
separations

Article

Comparison of the Fitting Performance of Retention Models
and Elution Strength Behaviour in Hydrophilic-Interaction and
Reversed-Phase Liquid Chromatography

Ester Peris-García, María José Ruiz-Angel *, Juan José Baeza-Baeza and María Celia García-Alvarez-Coque

����������
�������

Citation: Peris-García, E.;

Ruiz-Angel, M.J.; Baeza-Baeza, J.J.;

García-Alvarez-Coque, M.C.

Comparison of the Fitting

Performance of Retention Models and

Elution Strength Behaviour in

Hydrophilic-Interaction and

Reversed-Phase Liquid

Chromatography. Separations 2021, 8,

54. https://doi.org/10.3390/

separations8040054

Academic Editor:

Carme Aguilar Anguera

Received: 22 February 2021

Accepted: 14 April 2021

Published: 20 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Departament de Química Analítica, Universitat de València, c/Dr. Moliner 50, 46100 Burjassot, Valencia, Spain;
ester.peris@uv.es (E.P.-G.); juan.baeza@uv.es (J.J.B.-B.); celia.garcia@uv.es (M.C.G.-A.-C.)
* Correspondence: Maria.J.Ruiz@uv.es

Abstract: Hydrophilic interaction liquid chromatography (HILIC) is able to separate from polar
to highly polar solutes, using similar eluents to those in the reversed-phase mode (RPLC) and a
polar stationary phase, where water is adsorbed onto its surface. It is widely accepted that multiple
modes of interaction take place in the HILIC environment, which can be far more complex than the
interactions in an RPLC column. The behaviour in HILIC should be adequately modelled to predict
the retention with optimisation purposes and improve the understanding on retention mechanisms,
as is the case for RPLC. In this work, the prediction performance of several retention models is studied
for seven HILIC columns (underivatised silica, and silica containing diol, amino and sulfobetaine
functional groups, together with three columns recently manufactured with neutral, anionic, and
cationic character), using uracil and six polar nucleosides (adenosine, cytidine, guanosine, thymidine,
uridine, and xanthosine) as probe compounds. The results in HILIC are compared with those that
were offered by the elution of several polar sulphonamides and diuretics analysed with two C18
columns (Chromolith Speed ROD and Zorbax Eclipse XDB). It is shown that eight retention models,
which only consider partitioning or both partitioning and adsorption, give similar good accuracy in
predictions for both HILIC and RPLC columns. However, the study on the elution strength behaviour,
at varying mobile phase composition, reveals similarities (or differences) between RPLC and HILIC
columns of diverse nature. The particular behaviour for the HILIC and RPLC columns was also
revealed when the retention, in both modes, was fitted to a model that describes the change in the
elution strength with the modifier concentration.

Keywords: hydrophilic interaction liquid chromatography; reversed-phase liquid chromatography;
polar compounds; modelling of retention; elution strength

1. Introduction

Since the introduction of bonded phases, reversed-phase liquid chromatography
(RPLC) has become one of the most important analytical techniques, owing to its separa-
tion capability, versatility, and reliability. However, the analysis of highly polar compounds
by RPLC remains a challenge due to their poor retention [1,2]. A solution to succeed
in the separation of polar compounds is replacing conventional C18 bonded phases by
more polar phases where water is adsorbed, in the so-called hydrophilic interaction liq-
uid chromatography (HILIC) [3–8]. The retention mechanism in HILIC is more complex
when compared to RPLC. Conventional non-bonded phases in normal phase liquid chro-
matography (NPLC), such as pure silica, can be used in HILIC. However, the elution with
hydro-organic mobile phases (more similar to those in RPLC) clearly differentiates HILIC
from NPLC. In HILIC, the water-rich layer that covers the surface of the polar stationary
phase creates a liquid/liquid extraction system, with a mobile phase containing a high
concentration of organic solvent (usually acetonitrile). Although the complete retention
mechanism is still not clarified, it is known that multiple interactions, including partition-
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ing into the adsorbed water-rich layer, and polar and electrostatic (ion-exchange) effects
are possible in a HILIC stationary phase.

In the last decade, there has been great interest in modelling the retention behaviour
in HILIC columns, versus the mobile phase composition, based on different theoretical
basis [9–16]. However, no clear conclusions have been reached regarding the most accurate
retention model(s), when considering the large variety of HILIC columns that are marketed.
Therefore, there was a need to make a thorough revision of the fitting performance of
the models used in HILIC, which have been proposed for RPLC, NPLC, and HILIC, as
well as models that consider mixed retention mechanisms. In previous work [17], the
chromatographic performance of seven HILIC columns (underivatised silica, and silica
containing diol, amino, and sulfobetaine functional groups of different nature, together
with three recently commercialised columns of neutral, anionic, and cationic character) was
compared in terms of retention, selectivity, peak shape, and resolution, using acetonitrile-
water mixtures of diverse composition as mobile phases. For this purpose, uracil and
six polar nucleosides, which are the most popular probe compounds for column testing
in HILIC [18], were used. We thought that it could be interesting to evaluate the fitting
performance of retention models that were proposed in HILIC, using the large amount
of data obtained in our laboratory for all of these columns, and eventually improve the
data treatment. One of the models included in this study was recently developed in our
laboratory [19], and had not been applied to HILIC columns of diverse character. This
model has the particular feature of containing a parameter that characterises the way the
elution strength varies with the modifier concentration.

