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a b s t r a c t

The average mesopore size of the new Halo-ES-Peptide shell particles is 160 Å, markedly larger than that
of the classical Halo shell particles (90 Å). We found that this change causes a considerable decrease of
the film mass transfer resistance measured for columns packed with these particles. We analyze data
obtained by systematic measurements of the C term of the van Deemter equation for the peptide �-
lipotropin (MW = 769 Da), the protein insulin (MW = 5800 Da), and a series of non-retained polystyrene
standards (MW = 6400 and 13,200). The improvement in column performance is explained by an increase
of the fraction of the external surface area of the shell that allows the entrance of the sample molecules
inside the particle. The fraction of the shell surface accessible to a probe controls the rate of its external
film mass transfer, i.e. its rate of transfer between the interstitial and the stagnant eluent. Although
measurable, the increase in sample diffusivity through the porous shells does not account for the better
performance of Halo-ES-peptide columns. Furthermore, the analysis of the HETPs data of small molecules
(uracil, acetophenone, toluene, and naphthalene, MW < 150) reveals that the eddy diffusion (A) term of
nsulin
ysozyme
-Lipotropin
racil
cetophenone
oluene
aphthalene

these new columns is 25% lower than that of the classical Halo columns. This result is consistent with
the impact of intra-particle diffusivity on the eddy diffusion mechanism in packed columns. As shell
diffusivity increases, so does the rate of transfer of sample molecules between the eluent stream-paths
flowing through the packed particles and across the column diameter. Dispersion through short-range
inter-channel and trans-column eddies is reduced.

© 2010 Elsevier B.V. All rights reserved.

olystyrene standard

. Introduction

Superficially porous particles were first introduced in liquid
hromatography in 1967 when Horvath and Lipsky prepared large
ilica bead (50–100 �m) coated with a thin layer of ion-exchange
esin to separate nucleotides [1,2]. Only few similar packing mate-
ials were prepared and commercialized during the next 40 years
3,4]. They were supposed to be coated with a liquid or a poly-

er, which were insoluble in the mobile phase and to be used
n liquid–liquid chromatography. This approach eventually failed
nd HPLC was implemented as liquid-solid chromatography, using
maller and smaller fully porous particles. Superficially porous
articles were forgotten until 4 years ago, when Kirkland et al.

ntroduced the 2.7 �m Halo particles [5,6]. Columns packed with

hese particles exhibited minimum reduced plate heights of 1.4 and
ETP’s of 2.7 × 1.4 = 3.8 �m, nearly equivalent to those generated
y columns packed with 1.7 �m fully porous particles, e.g. 2.0 × 1.7
3.4 �m [7,8]. Last year, Phenomenex introduced columns packed

∗ Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667.
E-mail address: guiochon@utk.edu (G. Guiochon).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.12.046
with 2.6 �m Kinetex shell particles, which achieved minimum
plate heights of 1.2 × 2.6 = 3.2 �m, an unprecedented achieve-
ment for 4.6 mm I.D. commercial columns [9–11]. While lower
plate heights could be generated with capillary columns packed
with sub-1 �m particles [12], commercial columns packed with
sub-3 �m shell particles have the great advantage of working with
conventional LC systems, provided that some minor modifications
of the extra-column parts of current commercial instruments (nee-
dle seat capillary, connecting tubes, detector cell) [13,14].

Interestingly, it was recently shown that the enhanced perfor-
mance of columns packed with shell particles in the separation of
small molecules was due to the combination of lower longitudi-
nal diffusion (B coefficient) and eddy diffusion (A coefficient) terms
of the general van Deemter equation [15]. Most noteworthy, the
shell structure of these particles has no effect on the resolution of
small molecular weight compounds because these compounds dif-
fuse most rapidly, so trans-particle mass transfer resistance in fully
porous particles is nearly negligible and does not contribute sig-

nificantly to the overall plate height around the minimum of the
HETP curve [16]. The mass transfer resistance at the solid–liquid
interface is mostly accounted for by the external film mass trans-
fer resistance [17,18] and, possibly, by the heat friction under very
high pressures [19,20].

dx.doi.org/10.1016/j.chroma.2010.12.046
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:guiochon@utk.edu
dx.doi.org/10.1016/j.chroma.2010.12.046
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The B coefficient of columns packed with shell particles is usu-
lly ca. 25% lower than that of columns packed with fully porous
articles because diffusion is strictly zero in the non-porous silica
ores. The diameters of the cores of Halo, Kinetex and Poroshell 120
re about 70% that of the particles [15]. Therefore, the core volumes
epresent 35% of the particle volume and about 20% of the column
ube volume, hence the lower B term. The A term of columns packed
ith shell particles is usually 40% smaller than that of those packed
ith fully porous particles [15,16], due to a decrease of the short-

ange inter-channel and trans-column velocity biases. Short-range
ddies are reduced, either due to the tight size distribution of the
hell particles, which typically have a relative standard deviation
RSD) of about 5%, or due to the slightly rougher external surface
rea of the shell particles, which reduces the amplitude of the strain
istribution taking place during bed consolidation [21]. They pack

nto beds that are highly homogeneous at a length scale of a few
article diameters.

When it comes to separate high molecular weight compounds
uch as proteins or polymers, which have low diffusivities, column
erformance is determined by the value of the C coefficient. We
ecently reported that the efficiency for insulin of Halo-C18 columns
as significantly smaller than that of Kinetex-C18 columns [9].
et, these columns provide a similar resolution for low molecular
eight compounds and have the same mesopore size (� 90–100 Å).

nsulin is a 5.8 kDa molecular weight protein with a diffusion coef-
cient of 1.6 × 10−6 cm2/s in the eluent used and a hydrodynamic
adius of 32 Å [22,23]. Inverse size exclusion chromatography (ISEC)
ade clear that the porosities of the shells of the two particles are

ifferent (0.51 and 0.20 for Kinetex-C18 and Halo-C18, respectively
15]). This suggested that the silica walls and/or the hydrophobic
18-bonded layer in the shells are thicker for the Halo than for the
inetex particles. Although both porous shells have the same aver-
ge pore size, the C coefficient of the Halo column is nearly five
imes larger than that of the Kinetex column, consistent with the
tatement that the Halo 90 Å column was not designed to sepa-
ate large molecular weight compounds [5] and with its success in
eparating small molecular weight ones.

In early 2010, Kirkland et al. [24] described the properties of
olumns packed with new Halo particles having a larger aver-
ge mesopore size of 160 Å and Advanced Materials Technology
eleased these columns as Halo-ES peptide. In this work, we com-
are the mass transfer kinetics in Halo 90 Å and 160 Å for four small
olecules (uracil MW = 112, acetophenone MW = 120, toluene MW
92, and naphthalene MW = 128), one peptide (�-lipotropin MW
769, Ala-Ala-Ala-Tyr-Gly-Gly-Phe-Leu, MW = 769), two proteins

insulin MW = 5808 and lysozyme MW = 14,700), and six unre-
ained polystyrene standards (MW = 1100, 6400, 13,200, 31,600,
0,000, and 171,000). The causes of the improvement in the mass
ransfer kinetics observed for the larger molecules are discussed
nd a physical explanation proposed.

. Theory

.1. Reduced linear velocity

In all this work, we report the reduced plate height h of the
olumns as a function of the reduced interstitial velocity �. By def-
nition,
= udp

Dm
, h = H

dp
(1)

here H is the column HETP, dp the average particle size of the
acking material, Dm is the bulk molecular diffusivity, and u the
gr. A 1218 (2011) 907–921

interstitial linear velocity given by:

u = Fv

�e�R2
c

(2)

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

The molecular diffusivities in the eluent of the low-molecular-
weight compounds used here (uracil, acetophenone, toluene,
naphthalene) were estimated with the classical Wilke and Chang
equation [25] extended to mixture of eluents [26] (see Eqs.
(11)–(12.3)):

Dm = 7.4 × 10−8 (xACN�ACNMACN + xH2O�H2OMH2O)0.5T

�V0.6
A

(3)

where � is the solvent association factor (� ACN = 1 and �H2O =
2.6 [26]), MACN =41 g/mol and MH2O =18 g/mol are the molecu-
lar weight of acetonitrile and water, xACN and xH2O are the molar
fractions of acetonitrile and water in the eluent used, � the vis-
cosity of the mobile phase (� = 0.54 and 1.04 cP for two mixtures
of acetonitrile and water (80/20 and 31/69, respectively, v/v) at
295 K, respectively), T is the temperature, and VA the molar vol-
ume of the solute at its boiling point (VA = 97.9, 140.2, 118.6, and
150.8 cm3/mol for uracil, acetophenone, toluene, and naphthalene„
respectively). VA was estimated according to the group method of
Schroder and Lebas [26]. The correlation in Eq. 3 gives reasonable
values of Dm, within a ± 10% estimated error. T is in Kelvin, � in
centipoise, and MW in g/mol.

