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Abstract

The general rate model of chromatography can be coupled with the generalized Maxwell-Stefan equation that describes
the surface diffusion flux. The resulting model is useful to describe the behavior of two enantiomers during their separation
on chiral phases, cases in which the mass transfer kinetics is known to be sluggish. A case in point is the modeling of the
elution profiles of the racemic mixture of the two enantiomers of 1-phenyl-1-propanol on cellulose tribenzoate coated on
silica, a popular chira stationary phase. The competitive equilibrium isotherm behavior of the two enantiomers on the chira
stationary phase was described using the competitive Toth isotherm model. An excellent agreement between the
experimental and the calculated profiles was observed in the whole range of experimental conditions investigated, at low and
high column loadings. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

The production of very pure enantiomers of
synthons (synthesis intermediates) has recently be-
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come a most important issue in the pharmaceutical
industry. Although, in principle at least, this pro-
duction can be performed by the stereoselective
synthesis of the desired enantiomer, such syntheses
are most difficult and expensive or are rarely selec-
tive enough to afford the required enantiomeric
purity. The extraction, separation, and purification of
the desired enantiomer from the synthesis products
become then necessary. Preparative chiral chroma-
tography is the most powerful and flexible method
available for these operations [1,2]. It has significant
advantages over other available separation tech-
niques (e.g., crystallization) to produce optically pure
compounds.
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In a separate report [3], we investigated the
thermodynamics and the mass transfer kinetics of the
chiral separation of the racemic mixture of 1-phenyl-
1-propanol on cellulose tribenzoate. Under the term
““mass transfer kinetics’ or ‘‘overall mass transfer
kinetics’, we understand, both in this previous report
[3] and, in this paper, the sole mass transfer resist-
ance to the passage from the bulk mobile phase
stream to the external surface of the particles and the
diffusional mass transfer resistance inside the par-
ticles. We assume that the kinetics of surface ad-
sorption—desorption is infinitely fast.

We showed [3] that the isotherm model that most
accurately describes the adsorption behavior of the
two enantiomers is the Toth model [4-6]:

_ a.K G
[1+(K,C, +K,C,) 1"
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where q, is the saturation capacity of the monolayer,
g and C, are the concentrations of component i in
the solid and the fluid phase at equilibrium, respec-
tively, K, is the equilibrium constant of component i,
and v is the heterogeneity parameter. In order to
obtain a thermodynamically consistent model, the
same saturation capacity must be assumed for both
components. In writing this model (Eg. (1)), we also
assumed that the heterogeneity parameter, v, is the
same for both enantiomers, which means that the
chiral stationary phase (CSP) is equally heteroge-
neous with respect to both enantiomers. The best
estimates of the parameters of the Toth model (Eg.
(1)) are reported in Table 1 [3]. Fig. 1 compares the
experimental data regarding the competitive adsorp-
tion of the two enantiomers (symbols) and the best
model isotherms (solid lines) calculated by fitting
these experimental data to the Toéth isotherm equa-
tion. Note that the experimental data were measured
for the racemic mixture only.

Table 1

Best estimates of the parameters for the Toth model
Isotherm type Parameters
Téth q.=71*11

K,=0.061=0.008
K,=0.078=0.001
»=0.77+0.06
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Fig. 1. Competitive adsorption of 1-phenyl-1-propanol on cellu-
lose tribenzoate. Experimental data (symbols) and best theoretical
isotherms (solid lines) calculated by means of Toth isotherm.
Symbols: (O) S-PP; (V) R-PP.

The agreement between the experimental data and
the Toth isotherm is excellent. This model, however,
is significantly different from the conventional bilan-
gmuir model that accounts often for the adsorption
behavior of enantiomers on chiral phases [7]. The
Toth isotherm model assumes an heterogeneous
surface while the bilangmuir model considers that
the surface of the adsorbent contains two different
types of sites, one that exhibits chiral selectivity, the
other that does not, both surfaces being homo-
geneous.

