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Effect of a supercritical fluid on the characteristics of sorption processes

A. B. Rabinovich and Yu. K. Tovbin™
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The effect of an inert supercritical (SC) component of a gas mixture on the equilibrium
adsorption conditions was investigated theoretically. The adsorption isotherms were calculated
within the framework of the lattice-gas model taking into account lateral interactions of the
nearest neighbors in the quasichemical approximation. The physical adsorption and chemi-
sorption isotherms were calculated at specified chemical potentials of the main and supercriti-
cal components and at specified mole fractions of the supercritical component. The binary
phase diagrams SC component—atoms of the solid characterizing the solubility conditions of

SC molecules in the solids are considered.
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supercritical fluids.

The pressure increase in the gas phase as a result of
surface processes (adsorption, catalytic, membrane, and
some other processes) influences both the rates of elemen-
tary steps involving the gas components of the reaction
system and the conditions of equilibrium of the compo-
nents.!:2 Therefore, variation of the pressure in the gas is
one of the ways for controlling the processes that occur on
the surface.

Depending on the composition of the gas mixture, two
cases can be distinguished. In one case, the gas mixture
consists of readily adsorbed molecules that participate in
the surface processes. A pressure increase in the system
directly increases the concentration of adsorbed species
(reactants). A classical example of such system is ammo-
nia synthesis,3 which takes place at a pressure of several
tens of atmospheres. In the other case, the gas mixture
contains a plenty of molecules that are weakly adsorbed or
not adsorbed at all. A pressure increase results in larger
surface coverage by not only the main reactants, which are
well adsorbed, but also by poorly adsorbed molecules. If
the amount of poorly adsorbed molecules in the gas phase
markedly exceeds the amount of the main reactants, their
coverages would be commensurable. This type comprises
many polymeric systems involving supercritical carbon di-
oxide (SC-CO,), which is a solvent and a plasticizer for
a number of polymers.* It differs from traditional solvents
by low cost, environmental safety, non-volatility, and ease
of removal from the polymer after the process. The inter-
est in the use of carbon dioxide is also related to the possi-
bility of changing the morphological and functional prop-
erties of polymers upon their storage in SC-CO, and the
ability of carbon dioxide to extract low-molecular-weight

compounds, residual solvents, and the monomers from
polymers,> which is a way for obtaining materials with
a specified porous structure.

In this study, we analyze the effect of the supercritical
fluid (SCF), first of all its concentration, on the charac-
teristics of adsorption processes. For this purpose, the
adsorption isotherms of one and two main components
(components A and B) of a gas mixture in the presence of
inert SCF (component C) were considered and the phase
diagrams of the binary systems characterizing the condi-
tions of mixing of SCF molecules with atoms of a solid
(solubility) were constructed.

Calculation methods

Model. This study was performed within the framework of
the condensed phase theory on the basis of the lattice-gas
model.67 In this model, the system volume V is split into cells or
species with the volume vy = A3 (A is the lattice constant) corre-
sponding to the size of a molecule; this precludes double occu-
pation of a cell (adsorption site) by different molecules. Hence,
the system volume is V' = Nv,, where N is the number of cells in
the system. Each site of the lattice system with z neighboring
sites can be occupied by a molecule of sort i (i is the number of
system components) or a vacancy. Thus, the number of different
occupation states of any system site (s) is equal to the number of
components plus a vacancy.

Usually, the concentration of molecules is taken to be equal
of the number of molecules per unit volume, C; = N;/V. In
the lattice-gas model, the concentration of a fluid com-
ponent is described by the surface coverage by species,
8; = N;/N, which is the ratio of the number of species of the
component i in volume V' (N,) to the number of cells in the same
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volume (N). Thus, 8; = C;vy. Complete coverage of the system
is defined as

The partial pressures of the mixture components will be de-
signated by p; (1 <i <s — 1). The equations that describe the
adsorption of the mixture on a uniform surface or in the bulk of
a solid at a specified temperature 7, in the quasichemical ap-
proximation for interaction between the species can be repre-
sented as follows:

0. g(T)
al.p,:A,.[ez} sisso M

N

where a; = exp(BQ,) are the Henry constants; Q; is a bonding
energy of species i to the surface; p = (kT)~!; g(T) is a calibrating
function8 used, in the general case, to increase the accuracy of
calculation in the vicinity of the critical temperature; in this
work, g(7) = 1.

