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Abstract: Stability as a function of mobile phase pH is an important consideration when selecting
a chromatographic column. While the pH stability of reversed-phase columns is widely studied,
there are relatively few reports of the stability of hydrophilic interaction chromatography (HILIC)
columns. We evaluated the stability of silica and ethylene-bridged hybrid HILIC columns when
used with mobile phases containing basic buffers. The predominant mode of column degradation
observed in our studies was a decrease in efficiency due to voiding, resulting from the hydrolysis of
the silica particles. Associated with this were increases in tailing factors. Retention factor changes
were also noted but were smaller than the efficiency losses. The dependence of the rate of efficiency
decrease on the key variables of temperature, mobile phase pH and water content were studied
for an unbonded silica column. The effect of the acetonitrile concentration on the pH of the mixed
aqueous/acetonitrile mobile phases was also investigated. Using conditions found to cause a 50%
decrease in efficiency after approximately five hours of exposure to the basic solution, we evaluated
eight different commercially available HILIC columns containing silica or ethylene-bridged hybrid
particles. The results show large differences between the stability of the silica and ethylene-bridged
hybrid particle stationary phases, with the latter exhibiting greater stability.

Keywords: base stability; high pH stability; HILIC columns; hybrid particles; hydrolytic stability

1. Introduction

Hydrophilic Interaction Chromatography (HILIC) is a valuable approach for sepa-
rating polar compounds because it is characterized by retention that increases with in-
creasing analyte polarity [1,2]. HILIC is carried out using a polar stationary phase and a
less polar organic/aqueous mobile phase [1]. A variety of HILIC stationary phases are
commercially available, including materials based on silica, organic polymer and hybrid
organic/inorganic particles [3,4]. Other materials, including carbon [5–7] and aluminosili-
cates [8], are also investigated for HILIC. Among these, silica-based columns, particularly
those containing unbonded silica, are the most widely referenced [9]. While silica particles
generally have excellent mechanical strength, allowing them to be packed to form efficient
and rugged columns, they suffer from a limited pH range due to the hydrolysis of silica in
basic solutions [10]. The hydrolysis of silica results in the formation of silicic acid (Si(OH)4),
which may polymerize to form oligomers. These hydrolysis products dissolve in the mobile
phase and elute from the column. As the mass loss progresses, the packed bed structure
becomes compromised and voids form, resulting in a large decrease in efficiency [11].
The hydrolysis products may be observed as column bleed when using evaporative light
scattering, charged aerosol or electrospray ionization mass spectrometry detectors [12–15].
Retention time changes have also been reported [8,16,17]. These issues make it difficult
when using silica-based columns to realize the benefits of operating with high pH mobile
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phases. These benefits include avoiding the degradation of acid-labile compounds, tuning
separation selectivity, increasing detection sensitivity and optimizing peak shapes [18–22].

While many silica-based HILIC columns are recommended by their manufacturers
for use up to pH 8, it has been shown that column degradation may occur at much lower
pH values. For example, in a study carried out for an unbonded silica column using a
mobile phase containing a pH 5 ammonium acetate buffer with a gradient from 5.45 to
50.50% water, the column showed significant efficiency losses after only 33.3 h [23]. In a
study involving an unbonded silica column and an isocratic separation with a 75/25 v/v
acetonitrile/25 mM ammonium acetate (w

wpH 6.8) (aq) mobile phase at room temperature,
a 12% increase in retention time was observed for a positively charged compound after
only 30 h [16].

A number of variables have been shown to affect the rate of column degradation
at high pH in studies of reversed-phase (RP) columns. In addition to buffer pH, these
variables include temperature, the type and concentration of the organic solvent and the
chemical identity and concentration of the buffer [24–26]. An important consideration
not mentioned in these studies is that the addition of an organic solvent to an aqueous
buffer significantly changes the pH due to shifts in the pKa of the buffer species, which
arise from the lowering of the dielectric constant of the solution [27]. The implications
of these shifts for understanding the retention of ionizable compounds in reversed-phase
chromatography and HILIC have been described by Rosés and coworkers [28–34]. As
an example of the magnitude of the effect, an ammonium acetate buffer measured as pH
4.0 in water gave a pH of 7.0 in a solution containing 95% acetonitrile [34]. Since the pH
shifts increase with increasing organic solvent concentration, the effects are usually more
significant in HILIC than in RP separations.

