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The elementary mechanistic model of adsorption and sorption is based on a simple hypothesis: the adsorption
sites are uniformly distributed on the surface of the pore walls in the adsorbent, the sorption sites are uniformly
distributed in the volume of the polymer. In this first paperwewill analyze the simple case where one solutemol-
ecule is only allowed to occupy a single adsorption or sorption site. A common elementary occupation law of the
free sites is assumed: the differential increase of the number of the adsorbed/sorbed molecules is proportional to
the differential increase of the activity of the solute and the concentration of the free (non-occupied) sites in the
solid. The proportionality coefficient is called affinity coefficient depending on the solid/solute couple and on the
temperature and independent of the concentration of the solute. In adsorption the concentration of the free
sites is a surface concentration on the porewalls and in sorption it is expressed by themolarity. The simplemono-
layer adsorption lawof Jovanović is obtained: n=n0(1−e−KP)where n is the numberofmoles adsorbedwhen the
pressure is P. n0 is the total number of adsorption sites and K the affinity coefficient for adsorption. The sorption

law writes: a ¼ 1
k ½ ϕ

1−ϕ� þ 1−r
k ln ½1þ 1

r
ϕ

1−ϕ�where ϕ, r and k hold respectively for the volume fraction of the solvent

in the polymer, for the ratio of the molar volumes of the solvent to the elementary polymer chain containing one
single adsorption site and for the sorption affinity coefficient. The confrontation of these equations to experimental
isotherms is satisfactory in comparison with the classical Langmuir and Flory–Huggins equations: the best results
are obtained for adsorption of vapors on a 5A zeolite and for all analyzed sorption results.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

When a gas or a volatile organic solvent is absorbed by a zeolite or on
activated carbon, the process is called adsorption. When a gas or an or-
ganic solvent is absorbed by a polymer, the process is called sorption.
The first surprise is to see that the colonization of a solid matrix by a
gas, a liquid or a vapor is denominated by two different names depending
on the nature of the solid. It is recognized that “adsorption” is a surface-
based processwhile “absorption” involves thewhole volume of themate-
rial; the term “sorption” encompasses bothprocesses. Therefore, the sorp-
tion of gas or organic vapor on polymer generally includes surface
adsorption andfilling of polymer volume simultaneously. The equilibrium
curves are obtained at constant temperature and are called adsorption or
sorption isotherms. The theory of monolayer adsorption which is pre-
dominant at low pressure was derived by Langmuir in 1916: it is based
on the classical theory of sorption and desorption [1]. Sorption and de-
sorption are represented by a simple chemical equilibrium equation.

The result of this very simple and rigorous theory is the Langmuir equa-
tion. For polymers the theory derived independently by Huggins and
Flory is based on the calculation of the entropy and of the enthalpy of
mixingmacromolecules and solvent from the point of view of a statistical
thermodynamics theory in which the solvent particles and macromole-
cules are assigned to positions in an imaginary lattice [2–5]. The develop-
ment of these calculations results in the Flory–Huggins equation.

The demonstration and the formalism of the Langmuir equation and
of the Flory–Huggins equation are extremely differentwhich can justify a
very different scientific approach of adsorption and sorption. This is well
accepted as the shapes of the isotherms are also extremely different. The
sorption isotherms obtained with a sorption microbalance represent the
variation of the volume fraction of the solvent in the polymer vs the ac-
tivity of the solvent: the experimental curves are generally convex. The
adsorption isotherms representing the variation of molality of the solute
adsorbed on the solidmatrix vs the activity of the solvent can be obtained
by the same experimental device.

In both cases (sorption and adsorption), the phenomena involved
seem to be rather similar: the colonization of a solid solvent by a solute.
The question is:why are the scientific approaches so different? Two sim-
ilar scientific phenomena should be explained by two similar
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equations or even better by the same equation. This paper is a trial of
a very naïve theory of adsorption and sorption which will be quali-
fied by the community as a “mechanistic theory”. The sole ambition
of our approach is to examine if experimental sorption and adsorp-
tion isotherms are described by a simple colonization law of the
free sites existing in the polymer matrix or on the surface of the
pores of the adsorbent. We will see that the sole difference between
both processes (adsorption and sorption) is that adsorption is the
filling process of the pore walls and sorption is the filling process of
the polymer volume. This paper only describes themodel with a sim-
ple adsorption or sorption mechanism when one sorption or adsorp-
tion site sorbs or adsorbs one and only one solute molecule. More
complex processes with two or more adsorption/sorption modes,
like multilayer adsorption or “dual mode” type sorption, or sorption
generating solvent clusters in the polymer matrix will be treated in a
next paper [6–11].

2. Classical Adsorption and Sorption Theories

2.1. The Langmuir theory of adsorption

To give a better perception of the Langmuir theory of adsorption we
have to understand the original paper which is a general reflection on
equilibrium and non-equilibrium [1]. The idea of Irving Langmuir is
that there is a competition between the rate of condensation and the
rate of evaporation on the surface of the material. The rate at which the
gas molecules come into contact with the adsorbent surface is given by
the kinetics theory of gases:

_N ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
M

2πRT

r
P
S

ð1Þ

_N flux of gas molecules arriving on the surface of the adsorbent
(mol·m−2·s−1)

M molecular weight of the gas
R gas constant (J·mol−1·K−1)
T absolute temperature (K)
P pressure (Pa)
S exchange area of the adsorbent (m2)

For Langmuir the chocks between the gas molecules and the adsor-
bent surface are largely inelastic: largemajority of themolecules arriving
condense on the solid surface.