Several of the models examined in this work are also common to describe the retention
in RPLC. Thus, it was considered to be of interest to compare the fitting performance in
HILIC with that achieved using RPLC C18 columns for the analysis of polar compounds
(sulphonamides and diuretics). Because model fitting, which was assisted by the Solver
tool of Excel, made convergence rather difficult, the reported retention models were
transformed, so that the coordinates for the maximal retention in the experimental design
were taken as the starting point, instead of the data for the condition in the absence
of modifier (acetonitrile in RPLC and water in HILIC). To our knowledge, there is no
previous report on the modelling performance in HILIC with the number of retention
models and diverse columns evaluated in this work. This work includes, finally, a study to
reveal similarities (or differences) in the retention mechanisms of solutes with the different
columns (HILIC of diverse nature and RPLC), based on the measurement of the elution
strength for the polar compounds as the concentration of modifier (water in HILIC and
acetonitrile in RPLC) changes.

2. Theory

The modelling of retention based on the composition of the mobile phase is a com-
mon task in the chromatographic practice [9,12,13,16,19–33]. The accurate description of
retention is of great importance in liquid chromatography to find the optimal conditions
of separation, and understand the retention mechanisms of solutes. In RPLC, when the
retention mechanism is exclusively or mainly partitioning, the change in retention with the
concentration of organic modifier is usually described by the linear solvent strength (LSS)
model [29]:

k = eln kw−Sϕ (1)

where ϕ is the volumetric fraction of organic modifier in the mobile phase, kw is the
extrapolated value of the retention factor at ϕ = 0 (pure water), and S is a parameter that
describes the elution strength of the modifier, with a particular value for each solute. The
retention factor is calculated according to:

k =
tR − t0

t0
(2)

with tR and t0 being the retention and hold-up times, respectively.
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The LSS model usually works well for sufficiently small ranges of modifier concen-
tration. For wide ranges, the model should be more complex. One of such models is an
extension of the LSS model (the so-called quadratic logarithmic model) [20]:

k = eln kw−aϕ+bϕ2
(3)

A logarithmic–hyperbolic relationship has also been proposed to describe the reten-
tion [24]:

k = eln kw−a ϕ
1+bϕ (4)

which can be simplified by assigning a value of 1.42 to parameter b, for mobile phases
of acetonitrile-water, and 0.47 for methanol-water mixtures [28]. When the predominant
mechanism is adsorption, models that are similar to those used in NPLC have been
proposed [16,22,31]:

k = (aϕ)−m (5)

k = (a + bϕ)−m (6)

where a, b, and m are the model parameters.
Combined models considering mixed retention mechanisms have also been sug-

gested [9,13,27]:
k = (ϕ)−mea+bϕ (7)

k = (1 + bϕ)−mea+cϕ (8)

Recently, a global retention model has been derived based on Equation (1) [19]:

dk
dϕ

= −Sk (9)

where the dependence of the elution strength with the modifier concentration is linear. For
non-linear dependences, Equation (9) should be adapted, as follows:

dk
dϕ

= −Sgkg (10)

where Sg is a constant parameter describing the elution strength. The integration of
Equation (10) yields:

k∫
kw

dk
kg =

k1−g − k1−g
0

1 − g
= −

ϕ∫
0

Sgdϕ = −Sg ϕ (11)

from which:

k = kw[1 + (g − 1)kg−1
w Sg ϕ]

1/(1−g)
=

kw

[1 + (g − 1)kg−1
w Sg ϕ]

1/(g−1)
(12)

Equation (12) is similar to Equation (6) [19], but it includes the parameter g that
quantifies the variation of the elution strength with ϕ, and it tends to Equation (1) when g
tends to 1.

The fitting of the retention models described above, for the HILIC and RPLC columns
that are indicated in Section 3.2, was carried out by minimising the following function:

χ =
N

∑
i=1

(tRi,exp − tRi,pred)

2

(13)
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where N is the number of experimental points, tRi,exp the experimental retention time, and
tRi,pred the predicted retention time, obtained from:

tRi,pred = t0(1 + ki,pred) (14)

ki,pred being the retention factor predicted from a given model. The fitting performance
was measured by the determination coefficient R2. The mean fitting relative error was
calculated as:

εr(%) =
∑N

i=1

∣∣∣tRi,exp − tRi,pred

∣∣∣
∑N

i=1 tRi,exp
× 100 (15)

3. Materials and Methods
3.1. Reagents

Uracil (Acros Organics, Geel, Belgium) and six nucleosides (adenosine, cytidine,
guanosine, thymidine, uridine, and xanthosine), all from Sigma (St. Louis, MO, USA), were
used as probe compounds to study the behaviour of the HILIC columns. In RPLC, the
probe compounds were four sulphonamides (sulphamerazine, sulphachloropyridazine,
sulphisoxazole, and sulphaquinoxaline from Sigma for the Chromolith column, and five
diuretics (furosemide, althiazide, and trichloromethiazide from Sigma; ethacrynic acid
from Merck, Sharp & Dohme, Madrid, Spain; and, xipamide from Lacer, Barcelona, Spain)
for the Zorbax column. The structures, acidity constants (pKa), and octanol-water partition
coefficients (log Po/w) of the probe compounds can be found in Table S1 in the Supple-
mentary Materials. The log Po/w range is −2.1 to −1.0 for nucleosides, 0.11 to 1.45 for
sulphonamides, and 1.0 to 2.2 for diuretics. Log Po/w for uracil is −0.7.

