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Three versus five micrometer chlorinated
polysaccharide-based packings in chiral
capillary electrochromatography: efficiency
and precision evaluation
Ans Hendrickx, Katrijn De Klerck, Debby Mangelings, Lies Clincke
and Yvan Vander Heyden*
ABSTRACT: In an earlier part of this study (performance evaluation) itwas observed, for home-made capillary electrochromatography
(CEC) columns, that smaller particle diameters do not always generate higher efficiencies. This phenomenon was further
examined in this study, evaluating Van Deemter curves. Naphthalene and trans-stilbene oxide were analyzed on four 3 μm and
four 5 μm chlorinated polysaccharide-based chiral stationary phases (CSPs) applying voltages ranging from 5 to 30 kV. Neither
the 3 nor the 5 μm packings generated systematically the highest efficiencies. The varying column efficiencies were optimized
by evaluating nine packing procedures for both 3 and 5 μm CSPs. Again it was observed that smaller particle-size packings were
not necessarily beneficial for the efficiency of the CEC analysis. This observation was statistically evaluated. A variability study
evaluated different precision estimates related to column packing and replicate measurement conditions. The best columns with
the highest efficiencies (for chiral separations) and good precision, that is, the lowest RSD values, were generated by the packing
procedure in which an MeOH-slurry and a water rinsing step of 8 h were applied. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction
Capillary electrochromatography is an analytical technique
which is receiving increasing interest, especially in the field of
chiral separations. In theory, such a technique with an electrodriven
flow results in all analyte molecules appearing in sharp peaks,
keeping band broadening small. When band broadening is
limited, high peak efficiencies, which are important for complex
samples, are achieved. Chiral separations also benefit from
these increased efficiencies because better separations can be
obtained with higher resolutions (Hendrickx et al., 2011a).

Theoretically, it is expected that smaller particle diameters
increase the column efficiency (Eeltink, 2005; McDonald and
Neue, 2009; Rathore and Horváth, 2001). This phenomenon is
illustrated by the Van Deemter equation and curve. The
equation assembles the key factors that contribute to on-column
band broadening and thus affect the efficiency. The equation
describes the plate height H (height of a theoretical plate) as the
sum of the contributions of three principal processes, that is, eddy
diffusion, longitudinal diffusion and mass transfer:

H ¼ 2λdp þ 2γDm

u
þ f 1 kð Þd2p

Dm
uþ f 2 kð Þd2p

Ds
u

¼ Aþ B
u
þ Cmuþ Csu (1)

where H is the plate height, λ the packing characterization
factor, which is related to the particle shape and about 1
for monodisperse spherical particles, dp the particle diameter,
γ, f1(k) and f2(k) constants, u the linear velocity, Dm the
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diffusion coefficient of the mobile phase and Ds the diffusion
coefficient of the stationary phase.

The A term is the eddy diffusion term and describes the
dispersion of analytes in the spaces between the particles owing
to changes in velocity (direction and magnitude) of the mobile
phase. The B term is the longitudinal diffusion in the mobile
phase, owing to Brownian motion, that is, the random drift of
particles suspended in a fluid, and to the laminar flow profile
between the particles. The C term represents the lack of mass
equilibrium in the mobile phase (Cm) and stationary phase (Cs)
and comprises the Cmu + Csu term in the Van Deemter equation.
Equation 1 shows that, by using a smaller particle diameter, the
A and C terms and consequently the plate height will decrease.
Since the efficiency N is equal to the effective length (packed
length) of the column divided by the plate height, a smaller
plate height implies a better efficiency (Eeltink, 2005; McDonald
and Neue, 2009; Rathore and Horváth, 2001).

In earlier research on the performance evaluation, it was
studied whether 3 μm particle size packings indeed perform
better than their 5 μm counterparts by comparing the obtained
retention times (tR), retention factors (k), efficiencies (N), and
Wiley & Sons, Ltd.



