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Abstract

Single component equilibrium isotherms of six compounds (aniline, caffeine, ethylbenzene, phenol, propranolol, and theophylline) were
determined by the inverse method on 10 Kromasi-&®lumns, using water—-methanol solutions as the mobile phase. This method offers an
economic and fast isotherm determination by means of the overloaded band profiles of the compounds. Five out of the ten columns used in
this test come from the same batch whilst the other five columns represent five additional batches. Statistical evaluation was used to assess
the reproducibility of the isotherm parameters. We found that the column-to-column reproducibility of the isotherm parameters is of the same
magnitude as the batch-to-batch reproducibility (with the exception of one outlier column). In most of the cases, the reproducibilities of the
saturation capacities and that of the retention factors are excellent, they are typically between 1.2 and 3%, and very often below 2%. Within the
limits of the experimental precision, these results agree with those obtained earlier, using a conventional method of isotherm determination.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction gations of the production and testing of reversed-phase
packing materials confirm that manufacturers have been

The reproducibility of reversed-phase packing materi- providing stationary phases with stable physical chemical
als has drawn considerable attention recently. In a mostand chromatographic propertigg8].
thorough, rigorous series of studies, Kele and Guiochon The most important parameters that affect the repro-
determined the repeatability and reproducibility of the most ducibility of retention data were identified by Felinger et al.
important retention and efficiency parameters for thirty [9]. They found that the reproducibility of the retention
compounds on four commercial silica-basef €tationary times are mostly determined by the fluctuation of the to-
phaseg1-5] and on a monolithic reversed phd&g. They tal column volume (i.e., essentially of its inner diameter),
observed that nowadays the reproducibility of silica-based whereas the phase ratio has the most important influence
Ci1g packing materials is quite remarkable. For instance, the on the reproducibility of the retention factors. Most of the
relative standard deviation (R.S.D.) of the retention factors data available regarding the reproducibility of chromato-
is usually of the order of 0.15-1.5% for column-to-column graphic data are determined with analytical-size columns,
and 1.3-3.0% for batch-to-batch reproducibility, depending under linear conditions. These data, however, cannot neces-
mostly on the basicity of the solute considered. Investi- sarily be extrapolated to overloaded conditions, where the
nonlinear behavior of the chromatographic process controls
the migration of the solute bands and the evolution of their

profiles. Furthermore, in preparative chromatography, large
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ity of the retention time and of the efficiency parameters phases and use an apparent dispersion term to account for

on reversed-phase and chiral stationery phases packed intthe band broadening effects of both axial dispersion and the

axial compression columns with inner diameter of 25 mm finite rate of the mass transfer kinetics. The following mass

or 50 mm[10]. A reproducibility better than 2% for reten-  balance equation is written for the solute:

tion times, and better than 5% for column efficiency was

achieved. -
In a previous study, the adsorption isotherm of six low 97 ot 0z 4

molecular weight test compounds were measured by frontal here ¢ and q are the concentrations of the solute in the
analysis (FA) on one Kromasil4g column[11]. Overloaded mobile and the stationary phases, respectivelye lengtht

band profiles of the test compounds were determined on ninéye time u the superficial linear velocity of the mobile phase,
additional columns and were compared to the band profiles ;4= is the phase ratio, witl = (1—¢,)/e;, wheres is the

calculated using the isotherm parameters determined on thgq,| orosity of the column. The total porosity of the column
first column. The columns were evaluated after the differ- 5 jefined as the ratio of the mobile phase volume to the total
ences between the positions and the shapes of the experiz,;,mn volume.D, is the apparent dispersion coefficient

mental and the calculated band profiles. that can be calculated from the number of theoretical plates
In this study, we determine the equilibrium isotherm of (N) determined by an analytical injection:

each test compound on every column and calculate the re-

producibility of each isotherm parameter. With the experi- _ U_'— 3)
mental set-up used ii1], this would have required the de- &
termination of 70 equilibrium isotherms, a task that would

have lasted more than half-a-year. This task can be effi-
ciently achieved via the inverse method of isotherm determi-
nation. The inverse method was developed recghfly14]

aC 9 aC 92C
+FE 0 = o )

wherelL is the column length.
Because methanol is very weakly adsorbed (the retention
factor of methanol in pure water is of the order of unity) on

. o . h lumns, it is legitim nsider the mobile ph
It derives the adsorption isotherm from a single overloadedt e columns, itis legitimate to consider the mobile phase as

band profile. The inverse method can be used to determinehc it were a pure compound, i.e., not to use a mass balance
P ' . for this organic modifier (at the concentrations used here, the
the single component isotherm of a pure compoliri] or

