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Abstract

The single and the competitive equilibrium isotherms of nortriptyline and amytriptyline were acquired by frontal analysis (FA) gn the C
bonded discovery column, using a 28/72 (v/v) mixture of acetonitrile and water buffered with phosphate (20 mM, pH 2.70). The adsorption
energy distributions (AED) of each compound were calculated from the raw adsorption data. Both the fitting of the adsorption data using
multi-linear regression analysis and the AEDs are consistent with a trimodal isotherm model. The single-component isotherm data fit well to
the tri-Langmuir isotherm model. The extension to a competitive two-component tri-Langmuir isotherm model based on the best parameters of
the single-component isotherms does not account well for the breakthrough curves nor for the overloaded band profiles measured for mixtures
of nortriptyline and amytriptyline. However, it was possible to derive adjusted parameters of a competitive tri-Langmuir model based on the
fitting of the adsorption data obtained for these mixtures. A very good agreement was then found between the calculated and the experimental
overloaded band profiles of all the mixtures injected.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction native method consists in trying and understanding the ef-
fects of the experimental parameters on the adsorption of the
Reversed phase liquid chromatography (RPLC) is now eluites in order to predict accurately their chromatographic
the most widely applied technique to perform analytical or band profilg[1]. The measurement of the single-component
preparative separations of mixtures of pharmaceutical, bio- adsorption isotherms of the compounds of interest on various
logical, environmental, or food interest. It is used with neu- Cjig-bonded silica adsorbents as a function of the temperature
tral and with ionizable compounds. A better understanding of [2], the pressurg3], the mobile phase composition (nature
the retention mechanism of RPLC is required in order better and concentration of the organic modiffét, ionic strength
to optimize the speed and cost of analyses and/or produc-[5-8] and nature of the buffd®,10]) has already been ex-
tion of the components of interest. Two opposite approachesperimentally investigated in RPLC. All these results give im-
can be used to achieve this goal. The empirical and prag-portant insights on the retention mechanisms involved. Yet,
matic methods commonly employed are based on the ac-all these studies have neglected a particular aspect of the ad-
quisition of a minimum number of experimental results and sorption problem, the degree of heterogeneity of the adsor-
on an optimization of the experimental conditions made us- bent surface, because its quantification was impractical until
ing a dedicated chromatographic software. This method doesvery recently. Yet, we begin to realize that this aspect is criti-
not require, however, any fundamental understanding of the cal whenever column overloading is considered, whether for
adsorption mechanism of the compounds studied. An alter-trace analyses of for the extraction or purification of certain

chemicals.
* Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667. The degree of heterogeneity of an adsorbent surface seems
E-mail addressguiochon@utk.edu (G. Guiochon). to be a parameter of great fundamental importance in the
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RPLC separation process. As a matter of fact, the surfacetheir profiles is possible only when the competitive isotherm
of no conventional RPLC stationary phase is homogeneousof each feed component is accurately known.
[11]. Of particular significance is the heterogeneity of the As a first approximation, multi-component competi-
Cis-bonded layer structure. The importance of this charac- tive isotherms can be derived from the single-component
teristic has been suggested independently by the results ofsotherms of the corresponding compounds using the cor-
solid-state nuclear magnetic resonance measurerfigtjts responding classical models of competitive isotheff]s
These data suggest that this structure involve very regular do-Whenever it applies, this approach avoids the long and labo-
mains in which the bonded alkyl chains are regularly arranged rious measurements of competitive adsorption data. Unfortu-
and domains in which the chains are nearly as randomly orga-nately, deviations of the experimental competitive adsorption
nized as in a liquid. Earlier nonlinear chromatographic work data from the predictions of the competitive isotherm models
suggests the coexistence on the surface of mgsbGnded derived from the extension of the single-component models
silicaadsorbents of several types of sites, usually two or three.are frequent and often important. In the best cases, some ad-
The adsorption energy distributions of these stationary phasegustment of the isotherm parameters may be required. Thus,
exhibit several very narrow modes, with markedly different the acquisition of some experimental data remains necessary.
average adsorption constants. Each type is nearly homogeAs we explain later, frontal analysj5,16]is the most ac-
neous but the coexistence of several types of sites has nefaricurate method to measure competitive isotherm data. It is
ous consequences. Adsorption takes place first on the highesstraightforward to apply only in the case of two components
energy sites, on which the adsorption constant is largest. Un-that exhibit a langmuirian isotherm behavior, i.e., a break-
fortunately, these sites have a rather low saturation capacity.through curve with front shock layers and diffuse rear bound-
Because the band profiles become unsymmetrical and theiraries. Alternately, the perturbation method on the plateau is
retention times begin to vary with increasing sample size asused[17].
soon as this size reaches a few percents of the saturation ca- In this work, we measured by frontal analysis the single-
pacity of this type of sites, the analysis of traces is difficult. component and the competitive adsorption isotherm data of
The maximum sample size which can be used in practice isnortriptyline and amytriptyline, two aromatic amines with
limited by the saturation capacity of the high energy sites, very similar molecular structures that are used as antide-
not by that of the low-energy sites that is between two and pressants, on aigbonded silica adsorbent. Validation of
three orders of magnitude larger. These problems have beerthe competitive isotherm model was done by comparing the
identified and illustrated recentf¢3]. calculated and the experimental overloaded band profiles of
The goal of this work was to investigate the consequencesmixtures of the two compounds.
of the heterogeneity of the surface of packing materials made
of Cy1g-bonded silica in preparative chromatography. Sample
sizes used are much larger, concentrations are notinthe range. Theory
of onset of overloading, at the border of the linear range,
but well inside the nonlinear range of concentrations where 2 1, Determination of the adsorption isotherms
the isotherm curvature is significant. This study should in-
volve the separation of two compounds and we chose forthat  The single-component and competitive adsorption
amitriptylline and nortriptylline. The prediction of the exact jsotherms were measured by the dynamic frontal analysis
position and shape of overloaded chromatographic band pro-method. This method is described elsewhdie It is time
files is easily done provided the correct competitive adsorp- Consuming but gives accurate data. In the case of Sing|e-

tion isotherms are available,14]. Competitive isotherms  component isotherm data, the amounts adsorbed at equilib-
have been less aggressively studied than single-component

isotherms and the modeling of the competition between sev-
eral compounds for access to the adsorbent surface is still
a challenging problem. The determination of the single-

component isotherms of the feed components is a first step
in this endeavor and the best models of single-component
adsorption data are generally used as building blocks for

