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Direct calorimetric and thermographic tests were used to determine the energy bond for 
film-meniscus moisture in the macropores of a hydrophilic disperse material. We dem- 
onstrate the inapplicability of the theory of capillary condensation to explain the observed 
bonding energy and we examine the possibility of explaining this effect through the various 
thermodynamic properties of the body and film water. 

it was e x p e r i m e n t a l l y  obse rved  in [1, 2] that  the spec i f ic  heat  of evapora t ion  for  a por t ion of the m o i s -  
t u re  f rom the m a c r o p o r e s  of a d i s p e r s e  m a t e r i a l  - with a r ad ius  of about 10 -4 m - exceeds  the heat  of eva -  
pora t ion  for  f r ee  water .  Analogous r e s u l t s  were  conf i rmed l a t e r  in [3]. At the same  t ime ,  we p re sen t l y  
a s s u m e  [4] that  the wa te r  in the m a c r o p o r e s  of a m a t e r i a l  - with a r ad iu s  in e x c e s s  of 10 - 7  m in i ts va r ious  
s t a tes  (capi l la ry ,  f i l m - m e n i s c u s ,  and meniscus)  - is f r ee  wa te r  that is  not bound to the solid phase of the 
m a t e r i a l  and, consequent ly ,  r e q u i r e s  no more  addit ional  heat  for  evapora t ion  than is r e q u i r e d  for  the eva -  
pora t ion  of f r ee  wa te r .  Such d i s a g r e e m e n t  between expe r imen ta l  data  and ex i s t ing  concepts  compel led  the 
au thors  to under take  a number  of addi t ional  inves t iga t ions  with r e g a r d  t_o this  p roblem.  We undertook an 
expe r imen ta l  de t e rmina t i on  of the spec i f ic  heat  of evapora t ion  for  mo i s tu re  f rom the m a c r o p o r e s  of quartz  
sand and s i l i c a  gel ,  with s imul taneous  de t e rmina t i on  of the quantity of mo i s tu re  for  va r ious  s t a tes  in the 
m a c r o p o r e s ,  by using d ry ing  t h e r m o g r a m s .  A r i v e r - b e d  quartz  sand f rac t ion  of 0.10-0.15 mm was taken for  
the test ;  the sand was f i r s t  washed and c leansed  of all  poss ib le  impur i t i e s .  Such sand is hydrophi l i c  with 
r e s p e c t  to wa te r .  The t e s t s  were  a lso  c a r r i e d  out with sand which was f i r s t  t r e a t e d  to make it hydrophobic .  

The expe r imen ta l  de t e rmina t ion  of the in t r ins ic  ene rgy  bonding moi s tu re  to the quartz  sand was based 
on the method of speci f ic  heat  of evapora t ion  [1] on the l a b o r a t o r y  ins ta l la t ion  de sc r ibed  in [5]. The m e a -  
s u r e m e n t s  were  p e r f o r m e d  at a t e m p e r a t u r e  of 44.2~ at a t m o s p h e r i c  p r e s s u r e .  The sand was mois tened 
to i ts  max imum m o i s t u r e  capac i ty  p r i o r  to the tes t ,  with a s l ight  excess  of f ree  wa te r  ove r  the sand s u r -  
face .  The r e su l t s  for  the 0.10-0.15 mm sand f rac t ion  a r e  shown in Fig.  1 by curve  l a .  Curve 2a in this  
f igure  shows the evapora t ion  r a t e  as a function of the mo i s tu re  content of the sand dur ing  the cou r se  of the 
t e s t .  

We see f r o m  Fig .  1 that  at the beginning of the t e s t  the f r ee  wa te r  e x c e s s  is evapora t ed  at a constant  
r a t e ,  followed by the w a t e r  f rom w a t e r - s a t u r a t e d  sand sur face .  Star t ing at a mo i s tu re  content of about 
5.5%, the mo i s tu re  evapora t ion  r a t e  d imin i shes ,  indicat ing a pene t ra t ion  of the evapora t ion  zone, i .e. ,  the 
evapora t ion  of the mo i s tu re  f rom the m a c r o p o r e s  of the i n t e rg ra in  space in the sand. It is at th is  t ime  that 
the mo i s tu re  in the m a c r o p o r e s  begins  to change f rom the c a p i l l a r y  s ta te  to the f i l m - m e n i s c u s  s ta te ,  with 
the men i sc i  at the point of sand g ra in  contact  connected to each o ther  by the wa te r  f i lms  cover ing  the s u r -  
f aces  of the sand g ra ins .  Simul taneously ,  the spec i f ic  heat  of evapora t ion  (curve la) is r a i s e d  s l ight ly  in 
compar i son  with the spec i f ic  heat  of f r e e - w a t e r  evapora t ion  - app rox ima te ly  by 3 - 104 J /kg ,  which c o r r e -  
sponds to 1-2% of the heat  of f r e e - w a t e r  evapora t ion  under  ident ical  condit ions.  This sl ight  i n c r e a s e  in the 
heat  of evapora t ion  is found in each of the e x p e r i m e n t s  and for  each of the sands of va r ious  m a t e r i a l s  [2] 
and va r ious  f rac t ions  that  we t es ted ,  and it was a l so  conf i rmed  in the above-c i t ed  work  by other  authors  
[3]. 