The diffusion coefficient of insulin was obtained from reference
[23] (1.6 × 10−6 cm2/s). The bulk molecular diffusion coefficients
of the peptide �-lipotropin and of the protein lysozyme were esti-
mated using the Young correlation [27]:

Dm = 8.34 × 10−8 T

�MW
1
3

(4)

In Eq. 4, T, �, and MW are expressed in Kelvin, centipoise, and
Dalton, respectively.

The bulk molecular diffusivities of the polystyrene standards in
pure THF, at 295 K were obtained from [22] using the following
correlation:

Dm = 3.45 × 10−4 × MW−0.564 (5)

2.2. Reduced HETP terms

In a general sense, the overall reduced HETP of a chromato-
graphic column is the sum of five main contributions due to (1)
longitudinal diffusion (the B term); (2) eddy diffusion (the A term);
(3) the external film mass transfer resistance (the Cf term); (4)
the trans-particle mass transfer resistance (the Cp term); and (5)
an additional contribution due to the heat friction of the eluent
percolating across the bed, the hHeat term [28–30].

h = B

�
+ A(�) + Cf � + Cp� + hHeat (6)

The term hHeat is negligible at small flow rates, for weakly
adsorbed compounds, eluents with high thermal conductivities,
and under adiabatic conditions [8]. In this work, we operated with
rather low retention factors (<2) and under nearly adiabatic con-
ditions by keeping the column in the oven compartment of the
instrument. Next, we explain how the terms B/�, Cp�, and Cf� were

obtained for small molecules.

2.2.1. The longitudinal diffusion term
The B coefficient is directly derived from the results of peak

parking experiments, e.g. from the slope, (��2
PP/�tp) of the peak
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ariance �2
PP (in s2) versus the peak parking time tp (see experimen-

al section for details on the peak parking method). Accordingly, the
term is written as [16]:

= ��2
PP

�tp

1
Dm

u2
PP

1 + k1
(7)

here k1 is the zone retention factor defined by [31]:

1 = 1 − �e

�e
[�p + (1 − �p)K](1 − 	3) (8)

here �e is the external porosity of the packed bed, �p the internal
orosity of the shell, K the distribution constant (Henry’s constant)
f the porous shell, 	 the ratio of the diameter of the solid silica
ore to that of the particle, and uPP the constant interstitial linear
elocity at which the peak parking measurements were performed.

.2.2. The solid–liquid trans-particle mass transfer resistance
erm

The determination of the coefficient Cp in the general mass
ransfer equation is semi-empirical. In a first step, the effective sam-
le diffusivity, Deff, in the porous shell of the particle is estimated
rom the results of experiments made under static conditions (no
ow). Accordingly, a model of diffusion should be assumed to
elate Deff and the apparent axial diffusion coefficient, Daxial, along
column packed with a heterogeneous medium. As a first approx-

mation, we assimilate packed beds and the parallel distribution of
wo homogeneous phases. The first phase in the column is the bulk
luent, in which the solute diffusion coefficient is 
eDm (
e is the
xternal obstruction factor). The second phase is the volume occu-
ied by the porous shell filled with the eluent in which the solute
iffusivity is Dp. According to a parallel diffusion model, Daxial is
ritten [15]:

axial = �e
eDm + (1 − �e)Dp

�t(1 + k′ )
(9)

here k
′
is the conventional retention factor.

A second model of longitudinal diffusion in packed beds, based
n the effective medium theory (EMT) of Laudauer [32] and
xtended to molecular diffusion [33], was recently derived in [34]:

axial = a +
√

a2 + (1/2)(Dp/Dm)

�t(1 + k′ )
Dm (10)

ith

= 1
4

[
3�e − 1 + Dp

Dm
(2 − 3�e)

]
(11)

The coefficient Daxial is directly derived from the peak parking
ata (with 2Daxial = BDm) [16]:

axial = ��2
PP

�tp

F2
v

2�2
e �2R4

c [1 + k1]2
(12)

here Fv is the flow rate set in the parking experiments to carry
ver the sample zone in and out of the column and, under static
onditions, Dp is written as follows [15]:

p = (1 − 	3)Deff (13)

The second step consists in deriving the coefficient Cp for super-

cially porous particles. This calculation was done long ago by
orvath et al. [2], based on the non-equilibrium theory of Giddings,
hich permits the derivation of the configuration factor of given
istributions of the stationary phase to the mass transfer resis-
ance [35]. Recently Kaczmarski et al. used the Laplace transform
gr. A 1218 (2011) 907–921 909

of the general rate model of chromatography [31] to perform this
derivation and obtained the same result. Eventually, Cp is written:

Cp = 1
30

�e

1 − �e

k2
1

(1 + k1)2

1 + 2	 + 3	2 − 	3 − 5	4

(1 + 	 + 	2)2

1
˝

(14)

In this equation, ˝ is the ratio of the solute diffusivity in the
shell, Deff, to the bulk diffusion coefficient, Dm [36].

2.2.3. The solid–liquid external film mass transfer resistance term
Miyabe et al. [17] measured recently the external film mass

transfer coefficient, kf, for large porous silica-C18 particles and for
small molecules. They could not measure kf for sub-3 �m porous
particles with a sufficient accuracy, due to the significant scatter of
the HETP data (5% for retained analytes) and because the C terms
of columns packed with these particles are extremely small. This
study demonstrated that the Wilson and Geankoplis correlation
for kf [18] accounts satisfactorily for the exchange rate of solute
molecules between the moving eluent in the inter-particle space
and the stagnant eluent inside the porous particles. In this work,
we assume that this correlation extend to sub-3 �m superficially
porous particles. Accordingly, the coefficient Cf in the general equa-
tion 6 is given by the Laplace transform of the general rate model
solution [37]:

Cf = 1
3

�e

1 − �e

k2
1

(1 + k1)2

1
Sh

(15)

where Sh = (kfdp)/Dm is the Sherwood number which is written from
the Wilson and Geankoplis correlation as [18,38]:

Sh = 1.09

�2/3
e

�1/3 (16)

The film mass transfer coefficient of large molecules has not yet
been measured. In this work, we estimate the Sherwood number
for a series of non-retained polystyrene standards with different
degree of exclusion from the internal pore volume of the shell of
the Halo particles.

