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a  b  s  t  r  a  c  t

Columns  packed  with  sub-2  �m totally  porous  and  sub-3  �m core–shell  particles  are  very  widespread
nowadays  to  conduct  fast and  efficient  separations.  In order  to carry  out really  fast  separations,  short
(5  cm  long)  columns  are  very  popular  today.  The  goal  of  this  paper  is  to review  the  recent  possibilities  in
fast  or  “ultra-fast”  HPLC  by  applying  short  and  narrow  bore columns  packed  with  modern  core–shell  and
very fine  fully  porous  particles.  Efficiency  data  obtained  with  these  recently  commercialized  columns
ore–shell particles
ery fine particles
onolith columns

from  the  past  few  years  are  collected,  discussed  and  compared  in terms  of  potential  separation  time
and efficiency.  The  reasons  of the  success  of  these  columns  are  presented.  This paper  also  shows  that
theoretically  expected  efficiency  is  sometimes  compromised  in  practical  work  especially  in the  case  of
narrow  bore  columns.  The  extra-column  dispersion  of  a  given  LC  system  can  also  dramatically  decrease

the performance  of small  columns.  It is  not  possible  to utilize  the  real  efficiency  of these  small  columns
in  spite  of  their  really  high  intrinsic  separation  power.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Higher separation efficiency and faster speed have always been
f great interest in high performance liquid chromatography (HPLC)
nd have become increasingly important in recent years mainly
riven by the challenges of either more complex samples or

ncreasing the numbers of samples. In order to carry out such fast

try is particularly interested in using rapid and efficient procedures
for qualitative and quantitative analysis in order to cope with a
large number of samples and to reduce the time required for deliv-
ery of results. Reducing analysis time and guarantying the quality
of a separation in HPLC, requires high kinetic efficiency. A gen-
eral approach to increase the separation power is to enhance the
column efficiency.
eparations the column length must be decreased and the linear
elocity of the mobile phase must be increased. The 3–5 cm long,
arrow-bore (2–2.1 mm)  columns became very popular especially

n the field of pharmaceutical analysis [1–4]. Pharmaceutical indus-

∗ Corresponding author. Tel.: +36 30 395 6657.
E-mail addresses: szabolcs.fekete@unige.ch, szfekete@mail.bme.hu (S. Fekete).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.09.050
Recent researches have reported both advantages and disad-
vantages of columns packed with core–shell and totally porous
sub-2 �m particles. The goal of this paper is to review the possibil-
ities in fast HPLC by applying new, very efficient columns packed

with core–shell and fully porous sub-2 �m particles. Efficiency data
obtained with recently commercialized columns are collected and
compared in terms of potential separation time. This paper high-
lights that small columns (e.g., 5 cm × 2.1 mm)  offer not evidently
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http://www.sciencedirect.com/science/journal/00219673
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he fastest separation and moreover the theoretically expected effi-
iency today is compromised especially in the case of narrow bore
olumns.

. Trends in fast and high resolution liquid
hromatography

.1. Sub-2 �m particles

On very fine particles (sub-2 and sub-1 �m),  due to the nar-
ow peaks, sensitivity and separation are improved at the cost of
ressure. Knox and Saleem were the first to discuss the compro-
ise between speed and efficiency [5].  To overcome the pressure

imitations of modern HPLC, the groups of Jorgenson [6,7] and
ee [8] manufactured dedicated instrumentation and columns to
llow analysis at very high pressures. A new nomenclature has
ome with the term ultra high pressure or very high pressure liq-
id chromatography (UHPLC or VHPLC). The first UHPLC system
as released in the year of 2004 (Water Acquity UPLC). Since then

everal UHPLC systems are commercialized and can work up to
200–1300 bar (18,000–19,500 psi). A critical aspect is the effect of
rictional heating at ultra high pressure, causing temperature gra-
ients within the columns. The radial temperature gradient, due to
he heat dissipation at the column wall, can cause significant loss in
late count [9,10].  Gritti et al. concluded that both longitudinal and
adial temperature gradients are more significant when the column
ength is decreased [11]. The radial temperature gradient can effec-
ively lead to ∼10% loss of efficiency when operating a 5 cm long
olumn close to 1000 bar [12]. When using very fine particles in
arrow bore columns another issue is the quality of column pack-

ng. The smaller the particle diameter, the greater the difficulty in
reparing a well-packed column bed is [13]. Particle aggregation,
rit blockage, particle fracture are all issues when high pressure
s required to pack sub-3 �m particles into narrow bore columns
14]. The efficiency of the same particles packed in standard and
arrow bore columns could be significantly different. When the
ame stationary phase is packed in 2.1 mm diameter column, these
olumns achieve considerably lower plate counts than those having
n internal diameter of 3 or 4.6 mm [15,16].

Now columns packed with 1.5, 1.7, 1.8, 1.9 and 2 �m fully porous
articles are commercially available and applied with great success

n pharmaceutical, biomedical and environmental analysis [17–24].
everal studies proved the excellent efficiency of sub-1 �m par-
icles, however they are not so widespread yet because of the
enerated very high pressure and the difficulties in column pack-
ng [6,7,25–27].  Thoelen et al. reported the use of self-synthesized
ubmicron mesoporous silica materials of 2.4 nm pore diameter in
hiral HPLC [28]. Nonporous and porous particles are the two  major
ypes of spherical packing materials that have been used for fast
PLC [6,27,29–33]. The major difference between porous and non-
orous particles is that porous particles have a resistance to mass
ransfer contribution from the stagnant mobile phase in the pores.
ecreasing the particle size and increasing the diffusion coefficient
an improve the mass transfer of solutes in the stagnant mobile
hase. Very fine 1.5 �m nonporous silica particles such as Micra
18 have been used in UHPLC systems [34]. Issaeva et al. showed
n extremely high speed separation of proteins and peptides using
he 1.5 �m Micra particles [35]. Barder et al. presented that the
olumn efficiency of nonporous silica particles (1.5 �m)  was  con-
iderably higher than that of porous particles (3.5 �m)  especially at
igh flow-rates [30]. Nonporous particles can provide lower mass

ransfer resistance and higher efficiency than porous particles but
orous particles have greater surface areas and can provide much
igher sample loading capacity. Seifar et al. estimated a 50-fold
ample capacity for porous particles than nonporous particles of
. A 1228 (2012) 57– 71

the same size [36]. According to Wu et al. the loading capacity for
1.7 �m Acquity C18 porous particles is approximately 16.5 times
larger than for Micra C18 nonporous 1.5 �m particles [34]. Another
issue is the very low retention on nonporous particles compared to
totally porous ones. The average carbon load for 1.5 �m Micra C18
nonporous particles is about 56-times lower than it is for 1.7 �m
Acquity C18 porous particles [34]. The lower carbon load means a
lower phase ratio for nonporous particles, which leads to signifi-
cantly lower retention.

2.2. Core–shell particles

In the recent development of particle technology targeted for
liquid chromatography, the use of shell particles has received
considerable attention. Shell particles manifest the advantages of
porous and nonporous particles. First, Knox recommended the
use of thin films of the stationary liquid phase in liquid–liquid
chromatography [37]. The concept of superficial or shell station-
ary phases, was  introduced by Horváth and co-workers in the
late 1960s [38,39]. Horváth applied 50 �m glass bead particles
covered with styrene-divinylbenzene based ion exchange resin
and became known as pellicular packing material. Later Kirkland
presented, that 30–40 �m diameter superficially porous packing
provide much faster separations, compared with the large porous
particles used earlier in liquid chromatography [40]. Later on the
core diameter was  reduced and the thickness of active layer was
cut to 0.5 �m and was  used for fast separation of peptides and
proteins [41]. Now fused-core packing materials are commer-
cially available in different diameters (5 �m,  2.7 �m, 2.6 �m and
1.7 �m).  The 5 �m PoroshellTM particles consist of a 4.5 �m non-
porous core and a 0.25 �m porous silica layer, and the 2.7 �m
HaloTM or Ascentis ExpressTM and Poroshell-120 particles consist
of a 1.7 �m nonporous core and a 0.5 �m porous silica layer. Sub-
3 �m and sub-2 �m shell particles with very thin porous layer
were released in the year of 2009 (2.6 �m and 1.7 �m KinetexTM

