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1. Introduction

The early beginnings of modern liquid chromatography were
uncertain, difficult, and patchy. The concept of high pressure lig-
uid chromatography, which later became high performance liquid
chromatography (HPLC) was born at about the same time in the
minds of many specialists of gas chromatography. In this earlier,
more advanced analytical technique, the flow of mobile phase is
tightly controlled while sample injection and the detection of the
separated components are done on-line. It was tempting to extend
this analytical procedure to column liquid chromatography, which
was still most empirical in the mid-1960 and was practiced in
the same way as Tswett was used to [1-3]. Scientists working in
gas chromatography had been very successful in developing an
efficient, powerful, accurate method of analysis for vapors, includ-
ing a wide range of hydrocarbons, petrochemicals, fine chemicals,
fats and many derivatives of hydroxylated compounds. However,
gas chromatography could not be extended to many compounds
of importance in the life sciences and analysts were frustrated.
They turned toward liquid chromatography. Developing instru-
ments similar to those used in gas chromatography was not a major
obstacle and this required only a few years [4]. However, preparing
suitable stationary phases was a major roadblock. Three avenues
were explored: ion-exchange, liquid-liquid, and liquid-solid chro-
matography.

The idea of using thin films of ion-exchange polymers coated
on solid particles or on the surface of particles with small specific
surface area was in the air in the late 1960s. Parish suggested using
beads of cross-linked polystyrene bearing ion-exchange groups in
a shallow surface layer to separate metal ions [5]. Knox recom-
mended the use of thin films of the stationary liquid phase in
liquid-liquid chromatography (LLC) [6]. Horvath and Lipsky sug-
gested the use of pellicular (i.e., thin-skin) particles instead of fully
porous particles as packing materials for chromatographic columns
and demonstrated the value of the concept by reporting important
analytical results in the ion-exchange analysis and/or the purifica-
tion of nucleosides [7,8]. The rational of these inventors was that
columns packed with such particles would have a higher efficiency
than those packed with fully porous particles because diffusion
through the thin porous layer surrounding the particles would be
faster than diffusion through the whole particles. This acceleration
of diffusion would reduce the time required for solute equilibra-
tion between the monolayer on the surface of the mesopores of the
particles and the mobile phase or, more exactly, would effectively
reduce the resistance to mass transfer through the stationary phase.
This idea made sense at a time when the average particle size of the
packing materials was ca. 80 wm. The initial experimental work
was based the use of ion-exchange as the retention mechanism
[5,7]. This mechanism was applicable only to a restricted number of
compounds, insufficient to justify the development of a new major
analytical method. A more general approach was required.

At about the same time and for the same reason, shell (i.e., thick-
skin) particles were prepared by Kirkland and used extensively
for the analysis of macromolecules and particularly of proteins

[9-11]. The spherical shape and the greater mechanical strength
of these particles would result in a higher column stability and a
better reproducibility than those of columns packed with the irreg-
ularly shaped silica particles popular in early times and used to
separate mixtures of hydrocarbons. These new packing materials
were called controlled surface porosity supports [9,10]. They were
designed to be suitable for the implementation of LLC.

Because gas chromatography used as stationary phase a lig-
uid spread over the surface of a tube or of an inert support (and
was, therefore, called gas-liquid chromatography or GLC), the first
approach to be intensely investigated by analysts coming from
the GLC field was liquid-liquid chromatography In the late 1960s,
the 1970s, and the early 1980s, Huber [12,13], Halasz et al. [14],
and Karger and Berry [15] actively pioneered the use of LLC. This
was why 30-50 wm shell particles were made, with a solid glass
bead core, similar to the beads used by Horvath et al., but which
were surrounded by a ca. 1 wm thin layer of fine silica particles.
The particles prepared by Kirkland had been designed for this pur-
pose and were widely used. Sold under the name Zipax (Dupont de
Nemours, 1970), it was the most popular among the brands of these
shell particles which were produced in the early 1970s, including
the 37-50 wm Corasil I and II (Waters Associates, 1970) and the
50 pm Pellicosil (Macherey-Nagel, 1975) [11,16]. The porous layer
was impregnated with a liquid serving as the stationary phase.
The volume fraction of the particle occupied by the porous shell
was between 5 and 10% and the minimum reduced HETPs of the
columns packed with them was between 2.0 and 2.5 [17,18]. How-
ever, it rapidly proved more difficult than anticipated to find two
liquids practically insoluble in each other and between which the
sample components would equilibrate with constants different
from either zero or infinity. Furthermore, it was realized that LLC
columns were unstable, rapidly losing stationary phase and pro-
viding irreproducible analyses. The use of liquid stationary phases
was abandoned in favor of adsorbents.

As a first approximation, the column efficiency is inversely pro-
portional to the average size of the particles of the packing media
used to fill the column. This explains why the most important, per-
sistent trend in the development of HPLC over the last forty years
has been the development of methods for the manufacturing of
packing materials made of particles of decreasing average size and
better packing characteristics. The average size of the particles used
to pack HPLC columns was initially in the 100 um range [19,20].
Later, this average size decreased progressively to 40-50 [4,21],
then to 20, 10 [20], and 5 pm, a range that was already reached in
the early 1980s and remained nearly unchanged until the turn of
this century, in spite of the availability of 3 wm and even smaller
1 wm particles [22]. The only major change that took place in the
1980s and 1990s was the development of spherical particles that
eventually came to dominate entirely the market of packing mate-
rials.

Then, under the combined pressures of the requirements by the
pharmaceutical and fine chemicals industries for accelerated ana-
lytical throughputs and the threats of the monolithic columns that
were commercialized in 2000 with great expectations, the man-
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ufacturers of packing materials capitalized on their experience in
the production and packing of regular, spherical, reproducible 5 pm
particles [23-28] and rapidly began to commercialize columns
packed with 3, then 2, and now with the sub-2 pm particles, which
have average sizes between 1.5 and 1.7 um. Finer particles, with
average size of 1 um are already available for nearly ten years
but with limited commercial success because these are solid, non-
porous particles [22]. Then, a few years ago, the concept of shell
particles was suddenly revived to an amazing success [29-31].

The goal of this paper is to review the origin, purpose, develop-
ment and properties of columns packed with type of particles and
to explore their perspectives. The structure of the particles has con-
siderably evolved over the nearly fifty years over which they have
been successively tried, abandoned, then successfully rediscovered.
So did the names used for them. As pointed out by the review-
ers, it is not possible to be fully consistent and use the same name
for commercial products of different structures, made at different
times. Initially, these particles were called pellicular or s uperficially
porous particles because it was felt that a very thin layer of porous
material around large solid cores would exhibit a low mass transfer
resistance and allow the production of high column efficiency. The
first term disappeared because it implies a very thin porous layer
of retentive material on a solid core, a material that would provide
too small a saturation capacity to be useful in practical applica-
tions. The second term survives [31]. Later, the names of controlled
porosity materials (CPM) or fused core particles were used by differ-
ent manufacturers. They seem to have been abandoned. Finally, the
names of core-shell or , for short, shell particles are becoming uni-
versally accepted. In this review, we will try and stick to the original
names of the historical materials and use core-shell particles for all
modern materials.

2. Theory

We compare in this section the properties of columns packed
with fully porous, shell, and pellicular particles. To draw realistic
conclusions, we need to compare data obtained with these different
columns (see next section).

2.1. Influence of the shell thickness on the retention times and the
saturation capacity of the column

To better understand the nature of the problems encountered
in the manufacture and use of, pellicular, superficially porous and
shell silica particles and the evolution of these problems over the
years, some simple geometrical considerations are useful. The vol-
ume of the porous shell surrounding a particle is 7(d3 — d?)/G.
where d. and d; are the diameters of the particle and of its solid core,
respectively. The volume fraction of the porous material, i.e., of the
shell in the columnis (d3 — d3)/d3 = 1 - (d;/de)®. When the layer of
porous material around the solid core is thin, this fraction becomes
close to 3(1 —(d;/de)). When the thickness of this layer becomes
significant, the volume fraction of porous material in the particle
becomes large and eventually tends toward unity. For example, for
the Halo particles (de =2.7 pm, d;=1.7 um), the shell thickness is
0.5 pwm and for the Kinetex particles (de =2.6 wm, d;=1.9 um), the
shell thickness is 0.35 wm. The volume fractions of the porous shells
in these particles are 75 and 63%, respectively. Fig. 1 illustrates this
relationship, the relative shell thickness being e=(d, — d;)/de. The
shells of the superficially porous, also named pellicular, particles
had a relative thickness, e well below 0.1 and an absolute thickness
below 1 um [8] for diameters of the order of 50 wm. This differ-
ence explains their markedly different properties and why these
two types of columns must be considered separately.
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Fig. 1. Fractional volumes in the core-shell particles as a function of the relative
shell thickness e (see text). 1, fractional volume of the shell; 2, fractional volume of
the core.

The most important difference between the characteristics of
columns packed with core-shell and with superficially porous par-
ticles is in their hold-up times, retention factors, and saturation
capacities. Because the volume fraction of the stationary phase in
superficially porous particles is much lower than that of core-shell
particles, the retention on columns packed with them tends to be
lower or much lower than on columns packed with fully porous
or even core-shell particles. This requests the use of lower con-
centrations of the strong solvent in the mobile phase and the
injection of smaller amounts of samples into the column in order to
do chromatography under linear or nearly linear conditions. This
makes columns packed with superficially porous particles unsuit-
able for trace analyses. This explains also why columns packed
with core-shell particles, for which the fractional volume occu-
pied by porous silica remains close to that of columns packed with
fully porous particles, are prospering while columns packed with
superficially porous particles are not. Furthermore, although the
layer of porous material around the particles is much thinner in
superficially porous than in core-shell particles, the mass trans-
fer resistance in the former is rarely much lower than in the latter
(see Section 2.4.1), except for very thin porous layers and for very
large molecules that diffuse in the most sluggish fashion, anyway.
The reason for the failure of the shell concept is that mass trans-
fer through particles is far from being the dominant contribution
to band broadening in HPLC [32]. Yet, columns packed with these
particles are tremendously successful, but for another reason.

2.2. Influence of the particle size on the column permeability

The permeability of a column or packed bed expresses the
degree of resistance encountered by a stream of fluid forced to per-
colate through a porous bed. Whether the particles are porous or
not, the fluid flows around and between the particles, not through
them, except in some rare cases. The main obstacles encountered
by the fluid stream along its path are the particles, the average size
of which is the parameter that determines the bed permeability. It
would be only if the particles were to have large through-pores,
with diameters of the same order of magnitude as the particle
diameter, that a secondary stream would significantly contribute
to the overall flow rate. This situation has never been clearly estab-
lished, so far. Admittedly, however, the shape of the particles and
the smoothness of their external surface may contribute to some
extent to the resistance they opposes to the stream [33]. It seems
probable that the influence of the nature of the particle surface
(e.g., its smoothness) on the permeability is indirect and results
more from the friction between the particles and between the bed
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and the internal surface of the column tube, because these frictions
determine the external porosity of the packed bed and the packing
density of the particles [34,35].