The validity of the Toéth isotherm was demon-
strated by comparing experimental peak profiles
recorded for samples of the racemic mixture and the
profiles calculated using the general rate model (GR)
of chromatography [3] coupled with a Fickian pore
diffusion model. The retention times and the peak
shapes were well predicted.

However, this result could be obtained only by
using different values of the pore diffusion coeffi-
cient under different experimental conditions.

The best values of the effective pore diffusion
coefficient, Dy, = D, ,&,/y (With D, ,, pore molecu-
lar diffusion; ¢, particle porosity; v, tortuosity
parameter), obtained in the earlier work [3] are
reported in Table 2. These values were determined
by fitting the experimental profiles to the profiles
caculated with the GR model under different ex-
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Table 2
Coefficients of pore diffusion, D,, % and effective diffusion, D

D,,, (€m?/min) D, (cm®/min)

Experimental conditions

R-PP SPP R-PP SPP Co: (9/1) V (ml) L, (%)
1.0x107* 1.0x107* 15%107° 15%x10°° 0.6 2 0.37
0.90x107* 1.0x107* 1.4x107° 1.5%x107° 15 2 0.89
0.90x10°* 1.0x10°* 14X107° 15x10°° 3 2 1.87
0.77x10°* 1.3x107* 12x107° 2.0x107° 3 4 3.75
0.77x107* 1.3x107* 1.2x107° 2.0x107° 6 2 3.75
®C,,.» racemate concentration; V.y» volume injected; L, column loading factor (ratio of the sample size to the monolayer capacity of the

tot?

CSP in the column).

perimental conditions. Note that the pore molecular
diffusion is at least 10 times smaller than the bulk
molecular diffusion (see later, Table 3). This sug-
gests that either pore hindrance is much greater than
predicted by the classical equation for the tortuosity
parameter or surface diffusion plays a dominant role
in mass transfer inside the particles. As shown by the
data reported in Table 2, the value of the effective
pore diffusion coefficient decreases for R-PP and
increases for S-PP with increasing concentration and
volume of the sample of racemic mixture injected
into the column.

Such a dependence of the effective pore diffusion
on the concentration of the compounds investigated
cannot be explained simply by a physico-chemical
phenomenon. This result shows that pure intraparti-
cle Fickian molecular diffusion is not a redlistic
assumption. The variation of the effective pore
diffusion coefficient with the sample concentration in
the mobile phase confirms that surface diffusion is
the main contribution to the total diffusional flux.

The role of surface diffusion in the overall mass
transfer between the bulk mobile phase and the
interior of the particles of packing materials in
reversed-phase liquid chromatography and the
numerous investigations of this important phenom-
enon were recently reviewed [8]. However, al these
previous studies were based on experimental data
acquired in single-component chromatography. The
methods described in these papers cannot be used to
explain the opposite behavior observed for the
effective diffusion coefficients of the two enantio-
mers of 1-phenol-1-propanol. Ancther possible ap-
proach is the use of the generalized Maxwell-Stefan
equation that describes the surface diffusion flux.
The aim of this work is to investigate the possibility

of applying the GR model coupled with this equation
for the modeling of enantiomeric separations.

2. Theory

2.1. General rate model of chromatography (GR)

In writing the equations of this model, we make
the following assumptions:

1 the multicomponent fixed-bed process is iso-
thermal;

2 the velocity of the moving phase is constant (its
compressibility is negligible);

3 the bed is packed with particles of a porous
adsorbent that are spherical and uniform in size;

4 the concentration gradient in the radial direction
of the bed is negligible;

5 local equilibrium exists for each component be-
tween the pore surface and the stagnant fluid
phase in the macropores;

6 the dispersion coefficient is constant;

7 external mass transfer resistances are negligible
(see comments later).