A : - saturated monolayer is formed), and to consider the equilib-
the cpmpetmve isotherms (.)f mlxtun{aJSG,l?_]. The_ equmb_- rium isotherms of the solutes as those of single components
rium isotherms are determined by numerically integrating a

. 2~ not as binary isothermd 8].
proper model of nonlinear chromatography and by tuning The initial conditionC(z, 0) = O states that at = 0
the values of the isotherm parameters to minimize the differ- ’

- _the column is equilibrated with the pure mobile phase.
ence between the calculated and the measured band profllesl,he boundary condition is given by the inlet concentration

profile. The true inlet profile can be determined by elim-
inating the column from the instrument and performing a
large-volume injection. Ideally, the concentration profile is
a rectangular impulse but in reality it is smoothed by dis-
persion effects that occur in the extra-column volumes of
the instrument.

The inverse method of isotherm determination estimates . . .
o : The mass balance equation with the proper isotherm equa-
the parameters of an a priori selected isotherm model from_. . ; : .
tion is to be integrated numerically to obtain the concentra-

the profiles of overloaded elution bands. Overloaded band . :

; : tion profiles at the column outlet.
profiles are calculated with a properly chosen model of non-
linear chromatography, then the measured and the calculated dels of singl isoth
band profiles are compared by evaluating the following ob- 2.2. Models of single component isotherms
jective function:

2. Theory

2.1. The inverse method

_ _ ) The isotherm models used in this study are the ones that
minY ~(CP™ — C"*% @) were selected in a previous stufij1], on the basis of the
i adsorption energy distributions determined by the expecta-
whereCf‘m and C™aSare the calculated and the measured tion maximization method from frontal analysis data.

concentrations at point. At the end of each loop, the
isotherm parameters are changed to minimize the objective
function, using an optimization routine.

The equilibrium-dispersive model of chromatography can
be employed for the modeling of many nonlinear separations
[18], particularly when low molecular weight compounds energy.
of moderate polarity are used. In this model, we assume gshC
constant equilibrium between the stationary and the mobile 7 = 7 ¢ (4)

2.2.1. Langmuir isotherm

The Langmuir isotherm is the most commonly used
isotherm to model adsorption. It assumes a homogeneous
surface characterized by a single value of the adsorption
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whereq;s is the saturation capacity arfudis the equilibrium [22]. It is given by the following expression:
constant.

bsC
2.2.2. Jovanowisotherm =B A ThO@—bC 1 bs0)
Whereas most isotherm models assume a local Lang-
muirian behavior, the Jovandvisotherm is differenf19].
The Jovanow isotherm is a local isotherm, in the form of
g = 1 — e C and the global isotherm for a homogeneous
surface is written as:

(9)

wheregs is the monolayer saturation capacity, the equi-
librium constant between the analyte and the surfaceband
is the adsorption equilibrium constant of the analyte in the
adsorbed layers.

q = gs(1— ) (5)
wheregs is the saturation capacity amds the equilibrium 3 EXperimental
constant.

A Hewlett-Packard 1090 liquid chromatography system
(Agilent Technologies, Palo Alto, CA, USA), equipped with

The biLanguir isotherm is an extension of the Langmuir a multisolvent delivery system, an automatic injector with a

equation to a two-site heterogeneous surface. Two different22 Sample loop, a column thermostat, a diode array de-
types of adsorption sites are assumed to be present on thdector, and a computer data station, was used for all experi-

surface of the adsorbent. Either adsorption site is character-MeNts. . .
ized by a unique adsorption energy. The mobile phase used in this study was a mixture of

HPLC-grade methanol and water, both purchased from

2.2.3. BiLangmuir isotherm

g= 4s1b1C | qs2b2C (6) Fisher Scientific (Fair Lawn, NJ, USA). Uracil, aniline,
1+561C  1+5b2C phenol, caffeine, theophylline, propranolol, ethylbenzene,
where the saturation capacity of the analyte of siteand acgtic acid and sodium acetate were (_)_btained from AIo_Irich
its qs,; equilibrium constant ;. (Milwaukee, WI, USA). The composition of the mobile
phase was adjusted for each solute studied, in order to
2.2 4. Téth isotherm provide a convenient retention.

