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ABSTRACT

Hydrophilic interaction liquid chromatography (HILIC) plays an important role in the analysis of com-
pounds having high polarity. In this study, fosfomycin (F) was chosen as a new end-capping reagent,
owing to the facile hydrolysis reaction of its epoxy group. Zirconia coated silica (ZrO,/SiO,) materials
having good chemical and physical stability were prepared. D-glucose-6-phosphate (G) and D-fructose1,6-
bisphosphate (FDP) were modified onto the inner and outer surfaces of the ZrO,/SiO, microbeads. The
new end-capping reagent (F) was then bonded onto the surface of the modified material through Lewis
acid-base interactions. The properties (morphology, Zr content, pore size, pore volume, and carbon con-
tent) of the stationary phases (SPs) were characterized. Finally, the resulting end-capped SPs were em-
ployed to separate alkaloids and benzoic acids. Multiple interactions, including HILIC, electrostatic repul-
sion, ion exchange and hydrogen bonding, contributed to the retention of the analytes on the SPs. On
the F-FDP-Zr0,/SiO, column, a theoretical plate number of 31,700 plates/m and an asymmetry factor of
1.63 were achieved for berberine, exhibiting good chromatographic performance. Furthermore, the FDP-
Zr0,/Si0, column showed good acid-base stability and good potential for the analysis of benzoic acid in
Sprite and ginsenoside separations. Thus, the results indicated the significant potential of using F as an

end-capping reagent.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

High performance liquid chromatography (HPLC) is one of
the most widely used and effective tools in various research
fields such as food analysis [1,2], pharmaceutical analysis [3-5],
biological sample analysis [6], and environmental science [7,8].
Chromatographic columns are the core of HPLC, with chromato-
graphic stationary phases (SPs) being their key component. Thus,
the design, synthesis, and evaluation of novel SPs exhibiting good
performance have garnered significant research interest [9-12].
Recently, metal oxide coated silica materials (such as Al,03/SiO,
[13], TiO,/SiO, SPs [14], and ZrO,/Si0O, microbeads [15]) have
exhibited considerable application potential in HPLC and sample
preparation [16]. In particular, ZrO, and ZrO,/SiO, based materials
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have received considerable attention as SPs for HPLC owing to
their significant mechanical, chemical (1 < pH < 14), and thermal
(=200 °C) stabilities [17,18]. Moreover, ZrO,/SiO, based SPs show
substantial potential for the separation of polar or weakly polar
basic or acidic compounds [14].

However, ZrO,/Si0O, materials cannot be modified in the same
manner as silica because of the poor stability of Zr-C and Zr-
0-Si bonds in aqueous solutions [17,19]. Currently, many types
of electronegative inorganic and organic phosphates have been
modified on the surface of ZrO, based materials through Lewis
acid-base reactions [17,18,20,21]. He et al. [20] employed n-
octadecylphosphonic acid as a derivatization reagent and modified
it onto the surface of MgO-ZrO, materials, which were then
end-capped by trimethylchlorosilane to enhance their chromato-
graphic separation properties. The end-capped SPs exhibited better
chromatographic performance towards basic compounds than the
SPs without the end-capping reaction. Wang et al. [18] prepared
adenosine-bonded ZrO,/Si0, microbeads for hydrophilic interac-
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Fig. 1. Synthesis of F end-capped stationary phases (A) and possible principles for the separation of polar analytes (alkaloids and benzoic acids) in HILIC mode (B).

tion liquid chromatography (HILIC) separation of compounds hav-
ing strong polarity (such as nucleobases, phenolics and alkaloids).
However, obvious tailing of chromatographic peaks typically oc-
curs when using chromatographic columns packed with Zr0O,/SiO,
based SPs for the separation of phenols, nucleotide bases, and
alkaloids. We speculate that this may be due to the strong inter-
actions between the analytes and the exposed Lewis acid sites,
which were caused by the large steric hindrance of the modified
phosphate groups. Thus, the development of novel end-capping
reagents is vital for overcoming the aforementioned limitations.
Fosfomycin (F) contains a phosphonate group and a glycidyl
group (Fig. 1). Hydroxyl groups can be formed in either acidic or
basic solutions, owing to the hydrolysis reaction of the glycidyl
groups. F has often been selected as a modification reagent in
the preparation of MgO-ZrO, based SPs [17]. However, to date, it
has not been used as an end-capping reagent. Therefore, in this
study, we use F as an end-capping reagent to prepare novel SPs
for the separation of polar compounds in HILIC mode. D-glucose-