Table 1
Physico-chemical properties of the DiscovengCadsorbent material
packed in a stainless steel tube (150 mm.0 mm)

Particle shape Spherical

Particle size gm) 5

the competitive adsorpti_on isotherms of the mix?ure. In tr_ace gg;iii;éiﬁr)face (Rig) (before derivatization) 182%0
analyses, the band profiles are nearly symmetrical and inde-otal carbon (%) 12
pendent of the sample composition when the concentrationSurface coverageufnol/m?) 3.0

of the corresponding compound is small dnghx;C; < 1, Endcapping YES
wherebmay; is the highest equilibrium constant between the Vid volume measurements . 317-3:63

liquid and the solid phase, as derived from the adsorption

energy dlst_nbutlon of the modeling of the adsorption dgta. % Elution of unretained compound method.,
In preparative chromatography, however, the concentrations b pinor disturbance method.

used are much larger, the bands overlap and the prediction of ¢ Pycnometry method (ACN-C4Cls).

1.349
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Fig. 1. Comparison between the single-component isotherms of nortriptyline and amytriptyline. Mobile phase: acetonitrile:water (28/tsphateRiuffer,
20 mM, pH 2.70. Gg-Discovery columnT = 295 K. Concentration range (A) 0-50g/L, (B) 0-10g/L, (C) 0-0.5¢d/L, (D) 0-0.05g/L, and (E) 0-0.005g/L.
Note that the two isotherms cross at a concentration around 7 g/L.
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rium with a mobile phase of concentrati6i were calculated 150 -
as follows:
* 1
_ (V—eve)c® ) ,
Q-eVe 100 -
where ¢* is the equilibrium concentration of the com-
pound in the adsorbed phasé,the elution volume mea-
sured by applying the equivalent area method to the front
(i.e., the adsorption profile) of the single component break-
through curve,Vc the column tube volume (cross-section
area x length) ande is the total porosity of the col-
umn derived from the elution volume of a “non-retained”
compound. . . _ _
In the case of binary isotherm data, the equilibrium con- - -3 0 3 6
centrationsg] andg, of the two components in the adsorbed (A) Lnb,
phase are given by

*

q,; [g/L]

50

(V1 — eVe)Cy — (V2 — V1)(Cy — C%)
1-9Vvc

(2a)

<
=%
I

(V2 —€Vc)C3
Q-eVe

q; [9/L]

43 (2b)
whereVp = €V, V1, V2 and (1— €) V¢ are the column hold-

up volume, the elution volumes of the first and second break-
through fronts or shock layers, and the volume of adsorbent 5
in the column, respectively;;, C5 andCj are the feed con- 1 A
centrations of components 1 and 2 and the concentration of

q,, [gL]
N

component 1 in the intermediate plateau, respectively. Ac- e

cordingly, the single-component calibration curve of com- 0 A

ponent 1 is necessary to measutgat the column outlet. 5 3 0o 3 &
Because we do not use the staircase method, we do not need (g) Lnb,

to analyze the composition of the eluate at the intermediate

plateau. Fig. 2. Adsorption energy distributions (AEDs) of nortriptyline (A) and

amytriptyline (B) calculated from the raw adsorption data showfim
1. The calculations were performed by using the expectation-maximization
2.2. Models of isotherm method, a local Langmuir isotherm and 100 millions iterations. Note the
trimodal energy distribution for the two compounds.
The adsorption data measured in this work were fitted to ] ]
the following isotherm models, using the Marquardt algo- 2-2-1. Single component isotherm o
rithm [18] which minimizes the residual sum of the squares ~ 1he adsorption isotherm data of nortriptyline and

of the relative differences between the experimental data ang@Mitriptylline on the Gg-Discovery column, from a mix-
those calculated with the model. ture of acetonitrile and buffered water (28:72, v/iv; 20 mM

Table 2

Comparison between the tri-Langmuir isotherm parameters accounted for by the adsorption of nortriptyline and amytripgylisc@@ery; acetonitrile—

water; 28/72, viv; 20 mM phosphate buffer; pH 2.70) obtained by MLRA of the single-component, two-component adsorption data and by the calculation of
the AED

Compound (method) Nortriptyline Amytriptyline
MLRA 1 component AED MLRA2 components MLRA 1 component AED MLR& components
05,1 (mmol/L) 771 712 651 578 544 651
b1 (L/mmol) 0.0039 00043 00033 00051 00056 00052
05,2 (mmol/L) 113 112 145 111 123 145
by (L/mmol) 120 178 076 068 044 075
5,3 (Mmol/L) 15 0.10 22 45 129 22
bz (L/mmol) 6.84 494 6.09 446 106 7.33

a Fitting of the competitive adsorption data using the thermodynamically consistent mode{&cosnd (6b).
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phosphate; pH 2.70) are best described by a tri-Langmuir wheree, ; is the adsorption energy on sitesR the univer-
isotherm model, an extension of the classical Langmuir sal ideal gas constant, afids the absolute temperature and
model to heterogeneous surfadds]. The tri-Langmuir bg is a preexponential factor that could be derived from the
isotherm model assumes a heterogeneous surface paved witmolecular partition functions in both the bulk and the ad-
three independent types of sites, each one consisting of homosorbed phasesy is often considered as independent of the
geneous chemical domains that behave independently. Theadsorption energy, ; [19]. Then the difference between the
equilibrium isotherm results from the addition of three inde- two adsorption energies associated with two different equi-

pendent local Langmuir isotherms: librium constantsb, andbq, is:
b1C* baC* b3C* b
g 3a e — o2
¢ =17 +ds2g boC + 53 baC" (3a) €2 —e1=RT In <b1> (4)

where g5 1, ¢s.2, ¢s.3, b1, b2, b3 are the monolayer sat-
uration capacities and the low-concentration equilibrium 2.2 2. Competitive binary isotherms
constants on sites 1-3, respectively. The equilibrium con-  The binary competitive isotherm consistent with tri-

stantsby, b, and bz are associated with the adsorption en- | angmuir isotherm models for the two single-component
ergiese, 1, €42, and e, 3, through the following equation  jsotherms can be written:

