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Abstract. A new approach to describe the adsorption behavior of liquid mixtures on solid surfaces by use of
GE-models is presented. In contrast to the classical formulation of adsorption equilibrium the adsorbed phase is
considered to be a mixture containing the adsorbed species (adsorbate) and the adsorbent as additional component.
By introducing the Gibbs excess ener@f* for this adsorbate-solid-solutiothe free energy of adsorption is
correlated with the respective activity coefficients of all involved components. This concept, in the following briefly
calledASST(adsorbate-solid-solution theorythus leads to a thermodynamically consistent description of both the
adsorption equilibrium and caloric properties.

For evaluation purposes the Wilson model was used to calculate the Gibbs excess fre&&heRisst results
show the good ability of ASST to correlate surface excess isotherms of different types and to predict their temperature
dependence. Moreover, the concept enables the surface excess isotherm for a binary liquid mixture to be predicted
if the parameters describing the interactions between adsorbent and the respective fluids have been estimated from
different surface excess isotherms.

Keywords: liquid phase adsorption, adsorption equilibrium, adsorption isotherm theory

1. Introduction methods are widely used for a first design of classical
separation processes like distillation or extraction. The
Despite of numerous possible applications in the chem- success of these models suggests a similar approach
ical industry liquid phase adsorption is only rarely con- for the calculation of adsorption processes.
sidered to be an alternative process for the separation However, a thermodynamic description of interfa-
of liquid mixtures. One of the most obvious reasons is cial phenomena is far more difficult than the descrip-
the lack of both experimental data and suitable models tion of classical phase equilibria (e.g. VLE) since there
to predict the adsorption behavior of multicomponent is no two-dimensional, sharp phase boundary between
mixtures the like of which they typically occur in sep- an adsorbed phase and an uninfluenced bulk phase, but
aration processes. This applies particularly if the pre- athree-dimensional transition region with a continuous
diction is to include the solid, i.e. if a suitable solid has change of the respective thermodynamic state variables
to be chosen for a given separation problem. (Heuchel et al., 1989; Schay, 1969). It is therefore not
However, the selection of a suitable separation pro- surprising that the thermodynamic description of inter-
cess during the basic engineering relies on correspond-facial phenomenaiis still subject of discussion (Heuchel
ing possibilities to calculate equilibrium behavior of et al., 1989; Everett, 1993).
multicomponent mixtures in advance since a mea- Though the transition region may actually not be re-
surement of these properties is very time-consuming garded as an autonomous phase, the concept of an ad-
and cost-intensive. At this point group contribution sorbed phase or surface phase—originally introduced
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These difficulties led to the formulation of a ther-
modynamically consistent framework thatincorporates
the adsorbent’s properties by conceiving adsorption
systems as a solution of the solid and the liquid adsor-
bates. This enables the influence of different structural
groups of the adsorbent on the adsorption behavior to
be estimated, thus forming a basis for a description of
adsorption systems with a group contribution method

(b) that includes the adsorbent.

Figure 1L Definition of the reference system: (a) classical descrip-
tion, (b) reference system.

2. Theory
by Gibbs or Verschaffelt and Guggenheim (Ruthven
1984; Everett, 1981)—is in principle the only possi-
bility to formulate thermodynamic phase equilibrium
conditions in the classical description of adsorption
systems. This approach divides the total amount of
fluid moleculesn® in two independent phases that are
assumed to be homogeneous, the adsorbed or surfac
phase (s) witm® moles of the liquid mixture and the
uninfluenced bulk phase (b) (see Fig. 1(a)). By intro-
ducing activity coefficients for both phases, one obtains
the well-known relation of phase equilibrium for each

' 2.1. Model of Adsorption

In contrast to gas adsorption in liquid phase adsorption
the total amount adsorbdtf is not a meaningful vari-
able to describe the process of adsorption since it is not
directly measurable and depends on the extension of
The surface phase. Therefore, the separation of liquid
mixtures is generally described by the surface excess
(Everett, 1993; Sircar et al., 1972)