The function A, takes into account the interactions between
z nearest molecules and is determined by the following relations:

s—1
A= ()5 8= 1+ X x;t; , x;= exp(—Be;) — 1, 2)
Jj=1

where #; = 6,;/6; are the transitional probabilities that species J is
located near species i; €; is the interaction parameter of neigh-
boring species i and j. In the case of the equilibrium state, pair
correlation functions 6; are the solutions of the following alge-
braic system of equations:

S N
6,8, = 0,8,exp(—Pe;), D.06; =6;, .6, =1. 3)
j=1 i=1

Solution of system of equations (1)—(3) by the Newton iter-
ation method at a specified set of {6;} or {P;} values allows one to
calculate all the equilibrium characteristics of the system.

Lateral interactions put in order the spatial distribution of
molecules. The pair distribution functions 0; characterize
the probabilities that species of sorts / and j occur in neighboring
cells. It follows from Eq. (3) that if g; > 0, species i and j
are attracted and 6; > 6,0;. If g; <0, species / and j are repulsed
and 6, < 66;.

In the absence of interactions between the molecules, the
equations are transformed to well-known equations for ideal reac-
tion systems for which 6= 8,8, (see Refs 9—11). Equations (1)—(3)
are simplified to be transformed to adsorption equations for an

N
ideal mixture a;p; = 6,/6,, ».6; = 1. In particular, for one-com-
ponent adsorption (s = 2), ﬁlley are transformed to the Langmuir
equation describing the adsorption of molecules on isolated sites.

Equations (1) and (2) refer to the case where all components
of the mixture have commensurable geometric sizes. Equations
taking into account the difference between real molecules and
spherical molecules and/or the orientation of molecules were
derived.12 The CO, molecule is not strictly spherical, its aspect
ratio being ~1.38. Since the density of SCF is intermediate be-
tween the vapor and liquid densities, for dense vapors, the aspect
ratio of carbon dioxide molecule in the supercritical state can be
taken to be unity.

Calculation conditions. Usually, the temperature of SC pro-
cesses exceeds the critical temperature 7, by a factor of not more
than three; therefore, the dimensionless value © = 7/7, will be
used as the temperature.

The interaction energy of system components ¢; will also be
specified in the dimensionless form by normalizing ¢;; to gy = ec¢
and taking that y; = g;/g). We also assume that e; = eo(y;y;) "/
(see Ref. 13). The lateral interaction parameters (y) are defined
as positive values for physical adsorption and are negative for
chemisorption.

The interaction energy of the adsorbate with the surface is
characterized by the value Q; = b/g;|, where coefficient b; defines
the factor by which this energy exceeds the interaction energy of
the component / molecules with their neighbors. The interac-
tions with b; values of about 1.5—2.5 are considered weak, being
typical of interactions of adsorbed molecules with polymeric
matrices. If b; > 4, these interactions are classified as strong. For
an inert SCF, most important is the case where b¢ << 1, where C
is the SC component of a many-component system. In our cal-
culations, we assumed that - = 0.1.

Results and Discussion

Physical adsorption. Figures 1 and 2 present the results
of calculation of physical adsorption isotherms of compo-
nent A in the presence of SCF at a constant partial pres-
sure of the main component A on weakly (b, = 2) and
strongly (b, = 9.2) adsorbing surfaces. The P, values corre-
sponding to three different surface coverages by compo-
nent A (6, = 0.05, 0.5, and 0.85) were used in the calcula-
tions. Each curve in Fig. 1 describes the effect of the par-
tial pressure of component C on the surface coverage by
component C at a constant pressure of component A. The
curves in Fig. 2 show how the increase in the partial pres-
sure of component C affects the surface coverage by com-
ponent A at an invariable pressure of component A.

As can be seen from Fig. 1, an increase in the partial
pressure of SCF entails an increase in the surface coverage
by component C. The rate of growth of the density 8¢
almost does not depend on whether the surface contains
weak or strong adsorption sites.