[19]:
a,i x al,lCI a1,2CI
b; = bo€FT (3b) an= 1+ b171CI + bz,]_C; 1+ b]ﬁzCI + bz’zcz
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Fig. 3. Comparison between calculated (solid lines) and experimental (dotted lines) breakthrough curves of nortriptyline. The isotherns pesednieter
the calculations are given ifable 2(FA, 1 component). Same experimental conditions asign 1 (A) Cinj = 0.04g/L, tinj = 3605s; (B)Cinj = 0.259/L,
tinj = 360s; (C)Cinj = 3.50/L, tiny = 3005s; and (DXinj = 359/L, finj = 300s.
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N Table 3
‘11,3C1 Specific selectivities of each type of adsorption sites
=i mes (5) ol oach ypo ol adoarpton
+ b1,3C1 + b2,3C2 Method Selectivity ¢-amytriptyline/nortriptyline)
" . MLRA 1 component AED MLRA2 components

4= az’iCZ . az’icz _ Sites 1 0.98 1.00 1.58
1+511C7 +021C5 14 Db12CT + b2 2C5 Sites 2 0.56 0.27 0.99
Cx Sites 3 1.96 2.77 1.20
42.3%2 (5b) Overal 114 0.79 1.14

+ * %
1+ b1,3CT + b23C5 Same experimental conditions asTiable 2

Thermodynamic consistency requires that the saturation aI_:itting of the competitive adsorption data using the thermodynamically
capacities of the two compounds on each type of sites beCC"s'Stent model Eqe6a) and (6)

the same. Otherwise, the competitive isotherm is thermo-
dynamically inconsistent and, in practice, does not account
well for the competitive behavior of the two compounds.
The formulation in Egs(5a) and (5b)onsiders the Henry
constantsg; j, of the componeriton siteg. If, however, for . b11C} by,2C*
a sake of consistency with the single component isothermq; = qs,llJr b11CF 4 by 1C5 +4s,2
model (Egs(3a) and (3b), we write a thermodynamically- L1+ 7212
consistent tri-Langmuir isotherm model with the same b1,3C]
saturation capacities for the two components on each of the 1453 1+ b13C; + b23C5

three types of sites, we have

14 b12C] + b22C5

(62)
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Fig. 4. Same as ifrig. 3 but for amytriptyline. (A)Cinj = 0.038 g/L, inj = 300 s; (B)Cinj = 0.28 g/L, tinj = 360 s; (C)Cinj = 3.09/L, tinj = 300s; and (D)
Cinj = 359/L,finj = 300s.
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x b21C5 b2,2C5
q2 = gs,1 " v T 5.2 " "
1+b11C7 + b21C5 1+ b12C7 + b22C5
by 3C3
b grs 123G (6b)

1+ b1,3CT + b23C3
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2.4. Modeling of breakthrough curves and overloaded
band profiles in HPLC

The breakthrough curves and the overloaded band pro-
files of nortriptyline, amytriptyline and their mixtures were
calculated using the equilibrium-dispersive model (ED) of

This model contains only nine independent parameters in-chromatographyl,21,22] The ED model assumes instan-
stead of the 12 parameters used in the former model. This istaneous equilibrium between the mobile and the stationary

the consequence of the conditions imposeddhatyg; 2, and
gs.3 are the same for both compounds.

2.3. Calculation of the adsorption energy distributions

The calculation of the adsorption energy distribu-
tion (AED) was performed by using the expectation-
maximization (EM) method20]. The details of the al-
gorithm applicable for any local isotherm (Langmuir, Jo-
vanovic, Moreau or BET) are given in a previous publication

[8].

phases and a finite column efficiency originating from an ap-
parent axial dispersion coefficierd, that accounts for ax-

ial dispersion and for all the mass-transfer resistances in the
chromatographic column. This model describes successfully
the overloaded band profiles of small or moderate molecular
weight compounds in RPL{23,24]when the mass transfer
kinetics is fast enough and merely smooths the edges of the
ideal band profiles predicted by thermodynamics alone.

In this study, the column efficiency was fixed at 5000
and 12,000 theoretical plates, depending on whether the
compounds were injected from the HPLC pump or from the
autosampler, respectively. The difference between these val-
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Fig. 5. Comparison between calculated (solid lines, competitive isotherms given by5ajisnd (5b) and experimental (dotted lines) overloaded band
profiles. Same experimental conditions agig. 1 (A) C1 = 0.0427 g/L,C> = 0.0406 g/L,finj = 7.2 s, (B)C1 = 0.1278 g/L,C> = 0.1271 g/L finj = 7.2 s,

(C) C1 = 0.2377 g/L,C2 = 0.2550 g/Lfinj = 7.25S.
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ues resides in a markedly lower contribution of axial dis- hold-up volume. Nortriptyline and amytriptyline hydrochlo-
persion in the extra-column volumes when the injection sy- ride were chosen as the two analytes in this work. These
ringe is used. The extra-column volume is 0.035ml with two compounds have the same large hydrophobic three-rings
the syringe, 0.29 ml when the sample is delivered from the core, 10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5-ylidene,
HPLC pump. Incidentally, this illustrates the importance of and nearly the same amino spadémniethyl andN-dimethyl-

the injection mode used on the column efficiency actually 1-propanamine, respectively). They differ by the presence

achieved.

