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ABSTRACT

This study focused on the analysis of adsorption equilibria of phenol and caffeine using two chromatographic col-
umns employed in hydrophilic interaction liquid chromatography (HILIC): Hypersil GOLD HILIC and Shodex
SILICA 5NH 4D. The aim of the study was to determine the energetic properties of the surfaces of the tested adsor-
bents depending on the composition of the mobile phase and in systems with two chemically different analytes.
Adsorption isotherms were determined experimentally in systems with mobile phases of varying proportions of
acetonitrile and methanol. The obtained equilibrium data were first analyzed using Scatchard plots, and in the in
the subsequent step, the adsorption energy distribution was determined using the EM (expectation—maximization)
method. In both columns, low-energy adsorption sites play a dominant role. However, under specific chromato-
graphic conditions, the involvement of high-energy adsorption sites is also observed, indicating the heterogeneous
nature of the stationary phase surfaces. The results enabled the selection of the most appropriate adsorption iso-
therm model and confirm that its proper choice is crucial for the correct interpretation of adsorption equilibrium
data in HILIC systems. At the same time, they highlight the importance of accounting for surface heterogeneity in
the development and optimization of chromatographic methods.

Keywords: adsorption energy distribution, adsorption isotherm, frontal analysis, HILIC, isotherm model, liquid
chromatography, stationary phase.

INTRODUCTION

The retention mechanism in liquid chroma-
tography is not yet fully understood and remains
the subject of investigation by many research
groups. This highlights the need for further stud-
ies, particularly in the case of HILIC chromatog-
raphy, where the available scientific literature
provides limited information on the influence of
the surface energy state on the adsorption/reten-
tion mechanism. From this perspective, the pres-
ent work aimed to bridge this gap, which consti-
tutes both the novelty and the main objective of
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this study. In liquid chromatography, analytes can
interact with the stationary phase through various
mechanisms, which are characterized by different
interaction energies. In addition, the surface of
the stationary phase may exhibit energetic hetero-
geneity, resulting in different binding affinities of
analyte molecules depending on the type of avail-
able interaction sites [1,2]. This heterogeneity
arises from multiple factors, such as the chemi-
cal heterogeneity of the surface, the presence of
functional groups with varying physicochemical
properties and polarity, and the degree of surface
modification. For silica-based phases, silanol
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groups play a particularly important role, as they
can participate in strong interactions, especially
with polar and ionic analytes. In addition, surface
heterogeneity is influenced by the porous struc-
ture of the adsorbent and the presence of trace
metallic impurities (e.g., Fe, Ni), which modify
the local energetic properties of the surface [3—5].
Energetic heterogeneity of the stationary phase
surface significantly affects chromatographic
separation. The molecules that are more strongly
bound to high-energy adsorption sites undergo
slower desorption, leading to peak asymmetry
in chromatography, most commonly observed as
peak tailing. This results in reduced column effi-
ciency and poorer chromatographic resolution.
Another consequence of surface heterogeneity
is a decrease in the effective adsorption capac-
ity, since the highest-energy sites are occupied
first, which may reduce method sensitivity, par-
ticularly in trace analysis [2,6-8]. Analysis of the
adsorption energy distribution (AED) provides a
useful approach to describing the adsorption pro-
cess, as it enables the determination of the num-
ber of available active sites and the characteristic
adsorption energies associated with them [2,7,9—
11]. AED provides detailed information on the
energy distribution of adsorption sites, allowing
for the characterization of adsorption heteroge-
neity. The total amount of adsorbed substance
is determined by integrating the contributions of
all adsorption sites over a specified energy range
le, . €,,], where ¢ and ¢ = denote the maxi-
mum and minimum adsorption energy, respec-
tively (Equation 1) [2,7].

Emax

4(C) = f f&)-0(Cede ()

where: g(C) is the experimentally determined
adsorption isotherm, f(¢) is the distri-
bution of adsorption energies, ¢ is the
adsorption energy (i.e., the binding energy
of the adsorbate to a specific active site),
and 6(C, ¢) represents the local adsorption
model describing sites with adsorption
energy ¢ [2,7].

Several numerical methods are used for the
analysis of the adsorption energy distribution.
In chromatographic data analysis, the expecta-
tion—maximization (EM) algorithm (Equation
2) is frequently employed, which allows for the

determination of adsorption equilibrium constant
distributions without assuming a specific energy
distribution model. The algorithm operates itera-
tively by alternately performing the expectation
(E) and maximization (M) steps until conver-
gence is achieved [2,7,11-14].

p
CIcalc(Cj) = Z fnkK;)- G(Cj, Ki)Aln K(2)
i=1

where: qwlc(C/_) is the calculated amount of
adsorbed substance for the j-th point of
the isotherm, f{In K)) denotes the value
of the distribution function of adsorption
equilibrium constants at the point cor-
responding to K, and G(Cj, K) represents
the local degree of coverage of adsorption
sites with energy corresponding to K, at
the analyte concentration C/..