The rate of condensation per unit area of solid _NCis

_NC ¼ α 1−θð Þ _N ð2Þ

α is the efficiency of condensationwhich is very close to unity and (1− θ)
represents the fraction of surface which is bare.

The rate of evaporation is equal to _Nvθwhere θ represents the fraction
of occupied surface and _Nvthe mean flux of evaporation. At equilibrium
the condensation flux and the evaporation flux are equal:

α 1−θð Þ Ṅ ¼ Nv
˙ θ ð3Þ

Langmuir obtained:

θ ¼ α _N
_Nvθþ α _N

ð4Þ

_Nv is constant and _N is proportional to P. One defines k′ as:

k
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
M

2πRT

r
α
S _Nv

ð5Þ

The classical Langmuir adsorption equilibrium equation writes:

θ ¼ k0P
1þ k0P

or n ¼ n0
0k

0P
1þ k0P

ð6Þ

In this equation k′ is always positive. n and n′0 are respectively the
number of moles and the maximum number of moles (at infinite
pressure) adsorbed in the solid.

2.2. The Jovanović theory of adsorption

In 1969 Jovanović has demonstrated, using new kinetics arguments,
a monolayer and a multilayer adsorption law [2]. The demonstration of
Jovanović uses the main hypotheses than those assumed by Langmuir
with a fundamental difference concerning the rate of condensation.
The author writes that the Langmuir model is not correct as the surface
available to adsorption is not proportional to (1 − θ) in Eq. (2) but a
little higher due to the evaporation of adsorbed molecules, while the
other term of the equation is unchanged. The main difference be-
tween the Langmuir model and the Jovanovićmodel is that Langmuir
neglects the collisions between the bulk and the adsorbedmolecules.
The kinetic treatment of adsorption by Jovanović is rather complicat-
ed as mentioned by Jaroniec [3]. The result is the Jovanović equation
of adsorption: n=n0(1−e−KP).

Jaroniec [3] uses themechanical statistics theory to demonstrate rig-
orously the Jovanović equation: he writes that in the language of statis-
tical mechanics, considerations of Jovanović take into account the
mechanical contact between adsorbed and bulk phase. Thus, while the
classical Langmuir model may be described by means of the grand ca-
nonical ensemble the model of Jovanović can be described by means
of the generalized ensemble, taking account of mechanical contacts
with surroundings [3]. We will see that an elementary mechanistic
model will give a third demonstration of the Jovanović equation and
will be generalized to an elementary mechanistic sorption model of va-
pors and gases in polymers.

2.3. The Flory–Huggins theory of sorption

Here, we give a brief description of the lattice model of mixing
demonstrated independently by Huggins and Flory [2–5]. The details
of the demonstration can be found in the original articles. We insist
only here on the principal hypotheses used in the model and on the
significance of the constants and parameters appearing in the
demonstration.

The Flory–Huggins theory uses a lattice model to arrange the poly-
mer chains and solvent molecules. The polymer–solvent solution is
arbitrarily divided into a set of N0 cells: each cell can be occupied by ei-
ther one segment of the polymer or one solventmolecule. One polymer
chain contains N segments. The polymer segments are interchangeable
with the solvent molecules which means that they have an identical
molar volume [3]. To get the entropy of mixing, Flory calculates the
number of configurations when polymer macromolecules are added
to a solvent. The Boltzmann equation and themathematical Stirling ap-
proximation yield the entropy of mixing for one site:

ΔSmix

N0
¼ −kB

ϕ
N

lnϕþ 1−ϕð Þ ln 1−ϕð Þ
� �

ð7Þ

ϕ is the volume fraction occupied by the solvent and (1−ϕ) is the
volume fraction occupied by the polymer, kB is the Boltzmann
constant.

The next step of Flory's demonstration is the computation of the
enthalpy of mixing for one site. When a polymeric solute is added to a
solvent, an enthalpy change occurs because solvent–solvent and
solute–solute interactions are replaced by solvent–solute interactions.
According to the lattice theory, such interactions may be represented
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by the numbers and types of nearest neighbors in the lattice, a nearest-
neighbor interactionmay be defined as a lattice contact, so there will be
three types of such contacts:

• Polymer segment–polymer segment
• Solvent molecule–solvent molecule
• Polymer segment–solvent molecule.

By analogy to the classical theory of mixing the result for the enthal-
py of mixing is

ΔHmix

N0
¼ kBTχϕ 1−ϕð Þ ð8Þ

T is the absolute temperature, andχ is the Flory–Huggins interaction
parameter which can be positive, negative or nil. The free energy of
mixing is thus given by:

ΔGmix

N0
¼ kBT χϕ 1−ϕð Þ þ ϕ

N
lnϕþ 1−ϕð Þ ln 1−ϕð Þ

� �
ð9Þ

The partial differentiation of the free energy of mixing leads to the
chemical potential of the solvent in the polymer–solvent solution and
thus to the activity of the solvent:

lna ¼ lnϕþ 1−r
0

� �
1−ϕð Þ þ χ 1−ϕð Þ2 ð10Þ

with r0 ¼ 1
N

ð11Þ

This is the Flory–Huggins equation. For long polymer chains r′ tends
to zero and one obtains the “simplified” Flory–Huggins equation:

lna ¼ lnϕþ 1−ϕð Þ þ χ 1−ϕð Þ2 ð12Þ

Both equations can be fitted to experimental sorption isotherms but
the complete Flory–Huggins equation has to be privileged as it corre-
sponds to the rigorous statistical thermodynamics demonstration of
Flory [2,3].When r′ is found negative, itmeans that for the given system
the theory cannot be applied even if the determination coefficient is
high. Another condition is that r′which is defined by Flory as the inverse
of the number of segments in the polymer chain must be lower than
unity. The limit is 1 which corresponds to a polymer chain containing
only one segment which volume is then the same as that one of the sol-
vent molecule. The condition for r′ is:

0 b r0 ≤1 ð13Þ

This condition is rarely analyzed when one fits experimental data to
Flory–Huggins equation despite it is one of the key hypotheses in the
demonstration. Many papers never consider the complete equation
but only the equation where r′ is neglected.