Inst i tute of Light Indus t ry  Technology.  Inst i tute  of Civil  Engineer ing,  Kiev. T rans l a t ed  f rom Inzhe-  
n e r n o - F i z i c h e s k i i  Zhurnal ,  Vol. 16, No.5,  pp. 798-803, May, 1969. Original  a r t i c l e  submit ted July 12, 1968. 

�9 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 g/est 17th Street, ,'Yew York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

l 

549 



~ u  fo-~  - -  

qz 

q/ 

o 

dm /08 

I i 20 

/o 

qf 

0 

0 

20 

f5 

IO 

~ 5  

2 4 5 

Fig. 1. Increment AL (J/kg) (1) in the 
specific heat of evaporat ion and in the 
evaporation rate dm/dT (kg/sec) (2) 
for  mois ture  as a function of the mois -  
ture  content W (%) of ord inary  (a) and 
hydrophobic (b) quartz sand, f rom the 
data of various authors.  

To determine the physical nature of this increase  in the 
heat of evaporation for  the moisture  in the macropores ,  we 
used the same quartz sand fract ion 0.10-0.15 mm for the tests ,  
and the surface of this f ract ion was f i rs t  made hydrophobic by 
t rea tment  in methyl t r ichlorosi lane vapors.  The method used to 
make the sand hydrophobic was taken f rom [6]. The hydro-  
phobic sand does not become wetted on contact with water; 
however,  when moistened in a cuvette in the installation, under 
vacuum, in a state of rest ,  it can retain a cer tain amount of 
water  in the in tergranular  state, without forming films about 
the sand grains.  

The resul ts  f rom the measurement  of the specific heat 
of evaporation for  the water  f rom the hydrophobic sand are  
shown by curve lb in Fig. 1. Curve 2b in that same figure 
shows the rate of mois ture  evaporation. As in the case of the 
drying of ord inary  (hydrophilic) quartz sand, the rate of mois -  
ture evaporation f rom the hydrophobic sand (curve 2b) for  
higher mois ture  content is constant, and then, beginning with 
a mois ture  content of about 4%, begins gradually to diminish. 
This indicates the penetration of the evaporation zone, i.e., 
the evaporation of the water  f rom the in tergranular  space of 
the sand. Unlike the previous experiments  with hydrophilic 
sand, the heat of evaporation for  the intergranular  mois ture  
f rom the hydrophobic sand, for all of its mois ture  contents, 
does not change and remains  equal to the heat of f r ee -wa te r  
evaporat ion (curve lb). 

The experiments  with ord inary  and hydrophobized quartz 
sands thus demonst ra te  that the cause of the increase in the 
heat of evaporat ion for  the mois ture  f rom the macrocap i i l a r ies  

is the interaction of the in tergranular  mois ture  in the mac ropores  of the sand with the solid phase as the 
moisture  makes the t ransi t ion f rom the capi l lary  state to the f i lm-meni scus  state. 

The existence of energy to bind the mois ture  in the macrocap i l i a r i es  to the solid phase of a porous 
mater ia l  shows up c lear ly  in the tes ts  to record  the drying the rmograms .  The drying t he rmograms  for 
quartz sands in this case were  recorded  on the installation descr ibed in [7]; however,  unlike the ea r l i e r  de-  
scribed experiments  the specimen was not placed into a metall ic cuvette, but into a Teflon cuvette. Curves 
la  and lb in Fig. 2 are  typical drying t h e r m o g r a m s  for ord inary  and hydrophobic quartz sands of f ract ions  
0.10-0.15 mm at a constant a i r  t empera tu re  of 52~ and an air  p re s su re  of 120 mm Hg. The same figure, 
curves  2a and2b, shows the rate  of evaporat ion for  the mois ture  f rom the same sands during the record ing  

of the the rmograms .  

