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Experimental data obtained for the equilibrium moisture content of 11 
materials by the dynamic method provide a basis for an analysis of 
the hygroscopic properties of foodstuffs. Equations of the sorption and 
desorption isotherms are given. 

Foodstuffs are capillary-porous colloidal materials 

and their interaction with moisture in the hygroscopic 
region depends on the molecular interaction of the 

material withthe surrounding moist air. The mechanism 
of this action and the way in which moisture is bound with 
the material are different for different materials. In 

practice the removal of moisture requires the expendi- 
ture of heat to overcome the energy of binding of the mois- 

ture with the material and to evaporate the moisture. H 
Hence, the classification of the ways of binding of mois- 

ture with materials in the hygroscopic region is based on 

the evaluation of the binding energy [2], The moisture- 

binding energy for a particular specific moisture content 

is calculated from the sorption and desorption isotherms. 

An isolated system consisting of a material and 

damp air tends to the most probable and unique state-- 
thermodynamic equilibrium--which is characterized by 

the equality of the factors affecting the rate of the 

p r o c e s s  in the whole sys t em:  the t e m p e r a t u r e  and 
w a t e r  vapor  p r e s s u r e .  In e q u i l i b r i u m  the t e m p e r a t u r e  
of the m a t e r i a l  b e c o m e s  equal  to that of the s u r r o u n d -  
ing a i r  and the p a r t i a l  p r e s s u r e  of w a t e r  vapor  above 
the m a t e r i a l  is  equal  to the p a r t i a l  p r e s s u r e  of wa te r  
vapor  in the s u r r o u n d i n g  a i r .  With such a s y s t e m  we 
can,  of c o u r s e ,  have c a s e s  where  the m a t e r i a l  ab-  
s o r b s  m o i s t u r e  f rom the a i r  and b e c o m e s  m o i s t  
( so rp t i on  p r o c e s s )  [2] or ,  c o n v e r s e l y ,  g ives  up m o i s -  
tu re  to the a i r  and b e c o m e s  d r i e r  ( de so rp t i on  p r o -  
c e s s ) .  The d i r e c t i o n  of the p r o c e s s  depends  on the 
in i t i a l  m o i s t u r e  content  of the m a t e r i a l .  It  i s  obvious 
that  the e q u i l i b r i u m  m o i s t u r e  content  of the m a t e r i a l  
c h a r a c t e r i z e s  i t s  h y g r o s c o p i c  m o i s t u r e  capac i ty .  

N u m e r o u s  inves t iga t ions  have shown that  the equi -  
l i b r i u m  m o i s t u r e  content  of a p a r t i c u l a r  m a t e r i a l  d e -  
pends  on the r e l a t i v e  humid i ty  of the a i r  ~,  the t e m -  
p e r a t u r e ,  the d i r e c t i o n  of the p r o c e s s  ( abso rp t ion  o r  
d e s o r p t i o n  of m o i s t u r e ) ,  and o ther  f a c t o r s  [3 ,4] .  

It is  i m p o s s i b l e  at p r e s e n t  to obta in  an ana ly t i ca l  
r e l a t i o n s h i p  be tween  the bound m o i s t u r e  and the r e l a -  
t ive  humid i ty  of the a i r  in the whole r ange  of q). 
Hence,  the co l l ec t i on  of e x p e r i m e n t a l  da t a  on equ i -  
Librium m o i s t u r e  content  is  of g r e a t  i m p o r t a n c e  in the 
theory  and p r a c t i c e  of d r y i n g  of foodstuffs  [5 ,6] .  

In faet ,  the r e m o v a l  of h y g r o s c o p i c  m o i s t u r e  f rom 
a m a t e r i a l  r e q u i r e s  the expendi tu re  of hea t  to o v e r -  
come the m o i s t u r e  b inding e n e r g y  and to e v a p o r a t e  
th is  m o i s t u r e .  F o r  a m a t e r i a l  with a g iven  m o i s t u r e  
content  the b inding  e n e r g y  is  

E = - - R T  In q~. 