With these assumptions, the following GR model,
similar to the one discussed previously [5,6,9,10],
can be formulated:

(@ Mass balance of the ith component in the
mobile fluid phase:

oG, 9 o 9°C, . aC,, ,
Ee ot +u 9z S 822 _( - ge) ot ( )
where



60 K. Kaczmarski et al. / J. Chromatogr. A 962 (2002) 5767

Rp Rp

C _3 C .ridr+| (1 *d 3
pi Y p,ir r ( - gp)qir r ( )
0

3
Rp A
(b) Mass baance of the ith component in the
solid-phase:

1 —_—
—8)—+—2§( 3= 4

% at
The diffusional flux, J;;, is given by
I, = 8: i T 1- €p)* Jsi (5

where J., ; is the molecular diffusion flux and J;; the
surface dlffuson flux. The values of these flux WI||
be discussed later, in connection with the application
of the generalized Maxwell-Stefan equations (next
section). In Eq. (5), we assumed paralel contribu-
tions of molecular and surface diffusion to the
diffusion flux. Because the ratio of the cross-section
area of the pores at a distance r to the surface of the
sphere of radius r is equa to &, the effective
molecular flux is equal to J,; X ¢, A smilar
explanation is valid for the surface flux because it is
referenced to the solid-phase.
(©) Initia conditions. For t=0, we have

C(09=C; (6)

for the first mass balance eguation and for the
second, for 0<z<L and 0<r <R,, we have

C,i(0r.2 =Cp,(r2; 6(0r.2 = q/(r,2) (7

(d) Boundary conditions for the first mass balance
equation (Eq. 2). For t>0, at z=0, we have:

aC,
uC;, —u(0)C(0) = — ¢ DLE
with
Cqi=C; for 0<t<t,
Cq=0 for t,<t (8)
and for t>0, at z=L, we have:
G _

(& Boundary conditions for the second mass

balance equation (Eqg. 4). For t>0, at r =R, we
have:

C,itr)=C, (10)
and for t>0, at r=0, we have:
aC,.(t,r)
p.i _
a0z - (1)

Egs. (2)—(11), together with the suitable isotherm
model, constitute the GR model. This model is still
incomplete, however. We must find a relationship
expressing the diffusion flux inside the particles. In
the present study, the initial concentration in the
mobile and the stationary phase was assumed to be
0.

2.2. The diffusion flux and the generalized
Maxwell-Sefan (GMS) equations

The total diffusion flux of a compound inside an
adsorbent particle is the sum of the molecular and
the surface diffusion flux, J,,; and J;, respectively.
Under the experimental conditions typically used in
HPLC and particularly in chiral separations, the fluid
concentrations of the components separated remain
small (see Fig. 1).

Accordingly, we may assume that part of the
diffusion flux connected with molecular diffusion,
Jni» in the fluid impregnating the pores can be
described by Fick equation:

D, oC

m,i p.i

Ini= = (12)

This is the model that was used previoudly [3]. In
this model, the external mass transfer resistance was
ignored because it was shown to have a negligible
influence on band broadening and on peak profilesin
the chromatographic system investigated. However,
the observation reported earlier that a good agree-
ment between the experimental profiles of the two
bands recorded for the racemic mixture and those
calculated with the GR model could be achieved
only by using values of the effective diffusion
coefficients of the two enantiomers that depend on
their concentration suggested that a more complex
but more correct model of diffusion flux inside the
particles should be used.
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The dependency of intraparticle mass transfer on
the concentration can be explained by assuming that
surface diffusion plays a dominant role in the overall
mass transfer kinetics. We investigated how two
different surface diffusion models can account for
the effect observed. The difference between these
two models is discussed in Appendix A. In each
model, the surface diffusion flux is calculated using
the following two equations.

aC, aC, ,

‘Jsl_ <Ds,11 a;) +Ds,12 a;) ) (13)
9C, 4 3C,

‘]5,2: _(D5,21 a:j + Ds,22 6;’) ) (14)