3. Experimental

3.1. Chemicals

of an additional methyl group in the spacer. Thiourea,
nortriptyline and amytriptyline hydrochloride were all ob-

tained from Aldrich (Milwaukee, WI, USA). Phospho-

ric acid (85%, w/w) and potassium dihydrogenophophate,
used to prepare the buffer solutions at pH 2.70, were
also purchased from Aldrich. The buffer pH was fixed
at 2.70 (before the addition of the organic modifier) by

The mobile phase used in this work was a mixture of mixing the buffer acidic solution (1368L H3POy 85%
acetonitrile and water (28:72, v/v), both HPLC grade, pur- in a 1L volumetric glass) with the buffer basic solution
chased from Fisher Scientific (Fair Lawn, NJ, USA). The (2.722gin a 1L volumetric glass), in the correct proportion
solvents used to prepare the mobile phase were filtered befor€30.5/69.5, v/v).

use on an SFCA filter membrane, @.&h pore size (Suwan-

nee, GA, USA). Thiourea was chosen to measure the column3.2. Columns
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Fig. 6. Competitive adsorption data of nortriptyline and amytriptyline mea-
sured by FA. Same experimental conditions &@sign L Concentration range

(A) 0-0.5g/L and (B) 0-0.05g/L.

The column used in this work was a 150 nun4.0 mm
Discovery-Gg column from Supelco (Supelco Park,
Bellefonte, PA, USA). The main characteristics of the
bare porous silica and of the packing material used are
summarized inmable 1 The hold-up volume of this column
was measured by three independent methods; (1) the elution
of a supposedly “unretained” compound (thiourea); (2)
the minor disturbance method; and (3) the pycnometry
measurementfl3]. The values obtained with these three
methods were, respectively, 1.363, 1.378, and 1.349mL. In
all the calculations (adsorption data, calculation of the band
profiles), the volume measured by injecting thiourea was
used (1.363mL). The total porosity of the column is then
€ = 0.7231.

3.3. Apparatus

The isotherm data were acquired using a Hewlett-Packard
(Palo Alto, CA, USA) HP 1090 liquid chromatograph. This
instrument includes a multi-solvent delivery system (tank
volumes, 1L each), an auto-sampler with ap25sam-
ple loop, a diode-array UV-detector, a column thermostat
and a data station. Compressed nitrogen and helium bot-
tles (National Welders, Charlotte, NC, USA) are connected
to the instrument to allow the continuous operations of the
pump, the auto-sampler, and the solvent sparging. The extra-
column volumes are 0.035 and 0.29 mL as measured from
the auto-sampler and from the pump system, respectively, to
the column inlet. All the retention data were corrected for
these contributions. The flow-rate accuracy was controlled
by pumping the pure mobile phase at°Z3and 1 mL/min
during 50 min, from each pump head, successively, into a
volumetric glass of 50 mL. The relative error was less than
0.4%, so that we can estimate the long-term accuracy of
the flow-rate at 4.L/min at flow rates around 1 mL/min.

All measurements were carried out at a constant tempera-
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ture of 21°C, fixed by the laboratory air-conditioner. The til the linear regime was reached (e.g. symmetrical break-
daily variation of the ambient temperature never exceededthrough curves were recorded). For each FA run, pump A of

+1°C. the HPLC instrument was used to deliver a stream of pure

mobile phase (acetonitrile:water, 28:72, v/v; non-buffered or
3.4. Measurements of the single and competitive buffered at pH 2.70) while pump B delivers a stream of the
adsorption isotherms by FA mother solution. The concentration of the compounds in the

FA stream is determined by the concentration of the mother
The solubility of nortryptiline and amytriptyline largely = sample solution and the flow rate fractions delivered by the
exceed 100 g/L in a acetonitrile:water solutions of any com- two pumps. Because mixing is performed under atmospheric
position between 15:85 and 30:70 (v/v). The maximum pressure, no corrections are needed for the mixing volume.
concentration used in the FA measurements for single- The breakthrough curves were all recorded at a flow rate of
component isotherms was fixed at 50 g/L. The minimum 1 mL min—, with a sufficiently long time delay between suc-
concentration was adjusted by trial and error, so as to makecessive breakthrough curve to allow for complete reequilibra-
sure thatthe adsorption isotherm behaved linearly. Successiveaion of the column with the pure mobile phase. The injection
master solutions of nortryptiline and amytriptyline were pre- time of the sample was between 5 and 6 min, in order to reach
pared at 50, 5, 0.5, and 0.05 g/L. The UV-detector detection a stable plateau at the column outlet. The signal was recorded
limits was reached when 2% of the last solution was mixed at 299, 290, 255, and 220 nm with the master solutions at con-
to the pure mobile phase.fax =208 nm, C= 0.001g/L, centrations of 50, 5, 0.5, and 0.05 g/L, respectively. For each
or < 3.5 pmol). Consecutive FA runs were then performed wavelength, a calibration curve was measured from the UV
starting from the highest to the lowest concentrations, un- detected signal at the equilibrium plateau and was used to
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transform the absorbance signal (mAU) into concentration centration ratio is the one that maximizes the competition