3. Experimental

3.1. Chemicals

The mobile phases were either mixtures of water and acetoni-
trile (20/80, 31/69, 33/67, and 37/63, v/v) or pure tetrahydrofuran.
Dichloromethane (	CH2Cl2 = 1.323 g/cm3) was used to measure the
column hold-up volumes by pycnometry in combination with
tetrahydrofuran (	THF = 0.883 g/cm3). These four solvents were
HPLC grade from Fisher Scientific (Fair Lawn, NJ, USA). Trifluoro
acetic acid (TFA) was used to set the pH buffer around 2.0 and was
also purchased from Fisher Scientific. The mobile phase was filtered
before use on a surfactant-free cellulose acetate filter membrane,
0.2 �m pore size (Suwannee, GA, USA). �-Lipotropin was purchased
from American Peptide (Sunnyvale, CA, USA). Insulin was a gener-
ous gift from Eli 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), purchased from Phe-
nomenex (Torrance, CA, USA) were used to acquire inverse size
exclusion chromatography data (ISEC). Six of them were used to

measure HETP under non-retained conditions (MW = 1100, 6400,
13,200, 31,600, 90,000, and 171,000). The sample test mixture con-
taining uracil, acetophenone, toluene, and naphthalene in pure
acetonitrile, was generously offered by Phenomenex (Torrance, CA,
USA).
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Table 1
Physico-chemical properties of the Halo and Kinetex columns given by the manu-
facturer and measured in our lab.∗,$,&,%

Neat silica Halo 90 Å Halo 160 Å

SEM mean particle size [�m] 2.7 2.7
	 = Ri/Re 0.63 0.63
Pore diameter [Å] 90 160
Surface area [m2/g] 150 80
Particle size distribution (d90−10%) 1.13 1.13

Bonded phase analysis Halo-C1890Å Halo-C18160Å

Surface coverage [�mol/m2] ?? ??
End-capping No No
Particle porosity% 0.16 0.27
Shell porosity 0.21 0.35

Packed columns analysis

Batch/serial number S09004/
USHW002579

BH092206/
USKF001250

Dimension (mm × mm) 4.6 × 150 4.6 × 150
External porosity∗ 0.400 0.402
Total porosity$ 0.498 0.563
Specific permeability&, k0 [cm2] 5.9 × 10−11 6.3 × 10−11

$ Measured by pycnometry (THF-CH2Cl2).
∗ Measured by Inverse Size Exclusion Chromatography (polystyrene standards).
%
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definition:
The particle porosity includes the volume of the solid silica core.
Measured from the total back pressure data using acetonitrile/water mixtures

� = 0.54 and 1.04 cP) corrected for extra-column contributions.

.2. Columns

The 2.7 �m Halo-C18 90 Å and Halo-ES-peptide-C18 160 Å
olumns (150 mm × 4.6 mm) were generous gifts from the column
anufacturer (Advanced Material Technologies, Wilmington, DE,
SA). Table 1 lists the important physico-chemical properties of

hese two packing materials and of the two columns used.

.3. HPLC system, flow rate, and temperature accuracy

All the data were acquired with an Agilent 1290 Infinity HPLC
ystem (Agilent Technology, Waldbronn, Germany) liquid chro-
atograph.
This instrument includes a binary pump with solvent selection

alves, an auto-sampler with a 20 �L sample loop, a small volume
eedle seat capillary (1.2 �L), a column thermostat, a diode-array
V-detector (0.8 �L, upper sampling rate at 160 Hz), a Chemsta-

ion and its data software. New 250 mm × 85 �m inlet capillary
ube (upstream the column) and 250 mm × 85 �m outlet capillary
downstream the column) were installed in order to minimize the
xtra-column band broadening. The 1.6 �L heat exchanger was
eliberately by-passed in order to minimize the errors made in
he calculation of the corrected reduced HETP, h (see below). In
ll experiments, the column was isolated inside the column oven.
he maximum flow rate and the highest inlet pressure that can be
pplied to these columns are 5.0 mL/min at 800 bar and 2 mL/min
t 1200 bar. Due to the narrow diameters of the connecting tubes
hat must be used to minimize the instrument contribution to band
roadening [14], the maximum pressure drop along the column is
arkedly lower than the maximum operating pressure of the pump

1200 bar). The extra-column volume of our Agilent 1290 infinity
ystem includes 115 �m I.D. connecting tubes and a UV detection
ell volume of 2.4 �L. Its extra-column band broadening contri-

ution is now nearly equivalent to that of the Acquity system from
aters [14]. Under these optimized conditions (smaller connecting

ube and detection cell volumes), the extra-column contribution
as significantly reduced by a factor three.
gr. A 1218 (2011) 907–921

The extra-column band broadening contributions were mea-
sured by substituting the column with a zero dead volume union
connector. The flow rate set to the Agilent 1290 Infinity HPLC sys-
tem is true at atmospheric pressure, P0, and ambient temperature,
T = 295 K. The flow rate accuracy was checked at ambient temper-
ature by directly collecting the mobile phase in the absence of
column at 295 K and at flow rates of 0.1 mL/min, 1 mL/min, and
5.0 mL/min during 50, 25, and 10 min, respectively. The relative
errors were all less than 0.3%, so we estimate the long-term accu-
racy of the flow-rate at 3 �L/min or better at flow rates around
1 mL/min. The laboratory temperature was controlled by an air con-
ditioning system set at 295 K. The daily variation of the ambient
temperature never exceeded ±1 ◦C.

3.4. Measurement of the HETP data

3.4.1. Small molecules: uracil, acetophenone, toluene, and
naphthalene

The mobile phase was a mixture of water and acetonitrile (20/80,
v/v). The sample volume injected was 1 �L. The concentration was
kept low in order to operate in the linear range of the adsorption
isotherm while keeping an acceptable signal level. An experimental
test was carried out by injecting successively 1, 2, and 5 �L samples.
The amount injected was considered low enough if, after nor-
malization of all three chromatograms, the peak shapes were not
distorted by either non-linear adsorption behavior or non-linear
detection response. The detection wavelength was set at 254 nm.
The bandwidth was fixed at 4 nm. In the presence of the column,
the sampling rate was adjusted from 10 Hz (very low flow rates) to
80 Hz (high flow rates). In the absence of column (measurements of
the extra-column contributions), the sampling rate was constant at
160 Hz. In all cases, the peaks were represented by at least 50 data
points, e.g. the peak standard deviation was represented by at least
12 data points.

The sequence of flow rates was 0.05, 0.10, 0.20, 0.30, 0.40, 0.60,
0.80, 1.00, 1.20, 1.40, 1.60, 1.80, 2.00, 2.30, 2.60, 2.90, 3.20, and
3.50 mL/min.

The extra-column contributions to the retention volume and to
the band broadening of probes were measured by replacing the
chromatographic column with a zero volume union connector.

The reported experimental HETP data were corrected for the
contributions of the 1290 Infinity instrument. The contribution of
the extra-column band broadening is very sensitive to the nature
of the eluent, through its viscosity [13]. Therefore these contribu-
tions were always measured with the same mobile phases and
compounds as those that were used to measure the variance
of the eluted bands. The extra-column band variance was mea-
sured according to the full integration of the best analytical fit
(Gaussian-Exponentially Modified Gaussian function, 5 parame-
ters) of the experimental band profile. Accordingly, for the sake of
data accuracy, the corrected h data were systematically measured
by applying the integration method for the measurement of the
first (�1 and �1,ex) and second central (�′

2 and �′
2,ex) moments:

�1 =
∫ ∞

0
C(t)t dt∫ ∞

0
C(t) dt

(17)

�′
2 =

∫ ∞
0

C(t)(t − �1)2 dt∫ ∞
0

C(t) dt
(18)

The reduced column HETP h is determined using the following
h = L

dp

�′
2 − �′

2,ex

(�1 − �1,ex)2
(19)

where L is the column length.
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The precision of the h data is given by

�h

h

∣∣∣ =
∣∣∣∣��′

2
�′

2

∣∣∣∣
(

�′
2 + �′

2,ex

�′
2 − �′

2,ex

)
+ 2

∣∣∣��1

�1

∣∣∣
(

�1 + �1,ex

�1 − �1,ex

)
(20)

The second and first moments of the tracer peak, �′
2 and �1,

ere measured in triplicate, first with the chromatographic column
tted to the instrument, then after replacing the column with a
ero-volume connector. The relative errors made on the second and
rst moments were always smaller than 5 and 0.5%, respectively.
ccordingly, the error made necessarily increases with decreasing
olute retention e.g. when the terms in between parentheses in the
ight-hand-side term of Eq. (20) becomes significantly larger than
ne.

.4.2. Peptide: ˇ-lipotropin
The same method as described above for small molecules was

pplied, except for the eluent composition (water–acetonitrile mix-
ure, 31/69, v/v), the addition of 0.1% TFA to this eluent, and the
etting of the detector UV wavelength at 205 nm.

