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Abstract

The fluctuations of the column temperature, the composition and the flow rate of the mobile phase affect the accuracy and precision of
the adsorption isotherm parameters measured by dynamic HPLC methods. Experimental data were acquired by frontal analysis (FA) for
phenol in equilibrium between ;gbonded Symmetry and a methanol:water mixture (20:80, v/v), at 303K and a flow rate of 1 mL/min.

The fluctuations of the experimental parameters were 0.1 K for the temperature, 0.1% for the mobile phase composition and 0.001 mL/min
for the flow rate. The best isotherm model was shown to be the tri-Langmuir isotherm. Random errors were calculated and shown to agree
with experimental results. Overloaded band profiles of phenol were acquired at low (sample sjzk, t6Acentration 3 g/L) and high

(same sample size, concentration 60 g/L) loadings, at seven temperatures (298, 300, 302, 303, 304, 306, and 308 K), for seven mobile phase
compositions (methanol 16, 18, 19, 20, 21, 22, and 24%), and with seven mobile phase flow rates (0.95, 0.97, 0.99, 1.00, 1.01, 1.03, and
1.05mL/min), always keeping two experimental parameters at the values selected for the FA runs. Assuming that the isotherm model stays
the same, the inverse method (IM) was used to derive the isotherm parameters in each case. Temperature affects the equilibrium constant:
according to Van't Hoff law. A temperature change of 1K around 303 K causes a relative variation of 1.5% of the high-energy adsorption
constanb; and of 0.6% of the saturation capacity The isotherm parameters are very sensitive to the mobile phase composition, especially

the highest energy mode. Both adsorption constanésmdb; follow the linear strength solvent model (LSSM). A methanol volume fraction

change of 1% causes a relative decrease of 3.2 and 5.0%@0nid b3, respectively and a 2% decrease of the saturation capgciBinally,

flow rate changes affect only the saturation capacities. A flow rate change of 1% causes a 2% change in the saturation capacity parameters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction used in computer-assisted optimization, provided that the
column efficiency is high enough.

The experimental determination of adsorption isotherm  The acquisition of isotherm data may be done by static
is fundamental in order to predict overloaded band profiles methods, which are poorly accurate, by dynamic chro-
in HPLC. Much time and chemicals can then be spared matographic methods, or by numerical methddls All
in the process of optimizing the experimental conditions have their advantages and limits in terms of rapidity, con-
in order to achieve the highest production rate of a given sumption of chemicals, and accuracy. The accuracy of the
separation process by replacing actual trials and errors withisotherm data were already assessed by investigating the
the calculation of overloaded band profilgd. Knowing column-to-column reproducibility of isotherms for differ-
with accuracy the thermodynamics of the chromatographic ent lots of packed Kromasil columr2,3] and monolithic
system is the crucial information required by the programs Chromolith columng4]. For a single column and when an

accurate measurement of the isotherm becomes the main

request, the best method used for isotherm determination is
mspondmg author. Tels1-865-974-0733; frontallanalysis chromatography. T.his method consists in
fax: +1-865-974-2667. recording breakthrough curves at increasing plateau con-

E-mail addressiguiochon@utk.edu (G. Guiochon). centrations and measuring the mass of analyte adsorbed at
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equilibrium by applying the principle of mass conservation. rate measurements of retention data. The derivation of the
This method is long and tedious as it requires the acquisition amount of the studied compound adsorbed on the column
of an important number of data points. The acquisition of at equilibrium with a solution of known concentration is
a complete isotherm containing between twenty and thirty explained in details elsewhefg].
data points usually takes about 12 h when the retention time
under analytical conditions is about 10 min and the flow 1.2. Sources of error in isotherm determination by FA
rate 1 mL/min. During this long period of time, some set-up
conditions may not remain constant (e.g., the temperature of Fluctuations of the experimental parameters during a se-
the chromatographic system, the average column pressuregies of measurements causes fluctuations in the coordinates
the mobile phase composition, or the flow rate delivered of the data points, hence errors in the isotherm parameters.
by the pumps). All these experimental parameters must beThere are several important sources of error when adsorp-
controlled accurately in order to record consistent adsorp- tion data are measured with a dynamic method such as the
tion data from the first breakthrough curve to the last, no FA method. The distribution of the analyte between the sta-
matter the time delay that separates them. However, theretionary and the mobile phases depends on the stationary
is yet no discussion in the literature devoted to the effect phase selected (e.g., silica structure, nature of the bonded
of uncontrolled experimental parameters on the accuracy of material, surface density of the bonded layers, etc.), the mo-
isotherm determination. There is no information on the ex- bile phase composition (e.g., percentage of organic modifier
tent to which slight modifications of these parameters may in an aqueous solution), the temperature and, possibly the
affect individually the isotherm parameters whose values flow velocity. The latter may influence data in two different
are critical for further investigations of a separation process. ways. First, a systematic error can be made if the isotherm
The aim of this work is to assess quantitatively the pre- data are measured before equilibrium is reached. The use of
cision of isotherm data by measuring the influence of the the integration of the breakthrough curve to determine the
fluctuations of the experimental parameters, the tempera-amount of solute adsorbed should eliminate this source of
ture, the mobile phase composition, and the mobile phaseerror. Also, flow rate fluctuations are associated with fluctu-
flow rate, on the isotherm parameters obtained by the dy- ations of the pressure gradient along the column. Although
namic methods of determination of isotherm data. By con- this effect is usually minor, there are cases in which the
trast to what some authors did before, the errors on thesepressure dependence of the isotherm is sufficient to cause
parameters were not generated using a simulation programadditional errors.
or any theoretical model. They were determined directly by  The errors caused by fluctuations of the experimental pa-
measuring the effect of small changes while the parametersrameters can be assessed from classical models of the rela-
were tightly controlled, the temperature by a thermostat (ac- tionship between retention and the experimental parameters
curacy 0.1K), the mobile phase composition (obtained by investigated. For instance, it is well known that the equi-
mixing two streams of constant flow rates, accuracy on the librium constant is related to the temperature through Van't
volume fraction of methanol 0.1%) and the flow rate de- Hoff equation. The relative error on the equilibrium con-
livery (accuracy JuL/min). The elementary error steps for stantb caused by small fluctuations of the temperature of
the temperature, the mobile phase composition and the flowamplitudeAT can be written:
rate delivery were fixed at 1K, 1% and {Q/min, respec- Ab c
tively. The interval was 10K, 8% and 1¢Q./min large and — = —AT ()
centered at 303K, 20% and 1 mL/min for the temperature, RT?
the mobile phase composition, and the flow rate delivery, wheree is the adsorption energy at temperat@eThe lin-
respectively. The best isotherm parameters for each parameear strength solvent model (LSSM) gives a good approxi-
ter combination were estimated by using the inverse methodmate description of the relationship between the equilibrium
(IM) of isotherm determination. The model of isotherm cho- constant and the organic modifier contentpf the aqueous
sen in the inverse method procedure was determined frommobile phase in RPLC. The relative error made on the equi-
frontal analysis (FA) data measured at the central values.librium constant for a small variation of the mobile phase
Finally, the sensitivities of the isotherm parameters to fluc- composition,A¢, is then:
tuations of the three experimental parameters was obtained