particles). This Core–ShellTM technology provides particles, which
consist of a 1.9 �m or 1.24 �m nonporous core and a 0.35 �m or
0.23 �m porous silica layer, respectively. Other vendors launched
similar sub-3 �m shell packings in the year of 2011 (Accucore,
Nucleoshell, SunShell). Table 1 summarizes the particle structure
and stationary phase chemistry of the latest generation shell pack-
ings. Studies have proven [42] that in the case of 2.7 �m fused-core
packing (Halo, Ascentis Express), the peak broadening is larger than
expected. It can be explained by the rough surface of particles in
which the mass transfer rate is reduced through the outer stag-
nant liquid film [43]. The new Halo-ES-peptide (16 nm average
pore size) column, designed to resolve mixtures of large molecules,
provide markedly better kinetic performance than did the first
generation of Halo particles (Halo 9 nm)  [44]. While this benefit
is hardly visible with small molecules, the improvement is more
significant with peptide and protein molecules. The kinetic perfor-
mance for insulin of the 2.7 �m Halo 16 nm particles appears to
be equivalent to that of the recently commercialized 2.6 �m Kine-
tex 10 nm particles [44]. The latest core–shell particle is branded
EiroshellTM (Glantreo Ltd., Ireland). There are three different struc-
tures of Eiroshell 1.7 �m core shell particles as (a) 1.0 �m solid core,
0.35 �m shell thickness, (b) 1.2 �m solid core, 0.25 �m shell thick-
ness, and (c) 1.4 �m solid core, 0.15 �m shell thickness [45]. The
thickness of the porous layer plays a major role in governing the
porosity of the particles [45].

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 dispersion A term
(−40%) [46]. The decrease of the B coefficient was expected because
a significant fraction of the column volume (20%) is now occupied
by non-porous silica through which analytes cannot axially diffuse.
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Table 1
Particle structure and stationary phase chemistry of the new generation shell packings.

Vendor Column/product name Average particle
diameter (�m)

Shell thickness
(�m)

Stationary phase chemistry

Advanced Material
Technology

Halo 2.7 0.50 C18, C8, HILIC, RP-amide, phenylhexyl, pentafluorophenyl

Advanced Material
Technology

Halo Peptide-ES 160 Å 2.7 0.50 C18

Agilent Poroshell 300 5 0.25 C18, C8, C3
Agilent Poroshell 120 2.7 0.50 EC-C18, SB-C18
Sigma–Aldrich Ascentis Express 2.7 0.50 C18, C8, HILIC, RP-amide, phenylhexyl, pentafluorophenyl
Sigma–Aldrich Ascentis Express

Peptide-ES 160 Å
2.7 0.50 C18

Phenomenex Kinetex 2.6
1.7

0.35
0.23

C18, XB-C18, C8, HILIC, pentafluorophenyl

Macherey-Nagel Nucleoshell 2.7 0.5 RP-18, HILIC
Thermo Scientific Accucore 2.6 0.50 C18, aQ, RP-MS, HILIC, phenylhexyl, pentafluorophenyl
Sunniest SunShell 2.6 0.5 C18
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Commercially not
available

Eiroshell 1.7
1.7
1.7

n contrast, the diminution of the eddy dispersion term was unex-
ected. It remains uncertain whether the significant decrease of the

 term is caused by the tighter size distribution of core–shell (5–7%)
ersus fully porous (15–20%) particles (decrease of the short-range
nterchannel velocity biases) or by the decrease of the trans-column
elocity biases caused by the visible roughness of the external sur-
ace area of the core–shell particles [46,47].  The C term of shell
articles is also more favourable than that of the fully porous parti-
les especially for large molecules (proteins) however the benefits
f core–shell particles mostly lie in the A and B term.

.3. High temperature liquid chromatography

Temperature in HPLC also offers a chance to cut the analysis
ime. Elevating the temperature reduces the viscosity of mobile
hase and increases the mass transfer and therefore allows the
se of high flow rates. Analysis time can be shortened without
he loss of resolution through column heating [48–51].  The term
igh temperature liquid chromatography (HTLC) was introduced in
969 [52]. Antia and Horváth showed that increasing the separation
emperature is a very efficient tool for large molecule separation
53]. Later on, in 1995, Chen and Horváth presented an extremely
ast separation of four proteins at 120 ◦C in less than 10 s [54].
t is important to mention that preheating of the mobile phase
s mandatory when operating columns over 60 ◦C [55]. The peak
hape in HTLC depends significantly on the pre-heater coil size,
he injected volume and potentially on the composition of the
njected solution [56]. Teutenberg et al. presented data about the
emperature difference between the eluent temperature and the
emperature of the heating block [57]. The mobile phase cooling
fter the column is required when using an UV detector in order
o avoid baseline noise [58]. HTLC suffers from limitations such
s the small number of stable packing materials at temperatures
igher than 80 ◦C as well as the potential degradation of thermola-
ile analytes and the need to have a constant temperature along the
hromatographic system. Therefore, until now, the pharmaceutical
ndustry has not considered this approach in everyday routine. The
evelopment of a new generation of silica-based column [59,60] as
ell as non-silica based ones such as zirconia [61,62], has resulted

n increased thermal stability. Polymeric stationary phases can be
sed up to temperatures of 150 ◦C, and graphitic carbon columns

emain stable up to 200 ◦C [63]. The achievable reduced plate
eight (h) of polymeric columns decreased significantly by heating
p the column [64]. Efficiencies of more than 130,000 theoret-

cal plates were achieved by connecting up to six columns (in
35
25
15

C18

Hidrophilic Interaction Liquid Chromatography, HILIC) of 25 cm
each and operating them at elevated temperature [65]. High tem-
perature size-exclusion chromatography (SEC) can be employed as
an efficient second-LC in the 2D-LC separation of synthetic poly-
mers [66]. “Isobaric” high temperature chromatography, where the
temperature and flow rate follow a gradient program, was devel-
oped and evaluated against a conventional organic solvent gradient
[67]. A combination of high temperature-ultra high pressure liquid
chromatography (HT-UHPLC) is also a promising technique [67].
Some applications of fast HTLC in pharmaceutical analysis is also
reported [68].

2.4. Monolithic columns

Monolithic columns were introduced for their potential use
at high mobile phase velocities due to decreased mass transfer
effects over conventional fully porous particles [69,70].  Since the
first experiment of Hjertén with continuous polymer beds [71]
monolithic columns get comprehensive attention. The microme-
ter ranged through pores assure high flow rate with lower pressure
drop than packed beds [72,73],  while nanometer ranged mesopores
provided adequate efficiency for the monolithic columns. Mriziq
et al. proved that the local efficiency near the wall of a 10 mm i.d.
and 100 mm long silica based monolithic column is lower than the
efficiency near the center of the column [74]. This macroscopic
heterogeneity can be the reason for the very different minimum
plate heights published in the literature [75–77].  The separation
efficiency depends on the morphology of the monolithic columns.
Skudas et al. found that column efficiency increased with decreas-
ing skeleton diameter but this diminution is limited because of
the heterogeneity of the monolithic columns [78]. The group of
Minakuchi prepared monolithic octadecylsilylated silica columns
with domain size between 2.3 and 5.9 �m and achieved lower
reduced plate height with the smaller domain size [75]. Gritti and
Guiochon found that the contribution of the A-term to the band
broadening decreased with increasing mesopore size and molec-
ular diffusivity of the compound because of the fast mass transfer
across the column. The C-term efficiency is regulated by the mass
transfer resistance between the flowing mobile phase and the stag-
nant eluent in the porous skeleton [76].

