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a b s t r a c t

The performance of the new Kinetex-C18 column was investigated. Packed with a new brand of porous
shell particles, this column has an outstanding efficiency. Once corrected for the contribution of the
instrument extra column volume, the minimum values of the reduced plate heights for a number of
low molecular weight compounds (e.g., anthracene and naphtho[2,3-a]pyrene) were between 1.0 and
1.3, breaking the legendary record set 3 years ago by Halo-C18 packed columns. The liquid-solid mass
transfer of proteins (e.g., insulin and lyzozyme) is exceptionally fast on Kinetex-C18 much faster than
on the Halo-C18 column. The different contributions of dispersion and mass transfer resistances to the
column efficiency were determined and discussed. The possible reasons for this extremely high column
efficiency are discussed.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

After more than 20 years of near stagnation, packed column
echnology has begun rapidly to evolve in the last 10 years. The first,

onolithic columns appeared at the turning of the last century,
hreatening the monopoly of columns packed with particles but
lowly losing momentum. Then, the average particle size routinely
sed in commercial columns began progressively to decrease, first
rom 5 to 3 �m and lately to sub-2 �m particles [1]. Columns packed
ith the latter particles allowed to reach high resolution power
ith reduced plate heights as low as 3.2 �m (i.e., ca. 300,000 plates
er meter) for small molecules [2] and to reduce analysis times by

a. one order of magnitude. The main disadvantage of such columns
s the need for suitable instruments that are capable of operating at
ressure as high as 15,000 psi (1000 bar) and to record without sig-
ificant distortion the very narrow peaks eluted from the columns
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13 Buehler Hall, Knoxville, TN 37996-1600, USA. Tel.: +1 865 974 0733;
ax: +1 865 974 2667.
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021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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[3]. In about the same time when sub-2 �m particles were com-
mercialized, other scientists search to prepare particles that are
large enough to be used at velocities somewhat larger than their
optimum velocity for maximum efficiency and exhibit low mass
transfer resistance. This combination can provide columns that can
be operated with conventional pumps but have efficiency compara-
ble to that of columns packed with sub-2 �m particles. Three years
ago, Kirkland obtained the superficially porous or shell Halo-C18
particles [4–8]. This exceptionally performing material was made
of 1.7 �m solid silica core covered by a 0.5 �m porous silica shell.
It provided minimum reduced HETPs of ca. 1.5 for small molecular
weight compounds [9], a significant improvement in packed col-
umn technology since the minimum reduced HETP of totally porous
particle is usually of the order of 2.0.

The mass transfer mechanism in Halo-C18 packed columns was
investigated from a theoretical [10,11] and an experimental point
of view [9,12]. Inverse size exclusion chromatography (ISEC) data
show that the external porosity of these columns is slightly larger

than that of totally porous particles (0.42 vs. 0.37) [9]. It was sug-
gested that this high porosity is due to the external roughness of
the surface of the shell and a high friction forces between the par-
ticles, hence to the formation of a chromatographic bed with a
relatively low density but a high degree of radial homogeneity. The

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:guiochon@utk.edu
mailto:guiochon@ion.chem.utk.edu
dx.doi.org/10.1016/j.chroma.2009.12.079
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educed B term in the van Deemter equation of Halo columns is
maller than that of conventional porous particles (� −25%) and is
asily explained by the smaller internal porosity of the particles,
hich provides a smaller volume accessible for sample diffusion

9]. Finally, the reduced C term measured for Halo-C18 particles for
mall molecular weight compounds was not significantly differ-
nt from that of the totally porous particles, probably because the
term depends mostly on the external film mass transfer resis-

ance and the eddy dispersion term [13]. The effective intraparticle
ample diffusivity of small molecules is so fast that the mass trans-
er resistance through either conventional or superficially porous
articles is negligible [14]. Finally, the low reduced A term mea-
ured on the Halo columns is in part due to the very narrow particle
ize distribution, with a relative standard deviation around 5% vs.
0% for most totally porous particles, and probably in part by the
igh friction coefficient between particles caused to their surface
oughness, which decreases the amount of strain taking place dur-
ng consolidation of the packed bed. It does not seem to be related
o unusually small transcolumn mobile phase velocity gradients.
he measurement of the local flow velocity across the column
iameter by electrochemical detection [12] demonstrated that the
mplitude of the flow velocity gradient across the column diam-
ter of columns packed with either totally or superficially porous
articles was comparable. Overall, the commercially available Halo
olumns packed with 2.7 �m superficially porous particles has pro-
ided under the best conditions minimum reduced HETPs as small
s 1.4, a level of separation power never approached earlier by any
onventional packing material.

A first goal of this work was to assess the performance of
olumns packed with particles of a new brand of shell particles,
inetex-C18 by Phenomenex, in which a solid core is wrapped in a
orous layer or shell of a silica adsorbent. Nearly 3 years ago, a first
eneration of shell particles established a landmark record for the
inimum reduced HETP. Columns packed with Halo-C18 particles

hat have characteristics similar to those of the Kinetex-C18 par-
icles were the most suitable term of comparison in the present
tudy. In a first part, we report on measurements of the height
quivalent to a theoretical plate (HETP) of conventional chemicals,
peptide and two proteins in a wide range of mobile phase velocity
nd discuss the different contributions to mass transfer resistance.

For the last 40 years, HPLC has been a vast battlefield on which
olumn producers faced instrument manufacturers. The specifica-
ions of the first group were often met late, rarely completely, and
ften grudgingly by the latter. Analysts want faster separations
nd better resolutions. Physical chemists explain that this can be
chieved only with shorter columns, packed with finer particles,
nd fed by more powerful pumps. Instrument designers struggle
o meet the new specifications. Then, column producers develop
new generation of particles, finer, more performing, and a new

et of instrument specifications is written and the fights resume.
he most difficult source of problems was always the recurrent
ifficulty at reducing the extra column contributions to band broad-
ning, the most important of which are the dispersion caused by
he extra column volumes and the deformation of the band profiles
ue to the response time of detectors and by the limited frequency
f acquisition of digital data. Other major battles in this war were
ought around issues of accuracy, precision, reliability. They were
ess sharp and progress there came more often through incremen-
al but steady improvements rather than through major changes in
nstrument design.

The advent of the first generation of fine shell particles exem-

lified by the Halo column gave a warning that a new battle was
haping up. The advent of the second generation of shell parti-
les opens the new war and sends a new generation of engineers
o the drawing-board or rather the computer assisted design pro-
rams. The second goal of this paper is to attempt first to assess the
1217 (2010) 1589–1603

impact of the currently available instruments on the overall, prac-
tical performance of the new generation of columns and finally to
sketch what could be the specifications for a new generation of
instruments for HPLC.

2. Theory

2.1. Reduced linear velocity

In all this work, we report on measurements of efficiency data of
a Kinetex-C18 column. We express these data as the reduced plate
height h = H/dp of the column (with H column HETP and dp average
particle size) and we discuss the variations of h as a function of the
reduced interstitial velocity �. By definition,

� = udp

Dm
(1)

where Dm is the bulk molecular diffusivity, and u is the interstitial
linear velocity, which is given by:

u = Fv

�e�R2
c

(2)

where Fv is the volume flow rate of the mobile phase, �e is the
interstitial porosity, and Rc is the inner radius of the column tube.

The molecular diffusivities of the low-molecular-weight com-
pounds used here (anthracene and naphtho[2,3-a]pyrene) were
estimated using the classical Wilke and Chang equation [15]:

Dm = 7.4 × 10−8 (�MS)0.5T

�V0.6
A

(3)

where � is the solvent association factor (� = 1 for pure acetoni-
trile [16]), MS the molecular weight of the mobile phase (g/mol),
� its viscosity (� = 0.37 cP for pure acetonitrile at 295 K), T is the
temperature, and VA is the molar volume of the solute at its boiling
point (cm3/mol). VA was estimated according to the group method
of Schroder and Lebas [16].

The molecular diffusivity of the peptide (bradykinin) was esti-
mated using the correlation of Young et al. [17]:

Dm = 8.34 × 10−8 T

�M(1/3)
(4)

The two correlations in Eqs. (3) and (4) give reasonable values
of Dm for the compounds used in this work. The diffusion coeffi-
cients of anthracene, naphtho[2,3-a]pyrene, and bradykinin were
estimated at 1.6 × 10−5, 1.2 × 10−5, and 2.32 × 10−6 cm2/s, respec-
tively. The molecular diffusivities of the proteins insulin (1.63 ×
10−6 cm2/s) and lyzozyme (1.20 × 10−6 cm2/s) were directly taken
from experimental data available in the literature [18,19].