The /n K domain is divided into a uniform grid
consisting of p points, and the distance between
adjacent grid points is equal to Aln K. In this study,
the adsorption energy scale is expressed in terms
of In K, which is proportional to the change in the
Gibbs free energy of adsorption [2,7,11-14].

The energetic heterogeneity of the station-
ary phase surface is particularly important in
hydrophilic interaction liquid chromatography
(HILIC), used for the separation of highly polar
compounds. In HILIC systems, the retention
mechanism is complex and involves the simul-
taneous contribution of adsorption, partitioning
between phases, electrostatic interactions, and
hydrogen bonding [15-17]. An additional factor
influencing the adsorption process is the presence
of a thin layer of water adsorbed on the surface
of the polar stationary phase, the properties of
which depend on the composition of the mobile
phase [18]. Due to the chemical and energetic
heterogeneity of stationary phase surfaces used
in HILIC systems, classical adsorption models
assuming surface homogeneity, such as the Lang-
muir isotherm, do not always accurately describe
the adsorption process. In such cases, analysis
of the adsorption energy distribution (AED) is
particularly useful, as it enables the quantitative
characterization of adsorption sites with varying
energies [19-21]. Therefore, in the present study,
AEDs were determined to assess the degree of
energetic heterogeneity of HILIC stationary phase
surfaces, and the accuracy of selected adsorption
isotherm models was subsequently compared: the
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Langmuir model (Equation 3) for energetically
homogeneous adsorbent surfaces, as well as the
Toth (Equation 4) and bi-Langmuir (Equation 5)
models for energetically heterogeneous adsorbent
surfaces. The mathematical forms of these mod-
els are given below and a detailed description is
available in the literature [19-22].

_ qsKC
10 = Tz ©)
qsKC
C) = 4)
q(C) (1+(KC)V)1/V
_ gs1K4C q52K>C 5
1O0=Trxectir ke O

where: ¢(C) is the equilibrium analyte concentra-
tion in the stationary phase (g/L_,), C is
the analyte concentration in the mobile
phase (g/L), ¢, is the maximum adsorp-
tion capacity (g/L ), K is the adsorption
equilibrium constant (L/g), ¢, and g, are
the saturation capacities of adsorption
sites (g/L ), K, and K, are the adsorption
equilibrium constants corresponding to
two types of adsorption sites (L/g) and v
is the heterogeneity parameter in the Toth
isotherm [19-22].

Such an approach enables not only the fitting
of adsorption models to experimental data, but
also the interpretation of the retention mechanism
and the evaluation of the influence of the ener-
getic characteristics of the stationary phase sur-
face on the quality and efficiency of separation in
HILIC systems.

MATERIALS AND METHODS

Materials

Phenol (PH) and caffeine (CAF), obtained
from Merck, were selected as model compounds
due to their different chemical properties, which
enable a broad evaluation of the chromatographic
system, particularly the stationary and mobile
phases. Phenol, as a compound of moderate polar-
ity, is suitable for studying interactions between
the mobile and stationary phases, particularly
under conditions where both hydrophobic and
polar interactions play a significant role. Caffeine,
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which is more polar than phenol, enables the
investigation of the behavior of the chromato-
graphic system toward compounds that interact
more strongly with the eluent [14]. The use of two
analytes with different physicochemical prop-
erties enables the evaluation of the influence of
their characteristics on the adsorption process, as
well as the manner in which the heterogeneity of
the stationary phase surface manifests itself in the
investigated chromatographic systems, thereby
allowing for a better understanding of the adsorp-
tion mechanism and its dependence on chromato-
graphic conditions. Methanol (MeOH) and ace-
tonitrile (ACN), obtained from Merck, were used
for the preparation of the mobile phases. Distilled,
deionized, and demineralized water was obtained
using a SolPure78Z deionizer (ELKAR). The sol-
vent mixtures were degassed immediately after
preparation using an ultrasonic bath (ULTRON)
for 5 minutes. The studies were carried out using
MeOH-water and ACN—water systems, with the
volumetric fraction of the organic component set
at 70% and 95% (v/v) in both systems.

Columns and instrumentations

Two chromatographic columns were used in
the study, and their characteristics of which are
shown in Table 1. It should be noted that both
columns can be used in reversed-phase (RP), nor-
mal-phase (NP), and HILIC systems. Chromato-
graphic analysis was carried out using a LaChrom
system from Merck—Hitachi, equipped with an
L-7100 pump, an L-7360 column thermostat, an
L-7455 UV detector, an L-7612 degasser, and a
D-7000 interface.

Methodology of study

Adsorption equilibrium — frontal analysis

The adsorption isotherms were determined
using the well-established frontal analysis meth-
od. A detailed description of this method can be
found in the literature, e.g., [21-25].