€ _ 10(y0 _ yb
component e =T - x) )
ad a = 1-‘S(Xis - Xib) (3)
b. b _ s.,s (g - goid)
Vi =XV eXp —57rs 1) . I : .
RTI The second relation which is easily derived by means

of a mass balance enables the surface excess to be cal-
with g2’ being the free energy of immersion of the ad- culated if both the extension of the surface phase, i.e.
sorbed solution and3’ the free energy of immersion  the total amount adsorbef, as well as the compo-
of the pure adsorbed specigsespectively (Kauland  sition of the surface phasé are known. In Egs. (2)
Sweed, 1983; Larinov and Myers, 1971; Minka and and (3) the surface exceE& and the total amount ad-
Myers, 1973). The corresponding activity coefficient gorpedrs refer to a mass unit of adsorbent.
inthe surface phase has to be estimated from Eq. (1) by  while the composition of the adsorbed phase may
use of experimental data. The resulting functigfis= be calculated by use of general thermodynamic equilib-
f (x?) show a complex variation with composition, €.9. - rjum relations, the calculation of the total amount ad-
extreme Values, inflection pOintS or non-monotonic be- sorbed™s has to be carried out based on an assumption
havior, thus questioning the physical meaning of these concerning the extension or composition of the surface
activity coefficients (Schay, 1969; Minka and Myers, phase. It has to be stressed that these assumptions—
1973; Li et al., 1991). Moreover, for the pure com- commonly calledmodels of adsorptier-are specific
ponent adsorption the respective activity coefficient for the respective adsorption system and should there-
equals 1 though the measurable enthalpy of immersion fore clearly be distinguished from general thermody-
proves the existence of interactions between adsorbent,gmic relations (see, e.g., Everett, 1993).
and the pure liquid which actually are describedly In the underlying relation for the most common mod-

Apart from Eq. (1) there is no independent relation be- g|s of adsorption of liquid mixtures like the pore filling
tween the activity coefficients in the surface phase and model or monolayer moder;s is given by (see, e.g.,

the free energy of immersion though both variables de- Messow et al., 1992)
scribe the same physical process, which suggests that
S and g2 must be interrelated in some way (Schay, 1 x5 | x5

— = 4
19609). rs Iy Ihp @
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By applying the pore filling model, the surface phase ing the intensive variables constant
capacitied™s; may be assessed by the pore volume of
the solidv, and the molar volume of the respective fluid
vei according ta'y; = vp/vai.

As mentioned above, the calculation of the surface
excess still requires the estimation of the composition The differentiation of Eq. (8) and comparison with
of the surface phase by means of equilibrium relations. Eq. (5) yields the Gibbs-Duhem equation for the ad-
The formulation of these general thermodynamic rela- sorbate solid mixture
tions based on the introduction of a Gibbs excess energy K
_for a syst_em pontaml_ng both adsorb_ent and adsgrbgtes mo d¢* = — Z n*dp 9)
is the main aim of this paper and will be dealt with in =1
the following chapters.

k
G'=¢"mo+ Y uin; ®)
i=1

which in this form applies for constant temperature
and pressure and corresponds to the Gibbs adsorption
2.2. Definition of the Reference System isotherm.

The idea of incorporating the adsorbentas acomponent2.3.  Gibbs Excess Energy

of the adsorbed phase has already been discussed in

literature, inter alia by Kiselev, Bering and Tolmachev At this point a new approach for the description of the
(Tolmacheyv, 1973a, 1973b; Tolmachev and Denisova, adsorbate-solid-solution shall be introduced by defin-
1973a, 1973b). On the basis of the classical formula- ing the Gibbs excess energy for the reference sys-
tion of the phase equilibrium (Eq. (1)) a preliminary tem, thus describing the interactions between the solid
description of the enthalpy of adsorption by use of and the adsorbed liquid (Berti, 1997). By applying
an excess enthalpy for an adsorbate-solid-solution hasthe customary definition of the Gibbs excess energy
been developed (Friese et al., 1996). The fundamen-(Gmehling and Kolbe, 1992), one may formulate the
tal equation for a system containing both adsorbent as free Gibbs energy in accordance with

well as the adsorbates may be formulated according to

Ruthven (1984) and Rudzinski and Everett (1992) G — Z nge + Go -+ GE* (10)
i=1

k
dG" = —S'dT+V*dp+e*dmg+ > pidny  (5)