The flow of the mobile phase stream in a chromatographic col-
umn is relatively slow. Its Reynolds number is small, of the order
of 1x1073 to 1 x 1072 [36]. For example, the mobile phase (ace-
tonitrile) velocity in typical columns packed with 2.6 um particles
is of the order of 1-3 x 10~3 m/s [37]. With p=0.7857 at 20° C
and 7=0.324cP at 30°C, this gives Re~1.25 x 10~2. So, the flow
is laminar and follows Darcy law [38], which is written

kod2 AP
Ug = L
n

where ug is the superficial velocity of the stream, d, the average
particle size, AP the difference between the inlet and outlet pres-
sures of the column, 7 is the fluid viscosity, L the column length,
and kg is the column permeability coefficient. Actually, the product
kodf, is the column permeability. The permeability is also related
to the external porosity of the bed, €, through the Kozeny-Carman
equation [39].
2 d; €
kodp = mm (2)

(1)

The numerical coefficient (180) varies with the shape and the sur-
face smoothness of particles [33], which might also affect &,.
Today, the finest core-shell particles available have a diameter
of 1.7 pm. The earliest pellicular particles had diameters between
35 and 50 pwm. So, the columns packed with these particles had a
permeability that was more than a thousand times larger than that
of columns packed with the new core-shell particles. Raising the
mobile phase tank a few meters above the column inlet or using a
peristaltic pump easily allowed a suitable mobile phase flow rate.
With the current sub-2 pm particles, the maximum efficiency is
obtained for mobile phase velocities of the order of
u0:10D—m =5.9 x 10°Dy, (3)
dp
(with ug in cm/s) where Dy, is the molecular diffusivity of the ana-
lyte, between 1 x 10~ for small molecules and 1 x 10~7 for large
biochemical compounds, including most of the biopharmaceuti-
cals. This gives velocities between 0.6 and 6 x 10~3 cm/s.

2.3. Band broadening in chromatographic columns and the plate
height equation

Itis generally accepted that there are four sources of band broad-
ening during the elution of a compound band [32,40,41]. Three of
these sources originate in the column, the fourth one is due to the
instrument itself [42-44]. These sources of band broadening in the
column are the diffusion of the analyte molecules against the con-
centration gradient accompanying the band, the eddy dispersion
due to the anastomosis and the unevenness of the flow stream
structure, and the mass transfer resistances, due to the finite time
that it takes for the mobile and the stationary phase to reach local
equilibrium. As suggested by Giddings [40], the degree of band dis-
persion taking place in a column is characterized by the column
HETP defined as the ratio of the increment of band variance to the
increment of migration distance:

do?
= (4)
There is a considerable amount of literature on the measurement of
the HETP of a column, most of which reports experimental results
of dubious precision and poor accuracy; a few papers only deal
with the details of appropriate measurement processes and with
accuracy and precision. The most serious disagreements observed

between the different scientists involved arise from the tension
between the desire of those experimentalists who want to fol-
low a sound procedure that will provide theoretically exact values
and the desires of those who want to achieve fast and precise
measurements. Unfortunately, it seems most difficult to achieve
both high accuracy and high precision and the debate remains
open. We are of the opinion that accuracy is more important than
precision [45].

Exact measurements require the integration of the elution band
to measure its first three moments, giving the band area (ug =A),
its thermodynamically correct retention time (w1, a value differ-
ent from that of the elution time of the band apex if the profile is
not symmetrical), and its variance ( ,u/z) that characterizes the peak
spreading around the mass center of the band. These moments are
given by the following equations

uo=/C(t)dt (5)
B [ C(t)tde
H1 = 7f (e (6)
e - py)dt
Ha= [cydt 7

Then, the integration of the mass balance of the general rate model

of chromatography under linear isotherm conditions shows that

the column HETP is given by
L o? LM

H=—-=—=1L= 8

NTEtT e (8)
This value is easy to derive and the data stations of most instru-
ments are programmed to provide it. It would be cautious, however,
to validate the data provided by these data stations [46]. It is easy
to download the detector signal into a spreadsheet and calculate
the moments from this table [45]. The main obstacle reside in the
limited precision of the measurements, which is due to the very
definition of high-order moments. The higher the moment order,
the heavier the weight of the sides of the band in its determination
[41,47]. Accordingly, the signal noise limits the precision that can
be achieved for the accurate value of the HETP.

The alternate method preferred by many experimentalists
assumes that the profile of the elution peak is Gaussian and derives
the column HETP from the band width at a fractional band height,
usually the band width at half-height, with

2
H=5.54<tR > 9)
Wi/2

Because the slope of the band is high near its half-height, the
determination of the corresponding band width is precise, even
for moderate values of the signal/noise ratio in excess of ca. 20.
Unfortunately, the result of this method is most seriously inaccu-
rate [45]. Due to a variety of diffusive phenomena taking place in the
device used to inject the sample, the profile of the injected bands
when they enter the column are often close to an exponential decay
and differ considerably from a Dirac-§ or even a rectangular profile
[41,44].

We prefer the moment method and use it unless small sample
sizes must be injected and the signal to noise ratio is low, mak-
ing the accuracy of this method to become insufficient. Then the
recorded elution profile may be fitted to a model, e.g., an exponen-
tially modified Gaussian, for detailed studies of column efficiency
which are made with low or moderate polarity compounds. The
moments of the best-fit profile are then calculated. This method is
far less accurate than the integration method [45].
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The experimental data on the relationship between the column
HETP and the mobile phase velocity could be fitted to the van
Deemter equation

H:£+A+Cu0 (10)
Up

The terms A, B, and Caccount for the contributions to band broaden-
ing of the eddy dispersion, the axial dispersion in the mobile and the
stationary phase, and the mass transfer resistances, respectively.
These depend on the characteristics of the phase system and of the
column. Each of them is complex, being due to the combination of
several effects [48].

2.4. Column efficiency and the mass transfer kinetics

The mass transfer resistance term is the sum of two coefficients,
the external or film mass transfer coefficient, G and the trans-
particle mass transfer coefficient, C,. The former accounts for the
difficulties encountered by analyte molecules to penetrate into the
network of mesopores inside the particles; the latter for the time
that it takes for them to diffuse across this network, once they have
entered into it. The Wilson-Geankoplis correlation [49] provides a
convenient estimate of the film mass transfer coefficient, k¢

Sh— kfdp _ 1.09 Vl/?’

(11)
D eg/3

where Sh is the Sherwood number, d, the average particle size, Dy,
the molecular diffusivity, €. the external porosity, and v=ud,/Dn
the reduced interstitial linear velocity of the mobile phase. This
correlation is based on the rate of dissolution of benzoic acid from
6 mm diameter spheres. Its validity for the mass transfer of ana-
lytes in liquid chromatography, with 50 wm porous silica particles
has recently been demonstrated [50,51]. The corresponding contri-
bution to band broadening is given by

1 € [ kq ]21 (12)

hﬁ'm=§1—ee 1+ky ] Sh

where k; is the retention factor of the analyte. Remarkably, this
contribution does seem to depend on the structure of the particles.

2.4.1. Influence of the shell thickness on the mass transfer
resistance across the particles

The contribution to the mass transfer coefficient due to diffusion
across porous particles is

< { k1 rDi (13)

P=301—¢€ |1+ki] Deg

where D¢ is the diffusion coefficient in the porous medium, sum
of the contributions of pore and surface diffusion [52,53]. The same
rigorous expression of the G, coefficient for pellicular particles was
derived by Horvath and Lipsky [8], who used the Aris theory of dif-
fusion in heterogeneous media, later by Kaczmarski and Guiochon
[54] who used the algebraic solution of the general rate model, and
recently by [55] who applied the stochastic theory of chromatog-
raphy. This gives

1 € { kyq }21+2p+3p2—p3—5p4D7m

Cp=—
PT301—€ [1+Kk (14 p+p2) Dess

(14)

where p is the ratio of the radii of the core and of the particle (thus,
p=0 for fully porous particles and p=1 for nonporous particles).
The results of these derivations show that the ratio of the C, coef-
ficients of the columns packed with core-shell and fully porous
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Fig. 2. Variation of the ratio, AC,, of the mass transfer coefficients of a core-shell
and a fully porous particle with the ratio of the core to the particle radii (see Eq.

(15)).

particles is [32]:

ACp _ Cp,shell _ |:

Cp,fullyporous

14k —p3 21-1—2,0—1—3,02—,03—5/04
1+kq (1+p+p2)2
(15)

where k; is the zone retention factor, which also depends on the
shell thickness and is given by [54]:

1-¢€
’(1: ¢

[Eshell,p +(1- €shell,p )Kshell] (1- 103) (16)

where Ky is the Henry constant for the adsorption-desorption
equilibrium of the solute in the porous adsorbent and €;, sy is the
porosity of the shell (generally of the order of 0.4). Obviously, Kspeyi
is a function of the composition of the mobile phase, which could
be altered to adjust the value of the zone retention factor, k.

The contribution of the first term in Eq. (15) is relatively unim-
portant for strongly retained compounds. When p increases from
0 to 1, it decreases from 1 to [k1/1+k;]%. The variation of the sec-
ond term in this equation is illustrated in Fig. 2. This term is still
larger than 0.10 for p = 0.94. This shows that, although theoretically
sound, the idea of preparing superficially porous particles with the
purpose to increase the column efficiency by reducing the mass
transfer resistance across the particles might provide only mod-
est practical gains for the separation of low or medium molecular
weight compounds.

2.5. Column and instrument contributions to band broadening

It is impossible to operate a column and measure its perfor-
mance without fastening the column to an instrument. The process
of operating the column affects the results achieved. The instru-
ment contributes to the head pressure needed to force the required
flow rate of mobile phase through the column and to the hold-up
volume measured. Band dispersion takes place during the elution
of the band through the injection device, the detector and the con-
necting tubes. Data acquisition may also affect the shape of the
signal recorded. These contributions depend on the characteristics
of the instrument [43,44]. Depending on the relative importance
of the band broadening contributions of the instrument and of the
column, the actual performance recorded may reflect the actual
performance of the column, a combination of both the performance
of the instrument and the column, or may be essentially due to the
instrument.
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The standard deviation oy in volume unit of a band at its elution

from the column is given by

d2  (1+k)lmwerd?
O’V_O'tU07T4 = 4m (17)
where o is the band standard deviation in unit time, at the column
exit, ug the superficial velocity of the mobile phase, €7 the column
total porosity, L the column length, k the retention factor of the
analyte, H the column HETP, and d. its diameter.

The relative importance of the instrument contribution depends
very much on the dimensions of the column and on its perfor-
mance. It is far less for strongly retained compounds than for
early eluting ones. It is much less important in gradient elution
than under isocratic elution. The large importance of this contribu-
tion was a very serious drawback to the development of HPLC in
the 1970s. Progress in instrument design and construction during
the late 1970s solved the problem for a whole generation. Recent
progress in column technology and particularly the development
of fine sub 2 wm particles and of 1.7 and 2.6 wm core-shell parti-
cles has resulted in the use of much smaller columns. The HETP of
the columns packed with these new particles is smaller than that
of conventional columns packed with 5 wm particles, which were
the staple of HPLC during more than 25 years; so, columns can now
be shorter and they are faster. However, their permeability being
lower than that of the conventional columns, they must be oper-
ated under higher pressure gradients and the viscous friction of the
mobile phase percolating through the column bed is generating a
significant heat power. The use of narrow bore columns is required
to restrict the consequences of this heat, which is generated across
the column [56]. Therefore, modern columns must be short and
narrow, which makes very small the variances of eluted bands. This
evolution is making again critical changes in instrument design to
drastically reduce the instrument band broadening [57].

3. Brief history of the development of pellicular and
core-shell particles

This development of the superficially porous and the core-shell
particles was chaotic, not progressive as that of the production
and use of the finer and finer fully porous particles in HPLC. After
the concept of superficially porous particles had been presented,
it took time before reliable procedures for the preparation of pel-
licular first, then of core-shell particles be developed. Superficially
porous particles are relatively easy to prepare [7,8,58]. However,
the importance of their major inconvenience, their low saturation
capacity, was realized rather early, which explains the early move
toward core-shell particles, which appeared to be the rational solu-

tion to provide a compromise between high loading capacity and
high efficiency. The production of high quality core-shell particles
required considerable progress in silica chemistry and this progress
came late, after numerous trials that took place over many years
[11,16,31,59]. The eventual success came late but was as impres-
sive as it should have been unexpected: the major progress that the
advent of core-shell particles is bringing to column technology is
not due to the shortening of the residence time of analyte molecules
in the porous layer of the stationary phase particles but to the sur-
prising mechanical properties of the particles, due in part to their
narrow size distribution and, possibly, to the surface properties of
the porous layer, particularly the roughness of its surface.

