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Abstract The adsorbed amounts of water vapor onto

polyacrylic polymer (polymer 910) were measured using a

thermogravimetry method as a function of pressure at 298

and 313 K. The adsorption isotherms are categorized to type

II isotherms by IUPAC classification leading to a hysteresis

loop between adsorption and desorption branches. The cur-

rent study was completed by the measurement of the

adsorption heats at 298 K using a differential scanning cal-

orimetry. The calorimetric curves showed two adsorption

heats domains. These domains have been attributed to the

adsorption of ‘‘equivalent monolayer’’ and the condensation

of water between polymeric chains. The correlation of

experimental data to some chosen theoretical models shows

that the GAB model is the most adequate to describe water

vapor sorption isotherms.

Keywords Polyacrylic polymer �Water vapor adsorption

isotherm � Thermogravimetry � Calorimetry � Adsorption

heats � Modelisation

Introduction

Several theoretical and experimental studies examined

water vapor sorption on different solid surfaces [1–4].

Indeed, the choice of adsorbent solid depends on adsorp-

tion capacity, adsorption kinetic, thermal stability, and the

amount of thermal energy required for regeneration. In

comparison with classical adsorbent like activated carbons

[5] and silica gel [6], hydrophilic polymers proved an

excellent adsorption capacity. A thermodynamic study of

water vapor adsorption onto poly (styrensulfonic acid),

sodium salt has indicated that the adsorption capacity of the

monosulfonated sample reached more than 80% mass

under 80% relative humidity equilibrium and the heat of

adsorption was about standard liquefaction enthalpy [7].

Investigation of kinetic and thermodynamics of water

vapor adsorption by a polyacrylic polymer has shown that

this kind of polymers are characterized by multilayer

adsorption followed by a capillary condensation between

polymeric chains [8–10]. Erdogan et al. [11] studied the

chloroform vapor sorption in polymeric film formed from

anthracene labelled linear poly (methyl methacrylate) by

surface plasmon resonance spectroscopy. They observed a

swelling behavior of polymeric film during adsorption

which was explained by capturing chloroform molecules.

Adsorption behavior of some organic compounds by

polymeric adsorbent was also investigated by several arti-

cles because of their favorable physicochemical stability,

large adsorption capacity, good selectivity, and structural

diversity [12–15]. Knowledge of protein adsorption onto

polymer’s surface became a key issue in the development

of biomaterials for tissue engineering [16, 17]. Indeed, the

hydrophilic polymers showed their efficiency as air dehu-

midifier [18]. An understanding of the process of adsorp-

tion of water vapor on solid surfaces requires knowledge of
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both the adsorbed amounts and the adsorption heats. The

heats of adsorption allow an assessment of the adsorbate–

adsorbent interactions [19]. They can also permit distinc-

tion between the amounts adsorbed into the outer surface

and that fixed between macromolecular chains. Analysis of

adsorption isotherms by different mathematical models

were also developed by many authors. Among the models

most commonly used the theory of Brunauer-Emmet and

Teller (BET) [20, 21] the model of the Guggenheim-

Anderson and de Boer (GAB) [22, 23] and that of Frenkel

[7] Halsey [24] and Hill [25] (FHH).

The ultimate goal of this study was to collect experi-

mental data necessary to elucidate the water vapor

adsorption mechanism on polyacrylic polymer. Indeed, the

aims of this article were to (i) determine the water vapor

adsorption isotherms onto the studied polymer (ii) measure

the adsorption heats during the loading of the polymer

surface by water vapor (iii) model experimental adsorption

isotherms using some selected equations in order to define

the more adequate model to describe the obtained results

(iv) test the adsorption–desorption reproducibility.

Materials and methods

Material

The polymer is a polyacrylic superabsorbent manufactured

under reference NORSOLOR CAS: 903379-8 [26]. The stud-

ied polymer presents a surface area of about 2.1 m2/g [27].

Experimental

The adsorption isotherms were carried out by thermo-

gravimetry by means of Mc Bain thermobalance as fol-

lows: first, a sample mass of about 10 ± 0.01 mg was

treated in situ under a dynamic vacuum at 313 K for 12 h,

which defines the reference anhydrous state for adsorption

process. Then, the sample temperature was regulated to

desired adsorption temperature by maintaining dynamic

vacuum. Once the thermal equilibrium was reached, the

adsorption branch was drawn up step by step by intro-

ducing water vapor into the thermobalance. Desorption

branch was performed from a saturated sample by

decreasing the water vapor pressure. The equilibrium state

was characterized by a plateau of sample mass. The

investigated relative pressure range was from 0.04 to 0.08

to prevent water condensation on the walls of the ther-

mobalance. Adsorption–desorption reproducibility was

also examined by performing three cycles adsorption–

desorption at each studied temperature.