(g/L) for all the band profiles recorded. for adsorption onto the surface between the two compounds
The competitive adsorption data were measured by pump-[16]. Three master solutions at 0.05, 0.5, and 5 g/L were pre-

ing solutions of nortriptyline and amytriptyline hydrochlo- pared before recording the competitive breakthrough curves

ride at the same concentration in giCi(= C3). This con- at220, 255, and 275 nm, respectively. Calibration curves were
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Fig. 8. Comparison between the simulated (solid lines, competitive isotherms given b{6&gand (6b) and experimental (dotted lines) two-component
breakthrough curves of nortriptyline (component 1) and amytriptyline (component 2). Same experimental conditidfig.ak i) C1 = 0.000854 g/L,
C> = 0.000812 g/Ltinj = 3005s; (B)C1 = 0.002562 g/L,C> = 0.002436 g/Ltinj = 3005s; (C)C1 = 0.00854 g/L,C> = 0.00812 g/Lfinj = 300s; (D)C1 =
0.02135¢/L,C2 = 0.0203 g/Lfinj = 300s; (E)C1 = 0.0427 g/L,C2 = 0.0406 g/Ltinj = 300ss; (F)C1 = 0.09508 g/L,C> = 0.1022 g/Ltinj = 3005s; (G)C1 =
0.1616 g/L,C2 = 0.1737 g/Ltinj = 300s; (H)C1 = 0.2377 g/L,C2 = 0.255 g/L#inj = 3005s; and (I)C1 = 0.4754 g/L,C> = 0.511 g/L fin; = 300s.
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Fig. 8. (Continued.

measured for each wavelength at the equilibrium plateau,the MLRA method. The EM program uses the raw adsorp-

C1 + C2 = f(mAU1 + mAU,). Since both compounds have
the same absorbance at these wavelengithss f(mAU,),

C2 = f(MmAUy) and the total UV absorbance signal was di-
rectly recalculated with the same calibration cufve

4. Results and discussion

4.1. Single component isotherms

The adsorption isotherms of nortriptyline and amytripty-
line are shown irFig. 1A—E. The best isotherm model ac-

counting for these data is the tri-Langmuir isotherm model.

tion data measured by FA and should give results consis-
tent with those derived from the isotherm modeling of these
FA data. Previous use of this program has so far given re-
sults consistent with the parameters derived by MRLA, ex-
cept that the agreement becomes poor for the types of sites
that have a low saturation capacity, typically one smaller than
1 mmol/L. This confirms that both methods are very sensitive
to the precision of the adsorption data acquif2s]. How-
ever, the two methods are consistent regarding the degree of
heterogeneity measured and the order of magnitude of all the
parameters.

Three types of adsorption sites account for the adsorption
of nortriptyline and amytriptyline. The sites of lowest energy

For both compounds, the calculations of the AED converged correspond to the adsorption of the analytes at the interface
toward a trimodal distribution, confirming the choice of the of the Gg-bonded layer and the solution. These sites are the
heterogeneous adsorption isotherm moéél.(2A and B). most numerous, accounting for at least 95% of the total sat-
The best parameters of the tri-Langmuir isotherm and the uration capacity. The sites of intermediate energy represent
specific selectivities for both compounds on the three differ- about 2% of the total column capacity and correspond most
ent types of sites are listed ifables 2 and 3respectively. probably to adsorption sites located inside the hydrocarbon
Significant discrepancies are observed between the paramelayer. For the sake of comparison, the sites of this type account
ters derived from the EM program and those derived from for about 30 and 6% of the total column saturation capacity of
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six commercial brands of RPLC phases for phenol (one ring, line and amytriptyline are positively charged at pH 2.70) and
molar mass, ca. 100 g/mol) and caffeine (two rings, molar ionized silanols because the pH is too acidic (the retention
mass, ca. 200 g/mol), respectivgld]. The fact thatthe sites  factor of a small cation like Li or a larger one like bretylium

of intermediate energy account for only 2% of the column ([o-bromo-benzyllethyldimethyl ammonium) on endcapped
saturation capacity is certainly explained by the larger size of Cig-bonded phases is zero for pH’s belo26,27)).

the molecules of nortriptyline and amytriptyline, which have Figs. 3A-D and A-D compare the profiles of experi-
three hydrocarbon rings (two phenyl, one cycloheptene) andmental breakthrough curves and of curves calculated on the
a molecular mass around 300 g/mol. The larger the analytebasis of the single-component isotherm parameters given in
molecule, the fewer the cavities in the bonded layer that it Table 2 A column efficiency of 5000 was assumed in all cal-
can access and the lower the corresponding saturation caculations. The agreement is excellent with all plateau con-
pacity. Finally there is a significant number of high energy centrations between 0 and 50 g/L. The isotherm parameters
sites that are located deep inside thg @yer, where ana-  obtained by multi-linear regression analysis (MLRA) of the
lyte molecules may simultaneously interact with the bonded adsorption data are validated because the diffuse rear bound-
alkyl chains and the silica support, i.e. with isolated silanol ary of the experimental breakthrough curves, a boundary that
groups that might not have been endcapped or with siloxaneis not involved in the derivation of the adsorption isotherm
bridges. These sites account for less than 0.5% of the totaldata, matches almost perfectly that of the calculated curves.
saturation capacity. Obviously, there are no possible ionic Some minor deviations are observed for concentrations larger
interactions between these ionizable compounds (nortripty- than a few grams per liter. Such anomalies of the rear part of
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Fig. 9. Comparison between the simulated (solid lines, competitive isotherms given by Eq8atgad (6l)and experimental (dotted lines) two-component
overloaded band profiles of nortriptyline (component 1) and amytriptyline (component 2). Same experimental conditifing. 4s(A) C1 = 0.0427 g/L,

C2 = 0.0406 g/L finj = 1.8s; (B) C1 = 0.0427 g/L,C2 = 0.0406 g/L finj = 3.6 5; (C)C1 = 0.0427 g/L,C2 = 0.0406 g/L finj = 7.2's; (D) C1 = 0.0427 g/L,

C2 = 0.0406 g/L finj = 144s; (E) C1 = 0.4754 /L, C2 = 0.511 g/L iy = 1.8s; (F) C1 = 0.47549/L,C2 = 0.511 ¢/L tinj = 3.6 5; (G) C1 = 0.4754 g/L,

