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ABSTRACT

This paper is reporting new finding in the field afisorbate-adsorbate interaction for
supercritical carbon dioxide adsorption by One-Kondodel analysis. Adsorption isotherms for
supercritical carbon dioxide on activated carboriti@sorb 400 and on zeolite 13X have been
evaluated and shown to demonstrate adsorption cesspyn phenomenon at high pressure end
just as in subcritical systems. Experimental isotise for adsorption of supercritical carbon
dioxide are plotted in Ono-Kondo coordinates wikie tHenry's constant estimated based on
results of modeling as well as calorimetric and arthatographic measurements. The linear
sections of the results show the range of appllitgbof the classical Ono-Kondo model with
constant energies of interactions. The slopes eddHinear sections represent values and signs
of these energies: negative slopes indicate repailanteractions in adsorbed phase due to
adsorption compression. Switching interactions frattnactive to repulsive with an increase in
the pressure for supercritical adsorption suggektt adsorbed phase has two regions. One is
an attractive region at low-pressures and the otiseat repulsive region at high pressures. It can
be indicated that the shape of isotherms in Onoed¢onoordinates can help to understand
adsorbate-adsorbate energies; the slope of theifir@no-Kondo coordinates gives the sign and
magnitude of the energy as a function of adsorfetesity.

Keywords: Supercritical carbon dioxide, adsorbate-adsorbat¢eractions, adsorption
compression, Ono-Kondo model.

INTRODUCTION

Supercritical carbon dioxide is a substance abtseritical temperature (31.1 °C) and critical
pressure (7.39 MPa). Under this condition theirisbn between gas and liquid disappears
and this substance can only be described as a fwipercritical carbon dioxide has high mass
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diffusion coefficient and low viscosity imply that can have good transport properties [1].
Therefore, supercritical carbon dioxide is becomarg important commercial and industrial
solvent due to its role in chemical processes iditawh to its non-toxic, non-flammable,
relatively unreactive, rapid reaction, inexpensiviess solvent residues in products,
environmental friendly, and small solvent dispassdts [2-5].

Supercritical carbon dioxide is widely used in agtron [6-7], purification (especially in
pharmaceutical) [8-9], polymerization [10-11], fustbrage [12-13], nanotechnology [14], and
biotechnology [15]. However, the required properteg supercritical carbon dioxide generally
are neither available for all components nor abdlat all operating conditions of interest. Thus
need to be estimated by thermodynamic models. @e® where both data and models are
needed desperately concerns with the adsorptiooHokesn behavior of supercritical fluids.
Adsorption process is a phenomenon that can bepesse equilibrium between fluid phase and
adsorbent.

It has been found that experimental errors carafgely ruled out, it is concluded that the initial

assumptions are not valid for high-pressure cartioride adsorption on various adsorbents.
One of the causes is that high repulsive forcesvdmt nearest-neighboring adsorption sites
resist a full occupation and a corresponding irsmes the adsorbed phase density [16].

This work is based on ideas originally proposedmp and Kondo [17] for density gradients at
fluid-solid interfaces. The Ono-Kondo model is alite predict a wide variety of behavior
including multilayer adsorption [18], hysteresis micropores [19], and adsorption in
supercritical systems [20]. It also has been dsedisfor a phenomenon of compression in
adsorbed phases at subcritical conditions [21]cdmpressed systems, molecules adsorb to
highly attractive surface to reach densities gretiten in a normal liquid. Strong attractions to
the surface can cause more molecules to pack irfaitelayer than in a normal liquid and
therefore create highly repulsive interactions agnoearest neighbors. Thus compression is
introduced by having repulsive nearest neighbaradtions [22]. This phenomenon has various
demonstrations, including compression of molecsittsig on neighboring active sites of a solid
surface, compression of adsorbed surface layedscampression in nanopores [23-25]. In this
paper, we consider a new aspect of compressionvimehtor supercritical carbon dioxide
adsorption by using Ono-Kondo lattice model to wall@nalysis of adsorbate-adsorbate
interactions in the adsorbed phase from adsorjimtherms.
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Figure 1 Lennard—Jones potential function of fluid

To understand the interactions between adsorba@daate and adsorbate-adsorbent can be
considered the adsorbed molecules take place irstagedor certain specific interaction$he

energy of interactions between adsorbate molectdes be described by the Lennard—Jones
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potential function as shown in Figure 1. Theseradtons can be occurred between adsorbed
molecule and surface of adsorbent, or can be aeturetween adsorbed molecule and other
adsorbed molecules. One of interactions is ancaitte (positive slope) and another one is

repulsive (negative slope) interaction.

MODELING

To derive the adsorption isotherm, this appliescepis first proposed for lattice systems by Ono
and Kondo [17]. Consider taking an adsorbate mdédefrom the surface and moving it to an

empty volume between molecules in the bulk (famfrthe surface). This is equivalent to the
exchange of the molecule with a vacancy thatlg fil

Mg +Vp, =Vg + M,

(1)

WhereM;s is the adsorbate molecule on the surfadgis the adsorbate molecule in the bul,
is the vacancy on the surface, afds the vacancy in the bulk.

