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a b s t r a c t

The separation efficiency and kinetics of several commercial HPLC particle types (both fully porous and
superficially porous) have been investigated using a pharmaceutical weakly basic N-containing com-
pound as a test molecule. A strong trend between the particle size distribution (PSD) of the particles and
the typically employed “goodness of packing”-parameters was observed. The relative standard deviation
vailable online 21 September 2010
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uperficially porous particle

of the PSD of the tested particles ranged between 0.05 and 0.2, and in this range, a near linear relation-
ship between the A-term constant, the hmin-value and the minimal separation impedance was found.
The experimental findings hence confirm the recent observations regarding the relationship between
the narrow PSD of the recently commercialized porous-shell particles and their superior efficiency and
kinetic performance. The outcome also suggests that the performance of the current generation of fully

could
porous particle columns

. Introduction

It is commonly accepted that the particle size distribution
PSD) of packed columns used in high-performance liquid chro-

atography (HPLC) has a large influence on their chromatographic
erformance [1–4]. Although intuitively it seems preferable to use
articles with a narrow size distribution and commercial literature
lso often presents narrow particle size distributions as “desirable”
2], little scientific literature is available to support this state-

ent.
Early studies have demonstrated that the width of the particle

ize distribution does not influence the efficiency and permeability
f a support as long as it is not wider than 40% around the mean
1]. Dewaele and Verzele studied the effect of an increasing par-
icle size distribution by mixing two batches of different particle
izes together in different ratios [2]. They found that a large PSD
ad no influence on column efficiency if the eluting speed was kept
round the optimum velocity, while at higher flow rates a small
egative effect was observed. Because the A-term contribution was

ot affected by a greater particle size distribution, the authors con-
luded that improvements in chromatographic results should not
e expected from smaller particle size distributions. Similar obser-
ations were made by Endele et al. [3], who obtained values for the

∗ Corresponding author. Tel.: +32 2 629 33 30; fax: +32 2 629 32 48.
E-mail address: dcaboote@vub.ac.be (D. Cabooter).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.09.008
be significantly improved if the PSD of these particles could be reduced.
© 2010 Elsevier B.V. All rights reserved.

A-term contribution of porous silica particles (5–35 �m) that were
independent of the PSD width (� = 0.1–0.25) of the packings.

However, these authors interpreted their plate height data by
reducing them with an equivalent sphere diameter, based on the
experimentally measured column permeability and the assump-
tion that the flow resistance factor is equal for particles from the
same origin as well as their mixtures.

It must be remarked that there is no theoretical foundation
for the employed equivalent sphere diameter approach (which is
based on the questionable assumption that the flow resistance is
independent of the PSD). Given that it can be assumed that a mix-
ture of particles with a widely differing diameter will give rise
to a packing structure wherein the small particles settle in the
through-pores formed around the largest particles, hence more or
less blocking these larger through-pores, it can be inferred that this
packing will have a different “shape” or flow resistance than that
of a pure particle batch. Therefore, the conclusions of the Dewaele
and Verzele-paper might be biased.

Since these early studies, a lot has moreover changed in the land-
scape of particle manufacturing. Much effort has been dedicated to
improve column packing strategies, resulting in more reproducible
and overall better performing columns. With the advent of the sub-

2 �m particles, which have proven to be more difficult to produce
homogeneously [5], the importance of a narrow PSD has become a
timely topic again.

To re-evaluate the results from Dewaele and Verzele [2], a
similar study was repeated by mixing two batches of 1.7 and

dx.doi.org/10.1016/j.chroma.2010.09.008
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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Table 1
Chromatographic conditions and experimental data relevant to the evaluated columns.

