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a b s t r a c t

The highly cross-linked 12% agarose gel Superose 12 10/300 GL causes retardation of glycine peptides
when mobile phases containing varying concentrations of acetonitrile in water are used. An investiga-
tion has been made into the retention mechanism behind this retardation using the glycine dipeptide
(GG) and tripeptide (GGG) as models. The dependence of retention times of analytical-size peaks under
different experimental conditions was interpreted such that the adsorption most probably was caused
by the formation of hydrogen bonds but that electrostatic interactions cannot be ruled out. Thereafter,
a nonlinear adsorption study was undertaken at different acetonitrile content in the eluent, using the
elution by characteristic points (ECPs) method on strongly overloaded GG and GGG peaks. With a new
evaluation tool, the adsorption energy distribution (AED) could be calculated prior to the model selection.
dsorption energy distribution
eterogeneous interaction
ydrogen bond formation
angmuir model
óth model
i-Langmuir model

These calculations revealed that when the acetonitrile content in the eluent was varied from 0% to 20%
the interactions turned from (i) being homogenous (GG) or mildly heterogeneous (GGG), (ii) via a more or
less stronger degree of heterogeneity around one site to (iii) finally a typical bimodal energy interaction
comprising of two sites (GG at 20% and GGG at 10% and 20%). The Langmuir, Tóth and bi-Langmuir mod-
els described these interesting adsorption trends excellently. Thus, the retardation observed for these
glycine peptides is interpreted as being of mixed-mode character composed of electrostatic bonds and
ixed mode
lectrostatic interactions hydrogen bonds.

. Introduction

The highly cross-linked 12% agarose gel Superose 12 10/300 GL
originally named Superose 12 HR 10/30) was introduced in 1982
s a size exclusion chromatography media for proteins and other
ater soluble high molecular compounds. However, early stud-

es revealed that the product displayed hydrophobic adsorption of
ow molecular weight amphiphilic substances such as long chain
lcohols [1]. The media is manufactured using an extensive cross-
inking procedure [2,3] based on reactions with a combination of
ong and short chain aliphatic bis-epoxides. The cross-linkers react

ith hydroxyl groups of the galactosyl residues of the agarose gel

atrix as well as with those hydroxyls belonging to the cross-

inkers already generated in the initial cross-linking reaction. Thus,
variety of polar groups, primarily ether bonds but also primary

nd secondary alcohol hydroxyl groups and hemiacetal groups,

∗ Corresponding author. Fax: +46 18 471 3692.
E-mail address: torgny.fornstedt@ytbioteknik.uu.se (T. Fornstedt).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.01.058
© 2010 Elsevier B.V. All rights reserved.

as well as hydrophobic butanediol moiety residues, are intro-
duced into the agarose gel during the cross-linking reactions. The
polar groups primarily provide hydrogen bond acceptor functions,
and form the primary interaction sites for hydrogen bond donor
molecules, such as polyphenols in the presence of acetonitrile.
Likewise, the long aliphatic hydrocarbon chains, created by the
cross-linking reaction with butanediol diglycidyl ether, would pro-
vide hydrophobic interaction sites in the presence of water.

Recent studies have shown that Superose 12 10/300 GL func-
tions as a mixed-mode adsorption media for low molecular weight
substances such as polyphenols and other active components in
traditional Chinese medicine [4–8]. As with other mixed-mode
media [9] the adsorption characteristics are dependent on the
composition of the mobile phase. Thus, in the presence of pure
water, hydrophobic interactions prevail whereas in the presence
of pure acetonitrile the retardation is primarily based on hydro-

gen bond formation with the surface structures of Superose 12
acting as hydrogen bond acceptors. This mixed-mode adsorption
was convincingly exemplified by plotting the retention factor of
the polyphenolic compound (−)-epigallocatechin gallate versus the
percent acetonitrile content in the mobile phase (acetonitrile/Milli-

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:torgny.fornstedt@ytbioteknik.uu.se
dx.doi.org/10.1016/j.chroma.2010.01.058
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K = K0e(ε/RT), (3)

where ε is the adsorption energy, R is the universal gas constant
and K0 is the pre-exponential factor. Thus, the adsorption energy is
proportional to ln K.

Table 1
Chromatographic operational conditions.

Column total volume 23.72 mL (302 mm × 10 mm)
X. Zhang et al. / J. Chroma

water) going from 20% to 95% acetonitrile. An U-shaped curve
as obtained (see Fig. 7 in ref. [4]) with a minimum retardation at

round 60% acetonitrile indicating a hydrophobic adsorption at low
cetonitrile content and a hydrogen bond adsorption mechanism
t high acetonitrile content.

In recent years there has been an increased interest in using
ydrophilic interaction chromatography (HILIC) [9–11] based on
olar stationary phases combined with partly aqueous eluents
around 5–40% water in acetonitrile). The retention mechanism
f the HILIC phases makes them especially useful for separations
f peptides and other polar organic compounds as a complement
o reversed phase chromatography for these types of solutes. The
ighly hydrophilic character of the Superose 12 gel triggered an

nterest in investigating if the Superose 12 gel would possess selec-
ivity properties for peptides similar to that of known HILIC phases.
o this end it was decided to start the investigation by performing
deeper study of the adsorption mechanism of the interactions

etween simple glycine peptides and the Superose 12 gel.
Recently, modern computers have made it possible to simu-

ate chromatographic band profiles for process optimization [12].
he main prerequisite for the computer simulations are adsorption
sotherms [13]. An adsorption isotherm is a function that describes
he relationship of the solute’s concentration in the mobile and
tationary phase at a specific and constant column temperature
isothermal conditions). The most common type of adsorption
sotherm (type I) has a convex shape. Several different adsorption
sotherm models have been suggested to describe the extremely
aried adsorption behavior for different solute-phase separation
ystems. The simplest adsorption model is the Langmuir assuming

single adsorption site, i.e. all molecules interact with identi-
al adsorption energy and a monolayer adsorption. However, the
angmuir model is often unsuccessful to describe the partitioning,
ecause solutes often participate in many different types of inter-
ctions (e.g. electrostatic, hydrophobic etcetera) with a surface.
herefore, often other models are required.