Here, we describe the development of an accelerated base stability test for HILIC
columns. We evaluated the effect of mobile phase water content, buffer pH and temperature
on the stability of an unbonded silica column. Our goal was to identify test conditions
that cause >50 % efficiency loss after ca. 5 h of exposure to the basic solution. Using these
conditions, we then compared the stability of eight different HILIC columns, including
unbonded silica, unbonded ethylene-bridged hybrid (BEH) and surface-modified silica and
BEH™ stationary phases. BEH particles have previously been shown to exhibit improved
base stability vs. silica particles under reversed-phase conditions [35].

2. Materials and Methods
2.1. Chemicals

LC-MS grade acetonitrile (ACN) was obtained from Fisher Scientific (Hampton,
NH, USA). Ammonium formate (AF), ammonium acetate (AA), ammonium bicarbon-
ate (AmBic), acetic acid, ammonium hydroxide, formic acid and all test compounds were
sourced from Millipore-Sigma (Burlington, MA, USA). Deionized water was produced
using a Millipore Milli-Q™ system (Burlington, MA, USA).

2.2. Instrumentation and Columns

All chromatographic evaluations were performed using ACQUITY™ UPLC™ H-Class
or Arc Systems equipped with ACQUITY photodiode array detectors (Waters Corporation,
Milford, MA, USA). ACQUITY UPLC BEH Amide (1.7 µm, 2.1 × 50 mm), BEH HILIC
(1.7 µm, 2.1 × 50 mm), Atlantis™ HILIC (3 µm, 2.1 × 50 mm) and CORTECS™ HILIC
(1.6 µm, 2.1 × 50 mm) columns were obtained from Waters Corporation (Milford, MA,
USA). Ascentis™ Si (3.0 µm, 2.1 × 50 mm), TSKgel™ Amide-80 (2.0 µm, 2.0 × 50 mm)
and SeQuant™ ZIC™-HILIC 100 Å columns (3.5 µm, 2.1 × 50 mm) were purchased
from Sigma-Aldrich (Saint Louis, MO, USA) and Accucore™ HILIC columns (2.6 µm,
2.1 × 50 mm) were from Thermo Fisher (West Palm Beach, FL, USA). An Orion™ Versa
Star Pro™ advanced electrochemistry meter from Thermo Fisher (West Palm Beach, FL,
USA) was used for pH measurements.



Separations 2022, 9, 146 3 of 13

2.3. Sample and Mobile Phase Preparation

The sample used for the tests investigating the effects of pH, water content and
temperature contained acenaphthene as the hold-up time marker (25 µg/mL), adenine
(25 µg/mL), cytosine (50 µg/mL) and sodium p-toluene sulfonate (TS) (400 µg/mL) dis-
solved in 80/20 v/v ACN/water. The sample used for the column comparisons con-
tained acenaphthene (19 µg/mL), thymine (3.7 µg/mL), adenine (3.7 µg/mL) and cytosine
(7.7 µg/mL) dissolved in 90/10 v/v ACN/water.

The pH values of the buffer solutions were determined as aqueous solutions, with
the pH meter calibrated using aqueous reference buffers, designated as w

wpH values. The
w
wpH 3.00 AF buffer was prepared by dissolving AF in water to give a concentration of
100 mM, then adding formic acid to adjust the pH. The w

wpH 5.60 AA buffer was prepared
by dissolving AA in water to give a concentration of 100 mM, with acetic acid added to
adjust the pH. The w

wpH 7.80 AmBic buffer was prepared by dissolving AmBic in water
to give a 100 mM solution. The w

wpH 11.00 and 11.30 AmBic buffers were prepared by
dissolving AmBic in water to give a concentration of 100 mM, then adding 30% ammonium
hydroxide to adjust the pH.

The challenge solutions were made by premixing acetonitrile, water and a 100 mM
aqueous buffer in different ratios. For each composition, the final buffer concentration was
10 mM. We measured the pH values of these mixtures, with the pH meter calibrated using
aqueous reference buffers, designated as s

wpH values.

