a shoulder in the range o f  380-480°C,  fo l lowed 
by a gradual decrease o f  the heat to  I000°C.  

The  almost constant  heat  o f  immersion in the temperature range (20-200°C) 
might be due to  a compensat ion effect o f  two  factors operating in opposi te  directions, 
n:~mely the desorption o f  molecular water (of. Fig. 3) overlapping with t h c  sharp 
decrease in the number o f s i lano l  groups. The first facto:  could cause an increase in the 
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~m,tple 5 s z . r  ~'- H s "  h i"  - Wmer ¢.o~¢e.nt N-~o13~/100.~ ~ 
(cal g-U (er~ on-*-) (~lt.-Olg) I0 • 

ED('29) 348.6 21.15 253.6 4.09 7.8 
ID(I10)  318.0 21 .91  288.0 2.74 5.8 
ID(200) 322.0 2 0 . 5 4  266_7 2.36 4.9 
ID(290) 272.4 27.48 430.0 1.89 4 .6  
ID(380) 363.1 16_06 184_9 1.75 3.2 
ID(480) 348.1 16.44 197.1 1.64 3.1 
ID(510) 38~_1 13_52 079_4 1.22 0_1 
ID(10G0) 2T7_4 08.16 17.5.3 0.00 O.O- 

interaction between the adso rba te  water  molecules and  the exposed  silanol g roups  on  
the surface,  whereas the second  fac tor  could  b e  associa ted  wi th  a decrease in the  heat  
o f  immersion.  The  sharp  increase in the heat  o f  immers ion  a r o u n d  290cC is mos t ly  
a t t r ibuted  to  a rehydra t ion  o f  the par t ly  si loxaned surface. 

The  shoulder  located in the 380-480 ° tempera ture  range, m a y  be  due  to  the 
fact  tha t  these two  samples conta in  a lmos t  the same n u m b e r  o f  silanol groups.  The  
s lower rate for  dehydroxyla t ion  in the  t empera ture  range 380-480 ° cou ld  be  explained 
on  the basis o f  some  spect roscopic  invest igat ions;  1, ~ 2 which indicate the  removal  o f  
the surface hydroxyls  b o u n d e d  by  mutua l  hydrogen bonds  a t  temperatures  up  to  
400--C, b e y o n d  which the dehydroxyla t ion  process  becomes  slower,  mainly  because  

o f  the  inc,ease in the mean  d ~ a n c e s  between neighbour ing free (non-interacting) 
hydroxyl  g roups  on  the surface o f  the silica sample.  

Figure 4 shows the variat ion o f  the water  heat  values, normal ized to unit  
area on  the surface and  the n u m b e r  o fs i l ano l  g roups  bo th  as funct ions o f  the dehydra-  

I 
0 2 0 0  / .00  6 0 0  800 1000 

Tern  p e r a t u r e  °C; 

( D a v ; d  son 5 9 -  w ~ t e r )  

Fig. 5. Variation of the heat of immersion in water, h~" (erg cm -~) and the avega~ pore radius wi:h 
tem n e g a t u ~  o f  t ~ . ~ l  ~ : a m ~ .  
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t ion  t empera tu re .  As  p o i n t e d  o u t  earl ier ,  the  n u m b e r  o f  s i lanol  g r o u p s  dec reases  
rap id ly  o v e r  the  range  200 s.O0°C, a n d  c o n t i n u e s  to  dec rea se  a t  a s l o w e r  ra te .  

F i g u r e  5 s h o w s  the  va r i a t ion  o f  the  h e a t  o f  immers ion ,  h~ (e rg  c m -  2), a n d  t he  
averdgc  p o r e  r ad ius  a s  p a r a m e t e r s  o f  t he  p r e t r e a t m e n t  t e m p e r a t u r e ,  a n d  t hey  s h o w  

essentially the same behaviour, indicating the strong dependence of  the heat of  immer- 
sion o n  the  p o r e  size. T h e  p resence  o f t h e  m a x i m u m  l oca t ed  a r o u n d  2 9 0 ° C ,  w h i c h  w a s  

a t t r i b u t e d  to  the  r ehyd ra t i on  o f  s o m e  su i t ab ly  o r i e n t e d  s i loxane  b r idges  o n  t he  sur face ,  
is a l so  a s soc i a t ed  w i th  a m a r k e d  increase  in the  ave rage  p o r e  r ad ius  o f  the  sample .  
Also ,  the  o t h e r  m i n o r  p e a k  (o r  shou lde r )  l oca t ed  a r o u n d  4 8 0 ° C ,  in w h i c h  the  h e a t  
va lues  run  paral le l  to  the  h y d r o x y l  c o n t e n t  o f  the  sur face ,  s h o w  no t i ceab l e  d e p e n d e n c e  
o n  the  ave rage  p o r e  r ad ius  as  well_ In  F igu re  5, the  genera l  t r end  is t ha t  t he  n o r m a l i z e d  
h e a t  va lues  pe r  uni t  a r e a  run  r e m a r k a b l y  para l le l  t o  t he  ave rage  p o r e  radius .  

T h e  resul ts  o b t a i n e d  in this inves t iga t ion  ind ica te  therefore ,  t ha t  whi le  the  

chemis t ry  o f  the  silica su r face  (i.e., degl~-e o f  hyd roxy la t i on ) ,  p l ays  a s ignif icant  ro le  
in de t e rmin ing  the  h.mt o f  i m m e r s i o n  in wate r ,  t he  ~ o m e t r y  o f  t he  sur face ,  a n d  in 
pa r t i cu la r  i ts  p o r e  s t ruc tu re ,  p lay  a m a j o r  ro le  as  welL T h e  resu l t s  conf ixm the  p re -  
v ious ly  reached  conc lus ions -"  ~ a t ha t  the  hea t  o f  i m m e r s i o n  in w a t e r  is h igher  in 
w i d e  pores .  A p p a r e n t l y  r epu l s ion  b e t w e e n  the  p e r m a n e n t  d ipo les  o f  the  w a t e r  
molec tdes  is e n h a n c e d  in n a r r o w e r  pores ,  a n d  this w o u l d  lead  to  a dec  _rea~ in t he  h e a t  

of  immersion, especially when a definite orientation of  the water molecules takes place 
on the surface, with similar poles oriented in the same directions. Work is still going 
o n  to  conf i rm these  v/ews.  

T h e  s i tua t ion  wi th  a n o n - p o l a r  mo lecu le  is to ta l ly  different ,  e.g. ,  in the  case  o f  
immersional heats in cyclohexane, when the forces are mainly dispersion, and the 
hea t s  were  f o u n d  to  b e  e n h a n c e d  in n a r r o w e r  pores .  
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