2.2. The Mass transfer resistances

The overall reduced HETP of a chromatographic column is the
sum of three main contributions due to longitudinal diffusion (the
B term), eddy dispersion (the A term), and overall solid-liquid mass
transfer resistance (the C term), as described in the general empir-
ical van Deemter plate height equation [20].

h = B

�
+ A + C� (5)

More elaborate kinetic models account for the actual struc-
ture of the packed chromatographic bed, including the moving

eluent in the interparticle space, the stagnant eluent in the meso-
pore network inside the porous particles, and the solid stationary
phase. First Giddings [21], later Horvath and Lin [22,23], and finally
Guiochon et al. [24] elaborated different sophisticated plate height
equations. These equations have been reviewed and compared
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The new Kinetex-C18 column (100 mm × 4.6 mm) was a gener-
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lsewhere [25,26]. They are written as the sum of four different
ontributions:

= hLong. + hEddy + hFilm + hParticle (6)

.2.1. First, the reduced longitudinal diffusion term
In the term (hLong.), the role actually played by the stationary

hase is not negligible, due to the important role of surface diffusion
n the adsorbed state [27]. The contribution hLong. is written:

Long. = 2
�e + ((1 − �e)(1 − �3)/�e)˝

�
(7)

here �e is the obstruction factor for diffusion in the interparticle
olume (�e is of the order of 0.60 [28]), ˝ is the ratio of the intra-
article diffusivity of the sample through the porous silica-C18 shell
Dshell) to the bulk diffusion coefficient (˝ is of the order of unity
or small molecules [29]), and � = Ri/Re is the ratio of the diameter
f the solid core to that of the particle, with � = 0.73 and 0.63 for
he Kinetex-C18 and Halo-C18 particles, respectively.

.2.2. Second, the eddy dispersion term
This term, hEddy, results from the combination of various sources

f flow heterogeneity inside the packed column. This includes
ources of four different origins, differing in the length scale con-
idered, e.g., the transchannel (i = 1), the short-range interchannel
i = 2), the long-range interchannel (i = 3), and the transcolumn
ow heterogeneities (i = 4). At high reduced interstitial velocity,
ddy dispersion is essentially controlled by a flow mechanism and
general expression is given by [21,30]:

Eddy =
i=4∑
i=1

1
(1/2	i) + (1/ωi�)

� 2
i=4∑
i=1

	i (8)

The values of 	1, 	2, and 	3 in Eq. (8) were estimated by Giddings
ore than 50 years ago. These estimates are still valid today for

olumns packed with modern very fine particles [21]. Their values
re based on quantitative estimates made for the different velocity
nequalities ωˇ,i and for the axial convection lengths ω	,i:

i =
ω2

ˇ,i
ω	,i

2
(9)

For the transchannel mechanism, ωˇ,1 = 1 and ω	,1 = 1. For the
hort-range interchannel mechanism, ωˇ,2 = 0.8 and ω	,2 = 1.5.
or the long-range interchannel mechanism, ωˇ,3 = 0.2 and ω	,3 =
. So, as a first guess, 	1 = 0.5, 	2 = 0.5, and 	3 = 0.1. The value of
4 is derived from the flow distribution across the column diameter.
uartic flow profile distributions have been observed [50] and the

ollowing expression of the parameter 	4 was recently derived [30]:

4 = 2
45

L

dp
ω2

ˇ,c (10)

here ωˇ,c is the relative flow velocity difference between the cen-
er and the wall of the column and L is the column length. Assuming

ˇ,c = 1%, L = 15 cm, and dp = 3 �m then 	4 = 0.22.

.2.3. Third, the external film mass transfer term
This term, hFilm, was derived from the Laplace transform of the

eneral rate model equations [24]. It is written:
Film = �e

1 − �e

k2
1

(1 + k1)2

1
3Sh

� (11)

here Sh = (kf dp/Dm) is the Sherwood number, kf is the film mass
ransfer coefficient, and k1 is given for superficially porous particles
1217 (2010) 1589–1603 1591

by [10]:

k1 = 1 − �e

�e

(
�p + 1 − �p(1 − �3)

1 − �3
Ka

)
(1 − �3) (12)

where �p is the porosity of the porous shell of the particle and Ka

is the Henry’s constant of adsorption on the walls of the porous
shells. The relationship between the measurable retention factor k

′

and the Henry’s constant Ka is:

k′ = 1 − �t

�t
Ka (13)

where �t is the total porosity of the column. The Sherwood number
can be estimated from the Wilson and Geankoplis correlation [31]:

Sh = 1.09

�(2/3)
e

�(1/3) (14)

2.2.4. Fourth, the contribution of the transparticle mass transfer
resistance

Finally, in Eq. (6), the term hParticle is given by the following
equation, previously derived for shell particles [10]:

hParticle = �e

1 − �e

k2
1

(1 + k1)2

1
30˝

1 + 2� + 3�2 − �3 − 5�4

(1 + � + �2)2
� (15)

This equation is consistent with the one derived previously for
totally porous particles when � = 0. As � increases (e.g., as the
diameter of the solid core increases), the apparent intraparticle
diffusivity of the probe studied increases and the mass transfer
kinetics becomes faster through the shell particles than it is through
totally porous particles. In theory, for large Henry’s constant Ka,
the intraparticle diffusivity of the Kinetex-C18 (� = 0.73) and the
Halo-C18 particles (� = 0.63) should be 2.3 and 1.7 times larger,
respectively, than the apparent diffusivity in fully porous particles
of the same size.

3. Experimental

3.1. Chemicals

The mobile phase used in this work was made of either pure ace-
tonitrile or a mixture of water and acetonitrile. Dichloromethane
(�CH2Cl2 = 1.306 g/cm3) and isopropanol (�iPrOH = 0.782 g/cm3)
were used in markedly smaller amounts, to measure the column
hold-up volumes by pycnometry. These four solvents were HPLC
grade from Fisher Scientific (Fair Lawn, NJ, USA). The mobile phase
was filtered before use on a surfactant-free cellulose acetate fil-
ter membrane, 0.2 �m pore size (Suwannee, GA, USA). Trifluoro
acetic acid, anthracene, naphtho[2,3-a]pyrene, and lyzozyme were
purchased from Aldrich (Milwaukee, WI, USA). Bradykinin was
ordered from American Peptides Company Inc. (Sunnyvale, CA).
Insulin was a generous gift from Ely Lilly (Indianapolis, IN, USA).
Eleven polystyrene standards (MW = 590, 1100, 3680, 6400, 13,200,
31,600, 90,000, 171,000, 560,900, 900,000, and 1,877,000) were
used to acquire inverse size exclusion chromatography data (ISEC).
They were purchased from Phenomenex (Torrance, CA, USA).

3.2. Columns
ous gift from the column manufacturer (Phenomenex, Torrance,
CA, USA). The Halo-C18 column (150 mm × 4.6 mm) was purchased
from Advanced Material Technology (Wilmington, DE, USA). The
main characteristics of the bare porous silica and those of the final
derivatized packing material are summarized in Table 1.
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Table 1
Physico-chemical properties of the Kinetex and Halo columns given by the manu-
facturer and measured in our lab. a,b ,c

Neat silica Halo Kinetex

Particle size (�m) 2.7 2.5
� = Ri/Re 0.63 0.73
Pore diameter (Å) 90 96
Surface area (m2/g) 127 200
Particle size distribution (d90−10%) 1.14 1.12

Bonded phase analysis Halo-C18 Kinetex-C18

Total carbon (%) 7.5 12
Surface coverage (�mol/m2) 4.0 (C18 + endcapping agent) 2.7 (C18 only)
Endcapping Yes Yes

Packed columns analysis Lot number/serial number

AH092221/USFH002149 5569-76/496449

Dimension (mm × mm) 4.6×150 4.6×100
External porosity a 0.391 0.372
Total porosity b 0.532 0.542
Particle porosity d 0.232 0.271
Shell porosity 0.309 0.444
Average particle size c (Kc = 180) 2.70 2.48
Specific permeability k0 (cm2) 6.53 × 10−11 4.46 × 10−11

a Measured by inverse size exclusion chromatography (polystyrene standards).
b Measured by pycnometry (IPrOH–CH2Cl2).
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2,ex = F2

v 5.545
(17)

where the flow rate Fv is expressed in �L/min and the elution times
t1/2,e in minutes.
c Measured from the column back pressure data corrected for extra-column con-
ributions and the Kozeny–Carman Eq. 18 (Kc = 180).

d The particle porosity includes the volume of the solid silica core.