3. An Elementary Mechanistic Theory of Adsorption and Sorption

3.1. Adsorption theory

In the solid matrix of the adsorbent we assume that the adsorption
sites are uniformly distributed on the walls of the pores (Fig. 1).

Each adsorption site can only adsorb one gas (or solvent) molecule.
In other terms, when one site is already occupied by one gas or one sol-
vent molecule, the solute can only colonize one free remaining adsorp-
tion site. We assume that the differential increase of the number of
solute molecules adsorbed (dn) is proportional

• to the differential increase of activity of the solute (da)

• and to the surface concentration of the free sites
�

n0
S −

n
S

�
.

n0 is the total number of adsorption sites on the surface of the pores in
the solid adsorbent for a given solute and a given temperature, n is the
number of sites already occupied. The differential adsorption equation
writes:

dn ¼ kS0
n0

S
−

n
S

� �
da ð14Þ

k is the affinity coefficient between the free adsorption sites and the sol-
ute at a given temperature, S is the area of the poreswhen theporewalls
are occupied by n solute molecules and S0 is the area of the pores when
the pore walls are uncovered by any solute molecules.

For a rigid adsorbent one can assume that the total pore area is con-
stant and equal to that existing before the beginning of the adsorption
process S0. In other terms, we assume that the adsorption process
does not change the area of the pores:

S ¼ S0 ð15Þ

With this assumption Eq. (14) becomes:

dn ¼ k n0−nð Þda ð16Þ

To obtain the adsorption equation Eq. (16) has to be integrated.

∫a0da ¼ ∫n0
dn

k n0−nð Þ ð17Þ

The result is:

n ¼ n0 1−e−ka
� �

ð18Þ

The fractional coverage θ of the adsorption sites by the gas is given
by:

θ ¼ 1−e−ka ð19Þ

This is the adsorption equation in thefilling of free sites theory in the
one adsorbed molecule for one free site hypothesis. At moderate pres-
sure the activity of the solute (gas or vapor) is the ratio of the pressure
to the vapor pressure of the solute at the temperature of the adsorption
experiment:

a ¼ P
Pi

ð20Þ

One can give the expression in function of the pressure:

n ¼ n0 1−e−k P
Pi

� �
ð21Þ

Free adsorption site

Occupied adsorption site

Solvent molecule

Fig. 1. Principle of the elementary unified adsorption/sorption theory. The adsorption or
the sorption of a solvent molecule on an occupied site is not allowed. Only free
adsorption sites can be occupied by the solvent molecule.
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The adsorption relationship writes:

n ¼ n0 1−e−KP	 
 ð22Þ

with:

K ¼ k
Pi

ð23Þ

K is the practical affinity coefficient. The simple demonstration with el-
ementary but acceptable hypotheses leads to the equation of sorption of
Jovanović. The hypotheses of the model are validated as Jovanović and
Jaroniec arrive to the same result with more rigorous demonstrations
based on kinetic and on statistical mechanics. This allows us to general-
ize our elementary model to vapor or gas sorption in polymers.

The fractional coverage θ of the adsorption sites by the gas is given
by:

θ ¼ 1−e−KP ð24Þ

When ϕ tends to zero one obtains the following Henry equation:

n ¼ n0ka or n ¼ n0KP ð25Þ

Wehave represented on Fig. 2 typical adsorption isothermsobtained
by Eq. (24) with variable K coefficients.

3.2. Sorption theory

We assume that sorption sites are uniformly distributed in the dry
volume of the polymer. The volume of the dry polymer is divided into
identical elementary solid particles, each containing a single adsorption
site. We realize an ideal partition of the dry polymer. The particles have
the same volume and the same shape. One solventmolecule can only be
associated with one of these elementary polymer particles (Fig. 1).
When the polymer swells, the volume and the shape of these elementa-
ry particles are unchanged.

The concentration of these elementary particles is characterized by
their molarity: this is the sole difference between the sorption and the
adsorption theory. In the elementary adsorption theory the adsorption
sites are localized on the pore surface: the concentration is defined by
the number of adsorption sites per unit area of the pore surface. While

in the elementary sorption theory the adsorption sites are uniformly
dispersed in the volume of the polymer: their concentration is
expressed in number of sites (equal to the number of elementary poly-
mer particles) per unit volume of the swollen polymer i.e. in molarity.
We assume that the differential increase of the number of sorbed solute
molecules dn is proportional to the elementary increase of the activity
da and to the molarity of the free sorption sitesðn0v − n

vÞ i.e. the molarity
of the solvent free elementary polymer particles. The coefficient k is
the affinity coefficient between the sorption sites and the solute, v0 is
the volume of the dry polymer and v the volumeof the swelled polymer.

dn ¼ kv0
n0

v
−

n
v

� �
da ð26Þ

At evanescent swelling (v≈v0) Eq. (26) for sorption and Eq. (16) for
adsorption are identical. This observation justifies clearly that the affin-
ity coefficient for sorption and adsorption are of the same nature: the
same symbol k is used in both processes to characterize the affinity of
the solvent for the sorption or adsorption sites. It is clear to us that ad-
sorption and sorption are similar processes with the same mode of col-
onization of the free sorption or adsorption sites. The sole difference is
that sorption is a volumetric filling process and that adsorption is a sur-
face filling process.