Table 1. Packing procedures

Packing
procedure

Slurry solvent Rinsing method

1 ACN 20 min ACN
2 MeOH
3 ACN–H2O

(50:50, v/v)
4 ACN 60 min ACN–ultrapure

water (50:50, v/v)
5 MeOH
6 ACN–H2O

3 vs 5μm packings in CEC: efficiency and precision evaluation
resolutions (Rs) (Hendrickx et al., 2013). Four chlorinated
polysaccharide-based CSPs, that is, amylose tris (5-chloro-2-
methylphenylcarbamate) (Lux Amylose-2; LA2), cellulose tris
(4-chloro-3-methylphenylcarbamate) (Lux Cellulose-4; LC4),
cellulose tris (3-chloro-4-methylphenylcarbamate) (Lux Cellulose-2;
LC2), and cellulose tris (3,5-dichlorophenylcarbamate) (Sepapak-5;
Sp5), each of 3 and 5 μm particle size, were used to analyze a test
set of 44 structurally and chemically diverse nonacidic compounds.
All but one 3 μmpackings were able to separate more compounds
than their 5 μm counterparts. It was also observed that, although
individually the 3 μmCSPs usually weremore enantioselective than
the 5 μm CSPs, a combination of their results produced a similar
cumulative number of separated compounds on both particle sizes
because of a complementary behavior of the 3 and 5 μm columns.
Some separations were obtained on one particle-size column, but
not on the other. Furthermore, on the 3 μm CSPs fewer baseline
separations were obtained. Because of these unexpected results,
it was decided to evaluate the efficiencies of both 3 and 5 μmpack-
ings more thoroughly by constructing Van Deemter curves.

To assess which particle diameter allows the highest efficien-
cies to be obtained, two compounds, naphthalene and trans-
stilbene oxide, were analyzed at 13 different applied voltages
on both the 3 and 5 μm chlorinated CSPs, that is, LA2, LC4,
LC2 and Sp5. Trans-stilbene oxide was selected as a chiral
compound that can be rather easily separated. Its information
reflects the chiral interaction with the stationary phase.
Naphthalene is a rather apolar achiral compound, whose reten-
tion also reflects nonenantioselective interactions with the
stationary phase.

Furthermore, the influence of the packing method on the
efficiency was evaluated by testing 18 different columns (nine
different packing procedures, two particle sizes) at 13 different
applied voltages. The three columns that allowed obtaining
the highest efficiencies out of the 18 columns were then
produced six times and their retention times, peak areas,
efficiencies and resolutions were determined to evaluate the
between-column variance, injection variability, method repeat-
ability (intra-day variance), inter-day variance and time-dependent
intermediate precision.

Materials and methods

Chemicals and reagents

The achiral compound naphthalene (Fluka, Buchs, Switzerland)
and the chiral compound trans-stilbene oxide (Aldrich, Steinheim,
Germany) were used to produce the Van Deemter curves. Both
substances were dissolved in ultrapure water–acetonitrile (ACN)
(30:70, v/v) at a concentration of 0.5 mg/mL. Ultrapure water was
prepared in-house by an Arium Pro UV instrument (Sartorius,
Vilvoorde, Belgium). A 5 mM disodium hydrogen phosphate
(Na2HPO4) (Merck) solution in ultrapure water, adjusted to pH
11.5 with 0.1 M sodium hydroxide (Merck) was the mobile phase
electrolyte. The electrolyte was mixed with ACN (HPLC-grade,
Fisher, Leicestershire, UK) in a 30:70 (v/v) ratio. All mobile phases
were filtered through a 0.2 μm filter and degassed on an ultrasonic
bath before use. All solutions were kept at 4°C.
(50:50, v/v)
7 ACN 8h Ultrapure water
8 MeOH
9 ACN–H2O

(50:50, v/v) 16
Packing of the capillary columns

The fused silica capillaries (100 μm i.d. × 375 μm o.d.; Composite
Metal Services, Hallow, Worcestershire, UK) were packed based
Biomed. Chromatogr. 2014; 28: 168–181 Copyright © 2013 John
on the slurry packing method of Hendrickx et al. (2010, 2011b).
The stationary phase (50 mg) was suspended in 1 mL slurry sol-
vent (see Table 1), sonicated for 5 min, and then transferred into
the slurry reservoir by means of a syringe. All CSPs were kindly
donated by Professor B. Chankvetadze, Tbilisi State University,
Georgia.
At one end of the fused-silica capillary a temporary frit was