.3. Apparatus

The data were acquired with a HP1090 (Agilent Technology,
ilmington, DE, USA) and an Acquity UPLC (Waters, Milford, MA,

SA) liquid chromatographs.
The HP1090 instrument includes a multi-solvent delivery sys-

em (with three 1-L tanks), an auto-sampler with a 250 �L sample
oop (injection of 5 �L), a column thermostat, a diode-array
V-detector (1.7 �L, sampling rate set at 25 Hz), and a data sta-

ion. Compressed nitrogen and helium bottles (National Welders,
harlotte, NC, USA) were connected to the instrument to allow con-
inuous operations of the pump, the auto-sampler, and the solvent
parging. The overall extra-column volume was 39.6 �L from the
njection seat of the auto-sampler to the detector cell, measured
s the apparent hold-up volume of a zero-volume union connector
n place of the column. The maximum flow rate and inlet pressure
hat can be applied are 5.0 mL/min and 400 bar, respectively.

The Acquity UPLC instrument includes a quaternary solvent
elivery system, an auto-sampler with a 5 �L sample loop (injec-
ion of 1 �L, sample loop option : partial loop with needle overfill),
monochromatic UV detector (0.5 �L, sampling rate set at 40 Hz),
column oven, and a data station running the Empower data soft-
are from Waters. From the exit of the Rheodyne injection valve to

he column inlet and from the column outlet to the detector cell, the
otal extra-column volume of the instrument is 15.6 �L, measured
s indicated above. A time offset of 0.71 s was measured after the
ero injection time was recorded. The maximum flow rate and pres-
ure that can be applied during an acquisition run are 2.0 mL/min
nd 732 bar, respectively.

The HETP vs. mobile phase flow velocity curves were determined
y running the following sequence of mobile phase velocities: 0.1,
.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 (UPLC

nstrument limit), 2.2, 2.4, 2.6, 2.8, and 3.0 mL/min (20 data points

aximum). The flow rates of 2.2, 2.4, 2.6, 2.8, and 3.0 mL/min were

nly applied on the HP1090 chromatograph. The HETP measure-
ents were made at each flow rate in triplicate; the average of the

hree data points is reported in the following figures at each veloc-
1217 (2010) 1589–1603

ity corresponding to these flow rates. The column inlet pressures
measured at a flow rate of 3 mL/min were 262 and 300 bar with the
10 cm long Kinetex and the 15 cm long Halo columns, respectively.

The flow rate accuracy was determined by directly pumping the
pure mobile phase at 295 K and 0.1, 1, and 2.5 mL/min during 50,
50, and 20 min, respectively. The relative error was always less than
0.5% (HP1090) and 0.2% (Acquity UPLC), so we estimate the long-
term accuracy of the flow-rate at 4 �L/min or better at flow rates
around 1 mL/min. The laboratory temperature was controlled by
an air conditioning system set at 295 K. The daily variation of the
ambient temperature never exceeded ±1◦C.

All chromatographic separations were performed on a Shi-
madzu LC system, incorporating a LC-10ATvp pumping system, a
SIL-10ADvp auto injector, a SPD-10Avp UV detector (set at 254 nm;
co-eluting peaks were distinguished by choosing another appropri-
ate wavelengths), and Shimadzu Class-VP software on a Pentium II
266 MHz processor.

3.4. Measurement of the HETP data

The injected sample volume were 5 and 1 �L on the HP1090
and the Acquity UPLC instruments, respectively. The samples
were acetonitrile solutions, highly dilute in order to maintain
linear the adsorption isotherms of these probes. The concentra-
tions of anthracene, naphtho[2,3-a]pyrene, bradykinin, insulin,
and lyzozyme were 0.045, 0.037, 0.2, 0.2, and 0.2 g/L, respec-
tively. The detection wavelengths were set to 358, 294, 205, 205,
and 205 nm, respectively. The mobile phases were pure acetoni-
trile for both anthracene and naphtho[2,3-a]pyrene. Mixtures of
water, acetonitrile, and trifluoro-acetic acid were used for the elu-
tion of lyzozyme (35/65/0.1, v/v/v), insulin (31/69/0.1, v/v/v), and
bradykinin (23/77/0.1, v/v/v).

The peak profile data were acquired at frequencies of 25 Hz with
the HP1090 and 40 Hz with the Acquity. The extra-column con-
tributions to the retention volume and to the band broadening of
probes were measured by replacing the chromatographic column
with a zero-volume capillary restrictor, the contribution of which
to the column back pressure was of the same order of magnitude
as that of the column.

The experimental HETP data were corrected for the contribu-
tions of the extra-column volumes. For that purpose they were
calculated with the following equation:

H = L
(tr

1/2 − tf
1/2)

2 − (tr
1/2,e

− tf
1/2,e

)
2

5.545(tR − te)2
(16)

where tR and te are the retention times recorded for the peak apices
of the probe compound with and without a column fitted on the
instrument, tr

1/2 and tr
1/2,e

, and tf
1/2 and tf

1/2,e
are the rear and the

front widths of the peak measured at half-height of the peak. The
precision of the measurement of the HETPs remains within 12%.

For both instruments the extra-column volume peak variance,
�′

2,ex, expressed in �L2 was calculated as follows:

(tr
1/2,e

− tf
1/2,e

)
2

The extra-column contributions were measured with the same
mobile phases and the same compounds as those that were used
when the chromatographic column was fitted to the instrument.
The column was merely replaced by a zero-volume connector.
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. Results and discussion

We first discuss some important characteristics (external, inter-
article porosity and permeability) of the two columns studied.
hen, we report on the HETP plots of a series of samples measured
n these columns under the very same conditions and we compare
heir performance.

.1. External porosity and permeability of the Kinetex-C18 and
alo-C18 columns

The external porosity �e of each column was derived from ISEC
easurements. As previously explained, �e is directly derived from

he extrapolation of the exclusion branch of the ISEC plot [9], or plot
f the column volume accessible to a polystyrene standard vs. the
ubic root of its molecular weight. Fig. 1A and B show these plots

or the Kinetex-C18 and the Halo-C18 columns, respectively. First,
e observe that the total porosities of both columns are close to

.54, a porosity value that is relatively low for conventional packed
olumns. The smaller than usual volume of eluent in these columns
s the direct consequence of the solid core in these particles, which

ig. 1. ISEC measurements. Eluent: pure tetrahydrofuran. Flow rate: 0.25 mL/min.
= 295 K. Plots of the elution volumes of 11 polystyrene standards vs. the cubic root

f their known average molecular weights (MW1/3). Two columns packed with two
rands of shell particles were studied. (A) Kinetex-C18 column. (B) Halo-C18 column.
he external porosities, �e , were extrapolated at MW = 0 from the excluded ISEC
ranch of each plot (dotted lines). The single data point for MW = 0 was measured
y pycnometry.

Fig. 2. Permeability data of Kinetex-C18 and Halo-C18 columns. Plots of column pres-
sure drop, �P (corrected for the contribution of the extra-column volumes) vs. the

superficial flow velocity, uS , with pure acetonitrile, viscosity taken at T = 295 K and
P = P0: 0.37 cP. Flow rate range: 0.1 to 3.0 mL/min. The average particle diameters
are derived from the Kozeny–Carman relationship (see equation for the permeability
k0 given in the graph).

causes the internal porosity of the particles to be smaller than 0.30
(in contrast, fully porous particles have an internal porosity of 0.40
or more). Second, the external porosities of both columns are very
similar to those of columns packed with totally porous particles (�e

is almost always within the range 0.35–0.40). We found values of
�e = 0.372 and 0.391 for the Kinetex and the Halo columns, respec-
tively. Thus, the Kinetex-C18 particles seem to be slightly more
densely packed than the Halo-C18 particles, possibly because the
former column is shorter than the latter. However, the precision of
ISEC experiments does not exceed a few percent, so the difference
observed are not significant. Finally, the SEM photographs show
that the external surface of these shell particles is rougher than
that of the classical totally porous particles [32].