As the volume and the shape of the elementary polymer particles do
not change during the sorption process the affinity coefficient is inde-
pendent of swelling, depending only on the polymer–solvent system
and on temperature. The number of polymer particle changes with
temperature as the activation of the sorption sites is temperature
dependent.

The molar volume of the sorption polymer particles is V0 and the
number of particles in the polymer sample is n0. The volume of the
dry polymer v0 is given by:

v0 ¼ n0V0 ð27Þ

Assuming additivity of the volumes, we obtain the volume v of the
swollen polymer:

v ¼ n0V0 þ nV ð28Þ

V is themolar volume of the solvent and n themoles of solute sorbed
by the polymer. The volume fraction ϕ occupied by the solvent in the
polymer is given by

ϕ ¼ nV
v

ð29Þ

Eqs. (27) to (29) allow calculating n in function of ϕ:

n ¼ n0
V0

V
ϕ

1−ϕ
ð30Þ

The differential sorption equation (Eq. (26)) can then be expressed
with the variable ϕ:

dϕ
1−ϕð Þ2

¼ k r þ ϕ 1−rð Þð Þda ð31Þ

r is the ratio between the molar volume of the solute V and the molar
volume V0 of the elementary polymer particles containing one sorption
site:

r ≡
V
V0

ð32Þ

We can notice that the ratios r and r′ appearing in this sorption
model and in the lattice chain model of Huggins and Flory have dif-
ferent significations. r′ represents the ratio between the volume of

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6

θ

P/MPa 

2.5

1

0.5

1.5

2

Fig. 2. Simulation of the adsorption isotherms with Eq. (24). Numbers on the curves
correspond to the K value (MPa−1) used to generate the curves.
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one solvent molecule (or a polymer segment) and the volume of one
polymer chain. The polymer chain is composed by N segments hav-
ing the same volume as the solvent molecule. As they have strictly
the same volume, each solvent molecule or each segment can be
placed in an elementary cell. The maximum for the r′ ratio is thus 1
(the polymer chain is composed by one unique segment), the mini-
mum is zero (the polymer chain is composed by an infinity of
segments). The definition of the r ratio is quite different (Eq. (32)):
its value is of course positive but it can be lower or higher than unity.
Nevertheless we expect that its value is rather low: a low r value
means that there are a small number of adsorption sites in the
polymer.

We have to integrate the following expression:

∫a0da ¼ ∫ϕ0
dϕ

k 1−ϕð Þ2 r þ ϕ 1−rð Þð Þ
ð33Þ

The integrated sorption equation is:

a ¼ 1
k

ϕ
1−ϕ

� �
þ 1−r

k
ln 1þ 1

r
ϕ

1−ϕ

� �
ð34Þ

This is the result of the equilibrium sorption equation obtained with
the unified elementary sorption theory. When ϕ tends to zero one ob-
tains the following Henry equation:

ϕ ¼ rka ð35Þ

Using Eq. (30) when ϕ tends to zero

n→ n0
V0

V
ϕ ð36Þ

and Eq. (30) writes

n ¼ n0ka ð37Þ

This is the same limiting linear equation as the one obtained for
adsorption.

On Fig. 3a, we have represented typical isotherms given by Eq. (34)
for a fixed r ratio (r = 0.02) with stepwise changes of the affinity
coefficient k from 1 to 8. As expected, sorption grows dramatically
with k: for a saturated solvent (a=1), the volume fraction of the sorbed
species in the polymer is multiplied by 25 growing from 0.03 (k=1) to
0.75 (k = 8).

For the lowest affinity coefficient (k = 1), as the volume fraction
of the solvent in the polymer is low, the sorption isotherms become
nearby linear which is the classical Henry law. For relatively low k
ranging from 2 to 4 we observe on Fig. 3a the classical shape de-
scribed by the Flory–Huggins theory. For higher affinity coefficients
(5 to 8) the shape of the curves is of a “dual mode” type which qual-
ification is improper in our sorption equation, as it describes the fill-
ing process of the polymer by the sorbedmolecules through a unique
mode: one solvent molecule colonizes selectively one free sorption
site.

We note that the activity of the solvent is the sum of two terms:

a ¼ aH þ aA ð38Þ

We call the first term aH of this sum Henry activity as:

aH ¼ 1
k

ϕ
1−ϕ

� �
¼ r

n0
n ð39Þ

We call the second term aA adsorption activity as its expression has a
formalism which resembles to that of the new equation for adsorption
(Eq. (19)):

aA ¼ 1−r
k

ln 1þ 1
r

ϕ
1−ϕ

� �
ð40Þ

To evaluate the importance of the “adsorption activity” on the total
activity we have simulated on Fig. 3b the ratio between aA and the
total activity. The ration is independent of the affinity coefficient and
the r ratio is stepwise changed (Fig. 3b).

