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a  b  s  t  r  a  c  t

The  mass  transfer  mechanisms  in  silica  monolithic  columns  of  the second  generation  were  investigated,
using  four  research  samples  (two  2.3 mm  ×  50 mm  and  two  3.2 mm  ×  50 mm  silica  rods)  provided  by  their
manufacturer.  The  heights  equivalent  to  a  theoretical  plate  (HETP)  of  these  columns  were  measured  in
a range  of  mobile  phase  velocities,  following  a meticulous  experimental  protocol.  The  coefficients  of the
van Deemter  equation  (longitudinal  diffusion  term  B/uS, skeleton/eluent  mass  transfer  resistance  term
CuS,  and  eddy  diffusion  term  A)  were  determined.  The  protocol  includes  using  the  peak  parking  method
(to  determine  the  longitudinal  diffusion  term),  an  accurate  model  of  effective  diffusion  in  silica  monolithic
structures  (to  determine  the  skeleton/eluent  mass  transfer  resistance  term),  and  an  accurate  method  to
measure  the  column  HETP  and  determine  the  eddy  diffusion  term.  The  results  show  that  the  minimum
plate  heights  of these  new  monolithic  columns  ranges  between  4 and  5  �m,  three  to  four  times  lower  than
those  observed  for  monolithic  columns  of  the  first  generation.  A detailed  analysis  of  the  eddy  diffusion
ddy diffusion
rans-column effect

term  demonstrates  that  this  improvement  in column  efficiency  is  partly  explained  by the  reduction  of
the domain  size  (the  sum  of  the  skeleton  and  throughpore  sizes,  −40%)  but  mostly  by  an  increase  of
the  radial  homogeneity  of  the  monolithic  rods.  The  columns  of  this  second  generation  exhibit  residual
trans-column  relative  velocity  biases  as low  a 1.4%  (instead  of  3%  for  previous  columns),  a  value which  is
comparable  to  those  observed  in  4.6  mm  I.D.  columns  packed  with  sub-3  �m core–shell  particles,  with
which  they  might  become  competitive.
. Introduction

The preparation, production, and properties of continuous,
imodal porous silica monolithic materials began to be investi-
ated in the late 1980s and during the 1990s [1–4]. Nakanishi was
rst to apply these materials to the preparation of a new type of
olumns for liquid chromatography [3].  The first silica monolithic
olumns were commercialized in 2000 (Chromolith, Merck, Darm-
tadt, Germany). While similar efforts were made during the same
eriod to develop monolithic columns made of crosslinked poly-
ers [5–7], the results were not as commercially successful.
Silica monolithic columns differ from particle-packed ones by

he lack of a relationship between the volumes of the porous mate-
ial (the porons) and of the spaces available to the mobile phase
ow (the throughpores). The first commercial monolithic column

ad throughpore and poron sizes of 2.0 and 1.3 �m,  respectively. At
imes when columns packed with 5 �m fully porous particles were
ominating the field of column technology, these new columns

∗ Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667.
E-mail addresses: guiochon@utk.edu, guiochon@ion.chem.utk.edu
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seemed to bring hopes of great technical progress and commercial
success. This was mainly supported by their large specific per-
meability (close to 8 × 10−14 m2, several times larger than that of
columns packed with 5 �m particles [8]), their fast solid/liquid
mass transfer (due to the small size of the porons [9,10]),  and
their large sample capacity per unit adsorbent volume [11]. These
columns provided a lower separation impedance than columns
packed with 5 or 3.5 �m particles [12]. Nevertheless, a review of a
decade of research and development work on monolithic columns
[13] concluded that the advantage of these columns over conven-
tional ones vanished during the 2000s. In spite of the considerable
interest arisen in the scientific community by their novelty, these
columns did not meet great commercial success, due to structural
features inherent to their fabrication process, which cannot provide
radially homogeneous 4.6 mm I.D. rods [14–16] nor long continu-
ous rods, and to the consequences of their high external porosity.

A recent, rigorous investigation of mass transfer mechanisms
in silica monolithic columns of this first generation confirmed that
the main limitation to their applications in liquid chromatography

was  the excessively large contribution of the eddy diffusion term of
their van Deemter equation [17]. For instance, at high linear super-
ficial velocities (uS > 5 mm/s), this term accounts for at least 95%
of their total plate height, which is of the order of 20 �m [17].

dx.doi.org/10.1016/j.chroma.2011.12.065
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:guiochon@utk.edu
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dx.doi.org/10.1016/j.chroma.2011.12.065
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ndependent experiments based on the reconstruction of the
orphology of silica monolithic structures confined in 100 �m

lass capillary tubes [18–20] and on the calculated rate of the
onvective-diffusive mass transport process, concluded that the
rans-throughpore and the short-range inter-throughpore eddy
iffusion terms are not responsible for the low efficiency reported
t high flow rates. Also, the trans-skeleton HETP term was found
o be negligible in a wide range of analyte and skeleton properties
21]. In contrast, a visualization of the column defects (such as large
oids or poor anchoring of the monolithic rod to the glass wall)
howed dramatic effects on the column efficiency, meaning that
nherent limitation to the performance of monolith rods is due to
heir trans-column structural heterogeneity and to the band disper-
ion caused by the inlet and outlet flow distributors. Nevertheless,
or analysts for whom analysis time is not a constraint, silica mono-
ithic columns prepared in long capillary tubes can provide very
arge resolution power [22–25].  Note, however, that the prepara-
ion methods and the structures of the silica monoliths in narrow
apillary tubes and those in wider rods are considerably different.

Monolithic columns of the first generation found important
pplications as second columns in 2DLC [26] or also in preparative
hromatography, albeit in an unusual format, a radial flow con-
guration [27]. Yet, the use of short monolithic columns of the
rst generation in fast LC remains hampered by their too large
xternal porosity and domain size. No significant progress in their
erformance took place during the last decade. These columns are
ot competitive with modern columns [28], whether packed with
odern sub-2 �m [29] or shell particles [30–34] when it comes

o resolve highly complex mixtures. Recently, however, manu-
acturers began to release research samples which might be the
arbinger of a second generation of monolithic columns. These pro-
otype columns provide efficiencies approaching 200,000 plates per

eter. Future trends in chromatography could well be to use highly
ermeable columns for fast separations requiring 10,000–35,000
heoretical plates. These new 5 cm long monolithic columns could
e suitable for that purpose.

The goal of this work was to characterize and evaluate the kinetic
erformance of four distinct new prototype monolithic columns
two 2.3 mm × 50 mm and two 3.2 mm × 50 mm columns, Kyoto

onotech, Kyoto, Japan). The column length and their diameters
ere decided by the manufacturer. These columns are narrower

han were those of the first generation of monolithic columns,
hich had an I.D. of 4.6 mm.  A non-invasive protocol [35,36] already
sed to study the mass transfer mechanism in columns packed with
ore–shell particles [37–39] and the first generation of monolithic
olumns [17] was applied to these prototype columns. This method
equires the measurement of (1) the true moments of the elution
and profiles by numerical integration [40,41]; (2) the external
orosity of the column packing by inverse size exclusion chro-
atography [42]; (3) the longitudinal diffusion coefficient of the

an Deemter equation by the peak parking method [43–45];  and
4) the trans-skeleton mass transfer resistance term using the peak
arking method and the best available model of effective diffusion

n silica monolithic structures [46–48,36].  The sole contribution
f the trans-rod velocity biases to the total eddy diffusion term
s then estimated on the basis of the measurement of the trans-
hroughpore and short-range inter-throughpores eddy diffusion
erms taken from the recent findings of Tallarek et al. [18] in the
omogenous bulk region of capillary monolithic columns.