These equations can be derived by assuming that
the surface chemical potential gradient is the driving
force of surface diffusion, see Krishna [11] and the
discussion presented by Karger and Ruthven [12].
The coefficients D;; in these equations are the
Fickian diffusivities of the generalized Maxwell—
Stefan equations (GMS). According to the formula-
tion of the Maxwell—Stefan model, these coefficients
are given by one of the following sets of equations
(see Appendix A).

q
D= C 11D1[01D2 + Dl,Z]/[elDZ +6,D, + Dl,z]
P,
(15)
%
D1, = C 2‘91D2D1/[01D2 +6,D, + D1,2] (16)
P,
0,
Dgo = C 162D1D2/[01D2 +6,D, + D1,2] (17)
P,
d,
Dg2 = C 2D2[02D1 + Dl,z]/[alDZ +6,D, + Dl,z]
P,
(18)
or
0,
Ds,11 = C Dl,u[el(DZ,u - Dl,z) + Dl,z]/
p,1
[91(D2,V - Dl,z) + 02(D1,u - D1,2) + D1,2]

(158)

%

Ds,lz = C 61D2,V(D1,V - D1,2)/[01(D2,u - Dl,z)
p.2
+ 02(D1,1/ - D1,2) + D1,2] (163)
q
Dgo = C—192D1,V(D2,V - D1,2)/[01(D2,u - Dl,z)
p.1
+ HZ(DI,V - D1,2) + D1,2] (17a)
9,
Ds,22 - C DZ,V[02(D1,V - Dl,z) + Dl,Z]/
p.2
[01(D2,V - Dl,z) + 02(D1,V - Dl,z) + Dl,z]
(189)

The coefficients D;; are the GMS diffusion co-
efficients for counter-sorption diffusivity of the two
species, 1 and 2. The coefficients D, in the first
model (Egs. (15)—(18)), describe the interactions
between the sorbent species and the adsorbent. The
coefficients D, ,, in the second model (Egs. (158)—
(184)), are the GMS diffusion coefficients that reflect
the facility of the exchange between the sorbed
species i and the vacant sites, and 6, is the fractional
surface coverage of species i.

2.3 Methods used for the calculation of numerical
solutions of the model

The GR mode was solved by numerical calcula
tions, using a program based on the method of
orthogonal collocation on finite elements [5,6,13,14].
The set of discretized ordinary differential equations
obtained in this method was solved with the Adams—
Moulton method implemented following the VODE
procedure [15]. The relative (RTOL) and absolute
(ATOL) tolerance parameters used to control the
error in concentration calculation were equal to 10 °
and 10" %, respectively. The estimated local error on
Y(i), EWT(i), will be controlled so as to be roughly
less than

EWT(i) = RTOL*|Y(i)| + ATOL if ITOL =1, 0r
EWT(i) = RTOL*|Y(i)] + ATOL(i) if ITOL =2

(19)
Thus, the local error test is passed if, for each

component, either the absolute error is less than
ATOL or ATOL(i), or the relative error is less than
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RTOL. The actua globa errors may exceed these
local tolerances, so they should be chosen conserva-
tively.

The integrals in Eq. (3) were calculated using the
method of Gauss quadrature [14].

3. Experimental

Complete details regarding the experimental work
can be found in a previous publication [3]. We report
here only the most important experimental condi-
tions.

3.1. Equipment

A HP 1090 instrument for liquid chromatography
(Hewlett-Packard, Palo Alto, CA, USA) was used for
al the experimental determinations. This system is
equipped with a multi-solvent delivery system, an
automatic sample injector with a 25-pl loop, a diode-
array detector, and a computer for data acquisition. A
back pressure regulator (100 p.s.i., Upchurch, Sci-
entific Oak Arbor, WA, USA) was inserted down-
stream the detector unit.