Stock solutions of approximately 100 µg/mL of the probe compounds were prepared
by dissolving the solids in a small amount of acetonitrile (VWR Chemicals, Radnor, PA,
USA), with the aid of an Elmasonic IT-H ultrasonic bath (Elma, Singen, Germany), and
dilution with nanopure water (Barnstead, Sybron, Boston, MA, USA). The solutions re-
mained stable during at least two months, kept at 4 ◦C. In HILIC, the 100 µg/mL solutions
were diluted with acetonitrile to get 20 µg/mL solutions and, in RPLC, the solutions were
diluted with nanopure water up to 10 µg/mL.

In HILIC, mobile phases were prepared with acetonitrile at increasing concentration
of aqueous buffered solution (10, 15, 20, 25, 30, 35, 40, and 45% v/v), containing 0.01
M ammonium formate (Sigma). The hydro-organic mixtures were fixed at pH 3 with
formic acid (Acros Organics), being measured with a pH-meter standardised with aqueous
buffers. In RPLC, the hydro-organic mobile phases were also prepared with acetonitrile
(10, 15, 20, 25, 30, 35, 40, and 45% v/v for Chromolith, and 28, 34, 40, 46, 52, and 58% v/v
for Zorbax), buffered at pH 3 with 0.01 M sodium dihydrogen phosphate (Fluka, Buchs,
Switzerland) and HCl (Scharlab, Barcelona, Spain) before the addition of the organic
solvent. The retention for the Zorbax column was higher with respect to the Chromolith
column. Therefore, the range was moved to higher acetonitrile content to obtain comparable
retention.

All of the drug solutions and mobile phases were filtered through 0.45 µm Nylon
membranes (Micron Separations, Westboro, MA, USA), and thrnthen degassed in an
ultrasonic bath.

3.2. Instrumentation and Columns

The chromatographic system (Agilent, Waldbronn, Germany) was equipped with qua-
ternary pump (Series 1200), autosampler (Series 1100), thermostated column compartment
(Series 1260) set at 25 ◦C, and UV-visible detector of variable wavelength (Series 1100).
Nucleosides were detected at 260 nm, sulphonamides at 254 nm, and diuretics at 274 nm.
Triplicate injections of 20 µL were made.
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Data acquisition was controlled by an OpenLAB CDS LC ChemStation (Agilent,
C.01.07 SR3). Mathematical treatment was carried out with the Solver function of Excel
(Microsoft Office 2010, Redmond, WA, USA).

The modelling of the retention behaviour of seven HILIC columns (150 mm × 4.6 mm
i.d. and 5 µm particle size) of different character was studied: underivatised silica (Excel
5 SIL from ACE, Aberdeen, UK), neutral (Betasil Diol-100 from Thermo Scientific, Waltham,
MA, USA, and HILIC-N from ACE), anion exchanger (Excel 5 NH2 and HILIC-B, ACE),
cation exchanger (HILIC-A, ACE), and zwitterionic containing a sulphobetaine group
(Sequant ZIC-HILIC from Supelco, Bellefonte, PA, USA). The pore size was 100 Å for all
HILIC columns, except for Sequant ZIC-HILIC, which was 200 Å. The zwitterionic column
does not have net charge, but the negative charge on the sulphonate group is capable of
inducing electrostatic interactions with charged solutes, due to its position at the distal
end of the ligand [4]. HILIC-A, HILIC-B, and HILIC-N, with neutral, anionic, and cationic
character, respectively, which were recently commercialised, are stationary phases that
are based on ultra-pure silica. HILIC-A has an acidic character with an ionisable negative
surface charge that depends on the mobile phase pH. At pH 3, the retention of the cationic
nucleosides was low, therefore their acidic group should be protonated. HILIC-B is a basic
stationary phase with ionisable positive charge, depending also on the mobile phase pH,
and HILIC-N is a polyhydroxy phase. The flow rate was 1 mL/min. for bare silica, and
the diol, amino, and zwitterionic columns, and 0.5 mL/min. for HILIC-A, HILIC-B, and
HILIC-N.

In RPLC, a silica-based monolithic column (Chromolith Speed ROD C18,
50 mm × 4.6 mm i.d., Merck, Darmstadt, Germany), and a conventional micro-particulate
column (Zorbax Eclipse XDB C18, 150 mm × 4.6 mm i.d. and 5 µm particle size, Agilent),
were used. The pore size was 130 Å for Chromolith Speed ROD, and 80 Å for Zorbax
Eclipse XDB. The flow rate was 1 mL/min. for both columns. In all cases, the hold-up time
was measured from the first significant perturbation that was observed in the baseline (the
average value obtained in the chromatograms of the probe compounds was taken) [34].

3.3. Column Conditioning and Regeneration

The time that is required to condition a HILIC column is usually longer when com-
pared to RPLC, due to the need of maintaining the water layer adsorbed on the stationary
phase surface stable. This time can be variable depending on the stationary phase nature,
column length and flow rate, as well as the type of organic solvent that is used in the mobile
phase, or buffer system. As a general rule, in RPLC, a column of standard dimensions
(150 mm × 4.6 mm) requires at least 10 volumes of mobile phase for conditioning. Thus,
working at a flow rate of 1 mL/min., the equilibration time will be ca. 15 min.

For HILIC, between 60 and 80 volumes are needed to achieve complete equilibra-
tion [35]. The HILIC columns in this work were brand-new, so an initial equilibration time
of at least 12 h at 0.5 mL/min. was needed for conditioning. However, when the columns
were regenerated, a 12 h period was also used for conditioning. Column equilibration
was checked by making 60 min. cycles of five consecutive injections of cytidine, until the
retention time reached stable values. Cytidine was injected at the beginning and end of
each working day in order to check the reproducibility of the measurements. Column
conditioning was shorter (around 30 min.), when the water content in the mobile phase
was higher.