The spec i f i c  m a s s  c a p a c i t y  of a m a t e r i a l  in the 
h y g r o s c o p i c  r eg ion  is  d e t e r m i n e d  f rom the i s o t h e r m s .  
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I s o t h e r m  of potato c r a c k e r s  at T = 313 ~ K 
(drawn f rom mean  points) .  

An investigation of the families of isotherms ob- 
tained at different temperatures can provide the value 
of the thermogradient coefficient. From the amount of 
adsorption-bound moisture (the moisture of the mono- 
molecular layer) determined from the isotherms, the 
specific surface of the solvent for water can be cal- 
culated with a known degree of accuracy. Finally, the 
sorption and desorption isotherms are used to deter- 
mine the optimum storage conditions for the product. 

Hence, a complete understanding of drying and 
moistening processes, the practical accomplishment 
of these processes, and the choice of the optimum 
drying conditions and the parameters of the drying 
agent require a complete investigation of the sorption 
and desorption isotherms. 

The most common way of determining the equilibrium 
moisture content up till now has been the tensimetric 
method with solutions of salts and acids. It should be 
noted, however, that the long duration of the experi- 
ment renders the tensimetric method unsu~table for 
the majority of foodstuffs, since a moist product is 
destroyed by mold long before equilibrium is attained. 

In the drying laboratory of Odessa Technological 
Institute of the Food and Refrigeration Industry a 
great deal of experimental work has been done on the 
equilibrium characteristics of foodstuffs. A special 
apparatus for determining the equilibrium moisture 
content by a rapid method is used (a flow of air is 
used and the time required is 8-12 hr). 

Figures 1 and 2 show the desorption isotherms of 
eight foodstuffs: crackers--a product obtained by dry- 
ing potato puree concentrate with starch and flavoring 
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addit ives,  dogbe r r i e s ,  apr icot  ke rne l s ,  peppe rco rns ,  
peas,  c a r ro t s ,  p e r s i m m o n ,  and garden b e e t - - p r o -  
ducts which are  dr ied  by convection.  
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Fig. 2. Desorpt ion  i so therms:  1) dogber -  
r i e s ,  T : 293 ~ K; 2) apr icot  ke rne l s ,  T = 
- 293 ~ K; 3) peppercorns ,  T : 303 ~ K; 
4) peas ,  T =298 ~ K; 5) c a r r o t s ,  T =  
= 293 ~ K; 6) p e r s i m m o n ,  T = 303 ~ K; 

7) garden  beet ,  T : 293 ~ K. 

As the graphs  in Figs .  1 and 2 show, the i so t he r ms  
are  a s y m m e t r i c  S-shaped curves  which differ f rom 
one another  not only in slope, but also in shape. The 
points  marked  in Fig.  1 are  for d i f ferent  s e r i e s  of 
exper imen t s ,  which i l l u s t r a t e s  the good r ep roduc ib i l -  
ity of the r e su l t s  of the rapid  method. 

The di f ferent  shape of the di f ferent  pa r t s  of the i so-  
t h e r m s  i l l u s t r a t e  the di f ferent  ways in which mo i s tu r e  
is bound with the ma te r i a l .  All the i so the rms  a re  
drawn to pass  through the origin.  It is very  difficult  to 
invest igate  the re la t ionsh ip  on this pa r t  of the i so -  
the rm and, hence,  r e s e a r c h e r s  produce the i so the rms  