At low r (0.01 to 0.03) the solvent in the polymer (lower than 0.2),
the “adsorption activity” accounts formore than 90% in the “total” activ-
ity and for more than 70% of all computed points.We can thus define an
approximate adsorption lawwhich neglects the “adsorption activity”: it
is valid for low r ratios whichmeans for adsorbents with low concentra-
tion in adsorption sites. This simplified or approximate sorption law
writes:

a ¼ 1−r
k

ln 1þ 1
r

ϕ
1−ϕ

� �
ð41Þ

a

b
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r = 0.09
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Fig. 3. a. Simulated sorption isotherms calculated by Eq. (34) at variable affinity coefficient
k. The r ratio has been put to 0.02. b. Ratio of the “adsorption activity” aA (Eq. (40)) to the
activity a (Eq. (34)) vs the volume fraction of the solvent in the polymer for the affinity
coefficient k set to 3 with variable r ratios.
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It can be reversed to obtain the volume fraction at equilibrium vs
the activity of the solvent (that is not possible with the full sorption
equation):

ϕ ¼ e
k

1−ra−1
1
r
−1þ e

k
1−ra

ð42Þ

To examine if the new adsorption and sorption relationships are
valid, we will now try to fit experimental isotherms into the new equa-
tions and compare the quality of the non-linear least square calculation
to that of the classical models.

4. Test of the Elementary Unified Adsorption and Sorption Theory

4.1. Test of the elementary adsorption theory

4.1.1. Adsorption on activated carbon
Our elementary adsorption theory, in this first paper, only describes

the simple process where one adsorbent molecule will be associated
with a single adsorption site: Fig. 2 clearly shows that Eq. (24) only gen-
erates adsorption isothermsof the Langmuir type. To test the adsorption
equation we have searched the literature in relatively recent papers in
which the authors obtained isotherms with this characteristic type I
shape and where data is given in extensive tables with experimental
points distributed regularly on the totality of the pressure range. The
two most used adsorbents (i.e. activated carbon and zeolites) are ana-
lyzed to examine if the mechanism of adsorption on both solids is well
described by the elementary unified theory.

Loh et al. have measured the adsorption of methane on activated
carbon at high pressure (from 0 to 2.5 MPa) for eight temperatures
(ranging from 5 to 75 °C) [12]. This paper is particularly interesting as
the authors publish the data for eight temperatures and this will give
us the possibility to test empirical temperature dependency laws for
n0 and K. On Fig. 4a and Table 1, we have compared the least fit square
of the experimental data of Loh et al. to the Langmuir equation (Eq. (6))
and to the elementary adsorption equation (Eq. (24)): both equations
give a good description of the adsorption phenomenon. But we can
observe on Table 1, that the coefficient of determination and the χ2

value indicates a better representation of the adsorption by the
Langmuirmodel, essentially at low temperature. At higher temperature,
both equations are equivalent with a small advantage for the Langmuir
model.

On Fig. 4b, we have represented the variations of ln n0 and ln Kwith
the inverse of the absolute temperature (1/T). Both curves are straight
lines. The temperature variations of the parameters of the adsorption
model are thus represented as expected by pseudo-Arrhenius equa-
tions:

n0 ¼ n00e
Δhn0
RT ð43Þ

K ¼ K0e
ΔhK
RT ð44Þ

Wehave found for Eq. (43):n0 ¼ 2:44e
3029:6
RT with a determination co-

efficient equal to 0.990. For Eq. (44) the result is: K ¼ 0:0206e
9113:9
RT . The

determination coefficient is 0.988. All numerical parameters are given
in SI units.

Wu et al. have measured the adsorption of N2 and H2 on activated
carbon at three different temperatures [13]. Both models, Langmuir
(Eq. (6)) and the elementary adsorption theory (Eq. (24)) correctly fit
the experimental isotherms with a small advantage in the case of N2

for the classical Langmuir model with slightly higher determination co-
efficients (Table 1). A better correlation is obtained for the elementary
unified model for H2 for which the isotherms are nearby linear.

4.1.2. Adsorption on zeolite 5A
Adsorption on zeolites takes more and more importance in ad-

sorption and catalytic processes. In 2005, Nam et al. published high
pressure adsorption equilibrium data using a static volumetric meth-
od [14]. CH4, C2H6, C2H4, N2, and H2were adsorbed on zeolite 5A from
0 to 1.8 MPa at three temperatures: 293.15 K, 303.15 K and 313.15 K
(Fig. 4 and Table 2). The efficiency of the fitting of the experimental
data to Eq. (24) to the Langmuir equation (Eq. (6)) is clearly average
for C2H6 and C2H4 with poor determination coefficients and large
chi-square values (Table 2). It is nevertheless evident on Fig. 4 that
the Langmuir (Eq. (6)) equation is poorly adapted to represent the
adsorption of ethane and ethylene on a zeolite 5A, while the simple
unified adsorption theory equation (Eq. (22)) gives an acceptable
representation of the isotherms for both components. For methane
and N2 both theories are able to represent the isotherms with a bet-
ter precision for the elementary adsorption theory (Eq. (24)), while
for hydrogen both equations yield the same quality of curve fitting.
We observe on Table 2 that for nitrogen, methane and ethylene the
concentration of the adsorption sites n0 is approximately constant
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with only a small decrease in temperature. For these three com-
pounds its mean value is:

n0 ¼ 2:05� 0:06ð Þmol � kg−1

The difference in the adsorption capacity by the zeolite 5A of these
three compounds is the result of the value of the affinity coefficient K
which is about 1 MPa−1 for nitrogen, 3 MPa−1 for methane and
8 MPa−1 for ethylene. The hypothesis of the same type of adsorption
sites for these three solutes is confirmed by a similar behavior when an-
alyzing the isotherms with the Langmuir equation.