. Theory
.1. HETP equation for monolithic columns

The general HETP equation is the sum of three indepen-
ent contributions [49], accounting, respectively, for (1) the
ogr. A 1227 (2012) 82– 95 83

longitudinal diffusion of the analyte during its migration along the
column (HLong.); (2) eddy diffusion due to all the sources of velocity
biases taking place at different scales, from the inter skeleton to
the rod diameter lengths, across and along the column (HEddy); and
(3) the resistance to mass transfer by diffusion through the porous
skeleton and between the eluent streamlets and the stagnant meso-
porous volumes (HSkel.). The usual HETP term associated with the
so-called external film mass transfer resistance between the elu-
ent stream and the surface of the skeleton was not considered in
this work. This term has been investigated and used by chemical
engineers for application to chemical reactors. It is related to the
structure of the hydrodynamic layer through which the local veloc-
ity of the eluent continuously decreases from a maximum value
in the center of the channels to zero at the surface of the solid
skeletons. This term is already described by the trans-channel eddy
diffusion term in the overall expression of HEddy [50]. The external
mass transfer resistance at the surface of the stationary phase is
actually negligible because the thickness of the stationary layer of
eluent surrounding the skeleton is extremely small, with a thick-
ness of the same order of magnitude as the surface roughness of
the silica skeleton. Accordingly, the general HETP is written:

H = HLong. + HEddy + HSkel. (1)

2.2. Determination of each individual HETP term

2.2.1. Longitudinal diffusion HETP term
The longitudinal diffusion term HLong. can be accurately and pre-

cisely measured by applying the peak parking method [51] (see
Section 3.4). It is written [36]:

HLong.(uS) = B

uS
= 2�e(1 + k1)

Deff

uS
= (1 + k1)�e

��2
PP

�tp

u2
R,PP

uS
(2)

where B is the longitudinal diffusion coefficient, Deff is the effective
diffusion coefficient along the monolithic column, ��2

PP is the vari-
ance increment observed for an increment �tp of the peak parking
time, uR,PP is the migration linear velocity of the analyte in the peak
parking experiments, uS is the superficial linear velocity of the elu-
ent, k1 is the zone retention factor, and �e is the external porosity
of the monolithic column. By definition, k1 is equal to:

k1 = 1  − �e

�e

[
�p + (1 − �p)K

]
(3)

where K is the equilibrium constant of the analyte between the
stationary phase and the bulk mobile phase and �p is the volume
fraction of the solid adsorbent in the skeleton volume.

2.2.2. The liquid/skeleton resistance mass transfer term
The trans-skeleton mass transfer resistance term, HSkel., can be

estimated provided that we know (1) the geometry or a config-
uration factor for the porous skeleton and (2) an accurate model
of effective diffusion along a silica monolithic column providing
an accurate estimate of the sample diffusivity through the porous
skeleton, Dskel.. Based on scanning electron micrographs (SEM)
of the monoliths, we can reasonably assume a simple cylindri-
cal geometry for the structure of the interconnected silica porous
skeletons [9].  The general expression of this HETP term is then
written as [9]:

HSkel. = 1
16

1
1 − �e

(
k1

1 + k1

)2 d2
skel.

Dskel.
uS = Cskel.uS (4)
where dskel. is the diameter of the cylindrical skeleton, which was
estimated based on the experimental values of the external poros-
ity (see Section 3.7)  and of the specific permeability (see Section
4.1) measured for the different columns used. We  also applied a
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irect rule of thumb using the reference average specific perme-
bility of 7.9 × 10−14 m2 for a standard silica monolith [8] with an
xternal porosity of 0.70 [52] and an average throughpore size of
throughpore = 2 �m.  Finally, we assume the permeability law of Ergun
53]:

2
throughpore = k0KG(1 − �e)2

�3
e

(5)

here the constant KG measured for the reference monolithic
olumns is equal to 193.

Finally, assuming that the porous skeletons are cylindrical, their
iameter can be estimated to be:

skel. = dthroughpore

√
1 − �e

�e
(6)

Regarding the diffusion coefficient Dskel., a model of effective
iffusion in a monolithic column must be selected. In this work, we
ill test successively four models in binary composite media (bulk

luent and solid porous skeleton volumes):

1 The time average model
This model has been abundantly used in liquid chromatography

for its simplicity. It is based on the additivity of the mass fluxes in
each phase. The effective diffusion coefficient, Deff, is then written
[36]:

Deff = �e + ((1 − �e)/�e)˝
1 + k1

Dm (7)

where  ̋ is the ratio of the sample diffusivity in the porous adsor-
bent, Dskel., and the bulk diffusion coefficient, Dm. It is lower than
unity for non-retained species because diffusion is restricted to
the mesoporous volume and above unity for retained compounds
in RPLC, due to the additional contribution of surface diffusion to
the total sample diffusivity [54,55,46].  �e is the external obstruc-
tion factor and can be expressed as a function of the external
porosity for a monolithic column by [56,36]:

�e = 1  − �2

2 − �e(1 + �2)
(8)

This equation was derived from the general stochastic theory
of effective diffusion, which was developed by Torquato and
assumes randomly distributed and non-porous cylinders. For
instance, for �e = 0.7, �e is equal to 0.73, a value which coincides
with the one obtained by morphology reconstruction and mass
transport calculations in silica monolithic structures when the
parameter �2 is adjusted to 0.11 [18].
2 The Landauer model

This more sophisticated model considers the solid skeleton as
a set of microscopic inhomogeneities dispersed randomly in the
bulk mobile phase. The solution for Deff is given by [57,58,55]:

Deff = a +
√

a2 + (1/2)˝
�e(1 + k1)

Dm (9)

with

a = 1
4

[3�e − 1 + ˝(2 − 3�e)] (10)

3 The Garnett model
This approximate model assumes that the external eluent
forms a cylindrical concentric shell around the elements of the
porous skeleton, the diffusion direction being perpendicular to
the axis of these cylinders. It assumes furthermore that any inter-
stitial space is filled with smaller and smaller inclusions, down to
ogr. A 1227 (2012) 82– 95

the infinitesimally small ones. The effective diffusion coefficient
is written [59,48,47]:

Deff = 1
�e(1 + k1)

1 +  ̋ − (1 − �e)(1 − ˝)
1 +  ̋ + (1 − �e)(1 − ˝)

Dm (11)

• 4 The Torquato model
This model is based on a probabilistic theory [56]. For a random

dispersion of the skeleton cylinders, it is written [60,61]:

Deff = 1
�e(1 + k1)

[
1 + (1 − �e)  ̌ − �e�2ˇ2

1 − (1 − �e)  ̌ − �e�2ˇ2

]
Dm (12)

with

ˇ =  ̋ − 1
 ̋ + 1

(13)

and with �2 = 0.11 in silica monolithic structures [36].

