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Abstract

The mass transfer kinetics of butyl benzoate, eluted on a monolithic RPLC column with methanol-water (65:35, v/v) as
the mobile phase was investigated, using the perturbation method to acquire isotherm data and the mobile phase velocity
dependence of the height equivalent to a theoretical plate of perturbation peaks to acquire kinetics data. The equilibrium
isotherm of butyl benzoate is accounted for by the liquid—solid extended multilayer BET isotherm model. The total porosity
of the column varies much with the butyl benzoate concentration, influencing strongly the parameters of its mass transfer
kinetics and the profiles of the breakthrough curves. Using all these parameters, the general rate model of chromatography
predicts band profiles and Van Deemter curves that are in excellent agreement with experimental results provided the
influence of concentration on the porosity is properly taken into account. This agreement confirms the validity of the models
selected for the isotherm and for the mass transfer kinetics.
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1. Introduction dynamics. A correct mathematical model of this
kinetics is necessary for an accurate optimization of

Preparative liquid chromatography is more and the design and operating parameters of novel sepa-
more frequently used for the separation and purifica- rations for maximum productivity of the process.
tion of pharmaceutically and biologically active When the mass transport kinetics is slow, the general
compounds. Chromatographic separations usually rate (GR) model is the most accurate tool for the
involve a complex mass transfer mechanism that prediction of band profiles. This model accounts well
strongly influences band broadening. Thus, in order for all the contributions to band broadening: axial
to achieve an accurate prediction of these processes, dispersion, external and internal mass transfer re-
the mass transport kinetics should be quantitatively sistances and provides a reliable method of calcula-
described in addition to the equilibrium thermo- tion of elution band profiles [1-4].

The solution of this model, however, involves the
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complex and time consuming numerical techniques;
typically the orthogonal collocation on fixed element
method [5] is employed.

In separate reports [6,7], we have investigated the
thermodynamics and the mass transfer kinetics of
butyl benzoate on a monolithic and a packed RPLC
column, with methanol-water (65:35, v/v) as the
mobile phase. We showed that the BET isotherm
model very accurately describes the adsorption be-
havior of this compound. The equilibrium-dispersive
(ED) model and the lumped pore diffusion (POR)
model were used to calculate the band profiles. An
excellent agreement was obtained in this case be-
tween experimental and calculated band profiles but
only because the value of the column efficieridy
(with the ED model) or that of the overall mass
transfer coefficienk,, (with the POR model) were
adjusted as functions of the concentration. The goal
of this work is to investigate the mass transfer
kinetics of butyl benzoate which has provided unusu-
al and unexpected results in a prior comparative
investigation of the thermodynamics of nonlinear
equilibrium on conventional and monolithic columns
[6,7].

To acquire relevant kinetics data, we measured the
height equivalent to a theoretical plate (HETP) of
small butyl benzoate peaks obtained by injecting
small pulses on plateau concentrations of butyl
benzoate, in a wide range of the methanol-water
mobile phase velocity. The retention times and
widths at half-height of these positive or negative
perturbation peaks were determined [7]. We showed
that to avoid ambiguity in establishing the value of
molecular diffusivity a more sophisticated (GR)
model should be used. The calculations showed that
the GR model coupled with the modified BET
isotherm and with an appropriate description of the
variation of the internal porosity of the particles with
the concentration of adsorbate affords an excellent
approximation of the band profiles in the whole
range of loading factors investigated.

2. Theory
2.1. General rate model

The GR model used in this work is similar to the
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GR model described in detail previously [12—14]. In
order to apply this model, however, we need to
determine the numerical values of the external mass
transfer and the surface diffusion coefficients (see
Section 4). We present here a short description of the
GR model. In writing the equations of this model, we
make the following assumptions:
1. The chromatographic process is isothermal.
2. The velocity of the mobile phase is constant. Its
compressibility is negligible.
3. The solid matrix of a monolithic column consists
of cylindrical tubes connected together [15-25].
We assume that the effective particle has a
cylindrical shape.
4. The concentration gradient in the radial direction
of the bed is negligible.
5. Local equilibrium exists for each component
between the pore surface and the stagnant fluid
phase in the macropores.
6. The dispersion coefficient is constant.
7. The external mass transfer resistance is ignored
(see Section 4).
8. Surface diffusion can be ignored.
The internal porosity of the adsorbent depends on
the adsorbate concentration.
With these assumptions, the differential mass bal-
ance for the species in the mobile phase can be
expressed as follows:

