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Many brands of packing materials made of fine particles are now available in both conventional (4.6 mm
i.d.) and narrow-bore (2.1 mm i.d.) columns. It is a general observation that the efficiency of the former
tends to be markedly higher than that of the latter. This report provides a detailed illustration of the
characteristics of this enigma. The corrected reduced plate heights of three brands of columns packed
with shell particles in 4.6 and 2.1 mm L.D. columns were measured. The brands were the 1.7 and 2.6 pnm
Kinetex-C;s (Phenomenex, Torrance, CA, USA), the 2.7 wm Poroshell120-C;5 (Agilent Technologies, New
Castle, DE, USA), and the 2.7 wm Halo-C;5 (Advanced Material Technologies, Wilmington, DE, USA). The
Kinetex extra-column contributions were minimized by optimizing the configuration of the instrument (injection
Poroshell120 volume < 1.0 uL, 115 wm needle seat capillary, 80 wm connecting tubes, no heat exchanger, 0.8 p.L detec-
Halo tion cell). The correct peak variances were derived from the numerical integration of the first and second
Naphthalene order moments of the experimental band profiles. These experimental results confirm that the kinetic
performance of narrow-bore columns is inferior to that of conventional columns for all three brands of
shell particles. We demonstrate that this difference is accounted for by a contribution to the column HETP
of the long-range eddy diffusion term that is larger in the 2.1 than in the 4.6 mm L.D. columns. While the
associated relative velocity biases are of comparable magnitude in both types of columns, the character-
istic radial diffusion lengths are of the order of 100 and 40 um in the wall regions of narrow-bore and
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conventional columns, respectively.
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1. Introduction

When high performance liquid chromatography (HPLC) began,
in the mid 1960s, the first columns were packed with 50 pm
particles, using dry-packing methods. They provided efficiencies
of no more than 5000 plates/m. Currently, columns are packed
with either sub-2 pwm fully porous particles [1,2] or sub-3 wm
superficially porous particles [3-8], using slurry packing methods.
They are operated with high-pressure solvent delivery systems (at
>1000 bar). These columns can provide close to 300,000 plates/m,
at speeds two orders of magnitude larger. These gains are largely
due to the 20-fold decrease in the average particle size; the actual
contribution of better packing methods has contributed by a fac-
tor of nearly 3. This progress was made possible by considerable
improvements in instrument design.

It is important to underline that this high efficiency is only
achieved for either highly retained compounds on large L.D.
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columns (4.6 mm) or after correction of the observed efficiency for
the extra-column contributions due to the instrument. In other
words, analysts can record separations reflecting column effi-
ciencies of more than 300,000 plates/m only if the extra-column
contribution to band broadening is negligible compared to the band
width of the eluted analytes. Such a high level of column efficiency
has rarely been reported for unretained compounds on any 4.6 mm
L.D. column or for weakly retained compounds on narrow-bore
columns, even with the most recent very high-pressure instru-
ments, which have been designed to provide smaller extra-column
peak variances than the conventional 400 bar instruments [9,10].
The significant contributions of these modern instruments to band
broadening are consistent with the use of narrow-bore columns
only for analyses carried out under gradient elution conditions.
These contributions remain significant with poorly retained sam-
ples and when narrow-bore columns are used under isocratic
conditions.

When columns packed with sub-2 pm fully porous or sub-3 wm
superficially porous particles are used at reduced velocities in the
range 10 <v < 20, under quasi-adiabatic conditions, the minimum
corrected reduced plate height is of the order of 1.4 for 4.6 mm IL.D.
columns packed with 2.6-2.7 wm shell particles [5,6] and around
2.0 for 2.1 mm LD. columns packed with 1.7 pwm fully porous par-
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ticles [2]. The contributions! of the longitudinal diffusion term
(B/v) for retained compounds are smaller than 0.3 and 0.4 with
shell and fully porous particles, respectively, [8,11]. In this range
of reduced velocities, the longitudinal diffusion term decreases
and the solid-liquid mass transfer resistance term increases with
increasing reduced velocity. These two effects cancel out and their
sum remains nearly constant at about 0.7 [8]. Thus, 50 and 65% of
the reduced plate heights of the columns packed with the shell and
the fully particles, respectively, is accounted for by the eddy diffu-
sion term (A), which is the major contribution to the total reduced
HETP.

As shown by Giddings, the A term of packed beds is related to
three different and independent sources of velocity unevenness
in the stream flowing through the interstitial column volume: (1)
the trans-channel (between adjacent particles); (2) the short-range
inter-channel (over a distance of a few particle diameters); and (3)
the trans-column (over the column inner radius) velocity biases
[12]. The contributions of the first two of these velocity inequali-
ties seem to be independent of the size distributions of the particles
when they are arranged in a randomly packed bed [13], so they
should be similar whether the relative standard deviation of this
distribution is ~ 20% as with fully porous particles or ~ 5% as with
shell particles. For linear velocities between 10 and 20, the sum of
the reduced HETP terms related to trans-channel and inter-channel
velocity biases is nearly constant around 0.5 [12,14,8]. In conclu-
sion, the main difference between the reduced plate heights of
2.1 mm L.D. columns packed with fully porous particles (h=2.0) and
4.6 mm L.D. columns packed with shell particles (h=1.4) can only
originate in the contribution of the trans-column velocity biases
to the overall reduced plate height, which are roughly 0.8 and 0.2,
respectively). Experimental data aiming at isolating the eddy diffu-
sion termin packed beds[11,15] show that the overall reduced eddy
diffusion HETP terms of 4.6 mm I.D. columns packed with shell and
fully porous particles of the same size are 0.8 and 1.4, respectively,
at the optimum velocity. The difference in the contributions of eddy
diffusionin the two types of packing material is thus directly related
to the extent of the radial heterogeneity of the packed bed at the
scale of the column radius.