The concentrations of the test solutions were
as follows: for PH: 1; 6; 10; 20; 30; 40; 50; 60; 70;
80; 90; 100; and 120 g/L, whereas for CAF: 0.1;
0.5; 0.8; 1; 2; 3.5; 5; 6.75; 8.25; 10.5; 12; 13.5;
and 15 g/L. The measurements were performed
at 20 °C and with a mobile phase flow rate of 1
mL/min. Before starting each series of experi-
ments, each column was stabilized by flushing it
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Table 1. Chromatographic column parameters

Chromatographic column name Hypersil GOLD HILIC Shodex SILICA 5NH 4D
Diameter (metric) (mm) 4.6 4.6
Length (metric) (mm) 150 150
Max. pressure (bar) 400 200
Particle size (um) 5 5
Pore size (A) 175 100
Stationary phase Polar silica Aminopropyl
with the mobile phase in an amount correspond- tests, ¥, , was calculated according to the fol-
ing to twenty column volumes (as recommended  lowing relatlonshlp (Equation 6) [26]:
by the manufacturer). Detection was performed at
wavelengths of 250 nm for CAF and 270 nm for Fuy oy = Fy, 6)
PH. The sample volume injected into the column vl FM].

was 5 mL. The measurements were repeated three
times, and good repeatability of the results was
achieved (the differences were statistically insig-
nificant). Based on the obtained breakthrough
curves for individual concentrations, experimen-
tal adsorption isotherms were determined using
calibration curves describing the relationship
between detector signal and concentration. Sub-
sequently, to determine the adsorption energy
distribution (AED), a computational program
developed by Stanley et al. [2], based on the EM
algorithm, was used. The input data for the cal-
culations included the experimental adsorption
isotherm, the minimum and maximum values of
the adsorption equilibrium constant determined
from the extreme analyte concentrations obtained
in frontal analysis, and the number of points (p) in
the energy grid. Based on the obtained isotherms,
adsorption energy distributions, and Scatchard
plots, a preliminary selection of the isotherm
model was performed. Subsequently, using Orig-
inPro 8.5.1, the model parameters were estimated
by minimizing the sum of squared differences
between experimental and theoretical values,
employing the Levenberg—Marquardt algorithm.
The following models were compared: Langmuir
(denoted as M), Toth (denoted as M,), and bi-
Langmuir (denoted as M,) isotherms. The adequa-
cy of model fitting was evaluated using Fisher’s
test (F), which served as a statistical criterion for
assessing the quality of the fit to the experimental
data, as well as by means of the sum of squared
residuals (RSS) and the standard deviation (SD).
The analyzed adsorption isotherm models were
also compared based on the ratio of Fisher test
values for pairs of models. For two adsorption
isotherm models M, and M]_, the ratio of the Fisher

where: F, . are the ratio of the Fisher’s test val-
ues for models M, and MA and F, and
F,, are the values of the Flsher test for

models M and M, respectively.

The use of the ratio of Fisher test values
enables direct comparison of the goodness-of-fit
of different models while simultaneously taking
into account the number of estimated parameters,
which is particularly important when analyzing
models of varying complexity.

Considering the significance level o model
M, will describe the experimental data better than
model M, (i.e., it will be statistically superior) if
the following relationship (Equation 7) is satis-
fied (i.e., is statistically true):

Fuom; 2 Fy—i,N-1j « (7
where: N is the number of experimental data
points, / and / are the numbers of parame-
ters estimated during the fitting procedure
for models M, and M, respectively, a is
the 51gn1ﬁcance level and F~l, N- Z o is
the values obtained from statlstlcal tables
for the given a. The assumed significance
level (risk) was set at o = 0.05 [26].

In the analysis, the number of experimen-
tal data points N and the number of parameters
estimated for the individual models / and lj were
taken into account, which allowed the determina-
tion of the appropriate degrees of freedom for the
Fisher test. The degrees of freedom are directly
derived from the relationship N—/, enabling the
proper evaluation of critical values and the cor-
rect interpretation of the statistical significance of
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the obtained results. In this approach, the degrees
of freedom of the Fisher test are directly deter-
mined by the number of experimental data points
and the number of estimated parameters, which
allows for the proper evaluation of the statistical
significance of differences between the compared
models. It should be noted that although crite-
ria such as AIC and BIC are commonly used for
model comparison, the approach based on the
ratio of Fisher test values allows one to assess
whether one model provides a significantly better
description of the data than another, or whether
the observed differences are minor and may result
from random variability in the experimental
data. Thus, this approach not only identifies the
best-fitting model, but also enables evaluation of
whether its advantage over other models is pro-
nounced and statistically justified [26-27].

RESULTS AND DISCUSSION

Adsorption equilibrium analysis

For the Hypersil GOLD HILIC column, the
analysis of adsorption isotherms and Scatchard
plots is presented in Figure 1 (for PH) and Fig-
ure 3 (for CAF), while the AEDs are shown in
Figure 2 (for PH), and Figure 4 (for CAF). The
adsorption energy distributions were expressed as
adsorption capacity contributions g, as a function
of /n K. The Scatchard plots are linear for most
systems, except for PH in 95% (v/v) ACN and
CAF in 70% (v/v) ACN, where nonlinear behav-
ior is observed, indicating energetic heterogeneity
of the stationary phase surface. The AED analysis
revealed at least two energetic adsorption sites:
a dominant low-energy site and a smaller high-
energy site associated with specific interactions,
such as hydrogen bonding or donor—acceptor
interactions. The presence of these high-energy
adsorption sites can be related to the interactions
between silanol groups present on the surface of
the stationary phase and analyte molecules. Silan-
ol groups can participate in hydrogen bonding as
well as electrostatic interactions, leading to the
formation of sites with increased adsorption ener-
gy. The differences between PH and CAF arise
from their physicochemical properties. Caffeine,
being more polar and richer in hydrogen-bond
acceptor sites, interacts more strongly with high-
energy sites, as evidenced by a distinct peak at
higher values of /n K. Phenol mainly adsorbs on
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Figure 1. Experimentally determined:
a) adsorption isotherms and b) Scatchard plots for PH
in a Hypersil GOLD HILIC chromatographic column
in different eluent compositions