produced; the other end was connected to the reservoir
containing the slurry of the packing material. An external air-
driven pressure pump from Haskel (Burbank, CA, USA) of about
600 bar was applied to the reservoir to push the particles into
the column for a length of about 35 cm (total/effective lengths
of 33.5/25.0 cm). The slurry reservoir was shaken mechanically
to prevent precipitation of the particles. After filling the column
it was rinsed with a flow-splitted L-6000 HPLC pump (Merck-
Hitachi, Tokyo, Japan) or an air-driven pump with solvents and
rinsing times specified in Table 1. The inlet and outlet frits were
burned 25 cm from each other with a capillary burner (Capital
HPLC, Broxburn, West Lothian, Scotland) by local heating at a
low temperature for 40 s. The excess stationary phase was then
removed by rinsing (HPLC pump) the capillary in a reversed di-
rection with the solvent specified in Table 1 and finally the de-
tection window was burned closely behind the outlet frit with
the capillary burner at a low temperature for 20 s. Before new
columns were used, they were preconditioned by applying 5,
10, 15, 20 and 25 kV for 10 min each.
Columns for efficiency measurements were made with the

conditions of procedure 1 in Table 1 because this packing proce-
dure was used in previous studies (Hendrickx et al., 2010, 2011b).
To evaluate the influence of the packing methods, different pro-
cedures were applied (Table 1). The solvent, in which the station-
ary phase slurry was suspended, was ACN, ACN–ultrapure water
(50:50, v/v) or methanol (MeOH). After column filling with the
stationary phase, the capillary was rinsed for 20 min with ACN
(100 bar, HPLC pump), for 60 min with ACN–H2O (50:50, v/v)
(100 bar, HPLC pump), or for 8 h with ultrapure water (600 bar,
air-driven pressure pump) (Eeltink, 2005; Mangelings et al.,
2003).
From these packing methods, the three best procedures were

selected to produce six capillaries for the variability study.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/bmc
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Capillary electrochromatography

An Agilent Technologies CE system (Waldbronn, Germany)
equipped with a UV–vis diode array detector was used in this study
and detection was performed at 214 nm. An air-thermostated
system controlled the temperature of the capillary column (25°C)
and the sampleswere kept at room temperature. The sampleswere
electrokinetically injected by applying 10 kV during 20 s. To prevent
sample back-migration after applying the electrical field, a mobile
phase plug was injected (5 kV for 5 s) behind the sample. Different
voltages (5–30 kV) were applied to elute both compounds in
normal polarity mode. Bubble formation was prevented by
applying a pressure of 5.5 bar on both vials during analysis. Buffer
vials were replaced every 60 min to avoid buffer depletion
(Mangelings et al., 2003). When mobile phases were changed,
the column was rinsed for at least 1.5 h with a pressure
around 100 bar using a flow-splitted HPLC pump.
Data processing

Agilent ChemStation for CE Systems (Agilent Technologies, 1994,
1995–2006) was used to collect and process retention times (tR),
resolutions (Rs), number of theoretical plates (N), peak areas and
peak widths (W).

The efficiency N indicates numerically the column perfor-
mance (separation power) and is given by:

N ¼ 5:54� t2R
W2

1=2

(2)

The plate height (H; y-axis in Van Deemter curve) can easily be
calculated starting from N because H also equals the length of
the capillary up to the detection window (Leff) divided by the
plate height (Eeltink, 2005).

N ¼ Leff
H

(3)

The flow rate or linear velocity (u) is the volume of mobile
phase passing through the capillary in unit time (Rathore and
Horváth, 2001):

u ¼ Leff
t0

(4)

with t0 the migration time of a neutral and inert tracer, for
example, thiourea.

The compound mobility (μ; x-axis in Van Deemter curve) is
given by (Rathore and Horváth, 2001):

μ ¼ Leff
tR

(5)

The Van Deemter data points were fitted by a curve using the
Solver function in Excel (Microsoft Corporation, 2010) and a Van
Deemter model provided by G. Desmet, Department of Chemi-
cal Engineering, Vrije Universiteit Brussel, Brussels, Belgium.
Standard deviations and relative standard deviations were calcu-
lated for the retention time, resolution, and peak area.

The between-column variance and the injection variability were
estimated by injecting three times the same sample on six
columns. The corresponding variances are estimated by the one-
way ANOVA approach from MS(between-columns) and MS(injection).
Copyright © 2013 Johnwileyonlinelibrary.com/journal/bmc
For the method repeatability (intra-day variance) and the
time-dependent intermediate precision estimations, one injec-
tion of three individually prepared samples was performed on
one column for six consecutive days (18 injections). Again, the
variances are estimated by a one-way ANOVA from MS(inter-day)
and MS(intra-day).