: . Ab
by interpolation. - = SAg (2)
1.1. Determination of the adsorption isotherm data by whereS is the slope of the empirical Inversusy plot.
frontal analysis (FA) Probably, in part, because there has been few systematic

determinations of the dependence of the saturation capaci-

Frontal analysis[1,5,6] was used to measure the ties of adsorbents on the experimental conditions, there are
single-component adsorption isotherm data used in thisyet no general laws describing the variation of the saturation
work. The mobile phase composition is selected so that thecapacity of an adsorbent with either the column temperature
retention of the probe is sufficiently large to allow accu- or the mobile phase composition (it should be independent
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of the flow rate but not necessarily of the pressure). Exper- dependently from the other ones, and on each of which a
imental data are still required in each particular case and different Langmuir model applies. So, the isotherm equation

empirical conclusions will be presented later. is:
Thgrg are a feyy other sources qf errors, arising not from . b1C boC b3C c
the limited stability of the experimental parameters but 4 = qs“11+b1C +‘1&21+b2C +‘Is,31+b3c (5)

from the measurement errors made on the intermediate data

needed to calculate the isotherm data points, the data usedvheregsa, gs2, gs3, b1, b2 andbs are the monolayer satu-
in FA to calculate the mass of adsorbed Component and itsration CapaCities and the low-concentration equilibrium con-
concentration in the adsorbed phase. These parameters arglants for sites 1, 2, and 3, respectively.

the mobile phase flow ratéy, the column tube volume/. The equilibrium constants;, b2, and b3 are associated
(e.g. the column diametef and its length L), the column  With the adsorption energies 1, €a2 andea 3, through the
hold-up time /o (or the total column porosityt = Fyro/ Ve) following equation[11]:

and the extra-column timee, or transit time between the b = boeai/RT (6)

pump mixer and the column inlet, and between the column
outlet and the detector cell. In the case of a strictly convex where ¢,; is the energy of adsorptiorR is the univer-
upward isotherm, when the mass transfer kinetics are fast,sal gas constanf’ is the absolute temperature ahg is
the front of the breakthrough curve is a thin shock layer a pre-exponential factor that could be derived from the
which is nearly symmetrical. Then, the general expression molecular partition functions in both the bulk and the ad-
for calculating the mass adsorbed per unit of adsorbentsorbed phasesy is often considered to be independent
volume is given by: of the adsorption energieg,; [11]. Another treatment of
. Fu(tshock— 10 — te)C thg {adsorption gqu_ilibr_ium data_cap be used to supply the
= T (3) afflm_ty energy d|§tr|but|od1;]. It is important to note here
c— fvid that it is not possible to derive accurate estimates of the ab-
where tsnock is the elution time of the front shock of the solute values of the adsorption energies without making an
breakthrough curve and the plateau concentration at equi- assumption regardinglp. However, it is possible to deter-
librium with which ¢* is calculated. mine the difference between two adsorption energies (i.e.,
Differentiation ofEq. (3) gives the error propagation co- the difference between the energies of two modes, see later,
efficient of any parameter. For instance, the impact of the Fig. 2) directly from the distribution of adsorption constants
measurement error made on the flow rate on the concentrawhich is afforded by the method used here and described
tion ¢* is: elsewherd8-10]