— whereg,; is the molar free Gibbs energy of the com-

ponenti andGg the free Gibbs energy of the pure, un-

where influenced adsorbent, respectively. It has already been
. mentioned that many difficulties in the description of
G : . X .
o (6) interfacial phenomena arise, among other things, from
dmo the fact that the surface phase may actually not be re-

is the change in the free Gibbs energy of the adsorbate-9arded as an autonomous phase since it only exists in
solid-mixture when a small mass of solid is added to the the presence of a solid. Usually, the change in the en-
system. Thusp* may be described as the chemical po- €"9Y of elements_of both_ the _solld gnd the I|qU|d_ du_e
tential of the adsorbent in the presence of the adsorbate [0 van der Waals interactions is attributed to the liquid
containing the chemical potential of the pure, uninflu- PY subtracting the free Gibbs energy of the uninflu-
enced solid in the absence of the adsorbatgsdnd enced solid, thus yielding an expression for the chemi-
the free Gibbs energy of adsorptigf! that takes into cal potenti'al of each liquid componérih the adsorbe.d
account the interactions between the adsorbent and thePh@se. It is a natural consequence of these considera-

fluids: tions that the chemical potential of each liquid of the
adsorbate solid mixture corresponds to the chemical
¢* = do + g @) potential of the liquid in the surface phase, i.e.
. . . k K
Keeping the conception of an adsorbate solid mix- Zﬂi*”is _ Z ngy + GES (11)

ture, one obtains the integrated form of Eq. (5) by keep- —



82  Berti, Ulbig and Schulz

However, in case of an adsorbate-solid-solution, the the system yields
perturbations of the atoms of the solid due to interac-

tions with the fluids do not need to be attributed to the A H;f’p = Heng— Hini

liquid phase, but are already taken into consideration

with the Gibbs excess ener@F*. Thus,GEdescribes = n*h* + n°h® — n°h® —nghy  (13)
the interactions of a hypothetical mixture of all liquid

adsorbates in the absence of the adsorbent. whereA Hg)?p is the change in enthalpy on immersion

With the Egs. (7), (8), (10) and (11) and one fi- observed experimentally addthe molar enthalpy of
nally obtains the relation between the free Gibbs en- the respective phase. Except ferwhich is the molar
ergy of adsorption and the Gibbs excess energy of the enthalpy of the pure, uninfluenced solidmnay be ex-

adsorbate-solid-solution pressed in terms of the excess enthalpy (Gmehling and
Kolbe, 1992)
GE* — Gad+ GES (12) )
h= xhg +h® (14)
which indicates thaGF* contains both the solid-fluid- i=1

interactions G2 as well as the interactions in a liquid ) . )
mixture in the absence of the solid with the Composi_ Wh|Ch then |eadS to a more deta”ed formula“on Of the
tion of the surface phase&sES). In case of the pure  enthalpy balance:
liquid adsorption the latter term equals zero, so that the
Gibbs excess energy of the (binary) adsorbate-solid-

i : AHZ =n*
solution corresponds to the free energy of adsorption, exp
i.e. GEr = Gad

k
Xi* hoi + n* hE*

i=1

K
+1n°) (%) = x)ho —n° > xPhg
i=1

2.4. Enthalpy of Immersion and Excess Enthalpy
+ nO(hEb _ hEO) _ nShEb (15)

The corresponding result may be obtained by an en-

thalpy balance for an immersion experiment which is  After some algebraic manipulations, one finally ob-

in addition necessary to derive a relation between the tains the relation between the measurable enthalpy of

excess enthalpy of the solid-adsorbate-mixture and theimmersion and the excess enthalpy of the adsorbate-

enthalpy of immersion. Considering an amounhtof solid-solutionh®
solution separate from an amoum of the solid in
the initial state, the immersion will result in the for- AH = n*h® — n°h®® + n°(h®° — h®)  (16)

mation of an uninfluenced bulk phase with the com- o®

position x and the adsorbate-solid-mixture with the
compositiorx” (see Fig. 2). The molar fractions in the
adsorbate-solid-solutiox* are closely connected with
the molar weight of the adsorbent and will be dealt
with in Chapter 2.6. Thus, the enthalpy balance for

The relation between the excess enthalpy of the
adsorbate-solid-mixture and the true enthalpy of im-
mersion may be derived from Eq. (16) by considering
the borderline case® — 0, i.e. a hypothetical immer-
sion experiment in which the solid is wetted by a total
amount of fluidn® with the composition of the surface
phasex®. Since in this case there is not any mixing heat
due to a change in composition of the liquid phase, the
measurable change in enthalpy corresponds to the true

114
il

]
o B2 20 s enthalpy of immersion. From Eq. (16) it follows then
—% sy with Ah33) = h*dandn® = n®

L] -
o °g°°°°°n°gcuoo_=> Ah, HE* — Had+ HES (17)

Figure 2 Enthalpy balance. This relation corresponds to Eq. (12).