The T6th isotherm is another extension of the Langmuir ~ 1€n manufacturer-packed KromasitCcolumns (Eka

isotherm toward heterogeneous surfaces, but with a uni-Nobel, Bohus, Sweden) were used in this study. These are
modal energy distribution. Cig—silica bonded, endcapped columns. The same columns

were used by Kele and Guioch¢8], under linear condi-

q4=qs bC - 7 tions, to study reproducibility and repeatability. The physi-
[1+ (bO]YY cal properties of these columns are summarized in Tables 1

wheregs is the saturation capacit the equilibrium con- ~ and 2 of[11]. The repeatability of the overloaded elution

stant, andv is the heterogeneity parameter. When= 1, profiles obtained on one given column was already assessed

the T6th isotherm reduces to the Langmuir isotherm. The and so was the reproducibility of the elution profiles on
Té6th equation is widely used to characterize adsorption on the set of columns studied helel]. The reproducibility of

heterogeneous surfacgg]. the retention data of thirty different compounds on these
columns was also investigated in det§d)]. In view of
2.2.5. Quadratic isotherm these results, the repeatability of the data obtained on each

Statistical thermodynamical considerations lead to an column was not studied here, only the column-to-column
isotherm equation which is the ratio of two polynomials of reproducibility which can only be less good.
the same degreR1]. The quadratic isotherm is obtained
with second-order polynomials.

_ b1C+2byC?
] + b1C + bpC?
The saturation capacity isge, by and by are the equilib-

rium constants. When the numerical coefficients meet cer- The inlet profile constitutes the boundary condition of the

tain condition, this isotherm has an inflection point. Note differential mass balance equation, thus it should be accu-
that the biLangmuir isotherm is also a quadratic isotherm rately modeled. Ideally, the shape of the inlet profile should

4. Results and discussion
q (8)
4.1. Inlet profile

(with a denominator that has two negative roots). be a rectangle but, in practice, significant deviations from
this profile are almost always observidd]. In the sample
2.2.6. The extended liquid—solid BET isotherm loop and in the capillaries connecting the injection port and

The classical multilayer adsorption isotherm of Brunauer, the column, dispersion takes place, enhanced by the conse-
Emmett, and Teller was extended to liquid solid adsorption quences of the Hagen—Poiseuille velocity profile in a tube.
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Fig. 1. Plot of the inlet concentration profile fgs = 0.9 mm injection
of aniline.

Thus, the inlet concentration profile is not a pulse with sharp
boundaries.
The exponentially modified Gaussian (EMG) function is

often used in chromatography, to model asymmetrical peaks

[23]. Its application, however, is usually not related to the
physical origin of the model. It is the convolution of a Gaus-

sian peak—describing the band broadening in the connect-

ing tubes—and an exponential decay function—modeling
mixer-type extra volumes. Thus, the EMG model is a proper
choice to model the overall effect of different extra-column
band broadening effects. In case of a large-volume injection,
the true inlet concentration can be modeled by the convo-
lution of the EMG function and a rectangular pulse. The
resulting profile i17]:

[p+m—l

fc
V2o

)

o tpt+m—t

X [efp/ferfc<@ + 7o
-]

V2o
wherem is the residence time in the connecting tube,
the Gaussian band width andthe time constant of the
mixer-type extra-column volume amglis the injection time.
The measured inlet concentration profile for the injection
of aniline is reported irFig. 1 (symbols). The fitted model
described irEq. (10)(solid lines) follows remarkably well

erfic”—L _er
V20

2

1
cm:z{

m—t
t

o
+ exp 2_‘L'2+

)

(10)
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Table 1
The parameters dEq. (10)describing the injection profile

tp (min) m (min) o (min) 7 (min)
Aniline 0.9038 1.349 0.0946 0.0968
Caffeine 0.9046 1.336 0.1105 0.1282
Ethylbenzene 0.9004 1.368 0.0820 0.0924
Phenol 0.9040 1.350 0.0927 0.0905
Propranoladt 0.8984 1.343 0.1083 0.1130
Propranold! 0.9085 1.325 0.1143 0.1287
Theophylline 0.8838 1.356 0.1012 0.1034

a Without buffer.
b With acetate buffer.

4.2. Reproducibility of the isotherm parameters

The choice of a proper equilibrium isotherm model for
each analyte was facilitated by the use of the adsorption en-
ergy distributions previously calculated from the isotherm
data determined on columr11]. In this study, we applied
the same isotherm models in most calculations. However,
to assess the effect that the choice of an incorrect isotherm
model itself could have on the reproducibility of the parame-
ters, we used additional isotherm models for two of the com-
pounds studiedrFigs. 2—8compare the high-concentration
band profiles recorded and those calculated using the best
isotherm parameters supplied by the inverse method.

4.2.1. Caffeine

The adsorption behavior of caffeine on the KromasiyC
columns was modeled with a biLangmuir isotherm. The
experimental band profiles and the calculated ones ob-
tained with the best-fit isotherm parameters are plotted in
Fig. 2 for the 10 columns used in this study. The chro-
matograms plotted ifrig. 2demonstrate that the agreement
between the experimental and the calculated bands is re-
markably good. This confirms that the combination of the
equilibrium-dispersive model and the biLangmuir isotherm
can be considered as providing an accurate model of chro-
matography for the nonlinear process considered.