The behavior of ethane is slightly differentwith amolality of the free
adsorption sites n0 of about 3 mol·kg−1 and a high affinity coefficient
varying from 12.2 to 7.5 which traduces the high affinity of ethane for
the zeolite 5A. Hydrogen only has a weak affinity for the tested zeolite
with small affinity coefficients and a small molality of the adsorption
sites. Contrary to all other components, the affinity coefficient K in-
creases with temperature: this fact probably denotes another mode of
sorption. The isotherms are quasi-linear.

On Fig. 5 we have represented the gas–sorbent affinity coefficient K
as defined by Eq. (23) vs the Langmuir k′ coefficient (Eq. (6)) for both
sorbents (activated carbon and zeolite 5A)–gas isotherms analyzed. K
is proportional to k′ (Fig. 6a):

K ¼ 0:772 k0

On Fig. 6b we observe that the number of moles of adsorption
sites per unit mass of sorbent n0 (Eq. (22)) is proportional to the

maximum concentration of adsorbent at infinite pressure n′0 as
defined in Eq. (6):

n0 ¼ 0:671n0
0

Table 1
Results of fitting the experimental adsorption isotherms of CH4 on ACF A20 activated carbon, N2 and H2 on activated carbon JX101 to the adsorption equation (Eq. (24)) and to the Lang-
muir equation (Eq. (6)) [12,13]. P holds for the pressure range of the experimental adsorption isotherms

Equation Adsorption equation (Eq. (22)) Langmuir equation (Eq. (6))

Gas.Ref T/K P/MPa n0/mol·kg−1 K/MPa−1 R2 Chi-square n′0/mol·kg−1 k′/MPa−1 R2 Chi-square

CH4.[12] 278.15 2.5 9.07 1.014 0.994 0.598 12.61 0.830 0.998 0.204
CH4.[12] 288.15 2.5 8.70 0.931 0.996 0.395 12.34 0.734 0.999 0.141
CH4.[12] 298.15 2.5 8.18 0.847 0.998 0.242 11.85 0.643 0.999 0.0799
CH4.[12] 308.15 2.5 7.86 0.744 0.998 0.141 11.68 0.542 0.9994 0.0476
CH4.[12] 318.15 2.5 7.65 0.645 0.998 0.104 11.69 0.4495 0.9992 0.0482
CH4.[12] 328.15 2.5 7.34 0.600 0.9992 0.0491 11.39 0.409 0.9996 0.0186
CH4.[12] 338.15 2.5 7.26 0.512 0.9994 0.0242 11.60 0.333 0.9998 0.0103
CH4.[12] 348.15 2.5 6.93 0.4705 0.9998 0.01015 11.29 0.299 0.9998 0.00737
N2.[13] 283 1 2.96 1.281 0.9994 0.00538 4.68 0.847 0.9998 0.00196
N2.[13] 298 1 2.77 0.9995 0.9999 0.000692 4.64 0.610 0.99992 0.000506
N2.[13] 313 1 2.56 0.856 0.9996 0.00167 4.31 0.522 0.9998 0.000968
H2.[13] 283 1 1.00 0.442 0.998 0.000515 4.20 0.0975 0.9996 0.000768
H2.[13] 298 1 1.24 0.283 0.997 0.000546 1.47 0.266 0.990 0.00191
H2.[13] 313 1 1.44 0.199 0.997 0.000333 1.19 0.263 0.987 0.00132

Table 2
Parameters obtained by curve fitting the experimental adsorption isotherms on zeolite 5A to Eq. (22) and to the Langmuir equation (Eq. (6)) [14]

Model Adsorption equation (Eq. (22)) Langmuir equation (Eq. (6))

Vapor gas T/K n0/mol·kg−1 K/MPa−1 R2 105 χ2 n′0/mol·kg−1 k′/MPa−1 R2 105 χ2

H2 293.15 0.469 0.435 0.998 14.3 0.789 0.265 0.998 12.0
H2 303.15 0.335 0.565 0.998 8.53 0.545 0.361 0.9990 6.79
H2 313.15 0.274 0.603 0.996 8.68 0.455 0.374 0.996 8.86
N2 293.15 2.02 1.11 0.998 74.7 2.97 0.823 0.9990 39.5
N2 303.15 1.79 1.12 0.9990 36.0 2.63 0.837 0.9996 12.7
N2 313.15 1.78 0.953 0.9992 24.4 2.70 0.672 0.998 46.4
CH4 293.15 2.26 3.11 0.9994 38.8 2.77 3.26 0.998 131
CH4 303.15 2.15 2.66 0.9994 30.2 2.75 2.54 0.9990 75.5
CH4 313.15 2.02 2.19 0.9994 27.9 2.69 1.94 0.9994 28.3
C2H4 293.15 2.97 12.2 0.964 41,839 3.20 16.8 0.937 74,233
C2H4 303.15 2.87 8.43 0.966 38,637 3.15 10.9 0.943 66,863
C2H4 313.15 2.74 7.53 0.966 35,358 3.05 9.64 0.945 54,644
C2H6 293.15 2.23 8.80 0.982 11,000 2.47 11.85 0.958 26,107
C2H6 303.15 2.12 7.96 0.980 10,814 2.39 10.0 0.962 20,395
C2H6 313.15 2.05 7.62 0.976 11,490 2.34 9.26 0.954 22,272
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Fig. 5. Curve fitting of experimental isotherms of H2, N2, CH4, C2H4, and C2H6 on zeolite 5A
at 303.15 K to the elementary adsorption theory Eq. (22) (full lines) and to Langmuir
equation (broken lines) [14].
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Both observations lead to a common conclusion: the two theories
(the unified adsorption theory and the Langmuir theory) are the
same, andwith two common hypotheses: it is assumed that the sorbent
surface is covered uniformly by adsorption sites and that an occupied
adsorption site is not allowed to adsorb a further solute molecule.