2.5. Phase Equilibria

The formulation of the conditions of phase equilibrium
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¢o = const. Considering again the borderline case of
the pure component adsorption at the same amount of
uninfluenced solid as a reference state, Eq. (7) yields

requires the choice of a standard chemical potential for ¢% = ¢o + g2% Thus, the change of the chemical po-
the adsorbed phase. Usually, in the classical formu- tential of the influenced adsorbent in Eqg. (22) is given

lation the pure adsorbed speciest the same tem-

by the Egs. (7) and (12):

perature as the adsorbed mixture is chosen to be the

standard state (Larinov and Myers, 1971; Minka and
Myers, 1973). From Eg. (9) one obtains for a pure

component

deg = —Ipy dug (18)
An integration of this relation yields the standard
chemical potential for the respective componént
which is identical to the chemical potentjaf; of the
pure adsorbed componentn the same state as the

adsorbed mixture:

" — ¢
Chi

where¢y; refers to the chemical potential of the in-
fluenced solid in the presence of the pure liquid
By introducing activity coefficients for the adsorbate-
solid-solutiony;*, the expressions for the chemical po-
tential of the liquid species in the adsorbate-solid-
mixture are obtained:
Wi = kg + RTIN(X) (20)
Now the formulation of the conditions of phase equi-
librium is straightforward. By equating the chemical
potentials of the fluid components in each phase
b__ %
Ki = Wi (21)
one finally obtains an equilibrium relation for the cal-

culation of the mole fraction of each liquid in the
adsorbate-solid-solution:

Xib)’ib =Xy exp(—

¢ — ¢ ) (22)

RTIy;

The last equation is similar to the classical formu-
lation of phase equilibrium (Eq. (1)); however, in the

1

-~ (GE* _ GES _ GEI*)

" — g = (23)
The Gibbs excess energy may be calculated from the
respective activity coefficients according to

GES Xk: ( )

— = n°Iny; (x° (24)
RT — : !

GE* : * *

Hence with a suitable model for the activity coeffi-
cients the relation of phase equilibrium (22) may be
used to calculate the composition of the adsorbate-
solid-solution. Note thay; (x7) is the activity coeffi-
cient of the componenmtin a hypothetical, autonomous
phase that is uninfluenced by a solid and may not be
confused with the activity coefficienf® in the surface
phase in the classical formulation (Eqg. (1)) which con-
tains the perturbation of the atoms of the solid.

Equations (23)—(25) represent the connection be-
tween the activity coefficients of all components in the
adsorbate-solid-solution and the free Gibbs energy of
adsorptiong?® (for details see Berti (1997)). For the
pure componentadsorption(x’) — landy* — yg,
wherey is given by Egs. (22)f* — ¢7) and (27)
(see below):

Yo =1+ (26)

s Mo

Obviously, in the borderline case of pure compo-
nent adsorption, the activity coefficient of the respec-
tive fluid does not equal 1 but a fixed value that depends
on the respective system of adsorbent and pure liquid,
i.e. the respective binary adsorbate-solid-mixture.

borderline case of the pure component adsorption, in 2.6. Mole Fractions and Molar Weight

Eq. (22)x* — x7 and thusy* # 1 while x?, ¥ — 1.

Moreover,¢* does not equal the free Gibbs energy of The formulation of mole fractions for the reference

adsorption, even though tlshangein ¢* is equivalent

system has to include the solid, i.e. one has to assign

to a change in the free Gibbs energy of adsorption at a molar quantityng to the solid. The introduction of a
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molar weightMg for the adsorbent yields a convenient
formulation of the mole fractions of the fluids{) and
the solid &)

Mol
AL L N 27
T T My, T 7)
1
o 28
O 14+ MY, TS (28)

wherel> = n®/my is the molar quantity of the compo-
nenti referring to a mass unit of the adsorbent. It has

to be stressed that these definitions are only sensible

for a system in equilibrium, i.e. for a system that con-

tains more fluid molecules than necessary to cover all

adsorption sites® > n®). Thus, the boundaries of the
domain of definition are given by the borderline case
of the pure component adsorption (i.»g. € ]0, 1[) for
each componemtn whichI'> — I'};. The connection
with the variables of the surface phase is given by

n®=n*(1— x3) (29)

X = x(1—x3) (30)