These four models will be tested by comparing the expected
values of  ̋ for a non-retained compound (uracil) and the experi-
mental results. The expression of  ̋ is given by [62]:

 ̋ = �p�pF(�m) (14)

where the product �pF(�m) is the restricted diffusion coefficient
due to the channel tortuosity, channel constriction, and the hin-
drance diffusion in confined geometry. This product is a function of
the particle porosity, �p, and of the average pore size, dpore. The
reference experimental values are available in the literature for
particle porosities �p = 0.61, 0.67, 0.69, 0.68 and 0.69 and average
pore sizes dpore = 60, 108, 120, 160, and 180 Å, respectively [63].
They increase from 0.37, 0.52, 0.54, 0.66 to 0.70. The adjustment
of the actual restricted diffusion coefficient to the measured par-
ticle porosities and average pore sizes can be estimated for open
cylindrical pores by [64]:

�p = 1 − 2
3

(1 + �p)(1 − �p)3/2 (15)

and [65]

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

m) (16)

with

�m = danalyte

dpore

(17)

where danalyte is the analyte size.
The average pore size is measured from the intersection

between the exclusion and the intrusion branches of the ISEC
plots (see Table 1). The molecular size of uracil is danalyte = 5.0 Å.
The experimental values expected for  ̋ are listed in Table 1. The
selected model of effective diffusion will be the one that predicts

 ̋ values closest to these semi-empirical values.

2.2.3. The total eddy diffusion term
The eddy diffusion term is obtained simply by subtracting the

longitudinal diffusion and the liquid/skeleton mass transfer resis-
tance terms from the measured value of the overall HETP

HEddy = H − HLong. − HSkel. (18)

The eddy diffusion term itself is the sum of three main contribu-
tions including the impact of the trans-throughpore (HThroughpore),
the short-range inter-throughpore (HShort), and the trans-rod veloc-
ity biases (HTrans-rod) [17,18]:
HEddy = HThroughpore + HShort + HTrans-rod (19)

The HETP terms Htrans-throughpore and Hinter-throughpore could be
determined if the radial structure of the silica monolith is per-
fectly homogeneous. This was done by morphology reconstruction,
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using confocal laser scanning microscopy (CLSM), and by calculat-
ing the mass transport properties in the center zone of commercial
100 �m × 600 mm monolithic columns with a nominal macropore
size of 2 �m and a nominal skeleton thickness of 1 �m [18]. These
terms are written:

HThroughpore = 0.133
uSd2

skel.

Dm
(20)

and

HShort = 1.641
uSd2

skel.

Dm

1
1 + 1.154(uSdskel./Dm)

(21)

The trans-column eddy diffusion term, HTrans-rod, results from
a complex combination of the radial velocity distribution, the
average radial dispersion coefficient, and the band broadening con-
tributions of the inlet and outlet distributors, which distribute the
in-going stream across the inlet cross-section of the column and
collect the out-going streamlets. This term is unknown but can be
estimated by subtracting the first two terms from the overall eddy
diffusion term or:

HTrans-rod = HEddy − HThroughpore − HShort (22)

2.3. Determination of the true chromatographic HETP

The first and second central moments of all the peak pro-
files eluted from the extra-column volume (instrument alone,
using a ZDV union connector) and from the whole system
(instrument + column) were measured sequentially by numerical
integration of the full concentration profiles, using a home-made
program recently published [41]. Prior to the moment measure-
ment, each elution profile was treated according to the following
procedure illustrated in Fig. 1. The time of calculation required
is less than one minute. In part I of this series of papers, which
dealt with columns of the first generation of monolithic columns
[17], the same measurements were performed manually, one peak
after the other. The new program considerably accelerates the pro-
cessing of experimental results. Both methods provide exactly the
same results, within less than 0.1% (first moment) and 0.5% (second
moment) but the time required for each moment measurement is
reduced from about two  hours to a minute.

First, a linear baseline correction of the whole chromatogram
is performed to correct for the baseline drift of the signal that is
assumed to be linear during the whole run. Second, the width of the
integration interval is defined as a multiple, n, of the peak-width at
half-height (n = 4 for the uracil and the naphthalene peaks). Thirdly,
the peak apex is positioned at a precise fraction, p, of the width of
the integration interval (p = 0.45 for the uracil and the naphtha-
lene peaks), to account for peak tailing. Fig. 1A and B shows typical
peak profiles of uracil and naphthalene, respectively, recorded on
the 2.3 mm × 50 mm N733 column, with baseline correction (solid
green line), the boundaries and the position of the integration inter-
val (delimited by the left and right red vertical segments) of the
peak profile (solid blue curve), and their best fit to a Gaussian peak
function (solid purple curve). The flow rate was  set at 2.0 mL/min.
The discrepancies between the Gaussian curve and the experimen-
tal peak profile justify the use of this numerical method for the
determination of the true HETPs of all four monolithic columns
studied in this work.

Finally, the first and the second central moments of the concen-
tration profiles, �1 and �′

2, were calculated using the recorded data

points, following these equations [40]:

�1 =
∑i=N−1

i=1 (Ci + Ci+1)(ti + ti+1)

2
∑i=N−1

i=1 Ci + Ci+1

(23)
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′
2 =

∑i=N−1
i=1 (Ci + Ci+1)((ti + ti+1)/2 − �1)2

∑i=N−1
i=1 Ci + Ci+1

(24)

he values of the first and second central moments are accurate
ithin 0.1 and 2%, respectively.

The corrected HETP, H, is then given by:

 = L
�′

2 − �′
2,ex

(�1 − �1,ex)2
(25)

here L is the column length and �1,ex and �′
2,ex are the first and the

econd central moments of the corresponding extra-column band
rofiles.

The precision of the column plate height is given by

�H

H

∣∣∣ =
∣∣∣∣��′

2
�′

2

∣∣∣∣
(

�′
2 + �′

2,ex

�′
2 − �′

2,ex

)
+ 2

∣∣∣��1

�1

∣∣∣
(

�1 + �1,ex

�1 − �1,ex

)
(26)

he accuracy of the HETP values are then between 2% and 12%,
epending on the retention factor and the column size.

The relative random errors (for duplicate injections made at
ach flow rate) on the first moments are smaller than 0.1% (uracil)
nd 0.05% (naphthalene). The relative random errors made on the
econd central moments are smaller than 1.0% (uracil) and 0.8%
naphthalene), once the right and left cuts are fixed as above men-
ioned. The remarkable repeatability of the injection system of the
290 Infinity system permits the achievement of this excellent pre-
ision of H measurements. Therefore, this integration approach
rovides both accurate and precise HETP data that analysts can
rust for a further detailed analysis of the mass transfer mech-
nism [40]. Accordingly, if the extra-column contributions were
egligible, as they are for strongly retained compounds eluted from
ide columns, the largest random error would be less than 1.2%.
ith small I.D., efficient columns and non-retained compounds,

he variance contribution of the system to overall band broaden-
ng becomes large. For instance, with the 2.3 mm  I.D. monolithic
olumns studied in this work, this system contribution can account
or more than 70% of the total peak variance and the largest random
rror is about 6.5%. For the 3.2 mm I.D. column, this error drops to
nly 3.3%.