9.

aC aC 9°C aC,
ee'ﬁﬁ-u'&:e‘eDL'axz_(1_Ee)'w (1)
where:
RP RP
_ 2 o
szasfepcprdrjt(l—egjqrdr (2)
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The mass balance equation for the stagnant liquid
phase within the pores of the particles can be written:

a[ep(cp)cp] dq
o -I—(l— ES) Cﬁ:
1 1 [ Due(Cy G,

E ] @
In Egs. (1)-(3),C andC, are the concentrations of
the solute in the percolating stream and the stagnant
liquid phase, respectivelyy is the adsorbate con-

ror | gC,) ar
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centrationx is the distance along the coluntnis the C,(0,x,1)=0 q(0,xr)=0 for
time, r is the (_1|stance fr_om the particle centE_?rp is 0<x<L and O<r<R (6)
the particle diametere, is the external porositye, P
the internal or mesopore porosity (see Eq. (lé,)?,
the initial value of the mesopore porosity (see
Section 4.2.1)u is the superficial velocityD, (see
Eq. (17)) is the axial dispersion coefficie,, is the
molecular diffusivity (see Egs. (19) and (21)), afd
is the pore tortuosity (see Eq. (15)). aC(0,1)

In Egs. (2) and (3) the concentratignis reported UG~ Ct 0)] = — &by -5 (7)
to the total adsorbent volume, i.e. to the sum of the .

. . with

volume of the solid skeleton of the particles and the
volume of the pores inside these particle so, in the C;=0 for t<0 and for t>t,
second term of the RHS of Eq. (2), the porosity is

2.3.2. Boundary conditions for the first mass
balance equation (Eq. (2))

These conditions are:

Fort>0 and atx=0

the initial mesopore porosity or value of the porosity and
when the solute concentration is equal to zero. G =C(t0) for 0<t<t,
For
2.2. Isotherm model 0C
o ) t>0 and at x=L, ——=0 (8)
The adsorption isotherm equation that best de- ox

scribes the adsorption isotherm data of butyl ben- Egs. (7) and (8) represent the classical Danckwerts
zoate on the column used here is the Brunauer, poundary conditions.
Emmett, and Teller (BET) model [6]. This model is
widely applied in gas—solid equilibrium [8-11]. The 5 3 3 Boundary conditions for the second mass
equation of this isotherm model extended to liquid— g ance equation (Eq. (4))
solid chromatography was derived and discussed Tpese conditions are:
previously [6]. It is written as:
Fort>0,r=R;
* H(CP) (4)
T T b G- bu(C) ¥ bs(Cy] Cot,t =Ry =C (%)

whereH =b4qs is the Henry constant of adsorption, andfort>0,r=0
gs is the monolayer saturation capacity of the

adsorbentpg is the equilibrium constant for surface 9C,(t 1) _
adsorption—desorption (on the free surface of the  dr

adsorbent) andd, is the equilibrium constant for
surface adsorption—desorption on a layer of adsor-
bate molecules.

(10)

2.3.4. Numerical solution of the general rate
model

The GR model has no closed-form solutions.
Numerical solutions were calculated using a com-

2.3. Initial and boundary conditions puter program based on an implementation of the
method of orthogonal collocation on finite elements
231 Initial condition [4,12,26,27]. The set of discredized ordinary dif-

ferential equations was solved by the Adams—Moul-
ton method, implemented in the VODE procedure
[28]. The relative and absolute errors of the numeri-
cal calculations were-10"® and $10®, respective-
C(0,x)=0 for O0<x<L (5) ly.