2.4. Method Details

The accelerated base stability tests were carried out using the gradient program shown
in Table 1. One microliter of a sample containing acenaphthene (the hold-up time marker),
cytosine, adenine and TS or thymine was separated using a 95/5 v/v acetonitrile/100 mM
AF w

wpH 3.00 (aq) mobile phase at a flow rate of 0.4 mL/min with UV absorbance detection
(254 nm). A challenge solution of varying composition was then passed through the column
at 0.4 mL/min for 20.57 min (75 column volumes), followed by washing with 50/50 v/v
and 90/10 v/v acetonitrile/water, then equilibrating with the 95/5 v/v acetonitrile/100 mM
AF w

wpH 3.00 (aq) test mobile phase (all at 0.4 mL/min). This cycle was generally repeated
until the column showed efficiency losses greater than 50%. The column temperature
was maintained at 70 ◦C unless noted otherwise. The USP efficiencies, USP tailing factors
and retention factors of the compounds were determined vs. the time exposed to the
challenge solution. For the experiments involving different water concentrations, pH and
temperatures, two CORTECS HILIC columns were tested under each condition. CORTECS
HILIC columns were chosen because they showed significant changes after <15 h of contact
with the challenge mobile phase. For the study of eight different stationary phases, three
columns of each type were tested, and nine gradient cycles were carried out for each. For
all experiments, the trends in the relative efficiency changes were found to be similar for
all retained test compounds, so the average values were used. The retention factor trends
were not the same for all test compounds, so these data were treated individually. For the
comparison of the eight stationary phases, the results obtained for the replicate columns
were averaged, and the means and standard deviations calculated.
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Table 1. Gradient program for the base stability test.

Time (min) Flow Rate
(mL/min) %A—Water %B—

Acetonitrile

%C—100 mM
Ammonium

Formate pH 3 (aq)

%D—
Challenge
Solution

Curve 1

initial 0.400 0.0 95.0 5.0 0.0 initial
13.73 0.400 0.0 0.0 0.0 100.0 11
34.30 0.400 0.0 0.0 0.0 100.0 11
35.97 0.400 50.0 50.0 0.0 0.0 6
39.27 0.400 50.0 50.0 0.0 0.0 6
40.93 0.400 10.0 90.0 0.0 0.0 6
44.23 0.400 10.0 90.0 0.0 0.0 6
45.90 0.400 0.0 95.0 5.0 0.0 6
68.13 0.400 0.0 95.0 5.0 0.0 11

1. Curve indicates the shape of the change of the solvent composition for each gradient segment. Curve 11 is a
step change at the end of the segment, and curve 6 is a linear change during the segment.

3. Results
3.1. pH Values in Mixed Organic-Aqueous vs. Aqueous solutions

While it is common to control and report the pH value for the aqueous component of
the mobile phase before adding the organic solvent, it is important to consider the pH shifts
in the mixed aqueous/organic solutions. Rosés and coworkers previously reported these
shifts for sodium acetate and sodium carbonate buffers, among others [28–34]. However, the
shifts for some of the specific buffers used in our study were not reported. Consequently, we
measured the s

wpH values for mixtures containing the buffers that we used for the challenge
solutions for varying acetonitrile concentrations. The results, given in Table 2, show that
the s

wpH values of the mixtures containing the w
wpH 5.60 ammonium acetate and w

wpH 7.80
ammonium bicarbonate buffers increased with increasing acetonitrile concentration, while
the w

wpH 11.00 ammonium bicarbonate buffer showed the opposite trend. The results for
the ammonium acetate buffer were very similar to those previously reported for a w

wpH 5.07
sodium acetate buffer [30] and the results for the w

wpH 7.80 ammonium bicarbonate buffer
were close to those reported for a w

wpH 8.84 sodium carbonate buffer [33]. However, our
results for the w

wpH 11.00 ammonium bicarbonate buffer do not resemble those reported for a
w
wpH 10.84 sodium carbonate buffer but instead show behavior similar to that of a w

wpH 9.15
ammonium hydroxide buffer [31]. This is likely because the ammonium concentration
exceeds the carbonate/bicarbonate concentration in our w

wpH 11.00 ammonium bicarbonate
buffer, as the pH was adjusted by adding an ammonium hydroxide solution.