In conclusion, the 4.6 mm ID. beds packed with 2.6-2.7 um
superficially particles are more homogeneous than those of the
2.1 mm LD. narrow-bore beds packed with 1.7 wm fully porous
particles. The external roughness of the core-shell particles might
explain the origin of this advantageous property because the shear
stress that takes place during the slurry packing process is stronger
between rugged particles than between smooth ones. Therefore,
particles move less by respect to each other and the amount of
strain occurring through the bed is smaller. Thus, the distribution of
the external porosity throughout the bed of rugged particles is more
homogeneous from the center (low packing stress) to the wall of the
column (high packing stress) than through beds of smooth parti-
cles [16]. The radial packing homogeneity in narrow-bore columns
has never been investigated with shell particles. In a recent review
on the art and science of forming packed analytical HPLC columns
[17], the author did not discuss the formation of packed beds with
different packing materials but only with columns of various inner
diameters.

In this work, we compare the kinetic performances of three
brands of core-shell particles (2.7 pwm Halo from Advanced Material
Technology, 1.7 and 2.6 wm Kinetex from Phenomenex, and 2.7 um
Poroshell120 from Agilent Technologies) when packed in 4.6 and
2.1mm LD. columns. An exact correction for the extra-column
volume contributions was performed by meticulously calculating

1 NB. All the contributions to the reduced HETP given in this paper are dimen-
sionless.

by numerical integration the first and second central moments
of each experimental band profile eluted through the column
and through a zero volume connector and subtracting the corre-
sponding moments. The trans-column eddy diffusion term is then
determined. It provides useful conclusions on the effect of the col-
umn inner diameter on the radial packing homogeneity of beds of
sub-3 wm shell particles.

2. Theory
2.1. Theoretical HETP of columns packed with shell particles

The general plate height equation, h=f{v), for columns packed
with totally or superficially porous particles was recently derived
[11]. It includes the classical longitudinal diffusion term (B/v),
derived from the general effective medium theory of Landauer [18]
extended to molecular diffusion [19] and applied to the problem
of axial diffusion in heterogeneous packed HPLC beds [20], the
total eddy diffusion term, A(v), accounting for trans-channel, short-
range inter-channel, and trans-column unevenness in the flow
velocity in the packed bed volume, the trans-particle mass trans-
fer resistance term, Cpv, the external film mass transfer resistance
term, Cpv, and the additional reduced HETP term, hyeqt, accounting
for the efficiency loss caused by the formation of radial tempera-
ture gradients across the column diameter at high flow rates and
pressure drops [21,22]. This general equation clearly elucidates
the relationships between the different components of the mass
transfer resistance and the relevant physico-chemical parameters
characterizing the column bed and the separation involved [8]. It is
written as:

B
h= ;+A(V)+CPV+Cf(V)v+hH€ﬂt (1)

The detailed form of this equation in which the different terms
are explicited but the frictional heating effects are neglected is
written:
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In this equation, €, is the external porosity of the packed bed, p
the ratio of the solid core diameter to that of the core-shell particle
(p=0 for fully porous particles), A3 and w3 are positive parame-
ters related to the contribution of trans-column velocity biases to
the column HETP [12], v=udp/Dy, is the reduced interstitial linear
velocity (u is the interstitial linear velocity, d, the average particle
diameter, and Dy, the sample diffusion coefficient in the bulk), £2
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is the ratio of the effective sample diffusivity in the porous shell

to the bulk sample diffusion coefficient, Sh = (1.09/€>)v1/3 is the
Sherwood number, and k; is the zone retention factor [23]:

ki =1;Ee [€p + (1 - €)K] (1 - p?) (8)

e

where €, is the porosity of the shell and K is the distribution coef-
ficient of the sample between the porous layer in the shell and
the liquid phase. In the first term of the right-hand-side of Eq. (2)
(longitudinal molecular diffusion term), the parameter a is written
[20]:

a= 361+ 22 -3¢) 9)

Finally, the numerical parameters accounting for the eddy dif-
fusion terms related to the trans-channel (0.0045 and 0.005) and
short-range inter-channel (0.15 and 0.30) velocity biases were
taken from the reference [14]. They are based on a statistical analy-
sis of randomly packed beds (Voronoi volume) and on the Gidding’s
equation for bulk packings. These values were taken for an external
porosity €. =0.40 (actual external porosity of columns packed with
shell particles) and for the so-called S-packing. The S-packing was
generated from a box initially divided into n equal cubic cells with
each particle center placed in a random position in a cell. Note that
the short-range inter-channel parameters were assumed to be the
same for all the columns tested, because the external porosities of
their beds are about the same, at 0.40 <€, <0.42. The calculation
results of Tallarek et al. [14] show that the relative variations of A,
and w; are very small (< 5 and 15%, respectively) for the S-packing
configuration when the external porosity is increased from 0.40 to
0.42.

2.2. Heat friction power

The power heat friction, Py, liberated per unit length of the col-
umn is given by [24]:

Pr=F,— (10)

where F, is the flow rate, AP is the pressure drop along the column
(the pressure drop caused by the instrument should be subtracted
to the total pressure drop), and L is the column length.

Note that heat friction effects become significant in large L.D.
columns (4.6 mm 1.D.) because these columns can be operated at
high flow rates. Yet, one of the great advantages of the columns
packed with shell particles over those packed with fully porous
particles is that the heat conductivity of their bed is higher, which
reduces the amplitude of the radial temperature gradients and min-
imizes the loss of efficiency due to the radial thermal heterogeneity
[21,22]. This will be discussed later in the results and discussion
section.