The definition of a molar weight for the solid is
closely connected with its functional groups. The inner

surface that is significant for adsorption is composed of

different functional groups. Thus, the entire inner sur-

face may be calculated from the van der Waals group

surface:
A=amp=Y Q=1 XZQ (31)
K K

wherevy is the number of functional groups of type
K in the soIid,X(Ko) the corresponding fraction of all
functional groups andp the total number of all func-
tional groups in the respective amount of the safig

As for amorphous solids, the functional groups may be
regarded as molecules, i.eg = vo/Nj, is the respec-
tive molar quantity of the adsorbent. Thus, the molar
weight of the solid is given by

mo _ Na X X Qx
No B a

Mo

(32)

For crystalline adsorbents like zeolites the definition
of the unit cell as molecule yields a more detailed ex-
pression for the molar weight of the adsorbent. The
total numbeny of functional groups in the solid may

groups per unit cely yc and the number of these unit
cells in the solidNy.:

(33)

vo = Nucvouc

Defining the molar quantity of the solid according to
No = Nyc/Na, the molar weight of the zeolite is given

by

Mo = Myc = vO,UCZ X(KO)MK
K

= Z vk, ucMk
K

where vk ¢ is the number of all functional groups
of type K in the unit cell. Considering the structural
formula

(34)

Mx/n[(AIOZ)x(SiOZ)y] - ZH,0 (35)

which applies to most zeolites (Breck, 1974; Smith,
1984), Eq. (34) yields

Mkat
Muc = X( na

2.7. G™-Model: Approach of Wilson

+ Ma + 2|V|o> + Y(Msi + 2Mo)
(36)

It has to be stressed that the relations derived in Chap-
ters 2.3-2.5 are general thermodynamic relations that
do not depend on specific models describing the na-
ture of the interactions between the solid and the lig-
uid components. The description of these interactions
starts where an appropriate model for the calculation of
the Gibbs excess energy of the adsorbate-solid-solution
GF* is chosen. ThisGF*-model has to take into con-
sideration the particular energy distribution of the re-
spective adsorption system.

The concept of describing the adsorbate-solid-
solution by use of the Gibbs excess energy offers
an excellent basis to incorporate a group contribution
methodology that takes into account the influence of
different structural groups of the solid adsorbent with
respect to adsorption. However, from the mathemati-
cal point of view,G5* may in principle be calculated
by application of anyGE-model that is suitable to de-
scribe solutions containing at least three components,
as long as the model is not limited to small values of

then be expressed in terms of the number of functional the excess enthalpy.



Since the aim of this paper is the investigation of the

thermodynamic framework presented in the previous
chapters the Wilson-model (Wilson, 1964) was chosen 3.1.

for the calculation oG5*. The development of &&*-
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3. Calculation and First Results

Estimation of Parameters

model based on group contributions that is applicable The calculation of the surface excess requires the esti-

to describe the particular interactions of molecules in

adsorption systems will be subject of future research.

The Wilson model has originally been developed from
statistical thermodynamics for the description of liquid

mation of various parameters, such as the surface phase

capacitiesI's;, the activity coefficients of the bulk

phasey” and the molar weight of the adsorbévig.
With exception of the systemp-xylenem-xylene/

systems. However, the underlying idea of treating the ethylbenzene on KBaY all systems have been calcu-

liquid as a solid by placing each molecule in a lattice

lated taking into consideration the non-ideality of the

with nearest neighbors suggests and justifies the appli- bulk phase by use of the Wilson model. The respective
cation of this approach on heterogeneous systems suctparameters are listed in Table A.3. The surface phase

as the adsorption of liquids on solids.

capacities">

>, are taken from the respective publica-

Since in case of adsorption the borderline case is the tions or—if not available—assessed from the surface

pure liquid adsorption, i.e. a binary adsorbate-solid-

excess isotherm by a procedure described by Schay

solution, the respective boundary values according to (1969).

Eq. (26) have to be incorporated in aBf-model that

For the zeolites the molar weight has been estimated

is used to describe the adsorbate-solid solution. This from the structural formula. Since there is no structural

is achieved by splitting the activity coefficient of the
respective fluid into two parts:

wherey,; is the boundary value and Jig.; a concen-
tration dependent part of the activity coefficient that is
given by the chose®F-model. Inyge; has to equal
zero at the concentration border:

Inyge; = INyee; (%) — INyge (%) (38)

Yée; (X5;) represents the activity coefficient of a bi-

data available for silica gel or activated carbon in the
respective publications, both the molar weight and the
density of KBaY have been taken for these adsorbents.
This is defensible since the value of the molar weight
is somewhat arbitrary and does not influence the solu-
tion for the interaction parameters. All corresponding
parameters are shown in the appendix (Table A.1).