3.1. The beginning

The concept of pellicular particles was initially suggested by
Horvath et al. [7,8] who reported on the preparation of such
columns for ion exchange chromatography. They expected two
advantages: (1) a high loading capacity due to the large saturation
capacity of ion-exchange resins and (2) a low solid-liquid mass
transfer resistance, due to the thin stationary phase layer [8,54].

Horvath et al. [7,8] prepared spherical glass beads (between ca.
50 and 100 pm in diameter), coated with a thin film of styrene,
divinylbenzene and benzoyl peroxide, possibly a few um thick.
The film was polymerized and cross-linked at 90°C. Then, clas-
sical organic chemistry reactions made on the aromatic rings of
the coating were used to bind to them sulfonic acid or quaternary
ammonium ions, providing strong cation or anion exchangers. The
particles were packed into 1mm LD. stainless steel tubes, 1-2m
long. These columns were eluted in gradient elution mode. An
example of the results reported by Horvath et al. [7] is provided in
Fig. 3. The 1.93 m long anion-exchange column was eluted at a flow
rate of 1cm/s (inlet pressure, ca. 35bar) with an ammonium for-
mate buffer. This velocity corresponds approximately to a reduced
velocity of 6000 for an unretained tracer. Depending on the reten-
tion factors of the ribonucleosides analyzed, the efficiency was of
the order of 250-300 theoretical plates (H=0.35 cm), correspond-
ing to a reduced HETP of ca. 70. A 90 min salt gradient gave a peak
capacity of the order of 15. No systematic attempt at operating the
columns at much lower velocities was reported. Later results sug-
gest that the efficiency would have been markedly improved but
no analyst would be ready to wait for the days that elution would
have required.

In spite of the impressive separations reported by Horvath et al.,
this type of stationary phase was not adopted by the community,
mostly because ion-exchange is a retention mechanism that is spe-
cific of ions. This mode of retention did not interest much the early
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Fig. 3. Chromatogram of a mixture of ribonucleosides on a 193 x 0.1 cm column packed with 50 wm particles superficially coated with a film of an anion exchanger. Gradient
elution, 0.04-1.5M ammonium formate (pH=4.35) at 1 cm/s hence v=5000 (=1100vop, h =80, N=250 plates; peak capacity j15.
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chromatographers who developed high performance liquid chro-
matography with experience, concepts and ideas derived from gas
chromatography. Most of them preferred to develop liquid-liquid
(LLC) rather than liquid-solid chromatography (LSC), due to the
poor results generally obtained in gas-solid chromatography. It
took time to get over this piece of conventional wisdom.

The HETP curves of these columns have a shape that would now
seem unusual. Three regions can be distinguished in these curves.
Athighvelocities, H increases linearly with increasing mobile phase
velocity. At very low velocities, the classical van Deemter profile
and its quasi-parabolic shape are observed. In the intermediate
velocity range, a transition shape is observed, resembling a power
function of the mobile phase velocity with an exponent lower than
unity. This profile was observed typically in HPLC until particles
below 20 wm in diameter became common.

3.2. Pellicular and micropellicular particles

Truly pellicular particles were prepared in 1986 by, Unger et al.
[58] who reacted nonporous silica particles with an average size
of 1.5 (£2%) pm with n-octyldimethyl chlorosilane, giving a layer
of n-octyl bonded silica. No data on the carbon content, the spe-
cific surface area of the material, nor HETP data were provided.
Note that the specific surface area of geometrical spheres of 1.5 pum
diameter is 1.8 m2/g, with a probable actual surface area for the
particles used around 4-5m?2/g. These particles were packed in
8 mm x 36 mm columns, which were used in gradient elution of
acetonitrile, methanol or propanol in water with TFA. Mixtures of
authentic proteins were separated with peak capacities between 20
and 40. Surprisingly, the slope, S, of the plots of the logarithm of the
retention factors of proteins versus the organic modifier concentra-
tion was several times lower than usually observed with columns
packed with fully porous particles.

Kalghatji and Horvath [60] demonstrated the use of
4.6 mm x 30 mm long columns packed with similar superficially
porous 2 wm particles made of Cg bonded solid silica beads for
the separation of peptides by gradient elution (water/acetonitrile)
at 80° C with flow rates of 4-5 ml/min. A peak capacity of ca. 35
was achieved in 200s for the separation of the protein digest of
methionyl human growth hormone. The sample size was 5ng.
Although rapid separations were achieved through the combined
use of superficially porous particles and a high column temperature
which provides fast mass transfer kinetics, this approach was not
successful, due to the low saturation capacity of the column and
to the limited thermal stability of the stationary phase at elevated
temperatures.

3.3. The first generation of pellicular particles

Kirkland produced the first controlled-porosity particles [11]
for liquid-liquid chromatography (LLC). These particles were made
of spherical siliceous hard cores with a porous layer of controlled
thickness and average pore size. These particles were coated with a
liquid stationary phase, 8, 8 -oxydipropionitrile, and used to pack
50 cm long HPLC columns. The average particle size was 40 pum and
the shell specific surface area was 0.83 m2/g. The lowest HETP value,
H=0.11mm (h=2.7, was recorded at 0.02cm/s (v=53), suggest-
ing a minimum value of the order of 2. The column performance
markedly exceeded that of a column packed with fully porous par-
ticles of diatomaceous earth, a conventional support used in GC at
the time.

In the late 1960s and early 1980s, Huber [12,13], Halasz et al.
[14], and Karger and Berry [15] actively pioneered the use of LLC.
This was why, 40-50 pum pellicular particles were made, with a
solid glass bead core, similar to the beads used by Horvath et al.,
which were surrounded by a ca. 1pm thin layer of fine silica

particles. This layer was impregnated with a liquid serving as
the stationary phase. Several brands of these particles were pro-
duced in the early 1970s, including the 37-50 wm Corasil I and II
(Waters Associates, 1970), the 50 wm Zipax (Dupont de Nemours,
1972), and the 50 pwm Pellicosil (Macherey-Nagel, 1975) [11,16].
The volume fraction of the particle occupied by the porous shell
was between 5 and 10% and the minimum reduced HETPs of
the columns packed with them was between 2.0 and 2.5 [17,18].
However, it rapidly proved difficult to find two liquids practically
insoluble in each other and between which the sample compo-
nents would equilibrate with constants different from either zero
or infinity. Furthermore, it was soon realized that LLC columns were
unstable, rapidly losing stationary phase, entrained by the mobile
phase as a low concentration suspension of minuscule droplets,
which provided irreproducible analyses. The need to saturate the
mobile phase with the organic compounds used as the stationary
phase caused major detection problems. The use of liquid stationary
phases was abandoned.

The development of purer brands of porous silica, of chemically
bonded silica, and the use of more appropriate solvent mixtures
permitted the replacement of LLC with liquid-solid chromatog-
raphy (LSC). Superficially porous packing materials were found
to have low loading capacity in LSC while finer and finer fully
porous particles were produced, permitting the production of more
efficient columns and nullifying the potential advantages of the
existing controlled-porosity particles. This marked the end of the
first generation of this type of particles.

3.3.1. The origins of Zipax, the controlled surface porosity
particles

Convinced that the availability of better particles would
markedly improve the performance of liquid chromatography,
Kirkland in cooperation with Iler [61], designed, prepared, and
manufactured a new brand of highly performing particles, which
were named “controlled surface porosity” particles or CSP [10,62].
This material was later described as made by coating successive
monolayers, each 200 nm thick, of a silica sol onto 55 um glass
beads, producing a porous crust that could later be impregnated
with a stationary liquid phase. Fig. 4 shows SEM of several parti-
cles, of a cross-section of a particle and of its surface. As shown by
Fig. 4b, the shell thickness was approximately 2 pm. This suggests
that the finally commercialized product was not the one initially
studied.

Kirkland described the properties and some applications of
Zipax shortly after the initial work of Horvath and Lipsky [10,63].
The concept of CSP particles was most attractive in the years when
HPLC began to attract great interest. At that time, the samples of
porous silica that were produced had a markedly acidic surface, due
to the presence of relatively large concentrations of Lewis acids
on their surface, particularly boron and iron ions. The peaks of
even moderately polar compounds eluted from columns packed
with porous silica particles exhibited significant tailing. Analysts
thought that better results would be obtained with packing materi-
als similar to those successfully used in gas chromatography, made
of porous particles having a large porosity but a low specific surface
area, coated with large amounts of a fluid organic substance. Chro-
matography would be based on liquid-liquid equilibria. The silica
particles should merely be the support of this liquid. This was why
particles like Zipax, which had a low porosity and a low specific sur-
face area were attractive. As explained earlier, the first generation
of CSP particles was short-lived.

3.3.2. Preparation and properties of Zipax

The commercialized Zipax was made of a solid silica core sur-
rounded by five thick layers of 200 nm silica spheres [64]. The
specific surface area of these layers was 15m?/g and the aver-
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Fig. 4. SEM of a CSP sample recovered from storage after 40 years; it illustrates the structure of the layer.

age pore size 1000 A. Although competition rapidly offered similar
products, Zipax seems to have been the product that exhibited the
best level of performance of this type of packing materials. It was
certainly the most studied and remains the best documented CSP
material of this period [10,17,18,63,64].

Done et al. [18] packed 2 mm x 1000 mm long columns with
Zipax, Corasil and Porasil particles. The Zipax product was sieved
into four different fractions, which gave nearly the same reduced
HETP plots (see Fig. 5). The particles were coated with 2% of
B, B -dipropionitrile. The reduced HETP plots (see Fig. 5) show
performance comparable to those of excellent modern columns,
with hp;, between 1.80 and 2.0 and uep¢ around 4.5 [17]. These
plots show also a significant decrease of the column efficiency with
increasing retention factor (see Fig. 5). Yet, the minimum reduced
HETP still hovers around 2 and the C term is 0.011 at k' = 7.8,
which is excellent by present standards. This suggests that the clas-
sical assumption that lingers in HPLC for nearly 40 years, that good
chromatographic performance requires high uniformity of particle size
[18] have little validity. The only serious problem encountered in
using batches of particles with a wide range of diameters is in the
selection of the most suitable diameter to use when calculating
the reduced plate heights and velocities. Unfortunately, the actual
HETPs of the Zipax columns were poor because, due to the large par-
ticle size, they had to be operated at relatively high mobile phase
velocities, corresponding to reduced velocities of several hundred
for small molecules, giving HETPs of the order of 4.5, a value consis-
tent with the chromatograms published (tg~1 min, ug~17 cm/s,
v=~500, N~4000, H~250 wm, with the results of Kennedy and
Knox [64] and the earlier results of Kirkland [63]. This last work
is mostly devoted to the development of suitable packing meth-
ods for the raw Zipax material, which had a much wider particle
size distribution than the narrow cuts used by Done et al. [18] and,
consequently, provided lesser efficiencies.

As indicated by Kennedy and Knox [64], Zipax cannot be used in
the now classical LSC mode, the surface area of the column being
too small. Yet, the efficiency data for non-retained compounds are
in excellent agreement with those shown in the top panel of Fig. 5.
The A coefficient of the Knox equation is smaller for the Zipax than
for the Corasil columns and for fully porous particles [64]. This was
the first observation that CSP particles made with multiple layers

of silica particles seem to pack markedly better than conventional
fully porous particles. Also, this coefficient seemed to depend on
the retention factor [64], as will be demonstrated later [65]. It is
noteworthy that a 4.6 mm x 300 mm column packed with a sample
of Zipax (see Fig. 4, average d, =55 um) recovered earlier this year
from an Agilent warehouse gave a minimum reduced HETP of 2.05
at a reduced velocity of ca. 3.5 for naphtho[2,3,a]pyrene (k' = 0),
eluted with acetonitrile (data not shown).

In the 1970s, chemists found and developed reactions allow-
ing the bonding of chemical groups to the surface of silica and
the preparation of chemically bonded porous silica particles that
were highly stable within a sufficiently wide range of experimen-
tal conditions. At the same time, the preparation of smaller particles
developed progressively. The need of packing materials suitable for
liquid-liquid chromatography disappeared.