.4.3. Proteins: insulin and lysozyme
The same method and experiments as described for small

olecules were made, except that the eluents were mixtures
f water and acetonitrile (33/67 and 37/63, v/v, for insulin and

ysozyme, respectively), contained 0.1% TFA, and that the UV wave-
ength was set at 205 nm. The highest flow rates applied for
ysozyme was only 1.4 mL/min because no acceptable signal was
ecorded at larger flow rates. At high flow rates, the peak width of
ysozyme was too large and its height too small.

ig. 1. SEM photographs of the 2.7 �m Halo 90 Å (A) and 2.7 �m Halo-ES-peptide 160 Å
eviation 5%) and the similarity of their external shape. Zooms on one Halo standard (C)
gr. A 1218 (2011) 907–921 911

3.4.4. Polystyrene standards: MW = 1100, 6400, 13,200, 31,600,
90,000, and 171,000

The same method and experiments as described for small
molecules were applied, except that the eluent was pure THF. The
sequence of flow rates was 0.05, 0.10, 0.20, 0.40, 0.80, 1.20, 1.60,
2.0, 2.4, and 2.8 mL/min.

3.5. Peak parking measurements

The principle of this method was described in [39]. The flow rate
was fixed at 0.4 mL/min for the small molecules (uracil, acetophe-
none, toluene, and naphthalene) and 0.3 mL/min for �-lipotropin
and insulin. Four peak parking times were applied, e.g. 1 min,
60 min, 240 min, and 480 min. The longitudinal diffusion coeffi-
cient, B, is given by Eq. (7).

4. Results and discussion

We first discuss some important column characteristics regard-
ing the mean particle diameter, the external porosity, the internal
porosity, and the restriction for diffusion through the porous shell.

4.1. Column properties

4.1.1. Scanning electron microscopy (SEM)
Fig. 1A and B show the SEM photographs of collections of about
250 particles of Halo 90 Å and Halo-ES-peptide 160 Å, respectively.
The length of the solid, thick, white segment accounts for an actual
length of 10 �m. Accordingly, the manual count of a sample of 200
particles provided average particle sizes of 2.87 �m (RSD = 5.7%)
and 3.02 �m (RSD = 4.2%), respectively. These two mean parti-

(B) particles. Note the tight size distribution of both particles (relative standard
and one Halo-ES-peptide particles (D).
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Fig. 2. ISEC measurements. Eluent: pure tetrahydrofuran. Flow rate: 0.4 mL/min.
T = 295 K. Plots of the elution volumes of 11 polystyrene standards versus the cubic
root of their average molecular weights (MW1/3). Two 4.6 mm × 150 mm columns
packed with two brands of particles were studied. (A) Core-shell 2.7 �m Halo-C18

90 Å. (B) Core-shell Halo-ES-peptide-C18 160 Å. The external porosities, �e , were
extrapolated at MW = 0 from the excluded ISEC branch of each plot (bottom and
12 F. Gritti, G. Guiochon / J. Chr

le diameters are clearly larger than the commercial value of 2.7
m given by the manufacturer. Contacted on this issue, Advanced
aterial Technologies confirmed that the average particle size of

he particles inside the columns that they had provided to us was
.7 �m. Most likely, the scaling of the SEM photographs was slightly

n error and the accuracy of the mean particle diameter derived
rom the SEM photographs is doubtful. Alternative and comple-

entary measurements will be made later.
Alternate estimates of particle sizes are provided by the Coulter

ounter method, which, unfortunately is biased by the influence of
he particle porosity on the conductivity measurements. Because
he Halo 90 Å and Halo-ES-peptide 160 Å particles differ essentially
n the structure of their porous shells, the Coulter technique could
ot be considered in this work. A last alternative is based on the
ombination of measurements of the external porosities (ISEC) and
ermeabilities (pressure drop vs. flow rate) of these columns.

.1.2. Inverse size exclusion chromatography (ISEC)
The experimental ISEC plots of the two Halo columns are shown

n Fig. 2A and B, respectively. Solutions of 11 polystyrene standards
n pure tetrahydrofuran were injected (1 �L at 1 g/L) at a flow rate
f 0.4 mL/min. The data were corrected for the extra-column time
hich represents only in between 0.6% (MW = 590) and 1.2% (MW
1,870,000) of the elution time of the polymer. Thus, the accuracy
f the elution times is better than 1% and the precision better than
.5%. The sizes of the lighter polymers to be excluded from the inter-
al porous volumes of the shell particles are 95 Å (MW = 31,600)
nd 170 Å (MW = 90,000) for the Halo 90 Å and Halo 160 Å, respec-
ively. Extrapolation of the excluded branches of the ISEC plots (see
he bottom dotted line) to a molecular weight of zero gives practi-
ally the same value of external porosity (�e = 0.400 and 0.402). Both
olumns are packed very similarly. They differ from their respec-
ive internal shell porosity accessible to pure THF, �p,shell = 0.358 and
.217, assuming the same ratio 	 = (1.7/2.7) = 0.63 for both particles.

ISEC data provides useful information regarding the transport of
ample molecules through the porous shell of the particles. Table
lists the values of the accessible shell porosity, internal obstruc-

ive factor [39],
p,shell, and hindrance diffusion factor [40], F(�m),
or all the compounds tested in this work. The pore diffusivity of
arge molecules is obviously less restricted through the Halo-C18
60 Å particles than through the Halo-C18 90 Å particles. The pore
iffusivity is written [36]:

pores = �p,shell
p,shellF(�m) (21)

here 
p,shell is derived from experimental data obtained with fully
orous particles [39]:

p,shell = 1

(1.8 − �p,shell)
2

(22)

nd F(�m) can be estimated from the Renkin correlation [40]:

(�m) = (1 − �m)2(1 − 2.1044�m + 2.089�3
m − 0.948�5

m) (23)

here �m is the ratio of the sample size to the mean pore diameter
see Table 2).

These data suggest that the pore diffusivity of non-retained
mall molecules (size <5 Å) is about twice larger through the shell of
alo 160 Å particles than through those of Halo 90 Å particles. The

ame ratio is increased to 3 and 6 if we consider the larger molecules
f �-lipotropin (12 Å) and insulin (32 Å). In the same time, surface
iffusion plays an important role under retained conditions in RPLC
nd accounts for most of the sample diffusivity through particles

41,42].

.1.3. Permeability data
Fig. 3A and B show the plots of the column pressure drop (after

orrection for the extra-column back pressure) versus the flow rate
non-horizontal dotted lines). The upper solid horizontal lines stand for the total col-
umn volume (Vc). The dotted horizontal lines stand for the total porosities (�t). The
distance between these two lines measures the internal volume of the particles (�p).
Note the smaller particle porosity of the standard Halo 90 Å particles.

applied to both columns for two different mixtures of water and
acetonitrile, (20/80 and 69/31, v/v, respectively). The specific per-
meabilities, k0, of the columns were derived from the slope of these
plots [35]:

k0 = �L

�R2
c (�P/Fv)

(24)

where L is the column length (15 cm) and Rc is the column inner
radius (0.23 cm). The viscosities of the two eluents are � = 0.54
and 1.04 cP. The experimental data demonstrate that the Halo-ES-
peptide column is slightly less permeable than the standard (90 Å)
Halo column (−5 to −10%). The average specific permeability of the
Halo-ES-peptide column was found to be 5.9 × 10−11 cm2. That of

−11 2
the Halo 90 Å column was 6.3 × 10 cm . A different degree of
frit clogging in these two columns could potentially explain these
differences.

If we introduce dp = 3.02 �m, the particle size of the Halo-ES-
peptide particles given by the SEM photograph in Fig. 1B, into the
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Table 2
Shell porosities accessible to the sample molecules (εp,shell), ratio of the sample radius to the average pore size radius (�m), hindrance diffusion factors (F(�m)), and internal
obstructive factor (
p,shell) of all the sample molecules used in this work with their molecular size (Dh).