4.2. Test of the elementary unified theory for sorption in polymers

Now, we have to compare the efficiency of non-linear curve fittings
of experimental isotherms to the elementary unified theory of sorption
and the classical Flory–Huggins theory.Wehave chosen 11 isotherms to
analyze and have confronted the experimental data to four equations
(Table 3):

• The sorption equation which is the result of the elementary unified
theory (Eq. (34))

• The simplified sorption equation obtained by neglecting the “Henry
activity term” in Eq. (34) (Eq. (40))

• The classical mechanical statistics equation of Flory–Huggins (Eq. (10))
• The simplified Flory–Huggins equation (Eq. (12)) obtained by
neglecting in Eq. (10) the ratio r′ between the molar volume of the sol-
vent and of the polymer chain.

The 11 polymer/solvent systems are chosen to cover most types of
sorption encountered in function of the polarity of each compounds
(Table 3): polar polymers can sorb non-polar or polar solvents and
non-polar polymers can also sorb both types of solvents.

We see that the equation obtained with the elementary unified
theory (Eq. (34)) correctly fits all 11 isotherms analyzed. As expect-
ed, the ratio r between the solvent molar volume V and the molar
volume of the elementary polymer chain containing one single ad-
sorption site V0 is always positive and small: its value varies from
0.007 to less than 0.09. The r coefficient and the affinity coefficient
k can be considered to be constant for a given solvent–polymer sys-
tem. The value of both coefficients varies slightly with temperature.
One of the consequences of the statistical analysis of the experimen-
tal isotherms is that the model is coherent with the hypotheses af-
fected during the demonstration. The most important one is that
one solvent molecule can only “colonize” one single adsorbent site:
it seems that, for the 11 isotherms analyzed here, with F–H like
shapes, the sorption process occurs without the formation of solvent
clusters in the polymer matrix. In other terms, the simple sorption
process has the same mechanism of filling of the free sites than the
adsorption process (with type I isotherm shapes). The difference,
as pointed out earlier, is that for adsorption, the adsorption sites
are distributed regularly on the surface of the pores while, for sorp-
tion, the sorption sites are distributed regularly in the volume of
the polymer matrix. In the latter case the volume of the material
varies during the sorption process while in the adsorption process
the volume of the material remains constant.

The “simplified” sorption equation (Eq. (40)) also gives positive and
low r ratios with an equivalent curve fitting efficiency (Table 3) and rel-
atively close coefficients in comparison with those obtained with
Eq. (34). This equation is too a two parameter equation (r′ and K) and
is valid for low r ratios: its advantage is to be inverted to allow the
explicit expression of the volume fraction of the sorbed molecule vs
the activity of the vapor. But one has to notice that the rigorous equation
of our model is Eq. (34), the exact equation, and that Eq. (40), the
“simplified” equation has been defined only to perform further calcula-
tions (i.e. diffusion): affinity coefficients and the r ratios are close to
what is obtained with the “exact” adsorption equation.

On the contrary, the ratio r′ defined in the Flory–Huggins theory
(Eq. (10)) as the ratio between the molar volume of the solvent and
the molar volume of the polymer segment which value should be com-
prised between 0 and 1 is equal to 2.43 for the couple polypropylene/
diethylketone (system 1), 1.53, 1.41, and 1.35 for the couple PVAc/
methanol at the three temperatures investigated (systems 3, 4, 5) and
1.91 for the couple PVA/water (system 9). Its value is even relatively
highly negative for the polar/polar couple PVP/water (system 10) and
also negative (−0.495) for the non-polar/non-polar couple PS/benzene
(system 11) which is more surprising as the Flory–Huggins theory is in
principle adapted for such types of systems. This theory works well for
the PVAc/toluene (systems 7, 8, 9) system, where the r′ ratio is slightly
positive or slightly negative. In this case where a non-polar solvent is
sorbed by a non-polar polymer the exact F–H (Eq. (10)) and the simpli-
fied F–H equation (Eq. (12)) give approximately the same interaction
parameter with high determination coefficients and relatively low chi-
square values. Even for this PVAc/toluene system the new equation de-
veloped in this paper (Eq. (34)) is as efficient as the F–H equation.
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Fig. 6. a. Affinity coefficient K (Eq. (22)) of the elementary unified adsorption theory vs the
Langmuir coefficient k′ (Eq. (6)) for all isotherms analyzed. b. Concentration of total
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Both new sorption equations (Eqs. (34) and (40)) fit correctly, even
at low activities the water/PVA isotherm (system 10) where two highly
polar compounds are associated: Table 3 and Fig. 7a show the equal
good fit of this isotherm to Eqs. (34) and (40) and the average result ob-
tained with the full (Eq. (10)) and simplified F–H (Eq. (12)) equations.
The r′ ratio is found to be 1.91 for this system which clearly violates
the hypothesis assumed in the Huggins–Flory demonstration.

When only statistical and visual (Table 3 and Fig. 7b) arguments are
used, the fitting efficiency of the PVAc/methanol isotherm (systems 3, 4,
5) to both sorption equations (Eqs. (10) and (34)) seems to be equiva-
lent: but the r′ ratios are clearly higher than unity. This violates one of
the key hypotheses in the demonstration of Flory, i.e. the equality of
themolar volumes of the elementary polymer segment and the solvent
molecule. The F–H equation is not appropriate to describe the behavior
of this system for the 3 temperatures investigated. This observation is
reinforced by the fact that the statistical criteria (determination
coefficient and chi-square) are average for the simplified F–H equation
(Eq. (12)).