Examining the t h e r m o g r a m  and d ry ing- ra t e  curve for  ord inary  quarz sand (curves la and 2a in Fig. 2), 
we see that at the beginning of the test,  with the evaporat ion of the excess  f ree water  over the surface of the 
sand, the evaporation rate  is constant, as is the t empera tu re  difference between the specimen and the air ,  
which is given in the fo rm of a the rmogram.  The quantity of heat spent on the evaporation of the water  is 
supplied to the specimen in this case through the constant exchange of heat with the ambient air.  With a drop 
in the drying rate  (curve 2a) corresponding to the onset of the transi t ion of the mois ture  f rom the inter-  
granular  space of the sand f rom the capi l lary  state to the f i lm-meniscus  state, the tempera ture  of the sand 
rapidly drops,  as a consequence of which the t empera tu re  difference between the specimen and the air ,  wr i t -  
ten in the fo rm of t he rmogram la, inc reases  by 1-2~ reaching a c lear  maximum, and it is only af ter  this 
point that it diminishes.  The t ransi t ion of the mois ture  f rom the capi l lary to the f i lm-meniscus  state in the 
macropores  as it is being evaporated is accompanied by an additional endothermic effect, which stands out 
c lear ly  on the drying the rmogram in the fo rm of a slight peak. 

It is impossible to explain the endothermic effect by a change in the drying rate,  since the drying rate 
(curve 2a in Fig. 2) at the instant of t ime corresponding to the cited t h e r m o g r a m  maximum not only does not 
increase,  but actually diminishes somewhat in compar ison  with the evaporation of the free water.  This endo- 
thermic  effect on the t he rmogram can be recorded only when the intensity of the external heat t r ans fe r  of the 
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Fig. 2. Thermograras  (1) and d ry ing- ra te  curves  (2) for  ordinary  (a) 
and hydrophobic (b) quartz sand (AT denotes the t empera tu re  difference 
between the specimen and the air ,  ~ dm/d r  is the drying rate,  kg/sec;  
r is the test  duration, see). 

Fig. 3. Thermograms (i) and drying-rate curves (2) for MSM silica gel 
(a) and Belgorod Portland cement 0o) (AT is the temperature difference 
between the specimen and the air, ~ din/dr is the drying rate, kg/sec; 
r is the test time, sec). 

disperse material being dried is smaller than the intensity of the given effect, for which the experi- 
ments on the recording of the thermograms must be performed in a special Teflon cuvette. How- 
ever, the metal cuvettes - as a consequence of their greater thermal conductivity - are not suitable 
for the investigation of this effect. The endothermic effect recorded on the thermogram, accompany- 

ing the transition of the moisture from the capillary to the film-meniscus state in the pores, generally 
amounts to several degrees, which substantially exceeds the error in the recording of the thermogram. 

The drying rate for the hydrophobized quartz sand (curve 2b in Fig. 2) in the recording of the drying 
thermograms under the same conditions is similar in curve shape to the drying rate for ordinary sand. 
However, we do not observe the above-described endothermie maximum on the thermogram ib for the hy- 
drophobic sand. 

The cited maxima are found on the thermograms under Various experimental conditions in the evapo- 
ration of the intergranular moisture of hydrophilic sand. Thus, curves la and 2a in Fig. 3 are the thermo- 
gram and drying rate for sand of fine-porosity MSM silica gel, while curves Ib and 2b show the thermo- 
gram and drying rate for salad from the stone of Belgorod Portland cement. 

The results of the thermographic investigation of moisture evaporation from the macropores of dis- 
perse materials, as well as the above-described results of direct calormetric ests, thus show that the 
moisture in the film-meniscus state in the macropores of a disperse material is bound to the solid phase 
of the material. The thermal effect of this bond is approximately 3 �9 10 4 J/kg, i.e., i-2% of the free-water 
heat of evaporation~ 