Adsorption isotherms are very important for a deeper under-
tanding of the adsorption process and of the retention mechanism.
raditionally, retention mechanisms are interpreted based on
etention times of analytical-size peaks, i.e. peaks obtained after
he injection of small amounts of solute. From these retention times
raditional distribution coefficients are calculated, i.e. coefficients
elated to the slope of the adsorption isotherm at low concen-
rations. However, these equilibrium constants are lumped and
annot resolve the different adsorption sites often prevailing in a
ulti-phase system. Therefore, the lumped constants often result

n incorrect conclusions of single-site bindings, although, in real-
ty the interactions may involve several different adsorption sites

ith completely different adsorption properties [14,15]. However,
y instead determining the adsorption isotherms of the actual
hase system, i.e. the relation between the solute concentrations
dsorbed to the stationary phase and the mobile phase concentra-
ion, with an as wide concentration range as possible, a complete
ensus of all interactions in the actual process can be obtained.

A considerable number of experimental methods have been sug-
ested to account for the liquid-solid equilibrium data [12]. One of
he most accurate techniques is frontal analysis (FA). However, the
A method is tedious and time-consuming and also consumes large
mounts of solute. The elution by characteristic point (ECP) method
s much faster and consumes less solute which is why it is more
uitable for life science studies. In the ECP method, the adsorption
sotherm data points are simply generated from the diffusive part

f an overloaded elution profile [12].

A firm two-step evaluation approach [16,17] was recently sug-
ested for adsorption data prior to the traditional model selection
rocess of best fitting. First, (i) classical Scatchard plots are used to
ake a preliminary selection of the type of adsorption isotherm.
1217 (2010) 1916–1925 1917

Thereafter, (ii) the degree of heterogeneity of the phase system
is determined by calculation of the adsorption energy distribu-
tion (AED). The purpose of the combined use of classical Scatchard
plots and AED calculations is to narrow down the number of pos-
sible adsorption models to only a few, before a model is selected.
Finally, proper adsorption isotherm models, as predicted by the two
prior steps, are fitted to the experimental adsorption isotherms and
statistically evaluated.

The aim of this study is to investigate and characterize the inter-
actions between selected model peptides and the gel Superose 12,
using the theory of nonlinear chromatography in combination with
the above mentioned approach.

2. Theory

2.1. Determination of adsorption isotherms

It is possible to measure the adsorption isotherm (q(C)) from
the diffusive part of a profile; the method is called “elution by
characteristic points”. When integrating the diffuse tail of a large
overloaded profile for a type I adsorption isotherm (convex adsorp-
tion isotherm) we obtain:

q(C) = 1
Va

C∫

0

(VR(C) − V0 − Vinj)dC, (1)

where Vinj is the injected volume and VR(C) is the elution volume
corresponding to mobile phase concentration C. The ECP method
is derived using the ideal model and is therefore only suited for
efficient systems. Therefore, the ECP method requires a separa-
tion system with high column efficiency in order to minimize
the error in the determination. A plate number (N) higher than
2000 is required for obtaining a homogenous Langmuir adsorption
isotherm interaction [18] and an N higher than 5000 for a hetero-
geneous bi-Langmuir [19]. The efficiency of the column used in this
investigation was around 9000 theoretical plates (see Table 1).

2.2. Adsorption isotherm

The Langmuir adsorption isotherm is the simplest nonlinear
adsorption isotherm describing a finite amount of equal adsorption
sites with monolayer coverage [12,20]:

q = qsKC

1 + KC
= aC

1 + KC
(2)

where qs and K are the column’s monolayer saturation capacity
and association equilibrium constant, respectively. The distribu-
tion coefficient, or Henry constant, (a), is the equilibrium ratio at
infinite dilution of the solute; i.e. the initial slope of the adsorption
isotherm. The association equilibrium constant shows an exponen-
tial relationship with the adsorption energy:
Column hold-up volume 20.80 mL
Flow rate 0.50 mL/min
Column efficiency GG 8982 (number of plates per column)
Column efficiency GGG 9173 (number of plates per column)
Porosity 0.88
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The bi-Langmuir adsorption isotherm is an expansion of the
angmuir model assuming two independent adsorption sites:

= qs,1K1C

1 + K1C
+ qs,2K2C

1 + K2C
= a1C

1 + K1C
+ a2C

1 + K2C
, (4)

here qs,i, ai and Ki are the column’s monolayer saturation capacity,
ssociation equilibrium constant and distribution coefficient for the
th adsorption site, respectively. The adsorption energy distribu-
ion is bimodal with two homogeneous sites located at adsorption
nergy corresponding to K1 and K2. The bi-Langmuir model has
uccessfully been used to describe the adsorption of enantiomers
o protein stationary phases, e.g. �1-acid glycoprotein (AGP) [21].
n such cases, the adsorption process comprises of two different
ypes of sites, one enantio-selective and one non-selective. The
on-selective sites have a large capacity but low adsorption energy
epresenting many different adsorption sites of similar energy-
evel all over the surface while the enantio-selective sites have low
apacity but high adsorption energy and could be the active site of
protein. The bi-Langmuir model has also successfully been used

o describe the adsorption of charged [22] and uncharged solutes
like phenol) on reversed phase systems (ODS columns) [23].

The Tóth adsorption isotherm is a one-site adsorption model
hat has a unimodal heterogeneous adsorption energy distribution,
nd therefore accounts well for some energetically heterogeneous
urfaces:

= aC

(1 + (KC)v)1/v
(5)

here a, K and v are adsorption isotherm parameters and v is a
easurement of the heterogeneity. If v = 1 the model becomes the

angmuir model.

.3. Adsorption energy distribution (AED)

Most partitioning is energetically heterogeneous; therefore the
heory should be able to handle this. The Langmuir adsorption
sotherm model can be extended to a continuous distribution of
ndependent homogeneous sites across a certain range of adsorp-
ion energies:

(C) =
Kmax∫

Kmin

f (ln K)�(C, K)d ln K, (6)

here �(C, K) is the local adsorption model (usually the Langmuir
r Jovanovic model is used) and f(ln K) is the AED. Kmin and Kmax are
overned by 1/Cmax and 1/Cmin, respectively, where Cmin and Cmax

re the lowest and highest mobile phase concentrations measured
n the adsorption isotherm [24].

The AED can be solved using many different methods, the
ethod used in this study is the expectation maximization method

25] where the integral equation is discretized to a sum and solved
n an iterative manner. Over-iteration produces noise through-
ut the distribution and under-iteration can lead to unconverted
nergy sites [23].

