
D R Y I N G - P R O C E S S  T H E R M O G R A M S  O F  C O L L O I D A L  

D I S P E R S I O N S  C O N T A I N I N G  V A R I O U S  M O I S T U R E S  

I. DRYING THERMOGRAMS OF BRITTLE GEI_,S 

V. M. K a z a n s k i i ,  R .  V .  L u t s y k ,  
a n d  A. F .  M e l ' n i k o v a  

UDr 542.47:54-148 

The mode of succes s ive  evaporat ion,  which had been applied to water  va r ious ly  bonded to 
a colloidal d i spe r s ion  during the drying p roce s s ,  is extended to other liquids and is used 
in an analys is  of the drying t h e r m o g r a m .  It is shown that  the drying t h e r m o g r a m  method 
of analysis  applied to br i t t le  gels containing va r ious  liquids makes  it  poss ible  to thoroughly 
study the i r  adsorpt ion  c h a r a c t e r i s t i c s  and mic roporous  s t ruc tu re ,  with the aid of the m o l e c -  
u l a r - s i e v i n g  effect.  

The pore  s t ruc tu re  of colloidal d i spers ions  is now widely studied by the drying t h e r m o g r a m  method 
[1], which in turn  is based on the laws of evapora t ion  kinet ics  for  va r ious ly  bonded liquids. In all such 
studies so fa r ,  except  in [2], only water  was used as the evapora t ing  liquid. With liquids having other  
p rope r t i e s ,  on the other  hand, new ways may  become feas ib le  in which the drying t h e r m o g r a m  method 
could be used for  studying the pore  s t ruc tu re  of colloidal d i spe r s ions .  

In this a r t ic le  we will analyze the drying t h e r m o g r a m  for  typical  d i spers ions  with a r igid s t r u c t u r e  
(britt le gels) containing va r ious  m o i s t u r e s .  We set  out here  with two object ives:  f i r s t  of all, to explain the 
physical  s ignif icance of the c r i t i ca l  points on the drying t h e r m o g r a m s  for  var ious  liquids and, secondly,  
to explain the poss ib i l i t i es  of using the drying t h e r m o g r a m  ~nethod with var ious  liquids for  a study of the 
m i e r o p o r o u s  s t r u c t u r e  of colloidal  d i spers ions .  

A study was made on adsorbents  incIuding seven  s i l i ca  gels  of different  poros i t i es  with the effect ive 
pore  radius  ranging f r o m  10 .9 to 10 .8 m and also mic ropo rous  act ivated carbon.  As c h a r a c t e r i s t i c s  of 
their  pore  s t ruc tu re  we de te rmined  the i s o t h e r m s  of vapor  adsorpt ion for  all spec imens .  T h e  effect ive 
pore  radi i  in these  spec imens  (without co r r ec t ion  for  the thickness of the adsorpt ion fi lm),  calculated f r o m  
the i s o t h e r m s  of wa te r  adsorpt ion  and also often taken f r o m  published sources  [3-5], a re  given in Table  4. 
It  can be seen  in Table  4 that  the s i l i ca  gels  chosen for  this s tudy adequately r e p r e s e n t  all types of s t r u c -  
ture  with var ious  poros i ty  levels  [4]. 

As the adsorba tes  we se lec ted  liquids with va r ious  s i zes  of molecu les  and var ious  dipole moments .  
We used he re  liquids with boiling points not below 40-60~ and yet  suff icient ly volat i le .  Altogether three  
polar  liquids (water, methanol ,  n-butanol) and three  nonpolar  liquids (benzene, eyclohexane,  n-heptane) 
we re  se lec ted.  The effect ive d i ame te r s  and a r ea s  of their  molecu les ,  calculated by conventional fo rmu la s  
[6] and also taken f r o m  published sources ,  a re  given in Table 1. All unre fe renced  data  in these  tables  
have been obtained by the authors .  

P r i o r  to the exper iment ,  each adsorbent  was dried at 105~ so as to f r ee  it  of any mo i s tu r e  sorbed  
f r o m  the a i r ,  then cooled in a des icca to r  over  phosphor anhydride,  and filled d i rec t ly  in the des i cca to r  
with a given t e s t  liquid. In this way, each drying t h e r m o g r a m  cor responded  to the evapora t ion  of one 
speci f ic  liquid without i n t e r f e rence  f r o m  the evapora t ion  of water .  