Eeltik et al. highlighted that maximum number of plates

obtained with monolithic silica columns is higher than obtained
with 5 �m particles packed Hypersil column and appropriate num-
ber of theoretical plates can be achieved in shorter time with
monolithic column applying the same mobile phase [79]. Miyabe



6 atogr. A 1228 (2012) 57– 71

c
s
m
w
a

H
t
l
c
(
s
[
m
t
t
o
o
c
c
a
c

3
s

b
o
l
s
c
(
t
u
b
r
c
t
g

i

N

t

w
b

K

w
c
a

–
M
s
u

4

y
i

Fig. 1. Change in reduced longitudinal diffusion term (red, dotted curve), in external
film mass transfer term (black, dashed curve), and in transparticle mass transfer
0 S. Fekete et al. / J. Chrom

ompared fully porous, partially porous such as shell, non-porous
pherical particles and full-porous cylindrical fibers such as silica
onoliths. The correlation of separation speed with peak capacity
as studied and proved that monolithic columns and shell particles

re better for fast HPLC than fully and non-porous particles [80].
There are detailed review articles about monolithic columns in

PLC [81], monolithic stationary phases in the microscale separa-
ion [82] and in chiral separation [83], therefore here we would
ike to review only the latest developments. Nowadays monolithic
olumns are applied in hydrophilic interaction chromatography
HILIC) [84]. Separation factor on zirconia coated silica monoliths
howed strong dependence on the ratio of Si–OH and Zr–OH group
85]. Particle-monolithic columns combine selectivity properties of

onolithic columns and packed beds and separation efficiency of
hese columns is between the efficiency of the two  combined sta-
ionary phases [86]. Lv et al. covalently bonded �-cyclodextrin to an
rganic polymer monolith and successfully applied for separation
f racemic ibuprofen [87]. Causon et al. applied polymer monolithic
olumn at elevated temperature. The decrease in mobile phase vis-
osity and the low separation impedance of monolithic column
llowed to couple three monolithic columns to increase the peak
apacity and they separated proteins in a few minutes [88].

. Comparison of the efficiency and achievable separation
peed of different columns, the kinetic plot method

Kinetic plots are neat tools for visualizing the compromise
etween separation speed and efficiency. Van Deemter, Knox and
ther h–� (where h is reduced plate height and � is reduced
inear velocity) plots lack permeability considerations. It is very
traightforward to map  the kinetic performance potential of a given
hromatographic support type by taking a representative set of H–u
where H is plate height and u is linear velocity) data and re-plotting
hem as H2/Kv0 versus Kv0/(uH) instead of as H versus u (Kv0 is the
nretained component based column permeability). Multiplying
oth quantities with the same proportionality constant (being the
atio of the available pressure drop, �P, and the mobile phase vis-
osity, �), the obtained values correspond directly to the minimal
0-time needed in a column taken exactly long enough to yield a
iven number of N theoretical plates at the available pressure drop.

N and t0 can be calculated according to the following equations
ntroduced by Desmet et al. [89]:

 = �P

�

(
KV0

uH

)
(1)

0 = �P

�

(
KV0

u2

)
(2)

here �P  is the available pressure drop. Column permeability can
e determined experimentally using the following relation:

V0 = u�L

�P
(3)

here �P  is the pressure drop over the column with length L. Vis-
osity values can be calculated using equations derived by Chen
nd Horvath [90].

Calculation and data transferring to obtain the kinetic plots
 presented in this paper – was achieved by using the Kinetic
ethod Plot Analyser template (Gert Desmet, Vrije University Brus-

el, Belgium). The non-linear curve fitting to plots was performed
sing MS  Excel (Solver).

. Possibilities of recent core–shell technology
The initial intend of applying pellicular particles was  the anal-
sis of macromolecules. The rational behind this concept was  to
mprove column efficiency by shortening the pathways that analyte
resistance (blue curve) against the solid core to whole particle ratio in the case of
shell  particles. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

molecules must travel and, doing so, to improve their mass trans-
fer kinetics [46]. Recently, the pressing needs to improve analytical
throughputs forced the particle manufacturers to find a better com-
promise between the demands for higher column efficiency and
the need for columns that can be operated with the conventional
instruments for liquid chromatography (with moderate column
back-pressures) [46].

Core–shell particles are made of a solid, nonporous core sur-
rounded by a shell of a porous material that has properties similar
to those of the fully porous materials conventionally used in HPLC.
Shell particles have a thick porous layer, pellicular ones have a
thin layer, although all intermediates are theoretically possible.
It is expected that the axial and eddy dispersion contributions to
the efficiency of columns packed with these particles would cor-
respond to the external diameter of the particle, but the internal
mass-transfer resistances would correspond to the thickness of the
porous layer.

Different plate height models are written as the sum of four
different contributions such as (1) reduced longitudinal diffusion,
(2) eddy dispersion, (3) the external film mass transfer and (4) the
transparticle mass transfer resistance. The transparticle mass trans-
fer resistance for shell particles was derived by Kaczmarski and
Guiochon [91]. According to this theory the intraparticle diffusivity
depends on the ratio (�) of the diameter of the solid core to that of
the particle in a core–shell particle. As this ratio increases the mass
transfer kinetics become faster through the shell particles than it is
through totally porous particles.

The reduced longitudinal diffusion term (hlong) can be written
by the following equation:

hlong. = 2
�e + (1 − εe)(1 − �3/εe)˝

�
(4)

where �e is the obstruction factor for diffusion in the interparticle
volume, εe is the interstitial porosity,  ̋ is the ratio of the intraparti-
cle diffusivity of the sample through the porous shell (Dshell) to the
bulk diffusion coefficient, and � = Ri/Re is the ratio of the diameter
of the solid core (Ri) to that of the particle (Re). Fig. 1(red, dotted
curve) shows the change of hlong. against the ratio of the diameter

of the solid core to that of the whole core–shell particle.

The eddy dispersion term (heddy) includes sources of four
different origins, differing in the length scale considered, e.g.,
the transchannel (i = 1), the short-range interchannel (i = 2), the



S. Fekete et al. / J. Chromatogr

Fig. 2. Theoretical h–� curves of fully porous and core–shell packing (� = 0, � = 0.63
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nd  � = 0.73). Hypothetical mobile phase composition: 50% acetonitrile–50% water,
nd analyte molecular weight: 1000 g/mol. No extra-column band broadening is
ssumed.

ong-range interchannel (i = 3), and the trans-column flow hetero-
eneities (i = 4). For the eddy dispersion a general expression is
iven by [92,93]:

eddy =
i=4∑
i=1

1
(1/2	i) + (1/ωi�)

∼= 2
i=4∑
i=1

	i (5)

The values of 	1 − 	3 were estimated by Giddings [92]. The value
f 	4 can be derived from the flow distribution across the column
iameter.

The external film mass transfer term (hfilm) was derived from
he Laplace transform of the general rate model equations [94]. It
an be expressed as:

film = εe

1 − εe

k2
1

(1 + k1)2

1
3Sh

� (6)

here Sh = (kf dp/Dm) is the Sherwood number, kf is the film mass
ransfer coefficient, and k1 is given for superficially porous particles
y the next formula [89].

1 = 1 − εe

εe

(
εp + 1 − εp(1 − �3)

1 − �3
Ka

)
(1 − �3) (7)

here εp is the porosity of the porous shell of the particle and Ka is
he Henry’s constant of adsorption on the walls of the porous shells.
ig. 1(black, dashed curve) shows the change of hfilm against the
atio of the diameter of the solid core to that of the whole core–shell
article.

The transparticle mass transfer resistance (hparticle) is given by
he following equation [91]:

particle = εe

1 − εe

k2
1

(1 + k1)2

1
30˝

1 + 2� + 3�2 − �3 − 5�4

(1 + � + �2)2
� (8)

This equation is consistent with the one applied for totally
orous particles when � = 0. As � increases, the apparent intra-
article diffusivity of the probe studied increases and the mass
ransfer kinetics becomes faster through the shell particles than
t is through totally porous particles. Fig. 1(blue curve) shows the
hange of hparticle against the ratio of the diameter of the solid core

o that of the whole core–shell particle.

According to this theory, approximately 2.3 and 1.7 times
aster intraparticle diffusivity can be expected for commercially
vailable sub-3 �m shell packing (Kinetex and Halo/Ascentis
. A 1228 (2012) 57– 71 61

Express/Poroshell-120, � = 0.73 and � = 0.63), than for fully porous
particles (if the particle size is similar).

Fig. 2 illustrates a comparison of theoretical h–� curves. The
only difference is the solid core to core–shell ratio, all other col-
umn properties are assumed to be the same (same particle size,
same quality of packing, etc.) when constructing these plots. It can
be seen that both plate height and the slope of C term are more
favourable for a core shell material than for a fully porous pack-
ing. For a well packed column a minimum reduced plate height
value of hmin = 2 can be expected while core shell columns can per-
form much lower plate heights. A reduced plate height minimum
of hmin = 1.4–1.5 can be predicted for shell particles with � = 0.63,
while particles with � = 0.73 should perform hmin = 1.1–1.2 plate
height minimum.