2.3. Peak variances

The increase in band width caused by the migration of a sample
zone along a chromatographic column can be derived by summing
up the increment of zone variance between the column entrance
and its exit. Under isocratic conditions, this contribution, inl.. to
the total peak variance measured at the detector exit is written in
volume unit squared [10] as:

v,col. —

V2 )
o2 W"(l +k) (11)

where Vj is the column hold-up volume, N its efficiency, and k the
retention factor of the sample.

Band broadening also occurs in the different parts of the HPLC
system, including its injection and detection components and the

connecting tubes. The complex peak variance, 05_ ex» Tesults from
axial dispersion along the channel followed by the sample plug. This
channel is made of a series of connecting tubes with their nooks and
crannies. Their behavior is difficult to model accurately. An empir-
ical model based on the coupling between axial dispersion in the
stream flowing along a straight tube and radial diffusion through a
side cavity was proposed to account for dispersion in these channels
[25]. Yet, the effect of stagnant zones of eluent located at the con-
nections between different parts of the system seems impossible
to model accurately enough. These dead volumes are particularly
harmful in gradient elution because they contribute significantly to
increase the time necessary to re-equilibrate the column between
two consecutive injections. Consequently, it is required that the
extra-column peak variance be determined experimentally for a
given sample, a given eluent, and a known temperature.

The observed peak variance of the band profile recorded, 05’ obs’
is the sum of the column and the system contributions. Therefore,

2 (12)

_ A2 2
Ov.,obs — Yv,ex + ov,col.

In this work, we measured 05 ops (N the presence of the chro-

matographic column) and Gg,ex (in the presence of a zero dead
volume union connector which replaces the column).

3. Experimental
3.1. Chemicals

The mobile phase was a mixture of water and acetonitrile (30/70,
v/v). These two solvents were HPLC grade from Fisher Scientific
(Fair Lawn, NJ, USA). The mobile phase was filtered before use on a
surfactant-free cellulose acetate filter membrane, 0.2 pm pore size
(Suwannee, GA, USA). The sample was naphthalene and the hold-
up volume marker uracil, both purchased from Aldrich (Milwaukee,
WI, USA).

3.2. Columns

Nine different columns were used in this work. Three 2.7 pm
Poroshell120-C;g columns (150 x 4.6, 100 x 2.1, and 50 x 2.1 mm)
were generously offered by the column manufacturer (Agilent
Technologies, New Castle, DE, USA). Two 1.7 wm Kinetex-Cqg
columns (100 x 4.6,and 150 x 2.1 mm)and two 2.6 wm Kinetex-C;g
columns (150 x 4.6, and 150 x 2.1 mm) were provided by the col-
umn manufacturer (Phenomenex, Torrance, CA, USA). Finally the
two 2.7 wm Halo-Cqg columns (150 x 4.6, and 150 x 2.1 mm) were
purchased from Advanced Material Technology (Wilmington, DE,
USA).

The hold-up volumes of these nine columns were estimated
from the corrected elution volumes of uracil in acetonitrile/water
(70/30, v/v) extrapolated to a flow rate equal to zero. Note that
the hold-up volumes measured by pycnometry are typically 10 %
larger than those measured by the elution time of the unretained
tracer, due to the slight size exclusion of the tracer from the internal
volume of the porous shell. The total porosities, other physico-
chemical properties (specific surface area, average pore size, mean
particle diameter, particle size distribution ratio dggy/d1o%), the
batch numbers of the packing materials, and the column serial
numbers are given in Table 1. The estimated retention factors of
naphthalene are listed in Table 2.

3.3. HPLC system
All the data were acquired with the Agilent 1290 Infinity HPLC

system (Agilent Technology, Waldbronn, Germany) liquid chro-
matograph. This instrument includes a binary pump with solvent
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Table 1

1595

Physico-chemical properties of the Halo and Kinetex columns given by the manufacturer and measured in our lab. ?

Halo 90 A Kinetex 100 A Poroshell 120 A
SEM mean particle 2.7 2.7 1.7 1.7 2.6 2.6 2.7 2.7 2.7
size [um]
p=Ri[R. 0.63 0.63 0.71 0.71 0.73 0.73 0.63 0.63 0.63
Pore diameter [A] 90 90 100 100 100 100 120 120 120
Surface area [m?/g] 150 150 200 200 200 200 120 120 120
Particle size 113 113 1.12 1.12 112 112 113 113 113
distribution
(doos-10%)
Batch / Serial AH092259 | AH092221 | 5574-28 | 5574-31/ 5569-110 / 5569-115/ B10085 / B10085 / B10120/
number USNR001558  USFH00129 507292-26 17677 51841-8 520673-6 USGGE01078  USGGC01052 USCFR01202
Dimension (mm 2.1 x 150 4.6 x 150 2.1 x 150 4.6 x 100 2.1 x 150 4.6 x 150 2.1 x 50 2.1 x 100 4.6 x 150
X mm)
Total porosity @ 0.466 0.466 0.480 0.467 0.473 0.474 0.505 0.505 0.487

2 Estimated from the corrected elution time of uracil in CH3CN/H,0 (70/30, v/v).

Table 2

Maximum column pressure drops, flow rates, and power friction liberated in the nine columns. 2