32 Materials

3.2.1. Mobile phase and chemicals

The mobile phase was a 97:3 (v/v) mixture of
n-hexane and 2-propanol. Both hexane and 2-pro-
panol were HPLC-grade solvents from Fisher Sci-
entific (Fair Lawn, NJ, USA).

The column hold-up volume was measured with
1,3,5-tri-tert.-butylbenzene, purchased from Aldrich
(Milwaukee, WI, USA). The racemic mixture of
1-phenyl-1-propanol was also from Aldrich. It had
been previously purified in our laboratory [16].

322 Column

A 20X 1.0-cm stainless steel column was packed
in our laboratory [16] with Chiralcel OB (cellulose
tribenzoate coated on porous silica, Daicel, Tokyo,
Japan). This column was used for al the experi-
ments. The average particle diameter of this packing
material is 20 wm. The total column porosity,

measured by injecting 1,3,5-tri-tert.-butylbenzene, a
compound that can be considered as unretained on
this column [16,17], was 0.715.

3.2.3. Procedures for isotherm determination

All the experimental data were acquired at room
temperature (22.5-24.5°C), using the racemic mix-
ture, and with a mobile phase flow-rate of 2.0 ml/
min. The experimental reproducibility of the re-
tention times, which constitutes the primary raw
data, was around 1%. The competitive isotherm data
were measured by frontal analysis (FA) at A=280
nm. The same A value was used for the recording of
the overloaded profiles. The detector was calibrated
several times during the experimenta work and
every times overloaded profiles were recorded. The
calibration curve was not linear, although work was
done in a relatively low concentration range. It was
approximated by a cubic spline. Reproducibility
between different calibration curves was approxi-
mately 3—-5%.

All measurements were made in triplicate. The
isotherm data were calculated by averaging the
results.

The experimental parameters used in the GR
model are given in Table 3. All the calculations
performed for this work used the following values of
the GMS diffusion coefficients, D, ,=7.9x10 °
cm?/min, D,,=8%10"° cm?/min, and D,,=
D,,=1x10"° cm?/min. These values of these
diffusion coefficients were estimated in such a
manner as to achieve the best possible agreement
between the experimental and the calculated band
profiles.

Table 3

GR models parameters

Parameter Value
Molecular bulk phase 0.0017

diffusion coefficient,
D,, (cm?/min)

Dispersion coefficient, 0.0032
D, (cm?/min)

Total porosity, &, 0.715
External porosity, &, 0.35
Internal porosity, &, 0.561
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4. Results and discussion
4.1. Validation of the GR—-GMS Model

There are five unknown parameters in the diffu-
sional flux models described by Egs. (5), (12), and
(15)—(18) or (158)—(18a), two molecular diffusion
coefficients and three surface diffusion coefficients.
However, as explained earlier, surface diffusion
plays the dominant role and, as afirst approximation,
we neglected the molecular diffusion flux.

The only adjustment made was in the selection of
the best values of the GMS diffusion coefficients,
defined as those minimize the discrepancies between
the two sets of band profiles, those measured and
those calculated. The best agreement between mea-
sured and calculated data, illustrated in Figs. 2—6, is
obtained for the Fickian diffusivities derived from
Egs. (1589)—(183), despite the fact that Egs. (158)—
(18a) were developed under the assumption of
equivalence of the vacancies (see Appendix A), an
assumption that is not strictly fulfilled in our case
because we proved that the adsorbent surface is
heterogeneous (the isotherm data are accounted for
by the Toth model). A dlightly less good agreement,
not presented here, was obtained when the Fickian
diffusivities were derived from the more physically
correct Egs. (15)—(18) (see Appendix A).