The adsorption heats were measured using a C80 Seta-

ram differential flow calorimeter coupled with manometer

[7]. This experimental device allows at the same time the

measurement of the water vapor adsorbed amounts and the

heat produced by adsorption. The reference state to mea-

sure the adsorption heats were obtained by evacuating the

sample in situ at 363 K under a dynamic vacuum. The

sample mass was about 500 ± 0.01 mg and the adsorption

enthalpies were measured at 298 K. The amounts of

adsorbed water were calculated from a mass of balance

between an equilibrium state and the state before adsorp-

tion. In the following text the amount of adsorbed water

vapor on the polymer, designated as ma, is expressed as

percentage of dried sample mass (mass/%).

Results and discussion

Water vapor adsorption–desorption isotherm

The water vapor adsorption–desorption isotherms mea-

sured at 298 and 313 K are shown in Fig. 1. Their shape is

categorized to type II isotherm by IUPAC classification

[28]. The adsorption and desorption branches are not

similar to each other leading to a hysteresis loop, whose

magnitude varies with the pressure, as shown in Fig. 1.

However, desorption isotherm shifts upward in the low

pressure region. This indicates that the first adsorbed water

molecules are strongly bound to the polymeric matrix. The

adsorption branches show an inflection point (point B) less

identifiable in comparison with the desorption branches.

Water vapor adsorption isotherms are characterized by

three domains. At low pressure P B 5 mbar denotes the
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Fig. 1 Adsorption–desorption isotherms of water vapor onto a

polyacrylic polymer at 298 and 313 K (filled circles and filled
triangles: adsorption; open circles and open triangles: desorption)
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first domain, the amount of adsorbed water during

adsorption does not exceed 8 and 10 mass% at 313 and

298 K, respectively, during desorption process, the adsor-

bed water vapor amount for the same thermodynamics

conditions is about 15 and 20 mass%. The second domain,

located at pressure values 5 B P B 15 mbar at 298 K and

5 B P B 35 mbar at 313 K, denotes a weak increase of the

amount of water adsorbed versus pressure. At high pressure

values, the amount of adsorbed water increases sharply

from 25 to 60 mass%. Figure 1 shows that the adsorption

capacity decreases with increasing the temperature. In fact,

since the adsorption process is exothermic, it is favored by

low temperatures. During adsorption–desorption process,

the observed loop of hysteresis may be related to the state

of adsorbed water and the nature of polymeric matrix

reflecting their potential for structural and conformational

rearrangements [29]. The swelling behavior of polymeric

network can also lead to the hysteresis loop. Thus the

hysteresis of materials may swell due to the fact that their

deformations during swelling and dehydration are not held

in flexible manner [30]. In fact, even reducing or elimi-

nating the deformation forces in action, the state of

deformation of these materials remains partial. This allows

a reduced tension, a reduced swelling pressure and a

greater sorption capacity during desorption. In severe or

total dehydration irreversible structural changes can occur.

Water vapor adsorption enthalpies

The water vapor adsorption heats were measured from

calorimetric experiments at 298 K. The adsorption

enthalpies are negative, which confirms that the adsorption

process is exothermic. Calorimetric adsorption enthalpies

versus the adsorbed amount of water vapor are plotted in

Fig. 2.

The calorimetric curve indicates two domains. The first

one denotes constant enthalpies values of about 1220 kJ/g

(about 67 kJ/mol). In the second domain, the absolute

value of adsorption heats decrease with increasing the

polymeric solid loading by water vapor until it reaches a

similar value to standard liquefaction enthalpy (44 kJ/mol).

This result can indicate that at this step, the water vapor

adsorption by acrylic polymer is analogous to a conden-

sation of water between the macromolecular chains, and

the state of the adsorbate water is similar to liquid state.

Water vapor adsorption mechanism

A thermodynamic investigation of adsorption of gas on

polymeric adsorbents is of great significance for develop-

ing new adsorbents and elucidating their adsorption

behavior. Adsorption isotherm and adsorption enthalpies

are basic aspects to clarify the adsorption mechanism.