to the or ig in  r a t h e r  a r b i t r a r i l y ,  a s suming  that when 
~p = 0, we = 0, i r r e spec t i ve  of the t empera tu re .  This  
a r b i t r a r i n e s s  s t ems  f rom the fact that it is very  dif-  
f icult  to d i s t inguish  between removab le  water  and 
chemica l ly  bound water .  This  region  c h a r a c t e r i z e s  
the adsorp t ion-bound mo i s tu r e  of the monomolecu l a r  
l aye r - - t he  mos t  t ightly bound mois tu re .  The amount 
of this mo i s tu r e  can be used to calcula te  the sur face  
of the sorben t  for water .  According to F i lonenko ' s  
suggest ion,  the adsorpt ion-bound mo i s tu r e  of the 
monomolecu l a r  l ayer  is given by the m o i s t u r e  con-  
tent  co0--the point  of i n t e r sec t ion  of the produced l i n -  
ear  par t  of the i so the rm in Fig.  1 with the axis of 
equ i l ib r ium m o i s t u r e  content.  Each i so the rm has a 
l i nea r  port ion.  It is  mos t  d i s t inc t  in the case  of apr i -  
cot ke rne l s  and t e r m i n a t e s  at ~p = 75%; it is l e s s  d i s -  
t inct  in the case  of apples where  it t e r m i n a t e s  at ~p : 
= 30%. The l i nea r  pa r t  of the i so the rm c h a r a c t e r i z e s  
the b inding  of m o i s t u r e  by sorpt ion and the fo rmat ion  
of po lymolecu la r  l aye r s ,  but  the cap i l l a r i e s  a re  s t i l l  
not  f i l l ing up with moi s tu re .  The end of the l i nea r  p o r -  
t ion is cha rac t e r i zed  by the va lues  ~Pm and win. Be-  
ginning at these  va lues  the i so the rm tu rns  sharp ly  to 
the r ight  even with a very  sl ight  i nc r ea se  in q~. The 
re la t ionsh ip  between the equ i l ib r ium m o i s t u r e  con-  
tent  and the re l a t ive  humidi ty of the a i r  on this pa r t  of 

the i so therm is of a l ess  defini te  na ture .  It is diffi-  
cult  to de t e r mi ne  exper imenta l ly  the m a x i m u m  hy- 
groscopic  m o i s t u r e  content  of m a t e r i a l s  which swell  
to a l imi ted  extent and it can be obtained only by 
ext rapola t ion of the curve.  The i so the rms  actual ly 
tu rn  to the r ight  and do not i n t e r sec t  the l ine ~p = 100%. 
This  can be at t r ibuted to the fact that at ~p = 100% the 
water  vapor  p r e s s u r e  over the m a t e r i a l  mus t  be equal 
to the vapor p r e s s u r e  over  pure water .  Bound water ,  
however,  is not pure  water ,  but a solut ion with p ro -  
pe r t i e s  which differ  f rom those of pure  water .  Hence,  
the water  vapor p r e s s u r e  over the mois t  m a t e r i a l  
will  always be lower than over pure water .  In view of 
the indefini te  na tu re  of the re la t ionship ,  mos t  r e s e a r c h  
worke r s  t e rmina t e  the i so the rms  at q~ = 85-90%, 

The upper  c u r v i l i n e a r  pa r t  of the i so therm cha r -  
ac t e r i zes  the mo i s tu r e  bound by cap i l la ry  and osmotic  
fo rces ,  and by wett ing water ,  the re la t ionsh ips  govern-  
ing the re t en t ion  of such water  are  ex t r eme ly  in -  
definite.  This  end effect is cha rac te r i zed  by a g rea t  
sca t t e r  of the points  at ~p > 85%. 

The equ i l ib r ium moi s tu r e  content  depends to a 
l e s s e r  extent on the t empera tu re .  This  r e l a t ionsh ip  
has rece ived  l i t t le  study, especia l ly  in the case  of 
foodstuffs. The equ i l ib r ium m o i s t u r e  content  of mos t  
foodstuffs d e c r e a s e s  with i nc r ea se  in t empe ra tu r e .  
F igure  3 shows fami l i es  of i so the rms  for four p ro -  
ducts: potato c racke r s ,  apr ico ts ,  apples,  a ndp lums .  
As the graphs  show, the va r i a t ion  of the equ i l ib r ium 
m o i s t u r e  content  with t e m p e r a t u r e  is d i f ferent  even 
within one i so the rm.  This  dif ference is m o s t  p ro -  
nounced in the region  up to ~p = 80%. For  ~ g r e a t e r  
than 95% the cu rves  p rac t i ca l ly  merge .  

Since the curves  some t imes  c ros s  at the top, this 
me a ns  that the equ i l ib r ium mois tu re  content  is g r e a t -  
er ,  and not l e s s ,  at higher  t empera tu re .  This  can be 
a t t r ibuted  to the fact  that at t e m p e r a t u r e s  above 330 ~ 
K and high a i r  humidi ty  the ma te r i a l  begins  to be 
affected by the heat,  which a l te rs  i ts  s t ruc tu re  and 
hygroscopic  p roper t i e s .  