Aq*_ 1 AF,
q* _1_6t Fy

4) 1.4. The inverse method of isotherm determination

Note that, in practice, it is far more accurate to degi¥/érom This method consists in adjusting the coefficients of an
the integral of the breakthrough curve. The effect of the massisotherm model in order to minimize the differences between
transfer kinetics on the isotherm data point is drastically a recorded experimental band profile and the profiles calcu-
reduced, provided the breakthrough curve can be registeredated with the equilibrium-dispersive model of chromatog-
until the outlet concentration of the eluent is equal to its raphy (see next section) and the isotherm model selected.
inlet concentrationC. Then, the isotherm data points are The main advantage of this method of isotherm determina-
independent of the flow rate as they should be. tion is that it requires the measurement of only one or, at
Similar equations can be derived for the other parametersmost, a few overloaded band profild2—15] Accordingly,
Ve, to, andze but this does not concern the experiments the method is fast and requires only relatively small amounts

performed in this work. of solvent and sample. This method was described and dis-
cussed previousl{A6]. It gives results that are in excellent
1.3. Model of isotherm agreement with those of FHL5].

Previous studies have shown that the isotherm model 1.5. Modeling of band profiles in HPLC
that best accounts for the adsorption behavior of phenol on
Cis-bonded adsorbents such as the one used in this work is The equilibrium-dispersive model (ED) of chromatogra-
a tri-Langmuir isothernj8—10]. The existence of three dif- phy was used to calculate the overloaded band profiles of
ferent types of sites was attributed to the coexistence on thephenol needed for the IM proceduik17,18] This model
surface of sites differently buried inside the bonded alkyl assumes instantaneous equilibrium between the mobile and
layer and, so, partaking differently in adsorption and par- the stationary phases and a finite column efficiency orig-
tition in the complex structure of {g-bonded chains. The inating from an apparent axial dispersion coefficieh,
tri-Langmuir model assumes that the surface consists in threethat accounts for the dispersive phenomena (molecular and
different patches of sites, each homogeneous and acting in-eddy diffusion) and for the non-equilibrium effects that take
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place in a chromatographic column. The tri-Langmuir model
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Table 1

was used in this case since it had been shown previous|yPhysico—chemical properties of thggbonded packed Symmetry column

to account for the adsorption data of phenol in the system

studied.
The axial dispersion coefficient is related to the column
efficiency by:

D uL
a7 2N
whereu is the mobile phase linear velociti, the column
length, andv the number of theoretical plates or apparent ef-
ficiency of the column measured under linear conditions, i.e.,
with a small sample size, so that the prodbgfy, where
b; is the largest equilibrium constant of the tri-Langmuir
model Eg. (5) andCy the maximum concentration of the

(7)

elution band, be significant compared to 1, i.e., of the order

of at least 0.41].

1.5.1. Initial and boundary conditions for the ED model

At ¢ = 0, the concentrations of the solute and the adsor-
bate in the column are uniformly equal to zero (except in
staircase FA), and the stationary phase is in equilibrium with

a stream of the pure mobile phase. The boundary conditions
used are the classical Danckwerts-type boundary conditions

[1,19] at the inlet and outlet of the column.
1.6. Numerical solutions of the ED model
The ED model was solved using the Rouchon program
based on the finite difference methdd20-22]
2. Experimental

2.1. Chemicals

The mobile phases used in this work were aqueous solu-
tions of methanol with concentrations between 16 and 24%

(v/v). Both water and methanol were of HPLC grade, pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA). Prior to
their use, the solvents were filtered on an SFCA filter mem-
brane, 0.2um pore size (Suwannee, GA, USA). Thiourea

(150 mm x 3.9 mm)

Particle shape Spherical
Particle size jgm) 5

Pore siz& (A) 86

Pore volumé& (mL/g) 0.90
Surface aréa(m?/q) 346

Total carbon (%) 19.6
Surface coverageunol/m?) 3.18
Endcapping Yes
Total column porosity 0.6010

a Data for the packings before derivatization.
b Data from thiourea injections in a methanol/water mobile phase
(20/80, viv).

thiourea injections (1.077mL). The column porosity re-
mained constant at 0.601, whatever the temperature and the
mobile phase composition used in this study.

2.3. Apparatus

The perturbation signals and the overloaded band pro-
files were acquired using a Hewlett-Packard (Palo Alto,
CA, USA) HP 1100 liquid chromatograph. This instrument
includes a multi-solvent delivery system (volume of each
tank, 1L), an auto-sampler with a 10Q sample loop, a
UV-vis detector, a column thermostat and a data station.
The extra-column volumes are 0.10 and 0.50 mL, as mea-
sured 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®3
and 1 mL/min during 50 min, from each pump head succes-
sively, into a volumetric glass of 50 mL. The relative error
was less than 0.1%, so we estimate the long-term accuracy
of the flow rate at JuL/min at flow rates around 1 mL/min.
The temperature was controlled by the thermostattat
0.1K.