By contrast with what had to be done in our earlier
work [3], the same values of the diffusion coeffi-
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Fig. 2. Comparison between the experimental band profiles
(symbols) and the numerical solution (solid lines) of the GR-GMS
model. Total concentration of racemic mixture: C=0.6 g/l.
Injection volume 2 ml, L,=0.37%.
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Fig. 3. Comparison between the experimental band profiles
(symbols) and the numerical solution (solid lines) of the GR-GMS
model. Total concentration of racemic mixture: C=15 g/l.
Injection volume 2 ml, L,=0.89%.

cients were used in the five different experimental
cases illustrated in Figs. 2—6. The kinetic parameters
no longer depend on the concentration of the studied
compounds and this is an important result. In a
second approach, we tried to describe the peaks
profile more accurately by taking into consideration
also the molecular diffusion flux. We checked that
the molecular flux, given by Eq. (12), has a negli-
gible impact on the total molecular flux, given by Eq.
(5), when the pore molecular diffusion is smaller
than about 2X10~° (cm®/min). For greater values of

0.0 T T T T
t [min]

Fig. 4. Comparison between the experimental band profiles
(symbols) and the numerical solution (solid lines) of the GR-GMS
model. Total concentration of racemic mixture: C=3 g/I. In-
jection volume 2 ml, L, =1.87%.
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Fig. 5. Comparison between the experimenta band profiles
(symbols) and the best numerical solution (solid lines) of the
GR-GMS model. Total concentration of racemic mixture: C=6
g/l. Injection volume 2 ml, L, =3.75%.

the pore molecular diffusivity, we were not able to
choose values of the surface diffusion coefficients in
such way as to obtain a better agreement of the
calculated profiles with the experimental ones than
the one achieved when the pore diffusion flux was
ignored.

A detailed comparison of sets of experimental
profiles and profiles calculated with the GR-GMS
model is shown in Figs. 2—6. A better agreement
between calculated and experimental profiles is
obtained for the first than for the second enantiomer.
The height of the first eluted peak, that of S-PP, is
dlightly too low at low concentrations and dlightly
too large at the highest concentration, but by only a
few percent. The opposite trend is observed for the

1.8
1.6
1.4
1.2

3 104

O o8
0.6
0.4

0.2 J

0.0 T T T

0 5 10 15 20

t [min]

Fig. 6. Comparison between the experimental band profiles
(symbols) and the best numerical solution (solid line) of the
GR-GMS model. Total concentration of racemic mixture: C=3
g/l. Injection volume 4 ml, L,=3.75%.

second component. However, in this discussion, we
must also take into account the fact that the racemic
mixture of 1-phenyl-1-propanol that we used was
contaminated by a small amount of an unidentified
impurity that elutes on the rear of the band of the
second component (not showed on the figures) and
may affect, to a small extent, the corresponding part
of this profile. Accordingly, we may conclude that
the GR model coupled with the GM S equations does
correctly describe the experimental peak profilesin a
case in which the mass transfer kinetics is not very
fast.

4.2. Influence of counter-sorption diffusivity (D, ,)
on the band profiles

The GMS model introduces a new parameter, the
coefficient of counter-sorption diffusion, D,, The
influence of this coefficient on the band profiles of
the two enantiomers is illustrated in Fig. 7. Calcula-
tions of the elution profile of a large sample of the
racemic mixture were performed for the following
values of D,,, 5x10 7, 1x10 ° 5x10 ° 1X
107°, and 2x10°° cm?/min, using the Fickian
diffusivities defined by Egs. (158)—(18a). The results
of the numerical calculation are shown in Fig. 7.

We observe that when the counter-sorption dif-
fusivity increases from D, ,=5X10 ' to D, ,=1X

S-PP + R-PP

2.0 H

Cla/

22

t [min]

Fig. 7. Influence of the counter-sorption diffusion coefficient,
D,,, on the band profiles of the enantiomers of 1-phenol-1-
propanol. Total concentration of the racemic mixture: C=6 g/I.
Injection volume 2 ml, L,=3.75%.
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10~° cm?®/min, the height of the band of the R-PP
enantiomer (the second one eluted) increases and the
separation of the two enantiomers improves (a valley
appears between the two bands). Other calculations
(results not shown), however, demonstrate that the
value of this diffusion coefficient has only a minor
influence on the profile of the band of the R-PP
enantiomer when D, , becomes greater than about
1x10"° cm?®/min.