Adsorption isotherms of water vapor on the acrylic

polymer are of type II. This type of isotherm indicates the

adsorption of gas onto a surface of nonporous or macro-

porous solids which present a large surface accessible to

outer molecules. The process of adsorption occurs as fol-

lows: the solid surface is initially covered by molecular

monolayer then a multilayer adsorption process take place

[28]. The specific surface area of acrylic polymer is about

2.1 m2/g. Such value is very weak in comparison with

those developing by inorganic polymers which also have

type II isotherms. In fact, hydrophilic polymers are formed

by an entanglement of numerous nonporous macromolec-

ular chains. Thus, the water vapor adsorption mechanism

may be different of that of inorganic polymers. Comparing

our result with those of Torribio et al. [7] who studied

water vapor adsorption onto two poly (styrensulfonic acid),

the water vapor adsorption mechanism can occur at two

steps. First, water molecules are adsorbed onto the outer

surface of polymeric grains and then diffuse between the

polymeric chains. The adsorbed water molecules interact

with specific adsorption site, and a swelling behavior take

place because of the insertion of adsorbed molecules

between chains. The amount of water adsorbed on the

specific sites of adsorption ‘‘bounded water’’ demotes the

first part of the adsorption isotherm until inflection point B.

Point B is localized at about 5 mbar and correspond to an

adsorption capacity of about 18 mass% at 298 K and 13

mass% at 313 K during desorption. Given that the studied

polymer presents a weak specific area, the amount of

bounded water adsorbed can be assimilated as ‘‘equivalent

monolayer’’. Beyond point B, the adsorption process

occurs following a condensation process. This result is

confirmed by calorimetric measurements. The adsorption
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Fig. 2 Calorimetric adsorption enthalpies versus the adsorbed water

amounts
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heat decreases with increasing the polymer loading by

water vapor until it reaches a value equal to the standard

liquefaction enthalpy as shown in Fig. 2. At high value of

water activity, the adsorbed water can dissolve solutes

present in the polymeric matrix (sodium in our case) which

can induce the increase of the surface tension. The swelling

behavior of polymer is more significant at this step and the

adsorption process is replaced by an absorption process. At

this stage, the adsorbed water is called ‘‘free water’’.

Functionalized polymers can adsorb through surface

force field such as van der Waals force, hydrogen bonding,

hydrophobic interaction, and static electrical forces

(including ionic bond, covalent bond, and coordinate

bond). In our case, we anticipate that ionic bonds, covalent

and coordinate bonds can not arise between studied poly-

mer and water vapor. Indeed, water molecules are polar

and hydrogen bonding donors as well as hydrogen bonding

acceptors can form multiple bonding with hydrogen

bonding polymeric functional groups. The measured water

vapor adsorption heats ranging from -1220 to -809 kJ/g

(-67 to -44 kJ/mol), such values are slightly greater than

the hydrogen bonding energies which range between 8 and

50 kJ/mol [17]. Thus, we suggest that adsorption process

occurs by involving multiple hydrogen bounds between the

water vapor molecules and those of the adsorbent.

Adsorption–desorption isotherm reproducibility

The reproducibility of adsorption–desorption isotherm was

also studied. In fact, at each temperature three cycles

adsorption–desorption were carried out as shown in Figs. 3

and 4.

The shape of the obtained isotherms is almost catego-

rized to type II isotherms. They show an evident hysteresis

loop whose magnitude of surface area decreases and sta-

bilizes from the second cycle. In fact, desorption branch is

almost reproducible during several adsorption–desorption

cycles. The adsorbed amounts during adsorption shifts

upward between the first cycle and the subsequent ones.

This result can be due to the rearrangement and structural

conformations undergone by the polymeric network during

the first adsorption process. These structural modifications

became stable and the material adopts a steady form during

the following cycles.

Modeling of water vapor adsorption–desorption

isotherms

Various mathematical models have been proposed in the

literature to describe mono or multilayer gas adsorption on

solids. Some were developed with theoretical basis to

describe adsorption mechanism, whereas others are just

empirical or a simplification of more elaborate models.

The most commonly used models to describe the sorp-

tion isotherms are the BET theory developed by Brunauer

et al. [20] Nonetheless the BET equations have a number of

shortcomings, which in due time prompted the proposals of

better equations. Among these equations, the GAB equa-

tion, and the FHH equation.
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The mathematical paradigm of BET equation is:

ma
BET ¼

ma
mC P

Ps

1� P
Ps

� �
1� P

Ps
þ C P

Ps

� � ð1Þ

where Ps is the saturated vapor pressure at isotherm tem-

perature, mBET
a is the adsorbed amount of water, mm

a is the

monolayer capacity and C is a BET constant taking into

account the adsorption heat of the first layer.