Column Mobile phase (acetate
buffer/ACN)

Mobile phase
viscosity (mPa s)a

Diffusion coefficient
(×10−10 m2/s)

Retention factor (kG1) Permeability
(×10−14 m2)b

XBridge 37/63 0.52 5.8 4.6 1.73
Hypersil Gold 41/59 0.54 5.3 4.7 1.82
Gemini NX 34/66 0.50 5.8 4.4 1.98
ACE3 35/65 0.50 5.7 4.7 1.48
Kinetex 38/62 0.52 5.5 4.7 1.18
Halo 36/64 0.51 5.7 4.4 1.02
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Poroshell 36/64 0.51

a Values calculated from [16].
b Values calculated from experimental data at maximum operated pressure and

.2 �m material in different ratios and subsequently evaluating the
hromatographic performance of the columns packed with these
article mixtures [6]. These chromatographic results were sub-
equently compared with the PSDs obtained by Coulter counting
easurements. Because no clear relation was obtained between

he observed chromatographic performance and the width of the
SD of the different columns, it was concluded that there was no
irect relation between the span of the PSD and the packing qual-

ty. The only significant effect that could be observed was related
o the number of fines in the particle mixtures. When this num-
er was high, the kinetic performance of the columns was worse
nd vice versa. This could be explained by the fact that these fines
re able to position themselves between the larger particles, in this
ay increasing the flow resistance of the packing material.

The width of the PSDs obtained for these columns, however,
as in the rather narrow range of � = 0.19–0.26. This limited range
ight have made it difficult to see a clear relationship between PSD

nd minimum reduced plate height.
More recent studies, focused on particles with a different design

uch as the superficially porous particles, have suggested that par-
icles displaying a very narrow PSD can lead to unprecedented low

inimal plate heights [7,8]. It is however unclear whether this find-
ng can be purely related, because there are also other factors that

ight influence the packing quality. Superficially porous particles
or example have a higher density and some of them are rougher
han fully porous particles [7,9]. This might also have had an influ-
nce on the achieved packing quality, apart from the PSD. Computer
imulations [10] have also suggested that narrower particle size
istributions result in more homogeneous packed beds of higher
fficiency.

In the present study, we compared several commercially avail-
ble supports (both fully porous and porous-shell materials) from
ifferent manufacturers on the basis of some of the commonly used
packing quality” measures such as the value of the minimal plate
eight and the value of the A-term constant. The width of the PSDs
f these columns covers a larger range (� = 0.06–0.21) than the
tudy described above [6]. Although the relation between these
easures and the true “packing quality” (whatever that may be)

s by no means exact or theoretically sound, we report the value
f these commonly used packing quality measures here because
hese are the parameters that are most often considered by the
aily practitioners in the field. To make really conclusive state-
ents about the packing quality, an in situ geometrical analysis

f how the particles are packed in the column would be needed.

. Experimental

.1. Chemicals and columns
Uracil (≥99%), acetonitrile (gradient grade), ethanol (ana-
ytical grade) and acetic acid (glacial, 99.8%) were purchased
rom Sigma–Aldrich (Steinheim, Germany). Ammonium acetate
ACS, reagent) was purchased from Merck (Darmstadt, Germany).
4.7 0.99

Deionized water (≤0.055 �S) was produced by MilliQ equipment
(Millipore, Molsheim, France). The pharmaceutical compound was
kindly provided by GlaxoSmithKline (Verona, Italy). The compound
that will be referred to as G1 in the remainder of the text is an
N,N-derivatised piperidine, containing a pyridine moiety. Its main
physicochemical characteristics are: molecular weight 669 Da, pKa

2.0 and 5.0 (measured from solubility data in saturated conditions
and fitted by Kaleida Graph software), LogD 5.7 (measured as Log
of the distribution coefficient between aqueous phase buffered at
pH 7.4 and n-octanol).

The following columns were evaluated: an XBridge C18 col-
umn (150 mm × 4.6 mm, 3.5 �m) from Waters (Milford, MA, USA),
a Gemini NX C18 column (150 mm × 4.6 mm, 3.0 �m) and a Kine-
tex Fused Core C18 column (100 mm × 4.6 mm, 2.6 �m) from
Phenomenex (Torrance, CA, USA), a Hypersil Gold C18 col-
umn (150 mm × 4.6 mm, 3.0 �m) from ThermoFisher Scientific
(Cheshire, UK), an ACE3 C18 column (150 mm × 4.6 mm, 3.0 �m)
from Advanced Chromatography Technology (Aberdeen, UK), a
HALO Fused Core C18 column (100 mm × 4.6 mm, 2.7 �m) from
Advanced Materials Technologies (Wilmington, DE, USA) and a
Poroshell 120 column (100 mm × 4.6 mm) from Agilent (Agilent
Technologies, Little River, DE, USA).