3.3.3. Applications of Zipax

Before it became known and commercialized as Zipax, this
material was prepared, used and studied by Kirkland as controlled
surface porosity support [9,66]. It became later the support for
Permaphases. To avoid the difficulties encountered later by the pro-
ponents of LLC, Kirkland coated the thin shell of the particles with
a layer of a polymer or cross-linked polymer that was insoluble in
the mobile phase [9].

Besides its use as a support for the stationary phase in LLC,
Zipax was used as a support for ion exchangers [9,66]. Kirkland
used columns packed with Zipax particles coated with either a
thin layer of cation exchanger, a fluoropolymer containing strong
sulfonic acid moieties or a thin layer of an anion exchanger contain-
ing strongly basic tetraalkylammonium groups [66]. The exchange
capacities of the cation exchange column was 3.5 peq/g and that
of the ion exchanger was 12 peq/g. The columns exhibited excel-
lent long time stability (months). They were used to analyze
nucleotides and nucleic acid bases. The complete separation of
the four bases was achieved in 5min at 63°C, with a flow rate
of 2.0ml/min of a 0.01 N nitric acid, on a 2.1 mm x 1000 mm col-
umn. The separation of other purines and pyrimidines could also
be performed by adjusting the buffer composition. An increase in
the temperature improved the column efficiency. Rapid separa-
tions of ribonucleoside-5 -monophosphoric acids were made on
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Fig. 5. Top: reduced HETP of columns packed with four fractions of Zipax, for cyclohexane eluted with chlorobenzene at room temperature (k' = 0.0). Reproduced from [64],
Fig. 2. Bottom: reduced HETP of a Zipax and a Porasil column. Reproduced from [18], Fig. 2.

the anion exchanger column. The separation of 5'-CMP, 5'-UMP,
5'-AMP, and 5'-GMP was achieved in 6 min. Mixtures of the 2'- and
3'-ribonucleosides were separated under similar conditions.

3.3.4. Preparation and properties of Permaphases

When it had been established that the LLC columns were not
sufficiently stable and that alkyl-bonded porous silica were per-
forming much better separations, it became clear that the specific
surface area of Zipax was too small and that the retention vol-
umes of analytes on a chemically bonded monolayer would be
insufficient to provide useful separations. In an attempt to solve

this problem, Kirkland [67] developed in the early 1970s a method
of synthesis of pre-polymerized tri-functional silanes, which were
then bonded to the silica surface inside the porous crust of Zipax
particles, forming on this support a layer of polymer amounting to
ca. 1% by weight of the packing material [67,68]. This product was
marketed as Permaphases ETH (with a polyether layer) and ODS
(with a polymeric octadecyl polysiloxane).

The performance of this packing material was discussed by Kirk-
land [67], Schmidt et al. [69], Beachell and DeStefano [70], and
Knox and Vasvari [71]. The efficiencies obtained with columns
packed with either Permaphase ETH or ODS were lower than those

Fig. 6. Scanning electron micrograph of the early Poroshell particles (top) and transmission electron micrograph of these particles cross-sections [16].
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obtained with Zipax, suggesting that slow diffusion in the polymer
layer resulted in slow mass transfer kinetics and in the large value
found for the C coefficient of the van Deemter plot. This sugges-
tion was confirmed by the lack of dependence of the reduced HETP
on the temperature [71]. It seems, however, that retention fac-
tors on Permaphase ODS and the degree of symmetry of the eluted
peaks depended significantly on the sample size, in contrast with
Permaphase ETH, for which these peak parameters were constant
[71]. Because the degree of peak asymmetry was alleviated when
the mobile phase velocity was increased, the explanation proposed
then seems now doubtful.

3.3.5. Corasil

Corasil was a packing material made of pellicular particles man-
ufactured by Waters in the 1970s, for the same purpose as was
Zipax, as a support for a stationary liquid phase. It was made by
coating a layer of ground-up silicagel on glass beads, to create a
porous adsorbent layer. There were two brands, Corasil I and II,
made of solid glass spheres surrounded by layers of this silicagel, 7
and 14 m?/g for Corasil I and II, respectively. The average pore size
of these layers was ca. 50 A; the average particle size was between
44 and 53 pm [64]. As Zipax, Corasil was used in the LLC mode,
with a small amount (ca. 1%) of 8, 8 -dipropionitrile impregnating
the layer of porous silica. The reduced HETP curves reported by
Kennedy and Knox [64] are similar to those that they also reported
for Zipax, the main differences being that no data point were mea-
sured at reduced velocities lower than ca. 20 and that the efficiency
of the Corasil columns decreased more rapidly with increasing
retention factors. The column efficiencies of the columns packed
with the two Corasil materials are nearly identical.

3.4. The second generation of core-shell particles

A second generation of core-shell particles appeared in 1992,
with the development of 5 wm Poroshell 300 (Agilent) [16]. In this
initial report, the particles were 7 wm in diameter and had a 1 pwm
shell thickness. The particles were made by spray-drying a sus-
pension of the core particles, solid silica beads in an aqueous silica
sol. The cores were made by sintering narrow-pore Zorbax parti-
cles at 1050° C for 4 h, which reduces their specific surface area
to less than 1m?/g. A 5um size fraction was isolated by elutri-
ation and coated with a single layer of colloidal silica to ensure
adhesion of the spray-dried coating. The average size of the silica
sol particles was 44 nm. The pH of the solution was adjusted to 9
with dilute ammonium hydroxide. Nearly uniform porous shells
formed around the cores. Heating the particles in air at 540° C
to eliminate residual organics and then sintering them at 1000° C
for 2 h strengthened them. This procedure gave porous shells with
a 0.5 wm thickness, so a second layer was added, using the same
procedure. This was followed with rehydroxylation of the porous
silica and surface modification, which provided the final material,

which was easily packed [16]. Fig. 6 shows micrographs of the first
Poroshell particles in SEM and transmission. Comparison of these
micrographs with those showing Zipax (see Fig. 4) and Halo (see
later, Fig. 9) illustrates the dramatic improvements made over 40
years in the methods of producing core-shell particles.

The particle size distribution of the initial Poroshell packing
material (see Fig. 7) was narrower than that of conventional fully
porous particles and unsymmetrical, with 80% of the particles
between 6.1 and 8.5 wm. The pore distribution was also wide,
between ca. 100 and 600A with a maximum at 300-350A (see
Fig. 7). The internal pore volume was sufficient to permit SEC sep-
arations of polystyrene standards in the range between 2000 and
200,000 Da; the specific surface area was large enough to allow
the use of samples of significant size without column overloading.
The column efficiency for polystyrene samples decreased much less
with increasing molecular weight than that of fully porous parti-
cles made with the same silica, supporting the assumption that pore
diffusion is faster in core-shell particles than in fully porous ones,
but the minimum value of the HETP achieved was disappointing,
with a minimum reduced value around 7 [16]. Due to the low phase
ratio of columns packed with core-shell particles, the retention of
analytes on these columns is lower than their retention on columns
packed with fully porous particles, so their elution requires lower
concentrations of organic modifiers.

The columns packed with Poroshell 300 have met only with lim-
ited success, in spite of allowing excellent separations of peptides
in gradient elution [72,73]. The efficiency of a commercial Poroshell
300SB (Agilent) was found to be better than that of a comparable
Zorbax column. This improvement was due to the slightly lesser
values of the A and C coefficients of the best plate height equation
and to an almost half smaller B coefficient, due to the lesser inter-
nal porosity. This translated into minimum values of 2.6 for the
former and 3.2 for the latter [72], showing a significant but mod-
erate improvement. In a systematic comparison, Urban et al. [74]
found that the Poroshell 300 column performed better for the sepa-
ration of proteins than columns packed with fully porous particles.
It seems that the actual performance of the Poroshell columns was
markedly improved between their initial development and their
commercialization.

4. The modern core-shell particles or the third generation

Real success of the core-shell particle concept came in 2006,
with the introduction of the 2.7 wm Halo core-shell particles of
Advanced Material Technologies [31,59,75]. The exceptional prop-
erties of the Halo columns impressed the whole community and
considerable attention was paid to them. The drawback of the low
loading capacity of the initial core-shell particles was mostly elim-
inated in the modern ones by building a 0.5 pm thick porous shell
around a 1.7 wm core. Thus, the shell occupies about 75% of the
volume of the 2.7 wm particle. The most striking result was the
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Fig. 8. Size distribution (Coulter counter technique) of top left: the 1.7 um non-porous silica Halo cores used to prepare the 2.7 wm Halo core-shell particles; top right: the
1.2 pwm non-porous silica Kinetex cores used to prepare the 1.7 wm Kinetex core-shell particles; bottom right: the 1.9 um non-porous silica Kinetex cores used to prepare
the 2.6 wm Kinetex core-shell particles.

Fig. 9. SEM cut of top left: a 2.7 um Halo core-shell particles; top right: a 2.6 um Kinetex core-shell particles. Note the layer stratification of the porous shell revealing the
step-by-step growing process of the porous shell; bottom right: a 1.7 um Kinetex core-shell particles. Note, as in the top right figure, the layer stratification of the porous

shell revealing the step-by-step growing process of the porous shell.
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early achievement of 4.6 mm L.D. columns with a minimum reduced
plate height of 1.5 for small molecules [76]. This new packing mate-
rial was designed for the separation of small molecular weight
compounds [32]. Three years later, Phenomenex offered columns
packed with the 2.6 then the 1.7 wm Kinetex particles which exhibit
exceptional performance, with a small hy,;, =1.2 [37,77], a small C
term [32,78],and avery flat HETP curve for medium-size molecules.
Earlier this year, Agilent came up with the new 2.7 wm Poroshell
120 while Advanced Material Technologies launched a second
brand, the 2.7 wm Halo-ES-peptide core-shell particles [79] pro-
viding exceptional performance for peptides and small proteins
[79]. Packed in 4.6 mm LD. tubes, all these particles give columns
exhibiting plate heights equivalent to those achieved with the latest
state-of-the-art sub-2 um particles, with H between 3 and 4 pm.

4.1. Preparation and properties of the modern core-shell particles

4.1.1. Preparation of the modern core—shell particles

The starting material (also called starting seed) for the prepa-
ration of modern core-shell particles are typically sub-2 wm and
sub-3 wm nonporous spherical silica particles. They are prepared
via a controlled growth process [80] which produces non-porous
silica particles (<2 wm) with very narrow particle size distribu-
tions after modification of the well-known Stober protocol [81].
The Stober process provides nearly monodisperse non-porous silica
particles. Fig. 8 shows the PSDs of the nonporous silica cores used to
fabricate the 2.7 um Halo particles, the 1.7 wm Kinetex core-shell
particles, and the 2.6 pum Kinetex core-shell particles. The ratios
dgoz/d10% of these size distributions lie between 1.11 and 1.14. In
comparison, the same ratio with fully porous particles is usually
between 1.3 and 2.0.

The main challenge in the preparation of core-shell particles
is to build a stable and homogeneously thick layer of porous shell
around the solid cores. A very popular synthesis route consists in
using template surfactants for ordered mesoporous silica [82,83].
Such standard methods only deliver thin shells (~60 nm) with very
small average pore sizes (~30 A), which makes the particles incom-
patible with their packing in columns for liquid chromatography.
Thick shells with large mesoporous volume is demanded for use in

liquid chromatography. They can be made in the presence of both a
charged adsorbing surfactant, cetyltrimethylammonium bromide
(C1gTABr), and an organic expander such as polyethyleneglycol-
polypropyleneglycol-polyethyleneglycol block co-polymer [84].
Shells with thicknesses of 150-350 nm can then be prepared. Fig. 9
shows SEM photographs of the cuts of core-shell particles (2.7 pm
Halo, 1.7 pm Kinetex, and 2.6 wm Kinetex). The average thickness
of these shells are 600, 270, and 350 nm, respectively.