Halo 90 A Kinetex 100 A Poroshell 120 A
SEM mean particle size [m] 2.7 2.7 1.7 1.7 2.6 2.6 2.7 2.7 2.7
Dimension (mm x mm) 2.1 x 150 4.6 x 150 2.1 x 150 4.6 x 100 2.1 x 150 4.6 x 150 2.1 x50 2.1 x 100 4.6 x 150
Maximum flow rate [mL/min] 0.667 3.200 0.542 3.200 0.667 3.200 0.667 0.667 3.200
Maximum column pressure drop [bar] 425 440 974 570 474 578 222 385 580
Maximum power heat friction [W/m] 3.1 15.6 5.8 30.4 3.5 20.6 4.9 4.3 20.6
Retention factor naphthalene k @ 2.04 2.08 1.50 1.63 1.63 1.61 2.04 2.04 2.03
k1 1.91 1.94 1.28 133 1.29 1.28 213 213 2.02
Cexp(v=10— 20) 0.070 0.045 0.123 0.042 0.065 0.036 0.089 0.091 0.056
G 0.006 0.006 0.003 0.003 0.003 0.003 0.006 0.006 0.006
C{v=10) 0.022 0.022 0.016 0.017 0.016 0.016 0.024 0.024 0.023
2 1.03 1.03 0.97 1.02 1.09 1.20 0.86 0.87 0.74
w3 0.13 0.06 1.52 0.23 0.08 0.03 0.35 0.52 0.03
A3 135 1.55 1.28 1.50 0.98 1.10 0.80 1.27 1.45
dec/dp 26 17 87 34 20 12 42 51 13

2 Hold-up time estimated from the corrected elution time of uracil in CH3CN/H,0 (70/30, v/v).

selection valves, an auto-sampler with a 20 pL sample loop, a small
volume needle seat capillary (1.2 L), a column thermostat, and a
Chemstation data software. The standard configuration of this sys-
tem was optimized in order to minimize the contribution of the
extra-column band broadening to the variance measured for the
peaks eluted from the chromatographic column [9]. This system
configuration includes a 100 mm x 115 wm needle seat capillary,
a250mm x 80 pm inlet capillary tube, a 250 mm x 80 wm outlet
capillary tube, and a UV-detector cell (0.8 iL). Since all the experi-
ments were made at room temperature, the 1.6 wL heat exchanger
was deliberately by-passed in order to further minimize the extra-
column band broadening contribution. The signal sampling rate
was set at 160 Hz for the measurement of all extra-column band
profiles and at 80 and 40 Hz for the measurement of the band pro-
files eluted from the 2.1 and 4.6 mm L.D. columns, respectively. The
columns were all let free in still-air condition. Each recorded profile
includes at least 60 data points or 15 data points per peak standard
deviation, o. More than 15 data points per peak standard devia-
tion does not result in any change of the second central moments
measured by the full integration method (see later).

The high level of the reproducibility achieved by the 1290 Infin-
ity HPLC system in the delivery of a 0.20 L sample volume with a
20 L sample loop, 5% in relative standard deviation for 1% of the
loop volume, is truly remarkable.

The flow rate accuracy was checked at ambient temperature by
directly collecting the mobile phase in the absence of the column at
295K and at flow rates of 0.1, 1.0, 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 accuracy of the flow-rate at 3 pL/min or
better at flow rates around 1 mL/min. The laboratory temperature

was controlled by an air conditioning system set at 22 °C. The daily
variation of the ambient temperature never exceeded +1 °C.

3.4. Sample preparation and injection volumes

One 2 mL vial containing naphthalene and traces of uracil was
prepared by dissolving 4.3 mg of naphthalene in 10mL of pure
acetonitrile. The vial was filled by pipetting 1260 L of this naph-
thalene acetonitrile solution and adding 540 pL of pure water.
Traces of uracil were added with a thin spatula.

The sample vial concentration was successively diluted by a
factor 1/2 until the maximum absorption signal of the peak apex
recorded was smaller than 1500 mAU at a flow rate of 0.1 mL/min.
After three successive dilutions, the final injected concentration of
naphthalene was 375 pg/L.

Volumes of 0.21 and 1.0 pL of this sample were injected into
the 2.1 mm and 4.6 mm L.D. columns, respectively, in order to keep
constant the sample loading per unit of column cross-section area.

3.5. Measurement of the HETP data

The peak responses of naphthalene were recorded at a wave-
length of 254 nm. The detector bandwidth was fixed at 4 nm.

The sequence of flow rates was 0.021, 0.042, 0.063, 0.083, 0.125,
0.167, 0.208, 0.250, 0.292, 0.333, 0.375, 0.417, 0.479, 0.542, 0.604,
and 0.667 mL/min with the 2.1 mm L.D. columns and 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,
and 3.20 mL/min with the 4.6 mm LD. columns. The sequence of
linear velocities was kept the same with all columns. The reduced
velocity was derived from the value of the diffusion coefficient of
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naphthalene in a mixture of water and acetonitrile (30/70, v/v)
according to the Wilke and Chang correlation [26] (Dp=1.11 x
10—>cm?/s). Given the possible error made on the diffusion coeffi-
cient (+10%), the external porosity was assumed to be the same at
€.=0.40 for all the columns tested. The external porosity of columns
packed with Cg-bonded shell particles, measured by inverse size-
exclusion chromatography (ISEC) varies consistently between 0.39
and 0.41 [8].

For each of these 32 flow rates and for each sample, the extra-
column contributions to the retention volume and to the band
broadening of the probe, naphthalene, were measured by replac-
ing the chromatographic column with a zero-volume (ZDV) union
connector.

The experimental HETP data measured for the columns were
corrected for the contribution of the 1290 Infinity HPLC system to
band broadening. The extra-column and the total band variances
were measured by numerical integration of the elution profiles to
calculate their first and second order moments. Prior to any mea-
surement, each profile recorded was corrected for baseline drift,
then split around its apex, into a left and a right. Then, the first
and second central moments of the two halfs of the concentration
profiles were calculated in an Excel spread-sheet and given by:

i=N-1

Z (G + Cig )& + ti31)

=
H1 = PV (13)

2 Z G+ G
i=1

2
(G +Q+1)(% - M1>

’ i=1
Mo —N_1 (14)

G+ Gy
i=1
where N is the number of data points (t;, G;) after the left and right

cut-off.
The corrected reduced HETP, h, is then given by:

(15)

L I’L,Z - I’L,Z,ex
P (Ml *N],ex)z

where L is the column length, d, the mean particle size, and (1 ex
and ,u/z,ex are the first and the second central moments of the cor-
responding extra-column band profiles. As will be demonstrated
in a forthcoming paper, this method is correct and should replace
the incorrect, poorly approximate, inaccurate method consisting in
measuring the correction from the peak widths at mid-height [27].