Results and discussion

Van Deemter curves

In a preceding study, three out of four 3 μm CSPs separated
more compounds of the test set than their corresponding 5 μm
counterparts (Hendrickx et al., 2013). However, when considering
the number of baseline separations, 5 μm LC2 and LA2 resolved
more compounds than the equivalent 3 μm columns that is, four
vs three, and 10 vs five compounds, respectively. For LC4 and
Sp5, the number of baseline separations was the same for both
3 and 5 μm CSPs, that is, four and five compounds, respectively.
In this second part of the study, these unexpected results were
explained/confirmed by comparing the efficiencies obtained for
both particle sizes. The possibility exists that a lower efficiency
than expected of the 3 μm CSPs leads to lower resolution values
and thus fewer baseline separations. For the chiral compound,
trans-stilbene oxide, the N-value of the first eluting enantiomer
was evaluated.

Two compounds, naphthalene and trans-stilbene oxide, were
analyzed on four 3 μm and four 5 μm CSPs, that is, LC2, LA2,
LC4 and Sp5, using a 70:30 (v/v) ACN–phosphate buffer pH 11.5
and analyzing voltages ranging from 5 to 30 kV (Tables 2 and 3).
The Van Deemter curves were drawn in order to facilitate the
comparison but also to determine which voltage needing to be
applied to achieve the highest efficiencies (Fig. 1).

For the achiral compound, naphthalene, and the chiral com-
pound, trans-stilbene oxide, rather similar results were obtained.
The Van Deemter curves for the 3 μm CSPs LC2, and Sp5 were
better (lower plate heights) compared with their corresponding
5 μm phases. Figure 1 shows that very similar Van Deemter
curves for both compounds were obtained for both particle sizes
of LC4. For LA2, the efficiencies obtained with the 5 μm particles
for the analysis of both compounds were clearly better than the
efficiencies for the 3 μm particles.

The most efficient column of all eight CSPs for the analysis of
naphthalene was 3μmSp5, achieving theoretical plates around
17,900 (Table 2). The optimal compound mobilities for all four
5 μm CSPs, when analyzing naphthalene, were between 0.1
and 0.4 mm/s, corresponding to applied voltages from 9 to 19 kV.
For the 3 μm CSPs, these optimal mobilities were approxi-
mately 0.2–0.6 mm/s with applied voltages ranging from 11
to 23 kV (Fig. 1 left).

For trans-stilbene oxide the highest efficiency was obtained
when 11 kV was applied to the 3 μm Sp5 capillary, that is, about
25,000 plates (Table 3). This column also allowed obtaining the
highest efficiencies for naphthalene. Its Van Deemter curve is
almost horizontal, making it efficient in a broad range of applied
voltages (9–30 kV). All four 5 μm packings achieved their opti-
mum velocities for the analysis of trans-stilbene oxide when
the compound mobility was between 0.1 and 0.3 mm/s, that is,
for applied voltages in the range of 7–19 kV. For the 3 μm
particle-size packings the optimal mobilities also were between
0.1 and 0.3 mm/s, and these mobilities were obtained with
applied voltages between 9 and 17 kV (Fig. 1 right).
Biomed. Chromatogr. 2014; 28: 168–181Wiley & Sons, Ltd.
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Compound mobility (mm/s)

Figure 1. Van Deemter curves for naphthalene (left) and trans-stilbene oxide (right) analyzed on 3 μm (×) and 5 μm (●) CSPs. Experimental conditions:
70:30 (v/v) ACN–phosphate buffer pH 11.5; analyzing voltages, 5–30 kV.

3 vs 5μm packings in CEC: efficiency and precision evaluation

17
Furthermore, note that, for 3 μm LC2 for both compounds,
and for 3 μm Sp5 for trans-stilbene oxide, it is possible to work
at higher analyzing voltages (higher compound mobility)
because the efficiency remains practically constant (an almost
horizontal C-term). Higher applied voltages may be beneficial
because they are associated with shorter retention times (Table 2).
This behavior was, for instance, not seen on 5 μm LC2 where
the efficiency dropped rapidly when the applied voltage was
increased.