It is important to mention that really thick porous shells can-
not be obtained in a single synthesis step. Several successive steps
are made, following the same route: the growth seeded nonporous
silica particles are suspended in a mixture of ethanol and water. A
solution mixture of the ionic, organic surfactant (C;gTABr and of the
pore expander polymer) is prepared in the same mixture of ethanol
and water. A highly concentrated solution of ammonium hydroxide
is poured into the silica dispersion. Silanols groups are then nega-
tively charged at the surface of the non-porous particles. The surfac-
tant solution is added to the silica dispersion and is allowed to equi-
librate at a fixed temperature at atmospheric pressure. The posi-
tively charged surfactant, CigTA", is adsorbed to the silica particle in
the presence of the organic polymer. Then, pure tetraethyl orthosil-
icate (TEOS) is added to the suspension in order to build the porous
structure of silica around the adsorbed surfactant molecules.
Finally, the new formed particles are centrifuged and then serve as
the starting seed silica particles in the next step. The same process
is repeated until the desired shell thickness is reached.

Pore expansion is achieved by preparing a solution of
N,N-dimethylhexadecylamine (DMHA), C;gTABr, and trimethyl-
benzene. This solution is used as a dispersant for the synthesized
silica core-shell particles and is heated during a three days period.
Finally, the surfactant is removed by calcination at high temper-
ature. In Fig. 9, the empty spaces left after calcination allow to
identify the repetition of the step process. A multi-layer silica struc-
ture is clearly visible in these SEM photographs.

The above description of the fabrication process of the
core-shell particles is very general, although the details certainly
differ from one manufacturer to the next (Advanced Material
Technology, Phenomenex, and Agilent Technologies) regarding the
nature of the chemicals used, their concentration, the temperature
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applied, and the reaction times. Overall, however, the general prin-
ciple based on using a surfactant template agent and repeating the
synthesis of a silica monolayer remains the same.

4.1.2. Physico-chemical properties of the modern core-shell
particles

The precise control of the thickness of the porous shells allows
the preparation of core-shell particles with a narrow size dis-
tribution, which is nearly the same as the size distribution of
the starting nonporous silica seed around 1.11-1.13 [32]. Fig. 10
shows the size distributions of the 2.7 um Halo, 1.7 pm Kinetex,
and 2.6 pm Kinetex particles. The dggy/d1o% ratios of the corre-
sponding silica cores provided by the Coulter counter technique
were 1.122, 1.115, and 1.126. For the core-shell particles, they
are 1.112, 1.118, and 1.128, respectively. Some authors claim that
this physico-chemical property is important for the preparation of
highly homogeneous chromatographic beds, hence of highly effi-
cient columns [85]. However, this is arguable. Calculations show
that the gain in reduced plate height is of the order of 0.1 h unit
[86] when the RSD of the particle size distribution decreases from
about 15% (1.7 wm BEH fully porous particles) to 5% (2.6 pm Kinetex
core-shell particles).

Another important property of core-shell particles is the vol-
ume fraction occupied by the shell. A sufficiently thick porous
shell should be prepared in order to achieve a reasonable sam-
ple capacity. Too small a specific surface area, too small would be
the retention factor. As a result, the concentration of the strong
eluent in the mobile phase needs to be decreased. Therefore, the
adsorption energy may increase strongly and peak tailing caused
by thermodynamic overloading of the most active adsorption sites
could become signifdicant [87-90]. The Coulter counter method
data provide measured volume fractions occupied by the porous
shell in 2.7 wm Halo, 1.7 pm Kinetex, and 2.6 wm Kinetex parti-
cles that are equal to 80, 63, and 58%, respectively. Based on the
shell thickness claimed by the manufacturer of the 2.7 Poroshell120
particles, the same volume fraction in this last brand of core-shell
particle is estimated at 75%. In conclusion, these modern core-shell
particles can provide between 60 and 80% of the specific surface
area of the same but fully porous particles. Unless the specific sur-
face area of the porous shell happens to be unusually low, e.g., lower
than 50 m2 per gram of porous silica (the mass of the silica core
being excluded), these modern core-shell particles will not require
the use of weak eluent mixture.

The specific surface area of these materials was first measured
by low temperature nitrogen adsorption [32], providing values of
124, 98, and 100 m?/g with the 2.7 wm Halo, 1.7 wm Kinetex, and
2.6 pm Kinetex silica particles. Note that these values refer to the
unit mass of whole particles, including the nonporous core and the
shell. When corrected per unit mass of porous silica (shell only),
they increase to 237, 243, and 319 m2/g, respectively. Taking into
account the volume fraction of the shell in these particles, they are
equivalent to fully porous particles having specific surface areas
of 190, 153, and 185 m?/g. Obviously, the chemical modification
of the surface of silica by grafting long Cqg alkyl chains affects the
pore volume [91-94]. Unfortunately, the LTNA technique does not
apply straightforwardly with silica-C;g surface because the spe-
cific surface occupied by an adsorbate molecule of nitrogen on this
hydrophobic surface is unknown. Yet, assuming that the average
length of the bonded C;g chain is of the order of 7 A [95], Fig. 11
shows the expected shift of the pore size distribution of these three
porous shells. The estimates of the corrected surface areas are 124,
158,and 211 m?/g, standard values for fully porous particles. In con-
clusion, sample overloading is not anissue with this new generation
of core-shell particles.

The average mesopore size and its distribution is a crucial struc-
tural parameter, particularly when the analysis of large molecules
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Fig. 11. Pore size distributions of the porous shells of the 2.7 um Halo 90 A, 2.6 um,
and 1.7 um Kinetex 100A core-shell particles before (empty symbols) and after
(full symbols) Cqs derivatization of the surface area. All pore volumes refer to 1 g of
porous silica. Note that Kinetex has a wider distribution than Halo.

such as proteins is concerned. Because their molecular sizes are
large, proteins can be significantly excluded from the mesopore
network of the particle, leading to a poor retention and to distorted
peak shapes [79]. Fig. 12 shows the plots of the pore size distribu-
tions of 2.7 wm Halo, 1.7 pm Kinetex, and 2.6 wm Kinetex particles.

The average mesopore sizes of current core-shell particles are
typically around 100 A, demonstrating the success of the synthe-
sis and pore enlargement processes described above. It was shown
that larger mesopores are generated in the Kinetex than in the Halo
core-shell. As a result, it was estimated that the accessible volumes
of these shell to insulin were 13 and 4% for Kinetex and Halo parti-
cles, respectively. The limited access to the internal pore volume of
the Halo core-shell explains the poor efficiency of the Halo column
for large proteins [79,96].

Finally, another interesting property of core-shell particles is
the enhanced roughness of their surface compared to that of fully
porous particles. Fig. 13 compares the SEM photographs of one
single fully porous particle (3 wm Luna) and that of one single
core-shell particle (2.7 wm Halo).

The difference in the external surface roughness reflects the spe-
cific preparation technique of these two types of particles (sol-gel
process for the former, coarcevate colloidal particles or step-by-
step templating agent process around a non-porous solid core for
the latter). It is not surprising that the step-by-step superposition
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Fig. 12. Pore size distributions of the 2.7 um Halo 90 A, 2.6 um, and 1.7 wm Kinetex
100 A silica core-shell particles. The pore volumes refer to 1g of packing material,
including the mass of the solid silica core.
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Fig. 13. SEM zoom in to a single fully porous 3 wm Luna (left) and core-shell 2.7 wm Halo (right) particles . Note the difference in the roughness of the external surface area.
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Fig. 14. Plot of the reduced HETP of four small molecules versus the reduced interstitial velocity. Left: HETP measured on a 4.6 mm x 150 mm column packed with 2.7 um
Halo-Cyg core-shell particles; right: same as in left figure but the plot is zoomed into the minimum range of the HETP plot. Note the minimum reduced plate height of 1.55
and the flat C term.
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Fig. 15. Left: comparison between the reduced HETP of naphthalene measured with a 4.6 mm x 150 mm and a 2.1 mm x 150 mm columns packed with the same 2.7 um
Halo-C;g packing material. The actual mobile phase flow rate and velocity corresponding to v=10 are 1.5 ml/min and 0.38 cm/s, respectively. Right: comparison between
the plots of the reduced HETP of insulin versus its reduced interstitial velocity on a 4.6 mm x 150 mm column packed with 2.7 wm Halo-C;s core-shell particles with two
different average mesopore sizes. The actual mobile phase flow rate and velocity corresponding to v=10 are 0.225 ml/min and 0.06 cm/s, respectively.
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Fig. 16. Plot of the reduced HETP of four small molecules versus the reduced interstitial velocity. Left: HETP measured on a 4.6 mm x 150 mm column packed with 2.6 um
Kinetex-Cyg core-shell particles; right: same as in left figure but the plot is zoomed into the minimum range of the HETP plot. Note the minimum reduced plate height of

1.38 and the flat C term.

of porous silica monolayers around a template agent generates a
rather rough external surface after accumulation of about ten silica
monolayers. The roughness of the particles may play an important
role during the slurry packing process of these particles. It may
contribute to increase the shear stress between these particles, to
reduce the differential radial strain, from the center to the wall of
the column tube, and therefore, to reduce the differential intersti-
tial linear velocity between the center and the wall of the column.
This likely contributes to minimize the trans-column eddy diffusion
term in the general van Deemter equation.

4.1.3. Chromatographic properties of modern core—shell particles

The chromatographic properties of modern core-shell parti-
cles were first reported with 4.6 mm I.D. columns. The reduced
HETPs of 2.7 wm Halo, 2.7 wm Halo-ES-peptide, 2.6 wm Kinetex,
and 2.7 pm Poroshell120 were reported recently [37,78,79,96,97].
We now summarize the characteristics of these columns in terms
of their reduced plate heights for small molecules (reduced inter-
stitial linear velocity v<30) and for large proteins (insulin and/or
lyzozyme, v<100). It is important to report here that the exter-
nal porosity of columns packed with sub-3 pm core-shell particles
is systematically larger than that usually observed with columns
packed with fully porous particles, which confirms that stress and
strain distributions are different in columns packed with these two
types of particles, as explained above. The average value of €, is typ-
ically 0.40 with silica-C;g core-shell particles [32] while it is around
0.37 with conventional silica-C;g particles. This difference in exter-
nal porosity underlines the larger difficulty found when trying to
densely pack rough spherical particles than when packing smooth
spherical ones.

All the HETPs reported and analyzed below were measured
using the moments of the elution bands.

¢ Kinetic properties of Halo columns

Fig. 14 (left) shows plots of the reduced plate heights of four
small molecules (uracil, acetophenone, toluene, and naphtha-
lene) for a 150 mm x 4.6 mm LD. column packed with 2.7 pm
Halo-Cyg particles, with an average mesopore size of 90 A, which
was the first generation of sub-3 wm core-shell particles. The
temperature was set at room temperature; the eluent was a
mixture of acetonitrile and water (80/20, v/v). Fig. 14 (right)
zooms onto the lower part of this graph and locates precisely the
minimum reduced HETP, which is equal to 1.55. The C-branch
remains nearly flat up to reduced linear velocities close to 20.
The minimum reduced plate height is nearly the same for all four
compounds, which suggests that the trans-column eddy diffusion

term is extremely small in this column, otherwise the reduced
plate height would be significantly smaller for the more retained
compound, naphthalene [98]. This observation was confirmed by
local electrochemical detection of the elution profile across the
outlet of the 4.6 mm I.D. column which showed a relative velocity
bias of only 0.3% [32,99].

Fig. 15 (left) shows that the minimum reduced HETP of naph-
thalene for a 2.1 mm I.D. column packed with the same material
is slightly larger (1.84 versus 1.56) than for the standard 4.6 mm
L.D. columns. Recent investigations demonstrated that the origin
for this difference is the larger radial distance over which velocity
gradients are established in narrower bore columns.