The numerical results characterizing the reproducibility
of the biLangmuir isotherm parameters are summarized in
Table 2 For the statistical analysis of the data, we chose two
tools of multivariate statistics: principal component analysis
(PCA) and cluster analysis (CA). The results of the multi-
variate statistical analysis are plottedrigs. 9 (PCA) and
10 (CA). In the statistical analysis of the data of the caffeine
isotherm, the four parameters of the biLangmuir isotherm
(0s,1, Os.2, b1, bp) were used. The average values of these
parameters and their relative standard deviation are reported
in the first four columns offable 2

the measured concentration profile. The inlet profile has been Both PCA and CA were carried out on a data set organized

recorded for every analyte and the parameter&amf (10)
were determined by nonlinear curve fitting. The parameters
are summarized iffable 1for all the analytes. We can see
that the numerical values vary slightly between the different
compounds.

in a 10 x 4 matrix (four isotherm parameters determined
on 10 chromatographic columns). The PCA revealed that
the first two factors explain 99% of the variance within the
data set (seEig. 9. The positions of the 10 columns in the
space of the two factors show two outliers: columns IX and
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Fig. 2. Comparison between the experimental (dashed lines) and calculated (solid line) band profiles of caffeine.

X.2 The retention times of the shock Fig. 2 also suggest ~ than that along the second one (86% versus 13%). Thus,

that columns IX and X differ from the rest of the set. The column X is much more different from columns | to VIIl
variation along the axis of the first factor is much larger than column IX. The results of the cluster analysis show
a similar conclusion: columns I-VIII form a homogeneous
S — group from which column IX differs somewhat, the distance
2 Note t_hat, ;onsistent with tr_]e terminology used in previous repqrts of column X from all other columns being by far the Iargest.
[3,11], we identify the columng in the text with roman numerals. This, As columns -V were packed with Stationary phase from
however, would cause confusion Ifigs. 9-16because symbols often ..
the same batch, we would expect that columns |I-Vigs. 9

overlap. Therefore, the columns are identified with the corresponding S .
Arabic numerals in the figures. and 10form a subset, but it is not so. Neither PCA nor
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Fig. 3. Comparison between the experimental (dashed lines) and calculated (solid line) band profiles of theophylline.

CA show that the column-to-column reproducibility is better R.S.D. of the total saturation capacitys§ + gs2) is also

than the batch-to-batch reproducibility when the two outlier calculated.
columns are not considered. The R.S.D. of the isotherm parameters is not better for

In Table 2 we report the R.S.D. of the isotherm param- columns -V than for columns I-VIII. It is remarkable, how-
eters for different subsets of the original data. Besides the ever, that the batch-to-batch reproducibility of the isotherm
four isotherm parameters, the R.S.D. of some additional parameters is excellent; for most of the parameters, the
terms are also calculated. The a terms £ gs;, b;) can R.S.D. is between 1 and 2%. The only exception is the satu-
be considered as the contribution of the individual sites ration capacity of the less abundant site. Note, however, that
to the retention factor under analytical conditions. The these stronger sites account for only about 6% of the total
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Fig. 4. Comparison between the experimental (dashed lines) and calculated (solid line) band profiles of propranolol with no buffer in the mobile phase

saturation capacity of the stationary phase, so they cannotbe The reproducibility of the retention parameters of the
characterized as precisely as the other parameters. A comeompounds studied here was determined by Kele and Guio-
parison with the frontal analysis data determined for column chon on the same Kromasiligcolumns[3] under strictly

| (reported in the first line offable 2 show that there is  linear conditions. They found that the R.S.D. of the retention
a significant difference between thgy, values determined  factors are typically 0.54—0.69% for the column-to-column
by FA and those derived by the inverse method. Again, this reproducibility and 2.2—3.1% for the batch-to-batch repro-
is due to the fact that the less abundant sites represent onlyducibility. The retention factors are proportional to the value
a small fraction of the total sites. of the a terms of the isotherms. For a biLangmuir isotherm,
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Fig. 5. Comparison between the experimental (dashed lines) and calculated (solid line) band profiles of propranolol with acetate buffer in phasaobile

we havea = ay + a2 andk’ = Fa, whereF is the phase Although the experimental technique and the numerical

ratio. The variation of the1 + a» term determined here un-  procedure used to obtain the parameters in nonlinear chro-
der nonlinear conditions shows a 1.12% column-to-column matography are both far more complex than in linear chro-

reproducibility and a 2.99% batch-to-batch reproducibil- matography, the reproducibility of the retention parameters

ity. The reproducibility of the total saturation capac- is only 30—60% worse under overloaded conditions than un-
ity is 1.24% (column-to-column) and 5.44% (batch-to der analytical ones which is quite an impressive result on

batch). the part of the manufacturer.
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Fig. 6. Comparison between the experimental (dashed lines) and calculated (solid line) band profiles of phenol.

