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The re sults of ex per i men tal and the o ret i cal in ves ti ga tions into the ki net ics of mois ture sorp tion by a neat ep oxy 

resin ob tained from RAE In dus tries (Reapox 520, D523) are re ported. The sorp tion pro cess was re al ized in at -

mo spheres with a con stant rel a tive hu mid ity of 33, 53, 75, 84, and 97% and a tem per a ture of 50°C. The re sults

ob tained showed that the dif fu sion be hav ior of ep oxy resin did not obey Fick’s law un der the ex per i men tal con -

di tions con sid ered. Con se quently, the ap pli ca tion of a non-Fickian dif fu sion model was nec es sary. For this

pur pose, two-phase mois ture sorp tion mod els, a model with a time-de pend ent diffusivity, a two-phase ma te rial 

model, as well as re lax ation and con vec tion mod els of anom a lous dif fu sion, were con sid ered. The model pa -

ram e ters were ob tained from the ap prox i ma tion of ex per i men tal sorp tion data. A com par a tive anal y sis of the

sorp tion mod els was per formed, and the spe cific fea tures of their ap pli ca tions were es ti mated. The two-phase

ma te rial model and the model with vary ing diffusivity were found to be the most suit able ones due to a good

agree ment be tween cal cu la tion re sults and ex per i men tal data and the rather small (three or four) num ber of

pa ram e ters, which make them more flex i ble and phys i cally more jus ti fied than the clas si cal Fick’s model with

its two pa ram e ters.

In tro duc tion

The ex ten sive ap pli ca tion of ep oxy res ins is ex plained by their struc tural fea tures and high op er a tional prop er ties, the

abil ity to be cured in a wide tem per a ture in ter val, the in sig nif i cant shrink age, the non-tox ic ity in the cured state, the high val ues

of ad he sion and co he sion strength, and the chem i cal sta bil ity. In this con nec tion, ep oxy res ins are used as bind ers to cre ate ma -

te ri als with good physicomechanical prop er ties. How ever, ep oxy bind ers, as well as the ma jor ity of other ones, have a con sid -

er able draw back, namely a rather high mois ture sorp tion, which no tice ably de grades their functional, structural, and

mechanical properties [1, 2]. 

Ma te ri als based on poly mers are fre quently ex posed to a hu mid en vi ron ment. Wa ter mol e cules, as well as low-mo lec -

u lar sub stances, are able to move in a poly meric binder and change its phys i cal prop er ties. The key pa ram e ters de ter min ing the

mech a nism of mois ture sorp tion are the chem i cal com po si tion and microstructure of the polymers.

The mois ture sorp tion in ep oxy bind ers and com pos ites based on them is in ves ti gated rather well. Dif fer ent mod els

have been sug gested for de scrib ing the wa ter sorp tion ki net ics [3-10]. It is usu ally as sumed that the mois ture sorp tion in ep oxy
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bind ers pro ceeds by dif fu sion ac cord ing to Fick’s law [3, 11]. Such a model, which suits well the ini tial stage of mois ture sorp -

tion, is of ten in ad e quate for de scrib ing the mois ture sorp tion pro cess as a whole. The mois ture sorp tion can ac ti vate dif fer ent

pro cesses in a ma te rial, which, in turn, af fect the wa ter sorp tion ki net ics (chem i cal re ac tions, leach ing of low-mo lec u lar com -

po nents, etc.). There fore, the pur pose of this study is to es ti mate the ap pli ca bil ity of dif fer ent mois ture trans port mod els to de -

scrib ing ex per i men tal data on water sorption in epoxy binders and to determine the most adequate ones.

Ma te ri als and the Ex per i men tal Pro ce dure

We in ves ti gated a Reapox 520 ep oxy binder pre sented by the RAE In dus tries com pany. The cure pro cess was per -

formed in four steps. First, the binder was cured at 20°C for 7 days. Then, the ma te rial was held for 24 h at a tem per a ture of

40°C, an nealed at 130°C, and rap idly cooled down to 50°C.