The manufacturer of columns packed with Halo-C;g 90A
core-shell particles warned that these columns are not suitable
for the analysis and separation of large molecules, with molec-
ular weights exceeding 5 kDa. This is why the company recently
released the second generation of Halo particles, the 2.7 um Halo-
ES-peptide, which was designed to provide better efficiency for
large molecules. Fig. 15 (right) confirms that the C-branch of this
column is flatter with the second than with the first generation
of Halo core-shell particles. A deeper investigation, involving the
measurement of the trans-particle mass transfer resistance coef-
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Fig.17. Effect of the column inner diameter on the plot of the reduced HETP of naph-
thalene ona4.6 mm x 150 mm and a 2.1 mm x 150 mm column packed with 2.6 wm
Kinetex-C;g core-shell particles. Note the better performance of the large I.D. col-
umn at high flow rates. The actual mobile phase flow rate and velocity corresponding
to v=10 are 1.5 ml/min and 0.38 cm/s, respectively.
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Fig. 18. Plot of the reduced HETP of four small molecules versus the reduced interstitial velocity. Left: HETP measured on a 4.6 mm x 150 mm column packed with 2.6 um
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of 1.49 and the flat C term.

ficient (the C, coefficient in the legend of this figure), reveals
that the access of protein molecules to the internal volume of
the particle from the external moving eluent is slower than their
diffusivity across the particle. Kinetic limitations to the mass
transfer of proteins were alleviated by merely increasing the
probability of protein molecules to enter the pore opening on
the external surface area of the particle.

Kinetic properties of Kinetex columns

Fig. 16 (left) shows the reduced plate height plots for the
same small molecules as those tested with the Halo column
on a 150mm x 4.6 mm column packed with 2.6 wm Kinetex
core-shell particles. Fig. 16 (right) zooms onto the bottom part of
this plot, to the minimum reduced HETP. The most striking result
in Fig. 16 (left) is the nearly flat C-branch of the reduced plots. In
the range of reduced velocities between 5 and 15, the constant
decrease of the contribution of axial diffusion is balanced by the
slow increase of the combination of the mass transfer and of the
eddy diffusion contributions, leaving the reduced HETP practi-
cally constant. Fig. 16 (right) shows a minimum reduced HETP of
1.38, a value significantly smaller than those typically observed
with fully porous particles (hy;, ~2.0). Additionally, the more
retained the compound, the smaller the minimum reduced HETP
. This observation indirectly reflects the presence of a significant
trans-column velocity bias caused by a slight radial gradient in
the local permeability of the column (hence, of its local external
porosity) from the center to the wall of the column.

It is noteworthy that the minimum reduced HETP of narrow-
bore columns (2.1 mm L.D.) is larger than that of the conventional
4.6 mm LD. columns. For instance, a 150 mm x 2.1 mm column
packed with the same 2.6 um Kinetex particles as used to pack
the 4.6 mm LD. column in Fig. 14 has a value of h,;, of about
1.55 (instead of 1.38) or a 15% loss in the column efficiency (see
Fig. 17). Worse, if the same narrow-bore column is packed with
1.7 instead of 2.6 wm Kinetex particles, the value of hy, =2.7
is found. Such poor values of the reduced HETP of 2.1 mm LD.
columns was reported by several groups [77,100,101].

Regarding the column performance for proteins, the C-branch
of the plots is much flatter with Kinetex than with the first gen-
eration of Halo 90 A particles [37,32], which is explained by the
larger accessibility of the internal porous volume of the particle
mesopores to protein molecules (13% for Kinetex versus 6% for
Halo 90A) [79].
¢ Kinetic properties of Poroshell120 columns

The 2.7 pm Poroshell120 core-shell particles were introduced
this year by Agilent Technologies. The structure of these parti-
cles is very similar to that of the Halo particles manufactured
by Advanced Material Technologies with a core size of 1.7 .
However, the shell layer pore structure is made according to a dif-
ferent proprietary process. For that all, it is not surprising that the
reduced HETPs of these two packing materials measured for small
molecules are very similar (compare Fig. 18 for Poroshell120 and
Fig. 14 for Halo particles). The minimum reduced plate height of
the 4.6 mm x 150 mm Poroshell column is 1.49.

As for the Halo and Kinetex materials, the efficiencies of
the 2.1 mm LD. columns are markedly less good than that of
the 4.6 mm L.D. columns. Fig. 19 compares the reduced plate
heights of naphthalene on 2.1 and 4.6 mm LD. columns packed
with 2.7 wm Poroshell120 particles. The minimum reduced plate
heights of these columns are clearly larger for the 2.1 mm than
for the 4.6 mm 1.D. columns (1.96 for 100 mm long and 2.47 for
50 mm long narrow-bore columns versus 1.49 for a conventional
column for naphthalene).
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Fig. 19. Comparison between the reduced HETP of naphthalene measured with a
4.6 mm x 150 mm, a2.1 mm x 100 mm, and a 2.1 mm x 50 mm columns packed with
the same 2.7 wm Poroshell120-Cyg packing material. Note the relatively poor per-
formance of the narrow-bore 2.1 mm L.D. columns. The actual mobile phase flow
rate and velocity corresponding to v=10 are 1.5 ml/min and 0.38 cm/s, respectively.
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Fig. 20. Left: comparison between the reduced HETP of insulin on 4.6 mm x 150 mm columns packed with 2.7 um Halo-C;3 90 A (full squares), 2.7 um Halo-C;g 160 A (full
circles), 2.6 pm Kinetex-C;g 100A (full triangles), and 2.7 m Poroshell120-C;s packing material (full stars). Note the similarity between the performances of the Halo-Cyg
160 A, Kinetex-Cig 100 A, and Poroshell120-Cig 120 A columns. The actual mobile phase flow rate and velocity corresponding to v=10 are 0.225ml/min and 0.06 cm/s,
respectively. Right: same as in left figure, except the materials were packed in narrow-bore 2.1 mm L.D. columns. Note the equivalent performance of the Kinetex-C;g 100 A

and Poroshell120-C;g 120 A columns.

Finally, the mass transfer kinetics of insulin is comparable for
the Poroshell120, for the Kinetex, and for the Halo-ES-peptide
core-shell particles (see Fig. 20).

e Conclusions

In summary, all available commercial 4.6 mm LD. columns
packed with core-shell particles (Halo, Kinetex, and
Poroshell120) exhibit comparable maximum column efficiencies
for small molecules, e.g., 240,000, 280,000, and 248,000 plates/m,
respectively. The slightly better efficiency of the Kinetex column
is mostly due the smaller longitudinal diffusion terms of these
columns. This can be explained by the values of the ratios of
the core to the particle diameter, 1.9/2.6=0.73 for Kinetex and
1.7/2.7=0.673 for Halo and Poroshell, respectively. Accordingly,
the external volume available for longitudinal diffusion is smaller
in the Kinetex column. In contrast there is no simple explanation
for lower level of performance achieved with 2.1 mm than with
4.6mm LD. columns, which might be explained by the larger
impact of the wall effects in the narrow-bore than in the wide
L.D. column tubes.

Regarding the mass transfer kinetics of large molecules in
these new columns, Fig. 20 compares the experimental reduced
plate heights measured for insulin on the columns packed with
2.7 wm Halo 90 A, 2.6 wm Kinetex 100 A, 2.7 um Halo 160 A, and
2.7 um Poroshell120 120 A core-shell particles, all made of reg-
ular silica-C;g bonded phases packed in 4.6 mm I.D. columns.
The content of acetonitrile in the aqueous mobile phase was
32% in all cases. The pH of the eluent was set acidic with
the addition of 0.1% (v/v) of trifluoroacetic acid. This figure
shows that the C coefficient is nearly the same for all the
columns, except for the first generation of 2.7 um Halo parti-
cles. Fig. 21 shows the band profiles recorded at a flow rate of
1.4ml/min and at room temperature with 1l sample injec-
tions. The elution of small proteins such as insulin can be
performed under isocratic conditions at the high flow rate
of 3ml/min (v=125), providing a column efficiency of nearly
35,000 plates per meter, with the 2.7 wum Halo-ES-peptide col-
umn. Under gradient elution conditions, the peak shape of
insulin is significantly compressed [102-104] and the perfor-
mance achieved with columns packed with core-shell particles
is better than that provided by columns packed with sub-
2 pm particles [78,105,106]. Fig. 20 shows the experimental
reduced plate heights of insulin on narrow-bore 2.1 mm LD.

columns packed with 2.7 wm Halo 90A, 2.6 wm Kinetex 100 A,
and 2.7 wm Poroshell120 120 A core-shell particles. As expected,
the column efficiency is lowest with the 2.7 wm Halo 90A.
The performances of the Kinetex and Poroshell particles are
very similar, with a flat C term. Fig. 20 confirms that higher
efficiencies are achieved with wide than with narrow-bore
columns, confirming what was observed with small molecules.
Fig. 21 compares the experimental elution profiles of insulin on
the 2.1 mm x 150 mm Halo column, the 2.1 mm x 150 mm Kine-
tex column, the 2.1 mm x 100 mm Poroshell column, and the
2.1 mm x 50 mm Poroshell column, with a constant flow rate of
0.30ml/min, the mobile phase being a mixture of acetonitrile,
water, and TFA (32/68/0.1, v/v/v), the temperature 293 K, and the
sample size 0.21 pl.

4.2. Mass transfer mechanism in columns packed with modern
core-shell particles

In this section, we evaluate and compare the mass trans-
fer mechanism of three 4.6 mm x 150 mm columns packed with
2.6 pm Kinetex, 2.7 wm Halo-Cyg, and 2.7 wm Halo-ES-peptide
core-shell particles. For the sake of comparison, we discuss also the
mass transfer mechanisms in a 4.6 mm x 150 mm column packed
with 3 wm fully porous Atlantis-Cyg particles. The strategy fol-
lowed uses a general experimental protocol aiming at isolating
each individual mass transfer terms of the general HETP equation
that is described in details elsewhere [48]. These terms include the
reduced longitudinal diffusion term (B/v), the reduced eddy dif-
fusion term (A(v)), and the trans-particle mass transfer resistance
term (Cpv). The external film mass transfer resistance term (Cpv)
was assumed to be given by the Wilson and Geankoplis correlation
[49]. Confidence in this old correlation equation is increased by
the results of the validation study performed by Miyabe et al. with
porous [52] and non-porous [53] spherical particles, although the
size of the particles used in these works was kept significantly larger
than sub-3 wm (~15 wm)in order to allow sufficiently precise mea-
surement of the external mass transfer term. After discussing how
each of these three mass transfer contributions was measured and
determined for the four columns studied, we report on the con-
tribution of frictional heating in the case of columns packed with
core-shell particles and the reduced HETP term hpyeat.
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Fig. 21. Comparison between the chromatograms of insulin under linear conditions on narrow-bore 2.1 mm LD. columns packed with 2.7 um Halo-Cig 90 A (red), 2.6 um
Kinetex-Cig 100 A (black), and 2.7 um Poroshell120-Cyg packing material (green and blue). T=295K. Mobile phase: acetonitrile/water/TFA, 32/68/0.1 (v/v/v). Flow rate:
0.30 ml/min. Right: same as in the left figure, except 4.6 mm LD. columns packed with the same materials. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

4.2.1. The B coefficient

The classical B coefficient in the reduced van Deemter plot of h
versus the interstitial reduced linear velocity v was derived from
the results of the peak parking method [92,107] performed with
four compounds, uracil, acetophenone, toluene, and naphthalene.
The use of small molecular weight compounds to measure the B
coefficient of packed beds is most convenient due to their relatively
high diffusion coefficients (~10-> cm?/s). In practice, four parking
times (1, 60, 240, and 480 min) were applied and the measure-
ments were performed overnight. Their precision was excellent,
with an error of a few percent. In contrast, proteins require longer,
more tedious measurements due to their lower diffusion coeffi-
cients (~10-% cm?/s), so parking experiments need several days to
aweek, which is impractical. The plot of the B coefficient versus the
ratio, £2, of the diffusivity of the sample molecules in the porous part
of the particles, D, to its bulk diffusion coefficient, Dy, is shown
in Fig. 22. The parameter §2 was determined by using the effective
medium theory of Landauer [108] adapted by Davis [109] to pre-

—&— 3um Atlantis 100 A, p=0

8- —e—2.7umHalo 90 A (1), p=0.63
2.7um Halo 90 A (2), p=0.63
2.7um Halo 160 A, p=0.63

6 —*— 2.5um Kinetex 100 A, p=0.72
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Fig. 22. Plots of the reduced longitudinal diffusion B term versus the ratio of the
sample diffusivity, Der, in the porous shell to the bulk diffusion coefficient, Dy,, for
fully porous particles (3 wm Atlantis) and superficially porous particles (2.7 wm Halo
with p=0.63 and 2.6 um Kinetex with p=0.72). Note the 20-30% decrease of the B
coefficient when the column is packed with core-shell particles.

dict the value of the effective diffusion coefficient of the packed
bed.

