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U S I N G  T H E  T H E O R Y  O F  T H E  V O L U M E T R I C  F I L L I N G  OF 

M I C R O P O R E S  T O  C A L C U L A T E  T H E  S O R P T I O N  O F  

E L E C T R I C A L L Y  I N S U L A T I N G  C E L L U L O S E  M A T E R I A L S  

L .  S .  K a l l n t n a  a n d  N .  E .  G o r o b t s o v a  UDC 533.583.2 

It is shown that  the  theory  of the vo lumet r i c  fil l ing of m l c r o p o r e s  may  be used  to calculate  
sorp t ion  i s o t h e r m s  and the spec i f ic  i s o t h e r m a l  m o i s t u r e  capaci ty  of e l ec t r i ca l ly  insulating 
ce l lu lose  m a t e r i a l s .  

In [1, 2] values  of the  equi l ibr ium m o i s t u r e  content of e l ec t r i ca l ly  insulat ing cel lulose  m a t e r i a l s  were  
given for  a wide r ange  of so rp t ion  p a r a m e t e r s  - -  t e m p e r a t u r e  and p r e s s u r e .  As noted in [1, 2], the sorpt lon 
i s o t h e r m s  of ce l lu lose  m a t e r i a l s  for  w a t e r - v a p o r  p r e s s u r e s  in the r ange  of p rac t i ca l  impor tance  for  the v a -  
cuum drying of e l ec t r i ca l  insulat ion (P /Ps  < 0.3) a r e  desc r ibed  by an equation of Freundl ich  type 

W' e = c_/:~, (1 )  

where  c and n a r e  t e m p e r a t u r e - d e p e n d e n t  constants  cha rac te r i z ing  the given m a t e r i a l .  

The s o r p t i o n - i s o t h e r m  equation of Freundl ich  type may be r e g a r d e d  as a pa r t i cu l a r  case  of the g e n e r -  
a l ized a b s o r p t i o n - i s o t h e r m  equation for  m lc ropo rous  sorbents  based on the theory  of vo lume fi l l ing,  which in 
energy f e r m i  is wri t ten as follows [3-5] 

We = Wo exp [--  (A/E) 'n l ,  (2) 

where  W 0 is a ce r t a in  value of the adsorp t ion ,  cal led the l imit ing value of the adsorpt ion;  A, d i f ferent ia l  work 
of adsorp t ion  (A = RTln P s / P ) ;  E,  c h a r a c t e r i s t i c  adsorp t ion  energy de te rmined  at the cha r ac t e r i s t i c  point for  
a fil l ing of W e / W  0 = | =exp  ( - 1 )  = 0.368; m ,  power  index o r  the rank  of the dis t r ibut ion.  Toge ther ,  m 
and E c h a r a c t e r i z e  the m e c h a n i s m  of the  sorp t ton  in teract ion.  When m = 1, Eq. (2) may  be wri t ten in the 
Freundl ich  f o r m  in Eq. (1), and the e m p i r i c a l  coefficients  n and c in Eq. (1) a r e  then [4] 

n = R T / E ,  (3) 

c = W0PT". (4) 

Equation (2) p rovides  a good desc r ip t ion  of the sorp t ion  equi l ibr ium of var ious  ga se s  and vapors  on m i c r o -  
porous sorben ts :  ac t ive  charcoa l s  of var ious  types ,  zeol i tes  [3-5]. 

With a view to  broadening the  c lass  of adso rba t e - - adso rben t  s y s t e m s  for  which the engineering method 
of equ i l ib r ium-adsorp t ion  p roposed  in [5] may be used ,  i t  is of in te res t  to ana lyze  expe r imen ta l  dam on the 
equi l ibr inm m o i s t u r e  content of e l ec t r i ca l ly  i n s u l a t ~  ce l lu lose  m a t e r i a l s .  The in terac t ion  of wa te r  with 
these  m a t e r i a l s  is a complex p r o c e s s  whose m e c h a n i s m  is by no means  fully unders tood,  especia l ly  at low 
mo i s tu r e  coutents .  According to one viewpoint,  the  ce l lu iose - -wa te r  s y s t e m  should be r ega rded  as the in t e r -  
act ion of a po lymer  with the vapors  of l ow-molecu la r  solubil i ty of water  in ce l lu lose  [7]. Real  cel lu lose  s y s -  
t e m s  - -  espec ia l ly  those  which a r e  e lec t r i ca l ly  conducting - -  const i tute  complex f i be r - -po rous  s y s t e m s ,  which 
may contain not only dissolved and adsorpt ion-bound wate r ,  but a l so  mo i s tu re  bound by cap i l l a ry  and osmot ic  
~orces .  