The model is completed by the following initial
conditions:
For t=0, the concentrations are:



210 W. Piatkowski et al. / J. Chromatogr. A 989 (2003) 207-219

Table 1
Physico-chemical properties of the monolithic silica columns
supplied by the manufacturers [Merck]

3. Experimental

Complete details regarding the experimental work —
were previously published [7]. We report here only Monolithic column (Merck) Refs.
the most important experimental conditions. Skeleton size 1.3-1.pm [29,34]

Macropore size Zum
130 A

3.1. Chemicals Mesopore size
o Surface area (before,¢ bonding) 306 m /g
. . . Surface coverage (G ) 36mol/m?
The only mobile phase used in this work, whether Total carbon 19.5%

for the determination of the adsorption isotherms Endcapping Yes
data, for the elution of perturbation peaks, or for the
acquisition of large size bands profiles was a mixture
of HPLC-grade water and methanol (65% methanol,
35% water, v/v), both purchased from Fisher Sci-
entific (Fair Lawn, NJ, USA). The solvents used to
prepare the mobile phase were filtered before use on
SFCA filter membrane, 0.@m pore size (Suwannee,
GA, USA). Uracil and butyl benzoate were both
obtained from Aldrich (Milwaukee, WI, USA).

sampler with a 28 mm loop, a diode-array UV-
detector, a column thermostat and a computer data
acquisition station. Compressed nitrogen and helium
bottles (National Welders, Charlotte, NC, USA) are
connected to the instrument to enable the continuous
operation of the pump and auto-sampler and the
sparging of the eluent. The extra-column volumes
are 0.056 and 0.340 ¢cm as measured by the auto-
sampler and the pump system, respectively. All the
retention data were corrected for this contribution.
All measurements were carried out at the constant
temperature °@f. 23

3.2. Materials

A Chromolith Performance RP-18e, 18@.6 mm,
column was used. This G -bonded, endcapped
monolithic column (column 22, Merck, Darmstadt,
Germany) was one of six columns used previously 3.4. Frontal analysis and isotherm measurements
by Kele and Guiochon in a study of the repro-

ducibility of analytical data [29].

The hold-up time of this column was derived from
the retention time of uracil. With the mobile phase
composition used, the elution time of uracil is close
to that of methanol or sodium nitrate [30] and gives
an excellent estimate of the column void volume.
The mean of at least five consecutive readings,
agreeing to within 1%, was taken for each plateau
concentration of the mobile phase [6]. The external
porosity of the column was obtained from previously
published results [6-31] ¢(=0.71). The other
physico-chemical properties of the column were
supplied by the manufacturer [29] and are listed in

Just prior any isotherm determination, a calibra-

tion curve was recorded for the solute at a wave-

length of 293 nm. Thirty-seven data points were
acquired, uniformly distributed within the concen-
tration range investigated, from 0 to 10 g/dm . The
calibration data are nonlinear and very well fitted to
a third-degree polynomial.

A series of breakthrough curves are recorded
successively at a flow-rate of° 1 cm /min, with a
sufficiently long time delay between each such curve

to permit the reequilibration of the column with the

pure mobile phase. The duration of sample injection
depends on the time required for reaching the plateau

Tables 1 and 3. concentration at the outlet of the column.

The retention volume of small pulses of uracil was
determined from the average of five successive
injections made at different plateau concentrations,

from 0 to 12 §/dm , by step of 1.2°g/dm . The
overloaded profiles needed for the validation of the
fitted isotherms were recorded during the frontal

analysis experiments.

3.3. Apparatus

The data were acquired using a Hewlett-Packard
(Palo Alto, CA, USA) HP 1090 liquid chromato-
graph. This instrument includes a multi-solvent
delivery system (tank volume, 1 dm each), an auto-



W. Piatkowski et al. / J. Chromatogr. A 989 (2003) 207-219 211

3.5. Perturbation chromatography measurements L
H=

Van Deemter curves were measured with precision Nar
for various plateau concentrations of butyl benzoate. = [6 +1-e) ﬂ]
The mobile phase linear velocity was increased — 2D, & 2 P P_dC
step-wise. The flow-rate sequence (24 velocities) u 14F [6 +1-e) ﬂ]
used for each plateau was as follows: P P dC
—>09—> 10—> 11—» 12—> 13—» 14—> 16—> 18—> 22 . 6G:Deff6e+ 6F6ekext+ 1+ kp : Feeka