By contrast, in all cases, the counter-sorption
diffusivity has a nearly negligible influence on the
band profile of the band of S-PP, especiadly in the
vicinity of its front shock and its apex. There is only
a very dight influence on the band tail (see Fig. 7).

This observation is easily explained by the model.
In the front of the elution band of the first eluted
enantiomer, S-PP, the concentration of the second
enantiomer, R-PP, is zero. Then, Egs. (13) and (14)
show that the total diffusion flux of S-PP is the same
as for a band of pure S-PP and does not practically
depend on the value of the counter-sorption diffusivi-
ty. On the other hand, in the mixed zone between the
two bands and particularly in the area of the front
shock of the second enantiomer, there is a strong
effect of counter-current diffusion in the adsorbent
particle. The S-PP enantiomer is diffusing out of the
particle while the R-PP enantiomer is diffusing into
it. The effective diffusion flux of R-PP through the
particle is strongly influenced by the diffusion flux of
S-PP in the opposite direction.

4.3 Conclusion

This work demonstrates that the combination of
the GR model with the GMS equations provides a
powerful approach to account for the profiles of the
elution bands of multicomponent mixtures in liquid
chromatography when the mass transfer kinetics is
relatively slow, a common occurrence in chiral
separations. Application of this model provided an
excellent agreement between the experimental and
calculated band profiles. This new model could be
applied to many other similar separations and pos-
sibly to protein separations as well.

The new model described here accounts also for
an observation sometimes made that the separation
between two bands appears more difficult to achieve

than could be predicted on the basis of the equilib-
rium thermodynamics and assuming that the mass
transfer kinetics of the two components in the phase
system are independent of their concentrations and
independent of the presence of the other components
of the mixture to separate. Our results also confirm
the suggestions presented in many earlier papers that
surface diffusion plays an important if not a domi-
nant role in the resistances to mass transfer from the
bulk phase to the interior of the packing particles. It
seems only that the actual situation might be more
complicated than previously expected and that the
mass transfer kinetics may be competitive.

4.4. Nomenclature

C concentration in mobile phase

G concentration in the stagnant fluid phase
contained inside pores

D, dispersion coefficient

D, molecular diffusion coefficient

Dese effective (or inside-pore) diffusion co-
efficient

Jr, J, Jo  total, molecular and surface flux

K equilibrium constant

L column length

q concentration in the solid-phase

0. saturation capacity

r radial coordinate

R, particle radius

t time

t, injection time

u linear velocity

z axia coordinate

Greek letters

0 tortuosity parameter

& externa porosity

& internal (pore) porosity

& total porosity

v heterogeneity parameter

(¢ fractional surface occupancy of species i

Subscripts

i, component index or site index

f inlet value

Superscripts

0 initial value

average value
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Appendix A

A.1 Generalized Maxwell-Sefan (GMS) diffusion
model

A detailed description of the derivation of the
Maxwell-Stefan relationships was given by Taylor
and Krishna [18]. The application of the Generalized
Maxwell-Stefan equations to the description of the
multicomponent surface diffusion of adsorbed
species and the derivation of the equations reported
in the main text (Egs. (13)—(18) and (158)—(184))
was discussed earlier [11,12,19-23]. For the con-
venience of the readers, a brief description of this
derivation is given below.

Originally the GMS approach was used to investi-
gate gas adsorption on zeolites. We assumed arbit-
rarily here that this equation can also be used for the
modeling of surface diffusion in the mesopores of
the silica particles of the packing materials used in
liquid chromatography.

(8 Development of Egs. (13-18).