From the values of the external porosity, we can estimate the
average particle size by measuring the permeability constant of
these two columns. Fig. 2 shows the variation of the column
pressure drop �P (the inlet pressures were corrected for the extra-
column back pressures) when increasing the superficial linear
velocity uS . The Kozeny–Carman relationship provides a theoretical
framework between these two variables, which is written [21]:

�P

L
= �

Kc(1 − �e)2

�3
e d2

p

uS (18)

where Kc is the Kozeny–Carman constant. Its numerical value is
usually close to 180 for packed beds of spherical particles [21]. From
the slope of the plots shown in Fig. 2, we can estimate the average
particle size, dp, assuming that Kc = 180 in Eq. (18). The viscosity �
of pure acetonitrile at 295 K is taken as 0.37 cP. The external porosi-
ties �e are those measured by ISEC. The values obtained for dp are
2.48 and 2.70 �m for the Kinetex-C18 and the Halo-C18 columns,
respectively, in excellent agreement with the average particle sizes
measured by the Coulter method and provided by the manufactur-
ers (see Table 1). This agreement is not surprising since we already
knew the spherical shape of these shell particles and their very nar-
row particle size distribution (PSD). For instance, the 90/10% ratio
of the PSD of Kinetex-C18 and Halo-C18 particles are 1.12 and 1.14,
respectively, according to the manufacturer data (Table 1).
4.2. Performances of the Kinetex and Halo columns

The efficiencies of the two columns were measured for five
different probe compounds with molecular masses of 178 g/mol
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Fig. 3. Reduced HETPs of a series of five samples measured on the Kinetex (full stars) and on the Halo (full squares) columns. T = 295 K. (A) Anthracene. Eluent: pure
acetonitrile. The insert graph zooms in the high reduced linear velocity region in order to appreciate better the difference between the HETP data of each column. (B) Same
a ample
v f wat
l ).

(
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s in (A), except the sample is naphtho[2,3-a]pyrene. (C) Same as in (A) except the s
/v/v). (D) Same as in (A), except the sample is Insulin and the eluent is a mixture o
yzozyme and the eluent a mixture of water, acetonitrile, and TFA (37/63/0.1, v/v/v

anthracene), 302 g/mol (naphtho[2,3-a]pyrene), 1059 g/mol
bradykinin), 5800 g/mol (monomeric insulin), and 14,300 g/mol

lysozyme). The bulk diffusion coefficients of these compounds
re 1.56 × 10−5, 1.20 × 10−5, 2.32 × 10−6, 1.63 × 10−6, and
.20 × 10−6 cm2/s, respectively, at 295 K and in their respec-
ive eluents. The rational behind the commercialization of the
hell particles is that the mass transfer resistances should be
is bradykinin and the eluent is a mixture of water, acetonitrile, and TFA (23/77/0.1,
er, acetonitrile, and TFA (31/69/0.1, v/v/v). (E) Same as in (A), except the sample is

less through shell particles than through fully porous parti-
cles because the probe molecules have a shorter migration

distance in the former case (see Eq. (15)). The advantage of
shell particles should become important when very large ana-
lytes, such as biopolymers, are analyzed because the latter
compounds diffuse slowly through the porous structure of the
particles.
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Fig. 4. Scanning electron microscopy (SEM) photographs of 2.7 �m Halo particles.
F. Gritti et al. / J. Chromat

Fig. 3A–E show plots of the reduced efficiency of the Kinetex-C18
nd the Halo-C18 columns vs. the mobile phase reduced veloc-
ty for anthracene, naphtho[2,3-a]pyrene, bradykinin, insulin, and
ysozyme, respectively in the corresponding mobile phases (see
ection 3.4).

.2.1. Efficiency for small molecules
Fig. 3A shows plots of the reduced HETP of anthracene on the

alo-C18 (full black squares) and on the Kinetex-C18 (full red stars)
olumns. Pure acetonitrile was used because its viscosity is very
ow, which permits the achievement of the highest possible elu-
nt flow rates with any given instrument. Since diffusion processes
re scaled to the bulk diffusion coefficients, mass transfers are the
astest, so the lowest HETP are measured at any given high flow
ate. This eluent was also used in previous reports to study the
erformance of columns packed with sub-2 �m totally porous par-
icles [2]. For the sake of consistency and fair comparison between
he different particle technologies, we conserved pure acetonitrile
s our main mobile phase. The reduced HETP data given in Fig. 3A
ere corrected from the extra-column volume contributions of the
P1090 chromatograph (these contributions are 40 �L and 39 �L2

or the first and second central moments, respectively, at a flow
ate of 0.5 mL/min). First, it is noteworthy that the two columns
ave close B term values (slightly larger on the Kinetex column,
y about + 16%). This result is not surprising given the similar-

ty between the structure (poroshell) of the two columns and the
loseness of the retention factors of anthracene (k

′� 0.4 and 0.5 on
inetex and Halo columns, respectively). Second, as expected, the
alues of the C term on either column is barely significantly differ-
nt from 0 and the HETP barely increases in the range of reduced
elocity investigated (5–13). This is in part due to the large diffu-
ion coefficient of anthracene. Most interestingly, at high reduced
inear velocities, the HETP depends essentially on the contribution
f eddy diffusion, i.e., on the value of the A term of the columns.
educed HETP values as small as 1.4 and 1.1 were observed for
he Halo and the Kinetex column, respectively. Experimental min-
mum reduced HETPs of 1.4 for the Halo column have already been
eported in both the RPLC [9] and the HILIC [33] modes. Our result
onfirms the values of these earlier measurements, made on dif-
erent columns, hence, the reproducibility of the Halo column. It
lso proves that our measurements are accurate. So far, a minimum
ETP of 1.4 represented the best performance of practical inter-
st ever achieved in column manufacturing technology (i.e., the
est combination of excellent particle preparation and outstand-

ng column packing technologies). Smaller plate heights have been
eported in GC for 1 mm i.d. columns packed with 0.2 mm glass
eads by Knox and Parcher as early as 1969 [34]. Similar results
ere occasionally reported under exceptional conditions, e.g., with
arrow bore tubes packed with particles having a diameter larger
han about one eighth of the column diameter and operated in gas
nd/or in supercritical chromatography [35–38]. The new Kinetex-
18 column represents a considerable (ca. 25%) improvement in
olumn performance with a minimum reduced HETP around 1.1.

This is a remarkably low value, which redefines the limits of
olumn packing technology. For the sake of comparison, a mini-
um value of about 0.5 was measured for a two dimensional array

f porous silicon shell pillars that were perfectly organized, under
imilar experimental conditions, with a compound having a similar
etention [39]. The thickness of the shell was 1.0 �m and the diam-
ter of the pillars was 10 �m. The size distribution of the pillars
as ideal, infinitely narrow (d90/10 = 1). The difference between
his system and the bed of a Kinetex-C18 column is at least due to
he disorder of a three-dimensional array being intrinsically higher
han that of a two-dimensional array. Furthermore, the column bed
s obtained by a slurry packing process instead of being etched as
he pillar array. This analogy suggests, however, that the excep-
(A) Collection of six particles. (B) Zoom in at the external surface of the particles. Note
the irregular external surface area of these particles. Reproduced with permission
of the manufacturer Advanced Material Technology.

tionally low eddy dispersion term of the Kinetex-C18 column like
the low eddy dispersion term of the Halo-C18 column might be
due to the unusually narrow particle size distribution of these shell
particles. The manufacturers reported d90/10 ratios of only 1.12 for
the Kinetex-C18 particles and 1.14 for the Halo-C18 particles, while
d90/10 values are typically around 1.5–2.0 for totally porous par-
ticles. The performance of the Kinetex-C18 column may be better
than that of the Halo-C18 columns, possibly due to the more closely
spherical external shape of these particles as illustrated in Fig. 4A
and B that show how the external surface of the 2.7 �m Halo-C18
particles is rough and irregular while Fig. 5A and B show that the
external surface of the Kinetex-C18 particles is smooth at low scale.
Magnified, however, the surface exhibits significant microscopic
roughness, comparable to that of the Halo-C18 particle surface.
From SEM photographs, it is impossible to derive even approximate
estimates of the friction coefficient between particles and between
particles and column wall. These frictions coefficients are critical
in controlling the radial homogeneity of packed beds [40]. Fig. 5C
shows that the porous shell thickness is uniform around the solid
core. Its structure consists apparently in a series of 10 concentric
layers of fine silica grains having an average size of about 25 nm. All
these observations suggest that the short range eddies are probably
smaller in the Kinetex-C18 than in the Halo column. This would be
consistent with the HETP observations in Fig. 3A and B.