. Experimental

.1. Chemicals
The mobile phase was a mixture of acetonitrile and water
55/45, v/v). Tetrahydrofuran was used as the eluent for the inverse
ize-exclusion chromatography (ISEC) measurements. All these
d naphthalene (right) eluted from a 2.3 mm × 50 mm silica monolithic column at a
me in second for the x-axis. See detailed explanation in the text in Section 2.3.  (For
ion of the article.)

solvents were HPLC grade from Fisher Scientific (Fair Lawn, NJ,
USA). The mobile phases were filtered before use on a surfactant-
free cellulose acetate filter membrane, 0.2 �m pore size (Suwannee,
GA, 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 ISEC data. They were purchased
from Phenomenex (Torrance, CA, USA). The low molecular weight
compounds used in this work were uracil and naphthalene, with a
minimum purity of 99% (Fisher Scientific).

3.2. Apparatus

The 1290 Infinity HPLC system (Agilent Technologies, Wald-
broen, Germany) liquid chromatograph used in this work includes a
1290 Infinity Binary Pump with Solvent Selection Valves and a pro-
grammable auto-sampler. The injection volume was  set at 0.5 �L
(for 2.3 mm I.D. columns) and 1 �L (for 3.2 mm I.D. columns) and
was  drawn into one end of the 20 �L injection loop. The instrument
is equipped with a two-compartment oven and a multi-diode array
UV-VIS detection system. The system is controlled by the Chemsta-
tion software. The sample trajectory in the equipment involves the
successive passage of its band through

• A 20 �L injection loop attached to the injection needle. The design
of the injection system is such that the volume of sample drawn
into the loop is the volume of sample injected into the column.

• A small volume needle seat capillary (115 �m I.D., 100 mm long),
�1.0 �L, located between the injection needle and the injection
valve. The total volume of the grooves and connection ports in
the valve is around 1.2 �L.

• One of the different types of capillary tubes which were placed
before and after the column, a 65 �m I.D. (brown tubings), a
115 �m I.D. (red tubings), a 140 �m I.D. (green tubings), all 40 cm
long, and a 130 �m 56 cm long Viper capillary tube offered by the
manufacturer (Dionex, Germering, Germany) were used. Their
total volumes are 1.3, 4.2, 6.2, and 7.4 �L, respectively.

• A small volume detector cell, 0.8 �L, 10 mm path.

The extrapolation to a zero flow rate of the extra-column vol-
ume  using the Viper capillary tube measured for 1.0 �L injections
of uracil and naphthalene tracers in the flow rate range between
0.05 and 2.0 mL/min provides an average extra-column volume of
11.4 �L. According to the dimensions just cited, we  should expect

a volume of 0.5 (injection volume) + 1.0 (needle seat capillary) + 1.2
(injection valve) + 7.4 (inlet and outlet capillaries) + 0.4 (detector
cell) = 10.5 �L. Given the wide range of the specifications (±20%)
for the inner diameter of the connecting capillary tubes, these two
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Fig. 2. Plots of the variances of the eluted band profiles recorded during the
peak parking experiments versus the peak parking time. Four different monolithic
columns (N731, N733, N648, N655) and two solutes (uracil and naphthalene) were
used. For all columns the superficial linear velocity was fixed at 0.040 cm/s. The peak
F. Gritti, G. Guiochon / J. Ch

alues are in good agreement. We  measured an offset time of about
.04 s between the moments when the zero time is recorded and
hen the sample leaves the injection needle. Note that the extra-

olumn peak variance measured with the Viper connector rapidly
ncreases from 2.9 �L2 at 0.05 mL/min to 11.5 �L2 at 0.6 mL/min
nd remains nearly constant at higher flow rates.

.3. Columns

Four research monolith samples were generously offered to
s by Kyoto Monotech (Kyoto, Japan). The two 2.3 mm × 50 mm
olumns, N731 and N733, are from the same batch of silica gel. The
.2 mm × 50 mm columns, N648 and N655, were made from feeds
aving different compositions. Their physico-chemical characteris-
ics (total, external and internal porosities, average mesopore size,
redicted ratio of poron to bulk diffusivities for a non-retained com-
ound, average skeleton diameter, average throughpore diameter,
nd specific permeability) were derived in this work. They are listed
n Table 1. The modified silica-C18 surface was fully endcapped
ccording to a proprietary process. The 4.6 mm × 100 mm column
acked with 1.9 �m non-porous silica particles that we  used for the
easurement of the diffusion coefficient of uracil and naphthalene
as a generous gift from Phenomenex (Torrance, CA, USA).

Note that the columns N731 and N733 are slightly larger than
.3 mm.  The measurement of the diameter of the mold in which
he silica gel was prepared provides a diameter of 2.33 mm.  The
olumn diameter depends also on the extend of shrinkage of the
od during its preparation.

The prototype monolithic columns used in this work con-
ain two frits (one at the inlet, the other at the column outlet)
ith a porosity of 0.5. Their dimensions are 2 mm × 1 mm and

 mm × 1 mm,  e.g. total volumes of 3.1 �L and 7.1 �L in the
.3 and 3.2 mm I.D. columns, respectively. These frits are trun-
ated cones (total volume, 1.6 �L). Considering that the total
orosity of the 5 cm long monolithic columns is 0.85, these
olumes account for about 4.7/(0.85 × 	 × 0 . 1152 × 5) = 2.7% and
.7/(0.85 × 	 × 0 . 152 × 5) = 2.9% of the total hold-up volume of
he 2.3 and 3.2 mm I.D. columns, respectively, which is a sig-
ificant fraction of the extra-column volume. Stricto sensu, these
ontributions to the extra-silica monolithic rod volume are
1.4 + 4.7 = 16.1 �L (2.3 mm I.D.) and 11.4 + 8.7 = 20.1 �L (3.0 mm
.D.), respectively. Therefore, the contribution to band broadening
hat take place during migration of the band along the frits and the
runcated cones cannot be neglected compared to the band broad-
ning taking place in the 1290 HPLC system volume. Because, the
ariance contribution caused by the passage of the band through
he frits and the truncated cones is unknown, it will be considered
s part of the contribution of the monolithic column.