T h e r m o g r a m s  and drying curves  in these tes ts  were  r eco rded  with l abora to ry  ins t rumenta t ion  which 
had been desc r ibed  in [5]. AI1 tes t s  were  pe r fo rmed  under ident ical  conditions: air  t e m p e r a t u r e  50~ ai r  
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TABLE 1. 
Tes t  Liquids 

Molecule diameter Molecule area 
Adsotbate .10 -1~ re, according to according to 

the formula in [6] the formula 
,, ii~ [6] 

Water 3.44 10. 6 

4.37 18.2 
5.60 29.2 
5.72 30.8 

Methanol 
n- but anol 
Benzene 

Cyclohexane 
n-heptane 

Effective Dimensions of Molecules in the 

6.06 
6.74 

pres su re  3" l0 s N / m  2, and pumping rate  of air constant. 

10-~o m 2 
/ccording to 
]ata in pub- 
fished sources 

11.5 [7] 
14.8 [8.9] 
20-25 [I0] 

17.6 [II] 

30.3 [II] 
40 [12.13] 

49 [14] 

36.1 
55.1 8o [14] 

57 [13] 

Such a mode of operation corresponds  to approxi-  
mately  0.8 k J / g  of f ree  energy of water vapor in the drying air [16], which is equivalent to drying under 
a tmospher ic  p ressure  at 105~ This eliminated any possibil i ty that a specimen would adsorb water vapor 
f rom the air while one of the other liquids was evaporating f rom it. At the same time, this mode of drying 
ensured a sufficiently high evaporat ion rate  of any of the test liquids and, accordingly, a clear  definition 
and a good reproducibi l i ty  of their the rmograms .  Two of the given s i l ica  gets were, fu r thermore ,  mois t -  
ened with each of the given liquids and tested in different modes corresponding to different drying ra tes .  
It has become apparent  here that the mass  contents which correspond to the cr i t ical  points on the drying 
the rmogram remain  the same,  within test  accuracy,  at different drying modes. The ear l ie r  conclusion 
[15] that the mass  content  at the cr i t ical  points on the the rmogram is independent of the drying rate  in the 
case of water  appears thus to be valid for el1 the liquids used in this experiment.  

Typical drying t he rmograms  obtained here  are shown in Fig. 1. 

As is well known [1], the initial range of a drying the rmogram up to the cr i t ical  point 3 corresponds  
to the evaporation of almost  unbonded liquid f rom the in tergranuiar  space and f rom macropores  larger  than 
10 -7 m in radius in a colloidal dispersion.  The differences between the physicochemical  proper t ies  of the 
var ious  evaporating liquids do not come much into evidence within this range of thermogram.  The range 
beyond the cr i t ical  point 3 corresponds  to the evaporat ion of both a liquid f rom the miCropores and of ad- 
sorbed liquid in a specimen. Within this range of the t he rmogram the physicochemica[ proper t ies  and the 
size of the liquid molecules  are necessa r i ly  ref lected most  strongly.  For  that reason,  we are concerned 
here with this range of the the rmogram.  

The mass  content in specimens at the cr i t ical  point 3 on the drying the rmogram (W3) is shown in 
Table 2. It is evident here  that, when all specimens are moistened with water,  their W 3 values approach 
closely their hygroscopic  mois ture  capacity determined f rom the adsorption isotherms.  Such a coincidence 
is observed also in the case of other liquids, wherever  reliable so rp t i onda t a  are available. For  all spec i -  
mens,  fu r thermore ,  the values of W 3 expressed  in units of volume per 1 kg of adsorbent are close, which 
agrees  with the Gurvich law [19]. Some difference in the W 3 values for the various liquids has, probably,  
to do with the fact that the Gurvich rule is not obeyed exactly by microporous  adsorbents.  The reasons  for 
this have been discussed thoroughly in [6]. Thus, the data in Table 2 lead us to the conclusion that the 
cr i t ica l  point 3 on the drying the rmogram for colloidal dispers ions corresponds  to the maximum hygro-  
scopic mass  capacity of specimens with respec t  to each of the test liquids. Unlike in sorpt ion m e a s u r e -  
ments,  moreover ,  where determining the max[mum hygroscopic  mass  capacity (~ --- 1) is connected with 
ser ious  difficult[es~ point 3 on the drying the rmogram is found ra ther  easily. 