Following the manufacturer’s recommendations, before storage, HILIC columns
were first flushed with 70:30 v/v acetonitrile:water to remove all of the buffer salts and,
afterwards, with 2-propanol at low flow rate.

4. Results and Discussion
4.1. Retention Behaviour with HILIC and RPLC Columns

The retention times of several polar compounds separated with seven HILIC columns
and two RPLC columns were used to evaluate the performance of the retention models
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that are described in Section 2, and measure the elution strength behaviour in each col-
umn. In HILIC, the hold-up times were 1.38 ± 0.32, 1.61 ± 0.09, 1.22 ± 0.12, 1.40 ± 0.11,
3.12 ± 0.20, 2.7 ± 0.4, and 2.74 ± 0.14 min. for the diol, silica, amino, zwitterionic, HILIC A,
HILIC-B, and HILIC-N columns, respectively, whereas the retention time ranges for uracil
and the group of nucleosides were 2.04–4.61, 2.01–4.73, 1.60–6.52, 1.90–11.76, 4.00–6.94,
3.44–20.19, and 3.40–15.89 min., respectively. The relative standard deviations (%) of re-
tention times for each column varied, as follows: 0.02–0.14 for silica, 0.03–0.25 for diol,
0.02–0.13 for amino, 0.02–0.11 for zwitterionic, 0.02–0.08 for HILIC-A, 0.02–0.08 for HILIC-B,
and 0.02–0.06 for HILIC-N. For the RPLC Chromolith and Zorbax columns, the hold-up
times were 1.18 ± 0.05 and 0.81 ± 0.02 min., the retention time ranges, 1.57–40.26 min.
(sulphonamides), and 1.08–45.04 (diuretics), and the relative standard deviations (%) for
the retention times, 0.9 and 0.7, respectively.

Representative chromatograms for the mixture of probe compounds (uracil and the
six nucleosides) are depicted in Figures S1 and S2 in the Supplementary Materials, for
the HILIC columns. The mobile phase compositions to obtain the chromatograms were
chosen to allow similar analysis times for all columns. Each HILIC column showed a
particular behaviour, with changes in elution order among columns. In HILIC, diverse
interactions besides those depending on solute polarity (mainly electrostatic attraction and
repulsion between ions, dipole–dipole interactions, and hydrogen bonding) can explain
the different behaviours. In all assayed HILIC columns, uracil and thymidine were usually
the least retained compounds. The most retained compound was more variable: guanosine
showed high retention in most assayed columns, and the retention of cytidine was also
high, except with the amino, HILIC-N, and HILIC-A columns. Meanwhile, xanthosine
showed an intermediate retention with all columns.

With comparison purposes, Figure S3 shows chromatograms for the four sulphonamides
that were analysed with the Chromolith C18 column, and the five diuretics with the Zorbax
C18 column, where the compounds eluted mainly according to their polarity (Table S1).

Figures S4–S6 in the Supplementary Materials depict the variation in ln k at increasing
modifier concentration (water in HILIC and acetonitrile in RPLC). The k ranges for the probe
compounds (in HILIC, uracil and the six nucleosides, and in RPLC, the four sulphonamides
for the Chromolith column and five diuretics for the Zorbax column) were the following:
diol (0.48–2.34), silica (0.25–1.94), amino (0.32–4.39), zwitterionic column (0.35–7.34), HILIC-
A (0.29–1.24), HILIC-B (0.27–6.45), HILIC-N (0.24–4.80), Chomolith (0.33–33.12), and Zorbax
(0.33–54.60).

For both HILIC and RPLC, non-linear behaviour is observed when ln k is represented
versus the percentage of modifier in the mobile phase, with a curvature and elution strength
that was appreciably more pronounced for the RPLC columns. For these columns, the
elution order at varying mobile phase composition was always the same for sulphonamides
and diuretics (the lines did not cross each other). In HILIC, the elution order was often the
same. The most remarkable behaviour was found for cytidine with the amino, HILIC-B,
and HILIC-N columns, whose retention was strongly reduced at increasing percentage of
water, giving rise to peak reversals.

4.2. Fitting Performance of the Retention Models

There is an extensive literature on the proposal of equations for the prediction of
retention in HILIC [9,11–13,16]. One of the aims of this work was checking the performance
of a variety of models (Equations (1), (3)–(8), and (12)), for columns of different nature.
The model parameters were obtained by performing non-linear least-squares fitting of the
experimental retention times, according to Equations (13) and (14), using the Solver tool
of Excel to make the fittings. However, it was found that convergence to the solutions
was rather difficult, requiring initial values that were very close to the optimal solution to
carry out the iterations. Therefore, it was thought that the fitting process could be highly
improved by transforming the equations, so that the coordinates for the maximal retention
in the experimental design was taken as starting point, instead of the data for ϕ = 0 (the
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absence of modifier). In this way, non-linear fitting of the experimental data to obtain the
model parameters was much easier, since convergence was facilitated. Additionally, with
this transformation, the initial value of ln k (ln ko) is reliably known, as it agrees with the
retention factor for the mobile phase of the weakest elution strength in the experimental
design, ϕo. It should be noted that the model parameters change, depending on the starting
point and, therefore, this should be known if the data are compared with those in other
reports or situations. Because the new parameters depend on the organic solvent content in
the reference point, in order to obtain the true model parameters, these should be referred
to the true origin, as shown in the Supplementary Materials.