low-energy sites. For CAF, the highest sorption
capacity is observed in 95% (v/v) ACN, while the
lowest occurs in 95% (v/v) MeOH, due to strong
solvation in methanol rich mobile phases. Phenol
shows greater sensitivity to mobile phase com-
position, with the highest sorption in 70% (v/v)
MeOH and the lowest in 95% (v/v) ACN.

For the Shodex SILICA 5NH 4D column,
adsorption studies of PH in 95% (v/v) ACN and
70% (v/v) MeOH showed a nonlinear Scatchard
plot (Figure 5), indicating energetic heterogene-
ity of the stationary phase surface. This observa-
tion was confirmed by the AED analysis (Figure
6), which revealed an additional active site and
a more complex retention mechanism than in
the homogeneous model. Under the other condi-
tions, i.e., 70% (v/v) ACN and 95% (v/v) MeOH,
the Scatchard relationship (Figure 5) was linear,
indicating surface homogeneity and the presence
of a single adsorption site. The highest sorption
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Figure 2. Adsorption energy distribution in a Hypersil GOLD HILIC column for PH
in different eluent compositions: a) 70% (v/v) ACN, b) 95% (v/v) ACN, c) 70% (v/v) MeOH,
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Figure 3. Experimentally determined:
a) adsorption isotherms and
b) Scatchard plots for CAF in a
Hypersil GOLD HILIC chromatographic column
in different eluent compositions

capacity of PH was observed in 95% (v/v) ACN,
whereas the lowest was found in 70% (v/v) ACN.
For CAF in systems containing 70% (v/v) ACN
and 95% (v/v) ACN, a nonlinear Scatchard rela-
tionship (Figure 7) was observed, indicating the
surface heterogeneity of the stationary phase.
This was confirmed by AED analysis (Figure
8), which suggested the presence of more than
one type of active site responsible for different
interactions between CAF and the surface. In the
case of CAF, which contains multiple functional
groups capable of accepting hydrogen bonds, the
interactions with aminopropyl groups may be
stronger, promoting the formation of higher-ener-
gy adsorption sites and a more pronounced mani-
festation of surface heterogeneity. In the systems
containing 70% (v/v) and 95% (v/v) MeOH, the
Scatchard relationship (Figure 7) was linear, indi-
cating surface homogeneity and a single type of
adsorption site for CAF. The observed differences
result from the influence of eluent composition on
CAF solvation and the exposure of aminopropyl
groups on the surface. In acetonitrile-containing
systems, solvation of the polar part of the ana-
lyte is weakened, which enhances the interac-
tions between CAF and the adsorbent and may
reveal or activate higher energy binding sites.
Under such conditions, reduced competition from
solvent molecules favors direct analyte surface
interactions, including hydrogen bonding and
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Figure 5. Experimentally determined:

a) adsorption isotherms and b) Scatchard plots
for PH in a Shodex SILICA 5NH 4D
chromatographic column in different
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eluent compositions

donor—acceptor interactions. In methanol-based
systems, solvation is stronger, making interac-
tions with energetically heterogeneous adsorption
sites less accessible. Methanol, as a protic solvent,
may also compete with the analyte for active sites
through hydrogen bonding with aminopropyl
groups, leading to more homogeneous adsorp-
tion behavior. The highest sorption capacity of
CAF was observed in 95% (v/v) ACN, whereas
the lowest was found in 70% (v/v) ACN, where
stronger solvation limits the number of accessible
active sites.

Comparison of the accuracy of adsorption
isotherm models

Experimentally obtained adsorption iso-
therms, together with Scatchard plots (Figures
1, 3, 5, 7) and the derived AEDs (Figures 2, 4,
6, 8), provide direct information for selecting
an appropriate adsorption isotherm model. The
selection of a suitable isotherm model is crucial
for optimizing the separation process, which is
typically performed numerically using models of
column sorption dynamics. The observed nonlin-
earity of Scatchard plots and the presence of at
least two distinct active sites in AED indicate that
simple homogeneous models (e.g., the Langmuir
isotherm) may not adequately describe the data.
In practice, this implies that, when comparing
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Figure 7. Experimentally determined: a) adsorption
isotherms and b) Scatchard plots for CAF in a Shodex
SILICA 5NH 4D chromatographic column
in different eluent compositions

adsorption isotherm models, heterogeneous mod-
els (e.g., the bi-Langmuir isotherm) or general-
ized isotherms such as the T6th model should be
considered, as they account for the energetic het-
erogeneity of the stationary phase.