4.2.2. Theophylline those recorded for the rest of the columns. The PCA of

The adsorption of theophylline was modeled with the the isotherm parameters (see the upper parFigf 11),
Téth isotherm, because a broad unimodal energy distribu- however, indicates that only column X is an outlier. The
tion was calculated from the frontal analysis isotherm data retention time difference of the shock layer on column IX
[11]. The experimental band profiles and those calculated compared to those on columns I-VIII can most probably be
with the best-fit isotherm parameters are plotted-ig. 3 attributed to the difference between the column total porosi-
for the 10 columns used in this study. As in the case of ties. Since CA does not give significant extra information
caffeine, we see that the retention times of the front shock over PCA, only the results of PCA will be discussed in the
layer of the bands on columns IX and X are different from following.
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Fig. 7. Comparison between the experimental (dashed lines) and calculated (solid line) band profiles of aniline.

The numerical results of the reproducibility of the Téth band profiles, the curvatures of the diffuse rears of the ex-
isotherm of theophylline are summarizedliable 3 We can perimental and the calculated band profiles differed slightly
observe again that, after the elimination of the data from col- (see Fig. 13 irf11]). These two observations are probably
umn X, the column-to-column reproducibility is not better related.
than the batch-to-batch reproducibility. We can also see in  Since the difference in the shapes of the calculated and
Table 3that there is a major systematic difference between experimental band profiles of theophylline was larger than
the parameters of the Téth isotherm determined by FA or that observed for the caffeine band and since it is inconve-
derived by the inverse method. We note, however, that whennient to fit experimental data to the Tdth isotherm, due to the
the isotherm determined by FA was used to calculate the presence of a variable in the exponent of the model equa-
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Fig. 8. Comparison between the experimental (dashed lines) and calculated (solid line) band profiles of ethylbenzene.

tion, we fitted the biLangmuir isotherm to the theophylline Fig. 11 confirms that regardless of the chosen isotherm
bands, too. The band profiles calculated with the biLangmuir model, column X is an outlier and the rest of the nine
isotherm fit better the experimental peaks than the ones ob-columns form a largely scattered set in which it is impos-
tained with the Téth isotherm, though the peaks calculated sible to localize the smaller subset of columns I-V. In both
with the two isotherms run closer to each other than either cases, the first factor explains 99% of the variation of the
of them to the experimental profile. isotherm parameters, although the number of isotherm pa-
The PCA data of this fit are plotted in the lower part rameters in the Toth and biLangmuir models are different
of Fig. 11, the numerical reproducibility data are given in (three and four). The reproducibility of the a parameter is
Table 4 A comparison of the two PCA calculations in around 3-4%, that of the saturation capacity is 4-7% de-
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Table 2
Reproducibility of the biLangmuir isotherm parameters of caffeine
ds1 (o) by (V/g) sz (1) by (I/g) a & a + a Os1 + 0s2 (9/)
FA 171.3 0.01612 6.500 0.1903 2.761 1.237 3.998 177.8
I-X
Mean 169.0 0.01506 11.59 0.1603 2.539 1.842 4.381 180.6
R.S.D. (%) 5.14 4.63 11.2 8.77 2.33 450 2.99 5.44
I—IX
Mean 171.6 0.01487 11.95 0.1562 2.551 1.864 4.416 183.6
R.S.D. (%) 1.47 2.72 5.25 3.59 1.84 2.41 1.71 1.45
-Vl
Mean 171.9 0.01476 11.79 0.1579 2.537 1.860 4.398 183.7
R.S.D. (%) 1.45 1.65 3.38 1.47 0.874 2.50 1.29 1.53
[RY
Mean 170.6 0.01488 11.64 0.1579 2.538 1.837 4.375 182.3
R.S.D. (%) 1.17 1.55 3.17 1.81 1.06 1.87 1.12 1.24
25 pending on the isotherm model and the subset of columns
selected.
2r 9 . . .
4.2.3. Propranolol with no buffer in the mobile phase
Under these experimental conditions, the band profiles of
15r propranolol can be well modeled with a quadratic isotherm
that is convex downward at low concentrations and be-
g 1L comes convex upward at high concentrations. The exper-
§ imental band profiles and the bands calculated with the
5 best-fit isotherm parameters are plottedrig. 4. The qual-
|53 - . ., .
8 08 ity of the fit is very good. The results of PCA are plotted in
5 Fig. 12 As we expect, column X is located again far from the
10 23 L . L
0 rest of the columns, but it is very surprising that, this time,
8 column | is as different from columns Il to 1X as column
sl 1 e X. Although the band profiles plotted irig. 4 do not sug-
' 47 gest that column | is markedly different from columns Il to
IX, the saturation capacity of column | is about 5% smaller
T s 4 s 5 4 o ] 2 and the equilibrium constants are about 10% larger than on