. Experimental

.1. Equipment

A Shimadzu 10Avp chromatographic system from Shimadzu

orporation (Kyoto, Japan) equipped with a binary LC-10ATvp
ump and a SPD-10Avp UV-detector was used. A SuperoseTM

2 10/300 GL column (10 mm × 302 mm; 10 �m average particle
iameter) from GE Healthcare Bio-sciences AB (Uppsala, Swe-
en) was temperature-controlled (using a DSHZ-300A water bath
1217 (2010) 1916–1925

(Taicang, Jiangsu, China). The column temperature was kept at
25.0 ◦C if not mentioned otherwise. A 420A plus pH meter from
Thermo Fisher Scientific Inc. (Waltham, MA, USA) was used to mon-
itor the pH value of mobile phase and sample solution.

3.2. Chemicals

The solutes: glycine dipeptide (GG, 99%) and glycine tripep-
tide (GGG, 99%) were obtained from Sigma–Aldrich. The organic
modifier was acetonitrile (HPLC grade) from Caledon Laborato-
ries Ltd. (Georgetown, Ontario, Canada). The water was from a
Milli-Q water purification system ZLXS 5005Y from Millipore (Mol-
sheim, France). All the other reagents, including sodium hydroxide
(NaOH), acetic acid (HAc), urea, phosphoric acid (H3PO4), sodium
dihydrogen phosphate (NaH2PO4), disodium hydrogen phosphate
(Na2HPO4), trisodium phosphate (Na3PO4), ethanol and acetone,
were of analytical grade.

3.3. Preparation of mobile phases and samples

The mobile phases were prepared by mixing acetonitrile and
Milli-Q water or phosphate buffer (ionic strength of 8 mM at pH 3,
7 and 12) in various proportions. In order to keep the same ionic
strength the total phosphate buffer concentrations were 10, 5.0 and
2.1 mM at pH 3, 7 and 12, respectively. All mobile phases were
passed through a 0.45 �m filter and degassed by ultrasonication
before use. All samples were dissolved in the actual mobile phase
and pre-filtered using a 0.22 �m filter to remove possible particles
before injection into the chromatographic column.

3.3.1. Experimental procedures – operational parameters
All experiments were performed at a constant flow rate of

0.50 mL/min. The whole column was submerged in a water bath.
The media was regenerated after every peptide separation cycle by
washing with 25 mL 0.5 M NaOH followed by 50 mL Milli-Q water,
25 mL 20% (v/v) HAc and 20% (v/v) ethanol water solution and
finally by 150 mL Milli-Q water. Before the next run, the column was
equilibrated with 5 column volumes of the actual mobile phase. The
column efficiency (N) was determined after injecting duplicates of
20 �L of a mixture of GG and GGG (50 �g/mL of each, monitored
at 215 nm) using a mobile phase of acetonitrile/Milli-Q water (1/9,
v/v). The efficiency was calculated using the width at half height
method, resulting in an H of approximately three particle diame-
ters (see Table 1). The void volume was determined after triplicate
injections of 200-�L sample 1% (v/v) acetone in the selected eluent
and monitored at 280 nm.

The calibration curves were produced after injecting 500 �L of
different sample concentrations directly into the UV monitor at
222 nm; a number of 10 concentration levels were used between
1.00 �g/mL and 1.00 mg/mL of GG or GGG peptide dissolved in the
mobile phase. The UV-detector response to concentration (g/L) was
fitted to a third degree polynomial.

3.3.2. Experimental procedures – data collection
3.3.2.1. Analytical study. In all analytical investigations, 20 �L of a
sample containing a mixture of GG and GGG (50 �g/mL of each)
were dissolved in the desired eluent. The peaks were detected at
215 nm. At each mobile phase composition, or at each temperature
level, the void volume was determined according to the procedure
mentioned above.

The dependence of the retention time on the acetonitrile

concentration in the eluent was investigated by using eluents
containing different proportions of acetonitrile in Milli-Q water
(0–40%, v/v). The temperature dependency was investigated using
an eluent containing 10% (v/v) acetonitrile/Milli-Q water at thermo
stated column temperatures of 15, 25 and 45 ◦C. The retention time
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Fig. 1. Retention factors (k) and selectivity factors (˛) of GG and GGG for differ-
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as also investigated by using phosphate buffer (pH 3, 7, and 12,
onic strength 8 mM).

.3.2.2. Adsorption study. For this study, heavily overloaded sample
njections were made into the column using an eluent containing
%, 10% and 20% (v/v) acetonitrile in Milli-Q water. Two separate
00 �L injections were made of 5.00 mg/mL GG/GGG for all eluents
xcept for 15% acetonitrile were 6.00 of GG and GGG were used,
espectively, and for 20% acetonitrile were 6.00 and 8.00 mg/mL
ere used of GG and GGG, respectively. The detector wavelength

222 nm) was not changed and the monitor was not switched off
ntil all experiments were completed. The reason for this pre-
aution is that a proper determination of adsorption data using
he ECP method requires exact concentration data points, and the
bsorbance setting of a mechanistic detector can never be exactly
estored (in contrast to a diode-array detector).

.4. Calculation procedures

The adsorption isotherms were determined using the ECPs
ethod [18,19]. Before the selection of a proper adsorption

sotherm model, the raw adsorption isotherm data were analyzed
sing a new two-step evaluation process [16,17]. First, (i) Scatchard
lots were plotted (q versus q/C) then (ii) calculations were made
f the AED. Finally the model fitting was made to the most probable
dsorption isotherm model – predicted by the combined analysis
f steps i and ii – by a standard nonlinear least squares method
12] using the Levenberg–Marqardt algorithm as implemented in

atlab (Mathworks Inc., Natick, MA, USA).

. Results and discussion

At first, an investigation was undertaken based on analytical-
ize retention data aimed at study the character of the binding
etween the glycine peptides and the Superose 12 10/300 GL gel.
hereafter, a deeper adsorption study was performed over a wider
oncentration range in order to obtain a quantitative determination
f all possible interactions between the peptides and the gel. Table 1
hows the determined operational parameters for the system, used
n the analytical as well as in the adsorption study.

.1. Analytical study

In the analytical investigation the dependence of the retention
actors of the model peptides on the most important experimental
onditions were investigated. The experimental factors varied were
i) the mobile phase content of the organic modifier (ii) pH and the
alt/buffer concentration in the mobile phase and (iii) the phase
ystem temperature.