~2.4.26-2.8-3.0-3.2 cn? /min. Eight plateau
concentrations were used, 0, 1, 2, 3, 4, 6, 8 and (11)
10 g/dn? . Negative then positive 25 rﬁ_m perturba- \hereN,,, is the column efficiency derived from the
tions were injected for each determination. The GR model, K =b, is the adsorption equilibrium
negative pulse feed was prepared by dilution of the -gnstant. F = (1—se)/e k =FK. and k. is the

) e. e’ P ’ a

mobile phase used for the previous measurement. agsorption rate constant. Assuming that the adsorp-
The positive pulse feed was prepared by adding a tion—desorption process itself is infinity fast and after
small amount of solute to the same volume of the g pstitution of D, by the following expression

current mobile phase. The exact concentrations of [4 3g).

these pulses depended on the sensitivity of the

detector, hence on the plateau concentration. D =nD, + %ud, (12)
In order to obtain accurate results with the per-

turbation method, peaks with nearly Gaussian pro- we obtain:

files should be obtained (which requires small per- |, _ 2y,€Dy, 4 oved +< 1 >2

turbations) but these peaks must have the highest u V&l 1+k,

possible signal/noise ratio (which requires large d2u d.u

eaks). The optimum wavelength, maximizing this . P P

p ) p g g |:60F€eDeff " 6F6ekexl:| (13)

ratio for a given perturbation, was 290 nm.
where k; =F[e€, +(1—€,) dg/dC]. This equation
holds for spherical particles.

3.6. Overloaded chromatography peaks Miyabe and Guiochon have showed that in the
measurements case of cylindrical particles, the following expression
holds [15]:

In order to validate the isotherm and the kinetic )
models derived here, series of profiles were acquired | _ 2y,€Dn, + 2y,ed +< Ky >
u 2%e™p

at a mobile phase velocity of 1.0 ém /min for 1+k,
loading factors between 0.1 and 15%. d2u du
: L (14)
32FeD,; A4Fek,,,

In order to use this equation, we need to determine
4. Results and discussion the value of the following six parameterg, v,, D,

D d,, @andk,,,. The simultaneous estimate of such

a large number of parameters is difficult and can be
4.1. Estimation of the parameters of the kinetic only inaccurate. A brief example illustrates the
model using the Van Deemter curves difficulties encountered. It was not possible to fit the

experimental data to Eq. (14) and derive best values

The relationship between the HETP and the of the six parameters. Numerical values were ob-

parameters of the thermodynamic and kinetic models tained only after couplingy, D, as one single
was taken from the literature [2,3,13,14]: parameter and assuming a value Kgy,. Then, it was
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Table 2

Results of parameters estimated of Van Deemter curve

Parameter Assumption 1 Assumption 2 Assumption 3
pl=1y, 0.818 Klp1, p2E3.23810 7 2.062 2.062

) Klp1, p3]=-1

p2=y,D,, 1.32610°° Klpl, pdl= -1 1.32610°° 1.32610°°
(cm?/s) K[p2, p3E —3.277-10"'

p3=D,, 1.82310°° K[p2, p4l= —3.27-107 2.96810 7 4122107
(cm’/s) K[p3, p4E1

pa=d, 2.5210" 110" 110"
(cm)

p5=Kk,,, 1000 1000 0.1
(cm/s)

Italic=assumed parameters.

possible to estimate the values of the other parame- uracil, a non-retained compound. This retention time
ters. Table 2 (under assumption 1) shows the correla- decreases with increasing butyl benzoate plateau
tion coefficients in the correlation matrix for the concentration, by about 7% when the concentration
estimation of the four remaining parameters. The increases from 0 to 12°g/dm . This decrease can be
correlation coefficients between the parametgys  ascribed but to a similar decrease of the total column
andD, and betweery, andd, are equal to-1. The porositye,. This decrease can be explained by the
correlation coefficient between the parametBrs, increasing volume of the adsorbate layer contained in
andd, is equal to 1. These results do not make sense the mesopores of the monolithic column.
and confirm that it is impossible to determine the The adsorption of butyl benzoate takes place
correct values of the model parameters. essentially on the surface of the mesopores, inside
Alternately, we may assume the value of one more the monolith skeleton, and changes in the total
parameter. Then, a three-parameter optimization column porosity are due to changes in the mesopore
gives the values listed in Table 2. The two parame- or internal porosity. The macropore porosity is
ters which are estimated approximately are the assumed to be constant in this exedor(st).