factor 1 (86%)

Fig. 9. Score plot of PCA performed on the biLangmuir isotherm param-
eters of caffeine.

Table 3
Reproducibility of the Bth isotherm parameters of theophylline
ds (al) b (Vg) v a
FA 186.8 0.01367 0.8526 2.554
I-X
Mean 370.3 0.008076 0.5669 2914
R.S.D. (%) 195 14.6 5.61 2.88
I-IX
Mean 348.2 0.008436 0.5766 2.932
R.S.D. (%) 5.83 3.82 1.62 2.25
-V
Mean 345.2 0.008448 0.5773 2.909
R.S.D. (%) 7.21 4.44 1.52 2.82

columns 11-IX. Still, the reproducibility of ther = gsb1
parameter is remarkable (s@able 5: the 1ISD is 1.72%
for column-to-column reproducibility and it is 2.56% for
batch-to batch reproducibility. These values for the repro-
ducibility of the saturation capacity are 2.58 and 3.43%, re-
spectively.

4.2.4. Propranolol with acetate buffer in the mobile phase
In the presence of an acetate buffer, the adsorption be-
havior of propranolol is strongly changed. It shows now a
bimodal energy distribution, therefore the overloaded pro-
files were fitted by means of the biLangmuir model. The
experimental and the calculated chromatogram&ig 5
show an excellent accuracy. The numerical data, summa-
rized inTable § show some unexpected results. The R.S.D.
of the isotherm parameters do not exhibit any of the trends
found for the other compounds if we calculate them for the
different subsets of columns. The elimination of column
X resulted in an improved reproducibility for all the other
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Fig. 10. Complete link dendrogram obtained by cluster analysis of the biLangmuir isotherm parameters of caffeine.

test compounds studied. This is not the case here. Fur-Table 5

thermore, the column-to-column reproducibility of some Reproducibility of the quadratic isotherm parameters of propranolol with
isotherm parameters is worse than their batch-to-batch re-n° Puffer in the mobile phase

producibility. The scatter plot irFig. 13 confirms these as (9/) by (Vg) b2 (I/g) a
_results. Columns |-V can be found randomly _scatt_e_red FA 90.38 0.03005 0.00129

in the whole factor space. No subset can be identified,
with the sole exemption of the pair formed by columns

2.716

Mean 92.68 0.02651 0.00129 2.455
IV and V. R.S.D. (%) 3.43 3.29 6.68 2.56
I-IX
4.2.5. Phenol _ _ Mean 93.50 0.02646 0001296 2473
The adsorption behavior of phenol on Kromasig@as R.S.D. (%) 2.09 3.44 6.91 1.35
modeled with the biLangmuir isotherm. The chromatograms _,,
Mean 92.86 0.02674 0.001328 2.481
R.S.D. (%) 2.58 4.44 8.17 1.72
Table 4
Reproducibility of the biLangmuir isotherm parameters of theophylline
Os1 (9/1) by (I/g) s2 (o) b2 (I/g) a a a + & Os1 + Os2 (9/)
I-X
Mean 0.4087 3.227 98.51 0.02469 1.294 2.429 3.723 98.92
R.S.D. (%) 18.1 15.5 5.62 4.06 115 4.30 5.54 5.65
I-IX
Mean 0.4103 3.270 99.89 0.02463 1.313 2.458 3.771 100.3
R.S.D. (%) 19.1 15.6 3.62 4.26 11.0 2.14 3.89 3.68
-V
Mean 0.3980 3.307 99.41 0.02459 1.279 2.442 3.721 99.81