The spec i mens were made in the form of thin plates 50 ́  20 ́  2  mm in size, so that to fa vor the one-di men sional dif fu -

sion. They were moist ened in at mo spheres with var i ous hu mid ity j = 34, 53, 75, 84, and 97%, at a tem per a ture of 50°C, which

were cre ated by us ing sat u rated so lu tions of MgCl2, Mg(NO3)2, NaCl, KCl, and K2SO4.

The spec i mens were weighed pe ri od i cally, and their mass in cre ment m t m( )- 0  against the ini tial mass m0  was used to

find the mois ture con tent dur ing sorp tion
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Sorp tion Mod els

Let us clear up the ap pli ca bil ity of ba sic sorp tion mod els to de scrib ing the mois ture sorp tion pro cess in the ep oxy

binder.

Clas si cal model with a con stant diffusivity

In this model [3], it is as sumed that mois ture sorp tion oc curs only by dif fu sion. Ac cord ing to the first Fick’s law, the

diffusant flow den sity j is di rectly pro por tional to the gra di ent of its con cen tra tion c:

j D c= - grad , (1)

where D is the diffusivity, de scrib ing the rate of mois ture sorp tion, which is in de pend ent of mois ture con cen tra tion. For a

nonstationary state, with ac count of the mass con ser va tion law, the sec ond Fick’s equa tion is valid. For the case of a one-di -

men sional dif fu sion along the x axis, when the spec i men thick ness is smaller than its length and width, it has the form
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where c is the mois ture con cen tra tion in the spec i men at the in stant of time t.

The so lu tion to Eq. (2) for a plane-par al lel plate of thick ness h, with ini tial c (0 < <x h, t = 0) = c0  and bound ary c (x = 0, 

x h= , t > 0) = c¥  con di tions, is the se ries [3]

c x t c
c c

k

k

h
x

k

k

( , )
( ) [ ( ) ]

sin exp= -
- - - æ

è
ç

ö

ø
÷¥

¥

=

¥

å2
1 10

1p

p
-
æ

è
ç

ö

ø
÷

é

ë

ê
ê

ù

û

ú
ú

pk

h
Dt

2

 .
(3)

In te grat ing Eq. (3) across the plate thick ness, we come to an ex pres sion for de ter min ing the mois ture con tent in the

specimen:
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Here, w¥  is the equi lib rium mois ture con tent in the spec i men. Thus, the model con sid ered con tains two ma te rial char -

ac ter is tics as pa ram e ters: the diffusivity D and the equi lib rium mois ture con tent w¥ . In nu mer ous stud ies (e.g., [3]), it is shown

that, if the sorp tion curve is drawn on a di a gram whose ab scissa axis is t , the ini tial sec tion of this di a gram will be a straight

line pass ing through the or i gin of co or di nates. Then, us ing ex per i men tal data, the diffusivity can be determined from its

inclination:

D
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p 2
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where L
w t w

w w
=

-

-¥

( ) 0

0

 is the change in the mois ture con tent w t w( )- 0  in the spec i men by the in stant of time t, nor mal ized to its

max i mum value. The sec ond pa ram e ter of the model — the equi lib rium mois ture con tent — as a rule, is found ex per i men tally

as the max i mum mois ture con tent achieved in the spec i men. We should note here that, ac cord ing to Eq. (4), this max i mum is

achieved only as ymp tot i cally at t ® ¥, which in prac tice leads to an er ror in de ter min ing w¥ . The re la tion be tween the

diffusivity found by Eq. (5) and j of the en vi ron ment is shown in Fig. 1.
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Fig. 1. Diffusivity D vs. the rel a tive hu mid ity j of en vi ron ment.
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Fig. 2. Changes in the specimen mass with time at different values of j  (numbers next to the

curves): experimental data (dots) and calculations by Fick’s model (4) (curves).