6-phosphate disodium salt (G) and D-fructose 1,6-bisphosphate
trisodium salt (FDP) modified ZrO,/SiO, materials (G-ZrO,/SiO,
and FDP-Zr0,/SiO,) were synthesized and then end-capped with F
to improve the chromatographic properties of the SPs for the sep-
aration of benzoic acids and alkaloids, respectively. The retention
mechanism of the end-capped SPs was evaluated and explained.
For comparison, a common small silane agent (trimethylchlorosi-
lane, T) was used to modify FDP-ZrO,/SiO, SP, and the resulting
T-FDP-Zr0,/SiO, column was employed to separate alkaloids. The
results indicated that the obtained novel F end-capped SPs showed
satisfactory results for the separation of polar compounds.

2. Experimental
2.1. Chemicals and reagents

Iressa (98% purity), FF G and FDP were supplied by Shang-
hai Yuanye Bio-Technology Co., Ltd (Shanghai, China). End-capping
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Fig. 2. SEM images of the materials.

reagent T was supplied by Energy Chemical Co., Ltd. (Shanghai,
China). Tetrandrine, lycorine, and tetrahydropalmatine were sup-
plied by Dalian Meilun Biotechnology Co., Ltd. (Dalian, China).
Zirconium nitrate pentahydrate, ammonium acetate (NH4Ac), and
sodium hydroxide were supplied by Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Analytical grade ethanol was purchased
from Damao Chemical Reagent Factory (Tianjin, China). Berberine
chloride (98% purity) was purchased from J&K Scientific Ltd. (Bei-
jing, China). Chromatographic grade methanol (CH3OH) and ace-
tonitrile (ACN) were obtained from Tedia Inc. (Fairfield, USA). An-
alytical grade hydrochloric acid, nicotinic acid, acetic acid, am-
monia solution, p-hydroxybenzoic acid, benzoic acid, and benzene
were purchased from Kermel (Tianjin, China). Bare silica micro-
spheres, having a particle size of 5 um, surface area of 300 m?
g1, and pore size of 100 A, were obtained from Fuji Silysia Chem-
ical Ltd. (Kasugai, Japan). Silica based SPs (5 wm, 100 A) modified
with amino and diol groups were supplied by Fuji Silysia Chemi-
cal Ltd. (Kasugai, Japan). Deionized purified water, used through-
out the study for aqueous solution preparation, was obtained from
Hangzhou Wahaha Group Co., Ltd. (Hangzhou, China).

2.2. Instruments and conditions

The packed capillary column (300 x 0.53 mm i.d.) evaluation
was conducted using an HPLC instrument equipped with quater-
nary pumps (Agilent 1260, USA), a manual injection valve with
an internal loop of 100 nL (Valco, USA), and a UV detector (an
on-column type) from JASCO corporation (Tokyo, Japan). A splitter
(tee-piece) was employed to maintain a constant column flow ve-
locity. Finally, the results were obtained and analyzed by using an
N2000 chromatographic workstation (Zhejiang University, China).

— » — bare silica
—+—Z10,/Si0,
—+—F-FDP-ZrO,/8iO,
——FDP-Zr0,/8i0,
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Fig. 3. . Pore size distribution based on N, adsorption data of the materials.

The packed stainless-steel column (150 mm x 2.1 mm i.d.) was
evaluated by using an Agilent 1260 equipped with a diode array
detector.