Asthe SCF pressure increases, the surface coverage by
component A decreases (see Fig. 2); thus, as the SCF
pressure increases, component A is being replaced from
the adsorbent surface. A comparison of Figs 2, a and 2, b
leads to the conclusion that on the strongly adsorbing sur-
face, component A is displaced from adsorption sites at
higher SCF pressures than on a weakly adsorbing surface.
For the strongly adsorbing surface, the replacement pro-
ceeds more slowly and over a broader range of pressures of
component C than for the weakly adsorbing surface.

In order to follow the effect of temperature on the
pattern of physical adsorption of a mixture of components
A and C, construct the adsorption isotherms in the (6—InP)
coordinates, where 6 = 6, + 6¢ is the total coverage,
P= P, + P is the total isothermal pressure. The adsorp-
tion isotherms of component A in the presence of inert SC



Influence of supercritical fluids on sorption

Russ.Chem.Bull., Int.Ed., Vol. 59, No. 10, October, 2010 1867

fc a

-6 -4 =2 0 2 4 6 InPc

Fig. 1. Adsorption isotherm of the SC component C mixed with
component A in the InPc—8¢ coordinates on the surfaces with
bp =2 (a) and 9.2 (b) at constant partial pressures of component
A (P,) corresponding to surface coverages 8, = 0.05 (1), 0.5 (2),
and 0.85 (3).

component C for the cases where the surface concentra-
tions of the main component 6, are 0.01 and 0.1 are shown
in Fig. 3. All adsorption isotherms start at the points cor-
responding to 6, values. The curves for 8, = 0.1 are shifted
to the right along the 6 axis and down along the InP axis
with respect to the curves constructed for 6, = 0.01; as the
density 6 increases, these curves approach each other.

The adsorption isotherms were constructed for three
temperatures, T = 0.625, 1.25, and 4 (t = T/T,). At super-
critical temperatures T > 1, adsorption isotherms mono-
tonically increase, being situated in the region of thermo-
dynamic stability of equilibrium isotherms. Below the crit-
ical temperature, T= 0.625, the adsorption isotherms have
a local minimum at high coverages, which corresponds to
the thermodynamic instability region called the van der
Waals loop.

The calculation of the adsorption isotherms of two
components (A and B) in the presence of an inert SCF

4 InP_

Fig. 2. Adsorption isotherm of the main component A in the
presence of SCF in the InPc—6, coordinates on the surfaces
with by = 2 (a) and 9.2 () at constant partial pressures of com-
ponent A (P,) corresponding to surface coverages 8, = 0.05 (1),
0.5 (2), and 0.85 (3).

allows one to elucidate the effect of lateral interaction
parameters on the character of adsorption. The calcula-
tions were carried out at two values of the lateral interac-
tion parameter, yg = 4.0 and 9.4, two temperatures,
t = 1.15 and 2.5, and two concentrations of the main
component, 8, = 0.01 and 0.1 (Fig. 4). The adsorption
isotherms shown in Fig. 4 are similar to those of the two-
component system considered above, because they were
constructed with the assumption that the concentrations
04 and 6p are constant and 6, = 0p.

As can be seen in Fig. 4, an increase in the amounts of
the main components A and B changes the course of P/6
dependence: all adsorption isotherms start at the points
corresponding to 8, + 6 values. In addition, the higher
the temperature © > 1, the faster the increase in InP as
a function of 6. A comparison of Figs 4, a and 4, b shows
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Fig. 3. Adsorption isotherms of a binary system in the 6—InP
coordinates for surface coverages by main component 6, = 0.01
(1, 2, 3),and 0.1 (I, 2", 3") and temperatures corresponding to
1=0.625(1,1),1.15(2,2"),and 4 (3, 3").

that at low 6, values, a change in the attraction force
between the molecules of the main components A and B
has little influence on the isotherm shape. At higher 6,
values, an increase in the attraction force between the
molecules of the main components leads to upward shift
of the adsorption isotherm along the InP axis, i.e., the
curve corresponding to greater lateral interaction parame-
ter yp is located above the curve for lower yg value. The
greatest difference between the curves is attained when the
initial values ® = 0, + 6g. As the density 6 increases, the
adsorption isotherms approach each other.