In Gidding’s theory of eddy dispersion, the A term of packed beds

is essentially accounted for by the flow heterogeneities between
two adjacent particles (the so-called transchannel effect) that take
place over a distance of one or two particle diameters (short-range
interchannel effects) and across the column diameter (transcol-
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ig. 5. Same as in Fig. 4, except the particles are 2.6 �m (A and B) and 1.7 �m Kine-
ex particles (C). Note the apparent smoothness of the external surface area, the
omogeneity of the thickness of the shell, and the structure (10–11 overlaid layers)
ithin the porous shell. Reproduced with permission of Phenomenex, Torrance, CA.

mn effect). At high flow rates, the axial velocity along stream-path
aries widely, which causes a strong axial dispersion of the bands,
arts moving much faster than other parts that are close by. This
auses important radial concentration gradients that are alleviated
y both diffusion and eddy dispersion which consists in a flow
xchange process of the sample molecules between these different
treamlines of eluent with different axial velocities (the exchange
iffusion process alone would be too slow). The sole contribution of
he trans-channel effect was reproduced with a two-dimensional

rray of porous silicon shell pillars the center points of which were
rranged on an equilateral triangular grid, with an interpillar poros-
ty of 0.4 [39]. The reduced HETP of this array was 0.3 at infinite
educed linear velocity. According to Eq. (8), 	1 = 0.15. The veloc-
ty difference between the center of the channels and the wall of
1217 (2010) 1589–1603

the particles was twice the average interstitial linear velocity u, so
ωˇ,1 = 1 [21]. According to Eq. (9), the parameter ω	,1 = 0.3. The
result of Malsche et al. means that the molecules of the sample
are exchanged between the external surface area of the particles
(u = 0) and the center of the interparticle channels (u = 2u) over
a distance of 0.3 particle diameter which is about the interparticle
diameter, 0.3 × dp. The short-range interchannel effect accounts for
the local disorder of the packing at a scale of one particle diameter.
So, the axial distance over which molecules are radially exchanged
is between 1 and 2 particle diameters and ω	,2 = 1.5. Based on the
narrow particle size distribution, the velocity difference, ωˇ,2, was
estimated at 0.12 so 	2 = 0.01.

Fig. 6A compares the theoretical (obtained as a combination of
Eqs. (7), (8), (11), and (15)) and the experimental reduced HETPs
of anthracene on the Kinetex and Halo columns. The Sherwood
number Sh was estimated according to the Wilson and Geankoplis
empirical correlation Eq. (14)[31]. The eddy dispersion parame-
ters were 	1 = 0.1 (see above), 	2 = 0.01 (see above), and 	3 = 0
(the long-range interchannel effect is neglected). The remaining
parameters, ˝ and ωˇ,c , were adjusted in order to match the exper-
imental and the calculated h data by nonlinear multiple regression
analysis. The results are listed in Table 2. We found ˝ = 0.88 and
0.59 on the Kinetex and the Halo columns, respectively. This is
consistent with the fact that the porosity of the Halo-C18 shell
(�p = 0.309) is smaller than that of the Kinetex shell (�p = 0.444).
We found ωˇ,c,Kinetex = 0.8% and ωˇ,c,Halo = 1.1% (Table 2). Fig. 6B
shows the same representation as in Fig. 6A, except that the sam-
ple is naphtho[2,3-a]pyrene, a more retained compound. For a given
column, we observe in Table 2 an increase of the parameter ˝ when
the retention factor increases because surface diffusion increases
as well [13]. Also, the impact of the transcolumn contribution (ωˇ,c

factor) decreases with increasing retention because there is more
time for the sample to relax the radial concentration gradients
across the column diameter, as demonstrated in [30].

In summary, the analysis of the reduced HETP of moderately
retained, low molecular weight compounds in pure acetonitrile
allows the derivation of estimates of the longitudinal diffusion term
(B), the eddy dispersion term (A), and the C term of the new Kinetex-
C18 column at high linear velocities (flow dispersion regime). The
low value of C =0.04 is essentially controlled by the external film
mass transfer resistance (kf ), B is 1.46 (Eq. (7) with ˝ = 0.90,
k′ = 0.5), and A =0.6. This contribution is most likely accounted
for by the transchannel (hTranschannel = 0.3) and the transcolumn
velocity bias effects (hTranscolumn = 0.3). Short-range interchannel
effects are likely to be negligible due to the very narrow particle
size distribution (PSD).

In the next section, we study the mass transfer kinetics of heav-
ier and less diffusive compounds like peptides (bradykinin) and
proteins (insulin and lyzozyme).

4.2.2. Peptide
The reduced HETP of bradykinin was first measured at ambi-

ent temperature, under slightly overloaded conditions. The pH of
the eluent was set an acidic value by addition of 0.1% TFA to the
mobile phase (acetonitrile and water, 23/77/0.1, v/v/v). Despite the
small concentrations injected (0.2 g/L) and the wavelength used
(205 nm), it was not possible to record strictly guassian peaks with
a reasonable signal-to-noise ratio, i.e., a ratio above 10. Bradykinin
has a positive charge (between +2 and +3, due to the presence of
three proline and two terminal arginine amino acid residues). It
strongly interacts with some specific adsorption sites, mostly unre-

acted silanol groups [41]. A significant degree of peak tailing was
unavoidable and the thermodynamic contributions to band broad-
ening bias the efficiency data. As a result, the h values reported in
Fig. 3C, which are around 10, do not reflect accurately the actual
efficiency of the two columns (see above). Nevertheless, it should
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ig. 6. Comparison between the experimental and the theoretical reduced HETPs of
ooms in the high reduced linear velocity region in order to appreciate better the di
he C term measured with the Kinetex particles agree well with the calculated ones

is unknown for lyzozyme). The C terms of insulin and lyzozyme measured with t

e emphasized that the C term remains negligible on the Kine-
ex column and that it is barely significant on the Halo column.
his clearly demonstrates the ability of shell particles to pro-
ide extremely low solid-liquid mass transfer C terms with small
eptides.

.2.3. Proteins
Fig. 3D shows plots of the reduced HETP of insulin on Kinetex-

18 and Halo-C18. Because the diffusion coefficient of insulin is
bout one order of magnitude smaller than that of small molecules,
t is possible to perform measurements at much higher reduced

elocities and to reach a range in which the C-terms of both columns
an be estimated with a satisfactory precision. The high velocity
ranch of the Kinetex column (C = 0.081) is much flatter than that
f the Halo column (C = 0.666). Yet, the average mesopore sizes of
oth brands of particles (90 and 96 Å) are similar, so the values of

able 2
est parameter ˝ and ωc obtained with anthracene and naphtha[2,3-a]pyrene.

Anthracene Naphtho[2,3-a]pyrene

˝ ωc (%) ˝ ωc (%)

Kinetex-C18 0.90 (k′ = 0.4) 0.8 1.16 (k′ = 1.4) 0.4

Halo-C18 0.61 (k′ = 0.5) 1.1 0.91 (k′ = 2.8) 0.5
acene (A), naphtho[2,3-a]pyrene (B), insulin (C), and lyzozyme (D). The insert graph
ce between the HETP data of each column. Note that all the experimental values of
t in Fig. 4D where surface diffusion was neglected in the calculation (the parameter
lo particles are markedly larger than the theoretical one.

the steric hindrance diffusion factor F(	) on both columns should
be close. As previously measured on a similar porous medium and
retentive conditions, the parameter ˝ or ratio of the effective shell
diffusivity to the bulk molecular coefficient should be close to 0.25
with �p = 0.43 (Kinetex-C18) [42]. One should expect a somewhat
lower value of ˝, around 0.19 with shells having a smaller porosity
�p = 0.31 (Halo-C18). The relative reduction of the C term compared
to that of totally porous particles of the same size that we could
expect is given by Eq. (15) and the values are 0.43 and 0.59 for the
Kinetex (� = 0.73) and the Halo (� = 0.63) columns, respectively.
Finally, the zone retention factor k1 of insulin is about one and a
half times larger on the Kinetex than on the Halo column. Overall,
in theory (Eq. (15)), we should expect a ratio between the C terms
of the Halo and the Kinetex columns close to 1.0 if the transparticle
mass transfer resistance is the controlling kinetic event. The exper-
imental ratio, however, is 8.3, a major deviation from this predicted
value. The difference between the performance of the two columns
must be found elsewhere. The manufacturer of Halo columns has
consistently provided warnings regarding its application for large
solutes. This poor behavior might result from a large external film

mass transfer resistance between the interparticle moving eluent
and the internal stagnant eluent with the Halo-C18 shell particles,
from a strongly hindered intraparticle diffusion or from secondary
interactions. Yet, no definitive answer has been brought to that
question. The roughness of their external surface could possibly
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better peak asymmetry at half their height around 1.3 vs. 1.5 for
Kinetex. Hence, nor secondary interactions nor intraparticle dif-
fusivity can explain the difference observed between Kinetex and
Halo column with respect to the HETPs of insulin shown in Fig. 6C.
598 F. Gritti et al. / J. Chroma

e at the origin of this problem, large molecules such as proteins
ight have difficulties to find a direct pathway in and out of the

articles, causing a large value of the external mass transfer coef-
cient. Further, detailed investigations which are necessary are in
rogress.