Scanning electron microscopy (SEM, HITACHI S-4800, Japan),
along with energy dispersion spectrum (EDS), was utilized to ex-
amine the morphology and wt.% of Zr on the surface of the ma-
terials. Inductively coupled plasma-atomic emission spectrometry
(ICP-AES, PerkinElmer, USA) was used to measure the Zr content in
the Zr0O,/SiO, microbeads. A high-resolution transmission electron
microscope (Tecnai G2 F20 S-TWIN, FEI Company, USA) was used
to further determine the morphology of the materials. The Fourier
transform infrared (FT-IR) spectra of the materials were collected
by using FT-IR spectrometer (ThermoFisher Scientific, USA). Ther-
mogravimetric analyzes (TGA) were performed by using an instru-
ment (Mettler 5MP-400W, METTLER-TOLEDO, Switzerland) in the
temperature range of 30-900 °C at a heating rate of 10 °C/min. Ni-
trogen adsorption-desorption measurements were performed on a
QuadraSorb SI4 (Florida, USA) apparatus, before measurement, and
the materials were dried at 60 °C in vacuum for 6 h. The carbon
content of the SPs was determined by using a Vario EL III elemen-
tal analysis instrument (Elementar, Hanau, Germany).

2.3. Preparation and packing of SPs

2.3.1. Preparation of Zr0O,/SiO, material

Similar to our previous work [22], ZrO,/Si0, mesoporous mi-
crospheres were prepared as follows. Silica microspheres (5 g)
were immersed in an aqueous solution of 0.1 M NaOH and stirred
for half an hour. Then, they were washed with deionized water
more than six times, and vacuum-dried under 55 °C. Subsequently,
1 g of the activated bare silica was rapidly added into a 0.01 M HCI
solution containing 0.5 M zirconium nitrate pentahydrate at 70 °C
and stirred for approximately 2 h. The prepared ZrO,/SiO, material
was obtained by centrifugation, and then washed separately with
both deionized water and ethanol approximately three times each.
The obtained material was dried at 60 °C for approximately 8 h
and calcined at 550 °C for approximately 6 h in an air atmosphere
in a furnace.

2.3.2. Preparation of G modified Zr0,/SiO, (G-Zr0,/SiO,) materials

The G-Zr0O,/Si0, material was prepared by adding 0.4 g of the
Zr0,/Si0, material into 20 mL of an aqueous solution contain-
ing 20 mM of G, followed by vigorous stirring at 60 °C for 15 h.
The resulting particles were collected and separately washed thrice
with deionized water and ethanol. The resulting G-ZrO,/SiO, ma-
terial was dried in a vacuum oven at 55 °C for approximately 8 h
and stored in capped bottles until modification in the next step.
The FDP-ZrO,/SiO, materials were synthesized using a similar ap-
proach.
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Fig. 4. . Effects of ACN concentration (a), pH for aqueous solution (b) and NH4Ac
content (c) on the retention factors of alkaloids from the F-FDP-ZrO,/SiO, column.
Chromatographic conditions: (a) ACN-20 mM NH4Ac (pH = 9.0), (b) 85% ACN-15%
20 mM NHy4Ac, and (c) 85% ACN-15% NH4Ac/ammonia (pH = 9.0).

2.3.3. End-capping of G-Zr0,/SiO, or FDP-Zr0O,/Si0, materials with F

The preparation of F-G-ZrO,/SiO, SPs was based on the Lewis
acid-base effect between F and G-ZrO,/SiO, porous microspheres.
G-Zr0,/Si0, porous microspheres (0.3 g) were suspended in 20 mL
of an aqueous solution containing 0.3 g of F, followed by vigor-
ous stirring at 60 °C for 12 h. The obtained material was washed

Journal of Chromatography A 1656 (2021) 462529

three times separately with deionized water and ethanol. Finally,
the obtained F-G-Zr0,/SiO, material was dried at 55 °C for 8 h and
stored in centrifugal tubes. F-FDP-ZrO,/SiO, microspheres were
synthesized by applying a similar process with minor modifica-
tions using FDP-ZrO,/SiO, porous microspheres instead of F-G-
Zr0,/Si0, porous microspheres.

2.3.4. End-capping of FDP-Zr0,/SiO, material with T

FDP-Zr0,/SiO, (1 g) was dissolved in 50 mL of anhydrous
toluene, followed by the addition of end-capping reagent T. The
dispersion was stirred at a suitable rate for 24 h under N, pro-
tection. The resulting T-FDP-ZrO,/SiO, SP was collected via cen-
trifugation and washed successively with anhydrous toluene and
ethanol. Finally, the T-G-ZrO,/SiO, material was dried at 55 °C
overnight and stored in centrifugal tubes.