2.4. Measurements of overloaded band profiles

was chosen to measure the column hold-up volume. Phe-of phenol

nol was the only solute used. Thiourea was obtained from

Aldrich (Milwaukee, WI, USA).
2.2. Columns

The column used in this study (Symmetrygl was
given by the manufacturer (Waters, Milford, MA, USA).
It is 1 of the lot of 15 columns previously used to test the
column-to-column and batch-to-batch reproducibility under
linear conditiong23]. The tube dimension is 1503.9 mm.

The main characteristics of the packing material are sum-

marized inTable 1 The hold-up volume of this column
was derived from the elution volume of two consecutive

The measurements of overloaded band profiles of phenol
were made using the auto-sampler syringe (maximum vol-
ume 10QuL). Hundred microliters samples of solutions at
3 and 60 g/L were injected to record low and relatively high
overloaded band profiles, respectively. These profiles were
recorded at 290 nm. The UV signal was transformed into a
concentration profile by using the calibration curve obtained
from the plateau concentrations measured during FA at the
same wavelength of 290 nm. Segments of the elution pro-
files having between 500 and 1000 data points were used to
perform the IM calculations and derive the isotherm param-
eters.
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3. Results and discussion

160+
3.1. Adsorption of phenol on SymmetrysC
The main source of systematic errors introduced by the in-  — 1204
verse method of isotherm determination arises from the im-
portant contribution that non-equilibrium phenomena, axial

q

dispersion and mass transfer kinetics between the stationary 80
and the mobile phases, may have on the exact shape of the
overloaded band profiles. Accordingly, the use of an incor-

rect model of chromatography in the calculation program of 40
the band profiles could lead to important errors in the esti-

mation of the thermodynamic parameters. Unless previous
experience with the particular problem investigated informs 0

T T T T T T 1
otherwise, it is cautious to acquire clearly correct equilib- 0 25 50(: 2 /L]75 100 125

rium isotherm data using an accurate method like FA, and
to model these data before performing isotherm determina-
tions by the IM method. Then, this method can be used for
the systematic, rapid determination of isotherms in a wide
range of experimental conditions.

In this study, we measured the influence on the isotherm
parameters of the temperature, between 298 and 308K, the q*C
methanol concentration in the mobile phase, between 16
and 24%, and the flow rate, between 0.95 and 1.05 mL/min.

The equilibrium adsorption data of phenol onagbonded

Kromasil were measured by FA at the center of this
three-dimensional space (i.e., at 303 K, 20% methanol, and

1.00 mL/min).Fig. 1shows the isotherm data{versusC),

the Scatchard plot representatigf/C versusg*), and the 0 . . : . :
adsorption energy distribution (AED) derived from these 0 40 80 120 160
experimental data. The AED is clearly trimodal, but the q* [g/L]

first mode is still very broad after one hundred millions 99
iterations. There are two reasons that explain why so many
iterations were required to obtain the distribution showed in
Fig. L first, the maximum concentration applied in FA anal-
ysis did not exceed 120 g/L, a value for which the amount
adsorbed is less than half the total saturation capacity of the
column. The low energy sites are certainly not sufficiently
populated §1Cmayx is only 0.252, se€Table 2 to permit

the accurate determination of the first mode by the EM
method. Secondly, the distance between the three modes is
rather small, which makes their complete resolution hard

dg; [9/L]

Table 2
Best isotherm parameters of the tri-Langmuir model estimated by the -10 ' 8 ' 6 ' 4 ' 2 ' 0
inverse method (IM) for isotherm determination Ln b

Parameters FA I® (low loading) IMP (high loading)