Fig. 6C compares the theoretical (Eqs. (7), (8), (11), and (15))
nd the experimental reduced HETPs of insulin on the Halo and
he Kinetex columns. The theoretical C term matches well the
xperimental C term of the Kinetex column. In contrast, the mass
ransfer kinetics between the mobile and the stationary phase on
he Halo column is slow, which cannot be explained by theory
n the basis of the classical transparticle and external film mass
ransfer resistances. Further detailed investigations are necessary
o understand the unexpected, abnormal behavior of proteins on
he Halo columns.

The same experiments were repeated but with a heavier, larger,
nd less diffusive protein, lysozyme. The results are shown in
ig. 3E. They confirm what has just been observed with insulin,
.g., a much smaller C term is measured on the Kinetex than on the
alo column. Again, the difference in the C term is of about one
rder of magnitude.

Fig. 6D compares the theoretical (Eqs. (7), (8), (11), and (15))
nd experimental reduced HETPs of lysozyme on the Halo and the
inetex columns. In the calculations, we estimated as follows the
arameter ˝ of lysozyme from [29], by omitting the contribution
f surface diffusion:

= �∗
p


∗2
p

F(	m) (19)

here �∗
p and 
∗

p (� 1.3 [43]) are the corrected porosity and tortu-
sity within the porous shell. Due to the relatively large ratio of the
olecular diameter of lysozyme (42 Å) and the average pore size

f the shells of Kinetex and Halo particles after C18 derivatization
77 and 72 Å, respectively), lysozyme is partially excluded from the

esopore network of these two particles. The parameter F(	m) is
he hindrance diffusion factor obtained from the Renkin correlation
44]:

(	m) = (1 − 	m)2(1 − 2.1044	2
m + 2.089	3

m − 0.948	5
m) (20)

here 	m is the ratio of the molecular size of the protein to the aver-
ge mesopore size of the porous shell. Accordingly, F(	m) = 0.14
nd 0.11 in the Kinetex-C18 and Halo-C18 particles, respectively.
n combination with the ISEC data and the size of the polystyrene
tandards, lysozyme has then access to only 20% of the total porous
olume of the shell [45].

We can now estimate the parameter ˝ for lysozyme onto the
inetex and Halo column. The retention factor, k′, of lysozyme on
alo remains very small but varies between 0.02 and 0.40 (because

etention factors of proteins depend strongly on the local pressure,
function of the flow rate), so the contribution of surface diffusion

s likely small. According to Eq. (19), ˝ is estimated at 0.20 (pore
xclusion) × 0.309 (shell porosity) × 0.11 (hindrance diffusion fac-
or) × (1/1.32) (channel’s obstruction) = 0.0041. We found for the
inetex column a value of 0.0072. However, we did not include the
ontribution of surface diffusion, which is unknown but may be
ignificant because the retention factor of lysozyme on the Kinetex
olumn varies between 0.5 and 1.6 [46].

Fig. 6C shows first that the calculated value of the C term
atches well the best value derived from a fit to Eq. (6) of the

xperimental data of the Kinetex column for insulin. It is about
hree times larger with lysozyme because we did not account for

he surface diffusion of this protein onto the Kinetex-C18 adsor-
ent in the expression of ˝. A perfect match would be obtained
ith ˝ = 0.025. Grossly, because surface diffusion accounts usu-

lly for at least 75% of the overall shell diffusivity for retained
ample with k′ � 1 [42], one can reasonably estimate the parame-
1217 (2010) 1589–1603

ter ˝ as 4 × 0.0072 = 0.0293. This value would be consistent with
the data measured with Kinetex.

Overall, the HETP data measured with the Kinetex column fol-
low well the theoretical HETP presented in section 2.1. In contrast,
the slow mass transfer kinetics between the mobile and the sta-
tionary phase observed on the Halo column cannot be explained by
the theory on the basis of the classical transparticle and external
film mass transfer resistances. The Wilson and Geankoplis cor-
relation may not apply rigorously to the Halo column because
the external surface of these particles is very rough and far from
perfectly spherical. In contrast, the external surface area of the
Kinetex poroshell particles shown by SEM photos is much smoother
and well spherical. This could be a first interpretation. A sec-
ond possible explanation for the excessively large reduced HETP
of lyzozyme is based on the secondary interactions between the
proteins insulin and lyzozyme with the Halo-C18 particles. Such
interactions would be inexistent on Kinetex. Fig. 7A and B compare
the peak shapes of insulin (flow rate of 1.2 mL/min) and lyzozyme
(flow rate of 0.9 mL/min), respectively, measured on the Kinetex
and Halo columns. Regarding insulin, the Halo column provide
Fig. 7. Comparison between the peak shapes of insulin (A) and lysozyme (B)
recorded on the Kinetex and Halo columns.
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Fig. 9A shows the four HETP curves of anthracene measured
with the Kinetex and the Halo columns on both instruments, before
correction for the extra-column contributions (see Fig. 3A for the
corrected data). It is interesting that, despite the Kinetex column
having better intrinsic performance (hmin = 1.1) than the Halo col-
f 0.5 mL/min on the HP1090 (5 �L injection) and Acquity UPLC (1 �L injection) sys-
ems. Note the six times reduction of the second central moment when moving the
olumn from the HP1090 to the Acquity UPLC after correction for the contribution
f the volume injected to the second central moment (respectively 2.1 and 0.1 �L2).

xternal film mass transfer is necessarily involved. In contrast, the
alf-height peak asymmetry of lyzozyme is significantly larger on
he Halo (1.6) than on the Kinetex (1.2) columns. Secondary inter-
ctions clearly contribute to accentuate the HETP difference shown
n Fig. 6D. At this point, one cannot comment more regarding the
elatively poor C term measured on the Halo column with insulin
nd lysozyme.

.3. Column performance and instrumentation

In the previous sections, we characterized the two columns
tudied by accurately measuring the amount of band broadening
aking place in the column. The contributions of the extra-column
olumes of the instrument used to the values of the first and second
entral moments of the recorded bands, that had been cautiously
easured by replacing the column with a zero-volume connec-

or. Then, these instrument moments were subtracted from the
oments measured in the presence of the column.
The total first and second central moments measured for the

ample band eluted through the column include the contribu-
ions of the injection volume, the sampling or injection device,
he different connecting capillaries, the UV cell volume and the
ate of signal-sampling applied. The corresponding characteristics
f these contributions for the HP1090 and the Acquity UPLC liq-
id chromatographs are given in the experimental section. Fig. 8

llustrates the importance of these contributions and of the proper
hoice of the instrument on which to operate these new columns
o benefit from their exceptional performance. This figure shows
hromatograms of naphtho[2,3-a]pyrene recorded after percolat-
ng through the extra-column volume alone, at the same flow rate
f 0.5 mL/min. This flow rate was chosen for the sake of achiev-
ng precise determinations. At the higher flow rate of 2 mL/min,
he variance of the HP1090 instrument was 62 �L2 while that of
he Acquity remained unchanged at 6 �L2. The first moment is
roportional to the extra-column volume (40 �L vs. 15 �L for the
P1090 and the Acquity UPLC instruments, respectively, the extra-
olumn variance contributions for naphtho[2,3-a]pyrene being 39

2
nd 6 �L , respectively). The difference between the contributions
f the two apparatus is significant. Should the total peak vari-
nces (including the extra-column and the column contributions)
bserved for a band be less than about five times the instrument
ontribution, the impact of the instrumentation on the overall col-
1217 (2010) 1589–1603 1599

umn efficiency would be obvious [47]. It is difficult to achieve
all the potential improvements in the resolution of difficult sam-
ples or in the speed of analysis that columns having exceptionally
high levels of performance are used with instruments having sig-
nificant extra column volumes. The chromatograph needs to be
adapted to the level of efficiency of the columns used, other-
wise the analyst will lose most of the possible gain in resolution
power.