2.2. Apparatus and methodology

All experiments were conducted in the isocratic mode. The
mobile phase was 10 mM ammonium acetate buffer adjusted to pH
4.5 with aqueous ammonia. The ratio of aqueous buffer and organic
modifier was adapted to provide about the same retention factor for
the test molecule (k′ ∼= 4.7) on the different columns. Table 1 shows
the mobile phase composition and its viscosity, together with the
obtained retention factor and diffusion coefficient for G1 on every
column. The diffusion coefficient was calculated using the Wilke-
Chang equation for the specific mobile phase composition used for
every column [11].

The molecule was neutral in all the mobile phases used, despite
the fact that the pH of the aqueous buffer (pH = 4.5) before mix-
ing with the organic modifier (acetonitrile) was lower than the
molecule’s pKa-value (pKa = 5.0). This is due to the change of the
degree of ionization of the molecule in the hydro-organic environ-
ment, with respect to its ionization in pure water, upon the addition
of ∼60% of acetonitrile [12,13]. The neutral state of the molecule in
the various mobile phases was also confirmed by both UV spectra
in aqueous-organic mixtures and by the trend of the retention time
recorded at different buffer pH (data gathered from GlaxoSmithK-
line, not shown here). Column loading of the test compound was
2.0 �g for all the columns. In the above described elution condi-

tions, absent or negligible ionic interactions between the weakly
basic molecule and the stationary phase are expected [14,15]. This
is further confirmed by peak tailing values that were recorded for
each single experiment and that never exceeded the 0.90–1.10
interval for all the columns.
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Table 2
Particle diameters specified by the manufacturer, number-averaged (dp,#) and
Sauter-mean (dp,SA) particle sizes and standard deviation of the particle size dis-
tribution of the different supports, obtained from SEM images.

Column Manufacturer’s
dp (�m)

dp,# (�m) Stdev PSD (�) dp,SA (�m)

XBridge 3.5 3.9 0.21 4.2
Hypersil Gold 3.0 4.0 0.16 4.3
Gemini NX 3.0 3.4 0.19 3.6
ACE 3 3.0 3.5 0.13 3.6
076 D. Cabooter et al. / J. Chrom

Van Deemter curves were constructed for every column at a
emperature of 40 ◦C. Every van Deemter curve was measured in
riplicate by increasing the flow rate from 0.3 mL/min until the max-
mum pressure of the system was reached and then repeating the
ame process two more times. This approach allows checking for
olumn damage that might result from use at the highest flow and
ressure. The viscosities of the used mobile phases were calculated
ccording to Li and Carr [16]. The permeability of the columns was
etermined using Darcy’s law, by measuring the pressure drop over
he column at the highest linear velocity and is also shown in Table 1
17]. Peak variances were calculated using the peak width at half
eight.

The experiments were performed on an Agilent 1100 HPLC sys-
em (Agilent Technologies, Waldbronn, Germany) equipped with
variable wavelength UV detector (14.0 �L flow cell, 10 mm path

ength), a thermostatted column compartment and a quaternary
ump. All connection tubing (diameter 120 �m) was kept as short
s possible to reduce extra-column band broadening. The total vol-
me of the systems was determined to be 37 �L. The system was
perated with Empower software. The maximum pressure on this
ystem is 400 bar.

Samples consisting of 500 �g/mL uracil and 400 �g/mL G1 were
issolved in 50/50 (v%/v%) water/acetonitrile. The injected sample
ixture volume was 2 �L. Absorbance values were measured at

60 nm with a sample rate of 40 Hz (response time: 0.1 s). This was
he maximum sample rate available on the instrument.