C2 =0.5119/L tiny = 7.2s; (H) C1 = 0.4754 g/L,C, = 0.511 g/L tinj = 14.4s; (I) C1 = 5.112g/L, C2 = 5.084 g/L tinj = 1.8s; (J)C1 = 5.112¢/L,C2 =
5.084 g/Lfinj = 3.6s; (K)C1 =5.1129/L,C> = 5.084 g/Lfinj = 7.2s; and (L)C1 = 5.112¢/L,C> = 5.084 g/Lfinj = 14.4s.
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Fig. 9. Continued

the band profiles could be explained by the complex solute band profiles (dashed lines) recorded for ll0samples of
mass transfer that takes place through the acetonitrile multi- mixtures of nortriptyline and amytriptyline (concentrations
layer adsorbed phase (there are about four molecular layer€.05, 0.5, and 5 g/L, respectively, and those calculated from
of acetonitrile adsorbed in the alkyl bonded layer). These this isotherm model (solid lines). For each set of profiles
anomalies do not occur when methanol is used as the organighere are important discrepancies.Hig. 5A, the band of
mobile phase modifier because methanol adsorbs as a merthe most retained compound, amytriptyline, is definitely

monolayer on the ¢g-bonded surface. incorrect. InFig. 5B and C, the model predicts a reversal
of the elution order of the two compounds (amytriptyline
4.2. Competitive adsorption isotherm should elute first at high concentrations while it elutes last

at low concentrations). Although this reversal is consistent
The validated single-component tri-Langmuir isotherms with a tri-Langmuir isotherm model because it is a reflection
were used to build up a two-component competitive isotherm of the different concentration dependencies of the three
model, using Egs(5a) and (5h) In these equations, the contributions (sed~ig. 1A and B), this situation does not
terms a; j = g5, jb;,; are directly calculated from the match the experimental data. Hence, a different approach is
products of the saturation capacity and the equilibrium needed to obtain a more satisfactory competitive isotherm
constant for each componenton each sitg. Obviously, model. A set of competitive adsorption data needs to be
the model thus obtained is thermodynamically inconsistent. acquired that involves the effects of the actual competition.
Nevertheless, such a model was successfully applied earlier Competitive breakthrough curves were recorded for con-
to the calculation of the band profiles of mixtures gp@nd centrations between 0 and 0.5 g/L of each component (equal
Cro, in which case the single-component isotherms were concentrations of nortriptyline and amytriptyline). No use-
bi-Langmuir isotherm$28]. However, this simple approach ful data could be obtained for higher concentrations, how-
does not apply hererig. 5A—C compare the overloaded ever, because the breakthrough fronts of the two components
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Fig. 9. (Continued.

could no longer be distinguished, making the measurementstool of Excel (Microsoft, Redmont, WA, USA):
of the adsorption data of each compound both inaccurate

and imprecise. Eqq2a) and (2b) were used to calculate . (qll,exp_ a1(C, C’2)> <61'2,exp— 42(CL, Clz)>
Min ) +
i

the amounts adsorbeg; andg3. The competitive adsorp-
tion data are shown ifrig. 6A and B, in the range from
0.001 to 0.5g/LFig. 7 compares the amounts adsorbed at
equal mobile phase concentration of either compound, from The best values obtained for the isotherm parameters are
its single-component and from the two-component solutions. given in Table 2 It is noteworthy that the values of all
This figure clearly confirms that competition for adsorption these parameters are close to those derived from the single-
takes place in this system, even at very low concentrations.component data. They are also in reasonably good agreement
The single-component and the two-component isotherms ofwith the parameters derived from the AEDs of the individual
each compound are clearly distinct above a mobile phase concomponents, in spite of significant differences. The validity of
centration of, ca. 0.003 g/L. Note also that, upto 0.5 g/L, there the set of numerical parameters of the empirical competitive
is no reversal of the adsorption order of amytriptyline and nor- isotherm obtained is demonstratedFigs. 8A—I (which com-
triptyline. This reversal is expected only at higher concentra- pares experimental and calculated breakthrough curves) and
tions, ca. 7 g/LFig. 1B). No specific adsorbate—adsorbate in- Fig. 9. (which compares experimental and calculated over-
teractions seem to take place in the stationary phase. The setladed elution band profiles). The agreement between the cor-
of adsorption datay expandg2 expWere simultaneously fitted  responding profilesis now excellentin all cases, for both com-
to the competitive isotherm mode}1(C1, C2), g2(C1, C2)) ponents simultaneously. Even relatively minor details of the
given in Egs(6a) and (6b) The nine parametergs 1, gs.2, profiles (e.g., the position and the height of the intermediate
qs.3:b1,1,b2,1,b1,2,b2 2, b1 3andby 3, were adjusted by min-  plateaus of the breakthrough curves, the position and height
imizing the sum of residual squares, using the solver option of the maximums of the two elution bands and of the valley in

i i
ql,exp qz,exp
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between) are in close agreement. This detailed agreement bethe three Langmuir contributions and the optimum values of
tween the profiles shows that competition is well accounted the nine parameters that are not as sharply defined as they
for by the competitive isotherm model. The only significant are with models having fewer parameters. This illustrates a
deviations observed take place on the top of the concentrationgeneral problem encountered in the determination of multi-
plateaus of the breakthrough curves, at concentrations higheicomponent isotherms. Single-component data are far easier
than 0.5 g/L Fig. 8H and I). FAis not a very accurate method to determine than multicomponent data, yet the multicompo-
to measure competitive adsorption data under such conditionsnent isotherms derived from a limited set of multicomponent
that the front shocks of the two compounds elute to closely isotherm data are far more accurate than those derived from
and the intermediate plateau vanishes. This limitation is paid single-component data. So, the isotherm parameters derived
for by a relatively poor agreement between the fronts of the from competitive adsorption data should always be preferred
experimental and the calculated breakthrough curves. Theseo those determined from single-component adsorption data
spurious peaks and nicks at the edge of high concentrationbecause they contain more experimental information on the
plateaus take place systematically with acetonitrile but never system and predict correctly the overloaded band profiles of
with methanol. This phenomenon s related to the cooperative mixtures.
adsorption of acetonitrile and the solutes. It will be discussed  The isotherm contributions of the three types of sites ex-
elsewherg29]. hibit quite different characteristics and the study of these dif-
Note that the single-component breakthrough curves al- ferences gives useful clues regarding the retention mecha-
ready recorded are also in close agreement with those calcuhism. The saturation capacities of the types of sites 1-3 are
lated using the new set of parameters, as illustratdegn. in the proportion of 300, 20, and 1, respectively. These figures
10A-D and 1A-D. Due to the large number of parame- are similar to those found for other similar stationary phases,
ters in the model, there is a degree of compensation betweerKromasil-Gg, Symmetry-Gg, Xterra- Gg, Luna-Gg. From
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Fig. 10. Same as iRig. 3except for the isotherm parameters of nortriptyline used in the calculations are those derived from the competitive two-component