The precision of the h data is given by
(M,2+I’L,2,ex> +2‘AM1 (Ml‘i‘ﬂl,ex) (16)

Moy = My oy M1 M1 — M1,ex

The second and first moments of the tracer peak, M/z and w1,
were measured for three successive injections, first with the chro-
matographic column, then with a zero-volume connector fitted to
the instrument. The relative errors made on these moments were
always less than 3 and 0.5%, for the second and the first moments,
respectively. Note that it is the excellent level of repeatability of the
injection system of the 1290 Infinity system that permits this excel-
lent precision. Actually, the precision of the integration method
depends essentially on the left and right cut-off abscissa. The 3%
precision was obtained when these abscissa were identical for all

three injections, again possible because the flow rate delivered by
the pump of the instrument is really constant. However, when the

‘Ah’_’%
h My

flow rate is changed, so are the cut-off abscissa and the precision
of the peak variance plotted as a function of the flow rate may
seem lesser. Yet, this integration approach (use of Eq. 13) provides
the most accurate HETP data that the analyst can get [27] and is
much more accurate than other approximate approaches such as
the half-height peak width and/or the peak fitting methods.
Accordingly, if the extra-column contributions were to be neg-
ligible, the largest random error would be of the order of 4%. This
is typically the case with large volume columns. This contribution
affects particularly narrow, short columns. For instance, if ,u/z were
to be only twice M,2, ox ON @ New column and j; were about ten
times j41 ¢x, the maximum random error becomes close to 10%.

4. Results and discussion

In the first part of this work, we determine the maximum heat
power generated by viscous friction in each column tested. For
this purpose, narrow-bore and 4.6 mm I.D. columns were run at
maximum flow rates of 0.667 and 3.2 mL/min, respectively. In a
second part, the derivation of the characteristic parameters of the
general HETP Eq. (2) is discussed. This equation is fitted to the
experimental HETP data, providing estimates of the best values
of the coefficients §2 (ratio of the sample diffusivity in the shell
to the molecular diffusion coefficient in the bulk mobile phase),
w3 (eddy diffusion parameter related to the trans-column velocity
biases controlled by a diffusion mechanism), and A3 (eddy diffusion
parameter related to the trans-column velocity biases controlled by
a flow mechanism). Note that we deliberately selected a weekly
retained compound for which even small trans-column velocity
biases would largely impact its HETP. On the other hand, the extra-
column volume contributions could be accurately measured and
the full peak integration method was chosen in order to measure
the corrected HETPs. Finally, we conclude on the effect of the col-
umn inner diameter on the radial homogeneity of packed bed made
of sub-3 wm core-shell particles.

4.1. Heat friction with core-shell particles

It is known from simple experimental results that viscous fric-
tion begins to deteriorate the column efficiency when the heat
power generated inside the column exceeds 5 W/m, with pure
acetonitrile as the eluent and fully porous BEH-Cqg particles [2],
provided that the column is left under still-air conditions and that
the retention factor of the sample is moderate (k~ 1-2). Table 2
lists the largest heat power measured with the nine columns tested.
It is noteworthy that this power is always less than 6 W/m for all
narrow-bore columns. In contrast, it may be as large as 20 W/m
with 4.6 mm I.D. columns packed with either 2.7 wm Halo, 2.7 pm
Poroshell120, or 2.6 wm Kinetex shell particles. The highest power
reached is about 30 W/m with the 4.6 x 100 mm column packed
with 1.7 wm Kinetex particles. Because the heat liberated in the
column is directly proportional to the flow rate squared, the maxi-
mum flow rate considered in the multi variate regression analysis
regarding the 4.6 mm L.D. columns should be 1.6 mL/min (2.7 pm
particles) and 1.30mL/min (1.7 wm particles) because the term
hyeqar Was neglected in the general expression of the reduced HETP
in Eq. (2).

Using an aqueous mixture of acetonitrile and water (instead of
pure acetonitrile) and core-shell particles (instead of fully porous
particles) has an important effect on the heat conductivity of the
packed bed. Typically, the heat conductivity of packed beds made
of shell particles and flushed with aqueous eluent are about three
times larger than that of beds made of fully porous particles eluted
with a pure organic phase. Consequently, the threshold of heat
power due to viscous friction above which the column efficiency
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9 -
B 2.7 ym Poroshell120, 2.1 x 50 mm
® 2.7 um Poroshell120, 2.1 x 100 mm
2.7 um Poroshell120, 4.6 x 150 mm
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Fig.1. Plots of the reduced plate heights of three analytical columns packed with the
2.7 .m Poroshell120 particles. The sample compound is naphthalene, the mobile
phase is a mixture of acetonitrile and water (80/20, v/v), the temperature is set
at T=295K. Note the smaller minimum reduced HETP with the large I.D. column
(4.6 mm) relatively to the narrow-bore columns (2.1 mm L.D.). Comparison between
the experimental reduced HETP (symbols) and the best theoretical HETP Eq. 1 (solid
lines). The best optimized parameters §2, w3, and A5 are listed in Table 2.

12
B 1.7 ym Kinetex, 2.1 x 150 mm
® 1.7 um Kinetex, 4.6 x 100 mm
2.6 um Kinetex, 2.1 x 150 mm
8 v 2.6 ym Kinetex, 4.6 x 150 mm

T T 1
15 20

Fig.2. Same plotsasinFig.1exceptthe 1.7 wumKinetex and 2.6 wm Kinetex particles.
Again, note the decrease of the minimum reduced HETP when the column inner
diameter increases from 2.1 to 4.6 mm.

begins to decrease sharply is larger [21,22]. In fact, Figs. 1-3 show
nearly no parabolic deviation of the C-branch caused by frictional
heating. This represents a clear advantage of shell over fully porous
particles.