gs1 (Q/L) 278.0

b1 (LIg) 0.0021

gs2 (g/L) 73.2 70.0

by (LIg) 0.0321 0.0319
gs3 (g/L) 44.8 46.4 45.4

b3 (LIg) 0.2003 0.1891 0.1960

Fig. 1. (Top) Frontal analysis isotherm data points (squares) of phenol on
the Gg-bonded Symmetry stationary phase with a mixture of methanol
and water (20:80, v/v) as the mobile phafe= 303 K, flow rate 1 ml/min.
The solid line is the best fitting using a Tri-langmuir isotherm model.
(Middle) Scatchard plot representation of the adsorption data shown in
the top figure. Note the non-linearity as well as the convex downward
shape of the plot suggesting an heterogeneous adsorption model. (Bottom)
Optimization made on band profiles recorded after the injection of 100mL Calculation of the AED from the raw adsorption data presented in the
of a 3 and 60g/L solution of phenol. top figure. One hundred millions iterations. Note the existence of three
@ The best efficiency in the ED model was fixed at 4500. modes.
b The best efficiency in the ED model was fixed at 1300.
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b3 of the third mode could be accurately assessed. Similarly,
only the parameters of the second and third modes could
be derived from the high loading band profile but no accu-
rate estimate of the parameters of the first mode could be
achieved. These limitations are in large part due to the im-
portant broadening of the band during its propagation along
the column, a broadening that is due to both thermodynamic
and non-equilibrium phenomena, dilutes rapidly the injected
pulse, prevents the migration of the high concentrations
along the column to take place over a long distance, and the
lowest adsorption energies significantly to contribute to the
elution profile. A simple solution would consist in injecting
a larger volume of solution. Unfortunately, the HP 1100 in-
jection device cannot deliver larger samples. Although such
- T - T - T a sample injection could be made with the solvent delivery
300 400 500 600 system, it would cause an important axial dispersion of the
Time [s] sample along the extra-column connecting tubes. Although
. . . . _ IM could be performed with a boundary condition that re-
Fig. 2. Comparison between simulated (solid lines) and experimental flects this dispersion, the results lose in precision due to the
(dotted lines) band profiles of phenol (two loadings, one low and high =~ N T .
corresponding to the injection of 19 of a 3 and 60g/L solution, limited reproducibility of the injection profile.
respectively). Same experimental conditions asFig. 1 The constant In spite of these experimental limitations, a very good
efficiency in the ED model was fixed at 4500 and 1300 for the low and agreement is obtained between the parameters of the second
high Ioadi_ng, r_espectively. Note the excellent agreement between the two and third Langmuir modes derived from FA and IM. Because
band profiles in each case. . . .
the apex concentration of the band profiles is always less
than 4 g/L, the IM calculations were carried out assuming
to reach even with a large number of iterations. However, that the parameters of the first mode were constant and equal
a multi-langmuirian isotherm behavior is supported by the to those derived by FAg61 = 278g/L, b1 = 0.0021 L/g).
convex downward shape of the Scatchard @bt This plot The contributions of the first, the second and the third modes
is a straight line for a Langmuir isotherm. In the present to the overall Henry constant account approximately for 5,
case, the best isotherm model accounting for the adsorption20 and 75% of the total constart, respectively, with:
data is the tri-Langmuir model. The differences between ,; _
the three adsorption energies were calculated from the FAH = ds1b1+ gs2b2 + ds3abs
data and their best model. They are 6.9 kd/ragh(— €a.1) =0.584+2.350+8.973= 11907 ®)
and 4.6 kJ/mold, 3 — €a2), respectively. Accordingly, all the calculations of band profiles were per-
Two overloaded band profiles were recorded in order to formed with constant values gt 1 andb;.
validate the IM resultszig. 2shows the excellent fit between Note that the use of a multi-Langmuir isotherm model
the experimental band profiles and those calculated usingmakes sense only if the different modes are operating in
the tri-Langmuir isotherm. The column efficiency is clearly widely different concentration ranges. This is consistent with
concentration dependent since, in order for the profiles of the well separated, distant energy modes in the AED. This re-
calculated shock layers to match exactly the experimental quires that the experimental data be acquired in a sufficiently
profiles, the best efficiencies were 4500 and 1300 theoreticalwide range of solute concentrations, so that a sufficient num-
plates for the low and the high loading profiles, respectively. ber of data points are found in concentration ranges within
Despite this difference, the two profiles exhibit a common which the contribution of each term varies significantly,
rear part which guarantees a good assessment by the IMhose of the other modes remaining practically constant. The
method of the thermodynamic information available in the experimental difficulties encountered are often connected to
band profile. The isotherm parameters derived by IM are the limited solubility of the compounds studied.
compared to those derived from the fitting of the FA datain  The comparison between the FA and IM methods of
Table 2 isotherm determination shows a good agreement between
The concentrations at the apex of the two profiles are 0.5their results Table 2. The parameters of the third and
and 3.5g/L for the low and the high loadings, respectively. second modes determined by IM agree with the FA param-
The corresponding values of the produigts,, are approx- eters within 5%. Accordingly, the IM method can now be
imately 0.001, 0.007, and 0.2 at the apex of the low loading applied directly to all experimental band profiles recorded
profile, 0.01, 0.1, and 0.7 at that of the high loading profile. under different temperatures, mobile phase compositions,
Not surprisingly, it was impossible to obtained a reasonable and flow rates. These results will be used to investigate the
estimate of the parameters of the first two energy modesinfluence of these parameters on the values obtained for the
with the low loading profile. Only the parametersz and thermodynamic parameters.

C [g/L]
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3.2. Sensitivity of the isotherm parameters to temperature thermostat, these temperature increments are large enough
fluctuations to lead to the acquisition of significantly different band pro-
files. Then, an accurate interpolation of the local variation of
In a series of experiments, we recorded fourteen over- the isotherm parameters permits the calculation of the effect
loaded band profiles (low and high loadings) at seven differ- of infinitesimal changes in the column temperatiig. 3A
ent temperatures (298, 300, 302, 303, 304, 306, and 308 K).shows the fourteen corresponding chromatograms, at low
Given the level of control of temperature afforded by the (left) and high (right) loadings. The calculations showed that

33°C \ 4
30°C 29°
3°C \ 31°C 29°C
1 27°C
iy
~
0.4 D 31
_ 25°C 1)
_I °
> 35°C
- 33°C
24
o 31°C
0.2 30°C
1 29°C
27°C
J 25°C
0.0 0 J
T T T T T T T T T T T T
8 9 10 6 8 10
Q) Time [min] Time [min]
0
069 24% 55, 24%
21% 44 22%
20%
19 %
0.4- 18% —_
— <
e =)
> 16 % =
. ° (-)
(@]
0.2
0.0 |
T T T T T T T
8 10 12 4 8 12
B) Time [min] Time [min]
3.5
0.45-
— 284
<
=2
0.30-
- O 21-
<
=2
O 1.4
0.15-
0.7
0.00-
0.0
T T T T T T
480 540 600 300 450 600
©) Time[s] Time [s]