.1.1. Effects of varied acetonitrile content in the mobile phase
It was recently reported that the retention times for polyphe-

olic substances on Superpose 12 10/300 GL is strongly dependent

n the acetonitrile fraction in the eluent [4–9]. When log k (reten-
ion factor) was plotted versus the acetonitrile content, a U-shaped
elation appeared with a minimum retardation at 60% acetoni-
rile. Further increase in the acetonitrile content caused further
ncrease in the retention [4]. This indicates that the adsorption of

able 2
ffects on peptide retention volume of additions of urea to the eluent.

Urea concentration (M) GG Retention volume (mL)

0 (Milli-Q water) 76.91
1 28.97
2 19.68
ent volume fractions of acetonitrile in the eluent. 20 �L samples of GG and GGG
(0.050 mg/mL of each) were injected. For other experimental conditions see Section
3.

the polyphenolic compounds possesses a mixed-mode character.
Thus hydrophobic interactions prevail at low acetonitrile concen-
trations whereas the formation of hydrogen bonds dominates at
high modifier concentrations in line with HILIC separation princi-
ples [10,11].

The dependence of the peptide retention factor on the ace-
tonitrile content in the mobile phase was investigated. Analytical
amounts of GG and GGG were injected using eluents containing
0–40% of acetonitrile. In Fig. 1 the resulting retention factors (k)
versus the percentage of acetonitrile in the eluent were plotted.
The retention factors for both GG and GGG increased dramatically
with increasing acetonitrile content in the eluent (cf. Fig. 1). The
highest acetonitrile concentration studied was 20% resulting in a
retention factor around 5. At 40% acetonitrile the retention of GG
and GGG exceeded 40 column volumes (k > 50) suggesting even
stronger retention at higher acetonitrile concentrations. Note that
the selectivity (˛) between GG and GGG is unchanged (see Fig. 1).
Thus, in contrast to the case of polyphenols as solutes [4], the inter-
action between the peptides and Superose 12 10/300 GL seem not to
be dominated by hydrophobic interactions at low levels of acetoni-
trile. This indicates that some kind of polar bonding, like hydrogen
bond formations, or electrostatic interactions, could be the cause
of adsorption. However, in contrast to polyphenols, the peptide
retention increases even at lower acetonitrile concentrations in the
eluent.

4.1.2. Effects of varied pH and salt/buffer concentrations in the
mobile phase

To further investigate the character of the polar binding, urea
and sodium chloride were separately added to the eluent com-
posed of Milli-Q water/acetonitrile (1/9, v/v). As urea is a neutral
polar component, any decrease in retention volume of the pep-
tide peaks is expected to be caused by hydrogen bond competition
rather than suppression of electrostatic interactions. As shown in
Table 2, in the absence of urea the retention volumes of GG and
GGG were 76.9 and 93.3 mL, respectively. In the presence of 1 M

urea the retention volumes had decreased to 29.0 and 31.6 mL,
respectively. When 2 M urea was added to the mobile phase, GG
and GGG eluted together and only one peak appeared at 19.7 mL;
this volume is smaller than the column hold-up volume (20.4 mL)

GGG Retention volume (mL) Acetone retention volume (mL)

93.29 20.58
31.61 20.44
19.68 20.37
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ndicating a total suppression of the adsorption. When sodium chlo-
ide (10 mM) was added to the eluent the retention of GG and GGG
ecreased to 18.7 mL, which is even more below the determined
oid volume. Thus, one cannot rule out electrostatic interactions as
esponsible for the retention as well (see Section 4.3).

The investigation was completed with a pH study. At first, elu-
nts were used comprising of 20 or 50 mM buffer/acetonitrile (1/9,
/v) at pH 5, 6 and 7 (acetate was used at pH 5 and phosphate at
H 6 and 7). It was found that the peptide retention volumes were
ven lower as compared to the void volume (between 18.1 and
8.4 mL). As shown above (cf. Fig. 1), the peptide retention has a
ery strong but inversely relation to the water content; the lower
he water contents in the eluent the stronger the peptide adsorp-
ion. We therefore tried to conduct a pH investigation using a higher
mount of acetonitrile while also keeping the ionic strength as low
s possible. For this purpose, eluents were used comprising of low-
onic strength phosphate buffer (I = 8.0 mM)/acetonitrile mixtures
f (3/7, v/v) and even (5/5, v/v) at pH 3, 7 and 12. But even at these
uite promoting conditions for adsorption the peptide retentions
emained negligible, except for pH 3 where a slight retention of
he peptides was achieved, using buffer/acetonitrile (5/5, v/v) as
luent.

To conclude, hydrogen bonding is probably the main contribu-
ion, since it can be weakened by both urea and NaCl additions.
t is clear that the adsorption is strongly counteracted by charged
alt components which is why it was impossible to investigate any
H effects using eluents with 10% acetonitrile while maintaining a
ood buffer capacity.

.1.3. Effects of varied phase system temperature
Next, the dependence of the peptide retention factor on the

olumn temperature was investigated. Analytical-size injections
ere made of GG and GGG using the eluent composed of Milli-
water/acetonitrile (1/9, v/v) at column temperatures between

.0 and 45.0 ◦C. Fig. 2 shows the van’t Hoff plots for the retention
actors (k) of GG and GGG, respectively. The symbols are the exper-
mental data and the lines the best linear fits. The slopes of the

ines demonstrate that the global adsorption processes of both pep-
ides are endothermic. The values of the adsorption enthalpy �H
s derived from the slope of the van’t Hoff plots using the classical
quation; the values were very similar for the two peptides, +3.08

ig. 2. van’t Hoff plots for the determination of the enthalpy, entropy and selectivity
actors (˛) of adsorption of GG and GGG using an eluent containing 10% acetonitrile.
ymbols, experimental data; lines, best linear fit. The values of �H and �S were esti-
ated to be 3.08 kJ mol−1 and 17.2 J mol−1 K−1, respectively, for GG and 3.09 kJ mol−1

nd 19.4 J mol−1 K−1 for GGG, from the slope respective the intercept of the linear
ts. 20 �L samples of GG and GGG (0.050 mg/mL of each) were injected at column
emperatures of 5, 25 and 45 ◦C. For other experimental conditions see Section 3.
Fig. 3. The figure shows overlaid chromatograms for 500-�L duplicate injections of
5 mg/mL of (a) GG and (b) GGG for all eluents except 20% acetonitrile were 6 mg/mL
of GG or 8 mg/mL GGG. The acetonitrile content in the eluent was 0% (black line) 10%
(dashed line) and 20% (gray line.). For other experimental conditions see Section 3.

and +3.09 kJ mol−1 for GG and GGG, respectively. This is already
indicated by the very similar slopes of the two lines in Fig. 2 and
the consequence from a practical viewpoint is that the selectivity
between the peptides can never be modified by changing the col-
umn temperature. The values of the adsorption entropy �S were
+17.2 and +19.4 mol−1 K−1 for GG and GGG, respectively.