A. V. Lykov Insti tute of Heat and Mass T r a n s f e r ,  Academy of Sciences of the Be lornss ian  SSR, Minsk. 
T rans l a t ed  f r o m  Inzhenerno-F iz ichesk i l  Zhurnal ,  Vol. 35, No. 6, pp. 1084-1088, D e c e m b e r ,  1978. Original 
a r t i c l e  submit ted  October  27, 1977. 
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Fig. 1. Sorption i so therm for K-120 
cable paper ,  We = f(A), for different 
t empera tu res :  1) 302"K; 2) 343~ 3) 
363"K; 4) 383~ We, %; A, kJ /mole .  

TABLE 1. Values of W 0 and E for  Elect r ica l ly  Insulating 
Cellulose Materials  

M a t e r i a l  

K-120 cable paper 

(T=343--383 ~ 

K-120 cable paper 
(T=296--302 ~ 

EMTs cardboard 
A and B cardboard 

W o , g / g  - 1 0  0 %  

9,6 

7,7 
8,4 
8,4 

Z, J/mole 

4650 

5900 
5700 
5020 

Elect r ica l ly  insulating cel lulose ma te r i a l s ,  which contain not only large pores  on the o rder  of 10 -4 cm 
but a lso pores  and mtcrocapi l la r ies  with an equivalent d iameter  of o rder  10-6-10 -7 era, should evidently be 
regarded  as adsorbents  of t rans i t ional -porons  type; their  specific surface  for water is 140-150 m2/g [6]. 

Note that for such mater ia ls  the specific sur face  is the conventional charac te r i s t ic  of their  sorption ca-  
pacity with respec t  to water .  Another conventional notion, charac ter iz ing  the fract ion of water that is most  
s t rongly bound for  cel lulose mate r ia l s ,  is the "monomolecu la r - layer  m o i s t u r e , "  since in sorption the filling 
of mic ropores  by polymolecular  adsorption of "island" type and even the filling of microcapi l la r ies  by water 
may occur  before the formation of the monomolecular  layer  is complete.  

The equation of volumetr ic  filling, based on the assumption that the adsorption space is filled without 
the format ion of a phase in terface ,  may be used for  the case  of adsorption on t rans i t ional -porous  and nonpo- 
rous sorbents .  In this case ,  the rank of the distr ibution m = 1, and adsorption mechanism may be regarded 
as the accumulat ion of adsorbate  molecules on the pore  sur face  [4]. 

Sorption i so therms  of cable paper a r e  shown in Fig.  1 in the coordinates of Eq. (2) (m = 1), for t e m p e r -  
atures  in the range 302-383"K. As follows f rom Fig.  1, the curve of log We =f(A) is a s t ra ight  line over a 
considerable range of We, while experimental  values of We obtained at 343-383~ a re  grouped closely about 
the same  straight  line. Thus,  the equilibrium mois ture  content of K-120 cable paper may be taken to be 

IV e = Woexp (-- RT/E ln p" ) . (5) 

The same dependence is obtained for  other e lectr ical ly  insulating cellulose mater ia ls ;  values of W 0 and 
E for  some electr ical ly  insulating mater ia ls  a re  shown in Table 1. 

It is also of i ~ e r e s t  to compare  the coefficients n and c of the Freundlich equation obtained empirical ly 
[6] for  cellulose mater ia ls  with those calculated f rom Eqs.  (3) and (4); Table 2 s h o ~  this compar ison for  K- 
120 cable paper .  