A recent study has shown that the ratio of solid core to
core–shell, strongly influences the mass transfer kinetic of the
column [45]. Glennon and Omamogho presented experimental
results on the kinetic efficiency of core–shell particles (dp = 1.7 �m).
The EiroshellTM particles were studied with different solid core to
core–shell ratio: (a) 1.0 �m solid core, 0.35 �m shell thickness, (b)
1.2 �m solid core, 0.25 �m shell thickness, and (c) 1.4 �m solid core,
0.15 �m shell thickness. There was an obvious correlation between
the hmin and shell thickness (see in Table 2). Particles with 0.35 �m
shell thickness gave the highest hmin value while the particles with
the thinnest porous layer (0.15 �m shell) performed the smallest
minimum reduced plate height value [45].

Recently Desmet and Deridder transformed Effective Medium
Theory (EMT), which applied for thermal and electrical conductiv-
ity, to determine longitudinal diffusion in chromatography [95].
EMT equations can be applied for fully porous, porous shell, spher-
ical and cylindrical particles. The theory considers the column as a
binary medium, which consists of an interstitial void with a volu-
metric fraction εe and particles with volumetrical fraction of 1 − εe.
It was implied that the solid core reduced the B-term not more than
34% in comparison with fully porous particle [96,97].

In contrast to the theory, several different reduced plate height
minimum values were reported in the last 3–4 years obtained with
core–shell packing. Table 2 summarizes the minimum reduced
plate height values, minimum plate heights and the maximum
achievable plate counts of the columns reported in recent papers.
All of the reported plate height values were corrected for extra-
column peak broadening. It can be seen that 5 cm long columns
packed with core–shell particles can achieve a maximum plate
count of N = 9000–19,000 when small molecular weight com-
pounds are separated. The ever reported maximum plate number
of a 5-cm long core–shell column (Kinetex 1.7 �m)  is N ∼ 19,200
[16]. The 10-cm long columns provide plate numbers in the range
of N = 14,000–32,000 while the 15 cm long columns can achieve
N = 30,000–44,000. The hmin values listed in Table 2 show that the
expected maximum efficiency fails in practice, especially in the case
of narrow bore columns. The standard bore (4.6 mm ID) Poroshell-
120 columns give about hmin = 1.4–1.6, it is in good agreement
with the theory, but the narrow bore Poroshell-120 columns per-
form hmin ≥ 2.0. The 4.6 mm  Halo columns provide hmin = 1.5–1.7
for small molecules, and 2.1 mm columns packed with this particles
perform very similar reduced plate height values (hmin = 1.6–1.8).
The 2.6 �m Kinetex particles achieve hmin = 1.2–1.4 when packed in
standard bore column, and hmin = 1.9 when packed in narrow bore
column (Fig. 3).

The brands of core–shell packing materials made of fine particles
are available in both conventional (4.6 mm ID) and narrow-bore
(2.1 mm ID) columns. It is a general observation that the efficiency

of the former tends to be markedly higher than that of the latter.
It was  shown that the landmark performance of columns packed
with the Kinetex 2.6 �m particles is only limited to the standard
bore column (i.e., 4.6 mm),  however, when packed in a narrow
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Table 2
Summary of reported minimum reduced plate height values, minimum plate height values and maximum plate numbers obtained with different modern core–shell packing.

Stationary phase Column dimension hmin Hmin (�m) Nmax Solute Reference

2.7 �m Poroshell 120 2.1 mm × 100 mm 2.5 6.8 14,706 Naphthalene [100]
2.1  mm × 50 mm 2.0 5.4 9259 Naphthalene [100]
4.6  mm × 150 mm 1.4 3.8 39,474 Naphthalene [100]
4.6  mm × 100 mm 1.6 4.3 23,256 669 Da compound [47]

2.7  �m Halo 2.1 mm × 150 mm 1.8 4.9 30,612 Naphthalene [100]
4.6  mm × 150 mm 1.6 4.3 34,883 Naphthalene [100]
4.6  mm × 150 mm 1.7 4.6 32,609 Anthracene [103]
4.6  mm × 150 mm 2.0 5.4 27,778 Bradykinin, lys-bradykinin [103]
4.6  mm × 150 mm ∼2.0 ∼5.4 ∼28,000 Insulin [103]
4.6  mm × 150 mm ∼2.0 ∼5.4 ∼28,000 Lysozyme [103]
4.6  mm × 150 mm ∼4.0 ∼10.8 ∼13,900 BSA [103]
4.6  mm × 150 mm 1.8 4.9 30,612 �-Lipotropin [101]
4.6  mm × 50 mm 1.7 4.6 10,870 Virginiamycin [101]
4.6  mm × 50 mm 2.0 5.4 9259 Insulin [101]
2.1 mm × 50 mm 3.4 9.2 5435 Polypeptide 4.1 kDa [16]
2.1  mm × 50 mm 1.6 4.3 11,628 Levonorgestrel [42]
4.6  mm × 100 mm 1.5 4.1 24,390 669 Da compound [47]
2.1  mm × 100 mm 1.8 4.9 20,408 Butyrophenone [139]

2.6  �m Kinetex 2.1 mm × 150 mm 1.5 3.9 38,462 Naphthalene [100]
4.6  mm × 150 mm 1.3 3.4 44,118 Naphthalene [100]
2.1  mm × 50 mm 1.9 4.9 10,204 Estradiol [15]
2.1  mm × 100 mm 1.9 4.9 20,408 Estradiol [15]
3.0  mm × 100 mm 1.3 3.4 29,412 Estradiol [15]
4.6 mm × 100 mm 1.2 3.1 32,258 Estradiol [15]
4.6  mm × 100 mm 1.2 3.1 32,258 Naphthopyrene [140]
2.1  mm × 100 mm 1.5 3.9 25,641 Naphthopyrene [140]
4.6  mm × 100 mm 1.4 3.6 27,778 669 Da compound [47]

1.7  �m Kinetex 2.1 mm × 150 mm 2.9 4.9 30,612 Naphthalene [100]
4.6  mm × 100 mm 2.1 3.6 27,778 Naphthalene [100]
2.1  mm × 50 mm 3.7 6.3 7937 Polypeptide 4.1 kDa [16]
2.1  mm × 50 mm 1.5 2.6 19,231 Estradiol [16]
2.1  mm × 50 mm 2.5 4.3 11,628 Naphthopyrene [141]

Eiroshell 150-C18 2.1 mm × 50 mm 1.9 3.2 15,625 Naphthopyrene [141]
Eiroshell 250-C18 2.1 mm × 50 mm 2.2 3.7 13,514 Naphthopyrene [141]
Eiroshell 350-C18 2.1 mm × 50 mm 2.5 4.3 11,628 Naphthopyrene [141]
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2.7  �m HALO-ES 4.6 mm × 150 mm 1.4 3
4.6  mm × 150 mm ∼2 ∼5

ore column (2.1 mm ID), the reduced plate height minimum of 1.9
as achieved [15]. This suggests that the packing of narrow bore
olumns does not provide comparable packed bed homogeneity
o that of the standard bore columns. Gritti and Guiochon stud-
ed the mass transfer kinetics of the Kinetex 1.7 �m C18 packed

ig. 3. Experimental h–� curves of 2.6 �m shell-type (Kinetex, 100 mm × 2.1 mm,
00 mm × 3.0 mm and 100 mm × 4.6 mm),  column (peak widths were corrected for
he  extra-column broadening). Mobile phase: 48% acetonitrile–52% water, temper-
ture: 35 ◦C, injection: 0.5 �L, DM = 1.15 × 10−5 cm2/s. Test analyte: estradiol.

rom Ref. [15] with permission. The detailed calculations can be found in Ref. [15].
39,474 �-Lipotropin [101]
∼28,000 Insulin [101]

in a 2.1 mm ID column, and the minimum reduced plate height
was above 2.0 [98]. This provide further suggestions that the prob-
lematic situation of packing narrow bore columns is compounded
when the packing materials are very fine such as the sub-2 �m
particles. According to Gritti and Guiochon, the difference in effi-
ciency is accounted for a contribution to the column HETP of the
long-range eddy diffusion term that is larger in the 2.1 than in
the 4.6 mm I.D. columns [99]. While the associated relative veloc-
ity biases are of comparable magnitude in both types of columns,
the characteristic radial diffusion lengths are of the order of 100
and 40 �m in the wall regions of narrow-bore and conventional
columns, respectively [99].