The consequences of the known differences between the porous
structures of the Atlantis-Cyg, Halo-Cqg, Halo-ES-peptide-Cqg, and
Kinetex-Cyg particles are cancelled out in Fig. 22 because the exper-
imental B coefficients are plotted as functions of the ratio £2. As
expected, the presence of a solid core inside the particles has a
direct consequence on the B coefficient observed for a column: it
decreases by about 20 and 30% when the ratio, p, of the core to the
particle diameter increases from 0 (Atlantis) to 0.63 (Halo) and to
0.72 (Kinetex), respectively. Accordingly, at the optimum reduced
velocity of the column, around 8, the reduced mass transfer con-
tribution (B/v) decreases from 0.65 (Atlantis) to 0.52 (Halo) and to
0.45 (Kinetex).

In conclusion, the reduced internal porosity of the core-shell
particles brings a limited improvement in their efficiency because
the longitudinal diffusion coefficient of columns packed with
core-shell particles is smaller than that of columns packed with
fully porous particles. This causes at best a gain of 0.2 h unit, i.e., a
10% increase in the column efficiency compared to that of columns
packed with fully porous particles (hy;, = 2). Yet, we know (see ear-
lier sections) that the actual gain in column efficiency exceeds 35%.
Therefore, another phenomenon must contribute to explain the
exceptional performance of the columns packed with core-shell
particles.

4.2.2. The Cp coefficient

The theoretical expression for the C, coefficient with partially
porous particles is known for a long time. Horvath and Lipsky
[8], Kaczmarski and Guiochon [54], and Felinger [55] used dif-
ferent approaches (configuration factor of the stationary phase,
Laplace transform, and probability theory, respectively) to derive
it but eventually found the same Eq. 14. The measurement of this
coefficient is not straightforward, however, because it requires an
accurate model to predict analyte diffusion in the a heterogeneous
bed made of porous or superficially porous particles immersed in a
liquid phase. In the case of core-shell particles, the difficulty con-
sists in elaborating a physically consistent model of diffusion in
a ternary medium made of the non-porous silica cores (D =0),
the porous silica shells (D2 = Degs = 2Dy ), and the bulk liquid phase
(D3 =Dny). The volume fractions occupied by these three media are
(1—€)p3, (1 —€.)(1—p3), and 1 — €, respectively. There are only
approximate models, such as the parallel diffusion model [110] or



G. Guiochon, F. Gritti / J. Chromatogr. A 1218 (2011) 1915-1938 1933

1.0+

°-B-_ p=0.72|

0.6

p, fully porous

0.4

p.s

C hell IC

0.2

0.0

0 2 4 6 8 10
K

10
0.8-
2 06
S N\
= 044
©) x
0.2 K—ow 2| g
| =
X
ot
0.0 02 04 0.6 0.8 1.0

p

Fig. 23. Left: plots of the C, coefficient of a core-shell particle with a parameter p =0.72, normalized to the C, coefficient for p=0 as a function of the Henry’s constant of
adsorption. Right: plots of the C, coefficient of a core-shell particle for an infinitely retained compound normalized to the C, coefficient for p =0 as a function of the structural
parameter p of the particle. Note that for commercialized core-shell particles (0.63 < p<0.72) the C, coefficient is about half that of the same but fully porous particles.

models derived from various effective medium theories [108,109].
The downsides of these models are that they essentially ignore the
actual spatial distribution of the three homogeneous media. For
retained sample compounds, a recent investigation showed that all
these models provide similar estimates of analyte diffusivity inside
the porous volume of the particles [111]. Yet, we must emphasize
that none of them can be validated because D¢ has never been
independently measured for small molecules under linear adsorp-
tion conditions.

Fig. 23 (left) shows the plot of the ratio of the C, coefficients
of columns packed with core-shell and fully porous particles as a
function of the Henry constant K at constant p parameter (=0.72,
representing the Kinetex particles). Fig. 23 (right) shows a plot of
the same C,, ratio as a function of the parameter p at constant Henry
constant K — oo. These two graphs demonstrate that the C, coeffi-
cient of commercially available columns packed with core-shell
particles (0.60 < p<0.80) for moderately to highly retained com-
pounds is typically half that of columns packed with fully porous
particles [96].

The actual values of the C, coefficient are typically between
0.003 and 0.006 for Kinetex [32], Halo, and Halo-ES-peptide [79]
for small molecules. Because diffusion is increasingly hindered
with increasing molecular size of analytes, the C, coefficient of
insulin is equal to 0.015, 0.035, and 0.022 with Kinetex, Halo, and
Halo-ES-peptide particles, respectively. Yet, the overall C terms
measured for insulin are much larger than Cp, at 0.060, 0.300,
and 0.085.

In conclusion, the C-branch of the van Deemter curve is mostly
accounted for by the external film mass transfer resistance across
the thin layer of eluent surrounding the external surface area of the
particles.

4.2.3. The Aterm

The measurement of the sole contribution of eddy diffusion is
a delicate process. This term accounts for all the sources of flow
heterogeneity taking place at any scale length inside the chromato-
graphic column, from the inter-particle distance (~(d,/6)) to the
column diameter, through the whole range of trans-channel and
inter-channel distances. Accordingly, some experimental strate-
gies must be elaborated in order to subtract from experimental
HETP data the contributions of longitudinal diffusion, trans-particle
diffusion, and external film mass transfer resistance.

As a first attempt, HETP data were measured by blocking the
analyte access to the mesopores by filling them with n-nonane,
which wets the pores of silica-C;g particles. Pure water was used
as the eluent and thiourea as the analyte. The advantage of using

thiourea is that it does not partition between n-nonane trapped
inside the mesopores and the interstitial eluent [111,112]. How-
ever, it was concluded that the eddy diffusion term measured by
this method is systematically larger than the one that takes place
in the same column when the mesopores are accessible to the
eluent because diffusion through the mesopores of the particles
contributes to efficiently relax the concentration gradients across
the column [98,113]. As a result, the pore blocking method was
abandoned.

In a second approach, the eddy diffusion term was derived by
subtraction of the sum of the longitudinal diffusion (see Section
4.2.1) and the trans-particle mass transfer resistance terms (see
Section 4.2.2) from the overall column reduced HETP, h, measured
separately. The external film mass transfer term was estimated
from the Wilson and Geankoplis correlation [114]:

B
hEddyZh—;—CpV—CfV (18)

Fig. 24 (left and right) compares the plots versus the reduced
velocity of the eddy diffusion terms of moderately retained com-
pounds (acetophenone and toluene) measured for the Atlantis-Cqg
column (fully porous particles) and the Kinetex-C;g column.
Strikingly, the eddy diffusion terms of the column packed with
core-shell particles is significantly smaller (—40%) than that of the
column packed with fully porous particles. The difference becomes
most important in the high velocity range but is quite significant at
the plate height minimum (v~ 8). The values of the reduced eddy
diffusion term are typically 0.9 and 1.5 with columns packed with
core-shell and totally porous particles, respectively.

In conclusion, the exceptional performance of columns packed
with core-shell particles is first and foremost due to the small
eddy diffusion term observed for these columns. It is still unclear
whether this is due to the size distribution of these particles (RSD
of 5%) which is narrower than that of fully porous particles (RSD of
15%). Theoretical calculations have shown that the size distribution
of particles has little impact (~0.1h unit on the sample disper-
sion provided the external porosity of the bed was the same [115].
Even worse, these calculations predict that the eddy diffusion terms
of packed beds having an external porosity of 0.366 (which are
representative of beds packed with fully porous particles) should
be smaller than that of beds having an external porosity of 0.40
(which are typical of beds packed with core-shell particles). On the
other hand, the very few experimental results available [116-118]
suggest unambiguously that narrower particle size distributions
do not potentially provide higher column efficiencies. In fact, it is
quite plausible that the trans-column eddy diffusion term is smaller
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Fig. 24. Left: plots of the reduced eddy diffusion term A of toluene measured with two columns, one packed with fully porous particles (3 wm Atlantis-C;s), the second with
core-shell particles (2.6 wm Kinetex core-shell particles). Note the lower A term (—35%) of the column packed with core-shell particles. Right: same plots, on the same

columns as in the left figure, but for acetophenone.

for columns packed with core-shell than with fully porous parti-
cles because they provide more homogeneous packed beds with
lesse strain distributions, due to their rougher external surface
[32,96,119](see Section 4.1.3).Independent measurements by local
electrochemical detection of the profiles of bands eluted from a
4.6 mm L.D. column packed with Halo particles have confirmed this
assumption [32,99].

4.2.4. The hyeqs term

Frictional heating generates heat everywhere across the col-
umn, resulting in a heterogeneous temperature distribution along
and across it, which can severely decrease its efficiency when the
product of the flow rate by the pressure gradient along the col-
umn, e.g., the power of heat friction generated exceeds 4 W/m when
the column is kept under still-air conditions and pure acetonitrile
is used as the eluent [120]. The additional reduced plate height
due to this frictional heating was investigated from theoretical and
experimental point, of view [56,120-130].

This additional HETP term was measured for narrow-bore
columns (2.1 mm x 150mm) packed with 1.7 um Kinetex-C;g
core-shell particles and with BEH-C;g fully porous particles. Fig. 25
compares the experimental and theoretical variations of hyea With
the reduced velocity. It shows that the large hye,t vValues observed
with the BEH particles is directly related to the smaller heat
conductivity of a bed packed with BEH-C;g (Aggy ~0.30 W/m/K)
than that of a bed packed with Kinetex (Aggy ~0.70 W/m/K) par-
ticles [127,128]. As a result, the radial temperature gradients are
markedly larger across the BEH column than across the Kinetex
column. The difference between the thermal conductivities of the
two columns is due to the thermal conductivity of the solid sil-
ica core (1.4W/m/K) being much larger than that of porous silica
impregnated with an organic eluent like acetonitrile.

5. Possible future developments of modern core-shell
particles

As results from previous discussions in this paper, the advan-
tages in terms of efficiency of the columns packed with core-shell
particles over those packed with fully porous particles are three-
fold for small molecular weight analytes:

e The longitudinal diffusion B term is lower by about —25% when
the ratio of the core to the particle diameters is around 0.7, as it
is with commercial core-shell particles. This accounts for a 10%
increase of the column efficiency at the optimum velocity.

¢ The eddy diffusion A term is decreased by about —40%, which
contributes to most of the increase of the column efficiency.

e The trans-particle mass transfer resistance is reduced by a fac-
tor 2. However, its impact on this improvement of the column
efficiency is generally negligible.

Regarding the analysis of high-molecular-weight compounds
(such as proteins), the benefit of using colimns packed with
core-shell versus totally porous particles is less obvious because
the mass transfer kinetics of these compounds is mostly controlled
by the average mesopore size of the porous shell and by the ease
of access of molecules into the porous shell [79,96].