To illustrate this point, we need a compound the overall peak
variance of which is of the order of 150 �L2. For anthracene eluting
from the 100 mm long Kinetex column on the Acquity UPLC and the
HP1090 instruments at high flow rates (region where the C term is
nearly negligible) these variances are 65 and 100 �L2, respectively.
For the 150 mm long Halo column, these variances are 125 and
170 �L2, respectively. The larger peak variance of the Halo column
is in part due to it being longer. Thus, the overall variances for a
poorly retained compound (k′ � 0.4–0.5) are not much larger than
the extra column contribution of the HP1090 system (39 �L2). In
constrast, they are slightly more than that 10 times that of the UPLC
system (6 �L2).
Fig. 9. Importance of the instrumentation used, HP1090 chromatograph (empty
symbols)or Acquity chromatograph (full symbols), on the apparent efficiency of the
Kinetex-C18 (stars) and the Halo-C18 (squares) columns before correction for the
extra-column contributions. (A) Anthracene. (B) Naphtho[2,3-a]pyrene. The higher
the retention of the sample, the smaller the impact of the extra-column volume
contributions on the overall column efficiency.
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in the isocratic region of operation. The injection volumes were
1 mL. The plot of log k

′
vs. n in Fig. 10 illustrates the linear relation-

ship between the logarithm of the retention factor and the degree
of polymerization for these oligostyrenes on both the Kinetex and
the Luna columns. These plots were almost perfectly parallel, with
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mn (hmin = 1.4), the analyst could erroneously conclude that the
wo columns have similar reduced plate heights up to at least a
educed velocity of 10. This level of performance markedly exceeds
hat of totally porous particles operated with a HP1090 apparatus
r any other of the same generations. The reduced HETPs mea-
ured at high flow rates for conventional packed RPLC columns
re close to 2.2. The Halo column appears to perform better than
he Kinetex column on the HP1090 because the actual peak vari-
nce measured with this instrument (170 �L2) is more than four
imes larger than the extra-column peak variance (39 �L2) while
his ratio is only of 2.5 with the Kinetex column. In contrast, operat-
ng the Kinetex column with the Acquity UPLC instrument permits
he analysts to benefit from the high performance of the Kinetex
olumn because the extra-column contribution of this instrument
s much smaller. An instrument with smaller extra column volumes

ould still improve further the practical usefulness of this column.
he minimum reduced HETP values drop from 2.2 on the HP1090
pparatus to 1.5 and 1.8 on the Acquity for the Kinetex and the Halo
olumns, respectively. These values begin to approach those mea-
ured after correction from the extra-column contributions (1.1 and
.4).

The situation is far more favorable for compounds having higher
etention factors than anthracene, those that are of the order of
hose favored by analysts, between 2.5 and 5. One such compound is
aphtho[2,3-a]pyrene (k

′ � 2), which spends more time in the col-
mn and the peak of which has a larger variance at column outlet.
he consequences of the extra-column contributions on the overall
r apparent band broadening are markedly lower. The peak vari-
nces of naphtho[2,3-a]pyrene measured for the Kinetex column
re 230 and 170 �L2 on the HPLC and UPLC instruments, respec-
ively. These values are 2.5 times larger than those for anthracene.
hey become 800 and 675 �L2 for the Halo column. Fig. 9B shows
lots similar to those in Fig. 9A, but for naphtho[2,3-a]pyrene. The
ifference between the uncorrected h values measured for Kinetex
ith the HP1090 (hmin = 1.7) and the UPLC Acquity (hmin = 1.4)

nstruments is markedly reduced. There is no longer any differ-
nce between the two sets of data for the Halo column (hmin =
.8).

The performance of columns packed with modern, high effi-
iency shell particles has now become so high that it is limited by
he characteristics of the instrument used to operate them. This
imitation is particularly severe for poorly retained compounds,
hose that have the smallest variances, because the HETP of a col-
mn is proportional to its variance and variances are additive, The
pparent efficiency of a peak that has a variance five times the
ariance contribution of the extra column volume is 20% less than
he true column efficiency; if the peak variance is 10 times larger
han the instrument contribution, the efficiency loss is still 10%,
hich seems to constitute an acceptable loss. In conclusion, the best

nstruments currently available are barely sufficient to use these
olumns and achieve the best performance that they potentially
ould make available. Current, conventional HPLC instruments are
ot designed to match the expected intrinsic resolution power
f the best commercially available columns. The Kinetex column
as dimensions (4.6 mm × 100 mm) that allow its use on a HP1090
ystem but it eventually loses 50% (h = 2.30) of its maximum effi-
iency (hmin = 1.15) for weakly retained samples and still ca. 30%
h = 1.70) for moderately retained ones. In contrast, the efficiency
osses are smaller on an Acquity UPLC system, 25% (h = 1.55) and
0% (h = 1.45), respectively.
.4. Analytical applications

The separations of two moderately difficult samples, a mixture
f oligostyrenes with 2–12 monomers and a polynuclear aromatic
ydrocarbon mixture, were selected to illustrate the relative per-
1217 (2010) 1589–1603

formance of the Kinetex-C18 column and that of the Luna C18 (HST)
RPLC column.

4.4.1. Separation of oligostyrenes
The separation of oligostyrenes constitutes an excellent bench-

mark for HPLC because these samples have three different dimen-
sions or attributes that are largely independent. These attributes
can be used to investigate the separation power of chromatographic
media or modes and of dimensionality. The first attribute, which
is usually dominant, is the molecular weight (or degree of poly-
merization, n). The second sample attribute is the tacticity of each
oligomeric fraction. The number of diastereomers in each such
fraction increases as 2(n−2). Thus, the tetramer has four diastere-
omers and the heptamer 32. The third attribute is chiral, each
oligostyrene of given polymerization degree and tacticity has two
enantiomers. The separation of the components of an oligostyrene
sample depends on the selectivity of the system. For example,
with methanol as the mobile phase, the separation is almost exclu-
sively controlled by the molecular weight [48]. The retention of the
oligomers increases according to the Martin rule [49]. In contrast,
with acetonitrile, the diastereomer separations take place, albeit
they are still largely controlled by the molecular weights [48]. Only
when adsorption on a solid surface is used will the second attribute
become independent of the molecular weight [48].

The separation of the oligostyrenes were used to compare the
separation power of two 50 mm × 2 mm columns, a Kinetex and a
Luna C18(HST) column. The characteristics of the Kinetex column
were indicated earlier. The Luna column is packed with fully porous
2.5 �m silica particles, with an average pore size of 10 nm and a sur-
face area of 400 m2/g while that of Kinetex is only 100 m2/g. The
separations of the oligostyrene mixture were undertaken in three
mobile phases, pure methanol under isocratic conditions, aque-
ous/methanol and aqueous/acetonitrile mobile phases, both under
gradient conditions. The separation conditions were identical, with
a flow rate of 0.2 mL/min under isocratic conditions and 0.4 mL/min
under gradient conditions; in the case of the methanol system, a 12-
min injection delay was included to limit the degree of migration
Fig. 10. Plot of log k′ vs. n for the oligostyrenes eluting from the Kinetex column (�)
and the Luna column (◦). Mobile phases for both separations was 100% methanol,
at 0.2 mL/min, injection volume �L, temperature 23 ◦C.
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Fig. 11. Gradient elution separation of the oligostyrenes using an initial mobile
phase of 10/90 water/methanol running to 100% methanol in 20 min at a flow rate
of 0.4 mL/min. Injection delay, 12 min. Upper trace represents the separation on the
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Fig. 13. Separation of a mixture of PAHs on the RPLC C18-bonded packed columns
inetex column, lower trace the Luna column. The inset illustrates the relative peak
hape of the n = 4 oligomer on both columns. Data on the Kinetex column was off-
et 20 mV for visual clarity. Injection volume 1 �L, detection at 262 nm, temperature
3 ◦C.

lopes of 0.156 and 0.159 for the Kinetex and the Luna phases,
espectively, thus indicating that both columns offer the same
egree of peak discrimination, at least with respect to the iden-
ification of the peak retention time. They were, however, offset by
n amount equivalent to almost two repeating units, with retention
eing greater on the Luna phase, consistent with the larger surface
rea. Effectively, the retention on the Luna phase was almost twice
s long as that on the Kinetex column, for the same degree of peak
o peak discrimination as that on the faster Kinetex column.

Operation of these columns under gradient conditions, with an

nitial mobile phase of 10/90 water/methanol running to 0/100

ater/methanol in a 20-min period results in a very high resolu-
ion of the oligomeric separations on both columns, as shown in
ig. 10. Gradient conditions were employed in order to minimize
he contributions to extra column band broadening since the void

ig. 12. Gradient elution separation of the oligostyrenes using an initial mobile
hase of 10/90 water/acetonitrile running to 100% acetonitrile in 20 min at a flow
ate of 0.4 mL/min. Upper trace represents the separation on the Kinetex column,
ower trace the Luna column. Data on the Kinetex column was offset 20 mV for visual
larity. Injection volume 1 �L, detection at 262 nm, temperature 23 ◦C.