Another observation is, that the 4.6 mm ID beds packed with
2.6–2.7 �m superficially particles are more homogeneous than
those of the 2.1 mm ID narrow-bore beds packed with 1.7 �m fully
porous particles [99]. The external roughness of the core–shell
particles might explain the origin of this advantageous property
because the shear stress that takes place during the slurry packing
process is stronger between rugged particles than between smooth
ones. Therefore, particles move less by respect to each other and the
amount of strain occurring through the bed is smaller. Thus, the
distribution of the external porosity throughout the bed of rugged
particles is more homogeneous from the center (low packing stress)
to the wall of the column (high packing stress) than through beds

of smooth particles [100].

Some recent studies, focusing on particles with a different
design such as the superficially porous particles, have suggested
that particles displaying a very narrow particle size distribution
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PSD) can lead to unprecedented low minimal plate heights
101,102].  It is however unclear whether this finding can be purely
elated, because there are also other factors that might influence
he quality of packing. Superficially porous particles have a higher
ensity and some of them are rougher than fully porous particles
101,103].  This might also have had an influence on the achieved
acking quality, apart from the PSD.

A strong (nearly linear) correlation has been observed between
he width of the particle size distribution of several commercially
vailable HPLC particle types (both fully porous and superficially
orous) and some commonly used parameters that reflect the
uality of a packing, namely the minimum reduced plate height,
he A-term and the minimum reduced separation impedance [47].
hese observations have been made despite the fact that the stud-
ed particles have a number of other differences besides PSD, such
s particle porosity, pore size, pore structure and bonding condi-
ions. Covering a wide group of fully porous as well as porous-shell
articles, these observations confirm the most recent views in the
eld, stating that there is a strong relation between the particle
ize distribution of the packings and the quality of the packing. The
bserved nearly linear relationship between the PSD and obtained
educed plate height minimum also suggests that the performance
f the current generation of fully porous particle columns could
e significantly improved if the PSD of these particles could be
educed.

However the original purpose of developing core–shell par-
icles was to separate high molecular weight compounds such
s proteins or polymers, these particles show significant advan-
ages also for small molecule separations. Interestingly, it was
ecently shown that the enhanced performance of columns
acked with shell particles in the separation of small molecules
as due to the combination of lower longitudinal diffusion (B

oefficient) and eddy diffusion (A coefficient) terms of the gen-
ral van Deemter equation [102]. Most noteworthy, that small
olecular weight compounds diffuse most rapidly, so trans-

article mass transfer resistance in fully porous particles is
early negligible and does not contribute significantly to the
verall plate height around the minimum of the HETP curve
104]. The mass transfer resistance at the solid–liquid interface
s mostly accounted for the external film mass transfer resis-
ance [105,106] and, possibly, for the heat friction under very
igh pressures [98,107]. In conclusion, the recent core–shell
acking manifests advantages in both small and macromolecule
eparations.

The measured reduced plate height minimum values of peptides
nd proteins were reported in the range of hmin = 1.8–4.0. Gritti
nd Guiochon highlighted the advantage of Halo C18 column in
omparison with conventional fully porous 3 �m particles in sep-
ration of macromolecules, however the kinetic performance for
harged compounds is strongly dependent on both the pH additive
nd the chemistry of silica surface. The authors used 0.1% triflu-
raceticacid (pH ∼ 2) as mobile phase additive in that study for
eptide separation. The Halo C18 column provided lower A- and
-term, but approximately the same C-term for low molecules as
ully porous bed. The real advantage of core–shell particles is pro-
ounced in separation of compounds with low diffusivities such
s proteins or large peptides when the mass transfer kinetics is
aster and the C-term of the Halo column was about twice lower
han that of a column packed with totally porous silica particles
103].

The recently commercialized 5 cm long, narrow bore 1.7 �m
inetex C18 column provided approximately 50% improvement in

late heights for separation of peptides in comparison with fully
orous particles [16]. Reducing the particle size from 2.6 �m to
.7 �m manifests in 20% improvement in plate heights and opti-
um linear velocity shifts towards higher values [16].
. A 1228 (2012) 57– 71 63

5. Possibilities of small columns packed with very fine fully
porous particles

Halasz et al. demonstrated theoretically that the fastest HPLC
separations could be obtained by employing the smallest parti-
cles [108]. It was  also known that the minimum analysis time that
could be achieved for a given separation was limited by the pres-
sure limit of an HPLC system. For a given separation, the separation
time is proportional to the theoretical plate height at constant lin-
ear velocity for a given retention factor. The use of smaller particles
to shorten the analytes’ diffusion path is a well-known approach to
provide improved separation efficiencies. This is evident because
of the van Deemter equation [109]. The dependence of the third
term (C-term), is considered to represent mainly the resistance to
mass transfer in the mobile phase, on the square of the particle size
translates into a large decrease in the plate height with smaller par-
ticles, especially at high linear velocities. As demonstrated by Knox,
Giddings and others, small particle diameters induce an increase in
efficiency, optimal velocity and mass transfer [110–114]. Therefore,
efficient separations can be performed with shorter analysis times
when sub-2 �m particles are used [115]. However, very fine parti-
cles induce a large back pressure (�P) according to Darcy’s law. The
Kozeny–Carman equation describes that flow resistance is directly
proportional to the square of particle diameter. Resulting from this,
when the linear velocity is increased and the particle diameter is
decreased, then it can generate a back pressure higher than 400 bar,
even with a column longer than 3 cm.  To overcome this problem,
providers have commercialized inhomogeneous particle size distri-
bution of 1.8 �m with larger particles packed in the columns [116].
As published by Jorgenson and co-workers [6,7,117], the develop-
ment of new chromatographic systems compatible with very high
pressures (ca. 5000 bar) can overcome this drawback. Theoretically,
a 5 cm long column packed with 1.7 �m particles can provide a
comparable theoretical plate number with a 15 cm long column
packed with 5 �m particles. Higher linear velocities or higher flow
rates for a given internal dimension column can be used for smaller
particles. As shown in Fig. 4, the optimum linear velocity for 1.7 �m
particles is approximately three fold higher than that for 5 �m par-
ticles. Considering the relationship between the column length and
the optimum linear velocity with the particle size, the separation
time (tR) can be written as:

tR = (1 + k)Nh

Dm�
d2

p (9)

where k is the retention factor, N is the plate count, h is the reduced
plate height, Dm is the analyte diffusion coefficient, � is the reduced
linear velocity and dp is the particle diameter. It can be seen from
Eq. (9) that an efficient way  to reduce separation time is to use small
particles. Fig. 5 shows separations of five alkylbenzenes by columns
with various particle sizes under isocratic conditions [118]. The
average resolution for the alkylbenzenes was  almost the same for
the three columns; however, the separation time was reduced from
15 to 6.6 and to 1.7 min  for 5, 3.5, and 1.7 �m particle-packed
columns, respectively [118].

The relationship between resolution (R), column length (L), and
particle size (dp) can be expressed for a given chromatographic
condition as:

R ∝
√

N ∝
√

L

dp
(10)

This suggests that a high resolution separation can be achieved
by using a relative long column packed with small particles. In

this case, both separation time and pressure drop are increased
proportionally.

The first commercially available column packed with sub-2 �m
particles was the Acquity BEH (1.7 �m)  of Waters, released in
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Fig. 4. (A) Theoretical H–u curves of 5 �m,  3.5 �m,  and 1.7 �m fully porous particles
(molecular weight of 300 g/mol, a reduced plate height minimum of h = 2 and same
packing quality were assumed) and (B) experimental H–u plots obtained for ace-
tophenone on Acquity and XBridge columns. Columns: Acquity BEH C18, 1.7 �m,
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Fig. 5. Experimental chromatograms of alkylbenzenes by columns with various par-
ticle sizes (1.7 �m,  3.5 �m and 5 �m) and various lengths (50 mm,  100 mm and
0  cm × 2.1 mm ID; XBridge C18, 3.5 �m,  15 cm × 4.6 mm ID; XBridge C18, 5 �m,
5  cm × 4.6 mm ID.

anel (B) of this figure was  taken from Ref. [12] with permission.