For the Hypersil GOLD HILIC column, the
PH data in the 70% (v/v) ACN system as well as
in the 70% and 95% (v/v) MeOH systems indi-
cate surface homogeneity of the stationary phase,
which justifies the application of the Langmuir
model. The estimated parameters, q_and K (Table
2) fall within the expected range, and the values
of the parameter, v, in the Téth model are close
to 1, indicating the absence of significant surface
heterogeneity. This is confirmed by statistical
analysis (Table 3), which shows that the Lang-
muir model has lower RSS and SD values as well
as higher F-test values than the other models.
Different behavior is observed in the 95% (v/v)
ACN system, for which energetic heterogeneity
of the surface is observed. This is evidenced by
a significant decrease in the value of the Téth
model parameter v (= 0.856) and a poorer fit of
the Langmuir model (higher RSS and SD values,
and a lower F-test value). In this case, a better fit
was obtained for heterogeneous models. A com-
parison of the models with the help of the ratio of
F-test values (Table 4) showed that, for the 95%
(v/v) ACN system, the Toth model describes the
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Figure 8. Adsorption energy distribution in a Shodex SILICA 5NH 4D column for CAF in different

eluent compositions: a) 70% (v/v) ACN, b) 95% (v/v) ACN, ¢) 70% (v/v) MeOH, d) 95% (v/v) MeOH

Table 2. Estimated values of the adsorption isotherm model parameters along with confidence intervals for the
Hypersil GOLD HILIC column

ACN/MeOH Langmuir isotherm (M,) Téth isotherm (M,)
content in
the eluent K(L/g) a,(gL,,) K (L/g) q, (9L,q,) v
% (vIv)
ACN 70 | 8.49%x107*+2.88x107° | 351.28 + 1.11x107% | 8.51x107* + 1.4x107% | 350.18 + 0.587 | 1.001 £ 5.96x107*
o 95| 1.91x107% £ 3.03x107° 298.72 +4.09 1.36x107% £ 1.42x107°%| 427.173 £4.72 0.856 + 0.0038
MeOH 70 | 8.49%107*+2.88x107° | 822.81 +2.6x107® | 8.51x107* + 1.5%x107% | 819.99+1.49 | 1.001 £ 6.47x107*
95| 8.53x107*+4.79%x107° | 662.1 £ 3.46x107% | 8.55x107* £1.14x107¢ | 660.46 + 0.897 |[1.0008 + 4.83x107*
ACN 70 | 7.69x107°%+4.3x10™ 50 +2.55 6.4x107% £ 1.33x10™ | 59.64 + 1.27 0.97 +7.3x107°
95| 6.75%x1072 £ 3.31x107 | 84.46 + 3.84x10™ | 1.86%x1072+6.4x107° 30 £ 10.56 1.001 + 3.3x107"
CAF MeOH 70 | 6.75%x107* + 3.32x107® | 58.96 + 2.68x10™* | 1.31x1072 + 3.4x107° 30 £ 8.05 1.002 + 1.7x107"
95 | 6.87x107°+ 1.08x1077 | 59.13 £ 8.54x10™* | 1.33x1072+ 3.5x107° | 29.98 + 8.06 1.002 £ 1.7x107"
ACN/MeOH bi-Langmuir isotherm (M,)
content in
e ?'ij)”t K, (L/g) Ug: (/L) K,(L/g) Usol0/L )
ACN 70 | 8.49x107*+ 3.55%10° 351.28 + 1.34x10°3 7.19 £ 1.26x10°° 3.59x10%+ 2.64x10°
95 4.46x103+ 3.22x10°3 55.24 £ 108.35 7.15x10%+ 1.26%x10°3 462 + 389.76
PH MeOH 70 5.46x10%+ 1.72x10" 760 + 5.01x104 2.15x103%+ 3.2x10"" 140.01 £ 6.9x10*
95 6.7x10%+ 0.102x10™" 300 + 1.4x10° 1.8x10°+ 0.66 214 + 3x10°
ACN 70 8.8x103+ 6.33%x1072 28.08 £ 795.23 3.27x10°%+ 0.104 40.32 £ 326.78
CAF 95 9.69x103%+ 6.5x10™ 30 £2.11x10™ 9.83x103%+ 8.45x10" 30+ 1.11x10™
70 2.24x107%+ 8.96 30 £ 5.4x10* 1.14x102+ 2.21 30 £1.8x10*
MeOH 95 4.68x10°+1.018 55+ 1.43x10° 1.7x1072+2.24 9.27 + 4.1x10°
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Table 3. Statistical analysis: RSS, SD, and Fisher test values for adsorption isotherm models for the