3.2. Calculation Procedure

Starting point for the calculation of the surface excess
I'¢ = f(xP) is the estimation of the bulk phase activ-

nary adsorbate-solid-solution, i.e. the pure (adsorbed) ity coefficientsy at the respective mole fractior.

liquid and the solid adsorbent. The introduction of a

reference point does not have any effect on the qual-

itative variation of the activity coefficients with con-

Assuming known values for the Wilson parametafs
of the adsorbate-solid-mixture, the activity coefficient
vy as well as the mole fractiox of each fluid in the

centration but represents a simple normalization. For adsorbate-solid-solution have to be calculated simulta-
the adsorption of a pure component, the activity coef- neously by iteration of Egs. (22) and (39). The surface

ficient of the solid is directly given by théE-model.

In case of the adsorption of a binary liquid mixture, i.e.
a ternary adsorbate-solid-solution, the formulation of
the Wilson-model yields

Inyge; = —In(ix*A-»)-kl— 2 _ Kl
YGEi = j=0 [l £ Z?:o XTAkj
(39)

where
Aij = l;—ijeX[X)»ij /T) (40)

The index 0 again refers to the solid component.

excess is then given by Egs. (3), (4) and (30).

During optimization, i.e. estimation of the Wilson
parameters,;; for the adsorbate-solid-solution from
experimental data, the calculation procedure described
above has to be carried out several times, thus improv-
ing the starting values for; iteratively by comparison
of the calculated surface excess with the experimental
values. All optimizations for the determination of the
Wilson-parameters have been carried out by using the
Simplex-algorithm of Nelder and Mead (1969) with the
error function
-T

e
1,exp

(41)
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Table 1 Correlated surface excess isotherms.

Adsorbent(0)  Fluid(1)

Fluid(2) Source e (%)

Silica gel Benzene
NaY Benzene
Activ. carb. Benzene

Cyclohexane Valenzuela and Myers, 1989 2.7
Heptane Choi et al., 1994 1.1
Ethanol Valenzuela and Myers, 1989 6.4

Since enthalpies of immersion are not available for rium data and the activity coefficients of the adsorbate-
the examined systems, only surface excess data couldsolid-solution. The Wilson-parameters for all corre-
be consulted to determine the interaction parameters.lated systems are shown in the appendix (Table A.4).
Future research will focus on the incorporation of both All types of surface excess isotherms are represented

equilibrium and caloric data.

3.3. Correlation of Different Isotherms

well with only little deviations between correlation and
experimental data which are in the order of the mean
variation of the measured values.

The first system with benzene as preferably ad-
sorbed component represent a surface excess isotherm

The first aim is to examine the ability of ASST o of Type | in the classification of Schay (1969). The ac-
correlate different types of surface excess isotherms. tivity coefficients of the adsorbate-solid-solution show
Table 1 and Figs. 3-5 show the results for the equilib- 3 monotonic behavior with an increase in the activity

25 r T T 4.0 T T T T
= Sircar et al. 1972
20} ASST ® Choi et al. (1994)
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Figure 3 Benzene(l)/cyclohexane(2) on silica gel:

s
X, /=

excess Figure 4 Benzene(l)/heptane(2) on NaY: excess isotherm and

isotherm and activity coefficients in the adsorbate-solid-solution. activity coefficients in the adsorbate-solid-solution.
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Figure 5 Benzene(l)/ethanol(2) on activated carbon: excess
isotherm and activity coefficients in the adsorbate-solid-solution.

coefficient of cyclohexane on a value at infinite dilution
which is typically observed for liquid mixtures.
Similar results are obtained for the system ben-

zene(1)/heptane(2) on NaY (see Fig. 4). Surface excess

isotherms of this type are represented particularly well
by ASST. In comparison to the first system the gradient
of the activity coefficient of the second component is
relatively small for high concentrations of benzene in
the surface phase.

This corresponds to the linear part of the surface
excess isotherm which indicates an almost exclusive

presence of the preferably adsorbed component in the

surface phase (Schay, 1969), thus pointing out an al-
most constant composition of this phase.