.4. Peak parking (PP) measurements

The PP method was used to measure the longitudinal diffusion
ETP terms (HLong.(uS)) of the monolithic columns studied and the
ffective diffusivities (Dskel.) of the samples through their porous
keleton. This technique was pioneered by Knox in gas [66] and
iquid chromatography [43] and was recently used to measure the
nternal obstruction factor of porous silica-C18 particles [44] and
he bulk diffusion coefficients of sample molecules in the liquid

obile phase [67,68].
In the PP experiments reported, 1 �L (for 2.3 mm  I.D. columns) or

 �L (for 3.2 mm I.D. columns) of a dilute sample solution (<0.5 g/L)
as injected at a low, constant flow rate (0.100 and 0.194 mL/min
or the 2.3 and 3.2 mm I.D. columns, respectively, in order to keep
he same low superficial linear velocity, e.g. a similar low pressure
rop along the column during the elution). The column was  eluted
uring the time necessary for the non-retained sample (uracil) to
parking times were set at 1, 15, 30, 60, and 120 min.

reach about 3/4 of the length of the column. Since the retention
factors measured for naphthalene on the N731, N733, N648, and
N655 monolithic columns were 2.0, 1.9, 3.4, and 1.3, respectively,
this compound was parked at about 1/4, 1/4, 1/5, and 1/3 of the
lengths of these columns. When the uracil band has reached the
desired position, the flow is abruptly stopped and the sample is
left free to diffuse around the position that it reached along the
column, during a certain time (the parking time, tp). This parking
time was  successively set at 1, 15, 30, 60, and 120 min. All the results
of the peak variance measured as a function of the parking time are
gathered in Fig. 2. They will be discussed later.

The slope of the plot of the elution peak variance versus the peak
parking time, ��2

PP/�tp, provides a direct measure of the effective
diffusion coefficient along the packed bed (Deff) and an estimate of
the sample diffusivity through the porous skeleton (Dskel. = ˝Dm),
as explained in Sections 2.2.1 and 2.2.2, respectively.

3.5. Measurement of the bulk diffusion coefficients Dm

The diffusion coefficients of uracil and naphthalene were
measured by applying the peak parking method, using a
100 mm × 4.6 mm column packed with solid, non-porous silica par-
ticles (1.9 �m). The external obstruction factor, �e, of this column
was  obtained from the effective diffusion coefficient (Deff = �eDm)
of thiourea in pure water at T = 298.15 K (Dm = 1.33 × 10−5 cm2/s
[69,70]). Accordingly, we measured �e = 0.65 [17]. The same mea-
surement was repeated with uracil and naphthalene in a mixture
of acetonitrile and water (55/45, v/v), to evaluate the kinetic per-
formance of the monolithic columns studied in this work. The flow
rate was fixed at 0.4 mL/min. UV detection was  done at a wave-
length of 274 nm with a bandwidth of 4 nm.  The peak parking times
were set at 1, 60, 120, 180, and 240 min. The temperature profile
TPP was  recorded during the whole PP experiments. Due to slight
temperature variations overnight (±1 K during the 10 h sequence
run), T was taken as the mean of the five average temperatures
PP

recorded during each parking period. The viscosity of the eluent at
the temperature TPP was  taken from the literature [71].
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Table 2
Temperatures (T), diffusion coefficients (Dm), zone retention factor (k1), effective diffusion coefficients (Deff), ratio of the shell diffusivity to the bulk diffusion (˝), reduced
longitudinal diffusion coefficients (B), and solid–liquid mass transfer coefficient (Cp) measured for the non retained compound uracil.

Column’s serial
number

Column’s dimension
I.D. [mm]  × length
[mm]

T [K] Dm [cm2/s] k1 Deff [cm2/s]  ̋ B [cm2/s] Cskel. [�s]

N648 3.2 × 50 297.4 1.06 × 10−5 0.17 6.70 × 10−6 0.09 0.96 × 10−5 8.2
N655 3.2  × 50 297.6 1.06 × 10−5 0.23 7.77 × 10−6 0.38 1.30 × 10−5 36.6
N731  2.3 × 50 297.3 1.06 × 10−5 0.25 7.73 × 10−6 0.42 1.28 × 10−5 12.1
N733  2.3 × 50 297.3 1.06 × 10−5 0.24 7.73 × 10−6 0.42 1.34 × 10−5 8.4

Table 3
Same as in Table 2, except the compound, naphthalene.

Column’s serial
number

Column’s dimension
I.D. [mm]  × length
[mm]

T [K] Dm [cm2/s] k1 Deff [cm2/s] ˝ B [cm2/s] Cskel. [�s]

N648 3.2 × 50 297.4 1.27 × 10−5 4.39 6.70 × 10−6 3.00 4.03 × 10−5 29.8
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0
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The diffusion coefficient Dm(T) at temperature T is obtained from
he peak parking data measured at temperature TPP by [51]:

m(T) = 1
2�e

��2
PP(TPP)
�tp

L2

t2
R

T

TPP


(TPP)

(T)

(27)

here L is the column length, tR is the retention time of the com-
ound with no flow interruption, and 
(T) and 
(TPP) = 0.847 cP are
he eluent viscosities at temperatures T and TPP = 293.6 K.

All the bulk molecular diffusion coefficients are given in the
ourth column of Table 2 (uracil) and Table 3 (naphthalene) for the
emperatures T (third column) recorded during the measurement
f the column HETP as described below.

.6. HETP plots

For all columns, the same sequence of superficial linear veloci-
ies (from 0.20 to 5.62 mm/s) was applied. The corresponding flow
ates were set at 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80,
.00, 1.20, and 1.40 mL/min for the 2.3 mm I.D. columns and 0.097,
.194, 0.387, 0.581, 0.774, 0.968, 1.161, 1.355, 1.549, 1.936, 2.323,
nd 2.710 mL/min for the 3.2 mm I.D. columns. The sampling rate
as adjusted to 2.5, 5, 10, 20, 20, 40, 40, 40, 40, 80, 80, 80, 80, 160,

nd 160 Hz, respectively, in order to record peak profiles with a
omparable number of data points (>75) at all flow rates. 0.50 and
.97 �L of the sample solution (concentration <0.5 g/L) was injected

nto the 2.3 and 3.2 mm I.D. columns, respectively, and the chro-
atograms were recorded at the same wavelength of 265 nm.  For

ll samples, a constant bandwidth of 4 nm was selected. The tem-
erature was set by the laboratory air-conditioner at 297.4 ±0.5 K.

.7. ISEC experiments

The ISEC experiments were carried out with neat THF as the
luent. Twelve polystyrene standards were used with molecular
eight between 100 and 2 millions Dalton. This covers a wide range

f molecular sizes between 4 and 950 Å. The flow rate was set at
.12 and 0.24 mL/min for the 2.3 mm  × 50 mm  and 3.2 mm × 50 mm

onolithic columns, respectively. The external porosity was deter-
ined from the extrapolated elution volumes of the exclusion

ranches to a molecular radius of zero divided by the column tube
olume (0.208 and 0.402 cm3). The results are listed in Table 1.
1.89 7.77 × 10 2.91 3.54 × 10 10.8
2.78 7.73 × 10−6 3.51 4.17 × 10−5 16.2
2.71 7.73 × 10−6 3.70 4.12 × 10−5 11.1