All reported plate height and column permeability data were
btained after correction for the system band broadening (�2

sys),
0-time (tsys) and pressure drop (�Psys), measured using G1 as
robe molecule and by removing the column from the system and
eplacing it with a zero-dead volume connection piece, under the
ame experimental conditions as for the plate height measure-
ents [18,19]:

col = (tR,total − tR,sys)2

�2
total − �2

sys
(1)

col = L

Ncol
(2)

v0 = u0�L

�Ptotal − �Psys
(3)

Under the current experimental conditions (k′ ≈ 5) and using
he columns in a 4.6 mm i.d. format, the losses in efficiency, caused
y the system contribution never exceeded more than 5%. These
ndings are in excellent agreement with [19].

The experimental van Deemter data were fitted in MatLab (The
athWorks Inc., Natick, MA, USA). The same software was used to

ssess the confidence intervals (95%) of the fitted parameters and
he overall quality of the fitting.

.3. Particle analysis

To determine the true particle size of the studied columns,
he columns were opened after the separation experiments and
he particles were removed by gently flushing the columns with
thanol. The particles were subsequently dried by evaporating the
thanol at room temperature in the fume hood and prepared for
EM (scanning electron microscopy) measurements. The SEM pic-
ures were recorded with a Quanta FEG 200 instrument equipped
ith a Field Emission Gun source. The microscope was operated at
0 kV with a magnification of 3500× and a backscattered electrons
etector (BSED) to obtain enhanced contrast conditions. The parti-
les were conductive enough to omit the use of a conductive coating
ayer and they were analyzed onto a self adhesive carbon sample
older. At least 4 pictures of each sample were taken and 800 par-
Kinetex 2.6 2.7 0.06 2.7
Halo 2.7 2.8 0.10 2.8
Poroshell 2.7 2.7 0.07 2.7

ticle diameters were measured for every column by re-processing
the images with the CLEMEX PS3 image analysis software in order
to determine the true particle size.

3. Results and discussion

3.1. Particle analysis

The performance of four traditional fully porous particle sup-
ports with particle sizes ranging between 3.0 and 3.5 �m (ACE3,
Gemini NX, Hypersil Gold and XBridge) and three superficially
porous columns with particle sizes of 2.6–2.7 �m (Kinetex, HALO
and Poroshell 120), all with a C18 stationary phase, was evalu-
ated at pH = 4.5 using G1 as test compound. For this purpose, plate
heights were measured at flow rates ranging between 0.3 mL/min
and the maximum flow rate that could be obtained at 400 bar on
each column. In order to assess the performance of the columns in
an independent way, an accurate knowledge of the average particle
diameter of every support was necessary. Therefore, SEM pictures
were taken from loose packing material of every column and these
pictures were subsequently processed with image analysis soft-
ware. Fig. 1 shows SEM pictures for particles of every support type.

Among the fully porous particles (Fig. 1a–d), the greatest homo-
geneity is observed for ACE3, whereas the XBridge (Fig. 1a) and
certainly also the Gemini NX (Fig. 1d) batches include some parti-
cles with a size that is noticeably larger than the average particle
size.

Comparing the fully porous particles with the superficially
porous particles (Fig. 1e–g) the latter are clearly smaller than the
former and also display a greater homogeneity. Little difference in
size and homogeneity is moreover observed among the superfi-
cially porous particles.

From the SEM pictures, the number-average particle diameters
were determined to be 2.7 �m for Kinetex and Poroshell, 2.8 �m
for Halo, 3.9 �m for the XBridge support, 4.0 �m for Hypersil Gold,
3.4 �m for Gemini NX and 3.5 �m for ACE3. These values are shown
in Table 2. For the fully porous particles, the values obtained are
clearly larger than the values specified by the manufacturers. This
might be related to the fact that different techniques (e.g. Coul-
ter counting, which is known to underestimate the size of fully
porous particles [20]) were used to determine the average particle
diameter.

The particle size distribution of the different supports was
subsequently determined from the same data by expressing the
diameter of at least 800 particles per column batch in a fre-
quency distribution diagram. To properly normalize the graph
(surface under curves should be unity), the results were plotted as
d /d versus d × n /(n × �d ) [21], with the �d
p,i p,average p,average i i p,i p,i
the width of the intervals in the PSD, in this case chosen to be
0.2 �m. The resulting distribution plots are shown in Fig. 2.