Fig. 3. Overloaded band profiles of phenol recorded at low (left) and high (right) column loadings ongH$yr@metry column for seven different
temperatures (A, mobile phase composition 20:80, v/v, flow rate 1 mL/min), seven different mobile compositions (B, temperature 303K, flow rate
1mL/min) and seven different mobile phase flow rates (C, temperature 303 K, mobile phase composition 20:80, v/v).
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50- mogeneous and it is not surprising to observe that the sat-
uration capacity (i.e., the number) of sites 3 decreases with
increasing temperature. The rate of this decrease is:

q, [o/L]

Ags3
a7 = 0.26g/LK 9)

454 A temperature change of 1K causes a relative change of
" 0.6% for the saturation capaciy 3. This change is rela-
tively small but still not negligible.

The plot of the logarithm of the adsorption constapt
versus the reciprocal temperature follows Van't Hoff law,
40 e.g.

Aln b3 €a3
A(/T) R

From this numerical resultf 3/R = 1.383K), we can de-
rive the absolute adsorption energy,s = 11.5kJ/mol, of
the highest mode. This energy is exactly the sum of the two

(10)

200 295 300 305 310 315

Temperature [K]

energy differences derived from the AED resultdig. 1c
-1.50+ (6.9 kd/mol+ 4.6 kd/mol). This implies that the adsorption
. energy on the type 1 sites is practically negligible by com-
-1.554 parison with the adsorption energies on type 2 and 3 sites.
o This observation validates the choice made earlier of keep-
S 1604 ing constant the parameters of the first mode during the cal-
culation, since they account for only 5% of the overall Henry
constant,H and since their temperature dependence is very
-1.657 small.
This result also demonstrates that the interactions between
-1.70+ phenol and the stationary phase are likely to be due to weak
hydrophobic interactions, with an energy of approximately
175 : . : . : . : . 5kJ/mol. By contrast, the interaction energies involved in
3.20 3.25 3.30 3.35 3.40 hydrogen bond or dipole-dipole interactions are much higher

-1 . .
1000 x 1/T [K 7] (~20kJ/mol), so such interactions cannot be expected to
Fig. 4. Evolution of the best estimated isotherm parameters from the take place betwe_en phenol and t_he statlona_ry phase. The_n'
IM (squares: high loading bands; triangles: low loading bands) as a the best explanation for the retention mechanism observed is
function of the temperature. (Top) Saturation capacity of the highest that phenol molecules may fit within the &bonded layer
energy mode. (Bottom) Associated equilibrium constant. Note that the gnd that the different adsorption sites correspond to different
saturation capacity decrease with the temperature and that the equilibriumgeometriC structures of the hydrophobic cages formed inside
constant follows well the classical Van't Hoff law. . . .
this layer. These energy results are not consistent with phenol

) ) interacting with some free silanols trapped amidst the C
all these experimental band profiles can be accounted for bychains The tailing of phenol previously discus§e] does

a mere change of the parameters of the third mode. Allowing not seem to be connected to a chemical heterogeneity of

the adjustment of_the parameters of the second energy mOd‘?he surface of the stationary phase but rather to a structural
does not give satisfactory results as the numerical problemheterogeneity of the -bonded layer

is indeterminate. _The values _obtained for t_his secon_d _mode From Eq. (9) we can write the relative sensitivity of the
are non reproducible and the improvement is not statistically
significant. The evolution of the best values of the parame-
tersgsz and Inb3 as a function of the temperature and the
reciprocal temperature, respectively, are showRiq 4. — 83
As suggested in previous repof&10], the highest en- AT RT?
ergy mode corresponds to the heterogeneity of the structureThis means that at 303K a temperature change of 1 K leads
of the Gg-bonded alkyl chains between which the analyte to a 1.5% change of the highest of the three equilibrium con-
can partition (in the adsorption field of the silica), rather than stants. Generalizingq. (10)to the first two modes, we can
adsorb on the top of theig layer. It was reported that the conclude that no significant change of the first equilibrium
equilibrium constant is higher when the solute follows such constantp1, can be observed (sineg1 ~ 0) and that a rel-
a partitioning mechanism. As the temperature increases, theative change of only 0.9% can be expected for the second
structure of the gg layer is expected to become more ho- constantp,.

adsorption constariiz to temperature fluctuations or error
propagation coefficient for temperature:

Alnbs _ a3 _ o155t (11a)
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3.3. Sensitivity of the isotherm parameters to fluctuations loading factors. By contrast to what happened in the case of
of the mobile phase composition the study of the effect of the temperature, it was not possi-
ble to describe well the experimental profiles at high loading
Band profiles were acquired using mobile phases with factor with only two parameterg{s andbs). The parame-
seven different volume fractions of methanol (16, 18, 19, ters of the second modes(> andb;) had also to be taken
20, 21, 22, and 24%). The corresponding overloaded bandinto account, requiring now that four parameters be deter-
profiles are shown ifrig. 3B, at low (left) and high (right) mined in the IM procedurd=ig. 5summarizes the influence