Sample Mobile phase εp,shell 
p,shell �m F(�m)

Halo 90 Å Halo 160 Å Halo 90 Å Halo 160 Å Halo 90 Å Halo 160 Å Halo 90 Å Halo 160 Å

Small molecules
Uracil, Dh < 5 Å 80% CH3CN 0.217 0.358 0.40 0.48 <0.06 <0.04 >0.88 >0.93
Acetophenone, Dh < 5 Å 80% CH3CN 0.217 0.358 0.40 0.48 <0.06 <0.04 >0.88 >0.93
Toluene, Dh < 5 Å 80% CH3CN 0.217 0.358 0.40 0.48 <0.06 <0.04 >0.88 >0.93
Naphthalene, Dh < 5 Å 80% CH3CN 0.217 0.358 0.40 0.48 <0.06 <0.04 >0.88 >0.93

Peptide
�-Lipotropin, Dh = 12 Å 31% CH3CN 0.138 0.269 0.36 0.43 0.133 0.075 0.71 0.84

Proteins
Insulin, Dh = 32 Å 33% CH3CN 0.065 0.184 0.33 0.38 0.356 0.200 0.30 0.57
Lyzozyme, Dh = 42 Å 37% CH3CN 0.034 0.146 0.32 0.37 0.467 0.262 0.16 0.45

Polymers
Polystyrene, MW = 1100, Dh = 14 Å 100% THF 0.128 0.262 0.36 0.42 0.156 0.087 0.66 0.81
Polystyrene, MW = 6400, Dh = 38 Å 100% THF 0.045 0.159 0.32 0.37 0.422 0.237 0.21 0.49
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Polystyrene, MW = 13,200, Dh = 58 Å 100% THF 0.022 0.119
Polystyrene, MW = 31,600, Dh = 95 Å 100% THF 0.003 0.056
Polystyrene, MW = 90,000, Dh = 171 Å 100% THF Excluded 0.002
Polystyrene, MW = 171,000, Dh = 245 Å 100% THF Excluded Exclud

ozeny-Carman constant:

0 = �3
e d2

p

Kc(1 − �e)2
(25)

e obtain a value of 290, too large compared to the standard value
f 180, which suggests that the particle size was overestimated.
owever, the permeability actually measured would correspond

o a particle size of 2.4 �m if the Kozeny-Carman constant is
80, which, in turn, is an underestimate of the particle size of
he Halo particles. Therefore, we conclude that either the pres-
ure drop measured is higher than expected (due to frit clogging,
ith �P = �Pbed + �Pfrit) or that the Kozeny-Carman constant of the
alo columns is larger than 180. Note that if frit clogging were the

ole responsible and assuming that the SEM data were true with
c = 180, �Pfrit would account for 40% of the overall pressure drop,
hich seems to be excessive. Yet, we ignore the extent of frit clog-

ing in HPLC columns and its contribution to the overall pressure
rop and we cannot make any unambiguous conclusion at this time.
ccordingly, we consider that permeability data are not reliable to
stimate the particle sizes and that the SEM data are inconsistent
ith the manufaturer’s data. In the next sections, we adopted the

alues given by the manufacturer for each column and considered
hat the mean particle diameter of both the Halo-ES-peptide and
he Halo standard particles was 2.70 �m.

.2. Van Deemter plots
From the HETP data, we derived the characteristics of the
ass transfer of a few low molecular weight compounds (uracil,

cetophenone, toluene, and naphthalene), of one peptide (�-
ipotropin), of two proteins (insulin and lysozyme), and of six
olystyrene standards (MW = 1100, 6400, 13,200, 31,600, 90,000,

able 3
esults for the measurement at room temperature (T = 295 K) of the zone retention factor
odel and EMT model) coefficients in their general reduced HETP equation for five differ

Sample Mobile phase k1

Halo 90 Å Halo 160 Å

Uracil 80% CH3CN 0.25 0.40
Acetophenone 80% CH3CN 0.61 0.68
Toluene 80% CH3CN 1.35 1.09
Naphthalene 80% CH3CN 1.61 1.25
�-Lipotropin 31% CH3CN 0.98 1.35
Insulin 33% CH3CN 0.52 1.33
0.32 0.35 0.644 0.362 0.06 0.29
0.31 0.33 1.000 0.594 0.00 0.08
Excluded 0.31 Excluded 1.000 Excluded 0.00
Excluded Excluded Excluded Excluded Excluded Excluded

and 171,000). In each case, we compare the reduced HETP and
investigate the difference between the overall C term of the Halo
and the Halo-ES-peptide columns. Peak parking measurements
were performed in order to estimate the particle diffusivity and
the trans-particle mass transfer resistance coefficient, Cp [16]. The
difference between the experimental C and the semi-empirical
Cp coefficients informs on the importance of the external film
mass transfer in the kinetic behavior of the Halo columns at high
linear velocities. It should provide an unambiguous answer and
clear physical explanations regarding the possible difference in the
kinetic behavior of the first generation of Halo columns (pore size
90 Å) and the new Halo-ES-peptide columns (pore size 160 Å).

4.2.1. Small molecules
Fig. 4A–D show the reduced HETP’s of uracil, acetophenone,

toluene, and naphthalene, respectively. Through proper selection
of the eluent composition, the retention factors were kept relatively
small (<1.5) in order to limit the possible influence of heat friction
at high flow rates on the experimental HETP. Therefore, the C term
measured is controlled only by the external film mass transfer resis-
tance and the shell diffusivity. Small molecules have molecular size
(<5 Å) comparable to that of the eluent molecules and have access
to the whole mesopore volume. Table 3 lists the values of the lon-
gitudinal diffusion coefficient, B (peak parking experiments), and
Cp (peak parking experiments combined with either of the two dif-
fusion models in the packed bed) for each probe molecule. Table 4
compares the effective diffusivity, Dshell, of the compounds through

the shells of both Halo particles.

Three main comments can be made at this points:

• The longitudinal diffusion coefficient, B, is slightly larger with the
new Halo-ES-peptide column than with the standard Halo col-

k1, the B (peak parking experiments) and the Cp (peak parking + parallel diffusion
ent samples used in this work.

B Cp

Halo 90 Å Halo 160 Å Halo 90 Å Halo 160 Å

1.69 1.95 0.003 0.004
2.66 2.96 0.004 0.003
3.57 3.67 0.005 0.004
3.35 3.55 0.006 0.005
2.26 3.13 0.009 0.004
1.15 1.43 0.021 0.012
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Table 4
Results for the measurement (peak parking experiments) at room temperature (T = 295 K) of the shell diffusivities according to the parallel diffusion model (Dshell,parallel) and
the effective medium theory (Dshell,EMT).

Sample Mobile phase Dshell,parallel [cm2/s] Dshell,EMT [cm2/s]

Halo 90 Å Halo 160 Å Halo 90 Å Halo 160 Å

Uracil 80% CH3CN 2.49 × 10−6 3.85 × 10−6 1.93 × 10−6 2.64 × 10−6

Acetophenone 80% CH3CN 9.01 × 10−6 1.10 × 10−5 5.97 × 10−6 7.37 × 10−6

Toluene 80% CH3CN 1.62 × 10−5 1.70 × 10−5 1.15 × 10−5 1.21 × 10−6

Naphthalene 80% CH3CN 1.27 × 10−5 1.40 × 10−5 8.79 × 10−6 9.85 × 10−6

�-Lipotropin 31% CH3CN 1.18 × 10−6 3.06 × 10−6 7.92 × 10−7 2.22 × 10−6

sion m

F
p
A
t
3
o

Insulin 33% CH3CN – a

a The value obtained was negative and made no sense based on the parallel diffu

umn. This is consistent with the larger internal volume of these

new shell particles and the less restricted molecular diffusion
within larger mesopores (see Table 2). The results of the peak
parking method show that this difference is marginal (+2%) for
the most retained compounds, due to the important role played
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ig. 3. Plots of the column pressure drops of Halo 90 Å (full circles) and Halo-ES-
eptide 160 Å (full squares) columns after correction for the system (optimized
gilent 1290 Infinity) pressure drop in the low flow rate range. Two different mix-

ures of acetonitrile and water we used as the mobile phase: (A) 80/20, v/v; (B)
1/69, v/v. Note the comparable permeability of the two Halo columns. The values
f the respective specific permeabilities (in cm2) are indicated in the graphs.
3.65 × 10−7 1.08 × 10−7 2.85 × 10−7

odel.

by surface diffusion and the specific surface area being larger for
Halo 90 Å particles (150 versus 80 m2/g). The difference is maxi-
mum but moderate with the least retained compounds (+10-15%)
for which surface diffusion is nearly negligible. The diffusion coef-
ficient, Dshell, is only 5–40% larger in the shells of Halo-ES-peptide
160 Å than in those of Halo 90 Å particles.