Chemisorption. Examples of chemisorption isotherms
of component A in the presence of SCF at © = 3.3 are
shown in Fig. 5. As the SCF pressure increases, the main
component A is being replaced at any of initial 6,: 0.05,
0.5, or 0.85. The course of the chemisorption isotherms
qualitatively coincides with the course of physical adsorp-
tion isotherms, although the ranges of pressure of the main
component A differ by approximately six orders of magni-
tude for chemisorption and physical adsorption (see Fig. 2).
However, comparison of Figures 2 and 5 shows that at the
same SCF pressure, the surface coverage by the main com-
ponent 8, is much higher for chemisorption than for phys-
ical adsorption due to higher energy of the species surface
bond.

A comparison of the chemisorption isotherms shown
in Figs 5, a and b demonstrates that an increase in
the energy of interaction between chemisorbed species and
the surface changes little the pattern of replacement of
these species from the surface by the inert component C.
This is attributable to the fact that the energy of interac-
tion of chemisorbed species with the surface sharply in-
creases, and for large surface bond energies Q; the effect of
SCF decreases.

a
0.2 0.4 0.6 0.8 0
InP b
2 L
0r 4
3
2 F 2
1
4}
0.2 0.4 0.6 0.8 0

Fig. 4. Adsorption isotherms of a ternary system in the 6—InP
coordinates for surface coverages by components A and B
04 = 0 = 0.01 (a) and 0.1 () at temperatures corresponding to
t=1.15 (1, 2) and 2.5 (3, 4) and lateral interaction parameters
vg = 4.0 (Z, 3) and 9.2 (2, 4). The inset shows the initial sections
of adsorption isotherms /—4 at 6, = 6g = 0.01.

All the adsorption and chemisorption isotherms con-
sidered above, except for curves / and 7" in Fig. 3, refer to
postcritical temperatures T > 1. At these temperatures,
adsorption isotherms increase monotonically with a pres-
sure increase in the gas phase. However, the properties of
the system below the critical temperature, at t < 1, which
characterize the mixing conditions of SCF molecules and
atoms of the solid, are equally important.

Separation curves. At any t < 1, the adsorption iso-
therm has a thermodynamic instability region called the
van der Waals loop. Using the Maxwell rule, it is possible
to find the values of surface coverage for coexisting liquid
6L(1) and vapor 6"(t) phases. By expressing the found 0
values in the 86—t coordinates, we obtain two curves that
meet at T = 1. Connecting these two curves in the 6—t
coordinates gives a dome-shaped curve with the top at
t=1. This dome-shaped curve is called coexistence curve
or separation phase diagram.
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Fig. 5. Chemisorption isotherms of component A in the presence
of SCF in the InPc—6, coordinates for surface coverages
0, =0.05(1),0.5(2), and 0.85 (3). Lateral interaction parameter
YA = 3.15.

The phase diagrams of separation of atoms of the main
component and the SC component for y4, = 2, i.e.,
under the assumption that the lateral interaction para-
meters are similar, are shown in Fig. 6. The dashed
curve refers to pure A. The addition of component C chang-
es the adsorption isotherms, and, hence, the separa-
tion diagram. Component C can be added in two ways:
1) with a specified constant percentage or fraction of
component C (continuous lines) or 2) with a specified
concentration 6¢ (dashed lines) (see Fig. 6). Since at
a constant concentration 6¢ (the second case of addi-
tion of component C), the adsorption isotherms start at
8 = 0, the initial points of the state diagram also occur at
8 = 6c. An increase in both the amount and the fraction
of SC component C results in a decrease in the critical
temperature and shifts the dome top to lower densities.
This behavior indicates that upon the action of any in-
ert SCF at sufficiently high pressure on component A,
the bonds between the atoms of the main component are
weakened.