The cr i t ical  points 4 and 5 on the drying the rmogram for bri t t le  gels containing water corresponds  to 
the quantity of poly- and monomolecular  water adsorption [1, 15]. When specimens contain other liquids 
the physical significance of the cr i t ical  points 4 and 5 on a drying the rmogram can be explained by compar -  
ing the mass  contents of specimens at these points with the quantities of adsorbed substance in a mono-  
layer  and in polylayers  which have been determined f rom the i so therms.  Such a compar ison is made in 
Table 3. 

A compar ison  of the data in Table 3 shows that the mass  content in each specimen at the fifth cr i t ical  
point on the the rmogram is close to the quantity of the same liquid adsorbed under a 10~c relat ive vapor 
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Fig. I. Drying thermograms of grade MSM silica gel and activated carbon (a), 
grade KSM-I and KSM-5 silica gels (b), grade I~S-4, KSK-2, E, V silica gels 
(c); i) moistened with water; 2) methanol; 3) butanol; 4) benzene; 5) cyclohexane; 
and 6) heptane. AT) Temperature difference between specimen and air; r) test 
time. 

Fig.  2. I n t e g r a l  c u r v e s  of po re  d i s t r i bu t i ons  in: 1) MSM s i l i c a  gel;  2) ac t iva ted  
carbon; 3) KSM-I silica gel; 4) KSM-5 silica gel; 5) KSS-4 silica gel; 6) KSK-2 
silica gel; 7) grade E silica gel. V) Volume of pores (. 10 -5 ma/kg); r) radius of 
pores (o 101~ m). 

TABLE 2. C o m p a r i s o n  of the M a x i m u m  H y g r o s c o p i c  M a s s  Capac i ty  
of S p e c i m e n s  D e t e r m i n e d  f r o m  Dry ing  T h e r m o g r a m s  and f r o m  Ad-  
s o r p t i o n  I s o t h e r m s  

Mass content at the 3rd critical point on t Maximum hygroscopic mass capacity of 
[ the thermogram W3" 104 m3/kg when ] specimens Ws. 104 ma/kg according to 

Speci- ] moistened the adsorption isotherms 

men ; 2 r  : ; : ?  ~:tIa ~ : : e  he y:l-~ ~ : : ;  I ~ methanol benzene heptane 
I / I lane r / } 1 

MSM 

KSM-5 

KSM-1 
KSS-4 

KSK-2 

E 
V 
Carbon 

2,4 2,7 

4,5 4,8 

2,9 3,0 
5,9 6,9 

9,6 10,1 

14,9 14,8 
4,3 4,6 
3,0 3,3 

1,4 

;3,5 

2,2 
4,8 

8,4 

12,5 
3,7 
2,5 

2,5 2,2 

4,2 4,2 

3,2 3,0 
5,7 5,8 

9,6 I0,0 

14,6 16,1~ 
4,7 4,~! 
2 , 8  2, 

2,3 2,7 
2,7 [4] 
2,4 [181 

4,4 4,5 
4,7 [10] 
4,8 [4] 

2,7 2,5 [17] 
5,9 6,2 

6,3 [10] 
9,4 I0,0 

10,4 [10 
9,O [4] 

15,3 16,0 [4] 
4,3 
2,4 3,2 

2,5 [17t 2,1 [17] 

- -  4 , 4  [10]  

2,5 [3] 2,1 [17] 
- -  6 , 3  [10] 

9,9 [10] 

17,2 [31 17,2 [31 

3,1 

2,1 [171 

2,1 [171 

17,2 [3] 
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TABLE 4. Filling the Micropores  with Liquids of Var ious-Size  
Molecules 

Specimen 

MSM 
KSM-5 
KSM'I 
KSS-4 
KSM-2 
E 
V 
Carbon 

f 
ffective rat 
ius of pores 
I0 -I~ m 

10 
13 
14 
20 
41 

100 
Heteroporous 

13 

----water methanol 

Quantity of liquid in the micropores of specimens 
(W3_ 4' 104 m3/k~_) moistened with 