• The eddy diffusion coefficient, A, is smaller with the new Halo-ES-
peptide column (−25%). This result is not explained by a higher
degree of bed homogeneity because the external porosity of this
bed (�e = 0.40), the width of the particle size distribution (RSD
� 5%), and the external shape of the shell particles (see SEM pic-
tures in Fig. 1A and B) are most similar for both columns. More
likely, it confirms a recent observation made with porous and
non-porous particles [43,44,34], demonstrating that the diffusiv-
ity of the probe compound across the porous particles contributes
to decrease the eddy diffusion coefficient. Indeed, sample diffu-
sivity through the porous shells is faster with Halo 160 Å particles
than with Halo 90 Å particles (see results in Table 3 from the
peak parking method), the difference in the A terms observed is
consistent with this explanation. Fig. 5A–D show the HETP data
corrected by subtraction of the longitudinal diffusion term (mea-
sured by the peak parking method, Eq. (7)), the trans-particle
mass transfer resistance term (estimated by combining the peak
parking method, the parallel or effective medium theory diffusion
model, Eq. (14)), and the external film mass transfer resistance
(Wilson and Geankoplis correlation, Eq. (15)). All graphs clearly
show the smaller A term of the Halo-ES-peptide column for all
small molecules.

• The measured overall C coefficient is smaller for the Halo-ES-
peptide column than for the Halo 90 Å one. The decrease is
about 35% (0.022 versus 0.042, 0.011 versus 0.015, 0.008 versus
0.012, and 0.015 versus 0.022 for uracil, acetophenone, toluene,
and naphthalene, respectively). Note that these overall C coeffi-
cient are significantly larger than the trans-particle Cp coefficient
(0.003 <Cp < 0.006, see Table 3) which is not the only source of
solid–liquid mass transfer resistance. Additionally, the Cp coef-
ficients are similar for both columns (0.003 versus 0.004, 0.004
versus 0.003, 0.005 versus 0.004, and 0.006 versus 0.005 for uracil,
acetophenone, toluene, and naphthalene, respectively). Thus, the
larger C term observed for the standard Halo 90Å column is due
to its higher external film mass transfer resistance because the
access to the mesoporous volume is more difficult when the shell
porosity is low. This assumption will be checked in the next sec-
tion with larger molecules, which are partially excluded from the
mesopore volume.
Table 4 lists the shell diffusivities of the non-retained com-
pound, uracil. They are about 1.5 times larger through the Halo
160 Å particles than through the Halo 90 Å. It is noteworthy that,
as the retention factor increases, this ratio continuously decreases
from 1.46, 1.22, 1.05, and 1.10 because the contribution of surface
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ig. 4. Plots of the reduced HETPs of small molecules measured on the Halo 9
cetonitrile–water (80/20, v/v): (A) uracil; (B) acetophenone; (C) toluene; (D) nap
alo-ES-peptide column.

iffusion to the shell diffusivity compensates for the small pore
iffusivity of the Halo 90 Å particles.

.2.2. Peptide molecule
The peptide �-lipotropin was chosen because it contains no

onizable amino group in the side-chains of its eight amino-acids
Ala-Ala-Ala-Tyr-Gly-Gly-Phe-Leu). Its peak should not tail signif-
cantly much at pH = 2.0 in the presence of 0.1% TFA in a mixture
f water and acetonitrile (31/69, v/v) due to secondary interactions
etween the peptide and the stationary phase. The accuracy and
recision of the reduced HETP will then not be affected by either a
oisy signal (too dilute a sample) or an asymmetrical peak (thermo-
ynamic tailing). The average molecular diameter of this peptide is
bout 12 Å and its molecular weight is 769 Da. This diameter was
alculated in pure water, based on the known sequence of amino
cids of this peptide. The bulk molecular diffusion coefficient of
-lipotropin is equal to 2.6 × 10−6 cm2/s.

Fig. 6A shows the corresponding reduced HETP plots of �-
ipotropin on both Halo columns. The minimum reduced HETP, hmin,
s shifted toward a higher reduced linear velocity with the Halo
60 Å column (�min = 8 versus �min = 4 for Halo 90 Å). The minimum
educed HETP also decreases from 1.8 to 1.4. The difference in the

inetic behavior of the two Halo columns is directly due to a smaller
term and a sightly larger B term for the Halo-ES-peptide column.
able 3 lists the value of the B coefficient derived from the peak
arking measurements. It increases from 2.26 (Halo 90 Å) to 3.13
160 Å). Fig. 6B illustrates the larger B term measured with the Halo-
ull squares) and Halo-ES-peptide 160 Å (full circles) columns. T = 295 K. Eluent:
ene. Note the flat C branch and the smaller eddy diffusion coefficient A with the

ES-peptide column at a low flow rate of 0.05 mL/min. The efficiency
of the 15 cm long Halo-ES-peptide column is 20% smaller than that
of the standard Halo column despite its lower A term. On the other
hand, Fig. 6C illustrates that, at high flow rates (2.8 mL/min), the
solid–liquid mass transfer resistance of the new Halo 160 Å shell
particles is smaller than the one of the standard Halo 90 Å. At this
high velocity, the efficiency of the Halo-ES-peptide column is 60%
higher than that of the standard Halo column. The relative decrease
of the C term of �-lipotropin from the Halo-C18 90 Å to the Halo-C18
160 Å column is directly correlated to the relative increase of the
accessible porosity of the shell (0.14–0.27).

A most striking result is that the average C term of �-lipotropin
on both Halo columns is larger than this term for small molecules.
The average C coefficient of toluene, which has about the same
retention factor as �-lipotropin, is 0.010 (0.012 and 0.008). The
average C coefficient of �-lipotropin is 0.049 (0.062 and 0.036).
This large difference cannot be attributed to the difference in
the particle diffusivity (parameter ˝ = Dshell/Dm), according to the
semi-empirical Cp coefficients given in Table 3 (0.009 and 0.004).
In conclusion, the slow solid–liquid mass transfer observed with
�-lipotropin is explained by an external film mass transfer resis-
tance stronger than that experienced by small molecules. Again,
the porosity of both Halo shells accessible to the peptide molecules

is smaller (0.14 and 0.27) than that accessible to small molecules
(0.22 and 0.36). This confirms the initial interpretation made in the
previous section with small molecules. Next, we extend this C term
theory to even larger and more excluded molecules, insulin and
lysozyme.
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ig. 5. Same as in Fig. 4, except the plot of eddy diffusion coefficient A, measured
oefficient, Cp , and the external film mass transfer resistance term (Wilson and
alo-ES-peptide column with respect to that of the standard Halo column.

.2.3. Proteins: insulin and lysozyme
The molecular weights of insulin and lysozyme are 5.8 and

4.7 kDa, respectively. Their molecular sizes are 32 and 42 Å, there-
ore, they are both significantly excluded from the internal volume
f the porous shells (see Table 2). The actual shell porosities acces-
ible to insulin are 0.18 (Halo 160 Å) and 0.07 (Halo 90 Å). They
re 0.15 and 0.03 for the larger protein lysozyme. The content
f acetonitrile was adjusted to 33% and 37% to observe moder-
te retention factors and keep a high signal-to-noise ratio. The
ulk molecular diffusion coefficients of inusulin and lysozyme are
.6 × 10−6 cm2/s and 9.6 × 10−7 cm2/s, respectively.