Table 2 shows the transformed equations (Equations (16)–(22); the transformation of
the original models is explained in the Supplementary Materials: Equations (S1), (S5), (S11),
(S12), (S14), (S15), and (S19), respectively). Equations (16) and (19) have two parameters,
Equations (17), (18), (20), and (21), three parameters, and Equation (22), four parameters.
Table 1 provides the mean relative errors (Equation (15)) obtained in the fitting of the data
for uracil and six nucleosides in HILIC, and four sulphonamides and five diuretics in RPLC,
for each assayed column. The RPLC columns offered significantly larger errors with the
LSS model (Equation (16)), which can be at least partially explained by the wider range in
the retention times (see Figures S4–S6).

Table 1. Relative errors (%) obtained in the fitting of the retention factors of the probe compounds, for each assayed model
and hydrophilic interaction liquid chromatography (HILIC) or reversed-phase liquid chromatography (RPLC) columns.

Columns Equation
(16)

Equation
(17)

Equation
(18)

Equation
(19)

Equation
(20)

Equation
(21)

Equation
(22)

Silica 1.68 0.44 0.28 0.96 0.23 0.19 0.16

Diol 1.54 0.38 0.30 1.62 0.29 0.33 0.29

Amino 3.23 1.93 1.18 2.65 1.17 1.79 1.54

Zwitterionic 5.97 1.22 0.34 1.32 0.63 0.52 0.28

HILIC-A 1.39 0.60 0.54 0.65 0.48 0.47 0.30

HILIC-B 4.90 1.35 0.59 0.91 0.46 0.56 0.49

HILIC-N 2.21 1.07 1.22 3.56 1.21 1.49 1.09

Mean error
HILIC a 3.0 ±1.8 1.0 ± 0.6 0.7 ± 0.5 1.7 ± 1.1 0.6 ± 0.4 0.8 ± 0.6 0.6 ± 0.5

Chromolith 8.09 1.43 0.70 1.30 1.12 1.08 0.38

Zorbax 4.62 0.47 0.10 0.83 0.22 0.24 0.20

Mean error
RPLC a 6.4 1.0 0.4 1.1 0.7 0.7 0.3

a According to Equation (15).

Equations (18) and (20) showed a slightly more accurate behaviour, with mean errors
of 0.7% and 0.6% for the HILIC columns, and 0.4% and 0.7%, for the RPLC columns,
respectively. These equations have demonstrated excellent behaviour for RPLC [19,36,37].
The equation that was proposed by Neue and co-authors (Equation (18)) has a very good
fitting performance, when the elution strength decreases at an increasing concentration of
the modifier. Equation (20), as proposed by Jandera [31], combines both the LSS model and
adsorption model. It is confirmed that the fitting performance is enhanced by increasing
the number of model parameters, with a global mean error for the HILIC columns of 2.3%
for the models with two parameters (Equations (16) and (19)), 0.8% for those with three
parameters (Equations (17), (18), (20), and (21)), and 0.6% for those with four parameters
(Equation (22)). For the RPLC columns, the global mean error was 3.7, 0.7, and 0.3%, for
the models with two, three, and four parameters, respectively. Finally, it is important to
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note that the HILIC columns show slightly better fitting behaviour than the RPLC columns,
with mean errors of 1.2% and 1.5%, respectively.

Table 2. Transformed retention models and fitted model parameters a.

Equations Models Parameters

Equation (16) b k = eln ko−S∆ϕ ln ko, S

Equation (17) c k = eln ko−c∆ϕ+b∆ϕ2 ln ko, c, b

Equation (18) d k = eln ko−c ∆ϕ
1+d∆ϕ ln ko, c, d

Equation (19) e k = eln ko

(
ϕ
ϕ0

)−m
ln ko, m

Equation (20) f k = (ao + b∆ϕ)−m ao, b, m

Equation (21) g k =
(

ϕ
ϕo

)−m
eln ko+b∆ϕ ln ko, b, m

Equation (22) h k = (1 + d∆ϕ)−meln ko+c∆ϕ ln ko, m, c, d
a The coordinates for maximal retention (ko, ϕo) in the experimental design were taken as starting point. b Obtained
from Equation (1). c From Equation (3). d From Equation (4). e From Equation (5). f From Equation (6). g From
Equation (7). h From Equation (8). See the transformations from the original models in the Supplementary
Materials.

4.3. Correlation between the Parameters in the LSS Model

The retention mechanisms depend on the nature of packing materials, solutes, and
eluent components. Good accuracy was found for all of the assayed retention models,
which describe the retention mechanisms according to different perspectives (partitioning,
adsorption, or mixed mechanisms). However, an accurate fitting is not enough to demon-
strate the model is correctly describing the retention mechanism. In Sections 4.3 and 4.4,
the elution strength behaviour of the HILIC columns is studied in comparison with RPLC
columns (for which the main mechanism is partitioning) to reveal any differences in the
retention behaviour among the different assayed columns.

The ln k vs. modifier percentage plots (Figures S4–S6) show convex curvature, indi-
cating decreased elution strength with increasing modifier concentration. In this section,
the elution strength of each probe compound is evaluated according to the LSS model
(Equation (1)). Because of its simplicity, this model has been extensively used to study
the retention in RPLC. When the LSS model accurately describes the retention, it can be
inferred that the predominant phenomenon in the column is partitioning. In the literature,
such correlations have been used to reveal the similarities (or differences) in the retention
mechanism of solutes [38,39]. A good correlation means that all of the compounds fol-
low a similar mechanism (in the case of the LSS model, it refers to partitioning). When
the correlation shows significant dispersion, additional interactions of the solutes should
happen.