2.50 F
225
2.00
1.75
1.50
1.25
1.00

0 0.2 0.4 0.6 0.8 1.0 ©

Fig. 6. Separation curves for the molecules of component A in
the 6—1 coordinates for mixtures containing 10 (7), 5 (2), and
3% (3) of SC component C and for mixtures with surface cover-
ages 0c = 0.1 (4), 0.05 (5), and 0.01 (6). The separation curve for
pure component A is shown by dashed line. Lateral interaction
parameter y, = 2.

A more complicated case of phase diagram where the
interaction between the molecules of main component A
exceeds the interaction between the SCF molecules ap-
proximately 10-fold is presented in Fig. 7. Here four rather
than two coexisting phases are possible, which gives rise to
a two-top phase diagram where the second dome can sep-
arate from the main dome and transform to a closed curve.

Figure 7 shows the state diagrams for y, = 6.3 and
different fractions of the inert SC component. The
numbers at the curves correspond to percentages of com-
ponent C in a mixture of species A and C. The dashed
line corresponds to pure component A, and the dome close
to curve 10 corresponds to pure component C. As the
fraction of component C in the mixture increases, the

25

0 0.3 0.6 09 o

Fig. 7. Separation curves for the molecules of component A in
the presence of SCF in the 6—1 coordinates. The numbers at the
curves correspond to percentages of component C; the separa-
tion curve of pure component A is shown by dashed line. Lateral
interaction parameter y, = 6.3. The Figure also shows a kink in
curve I and the region of disappearance of the curves of the
upper part of diagram /1.
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shape of the separation curve becomes more and more
complicated.

The effect of component C starts to be manifested at
Cc 2 1%. The dome shifts to the left, to lower density
values, and at high 0 values, it is pressed against curve 10.
It can be seen especially clearly for Cc = 3%: the corre-
sponding diagram has kink /. The shape of the curve to the
left of the kink is affected by component A, while the
shape of the curve to the right of the kink at high density 6
values is dictated by the effect of component C. When the
fraction of component C is about 4%, the left and right
parts of the diagram are separated. The diagram is split
into two parts, the upper and lower ones. The upper part of
the diagram formed under the influence of component A
becomes a separate closed curve. The lower part, which
reflects the effect of component C, becomes the main
dome. This can be seen especially clearly for Cc = 4%. On
further increase in the fraction of component C in the
mixture (C¢ > 4%), the effect of component A is mitigated
and the upper closed curve narrows down (closed curves
5—8). At C¢ = 10%, the upper part of the diagram dis-
appears in the region // and only the main dome remains.
Meanwhile, the lower parts of curves 5—&, which are
located between curves 4 and 10, gradually shift down
approaching the main dome (see Fig. 7, curve 10).

It can be seen from Fig. 7 that SCF can lead to pro-
nounced changes in the phase diagrams if the bond ener-
gy between the molecules of component A is high as
compared with the bond energy between the SCF mol-
ecules. The dome for the main component A is highly
deformed, the separation curves acquires a very complex
pattern and depends substantially on the content of com-
ponent C. The most important feature of the separation
curves shown in this diagram is that they become much
lower at high density values 6. This is indicative of consid-
erable weakening of bonding of the main component to
the surface as the main component is being replaced by
component C. This effect can be observed for vy, < 10,
which is typical of polymeric matrices. If the parameter y,
is high (y, = 10%), which is typical of oxides or metals, the
presence of SCF does not play a significant role.

Thus, in this work we studied the effect of an inert
supercritical component of a gas mixture on the equilibri-
um conditions of the adsorption of molecules. The ad-
sorption isotherms were calculated in terms of the lattice-
gas model taking into account the lateral interactions of
the close neighbors in the quasichemical approximation.
The concentration dependences for fixed chemical poten-
tials of the main and supercritical components and for

fixed molar fraction of the supercritical component in the
physical adsorption and chemisorption processes are con-
sidered. The binary phase diagrams SCF—atoms of the
solid, which characterize the solubility conditions for SCF
molecules in solids, are analyzed. The results of calcula-
tions attest to pronounced effect of SCF on the equilibri-
um characteristics of the adsorption and absorption of gas
mixtures. For quantitative description of particular SC
systems, it is necessary to take into account the real size
of the main components and SCF, including the orienta-
tion effects of large molecules.12

This work was supported by the Russian Foundation
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