Thus,  it follows f rom the data in Fig. 1 and in Tables I and 2 that the general ized equation of the adsorp-  
tion i so therm based on the theory of volumetr ic  filling may be used to calculate the equilibrium mois ture  con- 
tent of e lectr ical ly  insulating cellulose mater ia ls  with adequate accuracy  for pract ical  purposes .  Note that to 
calculate the hygroscopic  proper t ies  of these mater ia ls  at high tempera tures  it is sufficient to obtain a single 
experimental  i so therm,  which considerably shortens the invest igat ion.  In this case ,  it is thought that the 
basic pa ramete r s  in the adsorp t ion- i so therm equation of the theory  of the volumetr ic  filling of micropores  -- 

1475 



TABLE 2. Comparison of Values of c and n Obtained Exper imen-  
tal ly [6] and Calculated f ro m  Eqs. (3) and (4) fo r  K-120 Cable Pa -  
per  

"1"~ e/(  
Experimental [6] 

c, gig .100~o/ 
"  m.Hg  

CalcuLated from Eqs. (3) and (4) 

c, g/g.  lO0 ~o/ 
(ram. Hg) n 

343 0,56 
363 0,63 
383 0,69 
393 0,73 
403 0,76 
296 0,40 
302 0,42 
318 0,48 

0,370 
0,170 
0,075 
0,048 
0,034 
2,48 
1,81 
0,92 

0,61 
0,65 
0,69 
0,71 
0,72 
0,41 
0,42 
0,45 

0,383 
0.166 
0,08 
0,055 
0,041 
2,19 
1,84 
1,12 

the l imiting adsorpt ion  W 0 and the cha rac t e r i s t i c  energy E --  take on a r a the r  different  meaning: the value of 
W 0 obtained by l inear  extrapolat ion of Eq. (5) when P / P s  = 1 is a s t ruc tu ra l  cha rac te r i s t i c  of the ma te r i a l ,  
and corresponds  to  the amount  of adsorpt ion-bound mois tu re  in the cel lulose mate r ia l .  

The d i f fe rence  in the values of W 0 and E in Eq. (5) at high (r  = 343-383 'K) and room t empera tu re s  (T = 
296-302~ may be r ega rded  as indicating an inc rease  in the propor t ion of purely  sur face  adsorpt ion,  as is 
conf i rmed by data on the adsorpt ion  kinetics of water  vapor  on e lec t r ica l ly  insulating cel lulose mate r ia l s  [6]. 
This conclusion is a lso  conf i rmed by the observat ion that at lower t empera tu re s  the re  is a cer ta in  r i s e  in the 
cha rac t e r i s t i c  energy E,  which in the given case  is a lso some averaged energy charac te r i s t i c  of the adsorbate--  
adsorbent  in terac t ion  for  the sy s t em being considered .  Comparison of the value of E with the binding-energy 
values for  cable paper  revea l s  that the r e su l t  E = 5900 J / m o l e  cor responds  to the binding energy of mois ture  
with a ma te r i a l  of mois tu re  content 4.5%, i . e . ,  at complete  filling of the monomolecular  l ayer  at the given 
t e m p e r a t u r e  (T = 302~ [6]. 

l~ is in teres t ing  to  note that ,  for  the given descr ipt ion of the equil ibr ium mois tu re  content,  the exp re s -  
sion for  the  speci f ic  i so thermal  mo i s tu r e  capaci ty ,  which is an impor tant  thermodynamic  p a r am e te r  of mois -  
t u re  t r a n s f e r ,  takes  the s imple  fo rm 

& w /E, (6) 

i .  e . ,  the specif ic  i so the rmal  mois tu re  capacity is equal to  the ra t io  between the equil ibrium mois tu re  content 
and the cha rac te r i s t i c  energy of the sys tem being considered .  If the specific mois tu re  capacity is known, Eq. 
(6) allows the equil ibr ium moi s tu re  content of the mate r i a l  to be calculated.  

The values of the specif ic  i so the rmal  mois tu re  capacity for  cable paper  obtained f rom Eq. (6) a r e  in 
good agreement  with the values of c m'  given in [6]. 

NOTATION 

We) equi l ibr ium mois tu re  content of mate r ia l ;  W 0) limiting value of adsorption;  P,  wa te r -vapor  p r e s -  
sure ;  Ps ,  sa tura ted  vapor  p r e s s u r e ;  | degree  of filling; A, d i f ferent ia l  molar  work of adsorption; E ,  cha rac -  
t e r i s t i c  adsorpt ion energy;  R, gas constant; T ,  t e m p e r a t u r e ,  ~ Cm', specif ic  i so thermal  mois tu re  capacity;  
c,  m,  n, empi r ica l  coeff ic ients .  
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