In Figures 1 and 2, the values of elution strength (S in Equation (1)) are represented
versus the logarithm of the retention factor for the mobile phase of weakest elution strength
(ln ko), as measured by the LSS model for each probe compound analysed with the HILIC
and RPLC columns, respectively. Positive correlation can be observed for the assayed
columns: compounds with smaller retention (smaller ln ko value) are less affected by an
increase in the concentration of modifier in the mobile phase (i.e., the elution strength is
smaller). The depicted data show the behaviour of each probe compound. Note that the S
values (that were obtained from the fitting of the retention data to the LSS model) can be
considered as an average measurement of the elution strength, for each compound in the
examined elution range. Table S2 shows the column behaviour through the parameters for
the fitted lines depicted in Figures 1 and 2 (S = n + m ln ko). The intercept n is the elution
strength predicted for a compound with ko = 1, whereas the slope m describes the reduction
in elution strength at decreasing ln ko: the smaller the m value, the smaller the effect of the
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modifier on the elution strength. For m = 0, all of the compounds would exhibit the same
elution strength, at all modifier concentrations.
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Figure 1. Linear fitting of the LSS elution strength parameter, S, versus ln ko (predicted retention factor for the mobile phase
of weakest elution strength) for HILIC columns (model parameters and determination coefficient are given in Table S2 in
the Supplementary Materials).

The best correlations (i.e., smaller dispersion) between S and ln ko were observed for
the silica, diol, and HILIC-A columns in the HILIC mode, and Chromolith and Zorbax
in RPLC. The largest dispersion corresponded to the amino, zwitterionic, HILIC-B, and
HILIC-N columns. The similarity of behaviour between all assayed columns (Table S2) is
noteworthy: the slopes of the fitted straight-lines are in the range between 2.29 and 3.39 for
most HILIC and Zorbax columns, being somewhat larger for the zwitterionic (3.49) and
Chromolith (4.72) columns, which indicates a larger decrease in the elution strength with
ln ko for these columns.
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of weakest elution strength) for HILIC and RPLC columns (see also Table S2).

4.4. Changes in the Elution Strength with the Modifier Concentration

In RPLC, the elution strength has been measured, traditionally, as the slope (S) of
the classical linear retention model that relates ln k with the concentration of the modifier
(LSS model, see Section 4.3) [29]. This simple model assumes a constant elution strength.
However, often, the LSS model does not accurately describe the retention, due to the
complexity of the involved interactions in the chromatographic process (even in RPLC),
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which yields non-linear ln k versus ϕ trends. Therefore, the elution strength will vary with
ϕ, as follows [40]:

S(ϕ) = −d ln k
dϕ

∼= − ln ku − ln kl
ϕu − ϕl

(23)

where the subscripts u and l indicate the upper and lower values of the experimental range.
In order to obtain more convenient values, in this work the concentration of modifier was
expressed as volumetric fraction.

Equation (23) gives a numerical estimation of the elution strength and, therefore, it
should be used with caution, since, for the same initial value of retention factor (kl), the
elution capability depends on the modifier range (ϕu − ϕl). Therefore, the comparison
of the behaviour for different columns should be carried out using the same range of
modifier concentration. The elution strength also depends on the analyte. Tables 3 and 4
show the values of elution strength for the HILIC and RPLC columns, respectively, being
estimated based on Equation (23), where the ranges of modifier concentration are indicated
for each type of column. The data shown in Table 3 are related to the solvent strength in a
narrow range (10–20% water), where the largest change in retention occurs. As observed,
parameter S(ϕ) was always larger for cytidine and guanosine, which were usually the most
retained compounds. Additionally, the largest and smallest values were obtained for the
zwitterionic and HILIC-A columns, respectively.

Table 3. Elution strength according to Equation (23), estimated for the HILIC columns and probe
compounds (uracil and nucleosides), in the range 10-20% water a.

Column Silica Diol Amino Zwitterionic

Compound kl S(ϕ) kl S(ϕ) kl S(ϕ) kl S(ϕ)

Cytidine 1.94 6.05 2.34 4.94 2.09 8.09 7.34 9.68
Guanosine 1.30 6.33 2.22 5.67 4.39 6.12 6.76 12.69
Adenosine 1.41 5.39 2.00 4.48 1.28 2.94 1.90 5.54
Xanthosine 0.85 4.69 1.51 4.15 3.05 4.36 4.25 11.21

Uridine 0.62 3.16 1.13 2.87 2.41 5.36 2.234 7.58
Thymidine 0.57 3.16 0.99 2.90 1.38 4.43 0.85 4.31

Uracil 0.50 2.29 0.90 2.08 1.14 2.37 0.94 3.01

HILIC-A HILIC-B HILIC-N

Compound ki S(ϕ) kl S(ϕ) kl S(ϕ)

Cytidine 1.24 5.01 2.37 11.57 2.73 7.12
Guanosine 0.94 4.94 6.45 10.75 4.80 8.09
Adenosine 1.03 4.26 1.43 6.20 2.10 5.51
Xanthosine 0.66 3.29 4.39 9.01 3.08 6.52

Uridine 0.54 2.31 2.21 5.94 1.80 4.31
Thymidine 0.52 2.08 1.01 3.51 1.10 3.67

Uracil 0.49 1.44 0.98 3.03 1.02 2.65
a kl is the initial value of retention factor in the considered range and S(ϕ) is the parameter that indicates the
change in the elution strength with mobile phase composition.