The FHH model is defined by the mathematical

equation:

ma
FHH ¼ ma

m K ln
Ps

P

� ��1
S

ð2Þ

where mFHH
a is the amount of adsorbed water vapor, the

exponent 1
s is related to the nature of the gas–solid inter-

action and K is an adjustable parameter which takes into

account the energy of adsorption of the first layer. This

model is complementary to the BET model; it allows the

analysis of isotherms in the range of multilayer adsorption.

The GAB equation is expressed mathematically as

follows:

ma
GAB ¼

ma
mCK P

Ps

1� K P
Ps

� �
1� K P

Ps
þ CK P

Ps

� � ð3Þ

where mGAB
a is also the adsorbed amount of water vapor

onto the polymer, C is Guggenheim constant related to the

heat of condensation of water vapor at the given temper-

ature and K is a factor for multilayer molecules with

respect to bulk liquid.

The constants of the equations were estimated by

regression analysis with using kaleida graph software. To

evaluate the efficiency of each model, the coefficient of

correlation was also reported. Given that desorption branch

is reproducible during numerous cycles adsorption–

desorption, selected models were fitted to the desorption

branch. Correlation of experimental data to BET, GAB,

and FHH equations at 298 K is shown in Figs. 5, 6, and 7.

The parameters derived from each model are summarized

in Table 1.

Modelisation figures display that FHH model overesti-

mates the experimental data at the range of relative pres-

sure below 0.1. They also show that GAB model is

relatively the adequate one to describe the adsorption iso-

therms of water vapor on polyacrylic polymer. This result

is confirmed by the values of correlation coefficient. In

fact, the high value of this parameter is obtained for GAB

model.

Table 1 indicates that the value of amounts adsorbed

corresponding to the ‘‘equivalent monolayer’’ estimated by

the three models is relatively equal at a given temperature.

The obtained result also shows that the value of BET
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constant, Guggenheim constant, and the parameter

S derived from FHH model decrease with increasing tem-

perature, while the value of adjustable parameter K rises.

The value of adsorbed amount corresponding to ‘‘equiva-

lent monolayer’’ is about 16 mass%. Such value is practi-

cally similar to the theoretical value which is about 18

mass%.

Conclusions

This thermodynamic study of water vapor adsorption on

polyacrylic polymer was based on the establishment and

analysis of adsorption isotherms as well as the measure-

ment of adsorption enthalpies. The adsorption isotherms

were carried out by thermogravimetric method. They have

type II isotherm shape indicating a hysteresis loop. Dif-

ferential scanning was used to determine the adsorption

heats. The measured values indicate two domains. The

experimental data allows designing an adsorption mecha-

nism in two steps. The water vapor molecules were

adsorbed on the specific sites of adsorption located on the

surface and between macromolecular chains. This amount

of adsorbed ‘‘bounded water’’ forms the equivalent

monolayer. Then the adsorption process occurs as con-

densation process, which causes the swelling of polymeric

network. The test of reproducibility of adsorption–desorp-

tion process shows that the polymeric matrix undergoes a

structural rearrangements during the first adsorption. The

adopted form became stable during the following cycles.

Among the sorption isotherm models chosen to describe

the experimental data, GAB model provides a better fit of

water vapor adsorption isotherm.
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6. Wiśniewska M. Temperature effect on adsorption properties of

silica–polyacrylic acid interface. J Therm Anal. 2010;101:

753–60.

7. Torribio F, Bellat JP, Nguyen PH, Dupont M. Adsorption of

water vapor by poly(styrenesulfonic acid), sodium salt: isother-

mal and isobaric adsorption equilibria. J Colloid Interface Sci.

2004;280:315–21.

8. Bakass M, Mokhlisse A, Lallemant M. Adsorption et desorption

de l’eau vapeur sur un polymère polyacrylique superabsorbant.

Partie 1: Isothermes et chaleurs d’adsorption de l’eau vapeur sur

le polymlère. Thermochim Acta. 1992;204:205–12.

9. Bakass M, Mokhlisse A, Lallemant M, Benchanaa M.

Adsorption et desorption de l’eau vapeur sur un polymère

polyacrylique superabsorbant. Partie 3: Rôle de l’effet thermi-

que local sur la cinétique d’adsorption. Thermochim Acta.

1993;223:271–9.

10. Bakass M, Mokhlisse A, Lallemant M. Adsorption et desorption

de l’eau vapeur sur un polymère polyacrylique superabsorbant.

IV: Affet de la masse sur les cinétiques d’adsorption et de

désorption. Thermochim Acta. 1997;290:227–38.

11. Erdogan M, Capan i, Tarimci ç, Hassan AK. Modeling of vapor
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feuilles de la menthe verte (Mentha verdis). Thèse INSA de
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