Endothermic adsorption behaviors are rather rare in chromatog-
raphy and strengthen the hypothesis of polar interactions, by
hydrogen bonding. In a recent publication, where the dielectric
constants of acetonitrile/water mixtures were measured within
the range from 15 to 60 ◦C, it was very nicely shown that the
constants decreased with increased portion acetonitrile and/or
increased temperature (see Fig. 1 in ref. [26]). Thus, interest-
ingly the underlying explanation of the larger retention factor at
increased acetonitrile content in the eluent (cf. Fig. 1) is the same
as the reason for the larger retention factor at a higher column tem-
perature; in both cases the dielectric constant is decreased. Thus,
in both cases, the conditions for increased hydrogen bonding are
improved.

4.2. Adsorption study at various water/acetonitrile mixtures

To gain a deeper quantitative knowledge about the retention
mechanism nonlinear adsorption investigations were performed
at different water to acetonitrile ratios in the eluent. To this end,
the ECP method, presented in the introduction and in the theoret-
ical section, was used to determine the adsorption isotherms. In
particular, separate volume and mass overloaded injections were
made of GG and GGG, respectively using as eluent (i) Milli-Q
water/acetonitrile (0/10, v/v), (1/9, v/v) and (2/8, v/v). As shown
in Fig. 3, two 500-�L injections for each solute and eluent com-
position were performed, GG (Fig. 3a) and GGG (Fig. 3b). A careful
examination of the lines for each peptide certified that the sys-
tem allowed adequate reproducibility, which is required when
the profiles are used to generate nonlinear adsorption data. The
shapes of the overloaded profiles are “right angular-triangular” (i.e.

sharp fronts and diffusive rears) revealing that their corresponding
adsorption isotherms are convex (i.e. type I). Convex adsorption
isotherms could be determined using the ECP method. However,
many different adsorption isotherms models are available even for
the more simple type I case [12]. Except for the common Langmuir
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Fig. 4. Typical appearance of (a) adsorption energy distributions (AEDs), calcu-
lated from synthetic raw data points of a Langmuir (gray line) and two Tóth (black
lines) adsorption isotherms and the corresponding (b) Scatchard plots. The Lang-
muir adsorption isotherm parameters were a = K = 10, and for Tóth a = K = 10 where
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Fig. 6b, dashed and gray lines). At 20% acetonitrile in the eluent, the
s v = 0.95 (solid line) for the first model and 0.75 (dashed line) for the second model.
he number of grid points used in the calculation was 250 and the number of
terations was 100 000.

odel there are other one-site models such as the Tóth, Moreau
nd the Jovanovic models and many of these have been empirically
xtended as two-site variants. These models describe different and
omplex adsorption processes such as homogenous or heteroge-
eous energy distribution, multi-layer adsorption or solute–solute

nteractions. In order to understand the actual separation process it
s therefore of crucial importance to properly evaluate which model

ost correctly describes the current situation. One must recognize
hat after model fitting the raw adsorption data are presented as

parameter estimate of the selected model. Thus, if the wrong
dsorption model is selected, a wrong adsorption mechanism is
ssumed.

.2.1. Evaluation of the adsorption data by Scatchard plots and
y adsorption energy distribution calculations

The adsorption was first evaluated using Scatchard plots. There-
fter, the adsorption was characterized by calculating the AED. The
ombined use of this two-step evaluation procedure, allowed an
xtensive narrowing down of the number of possible models to be
tted to the adsorption isotherms.

Fig. 4a shows the typical appearance of AEDs, calculated from
ynthetic raw data points of a Langmuir (gray line) and two Tóth
black lines) adsorption isotherms (according to the procedures
escribed in Section 2.3). One of the Tóth models has v = 0.95 (solid

ine) and for the other v = 0.75 (dashed line). In fact, the Langmuir
quation is a Tóth model with v = 1 (cf. Eqs. (2) and (4)). The Lang-
uir model has got a quite narrow AED, since its distribution is a
irac function. The adsorption energy at the apex and the area of the
istribution corresponds to the association equilibrium constant
K) and the monolayer saturation capacity (qs), respectively. The
óth model has got a heterogeneous AED that tails toward lower
nergy. As can be seen from the figure, the smaller the v-value is as
ompared to 1, the greater the degree of heterogeneity. The more
eterogeneous the Tóth adsorption isotherm, the more pronounced

s the tailing; this is illustrated by the larger degree of tailing when

is 0.75 (dashed line) as compared to when v is 0.95 (solid line) in
ig. 4a.

Scatchard plots are a useful tool for reduction of possible adsorp-
ion models that could describe the separation process. Different
1217 (2010) 1916–1925 1921

adsorption isotherm models will result in different Scatchard plots.
A concave Scatchard plot is true for, e.g. Tóth and n-Langmuir,
convex Scatchard plots are true for, e.g. Jovanovic and Fowler
adsorption isotherm models [12], and linear Scatchard plots are
only true for the Langmuir adsorption isotherm model. How-
ever, the smaller the v-values are as compared to 1 in the Tóth
model, the larger the curvature in the Scatchard plot (see Fig. 4b).
Unfortunately, the bi-Langmuir model gives a more or less similar
shaped Scatchard plot as the Tóth model, especially if the difference
between the adsorption energies is small, e.g. phenols adsorption
to ODS columns [16]. So from only Scatchard plots it is often hard
to distinguish between models having different degrees of hetero-
geneity. On the other hand, the AED-plot provides an excellent tool
to distinguish models with different degrees of heterogeneity but
also with different heterogeneous energy distribution [25]. The bi-
Langmuir model would produce a bimodal AED, compared to the
unimodal solution for Tóth, making AED a powerful companion for
model selection. As an example, recently it was found that both the
bi-Langmuir and the Tóth models fitted equally well to adsorption
isotherms acquired for the adsorption of R-1-indanol to cellulose
tribenzoate [27]. Shortly thereafter again the bi-Langmuir model
and the Tóth model were indistinguishable, in this case for phenol
and caffeine on a Kromasil ODS column [28]. However, that was the
time when AED calculations were introduced for HPLC and when
applied for the two cases, a clear distinction could be made between
the two models [28].