Table 2. Measured pH values of challenge solutions with different acetonitrile (ACN) concentrations.

pH

% ACN Ammonium Acetate Ammonium Bicarbonate Ammonium Bicarbonate

0 5.60 7.80 11.00
10 5.83 8.34 10.68
20 6.04 8.49 10.64
30 6.27 8.74 10.60
40 6.52 8.81 10.54
50 6.76 8.80 10.44
60 6.99 8.96 10.37
70 7.25 9.12 10.25
80 7.55 9.40 10.11
90 7.79 9.75 10.28
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3.2. Stability of CORTECS HILIC Columns as a Function of Water Content

To investigate how the rate of column degradation varies with the water content of the
mobile phase, CORTECS HILIC columns were tested using challenge solutions composed
of acetonitrile/buffer mixtures with different water concentrations: 20, 40 or 60% v/v.
For each composition, the challenge solution contained 10 mM ammonium bicarbonate
w
wpH 11.00, and the temperature was maintained at 70 ◦C. Because s

wpH depends on the
acetonitrile content, the s

wpH of the three different compositions varied, from 10.54 in the
60% aqueous solution to 10.37 in the 40% aqueous solution and 10.11 in the 20% aqueous
solution. Two columns were tested with each composition. The results are shown in Figure 1
as plots of efficiency as a % of the initial value vs. the time exposed to the challenge solution.
The results show that the rate of efficiency loss increases with increasing water content. The
time to 50% efficiency loss (t1/2) was 12.3–14.4 h for the 20% aqueous composition, 4.5–4.8 h
for 40% aqueous and 1.0 h for the 60% aqueous solution.
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Figure 1. Effect of the water concentration of the challenge solution on the stability of 2.1 × 50 mm
1.6 µm CORTECS HILIC columns, shown as % of initial efficiency vs. time exposed to the basic
solution. The columns were exposed at 70 ◦C to solutions containing acetonitrile and an aqueous
w
wpH 11.00 ammonium bicarbonate buffer (blue and purple circles, 20% buffer, s

wpH 10.11; orange
and red triangles, 40% buffer, s

wpH 10.37; black and gray squares, 60% buffer, s
wpH 10.54).

Accompanying the decreases in efficiency, we observed large (100–400%) increases
in the tailing factors of the three test compounds that occurred at the times of the steepest
drops in efficiency. The largest changes were observed for the anionic compound TS, which
was weakly retained on the CORTECS HILIC column, with an initial k of 0.23. The low
retention makes TS particularly susceptible to the impact of voids. Because the information
provided by the changes in tailing factors is redundant with the efficiency trends, we
focused on the latter.

The retention factors of all three test compounds decreased with increasing exposure
time, with the largest changes observed for the 60% aqueous composition (30–34% decreases
at t1/2). Smaller changes in the retention factors were measured for the other aqueous
concentrations: 5–12% decreases at t1/2 for 40% aqueous and 8–14% decreases at t1/2 for the
20% aqueous composition. The weakly retained anionic compound TS generally showed
smaller relative changes in k compared to adenine and cytosine. The decreases in the
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retention factors did not show the abrupt declines observed for the efficiencies, except for
the 60% challenge solution (see Supporting Information Figure S1).

3.3. Stability of CORTECS HILIC Columns as a Function of pH

We investigated the dependence of the rate of degradation of CORTECS HILIC
columns on the pH of the challenge solution for a constant aqueous content of 40% and tem-
perature of 70 ◦C. Two additional buffers were used: a w

wpH 7.80 ammonium bicarbonate
buffer, for which we measured a s

wpH of 8.96 in 60% acetonitrile, and a w
wpH 5.60 ammo-

nium acetate buffer, for which we measured a s
wpH of 6.99 in 60% acetonitrile. Two columns

were tested with each challenge solution. The results shown in Figure 2 demonstrate that
the rate of efficiency loss decreased with decreasing pH. For the s

wpH 10.37 mobile phase
(containing a w

wpH 11.00 buffer) t1/2 was 4.5–4.8 h. The t1/2 values were 4.8–5.5 h for the
s
wpH 8.96 mobile phase (containing a w

wpH 7.80 buffer) and 10.3–12.3 h for the s
wpH 6.99

mobile phase (containing a w
wpH 5.60 buffer). For all pH values, the retention factors of

adenine and cytosine decreased with increasing exposure time, with the relative changes at
t1/2 ranging from 10 to 13% for adenine and 6 to 7% for cytosine (see Supporting Information
Figure S2). No change or a small increase was observed for the retention factor of TS.
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HILIC columns, shown as % of initial efficiency vs. time exposed to the basic solution. The columns
were exposed at 70 ◦C to solutions containing acetonitrile and different aqueous buffers, with a
60/40 v/v ACN/buffer ratio (blue and purple circles, ammonium acetate, s

wpH 6.99; orange and
red triangles, ammonium bicarbonate, s

wpH 8.96; black and gray squares, ammonium bicarbonate,
s
wpH 10.37).