particle size andk,,, while the producty, D, is
considered as a single parameter. This leaves three
other parameters for which the best calculated esti-
mates are given in Table 2 with two assumed values
for kg, 0.1 and 1000. In spite of this large differ-
ence, the best values fg5 andy, D, are exactly the
same and that foD,;; changes by a third. Using the
set of values under assumption 2 (Table 2), we
obtain a Van Deemter curve (solid line in Fig. 1) that
is in excellent agreement with the experimental data
(symbols). At this stage, given the precision of the
experimental data and the various uncertainties af-
fecting the theoretical model, it seems unrealistic to
expect a better result.

- 4 a4 e NN NN

HEPT [cm]*1e-3

o ©o ©o © o

T T T M T

T d T T T
0.05 0.10 0.15 0.20 0.25 0.30 0.35
u [cm/s]

-
cOo M B ® ® O M B ® ® © N &
p 1

o
o

4.2. Validation of the isotherm and kinetic models

4.2.1. Dependence of the total and internal Fig. 1. Cpmparison between. the experimgntal (symbols) HETP
ities on the mobile phase concentration data derived from perturbation peaks injected on the lowest

poros . P concentration platealC=0 g/dni’ ) and data calculated using the

The total porosity of the column used (column 22, GR model and best estimates of the parameters (Table 2,

Ref. [29]) was derived from the retention time of assumption 2).
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From the functional dependence of the total porosity 4.2.2. Discussion of isotherm model
on the butyl benzoate concentration in the mobile In a previous report [6], we showed that the
phase, the mesopore porosity is given by: adsorption data measured for butyl benzoate on the
c, monolithic column 23 ¢°=0.841), with methanol—
&) "% o water (65:35, v/v) as the mobile phase, fitted well to
C)=—7—=¢€,-0.015 15 N " i '
&(Co) 1-¢, €p (15) the liquid—solid extended BET isotherm model. The

) i i i saturation capacity wagg=209.2 g/dni and the
In this equation, we approximated the experimental surface equilibrium constants welsg=0.120 g/dni

dependence of the internal porosity on the con- j,q b, =0.045 g/dni . Thus the Henry constant was
centration using a linear function. The maximum H=q. b.=25.10
S ~Ss - -

changes of the porosity is about 40%. Fig. 2 com-
pares the experimental data (symbols) and Eq. (15)
(solid line). It should be emphasized at this stage that gral mass balance equation, in which the dependence

crtlanges of the} mesopore pqrqs(;ty ﬁause changes Mot the column hold-up volume on the solute con-
the mass transfer resistance inside the mesopores andl, \+-ation was taken into account as:

also in the pore tortuosity parameter. These changes
of €, are taken into account in the first and third term C[V.q—Vo+V(C)]

of Eq. (4). In the second term, however, we used the g* = v (17)
initial value of the mesopore porosity because the é

mass balance used for the determination of the
isotherm model was referred to the volume of

adsorbent in the column (see Eq. (16)). hold-up volume, respectively, and is the volume

Finally, we assumed that the pore tortuo§|ty of stationary phase in the columw(C,) is derived
parameter can be expressed by the same equation 3from the retention time of a nonretained compound
the one used in the cases when the particle porosity at the plateau concentratiof

-

in independent of the solute concentration, so: The best values of the parameters of the isotherm
[2— ©)]? model recalculated and estimated in t_his work from
g=—— 271 (16) the breakthrough curves are reported in Table 3. The
(C) best estimate of the Henry constant Hs=28.40.
These values differ from the former ones by less than
1.1%. The experimental isotherm data and the iso-
therm estimated from the model (solid line) are
compared in Fig. 3. Although clearly visible, the
upward curvature of the isotherm in the high con-
0.50 1 centration range is moderate. Less obvious is the
downward curvature of the isotherm at low con-

0.45 centrations and the inflection point close to 2 mg/
& cm’.