In conclusion, the best fit of the experimental data to the reduced
HETP equation between 0.021 and 0.667 mL/min with narrow-
bore columns and between 0.10 and 1.60 mL/min with 4.6 mm LD.
columns packed with shell particles does not require inclusion of
the effects of frictional heating in Eq. (1).

4.2. Reduced experimental HETP plots

Figs. 1-3 compare the plots of the reduced plate heights of
naphthalene on 4.6 mm L.D. and narrow-bore columns (2.1 mm
I.D.) packed with 2.7 wm Poroshell120, 1.7 wm Kinetex, 2.6 pm
Kinetex, and 2.7 wm Halo particles. With no exception, the min-

8 —_
B 2.7 ym Halo, 2.1 x 150 mm
6 ® 2.7 ym Halo, 4.6 x 150 mm
h
4 -
2 -
0 . . . . . . . .
0 5 10 15 20

Fig. 3. Same plots as in Fig. 1 except the 2.7 wm Halo particles.

imum reduced HETP of the 4.6 mm I.D. columns is smaller than
that of the narrow-bore columns packed with the same parti-
cles. The smallest HETP values measured with the 2.7 wm Halo
90 A (hpin=1.56), 2.6 um Kinetex 100 A (hy,=1.30), and 2.7 wm
Poroshell 120 A (hyi; = 1.44) are in excellent agreement with sim-
ilar results regarding the original performance of these columns
[28,3,6,8]. Reducing the column inner diameter from 4.6 to 2.1 mm
L.D. causes a significant loss in the optimum column efficiency, by
of 16% (2.7 wm Halo), 27% (1.7 p.m Kinetex), 13% (2.6 wm Kinetex),
29 % (2.7 pm Poroshell120 in a 2.1 x 50 mm column), and 42 %
(2.7 wm Poroshell120 in a 2.1 x 100 mm column). The fact that
comparable efficiency losses are observed for all brands of shell
particles cannot be a coincidence. It reveals some specific kinetic
pitfalls encountered either in the packing or in the use of narrow-
bore columns, compared to the 4.6 mm L.D. columns. Recent reports
[29-31] have shown that the minimum reduced HETP of narrow-
bore columns packed with either 2.6 pm Kinetex or 2.7 pm Ascentis
Express (Halo) were only around 2.0, results which confirm those
observed in this work.

Interestingly, the C-branches of the 4.6 and 2.1 mm ID. are
nearly parallel to each other but slightly higher and steeper for
the 2.1 than the 4.6 mm L.D. columns (see Figs. 1-3 and Table 2).
Despite the expected contribution of the heat due to viscous fric-
tion to the reduced HETP of 4.6 mm I.D. columns at flow rates larger
than 11.4 mL/min (see Section 4.1), the reduced HETPs of narrow-
bore columns, which do not suffer from this cause of efficiency loss
(Pr< 6 W/m), remains constantly larger than those of the 4.6 mm LD.
columns in the whole velocity range from v =7 to v=20. Clearly, this
constant difference between the experimental HETP plots cannot
be explained by a systematic larger longitudinal diffusion coeffi-
cient (B) of the narrow-bore columns. Although the particles packed
in 4.6 and 2.1 mm L.D. columns originate from different batches,
such a systematic difference would be unlikely. Furthermore, had
this assumption been true, the difference between the reduced
plate heights in the high velocity range would tend toward zero
with increasing values of v (since (B/v) tends towards zero). The
values of the coefficients Cp + Gy vary between 0.019 and 0.030. The
experimental slopes of the Cbranches measured between v=10and
v=20 are listed in Table 2. They vary from 0.036 to 0.123. Surpris-
ingly, those of the narrow-bore columns are systematically larger
than those observed for the 4.6 mm I.D. columns (see Table 2). This
is due to the C branch being in part controlled by the eddy dif-
fusion term, which increases with increasing linear velocity. For
10 <v< 20, the fraction of the overall C coefficient accounted for
by the trans-channel and short-range inter-channel velocity biases
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are 0.004 and 0.005, respectively (Eq. (2)). Yet, adding up these con-
tribution to the G, + G term does not allow a good match between
the experimental and theoretical C coefficients. Therefore, both the
differences between the C slopes and the h data in Figs. 1-3 should
be explained by the same physical phenomenon, which must be the
eddy diffusion related to velocity unevenness at a scale larger than
short-range interchannel distances. Trans-column velocity biases
are most certainly responsible for this difference. Neither frictional
heating nor longitudinal diffusion and solid-liquid mass transfer
can be responsible for the observations.

On another note, the comparison in Fig. 2 confirms that it is more
difficult to pack efficiently 1.7 than 2.6 wm particles in either 2.1 or
4.6 mm L.D. column tubes. While the optimum reduced plate height
is around 1.3-1.5 for 2.6 wm Kinetex particles, it exceeds 2.0 for
1.7 pm Kinetex particles. This result is not surprising but it is worth
mentioning as a validation of the accuracy of our measurements.

In conclusion, we have identified the reason why narrow-bore
columns are less efficient than 4.6 mm LD. columns, they suffer
from larger trans-column velocity biases. In the next Section, we
discuss the fit of the HETP data to the theoretical HETP model pre-
sented in the theory section.