If this exchange occurs at equilibrium, then;

AU -TAS=0 @)

WheredU and4S are the internal energy and entropy changesraadhe absolute temperature.
The value of4S can be represented in the form;
e i (@72, )1%)
(L-ara,)x, 3)

Wherek is Boltzmann’s constang, is the density of adsorbate in the bugkjs the density
(number of adsorbed molecules per square meterpgig the maximum density of adsorbate
molecules that can be on the surface.

The change in internal energy is:

AU =g, +U, _Ug (4)
Wheregs is an average energy of the molecule-surfaceaatien, U is the energy of interaction
between a central molecule and surrounding molsdul¢he 2-D fluid, andJg is the energy of
interaction between a central molecule and surrimgnaeholecules in the 3-D gas.

Substituting equations (3) and (4) into equation (2

an@/a-%) Ly o
(1_a/am)xb * 9 (5)

For soft molecules (real molecules and Lennard-gonelecules), can be defined the energy of
interaction between a central molecule and surrimgneholecules in the 2-D fluid as:

U, =Jag(r*) )

WhereA is a coefficient (<1) which accounts for the fd@tteach neighbor can belong to several
clusters A = 271 ?go, go is the positive coefficient not depending on dis& (in the mean-field,
adsorbed phase critical point occur2at), = 6), a is the density in the 2-D fluihhumber of
adsorbed molecules per square met#r);) is potential function at a distanae&,which consider
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from two cases as:
= 2V g for low densities
r,(a) for highdensities )
ro is the average distance between molecules in theedmonolayer. And can be written the

energy of interaction between a central molecubk @urrounding molecules in the 3-D gas in a
similar form

: AN ®)
WhereA andr” are 3-D analogs of andr* for gas phase. And plugging equations (6) and (8)
into equation (5)
Jlara,)i-x,) ¢, Aag(r) _Axp(*) _
(1-a/a,)x, kT kT kT

(9)

In the equation (9), the first two terms can beucedl to equation (10). The investigation of
supercritical adsorption behavior is reasonablexfovery less than unity, and is equal to
exponential of {¢J/kT). Therefore, equation (9) can be simplified to fo#owing form of

equation (10): ( )( )
ala J\1-x
- | m b

"H (1-a/a, )x,

(10)
Where the Henry’s constant is,
H= ex;{_—(st
KT (10a)
Therefore, equation (9) can be represented inalh@afing form:
Y __A¢(r") a  ANg(r*')
X, KT X, KT (11)

When plottedY/x, versusa/x, can get the value ofg(r*) from the slope of the graph. The sign
of A@(r*) gives information about the sign of adsorbate-duiser interactions. Moreover,
plotting Y/%, as a function oé/x, also give the intercept! ¢(r*'), which can be used to verify the
assumption that the term of energy of interactietween a central molecule and surrounding
molecules in the 3-D gas. Therefore, it can becegid that the slope of this line gives the value
of coefficient and the sign of coefficient givesfarmation about the character of
adsorbate-adsorbate interactions.

RESULTS AND DISCUSSION

Adsorption isotherms for supercritical carbon dioxide in Ono-Kondo coordinates with
variable H

We considered equation (11) to analyze adsorpsiothérms wittH being a variable parameter.
In principle, the value dfl can be estimated from the slope of the isotheremel pressures. It
has been found that valuestbfor carbon dioxide on Filtrasorb 400 vary over thege from 30
to 300. However, for carbon dioxide on zeolite 13X,varies between 3000 and 30000,
reflecting significantly stronger interactions witine adsorbent.

Figure 2 shows adsorption isotherms for supereatiticarbon dioxide on activated carbon
Filtrasorb 400 and on zeolite 13X in the coordisatd equation (11) at various Henry's
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constants (dimensionless terms). As shown by Fi@uriancreasing oH from 30 to 300 for
supercritical carbon dioxide on Filtrasorb 400 ademthe shape of the isotherms in Ono-Kondo
coordinates; in particular, the slope at low pres&nd changes from positive to negative.
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Figure 2 Adsorption isotherms in Ono-Kondo coordinge with variable H: (a) for carbon dioxide on
activated carbon Filtrasorb 400 at 318.2 K (calculeed from ref. [26]) and (b) for carbon dioxide on zolite
13X at 308 K (calculated from ref. [27]).

However, for supercritical carbon dioxide on zewlit3X, switching from positive slope to
negative at low pressure end occurs over signifigdnigher range oH — from 3000 to 30000.
As mentioned eatrlier, this is because adsorptibnitgfof carbon dioxide to zeolite 13X is much
larger than to Filtrasorb 400 and much larger tafimity of nitrogen and methane to these
adsorbents.