This behavior of the isotherm suggests that lateral
interactions take place between adsorbed molecules.
Among the many isotherm models investigated in an
earlier study [6], models such as those of Fowler—
Guggenheim and Jovanovic—Freundlich, which takes
0.30 A into account these lateral interactions, proved to be
. — inadequate to account for the experimental data with

0 2 4 6 8 10 the desired accuracy, compatible with the accuracy
C,lg/dm"] of the measured data. The best agreement between
Fig. 2. Plot of the mesopore porosity of the monolithic column  the experimental and theoretical isotherm data was
versus the concentration of butyl benzoate. afforded by a multi-layer adsorption model which is

In a following paper [7], the new isotherm param-
eters were derived from the following revised inte-

where V,, and V,, are the elution volume of the
equivalent area of the breakthrough curve and the

0.40 4
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Table 3
Values of the parameters used in the GR model
Parameter Numerical value
Level “0” Level “10”

Dispersion coefficient D, (cm’/s) (Eq. (17)) 2107°
Molecular diffusivity D,, (cm’/s) (Eg. (19)) 210°°
Total porosity & 0.862 0.818
External porosity &, 0.71
Internal porosity & (Eq. (14)) 0.5255 0.3725
Tortuosity 0° (Eq. (15)) 4.137 7.111
Parameter of BET isotherm

Monolayer saturation capacity q. (g/dm®) 288.80

Eq. const. for surface bg 0.09834

Eq. const. for 2nd anith layer b, 0.03962

Level “0"—species plateau concentratidD=0 [g/dm’]; Level “10"—species plateau concentrati@=10 [g/dnT ].

compatible with the well know BET isotherm for an 2.3 gftm and a surface area of 300 m /g. The
infinite number of layers. The isotherm calculated surface coverage of the octadecyl chains in the
from the BET model agrees well with the experimen- monolithic column is 3.6 nfol/m . Accordingly,
tal data when assuming 13 layers [6]. there are, on the average, about 6 molecules of butyl
The experimental isotherm was measured for butyl benzoate adsorbed for each 10 bonded alkyl chains.
benzoate concentrations betwe€+0 and C=10 Although these numerical results could be con-
g/dm®. For C=10 g/dn?, the concentration of strued as consistent with the formation of a mono-
adsorbed butyl benzoate wgs=282 g/dn? . Taking layer coverage of butyl benzoate on the octadecyl
into account the molecular mass E78), this silica, the result of the simple calculation above is
gives values of 1.58 mol/di , i.e. approximately not compatible with the accurate modeling of the
0.69 mmol/g or 2.2 mol/fh . These calculations experimental data with the BET isotherm demon-
were performed assuming a density of silica equal strated previously [6]. This, however, does not
preclude the possibility of the formation of local
300 associations butyl benzoate molecules on some parts
of the adsorbent pore structure. Despite the remain-
250 ing uncertainty regarding the retention mechanism of
butyl benzoate, we used the BET isotherm model in
the following because the experimental data fits
2007 remarkably well to it.
L
g 150
5 4.2.3. Parameters of the GR model
1004 In order to calculate band profiles as numerical
solutions of the GR model, we need a number of
50 parameters. To simplify these requirements, we made
the following assumptions:
0 e — — (i) The mass transfer resistance is negligible,
0 2 4 6 8 10 (i) Eq. (12) is not used bub, is calculated from
c[g/dm’] the Gunn correlation (see Eq. (18)),

Fig. 3. Isotherm of butyl benzoate on the monolithic column, with (“I) The effective dlfim_eter Of_ the Cylmders in the
methanol-water (65:35, v/v) as the mobile ph&&e.295 K. The skeleton of the monolithic matrix of the COIumdp!
isotherm was calculated using Eq. (16). was assigned an arbitrary value of 1.4 (Table
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1). According to the manufacturer, this is the average
skeleton size of the elements of the matrix structure
of the monolithic columns [33]. This value is con-
sistent with the various estimates available of the
column permeability [15,29].