It is fundamentally important, from our standpoint, that the above-described thermal effect for the 
bonding of film-meniscus moisture cannot be explained exclusively by the effect of the surface tension of 
the water ,  i .e. ,  that which se rves  to explain the bonding of the mois ture  in the microcapi l la r ies  of the d i s -  
pe rse  mater ia l  [4]. Indeed, the most probable radius for the capiI lar ies  of the in tergranular  space of the 
0.10-0.15 mm sand fract ion is given by quantities on the order  of 10 -4 m. Calculation of the increment  in 
the heat of mois ture  evaporation on the basis of conventional formulas  for  capi l lary condensation [8] y~eids 
a magnitude of the o rder  of Joule units per  kilogram_ of moisture ,  which is smal le r  by 4 orders  of ma~'nitude 
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than the observed  effect  of mo i s tu re  bonding. It might be a s sumed  that the mo i s tu re  in the sand, at the in-  
s tant  of i ts  t r ans i t i on  f rom the c a p i l l a r y  to the f i l m - m e n i s c u s  s tate ,  enveloping the sand g ra ins  with a thin 
f i lm,  m a r k e d l y  i n c r e a s e s  its spec i f ic  su r f ace ,  which r e q u i r e s  the addi t ional  expendi ture  of heat  in e v a p o r a -  
tion. However,  the quanti ta t ive ca lcula t ion  does not b e a r  out th is  assumpt ion.  Indeed, even if we a s sume  
that at a mo i s tu re  content for  the sand of 2-4%, the w a t e r  cove r s  each sand gra in  with an even l aye r ,  so that  
the mass  of the wa te r  pe r  s ingle sand g ra in  wilt  be equal to 

the su r face  of th is  wa te r  wil l  be given by 

4 :3 r m = - -  aR pW, 
3 

F = 4aR 2, 

and, consequently,  the speci f ic  su r face  of the wa te r  is 

F 8 

m RpW 

In th is  connection, the i nc remen t s  in the spec i f ic  heat  of evapora t ion  must  amount to 

3 dT) 
dT m RpW 

F o r  the case  of sand with a gra in  d i a m e t e r  of 0.10 mm, with a mo i s tu re  content of 2%, and at t e m p e r a t u r e s  
of 20-70~ we have 

AL = 1.5-l0 ~ J/kg. 

Although th is  e s t i m a t e  is c l e a r l y  overs t a t ed ,  it ls ne ve r t he l e s s  s t i r  s m a l l e r  by 2 o r d e r s  of magnitude than 
the m e a s u r e d  effect.  

The r e s u l t s  of the ca lcu la t ion  thus show that  the bonding ene rgy  fo r  the moi s tu re  in the f i l m - m e n i s c u s  
s ta te  in the m a c r o p o r e s  of a d i s p e r s e  m a t e r i a l  - a quantity which we have m e a s u r e d  e x p e r i m e n t a l l y  - can-  
not be explained on the b a s i s  of the o r d i n a r y  concepts  of c a p i l l a r y  condensat ion.  

it was noted in the work of Deryag in  et al. [9] that  f i lms  of anomalous  wa te r  may exis t  in the s table  
s ta te  on a f lat  quar tz  sur face ,  with the vapor  tens ion  above that  su r face  amounting to 0.93-0.95 of that  of 
o rd ina ry  wa te r ,  which c o r r e s p o n d s  to a f r ee  bonding ene rgy  for  such moi s tu re  of (1.0-0.7) �9 104 J /kg .  If in 
analogy with the c a p i l l a r y  water ,  we a s sume  for  the anomalous  wa te r  an in ternal  bonding energy  (the t h e r -  
mal effect) that  is app rox ima te ly  two t i m e s  g r e a t e r  than the bonding ene rgy  of f r ee  wa te r  [10], we will  obtain 
(2.0-1.5) �9 104 J /kg ,  which is c lose  to the  magni tude of the bonding ene rgy  which we measu red  for  f i l m - m e n i s -  
cus water  in the m a c r o p o r e s  of a d i s p e r s e  m a t e r i a l .  We can t h e r e f o r e  a s sume  that the e x p e r i m e n t a l l y  de -  
t e r m i n e d  energy  bond for  m o i s t u r e  in the f i l m - m e n i s c u s  s ta te  in the m a c r o p o r e s  of a d i s p e r s e  m a t e r i a l  is 
explained by the d i f fe rence  between the t he rm odyna m i c  p r o p e r t i e s  of f r ee  and f i lm water .  

Unfortunately,  the t he rmodynamic  p r o p e r t i e s  of anomalous  wa te r  have not been adequate ly  studied and 
these  ca lcu la t ions  a r e  t h e r e f o r e  exceedingly  tenta t ive  in nature.  However,  the inappl icab i l i ty  of the theory  
of c a p i l l a r y  condensat ion for  this  case  compel led  us to seek  o ther  poss ib le  explanat ions .  

N O T A T I O N  

m is the m a s s  of the water ;  
IR is the rad ius  of the sand grain;  
p is  the dens i ty  of the sand; 
W is the mo i s tu re  content; 
F is  the surface;  
a is  the su r face  tens ion  of the water ;  
T is the absolute  t e m p e r a t u r e ;  
AL is the inc rement  in the heat  of wa te r  evapora t ion  in c om pa r i s on  with f r ee  water .  
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