The adsorption isotherms and the corresponding Scatchard
plots for the adsorption of (a) GG and (b) GGG, respectively, are
shown in Fig. 5. The data were determined at different eluent con-
tents of acetonitrile: 0% (solid lines), 10% (dashed lines) and 20%
(gray lines). The Scatchard plots (Fig. 5aII and bII) are more or less
linear at 0% acetonitrile but turn increasingly toward concave non-
linearity the larger the fraction acetonitrile in the eluent. In the
case of GGG as solute, the degree of nonlinearity is even more pro-
nounced at increasing acetonitrile content (cf. Fig. 5bII); here even
at 0% acetonitrile there as a slight tendency to nonlinearity close
to 0q. To summarize, the Scatchard plots indicates that a homoge-
nous Langmuir model could describe the adsorption best when the
eluent contains only water (at least for GG) but that a heteroge-
neous adsorption models like Tóth or bi-Langmuir describe the
system best when the eluent contains acetonitrile. However, just
from the Scatchard plot which model should be used cannot be
confidentially stated.

To further reduce the number of possible models the cor-
responding AED-plot of the adsorption of the two peptides GG
(Fig. 6a) and GGG (Fig. 6b) also has to be examined, and a com-
bined analysis of the two tools has to be made. The AED of GG at 0%
acetonitrile in the eluent was found to be unimodal (cf. Fig. 6a black
solid line) and with this information all multimodal models could
be ruled out at 0% acetonitrile for GG, e.g. bi-Langmuir, bi-Tóth
etcetera. The AED of GG at 10% and 20% acetonitrile in the eluent
turns successively more to a heterogeneous AED that tails toward
lower energy, however, interestingly the energy distribution is still
unimodal (cf. Fig. 6a, dashed and gray lines).

The AED of GGG at 0% acetonitrile in the eluent is tailing slightly
toward lower energy (cf. Fig. 6b black solid line) indicating that
a heterogeneous adsorption model like Tóth describes the system
best. This is in contrast to the AED data of GG at 0% acetonitrile
where a homogenous energy interaction was indicated. At increas-
ing content acetonitrile in the eluent, the AED-plot of GGG turn
successively more to a heterogeneous and even bimodal AED (cf.
AED-plot of GGG clearly comprises of two adsorption sites of dif-
ferent energies of interaction and of different capacities; the higher
energy interaction has a smaller capacity, i.e. a smaller area in the
AED-plot (cf. Fig. 6b, gray line).
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ig. 5. (a–b) The series of sub figures show the (I) adsorption isotherms, (II) the corre
t different eluent contents of acetonitrile: 0% (black solid lines), 10% (dashed lines

.2.2. A deeper look at the evaluation tool adsorption energy
istribution (AED) calculations

As shown above, the AED of GG at 20% acetonitrile indicated a
eterogeneous AED that tails strongly toward lower energy. How-
ver, even if the tailing is strong, the energy distribution is still
nimodal (cf. Fig. 6a, gray lines). In Fig. 6 the AED was calculated
sing 200 000 iterations. In Fig. 7 is compared the resulting AED-

lots calculated using 200 000 iterations (gray line) and 10 million

terations (black line), respectively. We can see that when the much
arger number of iterations are used, the strong tailing toward lower
nergy distribution turns into a second adsorption site, so that

ig. 6. (a–b) The AED calculations for (a) GG and (b) GGG. The data were determined at di
0% (gray solid lines). The AED were calculated using 300 grid points and using 200 000 i
ing Scatchard plots for (a) GG and (b) GGG, respectively. The data were determined
0% (gray solid lines). For other experimental conditions see Section 3.

the whole AED-plots turns bimodal (cf. Fig. 7, black line). Inter-
estingly, the lower energy interaction is the one with the smaller
capacity, in contrast to the bimodal case of GGG at 20% acetonitrile
(cf. Fig. 6b, gray line). This result indicates that there are “border-
line” cases when a heterogeneous unimodal interaction showing a
large degree of tailing in reality is a bimodal interaction. Thus, we
have to be careful in interpreting AED data and instead combine

all information in a holistic way. It should be mentioned, however,
that when 10 million iterations were applied for the other experi-
ments in Fig. 6, it did not change the AED-plots in any qualitatively
way.

fferent eluent contents of acetonitrile: 0% (black solid lines), 10% (dashed lines) and
terations. For other experimental conditions see Section 3.
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ig. 7. AED calculations for GG at 20% acetonitrile in the eluent using 300 grid points
nd a number of 200 000 iterations (gray line) and 10 million iterations (black line),
espectively. For other experimental conditions see Section 3.

The result in Fig. 7 triggered us to take a deeper look at the
bility of the AED-tool to resolve interaction sites of close lev-
ls of energy. Heterogeneity around one adsorption can have a
ompletely different physical chemical explanation as compared
o heterogeneity caused by two different adsorption sites. The for-

er situation yields an unimodal energy of interaction and can be
odeled by using the Tóth model and the latter has a bimodal AED

nd can simply be modeled for by using the bi-Langmuir model.

oth cases, gives a more or less concavely curved Scatchard plot.
he more heterogeneous the Tóth adsorption isotherm, the more
ronounced is the forward tailing of the AED which is illustrated
y the larger degree of tailing when v is 0.75 (dashed line) as com-
ared to when v is 0.95 (solid line), as illustrated in Fig. 4a. From the

ig. 8. The series of subplot showing the AED calculations for synthetic different bi-Langm
ith different amount of iterations (I) 200 000 and (II) 10 million. The constant high ene

o ln K = 6. The low energy sites equilibrium constant varies between 33.1 and 244.7 L/g c
.005 g/L and (b) 0.02 g/L. The AEDs were calculated using 300 grid points.
1217 (2010) 1916–1925 1923

series of adsorption isotherms and corresponding Scatchard and
AED-plots in Figs. 5 and 6, it is obvious that the adsorption turns
from more homogenous to heterogeneous as the acetonitrile con-
centration in the eluent is increasing. We can see that heterogeneity
around one site (described by the Tóth model) in this case, is an
intermediate step before the heterogeneity evolves into different
sites. We can also see that if the numbers of iterations are not suf-
ficient, heterogeneity because of two sites can falsely be assumed
to be heterogeneity around one site.