The re sults from cal cu lat ing the mois ture con tent by Eq. (4) and ex per i men tal data for at mo spheres with var i ous hu -

mid ity are shown in Fig. 2. It is clear that the Fick’s model de scribes well the pro cess of mois ture sorp tion in a low-hu mid ity at -

mo sphere, but when the rel a tive hu mid ity ex ceeds 75%, the mois ture sorp tion pro cess slows down in the middle part of

sorption curve.

In other words, the value of mois ture sorp tion rate used in the cal cu la tion is over es ti mated, since the model dis re gards

the pro cesses of in ter ac tion be tween the mois ture and poly mer, swell ing, etc., which ac com pany the pro cess of mois ture sorp -

tion. It is seen that the ad e quacy of Fick’s model de clines with in creas ing rel a tive hu mid ity of en vi ron ment, since the dif fu sion

mech a nism be comes less dom i nat ing, and other mech a nisms, such as the in ter ac tion be tween the poly mer and the diffusant

and/or re lax ation pro cesses, start to af fect the mois ture trans port in the poly mer [12]. The al ter na tive mod els of mois ture sorp -

tion which can be used to ex plain the de vi a tion of mois ture trans port in poly mers from the clas si cal dif fu sion mech a nism with a

diffusivity in de pend ent of mois ture con cen tra tion, take into ac count dif fer ent subtle differences in the moisture sorption

process in each particular case.

A model tak ing into ac count the two-phase state of ab sorbed mois ture in the ma te rial

This model, known as the Langmuir model, is de scribed, for ex am ple, in [4, 5]. Ac cord ing to this model, the anom a -

lous mois ture sorp tion in ep oxy bind ers can be ex plained on the as sump tion that the ab sorbed mois ture ex ists in two — free and 

bound — phases. The free-phase mol e cules dif fuse with a diffusivity in de pend ent of diffusant con cen tra tion and are ab sorbed

(be come bound) with a prob a bil ity b in a unit time. The mol e cules leave the bound state with a prob a bil ity a in a unit time.

There fore, the pro cess of dif fu sion is de scribed by the same equa tion of dif fu sion (2), which is only mod i fied and now takes

into ac count the two-phase state of moisture in the material.

Ac cord ing to this model, the mois ture con tent in a ma te rial, as a func tion of time w t( ), de pends on four pa ram e ters: D, 

w¥ , and the prob a bil i ties a and  b and is ex pressed by the formula
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The re sults of cal cu la tions by the Langmuir model, de picted in Fig. 3, show a better de scrip tion of the sorp tion curve

with ac count of the two-phase na ture of mois ture in the ep oxy binder. This in turn means that, al though the mois ture sorp tion

pro cess could pro ceed by dif fu sion, some part of the wa ter mol e cules ab sorbed was con nected with poly mer mol e cules, but

some part was free.
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Fig. 3. Changes in the specimen mass with time at different values of j (numbers next to the

curves): experimental data (dots) and calculations by Eq. (6) (curves).



The grow ing val ues of the pa ram e ters a and b with in creas ing hu mid ity of en vi ron ment, shown in Fig. 4, points to the

in creased pos si bil ity of tran si tion of wa ter mol e cules from the bound state into the free one and back. It is seen that, since the

pos si bil ity for wa ter mol e cules to be come bound is much lower than to be come free, the pro cess of in ter ac tion be tween wa ter

and poly mer can be pre sented as a con stant mi gra tion of diffusant mol e cules from the bound state into the free one.

A model tak ing into ac count the two-phase na ture of the ma te rial

In the model known as the Ja cob’s–Jones model [6], it is as sumed that the ma te rial con sists of two phases of dif fer ent

den sity and, ac cord ingly, dif fer ent sorp tion prop er ties. It is as sumed that the mois ture sorp tion pro cess in both the phases pro -

ceeds si mul ta neously and obeys Fick’s law. The pos si bil ity of for ma tion of chem i cal bonds be tween wa ter and poly mer

molecules is neglected.

The mois ture con tent in each phase of the ma te rial is ex pressed by the for mu las
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Fig. 5. Changes in the mass of specimens with time at different values of j (numbers next to the 

curves): experimental data (dots) and calculations by Eq. (7) (curves).



which con tain four un known pa ram e ters, namely the equi lib rium mois ture con tent and the diffusivity of each of the phases.