.2.3.1. Insulin. Fig. 7A shows the reduced HETP’s of the Halo
olumns and compares them to that of the Kinetex 100 Å column.
mpressively, the solid–liquid mass transfer on the new Halo-ES-
eptide column is 3.5 times faster than that measured for the
tandard Halo 90 Å column, the overall C term (derived from HETP
ata for 10 < � < 100) being 0.295 and 0.084, respectively. Note that
hese C terms are clearly larger than the Cp terms, 0.021 and 0.012,

easured with the peak parking method. Again, consistent with
he observations made for small molecules and the peptide, the
ignificant decrease of the C term is explained by a reduction of the

xternal film mass transfer coefficient. Increasing the shell porosity
ccessible to insulin (0.18 versus 0.07) accelerates the mass trans-
er through the stationary film surrounding the shell particles. Fig.
A demonstrates that it is not the average mesopore size itself but
he shell porosity of the C18-derivatized material that controls the
ubtraction of the longitudinal diffusion term B/�, the trans-particle mass transfer
oplis) to the reduced HETP data. Confirmation of the lower A term of the new

mass transfer of insulin. Indeed, the mesopore size of the Kinetex
column is only 100 Å (similar to that of the standard Halo 90 Å col-
umn) but the porosity of its shell particles is large (0.32 [15]) and
comparable to that of the Halo-ES-peptide column (0.36), which
explains the flat C branch of this column.

The C coefficient of insulin on the Halo 90 Å column is 5 and
60 times larger than those of the peptide (�-lipotropin) and of
the small molecules, respectively. The trans-particle mass trans-
fer resistance coefficient, Cp, of insulin is 0.022, accounting for
nearly 8% of the overall C coefficient derived from the HETP data.
As suggested in the previous sections, the large absolute value
of the C coefficient of insulin cannot be physically explained by
the sole, slow diffusivity of insulin in the porous shell (Dshell =
1.08 × 10−7 cm2/s). The external film mass transfer resistance con-
trols more than 90% of the solid–liquid mass transfer resistance
of proteins. As far as the Halo 160 Å column is concerned, the
solid–liquid C coefficient of insulin is only 2.5 and 20 times larger
than those of �-lipotropin and toluene, respectively. Note that the
Cp coefficient is 0.021 (Dshell = 2.85 × 10−7 cm2/s), accounting for up
to 15% of the solid–liquid mass transfer.

For the sake of illustrating the enhanced performance of the
Halo-ES-peptide column compared to that of the standard Halo

column, Fig. 7B shows the chromatograms of insulin at a flow
rate of 2.8 mL/min on both columns. Despite a larger elution time,
the half-height peak width of insulin eluted on the new Halo
column is thinner than that measured with the standard Halo col-
umn.
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ig. 6. (A) Plots of the reduced HETPs of �-lipotropin on the Halo 90 Å (full
quares) and Halo-ES-peptide 160 Å (full circles) columns. T = 295 K. Eluent:
cetonitrile–water–TFA (31/69/0.1, v/v/v). Corresponding chromatograms recorded
t 0.05 mL/min (B) and 2.80 mL/min (C).

.2.3.2. Lysozyme. The reduced HETP of lysozyme can be measured

nly for the Halo 160 Å column. Fig. 8A and B show the chro-
atograms of lysozyme on both columns at flow rates of 0.4 and

.0 mL/min, respectively. The peaks of lysozyme tail strongly on the
tandard Halo column while they are nearly symmetrical on the
ew Halo column. We note that lysozyme has very limited access
acetonitrile–water–TFA (33/67/0.1, v/v/v). (B) Chromatograms recorded on both
Halo columns at a flow rate of 2.80 mL/min. The triangles represent the same data
measured on a 100 mm × 4.6 mm 2.6 �m Kinetex column. See more details in [15].

to the internal volume of the Halo 90 Å particles (�p,shell = 0.034).
Fig. 8C shows the reduced HETP data of lysozyme measured on
the Halo-ES-peptide column. The overall solid–liquid C coefficient
is 0.639 (0.295 for insulin, 0.036 for �-lipotropin, and 0.008 for
toluene). The volume fraction of the shells accessible to lysozyme
is 0.15 (0.18 for insulin, and 0.27 for �-lipotropin). This continuous
increase of the C term from the peptide, to insulin, and to lysozyme
makes sense on the basis of solid–liquid mass transfer resistance
terms governed by the external film mass transfer, which becomes
slower with decreasing access to the internal volume.

In the next section, we investigate further the mass trans-
fer mechanism of large molecules in Halo columns by selecting
as probe compounds, a series of non-retained and excluded
polystyrene standards. The overall solid–liquid C coefficient is mea-
sured, the Cp coefficient is estimated from Eq. (14). The influence of
the external film mass transfer is obtained by subtracting the latter
from the former coefficient.

4.2.4. Polystyrene standards: MW = 1100, 6400, 13,200, 31,600,
90,000, and 171,000
These six polystyrene standards have hydrodynamic diam-
eters of 14.2, 38.4, 57.8, 94.5, 170.6, and 245 Å, respectively.
Their bulk molecular diffusion coefficients in pure THF are
6.64 × 10−6, 2.46 × 10−6, 1.64 × 10−6, 1.00 × 10−6, 5.54 × 10−7, and
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cetonitrile–water–TFA (33/67/0.1, v/v/v): (A) flow rate: 0.4 mL/min; (B) flow rate:
.0 mL/min. Note the strong exclusion and the enhanced peak tailing of lysozyme
ith the Halo 90 Å column. (C) Reduced HETP data of lysozyme with the Halo 160 Å

olumn.

.86 × 10−7 cm2/s [22]. The size of the first standard is similar of
hat of �-lipotropin (12 Å). That of the second one is comparable

o those of insulin (32 Å) and lysozyme (42 Å). The third one has
size comparable to that of larger proteins (40 kDa). The fourth

ne is excluded from the mesopore volume of the Halo 90 Å par-
icle (see Fig. 2A) and has access to about 6% of the internal shell
olume of the Halo 160 Å particles. The fifth one is excluded from
gr. A 1218 (2011) 907–921

the mesopore volume of the Halo-ES-peptide column (see Fig. 2B).
Finally, the sixth polystyrene standard is completely excluded from
the internal volume of both shells.

No polystyrene standard is retained on the stationary phase
and their degree of exclusion increases with increasing molecu-
lar weight. The volume fraction of the internal volume of the shell
accessible to these polymers, �p,shell (Table 2), decreases from 26.2,
15.9, 11.9, 5.6, 0.2, to 0.0% on Halo 160 Å particles. These volume
fractions are respectively 12.8, 4.5, 2.2, 0.3, 0.0, and 0.0% on the Halo
90 Å particles. The hindrance diffusion factors, F(�m) are 0.66, 0.21,
0.06, 0, 0, and 0 on the standard Halo packing material but 0.81,
0.49, 0.29, 0.08, 0, and 0 on the new Halo-ES-peptide 160 Å par-
ticles. Because no polystyrene standard is retained, their effective
diffusivity through the porous shell is directly given by Eq. (21).

The theoretical Cp term is obtained for non-retained compounds
and shell particles from Eq. (14) with the zone retention factor k1
written as:

k1 = 1 − �e

�e
�p,shell(1 − 	3) (26)

Accordingly, the trans-particle Cp coefficients are estimated to
0.007 (MW = 1100), 0.010 (MW = 6400), and 0.019 (MW = 13,200)
on the Halo 90 Å column. They are equal to 0.008 (MW = 1100),
0.010 (MW = 6400), and 0.015 (MW = 13,200), and 0.032 (MW =
31,600) on the Halo 160 Å.

Fig. 9A–F shows the corresponding reduced HETP plots. As
expected, the HETPs in Fig. 9E-F are very similar because the
polystyrene standards are excluded from the internal volume of
both Halo particles. The HETPs in Fig. 9A show a very flat C branch
because this small polymer has access to a large fraction of the pore
volume. The most noticeable differences are observed for polymers
with molecular size between 30 and 100 Å (Fig. 9B-D) when the
ratio of the accessible particle porosities is the largest (see Table 2).