3.4. Stability of CORTECS HILIC Columns as a Function of Temperature

To study the dependence of the rate of degradation on temperature, we tested CORTECS
HILIC columns using temperatures ranging from 30 to 70 ◦C. For these experiments, we
used a s

wpH 10.37 challenge solution with an aqueous content of 40% and a w
wpH 11.00

ammonium bicarbonate buffer. Two columns were evaluated at each temperature. The
results shown in Figure 3 demonstrate that the rate of efficiency loss decreased with
decreasing temperature. The t1/2 values increased from 4.5–4.8 h at 70 ◦C to 5.8 h at 50 ◦C
and 6.2–6.5 h at 30 ◦C. For all three temperatures, the retention factors of adenine decreased
with increasing exposure time, with the relative changes at t1/2 ranging from 10 to 15%. In
the experiments at 30 ◦C and 50 ◦C, the retention factors for cytosine and TS increased from
the first to the second injection by 5 to 8%, then slowly decreased to end up close to the
initial values (see Supporting Information Figure S3).
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3.5. Stability Comparison of Silica and Ethylene-Bridged Hybrid Columns

We chose a temperature of 70 ◦C and a s
wpH 10.87 challenge solution containing 40%

of an aqueous w
wpH 11.30 ammonium bicarbonate buffer to evaluate the stability of HILIC

columns packed with eight different stationary phases. The properties of the stationary
phases are summarized in Table 3. Five of them were unbonded silica or BEH particles,
and three were surface modified. Two of the silicas had a solid-core morphology, while the
other six materials were fully porous. For each stationary phase, three columns were tested.

Table 3. Chemical and physical properties of the stationary phases evaluated.

Stationary Phase Particle
Chemistry

Surface
Chemistry Morphology Particle Size

(µm)
Average Pore
Diameter (Å)

Surface Area
(m2/g)

Recommended
pH Range

Accucore HILIC silica unbonded solid-core 2.6 80 130 2–8
Ascentis Si silica unbonded fully porous 3.0 100 450 2–6

Atlantis HILIC silica unbonded fully porous 3.0 100 330 1–5
BEH Amide BEH amide fully porous 1.7 130 185 2–11
BEH HILIC BEH unbonded fully porous 1.7 130 185 1–9

CORTECS HILIC silica unbonded solid-core 1.6 90 100 1–5
SeQuant ZIC-HILIC silica sulfobetaine fully porous 3.5 100 180 3–8

TSKgel Amide-80 silica amide fully porous 2.0 80 450 2.0–7.5

The relative efficiency trends for the five unbonded materials are displayed in Figure 4A.
Three of the silica column brands (Accucore HILIC, Atlantis HILIC and CORTECS HILIC)
showed similar rates of efficiency loss, with decreases of 41 to 50% after 3.09 h of exposure
to the high pH solution. The Ascentis Si columns showed an average efficiency loss of
68% after 3.09 h, while the BEH HILIC columns exhibited an average loss of only 3.8%.
Initial and final chromatograms for the Ascentis Si and BEH HILIC columns are shown in
Figure 5.
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Figure 4. Accelerated stability test results for eight different stationary phases shown as % of
initial efficiency vs. time exposed to the basic solution. The columns were exposed at 70 ◦C to a
solution containing acetonitrile and aqueous w

wpH 11.30 ammonium bicarbonate, with a 60/40 v/v
ACN/buffer ratio, s

wpH 10.87. The average results for three replicate columns are shown with error
bars indicating + one standard deviation. (A) Unbonded silica or BEH materials (purple diamonds,
BEH HILIC; orange triangles, Accucore HILIC; blue squares, CORTECS HILIC; red circles, Atlantis
HILIC; black squares, Ascentis Si). (B) Surface-modifed silica and BEH materials (open purple
triangles, BEH Amide; open red circles, SeQuant ZIC-HILIC; open black squares, TSKgel Amide-80).
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Figure 5. Representative chromatograms for BEH HILIC, Ascentis Si, TSKgel Amide-80 and BEH
Amide columns before (injection 1) and after (injection 10) accelerated base stability testing using
the conditions described in Figure 4. Peak identification, left to right: acenaphthene, thymine,
adenine, cytosine.