Possible future improvements in the core-shell particles and
column packed with them in order to improve the efficiency of
these columns could address the optimization of the shell thick-
ness, of the porous shell, and of their packing process.

5.1. Decreasing the shell thickness

It would appear attractive to decrease the thickness of the
porous shell in order reduce the B and C, coefficients. Yet, the slurry
packing of nearly non-porous or completely non-porous particles
requires higher pressures and tends to provide less homogeneous
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Fig. 25. Plots of the reduced plate height term, hyea, related to the sole
effect of frictional heating on the overall reduced plate height of narrow-bore
columns (2.1 mm x 150 mm) packed with fully porous (1.7 wm BEH particles)
and core-shell particles (1.7 wm Kinetex particles). Note the very limited impact
of frictional heating with columns packed with core-shell particles relatively
to those packed with fully organic/inorganic hybrid particles. The difference is
accounted for by the larger heat conductivity of the bed packed with core-shell
Kinetex-Cyg particles (Agin =0.69 W/m/K) than that packed with BEH-C;g particles
()"BEH =0.31 W/l’l’l/K)
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beds, exhibiting lesser efficiency than beds of fully porous particles.
Furthermore, reducing the shell thickness might affect the col-
umn loadability, reducing the acceptable sample size and reducing
detection sensitivity. The problem is as follows:

Consider a chromatographic column containing a fixed num-
ber of N core-shell particles, with p the core-to-particle diameter
ratio. N depends only on the particle-to-column volume ratio. The
total surface area available for adsorption inside the column, S(p),
is given by:

Saas(p) =(1— ,03 )Sads (19)

where S, is the surface area available within a fully porous parti-
cle. The elution volume under linear conditions is:

VR(p) = [€c + (1 - €)(1 = p*)epIVe + (1 = p*)SaasK (20)

where V. is the column tube volume and K is the equilibrium ratio or
Henry constant, i.e., the ratio of the surface concentration (mol/m?2)
to the bulk volume concentration (mol/m3) at equilibrium. Accord-
ingly:

VO Nads k

K= == (21)
sads np F

where F' = S,45/Vj is the phase ratio or ratio of the stationary sur-
face to the mobile phase volumes while n,4s and n, are the numbers
of analyte molecules that are adsorbed onto the surface and are dis-
solved in the bulk phase at equilibrium, respectively. F’ has the unit
of a reciprocal length. We assume that K is the same whether the
particle is fully or partially porous. It is a property of the porous
shell of the particle, only, and has the dimension of a length.

Now, let the structural parameter p increase by the amount dp.
By how much should the equilibrium constant K change so that the
retention volume Vi remains constant? Differentiating Eq. 20 with
respect to p gives

SadsdK 3p2

1 €Vet Sk~ 1=p3 % (22)

The separation of the variables K and p followed by integration from
p=0to p gives:

€p(1—€)Ve 03
K(p) - Sads (1 - ,03

1
)+ : _p31<(p:0) (23)

Eq. (23) demonstrates that if the retention volume of a com-
pound on a column packed with core-shell particles must remain
constant and equal to the retention volume on a column packed
with fully porous particles, in order to keep the same resolution
and peak capacity under isocratic and gradient elution modes, the
equilibrium constant between the surface of the adsorbent and
the eluent must be increased. For instance, the modifier concen-
tration in water must be decreased in RPLC. This could eventually
cause serious problems, enhancing column overloading effects or
even peak tailing when the adsorbent surface is heterogeneous
[87,89,90,131,132].

For a chromatographic system having an apparent efficiency of
N plates/m and a Langmuir adsorption isotherm, thermodynamic
overloading effects begin to distort the Gaussian peak shape into a
Langmuirian one when [41]:

bCo
1+ bcg

> p(N)% (24)

where p is an arbitrary limit which essentially depends on the sys-
tem efficiency (typically p = 5% for N=250,000 plates per meter, see
Fig. 26) and b is the equilibrium constant given by:

K K

hb=—— -
Nmax/Sads ~ 4s

(25)
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Fig. 26. Impact of the thermodynamic effect measured by the product of the equi-
librium constant b by the bulk concentration ¢y on the distortion of the rear part
of a breakthrough profile. Langmuir isotherm with gs=1g/L and b=0.1L/g. Column
length L=10cm and efficiency N=25,000.

where nmax is the maximum sample size (in mole) that can be
adsorbed onto the surface of the porous particles. gs is the sat-
uration capacity of the porous silica in mol/m2. According to the
condition (24), this sets an upper limit for the structural parameter
p defined by:

K(p) < (1%) & (26)

For a column with V¢ =2.5 cm3 (150 mm x 4.6 mm LD. column),
€.=0.4, €,=0.4. Therefore, Vy=1.6 cm3, the mass of silica inside
the column is 2.0 g (density 2.2 g/cm?3), and the surface available
is S,qs =200 x 104 cm? (100 m?/g with average mesopore size of
120 A). The saturation capacity, gs, for small organic molecules are
typically around 100g/L [89] or 4.5 x 106 g/cm?2. The concentra-
tion of the sample is usually taken at cg=0.001g/cm3, p is 10%
and N 250,000 plates/m. Finally consider an initial retention factor
k(p=0)=5. The condition Eq. (24) can now be written as:

— 3
€p(1 —€e) |:k(,01—012);‘:0 :l +

€ck(p =0) (1 —p) qs Sads
=2 (27
1-p3 = p co Ve (27)

This leads to two conclusions

e If the adsorption process is homogeneous, Eq. 27 is always
satisfied even with non porous particles. There is no risk of con-
centration overload unless p>0.99996.

e Most likely, particularly with polar and ionizable compounds in
RPLC, the saturation capacity of the most active sites is two to four
order magnitude less than the total saturation capacity [89]. For
instance, if gs =1, 0.1, and 0.01 g/L, then p should be kept smaller
than 0.996, 0.96, and 0.22, respectively.

Whether thinner shell should be prepared or not depends on
the degree of heterogeneity of the adsorption process of the com-
pounds concerned and on the saturation capacity of the most active
sites on the adsorbent surface. In most cases and for small neutral
compounds in RPLC for which the saturation capacity of the most
active sites is always larger than 1 g/L, there is no great risk of severe
column overloading.

As far as large molecules are concerned, decreasing the shell
thickness is, in theory, highly advantageous as shown in Fig. 27 and
demonstrated in [133]. Because the diffusivity of large molecules
through the porous shell is severely hampered (limited accessible
porosity and significant pore diffusion hindrance), shortening the
diffusion path across the particles will significantly decrease the
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Fig. 27. Plots of the relative resolution of columns packed with core-shell particles
(with respect to the resolution of the same column packed with fully porous parti-
cles)asafunction of the structural shell parameter p (from fully porous particles, e.g.,
p=0, to non-porous particles, e.g., p=1 for small molecules (M <500 g/mol), pep-
tides (500 <M <2000), small proteins (insulin, M=5kDa), and large proteins (BSA,
M=60KkDa)).

Cp coefficient. Theory predicts that the optimum core-to-particle
diameter ratio should be around 0.85 and 0.90 for insulin (5 kDa)
and bovine serum albumin (60 kDa), respectively. This decrease in
shell thickness could potentially lead to an increase of the relative
resolution (with respect to fully porous particles) of 30 and 50%,
respectively.

Surprisingly, despite the obvious advantages expected, no
sub-3 wm core-shell particles with a large ratio p in the range
0.8-0.95 have yet been introduced. This might be because pack-
ing nearly non-porous sub-3 wm particles is uneasy. In fact, we
showed that the trans-column velocity biases are more efficiently
relaxed when the particles are porous than when they are not
[98,112]. A compromise between a decrease of the B term and
the increase of the A term has to be found and the best opti-
mum particle size seem to correspond to p values in the range of
0.6-0.7.

5.2. Packing efficiently sub-2 yum core-shell particles

A last possible development for core-shell particles would
consist in finding ways to more effectively pack narrow-bore
columns with sub-2 um core-shell particles. Such particles do
exist but the chromatographic performance of these columns
was found to be disappointing, merely equivalent to that of
columns packed with sub-2 wm conventional fully porous particles
[77,127,128].

Would manufacturers be able to produce narrow-bore columns
with a reduced HETP of 1.5 (as they do today with 2.6 um particles
packed into 4.6 mm L.D. column), plate height of 2.5 wum and plate
counts of 400,000 plates/m would become a reality. Yet, the full
potential of these columns could not become a reality unless better
instruments, with smaller extra-column contributions be designed
in the near future.

6. Conclusions

This review demonstrates how successful is the rebirth of the old
core-shell particle technology imagined in the late 1960s for 50 um
particles (with a shell thickness of a few micron) and recently re-
introduced into the field as the sub-3 wm particles (with a shell
thickness of a few hundreds nanometer). The preparation of thin
porous shells (thickness from 250 to 500 nm) around spherical

non-porous silica cores (diameter from 1.2 to 1.7 wm) can now be
well controlled. It has been patented by manufacturers. While the
aggregation of silica nano-particles was used to form the porous
shells of the large precursor core-shell particles (average pore
size ~1000A), the repetition of the templating agent synthesis
route is now used to generate average pore sizes of ~100 A within
porous silica. As a result, the formation of thick shells containing
small mesopores around small cores provides a new generation of
core-shell particles which have a specific surface area comparable
to that of the conventional fully porous silica particles prepared by
a sol-gel process. The limitation of the old core-shell particles that
was related to their poor sample loadability is completely over-
come. Most of the success of this generation of sub-3 wm particles
lies in the unexpectedly low minimum reduced plate height of their
packed columns, in the range of 1.2-1.5 instead of 2.0 for the same
columns packed with fully porous particles.

Strikingly, the exceptional performance of 4.6 mm L.D. columns
packed with the last generation of sub-3 pum core-shell particles
is not caused by the reduction of the sample diffusion path across
these particles (smaller C term), which was the initial incentive
for commercializing core-shell particles since the early 1970s.
If this were true, the minimum reduced plate height for small
molecules would be decreased by only 0.05 h unit, a marginal gain
in column efficiency. The actual advantages of columns packed
with these new core-shell particles lie in the diminution of both
the longitudinal diffusion B coefficient (— 20 to —30%) and the
eddy diffusion A term (—40%). The decrease of the B coefficient
was expected because a significant fraction of the column vol-
ume (~20%) is now occupied by non-porous silica through which
analytes cannot axially diffuse. In contrast, the diminution of the
eddy diffusion term was unexpected. It remains uncertain whether
the significant decrease of the A term is caused by the tighter size
distribution of core-shell (5-7%) versus fully porous (15-20%) par-
ticles (decrease of the short-range inter-channel velocity biases)
or by the decrease of the trans-column velocity biases caused by
the visible roughness of the external surface area of the core-shell
particles.

Minimum plate heights as low as 3 wm have already been
observed in 4.6 mm L.D. columns with 2.6 pm core-shell particles.
This achievement constitutes a challenge for the manufacturers of
standard (<400 bar) chromatographs the contributions of which
to the overall band broadening is seriously affecting the quality
of the separations. New injection systems, narrower connecting
tubes, and smaller detection cell volumes are definitely required.
Would the manufacturers of core-shell particles be soon able to
pack narrow-bore columns as well as they do 4.6 mm L.D. columns,
major changes in instrumentation design would become urgently
needed. Interestingly, however, the development of the improved
structures of core-shell particles has not reached an end and much
remains to be done to improve the mass transfer of large molecules.

The advent of the last generation of sub-3 wm core-shell parti-
cles has suddenly raised two important issues in the research and
development of more performing LC separation systems:

e How to pack efficiently narrow-bore columns with dense sub-
2 pm core-shell particles?

e How to reduce significantly the contributions of the latest state of
the art very-high pressure LC instruments while keeping a large
range of flow rates?

Manufacturers of columns and instruments are already deeply
involved in these developments. Today, the performance of
columns is more advanced than that of LC instruments. We expect
a new generation of LC instruments susceptible to allow analysts
to maximize the resolution of his sample.
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