5. Conclusions

The goal of this paperwas to analyze themechanismof the coloniza-
tion of a solid (sorbent or polymer). We have proposed an elementary
and common mechanism for the filling of the solid in both cases. In
the case of adsorption, the adsorptions sites are distributed uniformly
on the pore walls and they are characterized by a surface concentration.

In the case of sorption the sorption sites are distributed uniformly in the
volume of the polymer and are characterized by the concentration by
unit volume of the total polymer–solvent mixture. We have performed
an ideal partition of thedry polymer in elementary equal functional spe-
cies, each containing one adsorption site and neighboring polymer
chains: when the polymer swells the volume and the shape of these el-
ementary polymer species are unchanged.

The filling law of the solids by the solute is identical for adsorption
and sorption: the differential increase of the number of solutemolecules
is proportional to the differential increase of the activity of the solute
and to the concentration of free sites i.e. of adsorption or sorption sites
which are not yet colonized by one solutemolecule.We call the propor-
tionality constant the affinity constant. This first paper only describes
the simple case where one solvent molecule is associated with a single
site. The tests of this elementary theory on experimental published iso-
therms are satisfactory for adsorption and sorption.

An important consequence of the elementary sorption theory is that
for the tested couples of polymer–solvent vapor, the absence of solvent
clusters in the polymermatrix is evident, as the unified elementary the-
ory is based on the assumption of the association of one sorption site
with a single solvent molecule. This is the case for polar/polar systems
but also for non-polar/non-polar systems.

This article is the first step in our analysis by simple arguments of the
adsorption/sorption processes. The methodology will be generalized to
more complicated processes with two or more adsorption/sorption
modes.

Table 3
Comparison of the parameters obtained by curve fitting experimental isotherms to the elementary unified adsorption theory equation and to the Flory–Huggins equation. EE and SE hold
respectively for exact (Eqs. (34), (10)) and simplified equations (Eqs. (40), (12))

a. Systems polymer/solvent investigated

System Polymer Solvent Polymer/solvent T/°C Reference

1 Polypropylene Diethylketone Non-polar/polar 25 [15]
2 Polypropylene Diisopropylketone Non-polar/polar 25 [15]
3 Polyvinylacetate Methanol Non-polar/polar 20 [16]
4 Polyvinylacetate Methanol Non-polar/polar 40 [16]
5 Polyvinylacetate Methanol Non-polar/polar 60 [16]
6 Polyvinylacetate Toluene Non-polar/non-polar 20 [16]
7 Polyvinylacetate Toluene Non-polar/non-polar 40 [16]
8 Polyvinylacetate Toluene Non-polar/nonpolar 60 [16]
9 Polyvinyl alcohol Water Polar/polar 40 [17]
10 Polyvinylpyrrolidone Water Polar/polar 40 [17]
11 Polystyrene Benzene Non-polar/non-polar 50 [18]

b. Parameters obtained by curve fitting

Model Sorption equations (Eqs. (34), (40)) Flory–Huggins equations (Eqs. (10), (12))

System k r R2 Chi-square χ r′ R2 Chi-square

1 EE 3.67 0.0117 0.995 0.00339 4.04 2.43 0.977 0.0167
1-SE 3.23 0.0140 0.996 0.00326 1.31 – 0.902 0.0717
2 EE 4.11 0.0170 0.990 0.00999 1.68 0.639 0.997 0.00297
2-SE 3.22 0.0244 0.995 0.00532 0.870 – 0.985 0.0154
3 EE 3.55 0.0132 0.996 0.00224 2.96 1.53 0.998 0.00104
3-SE 2.99 0.0173 0.997 0.00173 1.21 – 0.960 0.0228
4 EE 3.27 0.0180 0.993 0.00937 2.78 1.41 0.996 0.00482
4-SE 2.77 0.0224 0.995 0.00673 1.16 – 0.974 0.0346
5 EE 3.66 0.0140 0.995 0.00703 2.72 1.35 0.992 0.0112
5-SE 3.10 0.0178 0.997 0.00448 1.11 – 0.963 0.0547
6 EE 3.00 0.0367 0.991 0.00595 0.592 −0.187 0.997 0.00200
6-SE 2.14 0.0561 0.993 0.00455 0.824 – 0.996 0.00241
7 EE 3.91 0.0212 0.970 0.0402 1.03 0.181 0.991 0.0124
7-SE 2.87 0.0343 0.980 0.0282 0.803 – 0.989 0.0147
8 EE 2.87 0.0432 0.9955 0.00644 0.683 −0.091 0.997 0.00442
8-SE 2.09 0.0611 0.997 0.00467 0.794 – 0.997 0.00467
9 EE 4.21 0.00695 0.9940 0.00701 3.50 1.91 0.970 0.0373
9-SE 3.70 0.00870 0.9945 0.00676 1.26 – 0.914 0.106
10 EE 2.30 0.0875 0.974 0.0452 −0.571 −0.966 0.987 0.0224
10-SE 1.35 0.139 0.980 0.0360 0.661 – 0.957 0.0768
11 EE 2.18 0.0816 0.998 0.000933 0.0883 −0.495 0.997 0.00125
11-SE 1.48 0.112 0.998 0000991 0.672 – 0.994 0.00234
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Fig. 7. Curve fit of experimental isotherms to the exact (Eq. (34)) and simplified (Eq. (40))
equations to the elementary unified sorption theory and to the exact and simplified Flory–
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