adsorption dataTable 2.
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the physical properties of the;g&Discovery column Table 4.3. Production rate: production of pure nortriptyline

1) and assuming a density of 2 g/L for the solid adsorbent, it (purity > 99.9%)

is straightforward to derive from the saturation capacities ob-

tained for the three types of sites, that there is one site of type  The separation of nortriptyline and amytriptyline can-
1 for 1.84 Gg-bonded chain, one site of type 2 for 23£ not be achieved at very high concentrations because the
bonded chains, and one site of type 3 for 154 bonded chains Jow-energy sites are not selective enough. The breakthrough
assuming that one site can accommodate one molecule of eicurves, shown irFig. 8-, demonstrate experimentally an
ther nortriptyline or amytriptyline. A g-bonded chain on  increasingly difficult separation when the concentration be-
the Discovery column occupies an average surface area ofcomes larger than 0.2 g/L (0.1 g/L of each compound). The
55A2. The surface area occupied by a molecule of nortripty- separation of the fronts of the individual profiles becomes
line or amytriptyline would be about 1G¢?, which corre- poor. The axial dispersion of the individual band profiles
sponds well to the molecular size of the hydrophobic core and their poor resolution precludes the elution of pure nor-
of these analytes. Then the formation of a dense, completetriptyline. It is experimentally impossible to collect a signifi-
monolayer should be expected at saturation of the surface.cant fraction of pure nortriptyline (minimum collection time,
Similarly, the average surface area occupied by a moleculeAt = 55, e.g. five droplets at 1 mL/min or almost 300) in

of these compounds on sites of type 2 is 1265much larger frontal analysis with a 0.2 g/L solution. The maximum con-
than the molecular size. The average distance between twacentration for which the separation of the two compounds
close sites of type 2 is about §OFinaIIy, the samereasoning can give a finite production is about 0.1 g/L. The most abun-
suggests that the average distance between two close sites afant type-1 sites cannot recognize the difference of only one
type 3 is about 138. These distances are large and give an methylene group between the two compounds studied. Yet,
idea of the possible distribution of the surface heterogeneity the presence of these sites is crucial for the production rate

of the Gg-bonded layer. in preparative chromatography.
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Fig. 11. Same as iRig. 10except for the compound amytriptyline.
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On the other hand, the sites of type 3 are highly selective and 20QuL, respectively. The collection of pure amytripty-
but are few. The separation of nortriptyline and amytriptyline line (purity >999%) should begin at 14.69 and 14.81 min,
is possible if not easy at low concentrations, which is not very respectively. The recovery yield§or andYami can be cal-
practical from the preparative point of view. Only low produc- culated a$1]
tion rates should be expected. For instance, the injections of
100 and 20@QuL of a solution mixture at 1 g/L (0.5g/L each) vy, = ni— Ai 7)
results in elution bands with a concentration at the column ni

outlet lower than 0.1g/L. Fractions were collected during wheren; is the amount of componeinjected in the column
the elution of these band profiles and reinjectéid. 12A and A; is the amount of componentvhich eluted after the

and B compare these experimental profiles and those calcusjrg; cyt point .. 1) for the less retained component or before
lated with the ED modelY = 12000). The agreementisvery  {ne second cut point ) for the more retained compound.
good but is not perfect because each fraction was ConeCtedAccordingly

during 0.3 min (16 droplets at 1 mL/min), hence some de-
gree of back-mixing is introduced. The concentration shocks fe1
observed at the head of the bands are not as sharp as thos¢; = F,,/ Cpdt
calculated. Based on the results of the calculations and us- 0

ing the actual column efficiencyM = 12 000), it should be
possible to collect pure nortriptyline (purity >83%) by end-
ing the collection at 10.84 and 9.13 min for injections of 100
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Fig. 12. Comparison between the simulated (ED modNek 12,000) and