The degree  to which the equ i l ib r ium moi s tu r e  con-  
tent depends on the t e mpe r a t u r e  is d i f ferent  for dif-  
f e ren t  m a t e r i a l s  and va r i e s  over awide  range.  In Fig. 
2, curve  1 for dogber r i e s  co r responds  to three  t e m -  
p e r a t u r e s  (293 ~ 313 ~ and 333 ~ K). As the graph 
shows, t e m p e r a t u r e  has p rac t i ca l ly  no effect in this 
case.  

The sorpt ive  p rope r t i e s  of m a t e r i a l s  depend on 
the i r  s t ruc tu re ,  which depends in tu rn  on the p ro -  
ce s s ing  [8]. Hence,  the same raw m a t e r i a l  can be 
used to give products  with di f ferent  p r e s c r i b e d  so rp-  
tive p rope r t i e s ,  as is done in the bui lding m a t e r i a l s  
indus t ry ,  etc. It is obvious that the identi ty of the i so -  
t he rms  indicates  s i m i l a r i t y  of the s t r u c t u r e s  of the 
m a t e r i a l s .  

The equ i l ib r ium m o i s t u r e  content  depends l eas t  of 
all  on whether  it  is r eached  by sorpt ion or  desorpt ion .  
The effect of the d i r ec t ion  of the p r oc e s s  is m a n i -  
fested in sorpt ion h y s t e r e s i s  and the sorpt ion  and de-  
sorpt ion i so t he r ms  do not  quite coincide.  The mos t  
l ikely of the n u m e r o u s  explanat ions  of the h y s t e r e s i s  
is that which a t t r ibu tes  it to the i r r e g u l a r  na tu re  of 
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Fig, 3. Desorpt ion  i so the rms :  a) Potato c r acke r s  (1--293; 2--303; 
3--313; 4--323; 5--333 ~ K); b) apr icots  (1--293; 2--313; 3--333 ~ K; 

c and d) apples and p lums (1--293; 2--313; 3--333; 4--353 ~ K). 

Values of Coefficients k, a, B, and w m for I so therms  of Some 
F o o d s t u f f s  

Material 
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r 

Wei in range 
0-9  m 

Wel 1 in range 
~m-~max 

q~m Wm isotherms 

Dogberries 

Apricot kernels 
Peppercorns 
Peas 
Carrots 
Persimmon 
Garden beet 
Potato crackers 
Apricots 
Apples 
Plums 

293 40 

293 30 
303 20 
298 25 
293 ~ 
303 2 
293 40 
293 15 
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293 13 
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50 13.0 
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the p r o c e s s .  Hence ,  some  r e s e a r c h e r s  d r aw  the i s o -  
t h e r m s  through the mean  point .  

F i g u r e  1 shows the i s o t h e r m  for potato c r a c k e r s  
d rawn f rom poin ts  obtained by so rp t ion  and desorp t ion .  
It is  obvious that  it  is  d i f f icul t  to s e p a r a t e  poin ts  ob-  
ta ined  by  the dynamic  methGd of d e t e r m i n i n g  equ i l ib -  
r i u m  m o i s t u r e  content .  

We have a l r e a d y  pointed out that  the i s o t h e r m s  
r e p r e s e n t  a complex  r e l a t i onsh ip  between the equi -  
l i b r i u m  m o i s t u r e  content  of a m a t e r i a l  and the d e g r e e  
of s a tu r a t i on  and t e m p e r a t u r e  of the a i r .  The way in 
which m o i s t u r e  i n t e r a c t s  with a m a t e r i a l  is  d i f fe ren t  
at d i f fe ren t  s t ages .  Hence,  it  is  dif f icul t  to r e p r e s e n t  
the i s o t h e r m  by one equation.  A c c o r d i n g  to F i l o n e n k o ' s  
sugges t ion  the i s o t h e r m  can be  d iv ided  into two p a r t s  
(F ig .  1): 1) f rom w 0 to win; 2) f rom w m upward .  