(A) Kinetex and (B) Luna, using gradient elution: mobile phase A = 60/40
water/acetonitrile running to 100% acetonitrile at 1%/min. Flow rates, 1.0 mL/min.
Detection at 254 nm. Injection volumes 5 �L. Peaks are assigned in the following
order: (1) 2,2-binaphthyl, (2) naphthalene, (3) acenaphthylene, (4) acenaphthene,
(5) fluorene, (6) phenanthrene, (7) anthracene, (8) fluoranthene, (9) pyrene, (10)

chrysene, (11) 1,2-benzanthracene, (12) benzo[e]pyrene, (13) benzo[a]pyrene, (14)
benzo[g,h,i]perylene.

volume of the instrument is large relative to the small volume of
these short, narrow bore columns. An injection delay was employed
to limit any isocratic elution behavior. Some diastereomer separa-
tions were apparent for several of the oligomer fractions, mostly
for N = 5. Qualitative assessment of these chromatograms shows a
markedly increased sensitivity of the Kinetex column at the same
gradient rate, consistent with a narrow elution band on the Kine-
tex column. It should be noted that the retention of the oligomers is
substantially less on the Kinetex than on the Luna column. The n = 4
oligomer for example eluted almost 35 specific surface areas of the
two phases. However, this decrease in retention does not reflect
a decrease in the separation performance of the Kinetex column,
which is actually superior to that of the Luna column (see inset
in Fig. 11 of the n = 4 oligomer fraction, which shows increased
peak height and deceased band broadening on the Kinetex col-
umn), as apparent also in the separation of the polyaromatic nuclear
hydrocarbons detailed in the following section.
The separations obtained using acetonitrile mobile phases
(gradient elution from 10/90 water/acetonitrile to 0/100
water/acetonitrile in 20 min) (Fig. 12) shows very similar separa-
tion power for both columns, but with a reduction in separation
time of 23 Kinetex column.
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.4.2. Separation of a typical mixture of polynuclear aromatic
ydrocarbons

The separation of mixtures of polynuclear aromatic hydrocar-
ons (PAH) provides an important challenge in environmental
nalyses. To test the separation power of the Kinetex column
nd compare its analytical performance to those of more con-
entional packed RPLC columns, we chose a relatively simple
ample containing only 14 components, but a challenging one
hat contains three pairs of structurally similar compounds (flu-
ranthene/pyrene with length to breadth ratios of approximately
.34 and 1.43, chrysene/1,2-benzanthracene with length to breadth
atios of approximately 1.71 and 1.75, and acenaphthene/fluorene).

e analyzed this mixture on two 50 mm × 2.1 mm columns, the
inetex-C18 and the Luna C18 HST, supplied by Phenomenex.

The chromatograms in Fig. 13 illustrate the separations that
ere achieved on each of the two columns. An extensive opti-
ization process was not undertaken. Instead, the experimental

onditions were chosen in order to achieve the separation of all
4 components in the shortest possible time on at least one of
he columns, with R > 1. Then, the separation was repeated on the
ther column using these same conditions, so the same conditions
ere used on both columns. These conditions used an initial mobile
hase of 60/40 water/acetonitrile and a gradient to 100% acetoni-
rile at 1.5%/min, at a flow rate of 0.4 mL/min. We did not optimize
he superficial fluid velocity. All 14 PNAs were baseline resolved on
he Kinetex column, in less than 25 min. The peak capacity of this
eparation defined as the ratio of the duration of the analysis to the
verage baseline width of the eluted peaks was 88.

Under the same conditions the Luna C18 column resolved 14
omponents but with a resolution of peaks 8 and 9 less than 1 and a
otal analysis time of 29.5 min. The peak capacity of this separation
as 58, due to the increased band width of the eluted peaks. The
inetex column was therefore 8% faster at the same pressure) and
ielded a greater resolving power. In fact, the separation speed of
he Kinetex column, up to the elution of the limiting peak pair (8
nd 9) was 28.

. Conclusion

Our results demonstrate the excellent performances of a new
rand of columns packed with shell particles (Kinetex-C18) under

socratic conditions. These particles consist of a 1.9 �m diam-
ter solid core covered by a regular 0.35 �m porous shell. A
.6 mm × 100 mm I.D. column packed with this material showed
xperimental minimum HETPs as low as 1.1 with small molecules,
sing pure acetonitrile as the eluent. In comparison, the minimum
ETP of the commercially available 4.6 mm × 150 mm Halo column,
lso packed with shell particles, is 1.4 under the same experimen-
al conditions. Never had such a low reduced HETP value been
chieved in column manufacturing technology. SEM photographs
f Kinetex-C18 particles would suggest that this high performance
esults from a significant improvement in the characteristics of the
hell particles. The Kinetex-C18 particles seem to have a very nar-
ow size distribution (d90/10 = 1.12), they are nearly spherical, with
smooth external surface and a uniform shell thickness around the
olid core. In contrast, the Halo-C18 particles do not have a smooth
pherical shape and their external surface is rough and irregular.

Compared with classical fully porous silica particles, the excep-
ional performance of the Kinetex column is due a significant reduc-
ion in the eddy dispersion or A term and to a lower term of mass
ransfer resistance between the mobile and the stationary phase.

ue to the narrow particle size distribution of the Kinetex-C18 parti-
les, the short-range interchannel velocity biases are reduced. The
ranschannel (h = 0.2) and transcolumn (h = 0.4) velocity biases
emain the responsible for the velocity biases in Kinetex columns.
or reasons not yet understood, the C term of the Kinetex column
1217 (2010) 1589–1603

is much smaller than that of the Halo column for proteins and it
is in excellent agreement with theoretical predictions of the value
of this term when it is accounted for by the transparticle and the
external film mass transfer resistances for spherical shell particles.
However, one can definitely not assess the intrinsic performance
of a column when the extra-column variance contribution of the
instrument is significant compared to the variance measured with
the column and when the retention factor is small.

This new type of shell particles is a new landmark in the prepara-
tion of better particles for HPLC. It does looks extremely promising.
However, further work remains necessary better to characterize
the chromatographic behavior of the Kinetex columns, to investi-
gate the origin of the peculiar properties, like the low values of the
A and C terms, to evaluate the peak capacity in gradient elution and
its dependence on the gradient time. Further work is in progress in
these areas.

Nomenclature

Roman letters
A eddy diffusion term in the reduced van Deemter Eq. (5)
B longitudinal diffusion coefficient in the reduced van

Deemter Eq. (5)
C liquid–solid mass transfer coefficient in the reduced van

Deemter Eq. (5)
dp average particle size (m)
Dm bulk molecular diffusion coefficient (m2/s)
DShell effective molecular diffusion coefficient in the porous

shell (m2/s)
F(	m) pore steric hindrance parameter
Fv inlet flow rate (m3/s)
H total column HETP (m)
h total reduced column HETP
hLong. contribution of longitudinal diffusion to the total reduced

HETP
hEddy contribution of eddy diffusion to the total reduced HETP
hFilm contribution of the external film mass transfer resistance

to the total reduced HETP
hParticle contribution of the transparticle mass transfer resistance

to the total reduced HETP
Ka Henry’s constant
Kc Kozeny–Carman constant
k′ retention factor
kf external film mass transfer coefficient (m/s)
k1 particle retention factor in a core-shell particle
L column length (m)
M molecular weight of the analyte (g/mol)
MS molecular weight of the eluent (g/mol)
�P column pressure drop (Pa)
Ri radius of the solid silica core (m)
Re particle radius (m)
Rc column inner radius (m)
Sh Sherwood number
T temperature (K)
tf
1/2 elution time measured at the front half-height of the peak

in presence of the column (s)
tr
1/2 elution time measured at the rear half-height of the peak

in presence of the column (s)
tf
1/2,e

elution time measured at the front half-height of the peak

in absence of the column (s)

tr
1/2,e

elution time measured at the rear half-height of the peak
in absence of the column (s)

tR elution time of the apex of the peak in presence of column
(s)
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e elution time of the apex of the peak in absence of column
(s)
interstitial linear velocity (m/s)

S superficial linear velocity (m/s)
A molar volume of the solute at its boiling point (m3.mol−1)

reek letters
eluent’s viscosity (Pa s)

e external column porosity
p porosity of the porous shell
∗
p porosity of the shell for partially excluded proteins
t total column porosity
e external obstruction factor
m ratio of the hydrodynamic radius of the analyte to the

mesopore radius
i eddy dispersion coefficient related to a flow exchange

mechanism for a velocity bias of type i
′
2,ex second central moment of the extra-column band profiles

(s2)
reduced interstitial linear velocity of the eluent to the par-
ticle diameter dp and bulk molecular diffusion coefficient
Dm

i eddy dispersion coefficient related to a diffusion
exchange mechanism for a velocity bias of type i

ˇ,c relative velocity difference between the center and the
wall of the column tube

ˇ,i relative velocity inequality for a velocity bias of type i

	,i reduced axial flow length for a velocity bias of type i
reported to the particle diameter dp

ratio of the intraparticle diffusivity of the sample through
the porous shell to the bulk diffusion coefficient
association factor of the eluent
ratio of the diameter of the solid core to that of the particle
in a core-shell particle

∗
p tortuosity factor of the porous shell for partially excluded

protein
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