In Figures 3 and 4, the elution strength estimated according to Equation (23) is plotted
versus the logarithm of the initial k value (kl), for several ranges of modifier (the parameters
for the fitted lines, S = n + m ln kl, are given in Table S3 in the Supplementary Materials). In
the figures, each compound is depicted with a particular symbol to highlight the differences
in their behaviour. Again, it is noted that the correlation is significantly better for the RPLC
columns, meaning similar behaviour for all compounds, since the interaction with the
stationary phase is mainly hydrophobic. In contrast, the compounds that are eluted with
the HILIC columns show a range of behaviours. A maximal dispersion in the correlations
was observed for the amino and HILIC-N columns, and the smallest dispersion for bare
silica. According to the data presented in Table S3, the slopes of the S(ϕ) versus ln kl
dependences, in the considered ranges of modifier, varied between 1.66 and 4.90. The
lowest slopes corresponded to the amino (1.97) and HILIC-N columns (1.66). Chromolith



Separations 2021, 8, 54 12 of 17

showed the highest slope (4.90), while the behaviour of the Zorbax column (3.24) was more
similar to most of the HILIC columns.

Table 4. Elution strength according to Equation (23) for the RPLC columns and probe compounds
(sulphonamides and diuretics) a.

Column Chromolith (10–20%) b Chromolith (20–30%) b

Compound kl S(ϕ) kl S(ϕ)

Sulphamerazine 2.08 9.43 0.808 4.81
Sulphachloropyridazine 6.40 12.78 1.78 7.44

Sulphisoxazole 12.43 15.02 2.77 9.26
Sulphaquinoxaline 35.16 19.68 4.91 11.94

Zorbax (34–46%) b Zorbax (46–58%) b

Compound kl S(ϕ) kl S(ϕ)

Trichloromethiazide 0.751 3.96 0.467 3.35
Althiazide 4.66 9.29 1.53 6.36

Furosemide 5.48 9.03 1.85 6.74
Xipamide 14.78 10.76 4.07 7.66

Ethacrynic acid 20.94 11.72 5.13 7.87
a kl is the initial value of retention factor in the considered range, and S(ϕ), the parameter that indicates the change
in the elution strength with mobile phase composition. b Upper and lower limits in the considered experimental
range for the estimation of S(ϕ).Separations 2021, 8, x FOR PEER REVIEW 13 of 18 
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acetonitrile ranges for the RPLC columns were: 10–15%, 15–20%, 20–25%, 25–30%, 30–35%, 35–40%, and 40–45% for
Chromolith, and 28–34%, 34–40%, 40–46%, 46–52%, and 52–58% for Zorbax. The parameters and determination coefficient
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4.5. Global Retention Model Describing Elution Strength Changes with the Modifier
Concentration

The retention model presented in Equation (12) includes a parameter g, which has
been called elution degree, which characterises the profile of the elution strength changes
with the modifier concentration [19]. This parameter can be considered as a geometrical
descriptor, with g > 1 when the elution strength decreases with the modifier concentration
(the case of HILIC and RPLC). If the origin of coordinates of Equation (12) is moved to the
experimental point for the minimal value of modifier concentration (ϕo), with retention
factor ko, Equation (12) is transformed to:

k =
ko

[1 + (g − 1)kg−1
o Sg(ϕ − ϕo)]

1/(g−1)
(24)

The model parameters shown in Equation (24), obtained from the fitting of the reten-
tion data for the probe compounds that were analysed with the HILIC and RPLC columns,
are indicated in Tables S4 and S5 in the Supplementary Materials, respectively. The mean
values of elution degree (g) for the HILIC columns were: 1.88 ± 0.23 for underivatised
silica, 1.80 ± 0.30 for diol, 2.10 ± 0.80 for amino, 1.30 ± 0.60 for HILIC-N, 2.50 ± 0.40 for
HILIC-A, 1.90 ± 0.30 for HILIC-B, and 2.00 ± 0.40 for the zwitterionic column (mean value
for the HILIC columns: 1.90 ± 0.60). The mean values of elution degree (g) for the RPLC
columns were: 1.60 ± 0.30 and 1.32 ± 0.06 for Chromolith and Zorbax, respectively (mean
value for the RPLC columns: 1.40 ± 0.20). In all cases, the fitting error was very low (mean
values): 0.23% for underivatised silica, 0.29% for diol, 1.2% for the amino and HILIC-N,
0.5% for HILIC-A, and HILIC-B, and 0.6% for the zwitterionic column (the mean value for
the HILIC columns: 0.7%). The fitting error was 1.1% and 0.2% for Chromolith and Zorbax,
respectively (therefore, the mean error for the RPLC columns was also 0.7%).

It should be noted that the retention factors summarise the relative contributions of
particular retention mechanisms. Equation (12) was derived from the LSS model, which
describes the retention in RPLC when the partition governs the retention mechanism. This
equation reproduces the linear behaviour between ln k and modifier concentration, when
g tends to 1. However, mixed mechanisms are usual in both HILIC and RPLC [41]. This
work indicates that, for RPLC columns, where the partition mechanism is predominant,
g is closer to 1 (1.40), while, for the HILIC columns with more diversity in the retention
mechanisms, g is usually closer to 2 (1.90).