50 - 50
-
-
45 454
P
@ o
U- -
40 4 [ ]
=
40 4 n
|
™ L]
35 4
35
T T T y -7 g 1 30 T ~— v T . \
012 18 0.20 024 028 0.12 0.16 0.20 0.24 0.28
¢ ¢
254
1.4 4 o
o
o 5
c
- 2.6
1.6
-2.7
1.8 o
-2.8 4
L]
T " T . T L; 1 T T T 1
0.12 0.16 0.20 024 0.28 0.12 0.16 020 024 0.28
¢ P
-
12.0 . 6.6-
| ]
Ea.a E. 2
[kJd/mol] [kJd/mol] ] .
L]
11.64 . 6.4+ .
- L ]
11.2 - g 6.2
L ]
]
-
W— 60—
0.16 0.18 0.20 0.22 0.24 0.16 0.18 0.20 0.22 0.24
i ®

Fig. 5. Evolution of the best estimated isotherm parameters from the IM (squares: high loading bands; triangles: low loading bands) as a function of
mobile phase composition in methanal (Top) Saturation capacities of the third and second energy mode. (Middle) Associated equilibrium constants.
Note the diminihing of the saturation capacifyz and the LSSM followed by the equilibrium constants. (Bottom) Adsorption energies of the third and
second energy mode.
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of the mobile phase composition on the two saturation ca- b3 andby, are:
pacities (top) and the two equilibrium constants (bottom). 4|, b3
The values found for the two parameters of the third mode Ao = 50
are fully consistent with those derived from the FA data. ¢
This is not so for those of the second mogex~ 38 g/L and

instead of 73 g/l and, ~ 0.070 L/g instead of 0.032L/g).  Alnb»

Only the produclys 2b2 remains constant, which suggests A—(p ~32

that the high loading band profiles merely allow a good es- )

timate of the product of these two parameters, not of their Thus_,, a 1% change of the volume fraction of methanol causes
individual values. Better results could be obtained only if 'elative changes of 5.0, 3.2 and 2.0% fey, b2 andgss,

it was possible to acquire band profiles covering a wider respectively. The direct impact on the ad_sorptlon energies,
range of concentrations. Nevertheless, the variations of the¢a3 @ndea2, of the error made on the mobile phase compo-
two equilibrium constants with the mobile phase composi- Sition can be assessed according to Eq. 6, assumingdhat
tion are consistent with the linear strength solvent model 'S constant, knowing the a'dsorptlon'energ|es der'|ved from
and we obtain the following relationship between the equi- 1€ Van't Hoff plot (adsorption energies for a mobile phase

librium constantsh, and b3 and the volume fractiony, of composition of 20%, 11.5 and 6.4 kJ/mol, respectively). The
the organic modifier in the aqueous mobile phase: variation of the adsorption energiegs and e, are 0.13

and 0.08 kJ/mol for a change of 1% in the mobile phase
Inb; = Inbo,; — Sip (11b)  composition by volume.

wherebg ; is the extrapolated equilibrium constant on sites 3.4 Sensitivity of the isotherm parameters to fluctuation
in pure water as the mobile phase. The corresponding numer-";"* ensitivity ot the 1sotherm parameters fo fiuctuations

ical values of the parameters hf estimated by IM arég 2 of the mobile phase flow rate
= 0.13L/g, $ = 3.16,bg.3 = 0.55 L/g and §= 5.06. When
compared to data previously measured ofy-Kromasil,
these values make physical sefz4]. It was shown that the
retention mechanism of phenol on this adsorbent was de-
scribed by a two-sites adsorption model (i.e., a bi-Langmuir
isotherm model) within a large range of methanol concen-
trations. In this case also, the high equilibrium constant fol-
lowed the LSSM and the best values fay, and S were
0.57 L/g and 4.558, respectively. The physical nature of the
type 3 sites on g-Symmetry is almost certainly the same
as that of type 2 sites onig-Kromasil, a conclusion con-
firmed by the variation ofs 3 on Symmetry, which, like for
Kromasil, decreases rapidly with increasing methanol con-
tent. The rate of decrease is:

The determination of equilibrium adsorption data by the
FA method is usually done by applying the mass conserva-
tion and integrating the breakthrough curve. However, to cal-
culate the amount adsorbed, it is critical to know accurately
the mobile phase flow rate, or at least its integral over the du-
ration of the breakthrough. It is also important to know the
flow rate when using the IM method. Fourteen overloaded
band profiles were recorded at seven different flow rates
(0.95,0.97,0.99, 1.00, 1.01, 1.03, and 1.05 mL/nfig. 3C
shows these band profiles, at low (left) and high (right) load-
ing. These profiles were used for isotherm determination by
the IM procedure. During the profile calculations with the
ED model, the flow rate was kept constant at the central flow
rate value, 1.00 mL/min. This procedure describes the situ-
Ags3 _817g/L ation in which the actual flow rate is either overestimated

A (0.95-0.99 mL/min) or underestimated (1.01-1.05 mL/min).