From the distribution plots in Fig. 2, it is evident that the super-
ficially porous particles indeed have a much narrower particle size
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ig. 1. SEM pictures obtained for the different packings: (a) XBridge, (b) ACE 3, (c)
ore. The microscope was operated at 20 kV with a magnification of 3500× and a b
istribution than the fully porous supports, as was already obvious
rom the SEM pictures. Highly controlled processes for the gener-
tion of the particles are probably responsible for the very narrow
article size distributions of these particles [22,23]. Among the fully
rsil Gold, (d) Gemini NX, (e) HALO Fused Core, (f) Poroshell and (g) Kinetex Fused
ttered electrons detector (BSED) to obtain enhanced contrast conditions.
porous supports, the ACE3 column has the narrowest PSD, while the
XBridge column has the broadest PSD. The Gemini NX and Hypersil
Gold columns have a similar PSD, displaying a width somewhere
between that of the ACE3 and XBridge PSD curves.
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Fig. 2. Normalized particle size distributions of the different evaluated support
types, determined from SEM pictures. XBridge C18 (dp = 3.5 �m) (�), ACE3 C18
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Fig. 3. Plate height curves of interstitial velocity (ui) versus plate height (H) obtained

that the Kinetex column provides the lowest reduced plate heights
(thus suggesting the best packing quality), followed closely by the
HALO and Poroshell supports. Interestingly, the ACE3 has a reduced
plate height curve that is nearly as good as that of the superfi-
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dp = 3.0 �m) ( ), Gemini NX C18 (dp = 3.0 �m) ( ), Hypersil Gold C18 (dp = 3.0 �m)

), Kinetex Fused Core C18 (dp = 2.6 �m) ( ), HALO Fused Core C18 (dp = 2.7 �m)
	) and Poroshell C18 (dp = 2.7 �m) ( ).

To represent the width of the PSD in a more quantitative way,
he standard deviations of the distribution plots in Fig. 2 were cal-
ulated from their 0th (MOM0), 1st (MOM1) and 2nd (MOM2) order
oment as follows:

=
√

MOM2

MOM0
−

(
MOM1

MOM0

)2
(4)

The obtained standard deviations are shown in Table 2 and are
ery similar to the standard deviations that are cited in literature
or both superficially porous (� ∼= 0.05) and fully porous particles
� < 0.25) [4,7,24,25]. The values are in perfect agreement with the
rder of the curves in Fig. 2, with the broadest curves producing
he largest standard deviation. One might suspect an artifact in the

oment calculation for the Gemini NX and the Hypersil Gold parti-
les, who both display a similar width in Fig. 2, while yet the former
eads to a slightly larger �. The observed difference in � can however
eadily be explained by the presence of relatively large particles
dp = 1.8 × dp,average) in the tail of the PSD curve for the Gemini NX
articles (blue curve), whereas this does not occur for the Hypersil
old particles (for interpretation of the references to color in this
entence, the reader is referred to the web version of the article).

.2. Performance evaluation and packing quality of the tested
upports

Fig. 3 shows experimentally obtained plate height curves for
he test molecule on the different evaluated support types. Because
oth fully porous and superficially porous columns – with differ-
nt porosities – are being compared, the plate height curves have
een constructed using the interstitial velocity instead of the lin-
ar velocity. The plate height curves clearly show the expected
ehaviour in efficiency as a function of particle size, independent
f the support type. The 2.6–2.7 �m columns display lower plate
eight values than the 3.0–3.5 �m supports.

Focusing on the traditional fully porous 3.0–3.5 �m sup-
ort types (full lines and symbols), Fig. 3 shows that a clear
istinction in performance can be made between the Gemini,
ypersil and XBridge columns on one hand, and the ACE3 col-
mn on the other hand. Whereas Gemini (dp = 3.0 �m) and Hypersil
dp = 3.0 �m) have a minimum plate height of 7.7 �m and XBridge

dp = 3.5 �m) has a minimum plate height of 8.5 �m, the ACE3 col-
mn (dp = 3.0 �m) clearly performs better with a minimum plate
eight of 5.8 �m.