5. Conclusions

An extensive work is reported with seven HILIC columns, where the modelling
performance of eight retention models (with two, three, or four parameters) has been
checked for describing the retention of seven highly polar compounds (with log P in the
−2.1 to −0.7 range). A comparison with the performance of the same models to describe the
retention of polar compounds for two RPLC C18 columns (Chromolith and Zorbax) is also
carried out. Because the estimation of the retention parameters requires non-linear fitting
of the experimental data to the retention models (retention factors versus the modifier
content in the mobile phase), all of the equations were transformed, so that the coordinates
for the maximal retention in the experimental design were taken as starting point. This
greatly facilitated the fitting process without losing any prediction accuracy. In general, the
HILIC columns yielded better fittings, as compared to RPLC, partially due to the smaller
range of variation of the data. The fitting quality increased with the number of model
parameters, being Equations (18) and (20) (both with three parameters) and Equation (22)
(with four parameters) the best, with fitting errors of 1% or less.

Models that are based on different retention mechanisms (considering only partition-
ing or both partitioning and adsorption) yielded similar good accuracy, indicating that
all of them can be useful in predicting the retention with optimisation purposes, for both
HILIC and RPLC columns. However, this similar good fitting performance does not clarify
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which model explains the retention mechanism the best, and does not indicate differences
between HILIC and RPLC, or between the HILIC columns. In contrast, a comparison of
the correlation plots between the elution strength, and the retention factor for the mobile
phase of weakest elution strength, showed significant variability for the polar nucleosides
that were analysed with the HILIC columns, especially when compared with the RPLC
columns. In the literature, the correlation of the parameters of the LSS model (Equation (1))
has been extensively used to reveal the similarities in the retention mechanism of solutes
in RPLC [32,38,39]. Good correlation means that all of the compounds follow a similar
mechanism, in this case partitioning. When the correlation shows significant dispersion,
a combined retention mechanism should exist, with diverse types of interactions among
the solutes.

Because mixed mechanisms should occur with the HILIC columns, in Section 4.4 a non-
linear description of the elution strength was used to carry out this study. The correlation
found for the function that describes the changes in elution strength with mobile phase
composition (S(ϕ)), versus the initial retention factor (ln kl) (Equation (23)), for several
ranges of modifier content, was again fairly good for the RPLC columns. In HILIC, the
behaviour for different probe compounds was similar for bare silica, diol, and HILIC-A
columns in HILIC, and for Zorbax and Chromolith in RPLC, whereas a wide range of
behaviours was observed for the amino and HILIC-N columns. Therefore, such correlation
plots reveal the particular behaviour of the polar compounds that were analysed with the
HILIC columns (with mixed mechanisms), and the RPLC columns (where the predominant
phenomenon is partitioning, even for polar compounds as the assayed sulphonamides
with log P = 0.11–1.45, and diuretics with log P = 1.0–2.2). This is explained by the existence
of different proportions of hydrophilic and hydrophobic interactions between solutes
that contain different molecular structures, and HILIC columns with variable polar and
non-polar contributions.

The retention data for HILIC and RPLC were finally fitted to a retention model that
includes a parameter (called elution degree, g), which characterises the way the elution
strength varies with the modifier concentration (i.e., the curvature of the log k dependence).
For an ideal case where the retention is governed by partitioning (LSS behaviour), g tends
to 1, which means that the elution strength does not depend on the modifier concentration.
However, as commented, mixed retention mechanisms are found in HILIC (even in RPLC)
and, therefore, the mean g value for the assayed HILIC and RPLC columns is g > 1. The
elution degree model is applied here for the first time to compare the retention behaviour
of HILIC columns of diverse nature. The mean value was g = 1.9 for the assayed HILIC
columns, and 1.4 for the RPLC columns.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/separations8040054/s1, Figure S1: Chromatographic peaks obtained for uracil and six
nucleosides eluted from HILIC columns, with a mobile phase containing 10 % water for bare
silica, 11 % water for diol, 20 % water for amino, and 25 % water for the zwitterionic, Figure S2:
Chromatographic peaks obtained for uracil and six nucleosides eluted from HILIC columns, with
a mobile phase containing 10 % water for HILIC A, and 20 % water for HILIC B and HILIC N,
Figure S3: Chromatographic peaks obtained for sulphonamides and diuretics eluted from RPLC
columns, with mobile phases containing 20 % and 46 % acetonitrile, respectively, Figure S4: Retention
behaviour for uracil and nucleosides, eluted with HILIC columns at increasing concentration of water,
Figure S5: Retention behaviour for uracil and nucleosides, eluted with HILIC columns at increasing
concentration of water, Figure S6: Retention behaviour for sulphonamides and diuretics, eluted with
the RPLC columns at increasing concentration of acetonitrile, Table S1: Acidity constants (pKa) and
octanol-water partition coefficients (log Po/w), for the probe compounds, Table S2: Correlation of the
parameters in the LSS model for the assayed HILIC and RPLC columns, Table S3: Correlation of S(ϕ)
versus ln kl (lowest value in the considered experimental range), for the assayed HILIC and RPLC
columns, Table S4: Fitting of the experimental retention data to the elution degree model (Equation
(24)), for uracil and nucleosides, obtained in HILIC with different columns and water in acetonitrile
as modifier, Table S5: Fitting of the experimental retention data to the elution degree model (Equation
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(24)), for sulphonamides and diuretics, obtained in RPLC with the Chromolith and Zorbax columns
and acetonitrile in water as modifier.
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