4.3. Why are narrow-bore columns less efficient than 4.6 mm LD.
columns?

The contribution of the trans-column velocity biases to the
reduced HETP of naphthalene is written under the general form
established by Giddings [12]:

1
htrans-column = m

The parameter A3 in this equation is proportional to the square
of the relative velocity biases between the central region of the
column (where the velocity is uniform and the largest) and the wall
region (where the velocity is the smallest), “)E,c [12]. The term 2A3
quantifies the expected eddy diffusion term when it is controlled
by a sole flow mechanism. It is written [32,33]:

1plL

_ P =2
3 = 2 qdpwﬁ’f (]8)

(17)

where L is the column length, and p and q are integer. The fraction
(p/q) depends on the extent to which the local velocity is uniform
in the central region of the column [33]. For instance, if we assume
a parabolic flow profile across the column diameterp=1and g=12.
Therefore if a);},c ~ 2% [34,8], then A3 should physically be around
1.0 for 15 cm long columns packed with 2.6 m particles. Besides, if
we assume a polynomial of order twelve for the flow profile distri-
bution, (u(x) = u(0)[1 - wzycx”]). which describe a very flat profile
in the center region of the column tube, then p=36 and g=637 [33].
Accordingly, A3 is expected to be equal to 0.7.

The parameter w3 describes eddy diffusion when it is governed
by a sole diffusion process. It is proportional to the square of the
relative velocity biases between the center and the wall region of
the column and to the square of the normalized diffusion length,

(dtc / dp)z. across which the velocity biases take place. The largest
possible value for d; is the column inner diameter, d.. A large value
for w3 suggests that the velocity bias extends over a large distance
and vice-versa.

All the reduced HETP data were fitted to Eq. (1). To obtain the
best fit, the values of three parameters were optimized, £2, the
ratio of the sample diffusivity in the porous shell to the bulk dif-
fusion coefficient, A3, and ws. £2 was independently fixed in order
to match exactly the values of the HETP measured at flow rates of
0.021 and 0.1 mL/min for the 2.1 and 4.6 mm L.D. columns, respec-
tively. The impact of the parameters A3 and w3 on the HETP data

measured for v< 1 is extremely weak. The average relative errors
made on the determination of the best parameters w3 and A3 after
the multi-linear regression analysis are equal to 13% and 22%. The
objective function was the sum of the relative residual squared.
All the results are given in Table 2. The excellent quality of the
agreement between the experimental data and the best theoretical
HETP curves is illustrated in Fig. 1 (Poroshell120), 2 (Kinetex), and
3 (Halo).

The best values of the parameter £2 were found between 0.70
and 1.20 for all the columns tested. These values are reasonable for a
moderately retained compound in RPLC [35]. Under the experimen-
tal conditions used, naphthalene diffusivity through the porous
shells is then comparable to the bulk diffusion coefficient, due to
the large contribution of the surface diffusion of naphthalene in
RPLC [36]. There is a slight variation from one brand of column to
the next (£2=1.03 with Halo 90 A, 1.07 with Kinetex 100 A, and 0.83
with Poroshell 120 A) and even from one batch to the next for the
same type of particles. The optimized parameters A3 were found
to be between 0.80 and 1.60. This range of values for A3 is consis-
tent with the expected values if the relative velocity bias across the
column radius is of the order of 2%, the column length is 150 mm,
and the particle size around 2.6 pum. Interestingly, all the results
suggest that the A3 values are slightly smaller with 2.1 mm than
with 4.6 mm LD. column. This could mean that the relative velocity
biases are barely smaller in narrow-bore than in large I.D. columns.
Yet, the difference is not really significant given the robustness of
the MLRA for this parameter (£22%).

The most interesting and unexpected finding is that the param-
eter w3 varies significantly from 4.6 mm ILD. to narrow-bore
columns, given the precision on this parameter (£13%), since it
increases from 0.06 to 0.13, 0.23 to 1.52, 0.03 to 0.08, and 0.03
to 0.35 for 2.7 wm Halo, 1.7 pm Kinetex, 2.6 wm Kinetex, and 2.7
Poroshell particles, respectively. From the previous analysis of the
A3 coefficient, the velocity biases are comparable for the two col-
umn formats. Therefore, the difference in the w3 coefficients should
be necessarily due to a difference in the normalized characteristic
lengths, (di/dp), along which the sample has to radially diffuse.
It is roughly 1.5 times larger with the 2.7 wm Halo particles, 2.5
times larger with the 1.7 wm Kinetex particles, 1.5 times larger with
the 2.6 wm Kinetex particles, and 3 times larger with the 2.7 pm
Poroshell particles.

It is possible to estimate the apparent characteristic diffusion
distance, dy, if we assume that the relative velocity biases are equal
to 2% for all the columns [34]. According to the construction of the
term w3, this parameter is written [12]:

dgf a)/’gzc
2
2d;

w3 = (19)

This diffusion distance increases from 17 to 26 particle diam-
eters with 2.7 wm Halo particles when the column diameter
decreases from 4.6 to 2.1 mm. It increases from 34 to 87 and from
12 to 40 particle diameters with the 1.7 and 2.6 pm Kinetex parti-
cles, respectively. Finally, it increases from 13 to about 46 particle
diameters for the 2.7 um Poroshell120 particles. Note that this
distance is maximum (150 wm) for the smallest 1.7 wum Kinetex
particles in the narrow-bore column. This length accounts for about
14% of the column radius. The shortest radial diffusion distance is
observed with the 2.6 wm Kinetex particles in 4.6 mm I.D. columns
(32 wm) and represents no more than 1.5% of the column radius.
As expected from previous and independent results obtained with
retained compounds (k~2) and local electrochemical detection
(benzoquinone sample), the trans-column eddy diffusion term in
a 4.6 x 100mm columns packed with 2.6 pm Kinetex particles
is close to zero [33]. This conclusion is confirmed by the present
experimental results obtained with 4.6 x 150 mm columns packed
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—— 2.7 ym Poroshell120, 2.1 x 50 mm
—— 2.7 um Poroshell120, 2.1 x 100 mm
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Fig. 4. Plots of the reduced long-range eddy diffusion term of naphthalene deter-
mined for the three columns packed with the 2.7 um Poroshell120 shell particles.
Note the large contribution of this eddy diffusion term with the narrow-bore
columns.

with either 2.7 wm Poroshell, 2.7 wm Halo, or 2.6 pm Kinetex par-
ticles for which the parameter wjs is close to zero (<0.06).