Although we prefer to work with the parameter Rs, because it
gives an indication of the quality of a separation, the separation
factor α, describing the enantioselectivity, is also briefly discussed.
When looking at one type of CSP (Table 3), the selectivities were
Biomed. Chromatogr. 2014; 28: 168–181 Copyright © 2013 John
found to be practically constant, and independent of the applied
voltage, while the obtained resolution values varied much more.
For LC4 the highest selectivities and resolutions were seen; the
lowest α and Rs values were obtained with Sp5. The Sp5 columns
thus are the most efficient columns, but certainly do not yield
the best enantioseparations.
In summary, for both compounds, neither the 3 nor the 5 μm

packings systematically revealed the best efficiencies. This is in
contradiction to what is expected from theory, that is, smaller
particle diameters should reduce band broadening and thus
lead to higher efficiencies, but it confirms the results from
Hendrickx et al. (2013). This could be due to a nonideal column
packing procedure or it might be related to the CSP material
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/bmc
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properties. The former phenomenon is investigated in the next
section by evaluating different packing procedures. Further-
more, it was also seen for the chiral separations that the most
efficient column does not necessarily lead to the best chiral
separation. This is a consequence of the fact that a CSP has both
enantioselective and nonenantioselective interactions with the
chromatographed compounds.
Improving column efficiency by adapting the packing
procedure

In an attempt to study and optimize the varying column efficien-
cies, as seen above, several packing procedures (Table 1) were
tested for both 3 and 5 μm silica particles using LA2 as CSP.
LA2 was chosen because in previous studies this CSP showed
the highest enantioselectivity for the analysis of nonacidic
compounds and moreover the 5 μm columns behaved better
than the 3 μm ones (Hendrickx et al., 2010).

First three different solvents, that is, ACN, MeOH and ACN–
ultrapure water 50:50 (v/v), used to produce the stationary phase
slurries were selected. Second, the step after filling the column,
that is, the column rinsing, was varied. The capillaries were
rinsed for 20 min with ACN, for 60 min with ACN–Ultrapure
water 50:50 (v/v), or for 8 h with Ultrapure water. By constructing
the Van Deemter curves, it was possible to visualize which
packing procedures generated the highest efficiencies (Fig. 2).

When on the 18 different columns naphthalene was analyzed,
packing procedures 1 (= original procedure) and 5 generated 5
μm particle-size columns that were more efficient than their
corresponding 3 μm equivalents. The results for procedure 1
(Table 4) confirm those in Table 4. For packing procedures 7–9,
rather similar efficiencies were observed for both 3 and 5 μmCSPs.
For all other procedures (2, 3, 4 and 6), the obtained numbers of
Figure 2. Van Deemter curves for naphthalene (A, 5 μm; B, 3 μm) and for tr
tively. Experimental conditions: 70:30 (v/v) ACN–phosphate buffer pH 11.5; an
procedures 1–8, respectively.

Copyright © 2013 Johnwileyonlinelibrary.com/journal/bmc
theoretical plates for the 3 μm columns were higher at a given
voltage (Fig. 2 and Table 4).

When the 18 columns were evaluated with trans-stilbene
oxide, different results were seen for naphthalene. Four out of
nine packing procedures, that is, 3, 6 and 7, provided more
efficient 5 μm columns (Fig. 2 and Table 4). For packing proce-
dures 1, 4, 8 and 9, similarly efficient 3 and 5 μm columns were
obtained, and for methods 2 and 5, the 3 μm CSP was most
efficient. The results for procedure 1 again confirmed what was
observed earlier (Table 3). The columns for which higher efficien-
cies were observed, were, as theoretically expected, since only
one type of chiral selector was used, also capable of producing
the best separations (highest resolutions). The difference is more
striking than that described above. The selectivity factor was not
influenced by the varying voltage. Moreover, the obtained
values were similar for all columns, regardless of the packing
procedure, the column efficiency or the particle size.

For trans-stilbene oxide, the 5 μm LA2 column produced by
method 6 achieved the highest resolution, that is, up to 5.74
(Table 4). The obtained resolutions for the 5 μm columns packed
using procedures 1, 3, 4, 6 and 7 were higher than their corre-
sponding 3 μm columns. For procedures 2 and 5 the 3 μm CSPs
performed better (Table 4). On the columns packed by proce-
dures 8 and 9 similar resolutions were seen for both particle
sizes. For naphthalene, procedure 8 and 5 μm columns and also
procedure 2 provided high efficiencies over a broad range of
voltages (between 13 and 25 kV; Table 5, Fig. 2). These packing
procedures also allowed the highest efficiencies (between 9
and 25 kV) to be obtained for trans-stilbene oxide.