The to tal mois ture con tent in the spec i men is

w t w t w t( ) ( ) ( )= +1 2 , (7) 

where w t
m

m
1

1

0

( ) =
D

 and w t
m

m
2

2

0

( ) =
D

; Dm1 and Dm2  are the mass in cre ments of the phases with re spect to the spec i men mass.

The cal cu la tion by Eq. (7), pre sented in Fig. 5, agrees with ex per i men tal data rather well for all the val ues of j, which

means that the ep oxy binder can be two-phase. It is known that ep oxy res ins con tain both ar eas with a suf fi ciently per fect and

dense spa tial net work and poorly cross-linked re gions, which can be re garded as a two-phase struc ture of the ma te rial. This

model does not take into ac count pos si ble changes in the ma te rial microstructure dur ing the sorp tion pro cess, which can be ex -

pressed in a worse de scrip tion of sorp tion curves with in creas ing rel a tive hu mid ity of the en vi ron ment, as seen from Fig. 5.

Nev er the less, it can be used for an ob jec tive es ti ma tion of sorp tion char ac ter is tics of materials with a nonuniform structure.

An ad van tage of the given model is the pos si bil ity of de scrib ing the equi lib rium mois ture con tent by the

Guggenheim–An der son–De Boer equa tion [6]
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Fig. 6. Sorption isotherms of two phases. The values of w¥1 and w¥ 2  (dots) are obtained by

approximating the sorption curve by Eq. (8) at w1 = 2.55, k = 0.73, and f  = 0.59 (see Fig. 5).
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where w1 is the mois ture con tent con nected with the more hy dro philic phase, k is the fac tor of bond strength be tween wa ter and

poly mer mol e cules, and f  is the ra tio be tween the chem i cal po ten tials of an in di rectly bound diffusant mol e cule and a diffusant

mol e cule in the free liq uid state. The low val ues of f  ( f < 1) in di cate that the poly mer is hy dro pho bic. It is as sumed in this case

that sorp tion abil ity of both ma te rial phases is equal,w w¥ ¥=1 2 .

As seen from Fig. 6, for mula (8) is good for de scrib ing the sorp tion iso therm. In turn, it fol lows from Fig. 7 that the

diffusivity in the dif fer ent phases dif fers sev eral times. Prob a bly, this re flects the real ma te rial struc ture, with ar eas of rel a tively 

small and high permeabilities. The ac count of two-phase na ture of the sys tem al lows one to im prove the de scrip tion of the

sorption curve.

A model with a time-de pend ent diffusivity [7]

Ac cord ing to this model, ow ing to the phys i cal pro cesses go ing on in the ma te rial (pri mar ily, the plasticization and as -

so ci ate changes in the re lax ation char ac ter, as well as ag ing, aftercure, etc.), the diffusivity de creases with time in pro por tion to

its current value:

dD

dt
D t= -g ( ).

The so lu tion of this equa tion is D D e t= -
0

g . This model con tains three pa ram e ters — the diffusivity at the ini tial in -

stant of time D0 , the equi lib rium mois ture con tent w¥ , and the co ef fi cient g de scrib ing the rate of change in diffusivity.

To re duce the dif fu sion equa tion to Eq. (2) with a con stant diffusivity D, we use the prin ci ple of mod i fied time, by

anal ogy with the change in D un der a nonstationary tem per a ture [13]:

dt e dtt* -= g ,     t e dt
et

t t
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Then, the dif fu sion equa tion takes the form
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D C
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Us ing the ear lier-found so lu tion (4) to Eq. (2) and re plac ing t with t* , ac cord ing to Eq. (9), the so lu tion to Eq. (10) for

the one-di men sional case has the form
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a
= ; F is the Fou rier cri te rion, g t= 1 , and t is the char ac ter is tic time of re lax ation. A de -

scrip tion of the sorp tion curve by Eq. (11) is shown in Fig. 8.