4. Results and discussion

In the first part of this work, we report and discuss the
permeability of the four monolithic columns provided by the man-
ufacturer (Kyoto Monotech) and estimate the average throughpore
size, the average skeleton size, and the average mesopore size
from the ISEC plots. As a reference, note that the first generation
of monolithic columns commercialized by Merck in 2000 had an
average specific permeability of 7.9 × 10−14 m2 [8,4,13], an aver-
age throughpore size of 2 �m [12,4],  an average skeleton size of
1.3 �m [12,4],  and an average mesopore size of 120 Å before C18
derivatization [4].  In a second part, we  accurately measured the
overall kinetic performance of these new monolithic columns for
a non-retained and a retained compounds, using a general experi-
mental protocol, designed recently [51,36]. Finally, we estimate the
residual trans-column heterogeneity of these columns from their
trans-rod eddy diffusion term and we compare it to that of the first
uS [cm/s]

Fig. 3. Column pressure drops recorded as a function of the superficial linear
velocity.
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ig. 4. ISEC plots constructed from the elution volumes of twelve polystyrene stand
olume, VR , of the polystyrene standards to the volume of the empty column tube, 

.1. Permeability of the monolithic columns

The pressure drops along the monolithic columns were mea-
ured by subtracting the system pressure drop (measured in the
bsence of column) from the total pressure drop (measured in
he presence of the column) at flow rates of 0.05, 0.10, 0.20, 0.30,
.40, 0.50, 0.70, 0.90, 1.10, 1.30, and 1.50 mL/min. The eluent was a
ixture of acetonitrile and water (55/45, v/v) and the temperature
as recorded at 297.7 K. The viscosity of the mobile phase is then

 = 0.767 cP. The plots of these corrected pressure drops versus
he applied flow rate are shown in Fig. 3 for the four columns
tudied in this work. The pressure drop, �P, is given by the general
ermeability equation [49]:

P = 
L

	R2
c k0

Fv (28)

For all the columns, the slopes of the linear plots shown in Fig. 3
ere measured for uS < 0.1 cm/s. These slopes provide the estimate

f the specific permeability, k0, of each column, knowing the inter-
al radius of the columns (Rc = 0.115 and 0.160 cm). The values are
.90, 2.06, 1.35, and 1.65 × 10−14 m2 for the columns N731, N733,
648, and N655, respectively. They are four to six times smaller

han those obtained for the first generation of monolithic columns

7.9 × 10−14 m2). This shows that the domain size is significantly
maller. The external porosities of columns N731, N733, N648, and
655 were derived from the ISEC plots shown in Fig. 4A–D. They
ere found to be 0.66, 0.70, 0.61, and 0.69, respectively. Eq. (5) with
ormalized to the column tube volume. The y-axis represents the ratio of the elution
 is the molecular weight.

KG = 193 was used in order to estimate the average throughpore
size of these new columns. This value of KG = 193 was  derived from
the specific permeability of the reference silica monolithic material
with dthroughpore = 2.0 �m, �e = 0.70, and k0 = 7.9 × 10−14 m2. Accord-
ingly, the average throughpore sizes of columns N731, N733, N648,
and N655 are equal to 1.19, 1.04, 1.30, and 0.95 �m,  respectively.
On the average, the throughpore size decreased from 2.0 to 1.1 �m,
a 45% relative decrease Eq. (6) was  used to estimate the average
skeleton sizes, giving values of 0.85, 0.69, 1.03, and 0.64 �m,  respec-
tively. Thus, the average skeleton size has decreased from 1.3 to
0.8 �m,  a relative reduction of 38%. Overall, the domain size (sum
of the throughpore and the skeleton sizes) has decreased from 3.3
to 1.9 �m,  a 42% relative diminution.

The intersection of the exclusion branch with the intrusion
branch provides a good estimate of the average mesopore size after
bonding of the silica surface with C18 chains. Values of 152, 145, 65,
and 199 ± 10 Å were found. All these data are listed in Table 1, for
later use to estimate the intra-skeleton diffusivity of a non-retained
compound (uracil) and select the best model of effective diffusion
in monolithic columns.

4.2. Extra-column tubings
Before measuring the HETP plots of the four monolithic columns
corrected for the extra-column contributions, we selected the
connecting tubes that provide the best compromise between
two antagonist properties: the extra-column pressure drop
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ontribution and the extra-column band broadening contribu-
ion. Both should be kept as small as possible. Four connecting
ube geometries were used: 65 �m × 400 mm (Polymer tubings),
15 �m × 400 mm (metallic tubings), 140 �m × 400 mm (metallic
ubings), and 130 �m × 500 mm (Viper tubings). The endfittings
f the metal tubes are irreversibly fixed to both ends of these
ubes. In addition, two detector cells of volumes 0.8 and 2.4 �L
ere tested with each connecting tube. The mobile phase flow

ate was set at the relatively large values of 1.6 (for N731
nd N733) and 2.0 mL/min (for N648 and N655), in order to
aximize the contributions of the extra-column fittings and to

perate the columns at the maximum inlet pressure that they
ay  tolerate (�200 bar). The average total pressure drop recorded

or these four columns were 277, 168, 151, and 152 bar with
he 65 mm × 400 mm,  115 mm × 400 mm,  140 mm × 400 mm,  and
30 mm × 560 mm connecting tubes, respectively.

We measured the apparent efficiency of the four mono-
ithic columns for the nine analytes (acetanilidine, benzophenone,
cetophenone, propiophenone, butyrophenone, valerophenone,
exanophenone, heptanophenone, and octanophenone) contained

n the RPLC checkout test sample from Agilent. Fig. 5A–D shows
he variation of this efficiency as a function of the retention fac-
ors measured, using as hold-up time the retention time of the
rst eluted compound (k = 0). All the results show an obvious

mpact of the nature of the connecting tubes selected for k < 3.
s expected, the 0.8 �L detection UV cell generates systematically
igher plate counts than the 2.4 �L cell. The highest plate counts

ere measured with either the Viper tubings or the 65 �m I.D.

onnectors, which was surprising because the volume of the Viper
ubes is five times larger than that of the 65 �m × 400 mm  tub-
ngs. This is explained by the exceptionally high quality of the
nfigurations as a function of the retention factor of nine analytes. See text for more

design and manufacturing of the connector-column contacts pro-
vided by the Viper system, which has an almost zero volume. In
contrast, the polymer connectors do not fit well enough to the col-
umn  inlet (manual cut) and become progressively damaged as they
are repeatedly screwed/unscrewed to the columns. The poor per-
formance observed with the other capillary tubes is explained by
the presence of a significant free volume between the stainless steel
tube and the column endfitting. Since the 130 �m Viper tubings
generate a 45% lesser pressure drop than the 65 �m polymer tube
and provide similar extra-column band broadening, the Viper con-
nector was  selected for the measurement of the corrected column
HETP.

4.3. Performance of the monolithic columns

Fig. 6A–D shows the plots versus the mobile phase flow rate
of the HETPs corrected for extra-column band broadening of the
four new monolithic columns studied. Remarkably, the minimum
HETP observed for the non-retained compound (uracil) is between
4 and 5 �m,  contrasting with the minimum HETP measured for
monolithic columns of the first generation, about 18 �m [17]. This
considerable improvement may  be related to the narrower inner
diameters of these columns (2.3 and 3.2 mm instead of 4.6 mm for
the older ones). The HETPs for naphthalene are approximately 10%
larger. The performance of the two 3.2 mm I.D. columns is some-
what better than that of the 2.3 mm I.D. columns.

