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a b s t r a c t

In the current study, zirconia (ZrO2) and its composite, magnesia–zirconia (MgO–ZrO2), were prepared as
the hydrophilic interaction chromatographic (HILIC) stationary phases (SPs). Different experimental
variables including water content, pH and buffer concentration in the mobile phase (MP) as well as
column temperature were systematically studied to permit an in-depth understanding of the chromato-
graphic properties of the mentioned SPs and to explore the retention mechanism further on. The results
were compared with a native SiO2 column. Adsorption was demonstrated as the main retention
mechanism on the two ZrO2-based SPs. The transferring of the analytes from the MP to the ZrO2-based
SPs was endothermic and high column temperature would facilitate the retention. In addition, the
MgO–ZrO2 SP exhibited superior resolution, column efficiency as well as stronger retention in compa-
rison to the bare ZrO2 SP, which demonstrated that the introduction of MgO could improve the structure
and properties of the material. In conclusion, MgO–ZrO2 was a promising material for HILIC applications.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zirconium dioxide (zirconia, ZrO2), thanks to its remarkable
thermal stability (can withstand high temperature up to 200 1C in
chromatographic separation [1–3]), pH stability in the range of
1–14, mechanical stability as well as its particular surface chemical
properties, has become one of the alternative metallic oxide-based
chromatographic stationary phases (SPs) to silica (SiO2) [4,5].
The surface of ZrO2 is far more intricate than that of native SiO2,
containing a number of distinct classes of interaction sites includ-
ing Brönsted acid, Brönsted base and Lewis acid sites [6]. Zirco-
nium ion (IV) is a strong Lewis acid that exhibits electropositivity
and has an affinity for Lewis bases that donate lone pair electrons
to form coordination compounds, which is called ligand-exchange
interaction. Besides, ZrO2 is an amphoteric metallic oxide, the
hydroxyl groups of which can be protonated or deprotonated
depending on the environmental pH, acting as either anion- or
cation-exchanger respectively [7]. Owing to these special surface
chemistry properties, ZrO2-based SPs exhibit distinct chromato-
graphic properties compared to common chromatographic SPs
like SiO2-based SPs. However, native ZrO2 generally exhibits low

column efficiency due to the poor pore structure (‘ink-bottle’
shaped pores) and the chemically heterogeneous surface [8,9].

To improve the chromatographic performance of ZrO2-based
SPs, hybrid ZrO2 oxides, such as titania (TiO2)–ZrO2 [10], SiO2–ZrO2

[11], ceria–ZrO2 [12,13] and magnesia (MgO)–ZrO2 [8,11,14], were
developed. For example, MgO–ZrO2 was demonstrated to possess
enhanced specific surface area, improved specific pore volume and
pore connectivity [8,14], resulting in higher column efficiency than
the bare ZrO2 SP [8,11].

Hydrophilic interaction chromatography (HILIC) was first named
by Alpert [15], which was based on a polar SP and a relatively
nonpolar binary eluent in which 3–40% [16] water acted as the
stronger eluting component, and acetonitrile (ACN, a water-miscible
organic eluting component) as the weaker one. Although there was
still dispute about the retention mechanism in HILIC [17–19], an
agreement that the retention mechanism was largely dependent on
the SP, MP and the analytes was generally reached. HILIC has emerged
as a complementary chromatographic mode to reversed-phase liquid
chromatography (RPLC) especially for the separation of polar and
hydrophilic analytes. However, the commercial HILIC SPs were almost
based on silica or polymer matrices, and selection of HILIC SPs for
application was random for lack of theory guidance. Therefore, it is
important to prepare new SPs as alternatives to silica or polymer
matrices, expand their applications, as well as investigate the retention
mechanism in HILIC.
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As hydroxyl groups and zirconium ions (IV) exist on the surface,
ZrO2 is highly supposed to be an appropriate SP for HILIC. However,
few reports were found about its application for HILIC. Kučera and
co-workers [20,21] compared the HILIC retention behavior of a set of
hydrophilic analytes on polybutadine modified ZrO2, carbon-coated
ZrO2, bare ZrO2 and SiO2-based columns. In their study, adsorption
and ligand-exchange interactions were found to be the primary
retention mechanism on ZrO2-based columns, while partitioning was
on the SiO2-based column. In addition, Randon et al. prepared a
SiO2–ZrO2 composite monolithic SP by generating ZrO2 coating on
the SiO2 monolithic column [4]. The investigation of the retention
mechanism revealed that partitioning was not the unique retention
interaction on the SiO2–ZrO2 monolithic column. Separation of three
dimethylxanthine isomers which was difficult to be realized with
RPLC was accomplished on the SiO2–ZrO2 column in HILIC mode.

Considering the lack of systematic study on the retention mechan-
ism of ZrO2 SPs in HILIC, and there was no report on the application of
hybrid ZrO2 materials for HILIC, in this study, ZrO2 and MgO–ZrO2

were employed as HILIC SPs. Effects of several chromatographic
parameters on retention of a set of test solutes were studied in detail
to explore the retention mechanism of the two ZrO2-based SPs.