In summary, smaller particle-size packings are not necessarily
more efficient. This is an important observation because it
implies that smaller particles do not necessarily generate higher
efficiencies, meaning that higher resolutions a priori are not
ans-stilbene oxide (C, 5 μm; D, 3 μm). p1–p9 for procedures 1–9, respec-
alyzing voltages: 5–30 kV. Stationary phase: LA2. p1–p8 stand for packing

Biomed. Chromatogr. 2014; 28: 168–181Wiley & Sons, Ltd.
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certain. Moreover, when different types of CSPs are considered,
there is no relationship between the efficiency and the quality
of the separation. When considering one type of selector it is
seen that the efficiency varies with the packing procedure but
within one procedure it is different for the analysis of chiral
and nonchiral compounds. For our case study we observe that
for the achiral analysis of naphthalene the 3 μm columns pro-
vide mostly the best efficiencies while for the chiral separation
of trans-stilbene oxide often the opposite is observed.

To assess the intra-day, inter-day, injection and column-to-
column variabilities (for the retention time, peak area and
resolution), the efficient packing procedures, that is, proce-
dures 2 and 8, were chosen. In the variability studies only three
types of columns were considered, that is, 3 and 5 μm LA2
columns produced by procedure 8, and 3 μm LA2 columns
produced by procedure 2 (Fig. 2).
Variability study

The two most efficient packing procedures, that is, procedures 2
and 8, were used to fabricate six columns for each procedure. In
procedure 2, an MeOH slurry was used and the packed capillary
was rinsed with ACN for 20 min. In procedure 8, also an MeOH
slurry was used, but the column rinsing was performed using
water during 8 h (Table 1). An ACN–phosphate buffer pH 11.5,
70:30 (v/v) mobile phase and analyzing voltages of 13 and 17
kV were applied for packing procedures 2 and 8, respectively.
These analyzing voltages were selected because they allowed
the highest efficiencies to be achieved.

The naphthalene and of trans-stilbene oxide solutions were
injected three times onto each column (18 injections per
procedure) in order to estimate the injection and the between-
column variances. The inter-day and intra-day variances were
obtained by injecting three independently prepared samples of
naphthalene and of trans-stilbene oxide onto one column for
six consecutive days (again 18 injections in total). For the estima-
tion of the different variances, one-way ANOVA tables were used.

In Table 5, the results of the analysis of variance are shown as
percentage RSDs. These results are compared with values
reported in the literature (Table 6) from different particulate-
packed columns used in CEC (Bragg and Shamsi, 2011; Aturki
et al., 2010; Fonseca et al., 2007). This comparison helps establish
the obtained results relative to what has been found earlier for
particulate-packed columns.

The response tR for both compounds had, compared with the
literature, good injection variabilities and intra-day variances for
both packing procedures (≤ 6.0%). The values estimated for the
between-column variance and the time-dependent intermediate
precision were <10.0% for the 3 μm columns packed with
procedure 8 and thus in agreement with the literature; the other
columns performed slightly worse. For the peak area, good values
were obtained for all variances (< 11.5%), except for the between-
column variance, where values up to 17% were seen. The
variances for the resolution of trans-stilbene oxide were good
compared with the literature for the injection variability, the
intra-day variance, and the time-dependent intermediate preci-
sion (< 9.5%). For the between-column variance, procedure
8 performedwell but for procedure 2 values as high as 20.5%were
obtained. This indicates that column packing still may introduce a
large variability.

From Table 5, by comparing the injection variability and the
intra-day and intermediate precision, it is seen that measuring
Biomed. Chromatogr. 2014; 28: 168–181Wiley & Sons, Ltd.



Table 5. Results expressed as RSD (%) of the analysis of variance using different packing procedures

Injection variability Between-column variability Intra-day variability Time-dependent
intermediate precision

Naphthalene
Procedure 23 μm 85 μm 83 μm 23 μm 85 μm 83 μm 23 μm 85 μm 83 μm 23 μm 85 μm 83 μm

tR 4.0 1.3 0.9 31.2 21.3 5.3 1.6 6.0 0.6 9.3 8.8 5.5
Peak area 2.7 7.4 4.0 14.6 8.2 11.5 5.8 8.1 11.3 8.0 5.8 10.5

TSO
Procedure 23 μm 85 μm 83 μm 23 μm 85 μm 83 μm 23 μm 85 μm 83 μm 23 μm 85 μm 83 μm

tR1 3.8 1.0 0.8 31.5 21.2 9.9 1.5 5.7 0.8 9.4 10.0 8.5
Peak area1 6.1 7.5 8.6 16.8 13.4 9.0 8.0 5.5 7.0 8.3 5.0 6.3
Rs 2.7 2.1 3.1 20.5 8.3 8.2 1.6 2.7 2.9 3.6 5.1 9.5

tR1, Retention time of the first or only eluting peak; peak area1, area under the curve of the first or only eluting peak; Rs, resolution;
TSO, trans-stilbene oxide.
Procedure 23 μm, procedure 2 on 3 μm particles; procedure 85 μm or 83 μm, procedure 8 on 5 or 3 μm particles, respectively.