experimental (by fraction collection and reinjection) individual band profiles  Fig. 13. Effect of the time of injection on the recovery yield (A) and produc-
of nortriptyline and amytriptyline. Same experimental conditions as in (A) tion rate (B, arbitary unit) of nortriptytline. A purity of 99.9% was required.
Fig. 9G and (B)Fig. 9H. Flow rate 1 mL/minCnort = 0.4754 g/L,Camyt = 0.51 g/L.
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Note that because of the tag-along effect of component mechanisms in HPLC. A considerable amount of informa-
1 (nortriptyline), the actual purity of the elution band of tion (distribution of the adsorption sites, saturation capacities
amytriptyline is low and only very few fractions of pure and equilibrium constants of the types of sites identified, and
amytriptyline can be collected. This system is certainly not possibly adsorbate-adsorbate interactions) is derived from
appropriate rapidly to produce significant amounts of pure these thermodynamic data. This information cannot be ob-
amytriptyline. tained using “linear chromatographic methods.” The amount
When the concentrations of the two compounds are equalof compounds injected in the column with these methods
in the feed mixture, the recovery yield of nortriptyline is 80.1 must be a fraction of 1% of the saturation capacity of the
and 69.2% when the injection times,;, of a 1g/L solu- adsorption sites of highest energy. The only data measured,
tion are 7.2 and 14.4 s, respectively. The larger the injection the overall retention factor is biased in favor of the high
time, the lower the recovery yield because the distance be-energy sites, which are the first occupied although, by far,
tween the two front shocks decreases and the quantity ofthe least abundant. It does not provide any direct informa-
lost feed increases:ig. 13A shows how the recovery yield  tion on the homogeneity of the surface of packing materials.
of nortriptyline decreases with increasing injection time, up Thus, it leads to erroneous conclusions, as described else-
to 500 s. Because the efficiency of the Discovery column is where[13]. The separation scientist should be aware of the
very good, the curve obtained is close to the ideal recovery degree of heterogeneity of the adsorbent used and of the rela-
that would correspond to an infinite column efficiency. The tive importance of the different types of sites to the properties
duration of one cycle is calculated by adding the corrected re- of the material used, either for analytical or for preparative

tention time of the most retained compoung (— 1o = k5 10) purposes.
and the injection timep;. The production rate Pr or amount In analytical applications, the retention of analytes at very
of feed turned into product (e.g. purified compound at the low concentrations is governed by the properties of the high-
required degree of purity) per unit time is given by energy adsorption sites, the first occupied. If these sites are
o few and have an energy markedly higher than lower energy
pr— Y Uin) FofinC; ) types of sites, significant peak tailing takes place when large
k5 to + tinj samples are injected for the analysis of trace or minor com-

ponentg30,31] Only the modeling of adsorption data and
the calculation of the adsorption energy distribution can give
clear conclusions regarding the heterogeneity of the adsor-

The recovery yield can be fitted to a simple one-parameter
decay functionfig. 13A)

1 bent surfacg13]. The fact that nortriptyline and amytripty-
Y (tinj) = 1+ 0.0268%in; ©) line compete for access to the high energy sites confirm that
these are no artefacts.
If we considerF, = 1 mL/min= 0.0167x 103L/s as an For preparative applications, the heterogeneity of the ad-

optimal flow rate v = 12000), the optimal injection time  sorbent surface is also important. Although the surface area
is obtained by maximizing the production rate with respect of low energy sites is much larger than that of the high energy
to the injection time, only. The other parameters/dyg = sites, these latter sites are occupied first and liberated last, on
892s andC? = 0.4754 g/L. the tail of bands. The corresponding term in the composite
The highest production rate is obtained for an injection isotherms contributes considerably to enhance the tag-along
that lasted 181 sHg. 13B). Then, 2.2& 10’ g of pure nor- effect and limits the production rate of purified compounds
triptyline (>999%) can be produced per second with a single that can be achieved (see earlier). Furthermore, high energy
analytical Discovery column (containing about 1 g of pack- sites are usually more selective than low energy sites.
ing material) A 2 in (5 cm)i.d. column would produce about Allthe conventional RPLC packing materials that we have
2.4 g of pure nortryptiline per day. This is a low production studied are definitely heterogenedi,13]. For the lack of
rate and this is due to the low number of selective sites on the proper tools and methods, this drawback has not yet been
the column §; 2 + ¢,,3) representing barely a few percent of  fully realized. Peak tailing is blamed on silanophilic interac-
the total available surface area. Preparative chromatographytions. Itis probable that the high energy sites are due to silanol
requires as many selective sites as possible. Classical RPLGroups buried under the bonded alkyl chains but the presence
packing material are not the most appropriate packing mate-of the intermediate energy sites has remained ignored until
rial for this separation. now. Besides, no quantitative estimates of the density of these
sites nor of the differences between the average energies of
each types of sites has been provided yet. The methods de-
5. Conclusion scribed here provide the means needed to characterize the
heterogeneity of old or new packing materials and to follow
This work demonstrates how the acquisition of adsorp- and quantify rapidly the improvements that changes in their
tion data using the FA method followed by the modeling of manufacturing process may bring. Obviously, the results ob-
these data and the calculation of the AED permits a consider-tained depend both on the morphology and chemistry of the
ably improved understanding of the retention and separationsurface but also on the size and chemical functionalities of
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the probe used. Several probes will be needed and it is not [7] F. Gritti, G. Guiochon, J. Chromatogr. A 1047 (2004) 33.
sure that any of those that we have chosen are best. [8] F. Gritti, G. Guiochon, Anal. Chem. 76 (2004) 4779.

Reducing the heterogeneity of the surface of chemically [°1 - Gritti, G. Guiochon, J. Chromatogr. A 1038 (2004) 53.
bonded silicas constitutes a great challenge for manufactur-[lo] F. Gritti, G. Guiochon, J. Chromatogr. A 1041 (2004) 63.

: 9 9 I[11] F. Gritti, G. Guiochon, Anal. Chem. 75 (2003) 5738.

ers. Yet, at this stage of development of chromatographic [12] M. Rai, M. Herold, A. Ellwanger, G. Gnter Gauglitz, K. Albert,
methods, manufacturing more homogeneous surfaces willbe  Macromol. Chem. Phys. 201 (2000) 825.
more useful for the community at large than merely increas- [13] F. Gritti, G. Guiochon, Anal. Chem. 77 (2005) 1020.
ing the column efficiency. It is critical in preparative chro- [14] B. Lin, G. Guiochon, Modeling for Preparative Chromatography, El-

matography. It would be extremely useful for many clinical sevier, Amsterdam, The Netherlands, 2003.
graphy. y y [15] O. Lisec, P. Hugo, A. Seidel-Morgenstern, J. Chromatogr. A 908 (2001)

and biochemical analyses. 934.
[16] J. Jacobson, J.H. Frenz, Cs. Hattv, Ind. Eng. Chem. Res. 908 (2001)
934.
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