The diffusivity D as a func tion of time and the rel a tive hu mid ity of en vi ron ment is shown in Fig. 9. It is seen that, at

great times, the diffusivity tends to an in fin i tes i mal value, which de scribes the sat u rated state of the sys tem. Dur ing mois ture

sorp tion (for about 450 h) at j = 98%, D0  = 3.61× -10 3  cm
2
/h, and  g = 0.002, the diffusivity de creased 4-6 times. In gen eral, due

to the pres ence of three pa ram e ters, the model is rel a tively flex i ble and can de scribe the sorp tion curves rather well (Fig. 8).

Re lax ation model of anom a lous dif fu sion

This model [9] con sid ers the time-de pend ent bound ary con di tions

m m m( ) ( )exp ( )t m rt= + - -1 0 1 ,    r ³ 0, (12) 

where  m 0  and m1 are the ini tial and lim it ing mois ture con cen tra tions and r is the con stant of re lax ation. The quan tity m1 is a

char ac ter is tic of the supermolecular struc ture, re flect ing the diffusant-caused struc tural trans for ma tions in the poly mer. These

trans for ma tions can be de scribed by chang ing the equi lib rium bound ary con di tions, i.e., by re gard ing them vari able. Thus, for

the bound ary con di tions c x c( , )0 0=  and c t c h t t( , ) ( , ) ( )0 = = m , the mois ture con tent in a plane-par al lel plate of thick ness h is

cal cu lated by the for mula
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Fig. 9. Diffusivity D as a function of time t and the relative humidity j of environment.



V M C0 0 0= - ,   V M C1 1 0= - ,   n kk = +p( )2 1 ,   M h0 0= m ,   M h1 1= m ,    C hc0 0= .

The cal cu la tion ac cord ing to model (13), shown in Fig. 10, de scribes the sorp tion curves at great times rather well, but

un der es ti mates the rate of mois ture sorp tion at the ini tial stage. An other draw back of this model is the pres ence of a great (five)

num ber of co ef fi cients, which com pli cate cal cu la tions and, in this case, have no ex act phys i cal mean ing. There fore, al though

this model ac counts for the re lax ation in ma te ri als which oc curs un der any bound ary con di tions, it is more suit able for de scrib -

ing the pro cess of mois ture sorp tion un der a nonstationary hu mid ity. An ex am ple of nonstationary hu mid ity is a seasonally

varying humidity of the environment.

Con vec tion model of anom a lous dif fu sion

Upon non uni form mois ture sorp tion, lay ers with dif fer ent mois ture con tents can arise in the ma te rial, which leads to

the ap pear ance of a diffusant flow through the ma te rial. The pro cess of mois ture con vec tion can be taken into ac count by sup -

ple ment ing the equa tion of dif fu sion (2) with an additional term:
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which de scribes the diffusant flow at a rate v. The so lu tion of Eq. (14) is found for the ini tial and bound ary con di tions
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where c c l t¥ ¥= =( ) ( , )0 0m . The so lu tion to Eq. (16) is
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As a re sult of in te grat ing Eq. (17) across the spec i men thick ness, we find the lim it ing mois ture con tent in the specimen
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Fig. 10. Changes in the mass of specimens with time at different values of j (numbers next to

the curves): experimental data (dots) and calculations by relaxation model (13) (curves).



where M h0 0= m  and J =
1

2
×
vl

D
 is the pa ram e ter de ter min ing the con vec tion rate. It is log i cal that the so lu tion of Eq. (14), with

ac count of Eq. (15), at great times tends to so lu tion (18).

In te grat ing the so lu tion of Eq. (14) across the spec i men thick ness h, we come to the ex pres sion for mois ture con tent in

the specimen
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where n kk = +p( )2 1 . 