Considering subsequently the superficially porous particles, the
inetex column (dp = 2.6 �m) has a slightly lower minimum plate
for the pharmaceutical test compound on the different evaluated support types. The
mobile phase consisted of water (10 mM ammonium acetate, pH = 4.5) and acetoni-
trile in a ratio that lead to the same retention factor for the test compound on all
investigated supports (k′ = 4.6 ± 0.2). Symbols are the same as in Fig. 2.

height than the Poroshell and Halo columns (both dp = 2.7 �m),
again in agreement with the slightly smaller particle size of the
Kinetex particles.

With an accurate knowledge of the particle sizes of the different
supports, the obtained plate height measurements can be properly
reduced and used to evaluate the performance of the columns both
in terms of efficiency and, as generally accepted, packing quality.
Using the number-averaged particle diameters obtained from the
analysis of the SEM pictures of each packing type, the reduced plate
height plots in Fig. 4 were constructed. The experimental data were
fitted using the van Deemter equation [26]:

h = A + B

v
+ Cv (5)

where h is the reduced plate height, v is the reduced intersti-
tial velocity and A, B and C are the van Deemter parameters. The
obtained van Deemter parameters are shown in Table 3, together
with their confidence intervals and the quality of the fit. The min-
imum reduced plate heights determined from the reduced plate
height plots are also shown in Table 3.

From the reduced plate height curves shown in Fig. 4, it is clear
Fig. 4. Reduced plate height plots obtained for the pharmaceutical test compound
on the supports evaluated in Fig. 3. The mobile phase consisted of water (10 mM
ammonium acetate, pH = 4.5) and acetonitrile in a ratio that lead to the same reten-
tion factor for the test compound on all investigated supports (k′ = 4.6 ± 0.2). Symbols
are the same as in Fig. 2.
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Table 3
Van Deemter parameters obtained by fitting the experimental plate height data with Eq. (5) and minimum reduced plate heights of the evaluated columns. The confidence
intervals and quality of the fit (R2) are also given.

Column A B C R2 hmin

XBridge 1.04 (±0.10) 7.26 (±0.90) 0.04 (±0.00) 0.9979 2.18
Hypersil Gold 0.94 (±0.04) 7.96 (±0.35) 0.03 (±0.00) 0.9995 1.95
Gemini NX 1.17 (±0.06) 5.84 (±0.46) 0.06 (±0.00) 0.9948 2.31
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εi =
1 − εe

(11)

The obtained values of εi are shown in Table 4 and show that
the superficially porous particles have a significantly lower internal
porosity than the fully porous particles, a difference that can in part

Table 4
Experimentally determined permeability (Kv0), porosity (ε) and minimum separa-
tion impedance values of the evaluated columns.

Column εT εe εi Ei,min

XBridge 0.54 0.34 0.30 0.30
Hypersil Gold 0.66 0.36 0.47 0.47
ACE 3 0.75 (±0.08) 6.55 (±0.61)
Kinetex 0.54 (±0.10) 5.41 (±0.58)
HALO 0.74 (±0.05) 3.61 (±0.28)
Poroshell 0.69 (±0.04) 5.35 (±0.19)

ially porous supports. The other fully porous supports follow the
ame ranking as in Fig. 3, except for the Gemini NX and XBridge
olumns, that have switched places due to the small particle size
f the Gemini packing.

From Table 3, it can also be observed that the superficially
orous particles have a B-term contribution that is slightly lower
han that of the fully porous particles. This is because diffusion is

ore hindered by the presence of the solid core inside the superfi-
ially porous particles compared to the fully porous particles [24].

Another way to assess the packing quality of a support is by using
so-called reduced kinetic plot, plotting the separation impedance

E) versus N/Nopt [6,27]. Both measures can be calculated without
aving to define a characteristic length or diameter, as can be seen

n the following equations:

= H2

KV
= h2

�
(6)

N

Nopt
= uoptHmin

uH
= vopthmin

vh
(7)

ith � the flow resistance (� = d2
p/Kv)

A reduced kinetic plot can be analyzed in the same way as a
educed plate height curve: the lower the curve the better the
ntrinsic quality of the particles and the packing. However, whereas
he reduced plate height curve only represents the efficiency, the
educed kinetic plot also incorporates information on the flow
esistance of the support, as can be seen from Eqs. (6) and (7), and
ence is a direct measure for the overall kinetic performance of a
iven support type.