heptane ~utanol ~enzene cyclo- 
hexane 

0 
2,4 
2,0 
3,9 
7,6 

13,6 
3,2 
O 

1,2 
4,1 
2,2 
5.5 
9.1 

14,4 
3.8 
2,8 

0 
2,2 
1,2 
3,2 
5,6 

11,0 
2,2 
0 

o 
3,2 
1.7 
4,5 
9,1 

15,9 

0,2 
3,6 
1,8 
5,9 
9,1 

14,2 
3,2 
2,7 

0 
2,4 
0,8 
4,0 
8,4 

14,7 
3,2 
O 

pressure ,  under which an adsorbing monolayer  is filled completely [21]. The mass content in each spec i -  
men at the fourth cr i t ical  point on the the rmogram is approximately twice as high as at the fifth cr i t ical  
point (for the same liquid). If we assume that the heat of adsorption is completely re leased  f rom a bri t t le 
gel by the t ime the second monolayer  is filled up, according to [22, 23], then we may consider  the fourth 
cr i t ical  point of a t he rmogram to correspond to the ful l -capaci ty  adsorption of liquids by the specimens.  
This conclusion is also supported by the fact  that the mass  content at the fourth cr i t ical  point on a the rmo-  
g r a m  is close to the mass  content which cor responds  to the beginning of the hys te res i s  range of an adsorp-  
tion i so therm (see Table 3). An exception to this rule are microporous  s i l ica gels when moistened with 
mac romolecu l a r  liquids. In this case the mic ropores  are filled up with a single adsorption layer and, 
therefore ,  W 4 < 2W 5. 

The data in the table show also that, as the size of molecules  increases ,  the quantity of adsorbed 
liquid in each specimen decreases  regular ly .  

Thus, the resul ts  of our study indicate that the cr i t ical  points 3, 4, and 5 on the drying the rmograms  
of var ious  liquids as well as of water correspond to the respect ive  evaporation l imits  of var ious ly  bonded 
liquids f rom colloidal dispersion.  One may, then, consider the mode of success ive  evaporation,  which 
had been developed by Kazanskii [1], is also valid not only for water but also for var ious  other liquids and 
it may be used for the analysis of drying the rmograms  where other liquids are evaporating. 

The feasibi l i ty of determining the quantities of adsorbed liquid and of liquids contained in m i c r o -  
pores on the basis of drying the rmograms  implies that this method can perhaps also be used for studying 
the microporous  s t ruc ture  of adsorbents,  with the aid of the molecular -s iev ing  effect ("molecular  f ee le r -  
gage effect") [24]. This can be seen f rom Fig. 1 and the data in Table 4, where pore volumes tillable with 
some liquid during capi l lary condensation (from the difference in mois ture  contents at the third and at the 
fourth cr i t ical  point on a drying thermogram).  Thus, in the u l t ramicroporous  si l ica gels (MSM) and in 
activated carbon only water and methyl alcohol fill part  of the pores by the mechanism of capi l lary con- 
densation, while liquids with la rger  molecules fill up all pores of this s i l ica  gel in the p r ima ry  adsorption 
process .  For  this reason,  the cr i t ical  points 3 and 4 separate  on the drying the rmograms  for these spec i -  
mens containing water  and methyl alcohol, while they merge  when these specimens contain other liquids. 
It is cha rac te r i s t i c  that on the adsorption i so therms  for the same specimens containing liquids whose mole-- 
cules are large there is no hys te res i s  loop (see Table 3), which indicates that no capi l lary condensation 
occurs  here.  Capil lary condensation in the mic ropores  of I~SM-5 and KSM-1 occurs  with each liquid, but 
the quantity of capi l lary condensate dec reases  as the molecule size increases .  This is most  pronounced 
with aliphatic molecules  of butanol and heptane, less with a romat ic  molecules  of benzene and cyclohexane. 
Finally, the volume of capi l lary condensate in macroporous  s i l ica  gels is almost  independent of the mole -  
cule size. This is also confirmed by the data in Fig. 2, where the integral  curves of pore distributions have 
been calculated by the Kelvin equation on the basis of the adsorption i so therms  for water vapor,  without 
cor rec t ion  for  the thickness of the adsorption layer.  It can be seen in Fig. 2 that in the u l t ramicroporous  
s i l ica  gels (MSM) and in activated carbon more  than 90% of the mic ropores  have a radius up to 15 �9 10 -l~ m 
large.  In the medium-porous  specimens of KSM-5 and KSM-1 pores having a radius smal le r  than 15 �9 10 -10 
m constitute only 60-70% of the total volume of micropores .  In the macroporous  specimens mos t  of the 
volume is taken up by pores having a radius la rger  than 20 �9 10 -1~ m. 

Thus, the method of the drying the rmogram applied to var ious  liquids, with the aid of the molecu la r -  
sieving effect, makes it possible not only to determine the volumes of m a c r o -  and mic ropores  but also to 
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rather thoroughly study the adsorption characteristics and the microporous structure in colloidal disper- 
sions. The method of the drying thermogram is also distinct from other methods, particularly the sorption 
method, by its comprehensiveness and speediness. 
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