The re sults of cal cu la tions by Eq. (19), shown in Fig. 11, point to a rather good de scrip tion of sorp tion curves at all

stages of mois ture sorp tion for all j the at mo spheres con sid ered, but the great (five) num ber of co ef fi cients com pli cates the cal -

cu la tion. There fore, the ap pli ca tion of the given model is jus ti fied only in the case of heavily swell ing poly mers, whose sorp -

tion capacity is high [9].

Com par i son of Mod els

The sorp tion mod els con sid ered in the pres ent study re flect the pro cess of mois ture sorp tion in dif fer ent ways, tak ing

into ac count cer tain ad di tional pro cesses oc cur ring in a ma te rial. These mod els de scribe ex per i men tal data rather well, but not

al ways can we agree with the phys i cal mean ing laid in them for de scrib ing some par tic u lar sit u a tion, as in the case of con vec -

tion and re lax ation mod els of anom a lous dif fu sion. There fore, in each spe cific case, one must be guided not only by the re sults

of good ap prox i ma tion, but also by the phys i cal in ter pre ta tion of the com plex process of moisture sorption included in the

models.

Fig ure 12 pres ents a com par i son be tween all the mod els ex am ined in this study for an at mo sphere with the max i mum

rel a tive hu mid ity j = 97%. To eval u ate the cor re spon dence be tween the cal cu la tions and ex per i men tal re sults, the sum of all

ab so lute de vi a tions s w wi
e

i
i

= -å  of the cal cu la tion re sults wi  from the ex per i men tal data wi
e  was de ter mined. It is seen that

the pres ence of a greater num ber of pa ram e ters leads to a better de scrip tion of ex per i men tal data. How ever, in choos ing a suit -

able model, the num ber of parameters used in the model should also be considered.
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Fig. 11. Changes in the mass of specimens with time at different values of j (numbers next to

the curves): experimental data (dots) and calculations by convection model Eq. (19) (curves).



Con se quently, the mod els most suit able for de scrib ing the ki net ics of mois ture sorp tion for the par tic u lar ep oxy binder 

are the two-phase model tak ing into ac count the two-phase na ture of ma te ri als and the model with a vari able diffusivity. The

lat ter one has only three pa ram e ters and agrees well with ex per i men tal re sults. The model with a two-phase ma te rial, in turn, is

char ac ter ized by four in de pend ent pa ram e ters, but it has a good phys i cal ba sis — the two-phase na ture of the sys tem, with cor -

re spond ing val ues of diffusivity and equilibrium moisture content for each phase.

Con clu sions

In this study, a com par a tive anal y sis of var i ous mois ture sorp tion mod els, based on dif fer ent as sump tions and bound -

ary con di tions and dis tinct phys i cal in ter pre ta tions of the pro cess of mois ture sorp tion, as ap plied to an ep oxy binder moist ened

in at mo spheres with dif fer ent rel a tive hu mid ity has been car ried out. It is shown that, with in creased en vi ron men tal hu mid ity,

the clas si cal Fick’s model is un able to ad e quately de scribe the pro cess of mois ture sorp tion, since it takes into ac count only the

dif fu sion mech a nism. In such cases, it is also nec es sary to con sider the ad di tional processes arising during moisture sorption in

the material. 

It is shown that a good ap prox i ma tion of ex per i men tal data not al ways ev i dence the va lid ity of a model, even in the

case where they are phys i cally sub stan ti ated. For ex am ple, the Langmuir model and the model with a two-phase ma te rial are

based on dif fer ent phys i cal in ter pre ta tions of the pro cess, each of them is phys i cally ad mis si ble, and both give good ap prox i ma -

tions of ex per i men tal data. Con se quently, the true ap pli ca bil ity of a model can be con firmed by check tests in clud ing sorp -

tion–desorption cy cles or sorp tion under nonstationary environmental conditions.

Most suit able for de scrib ing the sorp tion ki net ics are found to be the model tak ing into ac count the two-phase na ture

of ma te ri als and the model with a vari able diffusivity. These mod els give re sults agree ing rather well with ex per i men tal data

and, in ad di tion, con tain a rel a tively small num ber of pa ram e ters, which make them more ac cept able in practical applications.
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