With conventional columns packed with either fully porous

or superficially porous particles, the efficiencies of retained com-
pounds at high velocities is systematically higher, with minimum
HETP typically around 3.5 �m [72,31],  than for non-retained ones.
As explained earlier in details [73,35,36],  this feature is explained
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ig. 6. Corrected HETPs of the four monolithic columns measured for uracil and na
on-retained analyte.

y the significant radial trans-column velocity bias that exists in
acked columns and was shown by direct measurements at the
olumn outlet using local electrochemical detection [16]. Conse-
uently, because retained compounds spend a longer residence
ime in the column and diffuse faster through the silica-C18 packing
articles due to surface diffusion [54], they experience very effi-
ient relaxation of the radial concentration gradient generated by
he trans-column velocity bias. Thus the results observed with the
ew monolithic columns suggest that the eddy diffusion of retained
nd non-retained compounds proceed at similar velocities. There-
ore, the small residual difference between the HETPs of retained
nd non-retained compounds is mostly explained by the difference
n the longitudinal diffusion term, which is larger for retained than
or non-retained analytes, due to the significant contribution of sur-
ace diffusion to the effective diffusion coefficient of naphthalene
long the column.

In the next sections, we report on the values of the eddy diffu-
ion terms derived for uracil and naphthalene in the four monolithic
olumns, according to Eq. (18), which required the measurements
f the longitudinal diffusion term (known from Eq. (2) and the peak
arking data given in Fig. 2) and of the solid–liquid mass transfer
esistance term. This last term depends on the analyte diffusivity
hrough the porous skeleton (see Eq. (4)). This diffusivity is esti-

ated from the peak parking data and a model of effective diffusion
Deff) in monolithic columns. For this purpose, we need to select

he best model of effective diffusion in monolithic columns among
he time-averaged (Eq. (7)), the Landauer (Eqs. (9) and (10)), the
arnett (Eq. (11)), and the Torquato (Eqs. (12) and (13)) models of
ffective diffusion.
lene. Note that the minimum HETP (4–5 �m)  is larger for the retained than for the

4.3.1. Models of effective diffusion in monolithic columns
We follow the same procedure as the one previously used to

select the most realistic model of effective diffusion in columns
packed with core–shell particles [74]. On the one hand, the intra-
particle diffusivity of a non-retained compound through the porous
skeleton is first calculated (  ̋ = �p�pF(�m)) by combining the mea-
surements of the skeleton porosity and the average pore size (ISEC)
with the estimates of the internal obstruction factor (obtained from
the Pismen correlation, Eq. (15)) and of the hindrance diffusion
factor (obtained from the Renkin correlation, Eq. (16)). The val-
ues calculated for  ̋ are accurate within 40% (due to the 30 and
10% relative errors made on �p and F(�m), respectively) [74]. This
accuracy is considered as acceptable. These values of the ratios ˝
of the intra-particle diffusivity, Dskel., to the bulk diffusion coeffi-
cient, Dm, are listed in Table 1 (seventh column). Remarkably, the

 ̋ value for the column N648 (about 0.10) is significantly smaller
than those for the other three columns (0.35–0.40), which results
from the smaller average pore size of its monolith (65 Å instead
of 150–200 Å for the other columns), a result that could have been
expected. On the other hand, these same ratios  ̋ are derived for the
non-retained compound uracil from the combination of the results
of the peak parking method (experimental Deff values listed in the
sixth column of Table 2 for the four monolithic columns tested)
and the assumption of a mathematical function f that expresses an
effective diffusion model in a monolithic column (Deff = f(˝)).
Fig. 7 compares the accurate values of  ̋ (±40%) obtained from
the correlations of Pismen and Renkin (x-axis) with the experimen-
tal ones (y-axis) derived when assuming the four different models
of effective diffusion in monolithic columns that are proposed in
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Section 2 (y-axis). For a mathematical model f to be physically
acceptable, the set of its four data points (one for each column)
should be located within the error bars shown in Fig. 7, which are
centered on the solid diagonal. Strikingly, only one model seems
to be satisfactory, providing acceptable predictions of the intra-
skeleton diffusivity of uracil, the simple time-averaged parallel
diffusion model.

It should be noted that the other three models underestimate the
analyte diffusivity through the porous skeleton by more than 100%.
The Torquato model comes as second effective diffusion model but,
as the Garnett and the Landauer models, it must be rejected because
the error made on the calculated parameter  ̋ is less than 40%.

4.3.2. Eddy diffusion
The eddy diffusion term was  measured according to Eq. (18).

For reasons explained in the previous section, the time-averaged
model of effective diffusion was  used to estimate the values of the
skeleton-liquid mass transfer resistance term of the HETP equation,
Cskel.uS. The values of Cskel. are listed in Table 2 (uracil) and Table 3
(naphthalene). The longitudinal diffusion term was measured from
the peak parking experiments (see Eq. (2)). The corresponding dif-
fusion coefficient, Deff, and the B term are also listed in these tables.
After subtraction of both these HETP terms from the total HETP
shown in Fig. 6A–D, the eddy diffusion of columns N731, N733,
N648, and N655 are obtained and shown in Fig. 8A–D.
Surprisingly, the eddy diffusion of the non retained uracil is
not significantly different from that of the retained naphtha-
lene. This result was observed only once with columns packed
with either fully porous or superficially porous particles, one
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Fig. 9. Trans-rod eddy diffusion of the four mon

xceptional column packed with 2.6 �m Kinetex particles that had
 minimum reduced plate height of 1.1 [35] (Hmin = 2.9 �m).  This
xceptional performance was due to the random nature of the pack-
ng process. On the average, the minimum reduced plate heights
f core–shell particles were found to be between 1.4 and 1.5 for
.6 �m Kinetex and 2.7 �m Halo-ES-Peptide [75,76]. Usually, for
he first generation of monolithic columns [17] or for all types
f packed columns [37,38],  the eddy diffusion term of retained
ompounds is significantly smaller than that of a non-retained com-
ound. As explained earlier, trans-column velocity biases generate
adial concentration gradients, which are the major cause of eddy
iffusion. Because retained compounds spend a longer time in the
olumn and diffuse faster through it due to fast surface diffusion in
PLC, these gradients relax more efficiently than for a non-retained
ompound. However, this effect is not obvious with the new mono-
ithic columns given to us by Kyoto Monotech. The advantage of a
aster radial diffusivity of analytes becomes useless when the col-
mn  structure is radially homogeneous. This confirms the radial
niformity of the micro-structure of these new monolithic rods.
his might in part be related to the inner diameter of these new
onolithic columns being narrower than that of the columns of

he first generation of monolithic columns (4.6 mm).  Therefore, it
ppears that a new procedure of synthesis allows the production
f radially homogeneous silica monoliths with inner diameters of
t least 3.2 mm.