R.S.D. (%) 21.9 17.9 4.07 4.45 8.32 2.61 3.07 4.14
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Fig. 12. Score plot of PCA performed on the quadratic isotherm parameters
06 3 9 of propranolol with no buffer in the mobile phase.
E 4
04 | .
larger than that of the strong sites. For the other analytes,
02 b 6 this ratio is 15-fold or even 250-fold. Since, in the case of
phenol, both sites have significant contribution to the overall
S adsorption isotherm, the individual saturation capacities and
o 5 equilibrium constants can be estimated with a good preci-
o . T
g o2t sion. The column-to-column reproducibility of thheparam-
8 eter is 1.25% and that of the saturation capacity is 2.37%.
04 7 These values for the batch-to-batch reproducibility are 3.0
o 10 and 4.2%, respectively.
N 2
08 25
1 1 1 1 1
-15 -10 5 0 5 10 2r 1
factor 1 (99%)
15 F
Fig. 11. Score plots of PCA performed on théti and biLangmuir
isotherm parameters of theophylline. ;
B 10
g 05| 7 y3
are plotted inFig. 6. The agreement between the experi- « 6
mental and the calculated bands is excellent. The results of § o
PCA (Fig. 14 show that the 10 columns are rather scat-
tered in the space of the first two factors that explain 94%  -05
of the variation. The numerical results of the reproducibil- 9
ity of the isotherm parameters (s@able 7 give the im- B
pression that out of the several cases when the biLangmuir
isotherm was used, the best reproducibility of every param- S s
eter is achieved with phenol. This is due to the fact that sat- 2 , .

uration capacities of the two sites are closer than in the case

of caffeine, theophylline, or propranolol with acetate buffer.

The biLangmuir isotherm of phenol shows that the satura- Fig. 13. Score plot of PCA performed on the biLangmuir isotherm pa-
tion capacity of the weak sites is approximately four-fold rameters of propranolol with acetate buffer in the mobile phase.

-1 0
factor 1 (61%)
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4.2.6. Aniline 7 o
Two isotherm equations were selected to model the ad- 0 b 8 s 8
sorption of aniline: the Jovandviand the Langmuir equa- 2 : 5
tions. Both models assume homogeneous surfaces, they dif-$ |
fer in their local isotherms. Furthermore, both models con- g
tain the same two parameters to fit, the saturation capacity € ;
and the equilibrium constant.
The experimental and the calculated chromatograms of
the 10 columns are plotted Fig. 7. In these figures, how- e
ever, only the chromatograms calculated with the Jovanovi
isotherm are plotted. The chromatograms calculated with the 2r
Langmuir isotherms are indistinguishable from them at this 10 _
scale, although the goodness-of-fit is slightly better with the 25 2 '2 1 ;) '1 2
Langmuir isotherm. factor 1 (67%)

The results of PCA are plotted iRig. 15 The upper
part, which shows the results obtained with the Jovahovi
isotherm is almost completely identical to the scatter plot
obtained with the Langmuir isotherm. The similarity of the
results obtained with the two isotherm models is much more
pronounced than in the case of theophylline. Remember, producibility is 4.3%, regardless of the isotherm chosen.
however, that the theophylline adsorption was modeled by If the outlier column 1 is eliminated from the calculation,
two completely different isotherms: the Téth and the biLang- the column-to-column reproducibility of the a parameter be-
muir models that have quite different affinity energy distri- comes 2.0%. The column-to-column reproducibility of the
butions, the former a broad unimodal, the latter a bimodal saturation capacity is about 1.7%, its batch-to-batch repro-
energy distribution with narrow modes. These isotherms also ducibility is 3.7%. For columns II-V, the column-to-column
differ in the number of their parameters. It is interesting to reproducibility of the saturation capacity is an exceptionally
observe that, besides column X, column I is again an out- good 0.6%.
lier, regardless of which isotherm was used to model the
adsorption of aniline. ASables 8 and $how, the repro-  4.2.7. Ethylbenzene
ducibility values obtained with the two isotherms are very = The BET isotherm was used to model the adsorption be-
close to each other. The column-to-column reproducibil- havior of ethylbenzene. The chromatograms plotteeign 8
ity of the a parameter is about 2.3%, its batch-to-batch re- show that the retention times on columns IX and X differ

Fig. 15. Score plots of PCA performed on the Jovadamd Langmuir
isotherm parameters of aniline.