As seen from Figure 2, at the high pressure endnfalla/x,), all slopes become negative. This
indicates that the adsorbate - adsorbate interexcthecome repulsive as pressure goes up, which
is consistent with the concept of adsorption cosgimn observed in subcritical systems [21-25].
To analyze transition to adsorption compressionthi@ next section we plot isotherms in
coordinates of equation (11) with estimated vahifds.

Adsorption Isotherms for Supercritical Carbon Dioxide in Ono-Kondo Coordinates with
EstimatedH

To analyze the transition to adsorption compressianplot isotherms in coordinates of equation
(11) with estimated values &f in Table 1. It is well known that the valuelgfcan be estimated
from the slope of the isotherm at the small pressuHowever, we present estimates for
normalizedH which are in a reasonable ranges in terms of meduibwn from statistical
modeling and from chromatographic and adsorptioasuements [28-30]. Tables 1 also gives

rA

values of - calculated fronH by using equation (10a).

Table 1 Dimensionless Henry’s constants for carbodioxide adsorption on different adsorbents [28-30]

¢

RT
on activated carbon Filtrasorb 400 at 318.2 K
CO, | 100 | 4.6
on zeolite 13X at 308 K
CO, | 3000 | 8.0

Adsorbate H
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Figure 3 shows adsorption isotherms in Ono-Kondwdioate with estimated for supercritical
carbon dioxide on activated carbon Filtrasorb 488 an zeolite 13X. These isotherms have
similar shapes: going down to a minimum and themgyap. This shape is consistent with
interpretation of the derivative of this functionepresenting potential function for
adsorbate-adsorbate interactions. The reason fdn aubehavior is adsorption compression
arising from competition between attraction of thésorbate to the adsorbent surface and
repulsions between/among neighboring adsorbatecuete [21, 24].

Note that at low pressure, neighbors in adsorbtitach each other. As pressure goes up, the
distance between adsorbate molecules can becomehas in a normal liquid and nearest
neighbors repel each other. This is possible becthesdecrease of free energy due to attraction
to the adsorbent is greater than the increaseeefdnergy due to repulsions between adsorbate
molecules. At the point where the adsorbate-adseihteractions go from attractive to repulsive,
the average adsorbate-adsorbate energy is zerah#goint corresponds to minimum in
isotherms shown in Figure 3.
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Figure 3 Adsorption isotherms in Ono-Kondo coordinde with estimatedH: (a) for carbon dioxide on
activated carbon Filtrasorb 400 at 318.2 K (calculged from ref. [26]) and (b) for carbon dioxide on zolite

13X at 308 K (calculated from ref. [27]).
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Figure 4 Adsorption isotherms for (a) carbon dioxic on activated carbon Filtrasorb 400 at 318.2 K
(calculated from ref. [26]) and (b) carbon dioxideon zeolite 13X at 323 K (calculated from ref. [27])Circles
indicate high pressure ends, and right frames showigh pressure ends in larger scale.

Figure 4 shows adsorption isotherms for carbonid®x Ono-Kondo coordinates on various
adsorbents. In this Figure, high pressure endsnamked by circles and right frames give high
pressure ends in much larger scales. These grapilbws a&stimates of energies of

adsorbate-adsorbate repulsions in supercriticalesys Comparison of frames (a) and (b)
indicates that adsorption compression of carborid@in pores of zeolite is much stronger than
in pores on Filtrasorb 400.
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Figure 5 Gibbs adsorption isotherms: line curve isheoretical isotherms are obtained from Ono-Kondo
equation [20] atA@(r*)/KT value that gets from Figure 4 for supercritical cabon dioxide; and point curve is
experimental isotherms for supercritical carbon dixide adsorbed on activated carbon at T = 318.2 K ged

data from ref. [26]).

Figure 5 shows behavior of the Gibbs adsorptiotheson occur under supercritical condition for
carbon dioxide adsorbed on activated carbon at318:2 K. These results can be confirmed the
results in Figure 4 and the observation of Sudibgiodet al. [26] that presented the important
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point is that Ono-Kondo coordinates allow interptiein of intermolecular forces of adsorbate
molecules from Figure 4.

CONCLUSION

The adsorption isotherms for supercritical carbaoxide showed both negative and positive
slopes. The negative slopes of lines (positiveraatton energies) indicate repulsions between
adsorbate molecules on the surface. These isothiaditate the transition from attraction to
repulsion between molecules of the adsorbate. Disdéiye values of interaction energy are not
surprising because of the very strong Lennard-Josaslsion between adsorbed molecules on
nearest neighbor adsorption sites. This also swtggdbat the repulsive part of
adsorbate-adsorbate interactions is the dominantribation to the average intermolecular
interaction at high densities. With estimated valoéH, adsorption isotherms in Ono-Kondo
coordinates show deviations from behavior of corsgim phenomenon at high pressure end.
The slopes of these linear sections represent ¥and signs of these energies: negative slopes
indicate repulsive interactions in adsorbed phasetd adsorption compression. This resilsb
should have an effect on solidification of the atled layer and on the rates of reaction on
catalyst surfaces.
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