The axial dispersion coefficient in the mobile
phase was calculated through Gunn equation [34],
assuming that the variance distribution of the ratio
between the fluid linear velocity and the average
velocity over the column cross-section is zero. The
Gunn equation is written:

DR . Rt 1?
€" d,u :m-(l—p) + [m]
—4a?(1-¢,) €
“p(L-p)° [em_ 1] + e

(18)

In this equationg; is the first root of the zero Bessel
function (2.40, 48);7 is the bed tortuosity factor,
equal to 1.4 [34], ang is a parameter defined by
[35]:

p=0.17+0.33e 2/ (19)

and Re(=upd,/n) and S(=n/pD,) are the
Reynolds and the Schmidt numbers, respectivply,
is the density andp the viscosity of the mobile
phase, respectively, anB, is the molecular dif-
fusivity of the solute in the mobile phase, approxi-
mated by the Wilke—Chang equation [36], extended
to mixed solvents by Perkins and Geankoplis [37]:

TVéM

0.6
m

D,=7.4-10 ° (20)
whereT is the absolute temperatuié, is the molar
volume of the solute at its normal boiling tempera-
ture, and¢ M is calculated from the mole fractions
X, andxg of the two solvents and their association
factors ¢, and ¢y:

OM =X P M, + X5 B Mg

It must be noted that the Gunn equation was derived
for bed of nonporous particles and that its ap-
plicability to monolithic columns has not been
demonstrated yet.

The numerical values of the parameters used to
calculate numerical solutions of the GR model and

(21)
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their dependence with the concentration between

C=0 and C=10 g/dn? (highest plateau concen-
tration of the solute) are listed in Table 3.

4.3. Validation of the GR model

To model the chromatography process when the
internal or mesopore porosity depends strongly on
the solute concentration, we propose the use of the
GR model as described in Egs. (2)—(4).

4.3.1. Molecular diffusivity D,

To verify the validity of the model, we need the
value of the molecular diffusivityD,. The value
derived from the combination of Egs. (20) and (21)
is 4.510°° cntf /s. However, solutions of the GR
model calculated with this value have breakthrough
fronts that are too steep. If we estimate the value of
D, by parameter identification, comparing ex-
perimental profiles and profiles calculated with dif-
ferent values oD,,, we obtain the markedly smaller
value of 1.0310 ° cnf. A comparison between an
experimental breakthrough profile (symbols) and the
calculated profile is shown in Fig. 4. The agreement
is excellent.

Calculations were performed using the value of
the effective monolith skeleton dimension indicated

exp. data
1 ——simulation a)
-simulation b)

3
]
°]

c [g/dm

c [g/dm

300
t[s]

Fig. 4. Comparison of an experimental breakthrough curve (sym-

bols) of butyl benzoate and the curves calculated using a values of

the molecular diffusivity equal to: (ap,,=4.510"° cnf /s; (b)
D, =1.0310 ° cnf /s.
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earlier and the value of the molecular diffusividy,
just estimated. The experimental peak profiles ob-
tained for different values of the loading factor are
compared with the results of these calculations in
Fig. 5a—f. The agreement between the calculated and
the experimental elution band profiles is generally
excellent in the whole range of loading factors
investigated, withL;=0.7 to 14%. However, all the
experimental peak profiles exhibit a relatively long
band tail which is not observed in calculated ones.
This tailing results, at least in part, from the back-
mixing that takes place in the solvent delivery
system, probably in the pump [6]. Moreover, the
experimental band profiles obtained at low values of
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ever, these differences decrease with increasing

plateau concentration. At plateau concentrations
between 6 and 10 Y/dm , a range in which the
phenomenon untypical running of the Van Deemter
curves are observed [7], the difference between
experimental and calculated data disappears. At a
concentration of 10 §/dm the agreement between

the two sets of data is excellent. The result of this

comparison confirms the validity of the GR model,

particularly at high loadings of the column, when the
pores of the stationary phase are largely filled with
the adsorbate, i.e. for concentrations higher than
10 gfdm .

the loading factor (forL;<0.7, e.g. see Fig. 5a and 4.3.3. Application of the gr model to monolithic
b) are shorter than the calculated ones because of thiscolumns

longer tail arising from the strongly disturbed in-
jection profile that is not rectangular.