The p a r t  f rom 0 t o  w 0 i s  of l im i t ed  p r a c t i c a l  i m -  
p o r t a n c e  and is  excluded l r o m  the ana ly s i s .  The va lue  
w0 c h a r a c t e r i z e s  the adsorp t ion-bound  wa te r  of the 
m o n o m o l e c u l a r  l a y e r .  The l i nea r  p a r t  f r om w 0 to w m,  
whi,ch r e p r e s e n t s  the so rp t ion -bound  w a t e r ,  is  g iven 
hy the equat ion 

a + q )  (1) 

WPI~ k 

The coef f i c ien t  k c h a r a c t e r i z e s  the t e m p e r a t u r e  
dependence  of the equ i l i b r ium m o i s t u r e  content  on this  
p a r t .  F o r  d i f f e ren t  m a t e r i a l s  th is  dependence  is  d i f -  
fe ren t :  

for  c r a c k e r s  k = 4.75 + 0.00075 P, ( l a )  

for  a p r i c o t s  k -- 3.44 + 0.00025 t ~, ( lb)  

for  app les  k---- 8.2 + 0.00075 P, ( l c )  

for  p lums  k = 3.64 + 0.00035 t 2. ( ld)  

The c u r v i l i n e a r  por t ion  f rom w m upward,  which 
r e p r e s e n t s  c a p i l l a r y - b o u n d  and osmot ic  w a t e r ,  is  
d e s c r i b e d  v e r y  a c c u r a t e l y  by  F i l o n e n k o ' s  equation: 

B(~--~m) +win. (2) 
wp~ - b -- (~ -- ~) 

On this  p a r t  of the i s o t h e r m  the t e m p e r a t u r e  depend-  
ence of the e q u i l i b r i u m  m o i s t u r e  content  is  c h a r a c t e r -  
i zed  by  the coef f ic ien t  B. It is  obvious that  the va lue  
of w m a l so  depends  on the t e m p e r a t u r e :  

for  c r a c k e r s  

for  a p r i c o t s  

for  apples  

B ~ 13.4 --0.00122 t ~, (2a) 

w m = 18.8--0.135 t; (2b) 

B = 2 .3--0 .05 t 2, (2c) 

w~ = 17.7--0.736 t; (2d) 

B =: 18--0.000125 t 2, (2e) 

w~ = 8 - -  0.04 t; (2f) 

for  p lums  

B = 20 .4- -  0.001 t 2, (2g) 

w m = 14.4--0.075 t. (2h) 

The tab le  g ives  the va lues  of the coef f ic ien t s  k, a, 
b,  B, and a l so  the va lues  of w m for  the i s o t h e r m s  of 
some  foodstuffs .  

The co l l ec t ion  of e x p e r i m e n t a l  da ta  of so rp t ion  
i s o t h e r m s  at  d i f f e ren t  t e m p e r a t u r e s  wi l l  help to e s -  
t a b l i sh  quant i ta t ive  and qua l i t a t ive  r e l a t i o n s h i p s  b e -  
tween the coef f ic ien t s  k and B on one hand, and the 
t e m p e r a t u r e  and p h y s i c o c h e m i c a l  p r o p e r t i e s  of food-  
s tuffs ,  on the other .  

NOTATION 

w e is  the equ i l i b r i um m o i s t u r e  content  of m a t e r i a l  
on d r y  weight  b a s i s ,  %; ~ i s  the r e l a t i v e  humidi ty  of 
a i r ,  % or  f r ac t iona l ;  w 0 is  the m o i s t u r e  content  c h a r -  
a c t e r i z i n g  adso rp t ion -bound  w a t e r  of the m o n o m o l e c -  
u l a r  l aye r ;  w m and go m denote  the point  on the i s o -  
t h e r m  r e p r e s e n t i n g  the uppe r  l i m i t  of l i n e a r  r e l a t i o n -  
ship  be tween  w e and ~; a and b a r e  cons tan t s  for  
i s o t h e r m s ;  k and B a r e  t e m p e r a t u r e - d e p e n d e n t  coe f f i -  
c ien ts  in equat ions  of i s o t h e r m s ;  E i s  the m o i s t u r e  
binding energy;  R is the u n i v e r s a l  gas  constant ;  t is  
t e m p e r a t u r e .  
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