004. Now several vendors provide columns packed with sub-2 �m
orous particles, the most popular packing beside the Acquity, are
he Zorbax RRHD 1.8 �m,  Hypersil Gold 1.9 �m and Grace vision
T 1.5 �m.  Today the 2 �m and sub-2 �m packings are widespread
nd applied with great success in different fields of analysis. Table 3
ummarizes the recent commercially available 2 �m and sub-2 �m
otally porous columns.

Several papers presented the gain in efficiency of sub-2 �m
articles compared to 3–5 �m particles [9,12,119–121].  Under con-
itions of optimal velocity and for the same column length, the
.7 �m particles provided improved efficiency (N) compared to a
.5 �m and 5 �m phases [12]. According to a recent study the com-
ination of high optimal flow rates and shorter column lengths
llowed a gain in speed by a factor of roughly 4.5 and 3.5 in
omparison with 5 �m and 3.5 �m particles, respectively, with-
ut sacrificing efficiency. However a slightly higher than expected
-term measured from experimental Knox plots is ascribed to
esidual temperature effect under non-ideal adiabatic conditions,
ower packing efficiency and extra column band broadening [12].

uillarme et al. presented that applying sub-2 �m particles can
ake the separation faster with a factor of 3–8 compared to con-

entional particles [119]. Another study reported an analysis time
eduction up to a factor of 12, using small columns packed with
150 mm respectively) under isocratic conditions.

From Ref. [118] with permission.

sub-2 �m particles compared to a conventional LC separation,
without affecting the quality of separation [121]. Please note that
the plate height values were not corrected for extra-column band-
broadening in these referred papers [12,119–121].

In spite of the several published data and results on the very
good efficiency of sub-2 �m particles, the advantage of using
smaller particles is not as large as expected. Wirth discussed about
the slow mass transport due to analyte desorption from the sta-
tionary phase as a possible contribution to the lower than expected
efficiency [122].

The higher than expected values of hmin for sub-2-�m parti-
cles has been a subject of considerable research, which has raised
many possible explanations, including heating from higher friction
[6,9,123], and radially inhomogeneous packing density [124]. The
contribution from friction-induced heating does not explain the
higher value of hmin for 1.0 �m particles with pressures exceeding
6000 bar [124]. The packing is demonstrated to be inhomogeneous,
but even accounting for this still gives an excessively large value of
Creduced term [124]. Mobile phase compressibility has recently been
shown to have an impact in increasing Creduced, in a study where

pressure was increased from 2500 to 6300 bar [125], but it has yet
not been explored at the much lower pressures of typically <700 bar
used in commercial instruments.
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Table 3
Commercially available 2 �m and sub-2 �m HPLC columns.

Vendor Column/product name Average particle
diameter (�m)

Alltech (Grace Davison) VisionHT 1.5
Shant Laboratories Pathfinder 1.5
Fortis Technologies Fortis 1.7 1.7
Orachem Technologies Emerald, Epitomize 1.7
Phenomenex Luna, Kinetex 2.0, 1.7
Sepax GP-8 and GP-18 1.7
Waters Acquity BEH, CSH 1.7
Agilent Technologies Zorbax Rapid Resolution HT/HD 1.8
Bischoff ProntoPEARL TPP Ace-EPS 1.8
ES Industries Epic Sub-2 1.8
Knauer BlueOrchid 1.8
Macherey-Nagel Nucleodur 1.8
MicroSolv Technology Cogent Diamond & Silica-C 1.8
Micro-Tech Scientific Microsil 1.8
Perkin Elmer BrownLee 1.9
Restek Pinnacle DB/Ultra II 1.9
Thermo Hypersil Gold 1.9
Varian Pursuit UPS 1.9
Agela Technologies Rapid aSB 2.0
Hitachi LaChromUltra 2.0
Imakt Presto 2.0
Shiseido Capcell Pack 2.0
Tosoh Haas TSKgel SuperODS 2.0
YMC Ultra-Fast 2.0
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ost of the data were taken from Ref. [110].

Guiochon first used a term of heat contribution to the overall
educed HETP of a chromatographic column under very high pres-
ure conditions [126,127].  In this equation HETP is the sum of five
ain contributions, those due to (1) longitudinal diffusion (the B

erm); (2) eddy diffusion (the A term); (3) the external film mass
ransfer resistance (the Cf term); (4) the trans-particle mass trans-
er resistance (the Cp term); and (5) an additional contribution due
o the heat friction of the eluent percolating across the bed, hheat.

 = A + B

�
+ Cf � + Cp� + hheat (11)

The fifth term in the reduced HETP equation is needed to account
or the band broadening effect of the heat generated by the friction
f the eluent percolating through the bed and causing the formation
f a radial temperature gradient across the whole column when
ery high pressure drops are imposed along the column. Because
he adsorption constant of the solute is temperature dependent,
ts migration velocity is a function of the radial position across the
olumn diameter, therefore the concentration profiles of eluting
ands can be seriously warped [128]. As any other sources of flow
eterogeneity, this term is written under the following form:

heat = 1
(1/2	heat) + (1/2ωheat�)

(12)

here 	heat is the eddy dispersion coefficient related to a flow
xchange mechanism generated by heat friction in the column and
heat is eddy dispersion coefficient related to a diffusion exchange
echanism (Aris) generated by heat friction in the column.
Gritti and Guiochon demonstrated, that the porosity of the parti-

les strongly affects the column efficiency at high flow rates, hence
nder high pressure conditions. This was clearly proven by the
alues measured for the reduced HETPs of narrow-bore columns
acked with superficially (internal porosity 0.2) and totally (inter-
al porosity 0.4) porous particles [107]. Shell particles suffer less

rom the negative effects of heat friction, radial temperature gra-

ients, and transverse differential migration velocity than those
acked with totally porous particles.

Beside the heat effects of high pressure, the mobile phase den-
ity, viscosity, the diffusion coefficients, the equilibrium constants,
. A 1228 (2012) 57– 71 65

the retention factors, the efficiency parameters also mainly depend
on the pressure. The compressibility of liquids can be considered
as constant at constant temperature in the range of pressures
used in conventional HPLC (below 400 bar), at least as far as
the column flow rate and the pressure gradient along the col-
umn  are concerned. However, above 400 bar, the compressibility
does depend on the pressure. Up to several kbar, the pressure
dependence of the volume, occupied by a given mass of liq-
uid is well accounted for Tait equation [129]. At 1000 bar the
specific volume of common solvents decreases to approximately
90–98%, at 2500 bar to 84–93% than it is at atmospheric pres-
sure [130]. The viscosity of liquids increases with increasing
pressure. In the pressure range up to a few kbar, this varia-
tion is nearly linear. At 1000 bar the viscosity of organic solvents
increases by a factor of 1.4–2 than it is at atmospheric pressure
[130,131].

Most investigations of the effects of pressure on retention data
in HPLC were obtained at relatively low pressures, i.e., 50–300 bar.
The results of measurements by Rogers and co-workers [132–134]
at pressures up to 3500 bar showed that changes in the retention
factors can exceed 300% and that they are accompanied by shifts in
the elution orders.

Summing up the effects of ultra high pressure (mainly the
heat friction and the change in diffusion coefficients), they can
cause a loss in efficiency compared to the previously expected
efficiency of sub-2 �m particles. Table 4 summarizes the mini-
mum  reduced plate height values, minimum plate heights and
the maximum plate count of the columns packed with totally
porous particles, reported in recent papers. It can be seen that
there are a serious deviation among the hmin data of sub-2 �m
particles reported in different papers. The 1.5 �m Grace Vision
HT column (5 cm × 2.0 mm)  can achieve plate heights between
7200 and 11,000. The 5 cm long, narrow bore 1.7 �m Acquity
BEH columns provide reduced plate height minimum values in
the range of hmin = 2.3–3.8, while 10–15 cm long Acquity BEH
columns give hmin = 2.0–2.9 values. The 1.8 �m Zorbax narrow bore
5 cm long columns perform hmin = 2.5–3.8. Columns packed with
1.9 �m porous particles (Restek Pinnacle and Hypersil Gold) pro-
vide hmin = 2.6–3.7 values while the 2 �m particles (YMC UltraHT
Pro) packed in 5 cm long narrow bore columns give reduced plate
height values around hmin ∼ 2.5.