To understand this phenomenon, a synthetic study was under-
taken; a series of AED calculations were made, with different
number of iterations, on data from synthetic real bi-Langmuir
adsorption isotherms showing different degrees of heterogeneity.
The resulting AED-plots are shown in Fig. 8. In this case, there
are two sites, one large capacity and main site with also a large
energy of interaction; the monolayer capacity, qs, is 0.05 g/L and
the equilibrium constant, expressed as ln K, is 6. But there is also
a second site, with more or less lower energy of interaction and
with lower monolayer capacity. The calculations show how the
AED-plots appear as the second lower energy site, has an energy
of interaction going from ln K = 5.5 to ln K = 3.5. Fig. 8aI shows the
AED-plots when the monolayer capacity of the low energy site is 10
times smaller than that of the first site and in Fig. 8bI it is only 2.5
times smaller; in both cases the number of iterations are 200 000.
In the first case, i.e. low energy site has a 10 times lower capac-
ity, it is only possible to recognize a site with a much lower energy
of interaction (ln K = 3.5 in Fig. 8aI) as compared to a high energy
site. When the low energy site has a somewhat larger capacity, in
this case only 2.5 times smaller capacity, a low energy site some-
what closer to the high energy site can be visualized (cf. ln K = 4 in

Fig. 8aI); However, a difference of 2� ln units is still required. Even
in this case a low energy site of ln K = 5 cannot be resolved from the
reference site (ln K = 6), instead the AED tails toward lower energy
indicating (falsely) heterogeneity around one site (gray dotted line
in Fig. 8bI). The right figures (Fig. 8aII and 8bII) show what happens

uir adsorption isotherms with different levels of low energy sites (a) and (b) solved
rgy site has qs of 0.05 g/L and an equilibrium constant of 403.4 L/g corresponding
orresponding to ln K between 3.5 and 5.5. The capacity for the low energy site: (a)
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Table 3
Adsorption data fitted to bi-Langmuir and Tóth adsorption isotherm model.

Solute % acetonitrile a1 K1 (1/M) a2 K2 (1/M) v qs1 (mM) qs2 (mM)

GG 0 10.89 1228 NA NA 1.00 8.87 NA
GG 10 16.24 1879 NA NA 0.85 8.64 NA
GG 20 3.92 1307 20.20 4472 NA 3.00 4.52
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GGG 0 14.38 1501
GGG 10 4.90 885.9
GGG 20 7.10 1579

o the AED-plots when the numbers of iterations are increased to 10
illion; the unimodal interaction turns to a bimodal pattern (site

ray dotted lines in Fig. 8bI and 8bII). However, even with 10 mil-
ion iterations, it is not possible to reveal a bimodal pattern through
ED calculations when the low energy site has a closer energy of

nteraction (ln K = 5.5) relative the reference site (ln K = 6).
A similar pattern was found when the second site had energy of

nteraction that is stronger than the reference site, i.e. in this case
n K was going from 6.5 to 8.5 (unpublished results).

.2.3. Fitting of proper models describing the adsorption process
The AED calculations of the adsorption of GG at 0% acetonitrile

n the eluent (cf. Fig. 6a) indicates that a Langmuir model should
t well to the adsorption isotherm at 0% acetonitrile which is also

ndicated by the more or less linear Scatchard plot (cf. Fig. 5aII). The
catchard plots of GG at increasing acetonitrile in the eluent indi-
ate heterogeneity; The AED-plots complement this picture and
dds the information that at 10% acetonitrile the heterogeneity is
nimodal and at 20% acetonitrile bimodal.

Consequently, and as can be seen from Table 3 presenting the
est adsorption models and their parameters, the Langmuir model
as best for GG at 0% acetonitrile in the eluent. For GG at 10% ace-

onitrile in the eluent, the Tóth model was found to be significantly
etter (95%, F-test) than Langmuir with v the parameter at 0.85

ndicating a certain degree of tailing (cf. Table 3). In the case of
0% acetonitrile in the eluent, the bi-Langmuir model was best (cf.
able 3) as indicated by the AED-plot. As mentioned above, the AED
alculation with the larger number of iterations for GG at 20% ace-
onitrile showed a bimodal energy of interaction, typical for the
i-Langmuir model, see the black line in Fig. 7.

In the case of GGG, all Scatchard plots show a deviation from
inearity and the AED-plots confirms the heterogeneity but specify
lso that it revolves around one site at 0% acetonitrile in the eluent
nd comprises of two sites at 10 and 20% acetonitrile in the eluent.
hus, the raw adsorption data of GGG at 0% acetonitrile in the elu-
nt were fitted to both the Langmuir and the Tóth models. The Tóth
odel was found to be significantly better (95%, F-test) than Lang-
uir with a value of 0.96 for the v parameter indicating a very slight

egree of tailing (see Table 3). This is in agreement with the barely
bservable degree of nonlinearity of the corresponding Scatchard
lot. In the case of 10% and 20% acetonitrile in the eluent, the bi-
angmuir model best described the adsorption of GGG (cf. Table 3)
s indicated by the corresponding AED-plots (cf. Fig. 6b).

The compositions of the fitted parameters presented in Table 3
escribe perfectly the corresponding parameters that can be
erived from the AED-plots. Note also that, the AED of the bimodal

nteraction of GG at 20% acetonitrile shows that the site with the
arger energy of interaction (site 2, at right in the AED in Fig. 7 black
ine) has a higher capacity than the site with the lower energy of

nteraction (site 1, at the left in the AED in Fig. 7) while the opposite
s the case for GGG at the same acetonitrile content (cf. Fig. 6b). The
ame pattern can be read in Table 3 at 20% acetonitrile in the eluent;
or GG qs1 = 3.00 and qs2 = 4.52 mM while for GGG qs1 = 4.50 mM and
s2 = 2.03 mM.
NA 0.96 9.58 NA
9 4375 NA 5.53 3.36
5 10644 NA 4.50 2.03

It was recently found that an error in the hold-up volume can
result in the assumption of wrong adsorption mechanisms [23,29].
A complete synthetic investigation of this phenomenon was made,
showing that for a true Langmuir an underestimated hold-up
time could lead to a more heterogeneous model such as Tóth or
bi-Langmuir. For overestimated hold-up times a true Langmuir
model fits better to models describing multi-layer adsorption or
solute–solute interactions such as Jovanovic and Moreau [29]. But
in our case, we can confidently state that we have a slightly overesti-
mated hold-up time; since the hold-up marker has a slightly higher
retention volume than the solutes at high urea concentrations (see
Table 2). Thus, a wrong assumption about the Tóth model because
of an error in the hold-up volume can be completely eliminated.