Because it was not possible to determine indepen-

dently accurate estimates of the different parameters

of the GR model, it is impossible to use this model

4.3.2. Validation using the Van Deemter data

We explained earlier that it was impossible to
derive unambiguously the values of the model
parameters from the experimental Van Deemter data.
It is possible, however, to follow the converse
approach and to compare these experimental data to
those calculated using the GR model and the parame-
ters estimated as explained earlier. This procedure
would provide a measure of validation of the GR
model.

Accordingly, we calculated with the GR model the
profiles of linear, positive perturbations for a series
of selected values of the mobile phase velocity and
for each plateau concentration (see the values of
these concentrations in Section 3.5). The values of
the column HETP were derived from these profiles.
The results of these calculations are compared to the
experimental data in Fig. 6. There are clear differ-
ences between the two sets of values when the
plateau concentration is between 0 and 3 g7dm and
in the range of linear velocity between 0.15 and 0.3

to ascertain the size of the structural elements of the

monolithic column. Since the values of the parame-
ters used in order to calculate the profiles shown in
Fig. 5a—f were obtained by a procedure of parameter
identification, it would be easy to obtain essentially
the same band profiles for different values of the
assumed apparent diameter of the cylinders of porous
silica of the monolith by assuming appropriate values
of the pore diffusivity.
We could as well assume that the monolithic
matrix is made of spherical particles and then
determine a value of the pore diffusivity for which
the agreement between calculated and experimental
band profiles would be the same as the one seen in
Fig. 5a—f. Given the amount and nature of the
experimental data available, it is not possible to
determine unambiguously the shape of the structural
elements in a column, the average size of these
elements, nor the pore diffusivity.

cm/s, i.e, under linear conditions and when the 5. Conclusion

resistance to mass transfer of the solute between the
stream of mobile phase and the stagnant mobile
phase impregnating the solid-phase is dominant. In
this range, the calculated perturbation peaks are
shorter that the experimental ones and the difference
between the height of the experimental and calcu-
lated peaks increases with increasing velocity. How-

The general rate model of chromatography can
successfully predict chromatographic band profiles
even when the mesopore volume changes because o
the adsorption of feed components on the surface of
the pores of the adsorbent. An excellent agreement is
obtained between the experimental and the calculated
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Fig. 5. Comparison of experimental (symbols) and calculated (solid lines) elution band profiles of butyl benzoate for different loading
factors,L,. Superficial velocity of the mobile phase=0.1003 cm/s.
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uf[ecm/s]

Fig. 6. Comparison between the HETP plots measured with the
perturbation method and calculated with the GR model. Symbols:
experimental data; solid lines: calculated curves. Plateau con-
centrationsC=0 g/dn? (circle):C =6 g/dm’ (triangle):C = 10
g/dm’® (square).

band profiles. The same excellent agreement was
obtained in a wide range of loading factors, between
0.2 and 14%, while using the same value of the
molecular diffusivity for all sample sizes. This
contrasts with the situation observed with simpler
models, such as the ED model, the lumped kinetic
models, or the POR models for which it is often
necessary to assume that the kinetic coefficient, e.g.
the column efficiencyN for the ED model, the
lumped kinetic coefficienk,,, or the overall mass
transfer coefficientk,, for the POR model is a
function of the concentration. This difference is
ascribed to a model error, these simple models using
only one or two kinetic parameters. The GR model
presents also the interest that it can easily account for
the dependence of the mesopore porosity on the
concentration, something that the simpler models
cannot do.

A full validation of the GR model would require,
however, an independent estimate of the different
kinetic parameters involved. Parameter identification
affords the ability of making useful predictions and
gives results that can be used for the optimization of
the experimental conditions of a separation. As far
the validation of the model is concerned, however, it
would merely lead into a circular argument.
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