2.4. Investigation of column properties

2.4.1. Column preparation

The materials were packed into capillary columns by using a
dry packing method, as previously mentioned [23]. In the proce-
dure, fused-silica capillary tubing (300 mm x 0.53 mm i.d.) sup-
plied by Reafine Chromatography Ltd. (Hebei, China) was used. In
the evaluation procedure, a split ratio of 1:100 was chosen. The de-
tection window was prepared by removing the polyimide coating
connected to an empty capillary (100 pxm i.d.). Acidic and alkaline
analytes were utilized to evaluate the performance of the column.
The stainless-steel column (150 mm x 2.1 mm i.d.) was packed by
employing a slurry method under a pressure of 50 MPa. The col-
umn was then flushed with ACN (1.0 mL/min) by using an Agilent
1260 for more than 20 column volumes before evaluation.

2.4.2. Standard solutions preparation and column evaluation

The acidic analytes were a mixture of benzoic acid (1000 mg
L-1), p-hydroxybenzoic acid (1000 mg L-') and nicotinic acid
(1000 mg L-1). These were eluted using a mobile phase of ACN-
20 mM NH4Ac/acetic acid at pH = 4.0 (88:12, v/v) as the solvent
and were detected at 230 nm. The basic analyte mixture was as
follows: 900 mg L~ of berberine, 800 mg L' of iressa, 1300 mg
L1 of lycorine, 900 mg L~! of tetrahydropalmatine, and 2100 mg
L-1 of tetrandrine. These were eluted using a mobile phase of ACN-
20 mM NHiAc/ammonia at pH = 9.0 (85:15, v/v) and were de-
tected at 280 nm. The retention factor (k) can be obtained based
on the following equation: k = (t; — ty)/tg, where t; is the reten-
tion time of the analyte and ty is the retention time of the unre-
tained compound. The k values represent retention of analyte. The
evaluation procedure was performed at about 25 °C.

2.4.3. Acid-base stability investigation

In this study, the acid-base stability of the F-FDP-ZrO,/SiO, col-
umn was evaluated under the highest and lowest pH conditions for
five days. The base stability of the F-FDP-ZrO,/SiO, column was
studied by using berberine and naphthalene as analytes, and the
separation was performed under the following conditions: 85:15
(v/v) ACN:20 mM NH4Ac-NaOH (pH = 12). The acid stability of the
F-FDP-Zr0,/Si0, column was investigated by using benzoic acid
and naphthalene as the target analytes, and a mobile phase of
85:15 (v/v) ACN:20 mM NH4Ac-CH3COOH (pH = 3.0) was utilized
in the process. The relative retention factors were also examined.

2.4.4. Analysis of benzoic acid in Sprite

At present, benzoic acid is universally used as an antiseptic and
is added to many prepared foods and drinks. Thus, the analysis
of this antiseptic is important. Standard solutions of benzoic acid
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Fig. 5. Chromatographic peaks of alkaloids: (1) tetrahydropalmatine, (2) iressa, (3) lycorine, (4) berberine, (5) tetrandrine. Column: capillary column (300 mm x 0.53 mm
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were prepared (10, 50, 100, 500, and 1000 mg L-1), and a calibra-
tion curve was drawn. Sprite (20 mL) was added into a 25 mL plas-
tic centrifuge tube and degassed with an ultrasonic cleaner for ap-
proximately 15 min. Next, ammonium hydroxide (25%) was added
into the solution to neutralize the pH. After that, water was added
into the centrifuge tube to 25 mlL, and the solution was filtered
through a filter membrane with a pore size of 0.22 um.

3. Results and discussion
3.1. Synthesis of F end-capped Zr0,/SiO, materials

The synthesis of Zr0O,/Si0O, based SPs is schematically shown
in Fig. 1A. Firstly, ZrO,/SiO, was prepared by adding bare silica
porous microspheres to an aqueous solution containing Zr*+. The
subsequent hydrolysis reaction of Zr*+ and the calcination proce-
dure resulted in the formation of a ZrO, shell on the silica mi-
crobeads. Lewis base reagents G or FDP were adsorbed onto the
Lewis acid sites on the inner and outer surfaces of the Zr0O,/SiO,
microbeads. Finally, the residual Lewis acid sites of the synthesized
materials (FDP-ZrO,/SiO, or G-ZrO,/SiO,) were end-capped with
the small molecule, F, as shown in Fig. 1A.