A systematic evaluation was  showed in which several hmin and
HETPmin data of 5 cm long narrow bore columns were reported
[13]. All the data were corrected for extra-column band broad-
ening, the same test analyte and mobile phase was used in that
study for evaluating the columns of different manufacturers’. In
Fig. 6 plots of hmin and HETPmin data against particle diameter are
presented on the basis of previously reported data [13]. Fig. 6 obvi-
ously shows that the efficiency of sub-2 �m particles is not as high
as it was  theoretically predicted earlier. The difference between
the theoretical and experimental column efficiency increases as the
particle size is reduced. In spite of the HETPmin values are smaller
on smaller particles, the smaller the particle size the higher the
obtained reduced plate height minimum value is. The 3 �m parti-
cles provide hmin value close to 2, while the 1.5 �m particles achieve
hmin ∼ 2.9.

As a conclusion, the possible adverse heat effects and inhomoge-
nous packing density of narrow bore columns packed with very fine
particles (dp < 2 �m),  provide a compromised efficiency of recent
small columns. Summing up these effects the overall efficiency of
small narrow bore columns packed with different size very fine
particles (in the size range of dp = 1.5–2.1 �m) is nearly the same

[13]. Fekete et al. showed that 1.7 �m Waters Acquity BEH C18,
1.9 �m Restek Pinnacle C18 and 2.1 �m Fortis C18 columns gave
the same efficiency and separation speed when 5 cm long narrow
bore columns were applied for the separation of steroids [13].
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Table 4
Summary of reported minimum reduced plate height values, minimum plate height values and maximum plate numbers obtained with different fully porous fine particles
packing.

Stationary phase Column dimension hmin Hmin (�m) Nmax Solute Reference

1.5 �m Grace Vision HT C18 2.0 mm × 50 mm 3.1 4.6 10,870 Ethinylestradiol [13]
2.0  mm × 50 mm 3.1 4.6 10,870 Bicalutamide [13]
2.0  mm × 50 mm 4.6 6.9 7246 Ivermectin [13]

1.7  �m BEH C18 2.1 mm × 50 mm 2.6 4.4 11,364 Butyrophenone [139]
2.1  mm × 50 mm 3.3 5.6 8990 Acenaphthene [136]
2.1  mm × 50 mm 2.8 4.8 10,500 Butylparaben [120]
2.1  mm × 50 mm 2.8 4.7 10,638 Ethinylestradiol [13]
2.1  mm × 50 mm 2.8 4.8 10,417 Bicalutamide [13]
2.1  mm × 50 mm 3.8 6.5 7692 Ivermectin [13]
2.1  mm × 100 mm 2.9 4.9 20,408 Phenol [142]
2.1  mm × 100 mm 2.5 4.2 23,810 Propylparaben [142]
2.1  mm × 150 mm 2 3.4 44,118 Naphtho[2,3-a]pyrene [98]

1.7  �m BEH Shield RP18 2.1 mm × 50 mm 2.3 3.9 12,800 Butylparaben [120]
1.8  �m Zorbax Eclipse XDB C18 2.1 mm × 50 mm 3 5.4 9300 Butylparaben [120]
1.8  �m Zorbax Extend C18 2.1 mm × 50 mm 2.5 4.5 11,100 Butylparaben [120]
1.8  �m Zorbax Stable Bond C18 2.1 mm × 50 mm 3.2 5.8 8700 Butylparaben [120]

2.1  mm × 50 mm 2.8 4.8 10,417 Ethinylestradiol [13]
2.1  mm × 50 mm 2.72 4.9 10,204 Bicalutamide [13]
2.1  mm × 50 mm 3.8 6.9 7246 Ivermectin [13]

1.9  �m Hypersil GOLD C18 2.1 mm × 50 mm 2.6 4.9 10,100 Butylparaben [120]
2.1  mm × 50 mm 3.7 7.1 7042 Ivermectin [13]

1.9  �m Restek Pinnacle DB C18 2.1 mm × 50 mm 2.9 4.9 10,204 Ethinylestradiol [13]
2.1  mm × 50 mm 2.6 4.9 10,204 Bicalutamide [13]
2.1  mm × 50 mm 3.2 6.1 8197 Ivermectin [13]

5
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2.0  �m YMC  UltraHT Pro C18 2.0 mm × 50 mm 2.5 

2.0  mm × 50 mm 2.5 

. Instrumentation, extra-column effects

Each serious progress in column technology requires important
rogress in instrument design and manufacturing [135]. Extra-

olumn band spreading affects the measured performance of
olumns packed with small particles, especially for columns with
n internal diameter smaller than the classical standard of 4.6 mm

ig. 6. HETPmin and hmin data against particle diameter. Test analyte: ethinyl-estradiol (M
n  48/52 acetonitrile/water, � = 0.85 cP, at 35 ◦C. Injected volume: 0.5 �L, system: Water
ng.  Columns: Grace Vision HT 1.5 �m (50 mm × 2.0 mm), Waters UPLC BEH C18 1.7 �m
18  1.9 �m (50 mm × 2.1 mm), YMC  UltraHT Pro C18 2.0 �m (50 mm × 2.0 mm), Fortis C
henomenex Luna C18(2)-HST 2.5 �m (50 mm × 2.0 mm)  and Thermo Hypersil ODS 3.0 �
.0 10,000 Ethinylestradiol [13]

.0 10,000 Bicalutamide [13]

[136]. Recently several papers focused on the extra-column effect
as a major factor that negatively impacts the apparent perfor-
mance of columns packed with core–shell or sub-2 �m particles
[15,16,135,136]. Conventional high performance liquid chromato-

graphic (HPLC) systems contribute to the measured peak variance
approximately 40–200 �L2 [121,135] while standard ultra perfor-
mance or ultra-high pressure chromatographic systems have a

W  = 296 g/mol). Experiments were conducted on a 5 cm long narrow bore columns
s Acquity UPLC. The plate heights were corrected for extracolumn peak broaden-

 (50 mm × 2.1 mm),  Zorbax SB C18 1.8 �m (50 mm × 2.1 mm), Restek Pinnacle DB
18(2) 2.1 �m (50 mm × 2.1 mm), Shim-pack XR-ODS-2 2.2 �m (50 mm × 2.0 mm),
m (50 mm × 2.1 mm).
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Fig. 7. t0/N2 versus N plots of estradiol (272 g/mol). Experiments were conducted on a 5 cm long narrow bore columns in 48/52 acetonitrile/water, � = 0.85 cP, at 35 ◦C.
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vailable max. pressure: 200 bar for the Chromolith column, 600 bar for Kinetex col
olume: 0.5 �L, system: Waters Acquity UPLC. The plate heights were corrected fo
ressure drop.

ontribution typically in the range of 4–9 �L2 [15,16,121,135–137].
n the case of very efficient columns, the extra-column variance of
he commercially available LC systems with very low dispersion
<10 �L2) is not negligible. A recent study showed that, when a

 cm × 2.1 mm,  1,7 �m Kinetex column is used, only the 60–90% of
he real intrinsic column efficiency can be realized with very low
ispersion UHPLC instruments (k was varied between k = 1.5 and

 = 5, small polar neutral test analyte having a molecular weight of
72 g/mol was  used) [138]. Further optimizing in UHPLC systems
uch as using smaller volume needle seat capillary, narrower and
horter connector capillary tubes and a smaller volume detector
ell can provide a significant decrease in extra-column contribu-
ion down to around 1–5 �L2 [45,135]. With these improvements
he efficiency loss can be significantly reduced [135].

. The achievable analysis speed with very efficient small
olumns; a comparison of recent possibilities

In this section the kinetic efficiency of recent very efficient 5 cm
ong narrow bore columns are compared by means of their kinetic
lots. Kinetic plots were reconstructed on the basis of a systematic
valuation.

The kinetic efficiency (H–u curves) of 5 cm long narrow bore
olumns packed with fully porous and core–shell particles was
etermined earlier and reported in previous papers [15,16].  The
inetic efficiency of the columns was determined with a mobile
hase composition, which gave a range of retention factors (k)
etween 3.4 and 6.6 both for the small molecular weight test ana-

yte (272 g/mol) and for a polypeptide (4.1 kDa). Differences in the
etention factors (k) of course affect the shape of the obtained van

eemter type curves, as both the B- and C-terms of the equations,
epend on analyte retention. We  have not made attempt to adjust
he mobile phase composition to guarantee constant k for all ana-
ytes, because this would introduce additional variability in terms
, 830 bar for Grace Vision HT column and 1000 bar for Waters BEH column. Injected
-column peak broadening, column permeability data were corrected with system

of viscosity and analyte diffusion coefficients, which would out-
weigh the minor effect of retention.