Hypersil GOLD HILIC column

ACN/MeCOH content in Langmuir isotherm (M)
the eluent
% (VIV) RSS SD F
70 9.62 x 10" 2.31x10° 6.42 x 10"
ACN
PH 95 0.026 3.8x 1072 7.43 x 10°
70 5.28 x 10710 5.41x10° 6.41 x 10"
MeOH
95 9.55 x 1070 7.28 x 10 2.33 x 10"
70 1.1x10°3 7.59 x 103 1.75 x 108
ACN
CAF 95 1.52 x 10" 8.95 x 107 2.82 x 10"
70 7.42 x 1072 6.25 x 107 2.82 x 10"
MeOH
95 8.02 x 10 2.05x 10 2.71 x 10"
Toth isotherm (M,)
70 1.14 x 10~ 8.2x10° 3.4 x 10"
ACN
PH 95 7.1%x10° 2.04 x 103 1.7 x 10°
70 7.39 x 107 2.08 x 10+ 2.88 x 10"
MeOH
95 273 x 107 1.26 x 10 5.11 x 10"
70 6.09 x 10~ 1.84 x 10 1.98 x 10°
ACN
95 1.8 x 1073 9.9 x 107 1.562 x 10°
CAF
70 277 x 10+ 3.92 x 1078 4.77 x 10°
MeOH
95 3.05 x 10 412 x 103 4.5x10°
bi-Langmuir isotherm (M,)
70 6.33 x 107" 1.99 x 10 4.33 x 10"
ACN
PH 95 7.32x 10+ 6.77 x 1078 1.16 x 108
70 1.24 2.79 x 10~ 1.2 x10°
MeOH
95 2.64 4.06 x 10 3.7 x 104
70 9.13 x 10~ 2.32x10* 9.38 x 108
ACN
95 3.65 x 102 4.6 x 1072 5.3 x 104
CAF
70 1.3 x 102 2.7 x 1072 7.2 %104
MeOH
95 5.5 %107 1.8 x 102 1.7 x 10°

data better than the bi-Langmuir model, i.e. the
four-parameter bi-Langmuir model is not sta-
tistically better than the three-parameter To6th
model. This analysis allows for the assessment
of whether the difference in model fit is statisti-
cally significant after accounting for the number
of parameters in the models.

For CAF, surface heterogeneity was
observed in the 70% (v/v) ACN system, as
confirmed by the value of the heterogeneity
parameter in the Toth model (v = 0.97, Table
2). The better fit of heterogeneous models in
this system is supported by lower RSS and SD
values, as well as higher F-test values com-
pared to the Langmuir model (Table 3). The
analysis of the ratio of F-test values (Table 4)
clearly indicates that the Toth model provides
the best description of the investigated system.

In the remaining systems (95% (v/v) ACN and
70% and 95% (v/v) MeOH), the values of the
parameter v are close to unity, indicating the
absence of pronounced surface heterogeneity.
Under these conditions, the Langmuir model
provides an adequate statistical fit, character-
ized by low RSS and SD values as well as high
F-test values. The stability and reliability of the
estimated parameters are confirmed by narrow
confidence intervals (Table 2), which justifies
the application of the Langmuir model. Figures
9 (for PH) and 10 (for CAF) show the obtained
adsorption isotherms together with their fits to
the most appropriate isotherm model. However,
it should be noted that the isotherms exhibit
almost linear behavior, which results from the
analyzed concentration range corresponding to
the initial region of adsorption. In this range,
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Table 4. Comparison of the analyzed heterogeneous adsorption isotherm models based on the ratio of Fisher test

values for the Hypersil GOLD HILIC column

ACN/MeOH content in bi-Langmuir (M3) vs Téth (M)
the eluent Fy,
% (vIv) Fy_16N8-17, 5% Fyam, = a Fyym, 2 FN—l_?,,N—L2
PH ACN 95 2.29 0.07 False
ACN/MeOH content in Fy
the eluent Fy_17.n-18, 5% Fyom, = F_3 Fyym, 2 FN—l_?,,N—L2
% (viv) M,
CAF ACN 70 2.23 0.47 False

even nonlinear models, such as the Langmuir,
Toéth, and bi-Langmuir models, show behavior
close to linear.

For the Shodex SILICA 5NH 4D column,
for PH in systems containing 95% (v/v) ACN
and 70% (v/v) MeOH, the results confirmed the
heterogeneous nature of the stationary phase sur-
face. Statistical analysis (Table 6) showed that
the experimental data are best described by het-
erogeneous models, particularly the bi-Langmuir
and Toth models, which account for variations
in binding energy of the analyte to the surface.
The RSS, SD, and F-test values indicate a signifi-
cantly better fit of these models compared to the
Langmuir model. Surface heterogeneity is further
confirmed by the Toth model parameter v (Table
5), with values of 0.97 for 95% (v/v) ACN and