The overall experimental C coefficients are 0.055 (MW = 1100),
0.096 (MW = 6400), 0.145 (MW = 13,200), and 0.254 (MW = 31,600)
on the Halo 160 Å column. They are about one order of magnitude
larger than the Cp coefficients. Those of the Halo 90 Å column are
even larger at 0.145 (MW = 1100), 0.340 (MW = 6400), and 0.540
(MW = 13,200). Again, these C values clearly exceed the semi-
empirical Cp values. In conclusion, the solid–liquid mass transfer
resistance of large molecules through both Halo columns is mostly
(∼ 90%) governed by the external film mass transfer resistance.
The contribution of the polymer diffusivity through the shell par-
ticles happened to be negligible with 2.7 �m shell particles. These
experiments demonstrate that the Sherwood number, Sh, of large
molecules strongly depends on the porosity of the particles. The
Sherwood number is measured as [37,43]:

Sh = kf dp

Dm
= 1

3
�e

1 − �e

(
k1

1 + k1

)2 1
C − Cp

(27)

Fig. 10 shows that the logarithm of the dimensionless Sher-
wood number of the polystyrene standards (in pure THF, with 2.7
�m Halo particles) increases linearly with increasing logarithm
of the porosity of the shell particles accessible to the polymer
(Sh ∝ �2.75

p,shell
). Furthermore, the data measured with both Halo 90 Å

and Halo 160 Å columns are on the same straight line. This proves
that the average pore size does not directly control the external
film mass transfer resistance nor the C term of the columns. A bet-
ter accessibility of the pores via larger openings would reduce the
C term by reducing the resistance to external film mass transfer.

In other words, the larger the fraction of the external surface area
of the particle that is open to the bulk eluent, the faster the trans-
fer of the sample through the stagnant film of eluent surrounding
the Halo particles. This conclusion is consistent with the experi-
mental C branch of insulin (see Fig. 7A) measured for the Halo 90 Å
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ig. 9. Plots of the reduced HETP data of six polystyrene standard on the Halo 9
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�p,shell = 0.07), the Halo 160 Å (�p,shell = 0.18), and the Kinetex 100 Å
�p,shell = 0.13).

.3. Gradient applications
Fig. 11 illustrates the resolution achieved for a peptide mixture
ith the new Halo-ES-peptide column. The sample was a tryptic
igest of �-lactoglobulin. The flow rate was set at 0.3 mL/min and
he initial acetonitrile content was 5%. The acetonitrile concentra-
ll circles) and Halo-ES-peptide 160 Å (empty stars) columns: (A) MW = 1100; (B)

tion was increased linearly at 0.39% per minute. A remarkable peak
capacity of 410 was achieved over a 90 min. retention window
(average peak width of 13 s). For the sake of comparison, the peak
capacity of the Halo 90 Å measured at a flow rate of 0.2 mL/min

with a gradient ramp of 0.63% per minute was 370 [10] across
the same retention window. Undoubtedly, in agreement with the
results found with �-lipotropin, the peak capacity obtained with
the new Halo-ES-peptide column are larger than those previously
measured with the standard Halo 90 Å column.
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. Conclusion

Our results demonstrate that the new Halo-ES-peptide (160 Å
verage pore size) column, designed to resolve mixtures of large
olecules, provide markedly better kinetic performance than did

he first generation of Halo particles (Halo 90 Å). While this benefit
s hardly visible with small molecules, the improvement is most
ignificant with peptide and protein molecules. The kinetic perfor-
ance for insulin of the 2.7 �m Halo 160 Å particles appears to be

quivalent to that of the recently commercialized 2.6 �m Kinetex
00 Å particles.

The physico-chemical explanations for these observations
ight not necessarily be those anticipated during the design of

his new packing material. The initial incentive was to increase the
esopore size in order to reduce the hindrance to diffusion through
he porous shells of the particles. Successfully enough, the sam-
le diffusivity in the porous shells was indeed increased (× 1.5 for
non-retained small molecule, uracil, × 3 for the weakly retained
eptide, �-lipotropin, and × 6 for a protein, insulin, according to the
gr. A 1218 (2011) 907–921

results of the peak parking measurements). For that all, however,
our results prove that the trans-particle mass transfer resistance
term is not the limiting kinetic factor that controls the solid–liquid
mass transfer resistance in Halo particles. Actually, the van Deemter
C term of large molecules is mostly accounted for by a slow external
film mass transfer.

By increasing the mesopore size, the manufacturer also
increased the fraction of the surface area of the particles that
is open to the interstitial eluent and is accessible to the sam-
ple molecules (+60% for small molecules, +90% for the peptide,
+200% for insulin). The analysis of the kinetic behavior of a series
of non-retained polystyrene polymers of different sizes confirms
that the external film mass transfer resistance strongly depends
on the extent to which these bulky molecules are excluded from
the mesoporous volume. We conclude that the improvement of
the column efficiency of large molecules such as peptides and pro-
teins (500 < MW < 20, 000 Da) observed with the Halo-ES-peptide
column is to be related to the easier access of their molecules to
the internal volume. The probability for a molecule to penetrate the
shell of the particles increases when its internal porosity increases.

As for small molecules, the improvement in column perfor-
mance is also due to the eddy diffusion term of the Halo-ES-peptide
160 Å column being 25% smaller than that of the first generation of
Halo 90 Å column. This diminution of the A term emphasizes the
important role of sample diffusivity through porous particles in the
relaxation of radial concentration gradients caused by short-range
inter-channel and trans-column velocity biases.

List of symbols

Roman letters
a EMT parameter defined in Eq. (11)
A(�) eddy diffusion term in the reduced van Deemter Eq. (6)
B longitudinal diffusion coefficient in the reduced van

Deemter Eq. (6)
C(t) concentration profile (kg/m3)
C overall experimental solid–liquid mass transfer coeffi-

cient
Cp trans-particle mass transfer coefficient in the reduced van

Deemter Eq. (6)
Cf external film mass transfer coefficient in the reduced van

Deemter Eq. (6)
Dh hydrodynamic diameter of the sample molecule (m)
Daxial apparent axial diffusion coefficient in the column (m2/s)
dp average particle size (m)
Deff effective diffusion coefficient in the porous shell (m2/s)
Dm bulk molecular diffusion coefficient (m2/s)
Dp particle diffusivity (m2/s)
Dpores particle diffusivity (m2/s)
Fv inlet flow rate (m3/s)
F(�m) hindrance diffusion factor
h total reduced column HETP
hHeat additional reduced HETP generated by frictional heating

in the column
k1 zone retention factor
k0 specific permeability (m2)
k′ retention factor
kf external film mass transfer coefficient (m/s)
K distribution coefficient between the eluent volume and

the solid porous medium

c

L column length (m)
Mi molecular weight of the eluent i (g/mol)
�P column pressure drop (Pa)
Rc column inner radius (m)



omato

S
t
T
t
u
u

V
x

G
�
�
�

�
�




�

�
�
�
�

�

˝

�
	

�

A

t
m
N
f

[
[
[
[
[
[
[
[
[
[
[
[

[
[

[

[
[

[
[
[
[

[
[
[
[
[
[
[

[
[39] F. Gritti, G. Guiochon, Chem. Eng. Sci. 61 (2006) 7636.
F. Gritti, G. Guiochon / J. Chr

h Sherwood number
time (s)
temperature (K)

p parking time (s)
interstitial linear velocity (m/s)

PP migration linear velocity in the peak parking method
(m/s)

A molar volume of the solute at its boiling point (m3/mol)
i molar fraction of eluent i in the mobile phase

reek letters
eluent’s viscosity (Pa s)

e external column porosity
p porosity of the particle after C18 derivatization and end-

capping
p,shell porosity of the shell accessible to the sample molecule
t total column porosity
e external obstruction factor
p,shell internal obstruction factor
m ratio of the sample molecule diameter to the average pore

size
1 first moment (s)
′
2 second central moment (s2)
1,ex first moment of the extra-column band profiles (s)
′
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

ratio of the intra-particle diffusivity of the sample through
the porous shell to the bulk diffusion coefficient

i association factor of the eluent i in the mobile phase
ratio of the diameter of the solid core to that of the core-
shell particle

2
PP variance of the eluted peak in the peak parking experi-

ment (s2)
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