When using a reduced kinetic plot curve to assess the “good-
ess” of the packing, it should be realized that the permeability
onstant Kv0 used in Eq. (6) also partly depends on the intra-particle
orosity. To filter out the effect of any differences in intra-particle
orosity that exist between the different supports under eval-
ation, the separation impedance (Ei) should be based on the
ermeability that is based on the interstitial velocity rather than
n the linear velocity [4]. In the present study, Ei was calculated
tarting from the experimentally obtained values of the permeabil-
ty based on the linear velocity (Kv0, determined with Eq. (3), see
able 1) as follows:

i = H2

KVi
= H2

Kv0

εe

εT
(8)

here εT is the total porosity of the support and εe is the external
r interstitial porosity.

The total porosity of the columns was determined from the elu-
ion time of uracil [28], injected together with G1 under the same

obile phase conditions, after correction for the extra-column
ontribution, and is shown in Table 4. The values of the exter-

al porosity (εe) were derived from the experimentally obtained
ermeability (Kv0) and εT values using Kozeny-Carman’s law:

v0 =
d2

p,SA

fKC

1
εT

ε3
e

(1 − εe)2
(9)
0.03 (±0.00) 0.9948 1.63
0.03 (±0.00) 0.9807 1.37
0.04 (±0.00) 0.9983 1.52
0.04 (±0.00) 0.9979 1.56

Where the Kozeny constant (fKC) was assumed to be 180 [21]
and dp,SA is the Sauter-mean diameter, defined as:

dp,SA =
∑

d3
p,i∑

d2
p,i

(10)

For the determination of the Sauter-mean diameter, the nomi-
nal particle sizes (dp,i) of the packing materials obtained from the
SEM pictures elaborated by the image analysis software, were used.
Table 2 lists the Sauter-mean diameters of the different packing
materials.

It must be remarked here that even though it is suggested in
some studies that the number-averaged particle size should be used
for the characterization of the mean particle size of a particle batch
[4], the original derivation of the Kozeny-Carman law [29] clearly
implies that the mean particle diameter should be based on the
specific contact surface between the particles and the liquid, i.e.,
on the Sauter-mean diameter as defined in Eq. (10). This is a direct
consequence of the physics of the problem, which is that of a driving
force for a volumetric fluid flow countered by the flow arresting
force originating from the stationary particle surfaces.

Table 4 shows the obtained values for the external porosi-
ties of the columns. ACE3 and Hypersil have a similar εe of
0.360 and 0.363, respectively. The XBridge column has a much
lower εe-value of 0.341 indicating that this column is very
densely packed. Similar small external porosity values have already
been observed for other column types from the same man-
ufacturer [21]. The Gemini NX column is clearly less densely
packed than the other fully porous columns, having an exter-
nal porosity value of 0.383. The superficially porous particles
have slightly higher external porosities than the fully porous
particles, an observation that was also made in [9,30] and was
explained by the larger rugosity of the superficially porous par-
ticles, causing friction between the particles that prevents a dense
packing.

From the obtained values for εT and εe the internal porosity of
the packings can be calculated as:

εT − εe
Gemini NX 0.52 0.38 0.22 0.22
ACE 3 0.55 0.36 0.30 0.30
Kinetex 0.51 0.39 0.21 0.21
Halo 0.45 0.38 0.12 0.12
Poroshell 0.52 0.37 0.23 0.23
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Fig. 6. (a) Plot of hmin versus sigma (width of the PSD) and (b) A versus sigma for
the particles studied in the present manuscript (full symbols) and for the particles
ig. 5. Reduced kinetic plots of Ei versus N/Nopt obtained for G1 on the supports
valuated in Fig. 3. Same symbols are used as in Fig. 2.

e explained by the presence of the solid core in the superficially
orous particles [9].