The largest value of the number of sites 3 is reachegrfer ~ AS can be seen iRig. 3G the band profiles are merely trans-
0 and it is 57.8 g/L. Accordingly, it can be extrapolated that 'ated, rightward to leftward, depending on whether the mo-
the number of sites 3 becomes zero whes 0.71. On Kro- b|I¢ phase flow rate is deqreased or increased, r(_aspectlvely,
masil the high energy sites of type 2 vanish wies 0.65. while the band apex remains almost constant. Th|§ suggests
These critical values of the methanol:water mobile phase that the mass trar!sfe_zr of phenol between thE_’ stationary and
composition are very close, which confirms previous conclu- the mobile phase is little affected by the mobile phases flow
sions that a low methanol content of the mobile phase con-"at€ in the range studied. Ondy 3 and b3 were estimated
tributes to increase the column heterogeneity while a high WNen using the IM method. The results are showRit 6.
methanol content renders thaeglayer more homogenous. First, the best value obs remains constant at about
We can also predict that if adsorption data were measured a0-20 L/9. It is independent of the possible error made on the
methanol concentrations beyond 70%, they would lead to aflow rate. This result was expected since, W|_th either loading
unimodal AED, which is just what was observed previously factor, the rear part of the seven bgnd profiles recorded are
with 4-tert-butylphenol[7,25—-27] Thus, all the results ob- nearly parallel. .The simple tran;lanon of .the band causes a
tained by IM are consistent with former observations and proportional shift of the saturation capacity,s, as shown
are reinforced by them. in Fig. 6. The error measured is:

The parametes> remains nearly constant. The error Agss

; -2
propagation coefficients for the two equilibrium constants, A f, — —96.35mgminmL
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Fig. 6. Difference between the exact isotherm parameters measured at
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Table 3

Relative change (%) in the saturation capagity and equilibrium con-
stantsb, andbz when the temperature, the mobile phase composition and
its flow rate are changed by 1K, 1% and 0.01 mL/min

Parameters AT =1 (K) A MP? = AF, =0.01
(%, viv) (mL/min)

by (L/g) 0.9 3.2 ~0

gs3 (Q/L) 0.6 2.0 2.1

b3 (L/g) 15 5.0 ~0

a8 MP: mobile phase composition.

flow rate. According to the data in the table, the contribution
of an error of 1K on the temperature is equivalent to those
of an error of 0.3% on the volume fraction of the organic
modifier or to an error of g.L/min on the flow rate, regard-

ing the errors made on the saturation capagity. As for

the equilibrium constants, an error of 1 K on the temperature
is also equivalent to an error of 0.3% on the mobile phase
composition. The high-energy isotherm parameters are more
sensitive than the low-energy ones to errors made on the
temperature and the mobile phase composition.

4, Conclusion

Errors in the determination of the adsorption isotherms
can arise at several different levels. Errors may be made in
the measurement of adsorption isotherm data. They may be
caused by fluctuations of the experimental conditions dur-
ing the measurements. In this case, the data point measured
is an average. However, since the dependence of the amount
adsorbed at equilibrium with a given mobile phase concen-
tration on the experimental condition is not a linear function
of the temperature or mobile phase composition, this aver-
age does not correspond to the average temperature or the
average mobile phase composition. Errors may arise also

profiles recorded at different flow rates. Note the strong impact on the because the different data points are not measured exactly

determination of the saturation capacity.

under the same experimental conditions or because they are
referred to inexact values of these conditions. Finally, model

In other words, underestimating or overestimating the actual errors stem from the use of improper isotherm model.

flow rate by 0.01 mL/min causes a relative variation of 2.1%
on the saturation capacity 3. This result is consistent with

Combining the results of the FA and IM methods, we have
shown that fluctuations of the temperature and mobile phase

Eg. (4) Since the equilibrium constant does not change and composition must be monitored rather carefully if data with

the column porosity being 0.601, we have:

Ag*  A(gsb/1+DbC)
¢

1
—Ags = x 0.01~ 2.5%

qs

1
1-0.601
3.5. Comparison between the different error contributions

Table 3compares the sensitivity of the saturation capacity
gs,3 and the equilibrium constantg andb; to the fluctua-

tions of the three main experimental parameters, the temper-

a precision better than ca 1% must be obtained. A stability
of the ambient temperature better than 1K is not too diffi-
cult to achieve in an American laboratory. Yet, it is cautious
to have an accurate thermometer in the laboratory and to
check it several times daily. In most laboratories the world
over, a column oven is necessary. The long term stability of
the flow rates delivered by the pumping systems of modern
HPLC instruments is sufficient to ensure a composition sta-
bility better than 0.1%. It is not always so to maintain to a
negligible level the error contribution of flow rate fluctua-
tions. This error contribution is surprisingly large.

Finally, errors made in the measurement of the column

ature, the mobile phase composition, and the mobile phasedimensions must be paid most careful attention. The prob-
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lem is serious only if data are measured on one column, aER-13869 of the US Department of Energy, and by the coop-
microbore or an analytical column, to be used on another erative agreement between the University of Tennessee and
one, e.g., a preparative column. Then the dimensions of eactthe Oak Ridge National Laboratory. We thank Uwe Neue
column or rather, if possible, the amount of packing mate- (Waters, Mildford, MA, USA) for the generous gift of the
rial that they contain must be known accurately. The case column used in this work and for fruitful and creative dis-
for the importance of this potential source of error has been cussions.
made elsewherp8].
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