Fig. 7 shows the calculated isocratic kinetic plots (t0/N2 versus N)
of estradiol (272 g/mol) on the compared columns at the maximum
applicable pressure for each column to represent the utilization
of maximum performance. The data for maximum pressure were
obtained from the column manufacturers: 1000 bar for Waters
Acquity BEH, 830 bar for Grace Vision HT columns, 600 bar for
Kinetex columns and 200 bar for the Chromolith column. These
plots represent the theoretical separation speed when the maxi-
mum  performance of an UHPLC system is utilized. The resulting
curves, one for each column, demonstrate the maximum speed
obtainable at a given required plate number (N) and also demon-
strate the effect of the choice of column (stationary phase type;
totally porous particles, shell particles, monolith column). Please
note that the plate times depend on the maximum allowable pres-
sure drop, which is different for the tested columns. A column can
offer faster separation if it has a stationary phase with stronger
mechanical stability than the column which has lower mechanical
stability.

The experimental kinetic plots show that the 1.7 �m core–shell
packing (Kinetex) provides the most favourable plate time values
and offers the shortest analysis time in the practical range of short
columns (if the separation requires 5–20,000 plate counts). The sec-
ond choice in this plate number range is the Waters BEH column
(fully porous hybrid particles) when it is used at elevated temper-
ature (T = 85 ◦C). The 2.6 �m Kinetex column (core–shell particles)
performs similar separation speed as the columns packed with sub-
2 �m totally porous particles. In the plate number range of small
columns the monolith column provides the slowest separation,
however it is necessary to mention that the monolithic column is
the most beneficial when very high plate counts are required for a

given separation (N > 200,000).

We can conclude that in the case of small analytes, the sub-2 �m
core–shell packing (Kinetex) offers the chance of the fastest sep-
aration, while the sub-3 �m core–shell column performs similar
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Fig. 8. Column length (m)  versus plate numbers plots of estradiol (272 g/mol). Experiments were conducted on 5 cm long narrow bore columns in 48/52 acetonitrile/water,
�  = 0.85 cP, at 35 ◦C. Available max. pressure: 200 bar for the mChromolith column, 600 bar for Kinetex columns, 830 bar for Grace Vision HT column and 1000 bar for Waters
BEH  column. Injected volume: 0.5 �L, system: Waters Acquity UPLC. The plate heights were corrected for extra-column peak broadening, column permeability data were
c
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orrected with system pressure drop.

eparation speed as the columns packed with sub-2 �m fully

orous particles. Increasing the separation temperature can signif-

cantly shorten the separation speed. Thermally stable sub-2 �m
otally porous particles can offer comparable separation speed at

ig. 9. t0/N2 versus N plots of a 4.1-kDa polypeptide. Experiments were conducted on 5
5 ◦C. Available max. pressure: 600 bar for Ascentis Express and Kinetex 1.7 �m column
cquity  UPLC. The plate heights were corrected for extra-column peak broadening, colum
high temperature (T = 85 ◦C) as the sub-2 �m core–shell particles

at ambient temperature (T = 20–35 ◦C). Consequently a column can
offer faster separation if it has higher thermal stability than the col-
umn  which has lower thermal stability. The obtainable maximum

 cm long narrow bore columns in acetonitrile/water/TFA 140/860/1, � = 0.99 cP, at
s and 1000 bar for Waters BEH column. Injected volume: 0.5 �L, system: Waters
n permeability data were corrected with system pressure drop.
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ig. 10. t0/N2 versus N plots of a 39-kDa protein. Experiments were conducted on 5
vailable max. pressure: 600 bar for Kinetex 1.7 �m column and 1000 bar for Wate

eparation speed depends not only on the obtained plate num-
ers and column permeability but on the mechanical and thermal
tability.

Another representation of kinetic plots (column length versus
late counts) can be seen in Fig. 8. These curves demonstrate
hat similar quality in separation can be performed with approxi-

ately the same length of sub-2 �m totally porous and sub-3 �m
ore–shell particles, while the same quality of separation can be
chieved with significantly shorter 1.7 �m Kinetex column. There-
ore the expected analysis speed is the shortest when the 1.7 �m
inetex column is applied.

While the benefit of core–shell particles is evident with small
olecules, the improvement is most significant with peptide and

rotein molecules. Figs. 9 and 10 show the experimental iso-
ratic kinetic plots (t0/N2 versus N) of a 4.1 kDa polypeptide and a
9-kDa protein on the compared columns at the maximum applica-
le pressure for each column. The data for maximum pressure were
btained from the column manufacturers: 1000 bar for Waters BEH,
nd 600 bar for Kinetex and Ascentis Express columns.

The experimental kinetic plots of the 4.1 kDa polypeptide (Fig. 9)
bviously show that decreasing the shell thickness manifests
n fastest separation when peptides are separated. The 1.7 �m
ore–shell packing (Kinetex, 0.23 �m porous silica layer) provides
he most efficient separation and offers the shortest analysis time
n the range of N = 1000–100,000. While the packing of Ascentis
xpress (0.5 �m porous silica layer) performs less efficient separa-
ion than the Kinetex 1.7 �m material but offers significantly faster
nalysis than the fully porous sub-2 �m packing.

Fig. 10 shows a similar tendency as Fig. 9 for a 39-kDa protein.
acking of core–shell and fully porous material of the same particle
iameter (1.7 �m)  are compared in this example. Fig. 10 obviously
roves the benefit of core–shell particles for the separation of large
nalytes. The core–shell packing offers about two  times faster sep-

ration than the fully porous particle of the same size when the
9-kDa protein is analysed.

We  can conclude that recent small columns with core–shell
acking can provide faster separations than the columns of same
ng narrow bore columns in acetonitrile/water/TFA 450/550/1, � = 0.99 cP, at 35 ◦C.
 column. Injected volume: 0.5 �L, system: Waters Acquity UPLC.

size packed with fully porous particles for both small and macro-
molecules.

8. Conclusion

This review presents the possibilities of recent very efficient
columns in fast liquid chromatographic separations. Among the
fast LC techniques, sub-2 �m and core–shell particles are the most
popular and widespread ones today.

The 5 cm long narrow bore columns packed with fully porous
particles can achieve plate counts between N = 7000–13,000 while
the 5 cm long columns with core–shell packing can provide
plate numbers around N = 9–19,000 for small analytes. While the
benefit of core–shell particles is evident with small molecules,
the improvement is most significant with peptide and protein
molecules. We  can conclude that recent small columns with
core–shell packing can provide faster separations than the columns
of same size packing with fully porous particles for both small and
macromolecules. The 5 cm long, narrow bore 1.7 �m Kinetex C18
column provides approximately 50% improvement in plate heights
for separation of peptides in comparison with fully porous particles.
Reducing the particle size from 2.6 �m to 1.7 �m manifests in 20%
improvement in plate heights and optimum linear velocity shifts
towards higher values. Recently the most efficient commercially
available packing is the core–shell type Kinetex. Another promising
packing is the new 1.7 �m Eiroshell.

These very efficient small columns perform really high plate
numbers however the efficiency of narrow bore columns is com-
promised. The obvious correlation between the loss in efficiency
and decrease of column diameter cause that narrow bore short
columns provide not always the faster separation than standard
bore columns especially when the separation requires small plate
counts.
The possible adverse heat effects and inhomogeneous packing
density of narrow bore columns packed with very fine parti-
cles (dp < 2 �m),  provide a compromised efficiency of recent small
columns. Summing up the adverse effect of very high pressure the
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verall efficiency of small narrow bore columns packed with dif-
erent size very fine particles in the size range of dp = 1.5–2.1 �m
re practically the same.

Extra-column band spreading also affects the measured per-
ormance (apparent plate number) of columns packed with small
articles, especially for short columns with an internal diameter
maller than the classical standard of 4.6 mm.  In the case of very
fficient small columns, the extra-column variance of the commer-
ially available LC systems with very low dispersion (<10 �L2) is not
egligible. Today it is not possible to utilize the potential of these
ery efficient small columns.
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