3.2. Characterization of the materials

The results of the ICP-AES measurement indicated that the wt.%
of Zr on the surface of the ZrO,/SiO, particles was 5.05%, and no
Zr was detected on bare silica, confirming that the Zr0O,/SiO, ma-
terials were successfully synthesized. As shown in the SEM im-
ages (Fig. 2), the prepared particles (Zr0O,/SiO,, G-Zr0O,/SiO,, F-G-
Zr0,/Si0,, T-FDP-Zr0,/Si0,, FDP-Zr0,/Si0,, and F-FDP-ZrO,/SiO,)
have particle sizes of approximately 5 wm and are spherical with
no agglomerated appearance, which are very similar to the appear-
ance of the bare silica particles. This illustrates that the precipita-
tion of the ZrO, layer on the surface of the silica sphere did not
cause any aggregation, conglomeration, or cracks. The well pre-
served morphology of metal oxide coated silica is of great signifi-
cance for the final chromatographic separation. The EDS data fur-
ther verified the successful coating of the ZrO, layer on the surface
of the silica microbeads (Table 1). As observed in the TEM images
(Fig. S1), homogeneous and rough layers of materials are modified
on the surface of the silica particles.

In the FT-IR spectra (Fig. S2), the peaks at 464,800, and
1085 cm~! correspond to the bending of the Si-O-Si group. In the
Zr0,/Si0, based materials, the stretching of Si-OH near 973 cm™!
disappeared owing to the successful coating of the ZrO, layer. In
the F-FDP-Zr0,/SiO, and F-G-ZrO,/SiO, materials, the C-H stretch-
ing vibration absorption near 2985 cm~! demonstrated the suc-
cessful modification of the organic groups. As shown in Fig. S3,
the weight of the materials decreased when heated from 30 °C to
260 °C, indicating the evaporation of surface water and removal
of unstable compounds. The weight loss of the materials modified
by the organic groups was greater than that of the bare silica and
Zr0,/SiO, particles. These results further confirmed the successful
modification of the organic groups. The TGA curves of the materi-
als were nearly a plateau in the range of 260-460 °C. After 460 °C,
a minor weight loss of the materials occurred (approximately 1%).

Multipoint nitrogen adsorption-desorption experiments were
used to measure the pore structure of the materials. The pore size
distribution of the materials is shown in Fig. 3, and the pore struc-
ture data are listed in Table 2. Most materials display a narrow
pore size distribution (approximately 9 nm). The N, adsorption-
desorption isotherms depicted in Fig. S4 indicate that the materials
exhibit type IV isotherms, suggesting that the pore structure of the
materials is almost cylindrical, the results show that the mesopores
of the prepared materials are still well-preserved after modification
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Fig. 7. Chromatographic peaks for benzene (1), benzoic acid (2), p-hydroxybenzoic acid (3), and nicotinic acid (4). Column: capillary column (300 mm x 0.53 mm i.d.).
Chromatographic conditions: 88% ACN-12% 20 mM NHjAc/acetic acid solution with pH of 4.0 with detection by UV at 230 nm.

Table 1
wt.% of Zr on the materials obtained by performing EDS measurement.

materials bare silica  Zr0,/SiO, F-FDP-Zr0,/Si0, FDP-Zr0,/Si0, G-Zr0,/SiO, F-G-Zr0,/SiO, T-FDP-ZrO, /SiO;

wt% Zr 0% 2.66% 2.72% 2.67% 2.58% 2.53% 2.22%




Z. Song, J. Li, W. Lu et al.

Table 2
Pore structure of the particles.

Journal of Chromatography A 1656 (2021) 462529

particles Sger® (m? g ') Mesopore width® (nm)  Pore volume®(cm? g=1)
bare silica 349.56 8.96 0.91
Zr0,/Si0, 345.89 9.06 0.88
F-FDP-Zr0,/Si0,  365.95 9.26 0.97
FDP-Zr0,/SiO, 334.56 8.87 0.85
G-Zr0,/Si0, 328.08 8.98 0.84
F-G-Zr0,/Si0, 314.87 8.98 0.84
T-FDP-Zr0,/SiO, 357.31 7.71 0.88

3BET surface area.
bBJH Adsorption average pore width.