2. Experimental

2.1. Chemicals

Sulfamerazine, sulfamethazine, sulfathiazole, sulfadiazine, propra-
nolol and procaine were obtained from Alfa Aesar (Tianjin, China).
Isoniazide, adenine, phenytoin, berberine, thymine and quinine were
purchased from Aladdin (Shanghai, China). Tetracaine and clonidine
were bought from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
ACN (HPLC grade), methanol (HPLC grade), acetic acid (HAc), ammo-
nia, ammonium acetate (NH4Ac), zirconium(IV) oxychloride octahy-
drate (ZrOCl2 �8H2O), magnesium chloride hexahydrate (MgCl2 �
6H2O), ethanol, petroleum ether (60–90 1C) and isopropanol were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Polyoxyethylene sorbitan trioleate (Tween 85) and sorbitan
monooleate (Span 80) were obtained from Shanghai General Chemi-
cal Reagent Factory (Shanghai, China). Ultrapure water was produced
by a Heal Fore NW system (Shanghai, China).

2.2. Instrumentation

HPLC analysis was performed on a Dionex Ultimate 3000
chromatographic system (California, USA) which consisted of a
degasser, two Ultimate 3000 pumps, an Ultimate 3000 automated
injector, an Ultimate 3000 RS column compartment and a diode
array detector. For data acquisition and analysis, the Chromeleon
software was used. The Zeta potential was measured by a ZetaPALS
high resolution Zeta potential analyzer (Brookhaven, USA).

2.3. Preparation of MgO–ZrO2 and ZrO2 columns

MgO–ZrO2 microparticles were synthesized according to the pro-
cedures elaborated in the previous work [8,11]. Briefly, ZrOCl2 �8H2O
and MgCl2 �6H2O were dissolved in pure water, and the mixture was
then put into petroleum ether which contained Span 80 and Tween
85. The mixture was sheared and emulsified by a shear emulsifying
mixer to form the emulsion. Ammonia gas was generated by heating
ammonia aqueous solution and channeled into the emulsion for 2 h.
White precipitation was obtained and separated by filtration, followed
by washing with copious ethanol, petroleum ether and water. The
microparticles were dried and sintered to burn off organic residues.
Size classification was performed in a precipitation/decanting/resus-
pension order. Particles of 5 μm in diameter were collected, homo-
genized with isopropanol afterwards, and then pumped into the

stainless steel columns (150 mm�2.1 mm i.d., IDEX Health & Science
LLC, MA, USA). ZrO2 microparticles were synthesized as the same
procedure of MgO–ZrO2 without adding MgCl2 �6H2O. Scanning
electron microscope (SEM) was carried out using a JSM-35CF instru-
ment (JEOL, Tokyo, Japan). Fourier transform infrared spectroscopy
(FT-IR) was performed on AVATAR 360 (Thermo, USA).

The bare SiO2 column (150 mm�2.1 mm i.d., 5 μm) used
for comparison was from Kromasil (Akzo-Nobel, Amsterdam,
Netherlands).

2.4. Chromatographic evaluation

Stock solutions (1 mg/mL) of test solutes were prepared by
dissolving the appropriate amount of each compound separately
in methanol. These solutions were further diluted to get the
working solutions (10 μg/mL) with the MP, prior to injection.

The following chromatographic conditions remained constant
throughout the study: a flow rate of 0.2 mL/min, an injection volume
of 5 μL. The column temperature was 25 1C except specified.

When NH4Ac buffers were applied, the NH4Ac concentration
referred to the amount of NH4Ac in the aqueous phase of the MP.
Prescribed amount of NH4Ac was dissolved in water to form the
NH4Ac solution and the required pH of it was adjusted by HAc or
ammonia. And the pH value of the MP referred to the pH of
aqueous phase, which was adjusted prior to mixing with ACN.

The void volume was calculated by dead time which was
measured by injection of pure ACN. The retention time of the
solutes was determined at least in triplicates all through the
experiments. The measurement of retention was expressed as
retention factor (k0) for all the analytes.

2.5. Stability test

The stability test was performed with the MP of 97% ACN-3% of
50 mM NH4Ac buffer at a pH of 6.0. k0 and the theoretical plates of
two probe analytes, i.e. sulfathiazole and sulfadiazine, were
monitored to evaluate the stability of the two ZrO2-based columns.

3. Results and discussion

3.1. Characterization of synthesized MgO–ZrO2 and ZrO2

microparticles

SEM images of MgO–ZrO2 and ZrO2 microparticles are shown in
Fig. 1. Both the two microparticles are spherical and in the size of
�5 μm. FT-IR spectra of ZrO2 and MgO–ZrO2 are depicted in Fig. 2.
The absorption peak at around 3427 cm�1 should be ascribed to the
vibration of –OH on the surface of MgO–ZrO2 and ZrO2. In the
spectrum of ZrO2, the absorption peaks appeared at 450.2, 514.2,
578.1 and 729.0 cm�1 corresponded to the stretching vibration of
Zr–O. However, the strong characteristic peak of Mg–O at
500.1 cm�1 occurred in the spectrum of MgO–ZrO2, which masked
the characteristic peaks of Zr–O. Based on the above analysis, ZrO2

and MgO–ZrO2 were successfully prepared.

3.2. Selectivity of the two ZrO2-based columns

In the preliminary experiment, a wide range of analytes
containing acids (salicylic acid and its derivatives, benzoic acid,
nicotinic acid and cyanuric acid), bases (sulfonamides, alkaloids,
local anesthetics and nucleic acid bases) and neutrals (benzene,
phenanthrene, naphthalene and biphenyl) were employed to
investigate the selectivity of MgO–ZrO2 and ZrO2 SPs in HILIC
mode. The acidic compounds showed asymmetric and deformed
peaks on the ZrO2 column; however, there was no signal on the
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