In order to estimate the residual radial heterogeneity of the

our monoliths, we estimated their trans-column eddy diffusion
erm, HTrans-rod. For this purpose, we need estimates of the trans-
hroughpore and short-range inter-throughpore eddy diffusion
erms (HThroughpore and HShort), which will be subtracted from the
Superficial  li near  vel ocit y  [c m/s]

 columns measured for uracil and naphthalene.

total eddy diffusion terms. These terms were derived from the cal-
culated values of dispersion in the homogeneous center region of
physically reconstructed capillary silica monoliths. They are given
by Eqs. (20) and (21). Fig. 9A–D shows the residual trans-rod
eddy diffusion terms. The comparison between these figures and
Fig. 8A–D shows that the contributions of the trans-throughpore
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Fig. 10. Comparison between the trans-rod eddy diffusion terms of naphthalene
measured for the four new monolithic columns.
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oluene were about 20 �m at a superficial linear velocity of 0.4 cm/s
17]. In these new monolithic columns, this term is only 3.2, 3.5, 5.4,
nd 5.7 �m,  respectively, a considerable reduction of the band dis-
ersion due to radial heterogeneity. It is noteworthy that HTrans-rod
ontains the contribution of the inlet and outlet distributors to band
roadening.

These results are in part due to an improved column structure.
he former 4.6 mm I.D. monolithic columns were cladded in a PEEK
ube. In the new columns, there are two layers of polymers between
he rod and the stainless tube. The flow distributors in the original

onolithic columns were made of a polymer disk with six equidis-
ant apertures located about half the column inner radius apart.
he ends of the new columns are covered with monolithic silica
rits (1 mm thick), possibly allowing a more uniform flow distribu-
ion of the eluent at both the column inlet and outlet than disk of
he Chromolith columns.

Finally, Fig. 10 compares the trans-rod eddy diffusion terms
or naphthalene in the four new monolithic columns. Remarkably,
he best performances are observed with the 3.2 mm I.D. columns,
hich also have the lowest permeabilities and the smallest external
orosities. They are those providing the minimum band dispersion.

f we assume the length of persistence-of-velocity is of the same
rder of magnitude as the column length (see detailed analysis and
odel of trans-column eddy diffusion in [17]), the relative ampli-

ude of the radial velocity gradient across the 3.2 mm I.D. column
an be estimated at 1.4%, a value comparable to those observed
ith 4.6 mm I.D. columns packed with core–shell particles [33]. In

ontrast, this length was previously estimated at about 3% for the
rst generation of monolithic columns.

. Conclusion

In this work, we reported on the mass transfer mechanism of
mall analytes in 2.3 mm × 50 mm and 3.2 mm × 50 mm new sil-
ca monolithic columns prepared by Kyoto Monotech. The average
hroughpore and skeleton sizes of these prototype columns are
bout 40% less than those of the monolithic columns of the first gen-
ration (Chromolith, Merck). Therefore, the domain size of the new
ilica monoliths is decreased from 3.3 �m (Chromolith) to 1.9 �m.
he average permeability of these new prototype columns is now
quivalent to that of columns packed with 4 �m spherical parti-
les, instead of 9 �m for Chromolith columns. Their efficiency is
quivalent to those of columns packed with 2–2.5 �m fully porous
articles, rather than 9 �m for Chromolith.

This large improvement in column efficiency (+300%) of these
ew monoliths is primarily explained by their more radially homo-
eneous structure. To a lesser extent, it is due to a decrease of
heir domain size. Their residual relative velocity biases are close to
.5%, a value comparable to those observed for 4.6 mm I.D. columns
acked with sub-3 �m core–shell particles, columns that are well
nown for their exceptionally high efficiency due to a small trans-
olumn eddy diffusion term. Based on the results obtained for the
our monolithic columns studied in this work, the best performance
as that of the less permeable column (1.35 × 10−14 m2) that has

he smallest average mesopore size (65 Å) and the largest ratio
f the skeleton-to-throughpore sizes. Since this column has also
he largest domain size (2.3 �m),  it seems that the most critical
tructural parameter is the phase ratio of monolithic columns, the
atio of the stationary phase to the mobile phase volumes, which
hould be large. Most likely, increasing this phase ratio contributes
o increase the distance over which the silica structure remains uni-
orm (up to 3.2 mm).  Obviously, the cost of this improvement is a

oss in column permeability.

This first step toward the preparation of a second generation of
ilica based monolithic columns is most encouraging. Although the
xternal structure of the column collapses (albeit reversibly so) for
ogr. A 1227 (2012) 82– 95

pressures larger than 200 bar, these new columns still provide per-
meabilities twice and six times larger than those of columns packed
with sub-3 �m superficially porous and sub-2 �m fully porous
particles, respectively. Therefore, these new columns can provide
analyses as efficient but not faster than conventional columns
packed with sub-3 �m superficially porous and sub-2 �m fully
porous particles operated with conventional or advanced modern
HPLC instruments, respectively. Yet, they can potentially compete
with the advanced columns over which they have the advantage of
operating at lower back pressures, avoiding the nefarious impact
of frictional heating on column efficiency.

In a forthcoming paper, we will report on the performance of
these new monolithic columns under ultra-fast gradient elution
(hold-up time of the order of 5 s). We  will compare their perfor-
mance to those obtained at the same mobile phase velocity with
commercially available columns (of the same length) packed with
1.7 �m BEH-C18 fully porous and 2.6 �m Kinetex-C18 superficially
porous particles. The analyses of various authentic and natural
complex samples will be discussed.

List of symbols

Roman letters
B longitudinal diffusion coefficient (m2/s)
Cskel. trans-skeleton mass transfer coefficient (s)
dthroughpore average throughpore size (m)
dskel. average monolithic skeleton size (m)
Dskel. effective skeleton diffusivity (m2/s)
Dm bulk molecular diffusion coefficient (m2/s)
Fv flow rate (m3/s)
H total column HETP (m)
HThroughpore trans-throughpore eddy diffusion HETP term (m)
HEddy Eddy diffusion HETP term (m)
HLong. longitudinal diffusion HETP term (m)
HShort short-range inter-throughpore eddy diffusion HETP term

(m)
HSkel. trans-skeleton mass transfer resistance HETP term (m)
HTrans-rod trans-rod eddy diffusion HETP term (m)
k retention factor
k1 zone retention factor
k0 specific permeability (m2)
KG Ergun permeability constant
L monolithic column length (m)
�P pressure drop along the column (Pa)
Rc column inner radius (m)
T temperature during the HETP experiments (K)
TPP temperature during the PP experiments (K)
tR elution time (s)
�tp parking residence time (s)
uS superficial linear velocity (m/s)
uR,PP migration linear velocity during the peak parking exper-

iments (m/s)

Greek letters
�e external column porosity
�t total column porosity
�p skeleton porosity
�e external obstruction factor

 eluent viscosity (Pa s)
�1 experimental first moment in presence of column (s)

�1,ex first moment of the extra-column band profiles (column

replaced with a zero volume union connector) (s)
�′

2 experimental second central moment in presence of col-
umn  (s2)
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′
2,ex second central moment of the extra-column band profiles

(column replaced with a zero volume union connector)
(s2)

�2
PP increment of the peak variance in the parking method

experiments (s2)
2 parameter in Eq. (8)
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