Finally, with the system benzene(1)/ethanol(2) on
activated carbon, an adsorption azeotrop could be cor-
related with a satisfying mean deviation as well (Fig. 5).
As expected, the activity coefficients show a more sym-
metric variation with composition due to a change of
the preferable adsorbed component.
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3.4. Prediction of Isotherms
at Different Temperatures

To examine the ability of ASST to predict surface ex-
cess isotherms at different temperatures, the system
benzene(1)/cyclohexane(2) on silica gel (Valenzuela
and Myers, 1989) was chosen. With the Wilson-para-
meters determined at 273.15 K the surface excess
isotherms were predicted at 303.15 K (mean deviation:
3.0%) and 333.15 K (mean deviation: 4.1%), respec-
tively.

The results are shown in Fig. 6. The order of mag-
nitude of the maximum as well as its shifting to-
wards higher concentrations is represented well at
both temperatures. The change of the surface excess
with temperature results from both a change of the
activity coefficients in the adsorbate-solid-solution as
well as a change of the surface phase capacities with
temperature.
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Figure6 Benzene(1)/cyclohexane(2)onsilicagel: excessisotherm
and activity coefficients at different temperatures. Symbols refer to
experimental data (Sircar et al., 1972), lines refer to correlated (solid
line) or predicted (dashed and dotted lines) values.
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Figure 7. Correlated and predicted excess isotherms for different
liquid mixtures on KBaY. Symbols refer to experimental data (Li
et al., 1991); lines refer to the correlation or prediction with ASST:
—B— p-xylene(1)/m-xylene (2), -&-- ethylbenzene(1yi-
xylene(2), - - 4 - - - p-xylene(1)/ethylbenzene(2).

3.5. Prediction of Isotherms

Table 2 Adsorption on KBaY: Correlation.

Fluid(1) Fluid(2) e (%)
p-xylene m-xylene 3.2
Ethylbenzene m-xylene 11.1
p-xylene Ethylbenzene 11.3

Table3 AdsorptiononKBaY: Prediction.

Fluid(1) Fluid(2) & (%)
p-xylene m-xylene 12.4
Ethylbenzene  m-xylene 21.0
p-xylene Ethylbenzene 27.6

contribution methodology. The remaining four param-
eters describing the interactions between the liquids
and the adsorbent may then be estimated from the two
different adsorption systems.

The results for all three predictions are shown in
Table 3 and Fig. 7(b). The corresponding Wilson-
Parameters for the three systems are shown in Table A.5
in the appendix. The system-xylene(1)m-xylene
shows an excellent agreement with the experimental
data. Better results may be expected by taking into
consideration the interactions between the adsorbed
species which requires the application of a group con-
tribution model for the calculation d&5*. However,
again both the order of the maxima of the isotherms as
well as their shifting towards higher concentrations are
represented satisfactorily for all three of the isotherms.

4. Conclusion

A new theory for the description of the adsorption be-
havior of liquid mixtures on solid surfaces has been

If the interaction parameters have a physical meaning it developed. Both correlations as well as predictions of
should be possible to predict surface excess isothermssurface excess isotherms at different temperatures are

by estimating the Wilson-parameters from different

presented. The prediction of surface excess isotherms

isotherms. Figure 7(a) and Table 2 show the correla- of binary liquid mixtures from other binary adsorp-

tion of three binary mixtures on KBaY investigated by

tion data proves the physical meaning of the Wilson

Lietal. (1991). The corresponding Wilson-Parameters interaction parameters. The activity coefficients of the
for the three correlated systems are shown in Table A.4 adsorbate-solid-solution show a monotonic variation

in the appendix.
To predict the adsorption equilibrium for one of

with composition revealing first regularities; however,
at presentitis not yet possible to give a complete phys-

the three systems from the two different ones the pa- ical interpretation for these variables. Future research
rameters for the interactions between the adsorbedwill focus on the development of @G**-model based

molecules have to be neglected{ = 1,1 = 0) since it

on group contributions to include both the interactions

is not possible to determine these variables from other between the adsorbed fluids as well as the composition
binary adsorption systems unless one applies a groupof the adsorbent in the prediction.



Appendix

Correlation and Prediction of Adsorption

Table A.1 Surface phase capacities and molar weights of the correlated systems.

Solid(0) Ma (g/mol)  p (g/mol) Fluid(1) 'm1 (Mol/g) Fluid(2) 'm2 (Mol/g)
Silicagel 106.6 1.25 Benzene 273.15K:3.18 Cyclohexane 2.61
303.15K: 2.73 2.24
333.15K: 2.41 1.98
Nay 93.86 1.25 Benzene 3.54 Heptane 2.15
Act. carbon 106.6 1.25 Benzene 6.0 Ethanol 9.15
KBaY 106.6 1.25 p-xylol 1.32 m-xylene 0.84
KBaY 106.6 1.25 p-xylene 1.32 Ethylbenzene 1.13
KBaY 106.6 1.25 Ethylbenzene 1.13 m-xylene 0.84

Table A.2 Molar volumina (Regen et al., 1987).