The results for the three surface-modified stationary phases are shown in Figure 4B.
The silica-based TSKgel Amide-80 columns showed an average efficiency loss of 61% after
3.09 h of exposure to the high pH solution, similar to that of the Ascentis Si columns.
The ZIC-HILIC columns showed a smaller average efficiency loss of 29% after 3.09 h. In
contrast, the BEH Amide columns exhibited an average increase in efficiency of 4.2% after
3.09 h. The latter result is similar to that recently reported for a sulfobetaine stationary
phase based on BEH particles using the same test conditions but extended to 34 h of contact
with the challenge solution [36]. Initial and final chromatograms for the TSKgel Amide-80
and BEH Amide columns are shown in Figure 5.

In addition to changes in efficiency, we also observed retention factor changes during
these experiments. The relative changes after 3.09 h of exposure to the high pH solution
are summarized in Table 4. The retention factor changes are shown as a function of time
in Supporting Information Figures S4–S6. The relative changes in retention factor were
generally smaller than the relative changes in efficiency. A rough correlation was observed
between these responses, with the stationary phase that showed the largest relative effi-
ciency losses (Ascentis Si) also exhibiting the largest relative decreases in retention factor.
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Conversely, the material that gave the smallest relative changes in efficiency (BEH Amide)
exhibited the smallest relative changes in retention factor.

Table 4. Retention factor % changes after 3.09 h of exposure to 60/40 ACN/pH 11.30 ammonium
bicarbonate (aq) mobile phase at 70 ◦C. For each stationary phase three columns were tested, and the
averages (Avg) and standard deviations (St Dev) are reported.

Thymine Adenine Cytosine Overall
Stationary Phase Avg St Dev Avg St Dev Avg St Dev Avg

Ascentis Si −22.5 1.3 −24.4 2.9 −23.8 2.3 −23.6
Atlantis HILIC −9.1 0.4 −9.5 0.9 −8.7 0.7 −9.1

Accucore HILIC −6.0 2.8 −8.1 1.5 −4.4 2.1 −6.2
BEH HILIC −1.1 0.7 −8.6 0.1 −4.8 0.2 −4.8

TSKgel Amide-80 −5.7 1.7 −4.1 1.2 −1.5 1.3 −3.8
SeQuant

ZIC-HILIC −1.5 0.7 −4.4 0.6 −3.1 0.7 −3.0

CORTECS HILIC −1.1 2.4 −6.4 1.8 0.8 2.9 −2.2
BEH Amide −1.3 0.3 1.6 1.3 1.0 1.1 0.4

4. Discussion

We observed that the primary failure mode resulting from the exposure of silica-based
HILIC columns to basic mobile phases is a loss of column efficiency and an associated
increase in peak tailing. Previous studies of silica-based reversed-phase columns have
shown that this is due to the hydrolysis of the silica particles, which involves the formation
of silicic acid and removal of this hydrolysis product in the mobile phase [24–26]. This
causes the packed bed to shift, forming voids. It is these voids that cause the loss of column
efficiency and increased tailing. We observed visible voids at the inlet ends of the packed
beds when we removed the end fittings from many of the columns after completing our
stability tests (see example in Supporting Information Figure S7). The observed retention
decreases were likely caused by the loss of surface area due to Ostwald ripening [37]
and/or because of the loss of particle mass. In a few cases, we observed slight increases in
retention factors. This may be explained by the formation of additional silanol groups due
to the hydrolysis of siloxane bonds in the particles [16]. For the surface-modified stationary
phases, loss of the attached groups may also result in retention changes.

Water concentration, pH and temperature were all shown to affect the rate of efficiency
loss, with higher values of each causing a shorter time to column failure, as measured by
t1/2. Within the ranges investigated, the largest effects were seen when varying the water
concentration and pH. The dependence on water concentration is more consequential for
HILIC than for RP separations because typical HILIC mobile phases have lower water
concentrations. Methods employing basic mobile phases with water concentrations less
than approximately 20% are expected to show relatively slow degradation. However,
faster degradation is likely in protocols that involve basic mobile phases with higher water
concentrations, such as in gradient methods used to separate compounds covering a wide
range of polarities. An important example of such methods is polar metabolomics studies,
where gradients increasing to 80 to 90% water are common [19–22].