°BJH Adsorption cumulative volume of pores between 8.500 and 1500.000 A radius.

[24]. The excellent physical properties of the prepared particles are
very important for HPLC separation.

To further demonstrate the stability and the alkali resistance
of the prepared Zr0,/SiO, particles, the materials were immersed
in a solution containing NaOH (0.5 M) for 3 h. The morphology
of the Zr0O,/Si0, material changed slightly, while the bare silica
was nearly completely dissolved (Fig. S5). These results confirmed
that the silica material was successfully covered with a ZrO, shell,
which improved the basic stability of the material. The carbon
content of the F-G-Zr0O,/SiO,, G-ZrO,/SiO,, F-FDP-Zr0,/SiO,, FDP-
Zr0,/Si0,, Zr0,/Si0,, and bare silica materials was determined by
elemental analysis. Table S1 indicates that G and FDP are suc-
cessfully modified onto the ZrO,/SiO, particles. Furthermore, the
G-Zr0,/Si0, and FDP-ZrO,/SiO, materials are successfully end-
capped by F.

3.3. Evaluation of F end-capped SPs

The ideal SP should give high selectivity, good symmetrical peak
shape, good chemical stability and incompressibility, low mass
transfer resistance and reusability. Alkaloids and benzoic acids (Fig.
S6) were chosen as standard polar compounds to evaluate the pre-
pared SPs. The chromatographic properties of the prepared SPs
were compared with those of commercial SPs (amino-modified sil-
ica and diol-modified silica microbeads).

Table 3

3.3.1. Chromatographic separation of alkaloids

Alkaloids, including tetrahydropalmatine, iressa, lycorine,
berberine and tetrandrine, belong to an important family of phar-
macologically active compounds that contain an amine nitrogen
atom and are usually isolated from herbal medicines [25,26].
However, they are very difficult to retain in reversed-phase liquid
chromatography (RPLC) mode [20], leading to the development of
ZrO, based materials to solve the retention problem [18,27,28].
Based on these discoveries, we applied the resulting end-capped
Zr0,/Si0, SPs to separate a mixture of alkaloids.

As shown in Fig. 4, the performance of the chromatographic
column packed with F-FDP-ZrO,/SiO, SPs for the alkaloids exhibits
a characteristic HILIC retention mode: the retention time of the po-
lar analytes increases when the content of ACN increases from 75
to 95%. The increase in the NH4Ac content (from 0 mM to 40 mM)
and pH (from 7 to 11) of the mobile phase resulted in a decrease
in k’. This was mainly due to the interactions of electrostatic re-
pulsion, ion exchange and hydrogen bonding between the SPs and
the analytes. The chromatographic properties of the commercial
diol-modified silica SPs column were evaluated using alkaloids un-
der different mobile phases (Fig. S7). The optimal mobile phase
was determined to be ACN-20 mM NHjAc/ammonia solution at
pH = 9.0 (85:15, v/v).

Fig. 5 and Table 3 present the chromatographic separation per-
formances of columns packed with the prepared F-FDP-ZrO,/SiO,,
F-G-Zr0,/Si0,, FDP-Zr0O,/SiO;, G-ZrO,/SiO,, Zr0O,/Si0,, and com-

Chromatographic data for separation of alkaloids on the stationary phases. Mobile phase: 85% ACN-15% 20 mM NH4Ac solution at pH 9.

Detection: UV at 280 nm.