Krishna [19-22] extended the dusty gas model
[24] approach to the description of surface diffusion
of adsorbed molecules starting from Eq. (A.1) for
n-component mixture:

@IV E@j‘]s,i_@i‘]s,j J
-V, = -
RT H ji=1 quij qui

j#=i

S,i

(A1)

where @ = q,/q; is the fractional surface occupancy
of species i; Vu, is the surface chemical potential
gradient of species i at constant temperature and
spreading pressure; R is the universal gas constant; T
is the temperature; g is the saturation capacity of the
adsorbent; D;; are the GMS counter-sorption dif-
fusivity coefficients; D, is called the corrected dif-
fusivity [5] or the Maxwell-Stefan diffusivity de-

scribing the interaction between component i and the
adsorbent [19-23].

Assuming that equilibrium prevails between the
adsorbed species and the bulk fluid, the surface
chemical potential of species i can be expressed as:

w=pup+RTInT (A2

where f, is the fugacity of component i in the bulk
fluid phase in equilibrium with the sorbent. For
one-dimensional transport along the particle radius,
the driving force on the left-hand side of Eg. (A.1)
can be rewritten in terms of the gradient of fractional
coverage:

6 6, 2”: du, 00, ; aInf 06
iy === > By b
RT T .= 06 or = 06 or
&
=2 L~ (A.3)

where I’ is an n-dimensional matrix having as
elements:

= dlnf
ij_ai aej

(A.4)

The surface diffusivities D;; defined in Eq. (A.1)
are the GMS counter-sorption diffusivities. Counter-
sorption takes place when components i and |
exchange positions on the adsorbent surface. The
counter-sorption of two species has a greater prob-
ability of occurrence at high surface coverage. The
Onsager reciproca relations shows that these co-
efficients are symmetrical, e.g., that D; = D;; [11].

From Eq. (A.1) the surface fluxes can be derived:

L)
L= a8 Ly (»5)

where J is the column vector of the surface diffusion
fluxes, # is the column vector of the fractiona
coverage of the different species involved. The
matrix B for two component mixture, investigated in
this work, is defined as follows:

16, 0,

+
Dl D12 D12
B= 0, 1 6 (A.6)

+
D12 D2 D12

In the following, we assumed that the mobile phase
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is ideal, so the fugacity, f,, of the mobile phase can
be replaced by its concentration C,;.

Combining Egs. (A.4) and (A.6) with Eqg. (A.5)
and remembering that:

dC,, :i iC,; 96
ar a@j ar

i=1

(A7)

one can derive Egs. (13) and (14) with the Fickian

diffusivities defined by Egs. (15)—(18).

A more complex GMS diffusion model for multi-
component surface diffusion was formulated by
Krishna under the following assumptions [11]:

1 equilibrium prevails between the adsorbed species
and the bulk fluid,

2 the vacant sites on the adsorbent surface can be
considered as the (n+1)th component of the
System,

3 all the vacant sites are equivalent.

In the GMS model, the surface-diffusion flux in
the (n+1)-component system consisting of the n
sorbed species and the vacant sites is written in a
manner analogous to that of diffusion in bulk fluid
phases [11,18], as.

@i v Z @j‘]s,i - @i‘]s,j @v‘]s,i - @i‘]s,v
—-— = +
RT 1“1 j=1 quij qui,u

j#=i

(A.8)
The coefficient D, ,, reflects the facility of the
exchange between the sorbed species i and the
vacant sites.

The same mathematical manipulations as above
permit the derivation of Egs. (13)—(14) and Egs.
(158)—(18a) giving the surface fluxes, from Eq.
(A.8). We should notice, however, that, by applying
the model consisting in Egs. (13)—(14) and (158)—
(188 to a heterogeneous surface, we violate the
assumption (3) of the equivalence of the vacancies.
In spite of this restriction, the GMS model described
by equation (A.8) proved to be the best model of the
kinetics of mass transfer for 1-phenol-1-propanol
(see Section 4).
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