Table 6. Literature results, expressed as RSD (%), of different samples and particulate-packed columns in capillary electrochromatography

Stationary phase Responses Injection
variability

Intra-day variance Time-dependent
intermediate precision

Reference

Strong anion
exchange
C6 (fritless)

tR — 3.2–3.6 3.7 Bragg and Shamsi (2011)
Peak area — 8.3–8.5 8.4

Rs — 5.6–5.8 5.8
Strong anion
exchange
C6 (single-frit)

tR — 5.3–5.5 5.5

Peak area — 8.3–8.5 8.3
Rs — 6.1–6.3 6.1

Cyano silica tR — 1.3–2.2 1.8–3.3 Aturki et al. (2010)
Peak area — 5.8–9.9 10.7–16.3

Hypersil SCX/C18 tR 0.9–2.0 — — Fonseca et al. (2007)
Peak area 5.5–15.0 — —
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on different days and preparing different samples do not
contribute much to the variability. It is mainly caused by the
injection, which is not surprising since there is no loop injec-
tion. Thus for quantitative analysis, the use of an internal stan-
dard would be recommended. The between-column variance
indicates that the packing procedure is still a major factor lim-
iting the precision of results measured on different columns.
Overall, packing procedure 8 allowed good variances to be
obtainedfor most responses. For procedure 2, less satisfactory
results were seen.

Summarizing, when a choice has to be made between the
two selected packing procedures, that is, 2 and 8, of which
the latter was applied on both particle sizes (3 and 5 μm),
procedure 8 seems to be the best choice to produce columns
with high efficiency and limited variability (good precision).
Procedure 8 also proves to be a better approach to pack effi-
cient columns compared with procedure 1, the original packing
procedure (Fig. 2). The original packing procedure was thus
successfully optimized, although one should keep in mind that
further optimizations are necessary since the between-column
variance remains large.
Biomed. Chromatogr. 2014; 28: 168–181 Copyright © 2013 John
What is the significance of the obtained results?

The differences between the obtained variances for the reten-
tion time, peak area, efficiency and resolution on the various
columns, packed by different procedures, were evaluated on
their statistical significance by applying F-tests (Table 7). The
F-values were calculated using the pooled variance of the repeated
injections on procedures 2 and 8 and the variances of the different
procedures, estimated with the values obtained at the optimal
applied voltage. The variances of the procedures were then
divided by the pooled variance to obtain the F-values, which were
then compared with the critical F-value (F8,5,α=0.05 = 4.82).
To establish whether or not the analogue (manufactured by

the same procedure) 3 and 5 μm particle size columns provide
significantly different responses, a t-test was used (Table 8).
The t-values were calculated using the variances of the different
procedures (parameter values obtained at the optimal applied
voltage). The null hypothesis, stating that there is no significant
difference between the obtained responses for the 3 and 5 μm
columns packed by the same packing procedure, is accepted
when the obtained probability value (p) is higher than the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/bmc
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Table 7. F-Tests

tR Peak area N Rs

Naphthalene
s2pooled of the variances of the replicates on procedures 2 and 8 3.371 6842602 2478907

s2procedures of 3 μm columns packed with nine different procedures 4.939 103533782 11632055

s2procedures of 5 μm columns packed with nine different procedures 6.492 408065556 29845598

F-Value3 μm F ¼ s2procedures
s2pooled

� �
1.47 15.13 4.69

F-value5 μm F ¼ s2procedures
s2pooled

� �
1.93 59.64 12.04

trans-Stilbene oxide
s2pooled of the variances of the replicates on procedures 2 and 8 6.224 126771 5190089 0.25

s2procedures of 3 μm columns packed with nine different procedures 31.307 1980304 6299442 0.38

s2procedures of 5 μm columns packed with nine different procedures 28.476 10281217 51328255 0.27

F-Value3 μm F ¼ s2procedures
s2pooled

� �
5.03 15.62 1.21 1.56

F-Value5 μm F ¼ s2procedures
s2pooled

� �
4.57 81.10 9.89 1.11

tR, Retention time; N, efficiency; Rs, resolution. F-Value3 μm or 5 μm are the F-values for the 3 or 5 μm columns packed by applying
packing procedures 1–9. s2pooled for procedures 2 and 8 was considered at an applied voltage of 13 and 17 kV, respectively.
s2procedures for naphthalene and trans-stilbene oxide was considered at an applied voltage of 15 and 9 kV, respectively. F8,5,α = 0.05

= 4.82. Significant F-values are marked in bold.