Compound F-FDP-Zr0,/SiO, FDP-Zr0,/SiO, F-G-Zr0,/Si0,
N/m As Rs N/m As Rs N/m As Rs
15,900 1.84 2.92 11,200 1.61 333 11,400 1.63 2.39
tetrahydropalmatine 7.52 6.47 5.91
iressa 14,200 1.68 9.34 10,500 1.48 9.20 10,900 1.48 10.03
lycorine 20,700 1.56 6.41 13,900 1.64 5.25 14,600 1.45 3.37
berberine 31,700 1.63 21,700 1.78 20,300 0.74
tetrandrine 19,500 2.34 10,800 2.69 13,900 2.11
Compound G-Zr0,/Si0, Zr0,/Si0, Bare Silica
N/m As Rs N/m As Rs N/m As Rs
12,400 1.72 2.41 10,500 1.49 4.67 12,800 2.09 4.66
tetrahydropalmatine 5.92 6.04 7.58
iressa 11,600 1.44 8.21 10,400 1.31 11.08 17,100 1.77 9.44
lycorine 15,900 1.47 1.06 12,200 1.64 4.39 20,600 2.26 8.03
berberine 16,000 2.34 13,800 2.47 30,000 0.52
tetrandrine 8,100 2.08 10,000 1.99 19,000 4.41
Compound Diol-modified silica Amino-modified silica As: Asymmetry factor
N/m As Rs N/m As Rs N/m: Theoretical plate number
12,600 1.61 5.10 7900 1.77 1.57 Rs: USP resolution
tetrahydropalmatine 443 0.79
iressa 12,000 1.35 10.30 8,200 1.27 1.97
lycorine 13,300 1.64 0.86 7,100 1.94 0.77
berberine 14,200 1.29 6,400 0.91
tetrandrine 16,900 1.26 11,000 1.30
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Table 4
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Chromatographic data for separation of benzoic acids on the stationary phases. Mobile phase: 88% ACN-12% 20 mM NH4Ac solution at pH 4.

Detection: UV at 230 nm.

Compound F-FDP-Zr0,/SiO, FDP-Zr0,/SiO, F-G-Zr0,/SiO,

N/m As Rs N/m As Rs N/m As Rs
benzene 12,100 1.95 6.45 12,000 1.88 3.64 18,200 1.96 3.35
benzoic acid 6,200 1.79 1.94 4,500 1.03 0.53 7,200 0.96 0.48
p-hydroxybenzoic 2,800 2.27 3.31 5,800 4.65 6.20 9,100 4.34 6.55
acid
nicotinic acid 2,800 2.06 2,700 1.75 4,600 2.40
Compound G-Zr0,/Si0, Zr0,/Si0, Bare Silica

N/m As Rs N/m As Rs N/m As Rs
benzene 18,800 1.90 449 15,100 1.914 5.752 12,700 2.347 2.2
benzoic acid 7,400 0.97 0.52 2,000 3.113 6,800 1.083 10.18
p-hydroxybenzoic 8,200 411 7.61 - - - -
acid
nicotinic acid 5,400 1.30 - - 22900 1.415
Compound Diol-modified silica As: Asymmetry factor

N/m As Rs N/m: Theoretical plate number
benzene 18,900 1.89 15.23 Rs: USP resolution
benzoic acid 13,900 0.73 3.60
p-hydroxybenzoic 22,400 0.78 -

acid
nicotinic acid

mercial SPs (bare silica, amino-modified silica, and diol-modified
silica SPs). A baseline separation of alkaloids was achieved with
the F-FDP-Zr0,/SiO, column, yielding the overall best column effi-
ciency of 31,700 plates/m for berberine. The chromatographic per-
formance of the F-G-Zr0O,/SiO, SP was better than that of the G-
Zr0,/Si0, SP. The results indicate that the end-capping process is
of great significance for improving chromatographic performance.
To further investigate the advantages of the end-capping reagent F,
trimethylchlorosilane (a common small silane) was used as an end-
capping reagent on the surface of FDP-ZrO,/SiO,. The resulting SP
(T-FDP-Zr0,/SiO,) was slurry-packed into a stainless-steel column
(150 mm x 2.1 mm i.d.). The T-FDP-ZrO,/SiO, column was used
for the separation of alkaloids; however, berberine and tetrandrine
could not be separated, as shown in Fig. S8. F showed superior
end-capping properties over T. Finally, the separation reproducibil-
ity of the F-FDP-ZrO,/SiO, SP for alkaloids was evaluated. The rel-
ative standard deviation (RSD) values for batch-to-batch and run-
to-run were less than 4.9% and 0.9%, respectively, suggesting that
F-FDP-Zr0,/SiO, has good reproducibility (Fig. S9).