0.76 for 70% (v/v) MeOH, indicating deviation
from the ideal Langmuir model (v = 1). Addition-
al statistical analysis based on the ratio of F-test
values (Table 7) showed that, in the 95% (v/v)
ACN system, the Toth model provides the best
fit, whereas in the 70% (v/v) MeOH system, the
bi-Langmuir model gives the best description of
the data. In the remaining systems, i.e., 70% (v/v)
ACN and 95% (v/v) MeOH, the analysis indi-
cated a homogeneous surface character. Conse-
quently, the experimental data are best described
by the Langmuir model, as confirmed by statisti-
cal parameters and the Toth model parameter v,
which takes values close to unity (1.00 and 1.01,
respectively). These results confirm the homoge-
neous nature of PH adsorption under these chro-
matographic conditions.
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Figure 9. Fitting of the most appropriate adsorption isotherm models to experimental data for PH
for the Hypersil GOLD HILIC column in different eluent compositions: a) 70% (v/v) ACN, b) 95% (v/v) ACN,
¢) 70% (v/v) MeOH, d) 95% (v/v) MeOH
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Figure 10. Fitting of the most appropriate adsorption isotherm models to experimental data for CAF
for the Hypersil GOLD HILIC column in different eluent compositions: a) 70% (v/v) ACN, b) 95% (v/v) ACN,
¢) 70% (v/v) MeOH, d) 95% (v/v) MeOH

Table S. Estimated values of adsorption isotherm model parameters along with confidence intervals for the

Shodex SILICA 5NH 4D
ACN/MeOH Langmuir isotherm (M,) Téth isotherm (M,)
content in the
eluent K (L/g) ds (9/L,4) K(L/g) ds (9/L,4) v
% (vIv)
70 |8.49x1074+4.67x107* |147.57+2.8x107° 4.31x107%£3.65%x107% | 28.93+25.48 1+1.58x1072
BH ACN 95 |1.64x1073+4.05x10™* |400+86.6 7.89x1074+£3.62%x107° | 786.61+36.8 0.97+1.56%1072
70 [2x1073+3.52x107* 205.28+£30.99 1.29x1074£5.82x107* | 380+8.71%10? 0.76+0.641
MeOH 95 [8.49x1074+2.88x107° |494.48+1.56x107° 9.6x1074+5.92x1075 |436+27.42 1.01£2.43x1072
ACN 70 [1.4x10723.5x107° 30+6.47 4.91x107%+9.43%x107* | 80.63+£15.8 0.87+5.5x1072
95 [9.43x107°6.43x10™* |123.3+7.6 2.14x1073£1.7x107% | 570.6+467.4 0.62+0.124
CAF MeOH 70 |6.75x1073+3.31x107® |119.7+5.45%x107* 1.6x1072¢4.9x102 | 50+15.9 1.02+2.5%x107"
95 [6.75x107°+3.31x107® | 114.72+5.23%x107* 1.89%x1072£6.5x107° | 40+14.21 1.01£3.44x107"
ACN/MeOH bi-Langmuir isotherm (M,)
content in the
;IL;S;:;) K, (L/g) a., (gL, K, (L/g) ds, (9/L,g)
ACN 70 | 5.77x107+2.5x1072 130+4.09%x10° 1.33x107°£4.7x1072 37.99+5.8x10°
95 [3.14x1074+£15.9%1072 724.75+8.82x10° 1.22x107%+1.1x1072 321.26+£10.08x10°
P 70 [3.46%x107'+8.8x107° 1.5£1.13x10* 8.8x1074+5.33x107 401+0.02
MeOH 95 [5.92x1074+1.8x107" 436+1.6x10* 2.15%107°+£3.6x10" 10+8.8x10°
70 |2.38x107%+0.42 63.62+4.02x10° 1.05x1072£0.32 79.92+4.5x104
CAF ACN 95 | 6.75%x107%+9.9x10 164.08+2.05%107 8.6x107'+9.5%10® 2.5x107'+1.7x10°
70 |5.17x107%£10.12 50+7.6x10* 1.1x1072+5.33 59.85+1.02x10°%
MeOH 95 [6.98x107%+51.52 57.42+2.6%10° 8.68x107°+41.54 50+2.68%x10°
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For CAF in the systems containing 70% and
95% (v/v) ACN, pronounced surface heteroge-
neity of the stationary phase is observed, along
with the presence of at least two types of adsorp-
tion sites. This is confirmed by the Toth model
parameter v (Table 5), which takes values signifi-
cantly lower than unity (0.87 and 0.62, respec-
tively), indicating the energetic heterogeneity of

adsorption sites. Statistical analysis (RSS, SD, and
F-test values; Table 6) showed that under these
conditions, heterogeneous models (Toth and bi-
Langmuir) describe the experimental data signifi-
cantly better than the Langmuir model. Additional
comparison of the models based on the ratio of
F-test values (Table 7) showed that, for 70% (v/v)
ACN, statistically the Toth model provides the

Table 6. Statistical analysis: RSS, SD, and Fisher test values for adsorption isotherm models for the Shodex