4.3. Putative separation mechanism

As demonstrated above, there are clear indications that the
adsorption is due both to hydrogen bonding and to electrostatic
interactions. According to the manufacture, the amount of neg-
atively charged groups (sulphate and carboxyl) in Superose 12
10/300 GL is within the range 1–2 �mol/mL gel [30]. This amount
corresponds to monolayer saturation capacity (qs) values between
8 and 16 mM which are in a similar magnitude as the determined
saturation capacity (cf. Table 3). This requires that there is a 1:1
stoichiometry at the adsorption site, which is a good assumption
due to the fact that GG and GGG have similar monolayer saturation
capacities (cf. Table 3). To further investigate if the interaction can
be charged, pH was measured in the samples for GG and GGG at
concentrations between 0 and 5 g/L solved in Milli-Q water and in
eluent (9/1 water/acetonitrile solution (v/v)), respectively. The pH
of GG and GGG varied between 4.7 and 5.3 in the water solutions
and between 5.0 and 5.2 in the eluent solutions. The isoelectric
point (pI) was identical for GG and GGG and was calculated to 5.52
[31] which clearly indicates that both the amine and the carboxyl
groups are charged.

Thus, many facts argue towards electrostatic interactions: (i)
the peptides are charged (ii) a higher acetonitrile content in the
eluent results in larger peptide retentions as demonstrated in Fig. 1
(iii) sodium chloride added to the eluent decreases efficiency the
peptide retentions. In addition (iv), the capacity terms estimated
from the adsorption study are of similar magnitude as compared
to the manufacturers information about number of charged groups
on the gel. These facts and especially the last one (point iv) strongly
indicate that electrostatic interactions provides a major mechanism
behind the peptide adsorption.

On the other hand, hydrogen bond formations cannot be ruled
out. Point (ii) above, that the retention of the peptides decrease
with increasing acetonitrile content in the eluent, can also be
equally well interpreted as caused by hydrogen bond formations.
In addition, the endothermic adsorption behaviors revealed in the

temperature study, strengthen the hypothesis of polar interactions,
by hydrogen bonding. Thus, the explanation of the larger retention
factor at increased acetonitrile content in the eluent (cf. Fig. 1) is the
same as the reason for the larger retention factor at a higher col-
umn temperature; in both cases the dielectric constant is decreased
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26]. Thus, in both cases, the conditions for increased hydrogen
onding are improved. In addition, the effects of adding urea (cf.
able 2) points in the same direction. In fact, the urea result contra-
icts the electrostatic explanation because urea should not affect
lectrostatic interactions. Moreover, the fact that GGG is consis-
ently more retained than GG (cf. Fig. 2) cannot be explained by
lectrostatic interactions since GG and GGG are more or less iden-
ically charged. On the other hand, GGG has a further possibility for
ydrogen formations through the extra amid group in the peptide
ond link, which can explain its larger retention volume as based
n hydrogen formation.

. Conclusion

There is today an increased interest in the use of polar sta-
ionary phases combined with partly aqueous eluents for the
eparation and analysis of polar low molecular weight solutes, e.g.
eptides. In this paper the highly cross-linked 12% agarose gel
uperose 12 10/300 GL gel is introduced as an alternative media
or hydrophilic interaction chromatography using simple peptides
s model solutes. The focus of the study is on the adsorption mech-
nism. A previous investigation using polyphenols as solutes on the
ame gel, revealed that the retention could be explained by a mixed
hydrophobic and – hydrogen bond formation mode [4].

Firstly, an analytical study was made, aimed at determining the
elation between the retention of the model peptides (GG and GGG)
nd the acetonitrile content. The retention time increased with
ncreasing acetonitrile content in the eluent, demonstrating that
olar binding prevails in this phase system. Further studies were
ade with urea and sodium chloride added to the eluent. At 2 M

rea added to the eluent, GG and GGG eluted at a combined elu-
ion volume below the determined hold-up volume. Urea added
o the eluent should not affect electrostatic interactions; there-
ore it was concluded that hydrogen bond formation contributes
o the retention. On the other hand, both peptides were eluted
fter one void volume at low concentrations of sodium chloride,
ndicating that electrostatic interactions play a major role for the
eptide retention as well. This is also in line with the fact that the
eptides are zwitterions at the actual eluent pH. A temperature

nvestigation of analytical retention data showed that both GG and
GG were adsorbed through an endothermic behavior with posi-

ive enthalpies and entropies of adsorption. The values of �H and
S were estimated to 3.08 kJ mol−1 and 17.2 J mol−1 K−1, respec-

ively, for GG and 3.09 kJ mol−1 and 19.4 J mol−1 K−1 for GGG, from
he slope respective the intercept of the linear fits. The similar �H
alues make it impossible to use the temperature to change the
electivity. The larger entropy factor for GGG as compared to GG is
robably because GGG occupies a larger fraction of the surface mak-

ng the degree of displacement of ordered water molecules larger
32].

Secondly, adsorption isotherms for GG and GGG were deter-
ined at different acetonitrile content in the mobile phase, going

rom 0% to 20%, using the elution by characteristic point method

ombined with a new evaluation approach, the calculation of the
ED. By calculating the AED of the interaction, we could narrow
own the possible number of adsorption isotherm models, prior to
he selection of a proper interaction model to fit to the data. The
ools Scatchard plots and AED as well as the fitting of proper models

[

[
[
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describing the adsorption processes, all showed that the unimodal
homogenous (Langmuir) or mildly heterogonous interaction (Tóth
model) turns into more pronounced heterogeneous interactions
comprising of two different interaction sites (bi-Langmuir) when
going from 0% to 20% acetonitrile content in the eluent.

Thus, the nonlinear adsorption study confirmed the heterogene-
ity; the larger the content of acetonitrile, the larger the degree of
heterogeneity. Thus, a second polar (or perhaps electrostatic) site
is evolved as the eluent becomes more and more non-polar; a more
non-polar eluent enhances the formation of polar interactions. In
this particular case, all analytical runs were made using 10% ace-
tonitrile in the eluent, a situation where a second polar site has
just started to be involved as well. Thus we have a mild mixed-
mode interaction, where one of the sites is due to hydrogen bond
formation and the other probably due to electrostatic interactions.
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