3.3.2. Separation of benzoic acids

Benzoic acids have garnered considerable interest in the fields
of food and drug production [29]; however, it has been reported
that benzoic acids cannot be separated on a bare ZrO, column. A
possible reason for this is that the benzoic acids could be strongly
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adsorbed by the Lewis acid sites on the ZrO, materials [30]. A mix-
ture of benzene, benzoic acid, nicotinic acid, and p-hydroxy ben-
zoic acid was utilized to explore the retention mechanism of the
columns packed with synthesized SPs and commercial SPs (includ-
ing bare silica and diol-modified silica). As shown in Fig. 6, on the
F-FDP-Zr0,/SiO, column, the elution orders of benzoic acids were
benzene < benzoic acid < p-hydroxy benzoic acid < nicotinic acid,
which are consistent with their log P values (the partition coeffi-
cients of the compounds between octanol and water, as shown in
Fig. S6). The k' value of most analytes increases with an increase
in the ACN content in the mobile phase. The NH4Ac content in the
mobile phase and the pH influence on the k’ value of the benzoic
acids. These results imply that the separation of benzoic acids oc-
curs via mixed-mode retention mechanisms, including hydrophilic
interactions, ion exchange, and hydrogen bond interactions.

As shown in Fig. 7 and Table 4, the chromatographic properties
of the prepared F-FDP-ZrQ,/SiO, column are better than those of
the commercial columns. These results suggest that F can be used
as an end-capping reagent. The batch-to-batch and run-to-run re-
producibility of the F-FDP-ZrO,/SiO, column for the separation of
benzoic acids was also evaluated. Three batches of F-FDP-Zr0,/SiO,
materials were synthesized under the same reaction conditions,
and dry-packed into columns. As shown in Fig. S10, the batch-to-
batch and run-to-run RSD values are less than 6.2% and 1%, respec-
tively. The results indicated that the end-capped SPs have good re-
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Fig. 8. Effects of pH on the chromatographic stability of the F-FDP-ZrO,/SiO, column (150 mm x 2.1 mm i.d.). (a) Percent variation in the retention factor using the mobile
phase of 85:15 (v/v) ACN:20 mM NH4Ac-NaOH (pH = 12) at the temperature of 30 °C. (b) Percent variation in the retention factor using the mobile phase of 85:15 (v/v)

ACN:20 mM NH4Ac-CH3COOH (pH = 12) at the temperature of 30 °C.
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peatability. In addition, the resulting F-FDP-ZrO,/SiO, SP showed
application potential for the chromatographic separation of gin-
senosides (as seen in Fig. S11).

3.3.3. Acid-base stability investigation

The acid-base stability of the F-FDP-ZrO,/SiO, column was eval-
uated at a pH of 3.0 and 12. As shown in Fig. 8(a), the k of berber-
ine decreases approximately 60% after 1900 column volumes elu-
tion in a basic mobile phase. As shown in Fig. 8(b), the k of benzoic
acid decreases by approximately 30% after 5 days of elution un-
der acidic conditions. The results demonstrated that the SPs end-
capped with F showed proper acid-base stability.

3.3.4. Analysis of benzoic acid in Sprite

As shown in Fig. S12, a plot of the peak area (y) against
concentration (x, mg L~1) of benzoic acid standards yields a
straight line from 10 to 1000 mg L~1, with a resulting equation of
y = 1034.5600 x — 4680.9063 ( n = 3, R2 = 0.9997). The recovery
of benzoic acid in Sprite ranged from 98.10 to 102.12%. A content of
263.01 mg L~! benzoic acid was detected in the commercial sam-
ples of Sprite (n = 3). The results showed that the F-FDP-ZrO,/SiO,
column could be used for the analysis of practical samples.

4. Conclusion

A new end-capping reagent (F) was employed to prepare
Zr0,/Si0, based HILIC SPs. The resulting SPs exhibited better chro-
matographic performance than the SPs without end-capping. The
baseline separation and good peak shape of alkaloids and benzoic
acids demonstrated that the end-capping reagent is very valuable
for improving the chromatographic performance of SPs. Addition-
ally, the synthesized F-FDP-ZrO,/SiO, materials facilitate the anal-
ysis of benzoic acid in Sprite and the separation of ginsenosides.
Moreover, this modification strategy can be widely applied to the
synthesis of metal oxide (e.g., TiO, or ZrO,) based materials having
abundant Lewis acid sites. The synthesized SPs have significant po-
tential for solving the problems of the separation and purification
of polar pharmaceuticals.
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