Table 8. Two-tailed t-test

tR Peak area N Rs

Naphthalene
t-Value 0.801 1.047 2.231
p-Value 0.446 0.326 0.056

trans-Stilbene oxide

t-Value 0.908 �0.174 �0.407 �0.478
p-Value 0.390 0.866 0.695 0.645

tR, Retention time; N, efficiency; Rs, resolution. Null hypothesis
H0: y3 μm = y5 μm, with y a given response. t8,α = 0.05 = 2.306.
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critical p-value of 0.05 or if the t-value is lower than the critical
t-value (t8,α = 0.05 = 2.306).

Table 8 shows that for naphthalene significantly different
results were obtained for the peak areas on the columns from
procedures 2 and 8 compared with those on all columns. For
the efficiency similar results were seen: the variability on the
columns from the different procedures was larger than that on
the procedure 2/8 columns. Similar observations were made
for trans-stilbene oxide. Furthermore, for trans-stilbene oxide
the packing procedure did not significantly affect the resolution
value observed between the different packing procedures.
Consequently, the differences observed in Table 5 were not
found to be statistically significant.

The conclusions for the t-tests were the same for naphthalene
and trans-stilbene oxide, that is, there were no significant differ-
ences between both particle-size columns, packed by the same
procedure, for the considered responses (tR, peak area, N and
Rs). However, for naphthalene the result for N was on the limit
of significance. The theoretical expectation that states that
Copyright © 2013 Johnwileyonlinelibrary.com/journal/bmc
smaller particle-size packings are more efficient and therefore
increase the separation quality thus is not applicable here,
especially not for chiral separations. This is an important obser-
vation for defining generic chiral separation strategies, where
the resolution is the main factor taken into consideration.

Taking into account the results of the repeatability study,
packing procedure 8 seems the best method to pack efficient
3 and 5 μm columns intended for chiral separations. The prob-
lem to be solved or improved is the less good repeatability of
packing the columns.
Conclusion
In an earlier study, the behavior of 3 μm particle-size CSPs was
found to be not entirely as theoretically expected (Hendrickx
et al., 2013). As a result, this study was initiated to evaluate the
efficiencies of four chlorinated polysaccharide-based chiral
selectors coated onto 3 or 5 μm silica particles.

Naphthalene and trans-stilbene oxide were analyzed on four
3 μm and four 5 μm CSPs, that is, LC2, LA2, LC4 and Sp5, with
voltages ranging between 5 and 30 kV. With the obtained data
Van Deemter curves were produced in order to compare the
efficiencies. On neither the 3 nor the 5 μm CSPs were the
highest efficiencies systematically obtained. This is in contrast
to the theory stating that smaller particle diameters reduce
band broadening and thus induce higher efficiencies.

In an attempt to optimize the varying column efficiencies,
nine different packing procedures, on both 3 and 5 μm LA2
CSPs, were evaluated. Finally, the two best column packing
procedures were selected to perform a variability study. In
conclusion, procedure 8 where a MeOH slurry is used followed
by a rinsing for 8 h with water, allows columns to be produced
with high efficiencies (for chiral separations) and the best
precisions. Procedure 8, for the packing of both 3 and 5 μm
Biomed. Chromatogr. 2014; 28: 168–181Wiley & Sons, Ltd.
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particle-size columns, performed best with RSD values for injec-
tion variability(tR, area, and Rs), intra-day variance (tR, area, and
Rs) and time-dependent intermediate precision (tR, area and Rs)
below 10.5%. These values were better than or similar to what
was found in the literature.

Globally it is observed that for the achiral analysis the
obtained columns with most procedures behaved as expected,
that is, the smaller particles provide the best efficiencies. For
the considered chiral separation the opposite was seen, that is,
the 5 μm columns most often provided the highest efficiencies.
Moreover, the first part of our study, where different chiral selec-
tors were considered, showed that for a chiral separation the
efficiencies are not very informative. Columns with clearly less
good efficiencies may provide the best chiral separations.

It might be interesting to study the same objectives in other chro-
matographic modes, such as HPLC or SFC, where one can work with
commercial CSPs where the column reproducibility issues that in
CEC clearly play an important role are much smaller or negligible.
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