Table A.3 Wilson parameters for liquid mix-

Component v (cm?/mol) Component v (cm3/mol) tures (Gmehling and Kolbe, 1992).
System A2 (K) 221 (K)
Benzene 89.36 p-xylene 123.92
Cyclohexane 108.8 m-xylene 123.49 Benzene(l)/cyclohexane(2)  63.14 70.56
Ethanol 58.60 Ethylbenzene 122.49 Benzene(1)/heptane(2) 103.2 75.92
Benzene(1)/ethanol(2) 104.3 704.5
Table A.4 Fitted Wilson parameters for the adsorbate-solid-solution.
System
Fig. Adsorbent(0)  Fluid(1) Fluid(2) A1 (K)  210(K)  2o2(K)  220(K)  A12(K)  A21(K) & (%)
3 Silicagel Benzene Cyclohexane —-280 —1176 -9 3039 -1632 1245 2.7
Nay Benzene Heptane —721 —267 —393 673 38 1483 1.1
5 Act. carbon Benzene Ethanol —531 -91 —500 184 1497 496 6.4
7a KBaY p-xylene m-xylene —945 114 —979 32 900 1353 3.2
7a KBaY p-xyene Ethylbenzene —945 114 —943 —708 —101 3090 11.3
7a KBaY Ethylbenzenem-xylene —1187 235 -1212 -15 175 216 111

Table A.5 Wilson parameters for the adsorbat-solid-solution. Parameters in parenthesis
are not fitted; bold lines refer to predicted systems (Fig. 7(b)).

System
Fluid(1) Fluid(2) o1 (K) 210 (K) 202 (K) r20(K) & (%)
p-xylene m-xylene (—1218) (204) €1263) +139) 124
p-xylene Ethylbenzene —1218 204  ¢1264) (1437) 114
Ethylbenzene m-xylene —1264 1437  —1263 —139 12.2
p-xylene m-xylene —1239 1016  €£1263) 139) 3.7
p-xylene Ethylbenzene  {£1239) (1016) {1264) (2437) 276
Ethylbenzene m-xylene —1264 1437  —1263 —139 12.2
p-xylene m-xylene —1538 —6545 —1600 —687 4.2
p-xylene Ethylbenzene (1538) (-6545) —1576 718 115
Ethylbenzene m-xylene (~1576) (718)  £1600) 687) 21.0

89
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Nomenclature

a Specific surface of adsorbent{tkg)

A Total surface of adsorbent &n

G Gibbs energy (J)

g Molar Gibbs energy (J/mol)

GE Gibbs excess energy (J)

Specific Gibbs energy of adsorption (J/kg)

Enthalpy (J)

HE Excess enthalpy (J)

Had  Enthalpy of adsorption (J)

Experimental enthalpy of adsorption (J)

Ahg‘x‘p Specific experimental enthalpy of
adsorption (J/kg)

h Molar enthalpy (J/mol)

m Mass (kg)

Mo Molar weight of the adsorbent (kg/mol)
n Molar quantity (mol)

Na Avogadro constant (1/mol)

Nuc Number of unit cells

Pressure (Pa)

v. d. Waals Group surfaces &n
Gas constant (J/(mol K))
Entropy (J/(mol K))
Temperature (K)

Volume (n7)

Molar volume (n¥/mol)

Molar fraction (—)

xe<—|mmo-o

Xoi
i in the adsorbate-solid-solution (—)

X Fraction of a functional group (—)

Greek Letters

y Activity coefficient (—)

©  Chemical potential (J/mol)

¢o Chemical potential of the pure solid (J/kg)

¢*  Chemical potential of the wetted solid (J/kg)

% Chemical potential of the wetted solid, at
adsorption of the pure componentl/kg)

0 Adsorbent

exp Experimentally
K Group of typeK
uc  Unitcell

Superscripts

(0) Adsorbent

b  Bulk phase

s  Surface phase

o  Total amount (of fluid/before wetting)
*  Adsorbate-solid-solution

ad Adsorption

E  Excess quantity

e  Surface excess quantity
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