SILICA 5NH 4D
ACN/MeOH content in the Langmuir isotherm (M,)
eluent, % (v/v) RSS SD F
70 1.7 x10™ 9.72 x 107 6.41 x 10"
ACN
PH 95 6.75 0.61 3.9 x 104
70 1.73 3.1 x 107" 5.6 x 104
MeOH
95 1.91 x 107 3.25x10° 6.41 x 10"
70 6.3 x 1072 5.7 x 1072 3.2x10*
ACN
CAF 95 2.1 %1072 3.3 %1072 81.62 x 10*
70 3.06 x 107" 1.27 x 10°® 2.82 x 10"
MeOH
95 2.81 x10™ 1.22 x10°® 2.82 x 10"
Toth isotherm (M,)
70 1.77 x 107 1.02 x 107 3.86 x 10*
ACN
o 95 3.57 x 10 4.6x1073 4.68 x 108
70 0.129 x 10" 2.75x 10" 4.8 x10°
MeOH
95 3.65x 10 4.6x1073 2.11 x 108
70 4.32x10° 1.55x 10°® 2.96 x 107
ACN
95 4.01x 103 1.4 %1072 2.66 x 10°
CAF
70 2.2x107 1.1x1072 2.45 x 108
MeOH
95 3.47 x 1073 1.38 x 1072 1.44 x 108
bi-Langmuir isotherm (M,)
70 5.68 x 10° 1.8x 103 8.5 x 107
ACN
PH 95 4.57 x 10 5.35x 1073 2.58 x 108
70 443 x 10°° 1.66 x 10°° 9.8 x 10"
MeOH
95 4.6 x1072 1.7 x 1072 1.2 x10°
70 9.3x10°° 2.34 x10° 9.73 x 10°
ACN
95 241 x10™ 1.19 x 10°® 3.13 x 10"
CAF
70 4.08 x 102 4.8x%x 1072 9.4 x 10*
MeOH
95 9.37 x 1073 2.34 x 102 3.8 x 10°

Table 7. Comparison of the analyzed heterogeneous adsorption isotherm models based on the ratio of Fisher test

values for the Shodex SILICA 5NH 4D

ACN/MeOH content in the bi-Langmuir (Ms) vs Téth (M2)
eluent Fy,
% (vIv) Fy_16n-17, 5% Fyym, = Fop. Fugmy = Fyoign-i,
2
PH ACN 95 2.29 0.55 False
MeOH 70 2.29 2.04x10* True
ACN/MeOH content in the Fy
eluent Fy_17n-18, 5% Fuam, = F_3 Frgmy 2 Fyoign-i,
% (vIv) M,
ACN 70 2.23 0.33 False
CAF
ACN 95 2.23 1.2x108 True
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Figure 11. Fitting of the most appropriate adsorption isotherm models to experimental data for PH for the
Shodex SILICA 5NH 4D column in different eluent compositions: a) 70% (v/v) ACN, b) 95% (v/v) ACN,
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Figure 12. Fitting of the most appropriate adsorption isotherm models to experimental data for CAF for the
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283



Advances in Science and Technology Research Journal 2026, 20(9), 270-285

best fit, whereas for 95% (v/v) ACN, the bi-Lang-
muir model provides the best statistical descrip-
tion of the data. In contrast to the acetonitrile-
based systems, in the systems containing 70%
and 95% (v/v) MeOH, CAF adsorption exhibits
characteristics of a homogeneous surface. Under
these conditions, statistical analysis clearly indi-
cates that the Langmuir model provides the best fit
compared to heterogeneous models. Figure 11(for
PH) and Figure 12 (for CAF) present the obtained
adsorption isotherms together with their fits to the
most appropriate isotherm model.

CONCLUSIONS

The obtained results clearly demonstrate
that the availability of energetic sites and the
nature of surface heterogeneity depend on the
type of stationary phase, the composition of the
mobile phase, and the physicochemical proper-
ties of the analytes. In the investigated systems,
low-energy sites predominate. However, under
specific conditions, a significant contribution
of high-energy sites is also observed, indicating
the heterogeneous nature of stationary phase
surfaces applied in the HILIC chromatography.
It was shown that the appropriate selection of
an adsorption isotherm model should directly
reflect the energetic characteristics of the sur-
face. For systems exhibiting homogeneous
behavior, the Langmuir model provides an
adequate description of the experimental data.
In contrast, for heterogeneous systems, signifi-
cantly better fits are obtained using the models
that account for surface energy heterogeneity,
such as the Téth and bi-Langmuir models. Sta-
tistical analysis confirmed that incorporating
surface heterogeneity is essential for the correct
interpretation of adsorption data. The applied
integrated approach, combining adsorption
energy distribution analysis, Scatchard plots,
and adsorption isotherm modeling, enables not
only quantitative characterization of the adsorp-
tion process, but also its physicochemical
interpretation. The results indicate that surface
heterogeneity is not an constant property but
depends on chromatographic conditions, par-
ticularly the composition of the mobile phase,
the nature of the analyte and the type of sta-
tionary phase The study also demonstrated that
the changes in eluent composition influence the
degree of analyte solvation and the availability
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of active sites on the stationary phase surface,
which directly affects the retention mechanism
and the efficiency of the separation process.

Overall, the obtained results contribute to
a deeper understanding of adsorption mecha-
nisms in HILIC/RP systems and provide a
basis for a more informed selection of adsorp-
tion isotherm models in the analysis of chro-
matographic data. Consequently, they may
support the development and optimization of
chromatographic methods, especially for the
separation of compounds with diverse physi-
cochemical properties.
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