36 A. Felinger et al./Journal of Chromatography A, 1024 (2004) 21-38

1.5 r Table 8
{ 9 Reproducibility of the Jovanogiisotherm parameters of aniline
T | G (o) b (Vg) a
05 I ; 4 FA 183.5 0.0129 2.367
6 I-X
0 foeee L Mean 166.5 0.01449 2.412
R 8 i R.S.D. (%) 3.58 3.81 4.33
g o5t : I-IX
« Mean 168.0 0.01455 2.442
.§ Ak R.S.D. (%) 2.39 3.78 1.84
" my
15 | Mean 165.2 0.01489 2.458
R.S.D. (%) 1.79 3.51 2.27
2 F
25r _ 10
a . . ! i ) ! ! The column-to-column reproducibility of the a parameter
48 2 A 0 ! 2 8 4 is 1.08%, its batch-to-batch reproducibility is 3.56%. The

f %, Ly e . .
actor 1 (69%) column-to-column reproducibility of the saturation capacity

Fig. 16. Score plot of PCA performed on the BET isotherm parameters is 1.79%, its batch-to-batch reproducibility is 4.43%. The
of ethylbenzene. reproducibility of the equilibrium constants is also excel-
lent. On the basis of the isotherm parameters of ethylben-
from those measured for the rest of the columns. The scatterzene, we are able to identify the subset of the five columns
plot in Fig. 16 confirms that these columns, together with coming from the same batch. They are in the close center

column VII, differ from columns | to VI. The reproducibil-  of the scatter plot, together with column VI that shows very
ity of the isotherm parameters is remarkable (Sazlle 10. similar properties.
Table 6
Reproducibility of the biLangmuir isotherm parameters of propranolol with acetate buffer in the mobile phase
Os1 (9/) by (I/g) Os2 (9/1) b2 (I/g) a a a +a Os1 + Gs2 (9/)
FA 152.7 0.00975 7.641 0.1905 1.489 1.456 2.945 160.4
1-X
Mean 125.0 0.01169 8.609 0.2538 1.458 2.179 3.637 133.6
R.S.D. (%) 5.27 5.38 8.10 6.43 2.82 6.95 3.97 5.26
1-IX
Mean 126.5 0.01162 8.717 0.2509 1.468 2.184 3.652 135.2
R.S.D. (%) 3.75 5.39 7.39 5.70 1.94 7.32 3.98 3.73
-V
Mean 125.8 0.01166 8.550 0.2503 1.463 2.136 3.600 134.3
R.S.D. (%) 4.60 6.31 8.81 7.39 1.82 9.62 5.11 4.46
Table 7
Reproducibility of the biLangmuir isotherm parameters of phenol
s (/) by (I/g) Os.2 (9/) b2 (I/9) a a a + & Os1 + 0s2 (9/)
FA 128.3 0.00993 38.70 0.06338 1.274 2.453 3.727 167.0
1-X
Mean 124.0 0.01082 31.25 0.08642 1.342 2.697 4.039 155.3
R.S.D. (%) 4.16 2.03 5.37 2.59 2.94 3.35 3.01 4.19
1-IX
Mean 125.4 0.01080 31.68 0.08594 1.354 2.721 4.075 157.1
R.S.D. (%) 2.26 1.97 3.27 2.03 0.946 1.96 1.18 2.02
-V
Mean 125.3 0.01082 31.26 0.0866 1.355 2.704 4.059 156.5

R.S.D. (%) 2.34 2.16 3.36 241 0.974 1.87 1.25 2.37
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Reproducibility of the Langmuir isotherm parameters of aniline

production of the modern reversed-phase packing materials
is well controlled, and that the different batches possess very

as (/) b (I/g) a similar physic chemical properties.

X In most cases, the reproducibilities of both the satura-
Mean 279.3 0.008865 2475  tion capacities and the retention factors (when we neglect
R.S.D. (%) 3.76 3.91 4.30 the outlier column X) are between 1.2 and 3%, and very

I-IX often below 2%. This is remarkable, considering the com-
Mean 281.9 0.008894 2505  plexity of the nonlinear phenomena occurring the elution
R.S.D. (%) 2.47 3.98 1.92 of a high-concentration sample, let alone the complexity of

Yy, the manufacturing process of porous silica and its bonding.
Mean 276.9 0.009116 2.52 There are some isotherm parameters—for instance the sat-
R.S.D. (%) 172 3.64 2.36 uration capacity or the equilibrium constant on a less abun-

dant, higher energy site—that cannot be characterized with

Table 10

such a good reproducibility, but the contribution of these pa-

Reproducibility of the BET isotherm parameter of ethylbenzene rameters to the overall isotherm is also small, thus the good

s bs by a reproducibility of the overall data is preserved.

A 1700 0.02566 0.0109 4,285 These results agree well with the conclusions of the pre-
x vious study where the isotherms of the test compound were
Mean 174.3 0.02351 0.01037 4.095 Qetermlned on column | by frontal analysis and band pro-

R.S.D. (%) 4.43 276 1.88 356  files of the test compounds were measured on the other nine
i columns and were compared to the band profiles calculated
Mean 176.3 0.02348 0.01039 4137 Using the isotherm parameters determined on the first col-
R.S.D. (%) 2.60 2.90 1.87 148 umn[11].
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