With the obtained values of εT and εe the impedance plots based
n the interstitial velocities shown in Fig. 5 were constructed. The
rder of the curves in Fig. 5 remains largely the same as in the
educed plate height plots shown in Fig. 4. Only the order of the
Bridge and Gemini NX has shifted again. The most important dif-

erence between the plots shown in Figs. 4 and 5 is that the latter
lso incorporates information on the permeability of the support.
rom Table 1, it is evident that the Gemini NX column has a much
arger permeability than the XBridge column, despite the fact that
he latter has a larger average particle diameter. This has certainly
o do with the larger external porosity value of the Gemini NX col-
mn, resulting in a less dense and hence more permeable packing.

.3. Relation between particle size distribution and quality
acking parameters

To investigate the relationship between the width of the parti-
le size distribution on the one hand and the quality of the packing
nd efficiency of the thus obtained support on the other hand, the
tandard deviations obtained for the different supports were com-
ared with several dimensionless parameters that generally can be
onsidered as a measure for the quality of a packing.

A first parameter that can be used to assess the packing quality of
support, independent of the size of the particles, is the minimum
late height (hmin). To relate the particle size distribution of the
upports to their packing quality, plots of hmin versus the standard
eviation of the PSD (�) are shown in Fig. 6a. From these plots, a
lear linear relationship between hmin and the width of the PSD is
vident. For the sake of interest, the data obtained in [6] have also
een added to this figure (open, red symbols) (for interpretation of
he references to color in this sentence, the reader is referred to the
eb version of the article). As can be seen from Fig. 6a, the particles

rom [6] follow the same linear relationship between hmin and �, a
rend that was obviously not so clearly visible when a smaller range
f PSD widths was investigated.

A second traditionally employed measure for packing quality is
he A-constant of the reduced van Deemter curve. The band broad-
ning that emerges from the tortuosity of the flow paths, caused
y inhomogeneities in the packing, will mostly be reflected in this
erm. Therefore, it was also considered useful to relate the standard
eviation of the PSD of the different packings to the value of the A-

erm constant (Fig. 6b). Again, a significant linear trend between the
-term constant and � can be seen. The A-term values obtained for

he particles studied in [6] have again been added to this figure and
an be seen to follow the same trend as well.
studied in [6] (open symbols) and (c) plot of Ei,min versus sigma for the supports
evaluated in Figs. 3–5. The full line represents the trend line that was obtained for
the full symbols, while the dashed line is the same, extrapolated trend line. The
confidence intervals obtained for the A-values are also shown in b.

At third parameter that can be used to assess the quality
of a packing, is the minimum separation impedance (Ei,min) as
determined from the curves in Fig. 5 (see Table 4): the lower
the minimum separation impedance of a support, the better the
intrinsic quality of the particles and the packing. Plots of Ei,min
versus sigma are shown in Fig. 6c where again a clear linear rela-
tionship with � can be observed for all columns. Compared to
the other two packing quality measures (cf. Figs. 6a and b), the
minimum separation impedance leads to the clearest linear rela-
tionship (highest R2-value) with the width of the particle size
distribution.
4. Conclusions

A strong (nearly linear) correlation has been observed between
the width of the particle size distribution of several commercially
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vailable HPLC particle types (both fully porous and superficially
orous) and some commonly used parameters that reflect the
uality of a packing, namely the minimum reduced plate height,
he A-term and the minimum reduced separation impedance.
hese observations have been made despite the fact that the stud-
ed particles have a number of other differences besides PSD,
uch as particle porosity, pore size, pore structure and bonding
onditions.

Covering a wide group of fully porous as well as porous-shell
articles, these observations confirm the most recent views in the
eld, stating that there is a strong relation between the particle
ize distribution of the packings and the quality of the packing. The
bserved nearly linear relationship also suggests that the perfor-
ance of the current generation of fully porous particle columns

ould be significantly improved if the PSD of these particles could
e reduced.

The current data are compared on the basis of common column
engths and column internal diameters. No considerations can be
ndirectly drawn for different packing formats, because additional
nd different variables affecting packing quality should be evalu-
ted experimentally and analyzed. This is enforced by the evidence
hat certainly not only the PSD plays a role in the final packing qual-
ty, but also the procedure used for the packing of the columns. To

ake really conclusive statements about the packing quality, an
n situ geometrical analysis of how the particles are packed in the
olumn would be needed.
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