Regarding the dependence on pH, our results suggest that the s
wpH values need to

be considered. Prior studies of the aqueous solubility of amorphous silica as a function
of pH show relatively constant solubility from pH 1–8, then a dramatic increase at higher
values [10]. Thus, it initially seemed surprising that silica columns showed significant
degradation with aqueous/organic mobile phases containing buffers with w

wpH values as
low as 5 [23]. However, when taking into account the shifts caused by adding high concen-
trations of acetonitrile to the aqueous buffer, these observations are more understandable.
With common buffers such as formate and acetate, the s

wpH values may be higher than the
w
wpH by 1 to 2 units in solutions containing 50 to 80% acetonitrile.
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When considering the recommended pH ranges for columns, it is important to know
whether they refer to w

wpH or s
wpH values. Comparing our stability results to the pH

ranges recommended by the column manufacturers (see Table 3), it appears that different
approaches have been used. Thus, while the recommended range for Accucore HILIC
columns extends to pH 8, the stability of these columns was found to be very similar to
that of CORTECS HILIC columns, which have a recommended limit of pH 5. Similarly,
TSKgel Amide-80 and SeQuant ZIC-HILIC columns have recommended upper pH limits
of 7.5 and 8, respectively, yet our results show they have similar base stability as CORTECS
HILIC columns.

In comparing the base stability of the different HILIC stationary phases, several factors
appear to explain the results. The most dramatic differences were seen for the BEH-based
stationary phases compared to those based on silica, with the former having much greater
stability. This is consistent with previous results obtained under RP conditions [35]. For
silica-based stationary phases, the specific surface area is likely an important variable, as
suggested by the relatively fast changes observed for the Ascentis Si and TSKgel Amide-80
columns, which are based on particles with reported surface areas of 450 m2/g. Because the
hydrolysis reaction occurs at the surface of the particles, the rate of degradation increases
with increasing surface area [38].

Surface modification of silica particles is known to decrease the rate of particle hydrol-
ysis, with the decrease dependent on the coverage of the bonded groups [13,14,16,25,26].
Higher bonding coverages tend to better protect the underlying particles from hydrolysis.
We found smaller retention factor changes for BEH Amide columns compared to BEH
HILIC columns, which likely is due to the protection of the BEH particle surface by the
amide groups, which are present at a relatively high surface concentration of 7.5 µmol/m2.
Further work is needed to determine how high the bonding coverage needs to be to decrease
the rate of high pH degradation of columns packed with silica-based stationary phases.

5. Conclusions

These results demonstrate that typical silica-based HILIC stationary phases are hy-
drolyzed when exposed to basic mobile phases containing 20% or higher concentrations of
water. This results in large decreases in column efficiency and increases in tailing factors as
a result of the formation of voids. Smaller changes in retention factors were also observed.
The time to loss of 50% of the initial efficiency (t1/2) was shown to be affected by the water
content and pH of the mobile phase, as well as by column temperature, with an increase in
each of these resulting in shorter t1/2 values.

Using a s
wpH 10.87 mobile phase containing 60/40 v/v acetonitrile/w

wpH 11.30 ammo-
nium bicarbonate (aq) and a temperature of 70 ◦C, we found t1/2 values of approximately
1–5 h for several silica-based HILIC columns. Stationary phases made from the highest
surface area silicas (450 m2/g) showed the fastest rates of efficiency loss, followed by
those made from lower surface area silicas (100–330 m2/g). Columns containing stationary
phases based on BEH particles showed very little degradation under these conditions.
These results support the use of BEH-based HILIC columns for methods involving basic
mobile phases, particularly when the water content is greater than approximately 20%.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/separations9060146/s1. Figure S1: Effect of the water
concentration of the challenge solution on retention factor stability for CORTECS HILIC columns;
Figure S2: Effect of the pH of the challenge solution on retention factor stability for CORTECS HILIC
columns; Figure S3: Effect of temperature on retention factor stability for CORTECS HILIC columns;
Figure S4: Retention factor stability for three unbonded silica or BEH columns exposed to s

wpH 10.87
60/40 ACN/AmBic (aq) at 70 ◦C; Figure S5: Retention factor stability for two unbonded solid-core
silica columns exposed to s

wpH 10.87 60/40 ACN/AmBic (aq) at 70 ◦C; Figure S6: Retention factor
stability for three bonded silica or BEH columns exposed to s

wpH 10.87 60/40 ACN/AmBic (aq)
at 70 ◦C; Figure S7: Photographs of the inlet ends of the packed beds for two columns after base
stability evaluation.

https://www.mdpi.com/article/10.3390/separations9060146/s1
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