In conclusion, the better kinetic performance of the 4.6 mm I.D.
columns packed with fine sub-3 pm core-shell particles relatively
to 2.1 mm LD. columns is directly related to the shorter diffusion
path over which the sample molecules have to diffuse in order to be
exchanged between the eluent streamlines of extreme velocities.

4.4. Contribution of long-range velocity biases in narrow-bore
and 4.6 mm I.D. columns

The previous two sections allowed us to demonstrate that:
The difference in column efficiency between 4.6 and 2.1 mm L.D.
columns packed with sub-3 wm core-shell particles is accounted
for by a third eddy diffusion term with a characteristic length larger
than the trans-channel (~(d,/6)) and the short-range interchannel
(~dp) distances. The relative velocity biases are slightly smaller (or
at least comparable) in narrow-bore columns than in 4.6 mm L.D.
columns (see A3 coefficients in Table 2). The apparent character-
istic length of this third eddy diffusion term is much shorter than
the column inner radius for both column diameters (see w3 coeffi-
cients in Table 2) for moderately retained compounds, with k~2.
This apparent characteristic length is larger in narrow-bore 2.1 mm
(average 105 wm) than in 4.6 mm (average 42 pm) I.D. columns.

Accordingly, it would be better to call this third eddy diffusion
term the long-range eddy diffusion term rather than the trans-
column eddy diffusion term because the characteristic diffusion
length is only a small fraction of the column inner diameter. These
distances cover typically between a few dozens and 150 particle
diameters. Figs. 4-6. compare plots of the long-range eddy diffu-
sion term versus the reduced velocity for the different narrow-bore
and 4.6 mm L.D. columns for 2.7 pwm Halo, 1.7 pm Kinetex, 2.6 um
Kinetex, and 2.7 Poroshell particles, respectively. This eddy diffu-
sion term is significantly larger than either the trans-channel or the
short-range inter-channel eddy diffusion terms given in Eq. (2) and
in reference [14]. For v=20, the sum of these two eddy diffusion
terms is no larger than 0.6 h unit. In fact, the reduced long-range
eddy diffusion term is as large as 1.4, 2.2, 0.8, and 1.3 in 2.1 mm
L.D. columns packed with 2.7 wum Poroshell, 1.7 pum Kinetex, 2.6 um
Kinetex, and 2.7 um Halo particles, respectively. In the experimen-
tal range of reduced velocities accessible to small molecules, the

A —1.7 pm Kinetex, 2.1 x 150 mm
—— 1.7 pm Kinetex, 4.6 x 100 mm
2
eddy,3 T
14
0 T T T T T 1
0 4 8 12
v
B .
1.0 — 2.6 pm Kinetex, 2.1 x 150 mm
—— 2.6 pm Kinetex, 4.6 x 150 mm
heddy,3
0.5
0.0 T T T T T T T 1
0 5 10 15 20

v

Fig. 5. Same plots as in Fig. 4 except with the 1.7 wm (A) and 2.6 wm (B) Kinetex
particles. Note, again, the large contribution of this HETP term with the 2.1 mm LD.
column relatively to the 4.6 mm L.D. columns.

1.5
——2.7 um Halo, 2.1 x 150 mm
1 ———2.7 um Halo, 4.6 x 150 mm
1.0 4
heddy,3 1
0.5 4
0.0 T T T T T T T 1
0 5 10 15 20

\%

Fig. 6. Same plots as in Fig. 4 except with the 2.7 wm Halo particles.
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Fig. 7. Comparison between the experimental band profiles and column efficiencies measured with narrow-bore and 4.6 mm I.D. columns. Same experimental conditions as
in Fig. 1 and the reduced interstitial linear velocity was set at v=19. (A) 2.6 wm Kinetex shell particles. (B) 2.7 wm Halo shell particles. (C) 2.7 wm Poroshell120 particles. Note
that the content of acetonitrile in the mobile phase was increased to (80/20, v/v) in order to generate comparable elution times on both columns (100 and 150 mm long). In
all three cases, the enhanced peak tailing observed with the narrow-bore columns related to a long-range velocity bias from the wall to the center region of these 2.1 mm

L.D. columns.

long-range inter-channel increases nearly linearly with increasing
reduced velocity for the 4.6 mm LD. columns and its slope w3 is
extremely small. In contrast, with narrow-bore columns, the shape
of this eddy diffusion termis strongly convex upward with a steeper
initial slope, which is directly related to the larger characteristic
diffusion distance.

4.5. Comparison of the band profiles in 2.1 and 4.6 mm LD.
columns

In this last section, we illustrate the difference between the
kinetic performance of narrow-bore and 4.6 mm I.D. columns hav-
ing the same length (150 mm Halo and Kinetex columns), at a the
same reduced velocity close to 20. At such a velocity, frictional
heating is significant in 4.6 mm L.D. columns but is negligible in
narrow-bore columns. Yet, as shown in Fig. 7A (for 2.6 pm Kine-
tex) and 7B (for 2.7 pwm Halo), the uncorrected efficiency of the
large inner diameter columns remain larger (N=37585 and 26485
versus 19656 and 18955, respectively). Despite the larger volumes
injected on the broader columns (1.00 versus 0.21 wL), the relative
importance of the extra-column band broadening contribution (9.9
versus 4.9 wL2, respectively) is larger with the narrow-bore than
with the 4.6 mm L.D. columns. However, if we consider the Kinetex
columns, the total variances ((Vg(l + k)z)/N) are equal to 21.4 and
252 wL? with the 2.1 and 4.6 mm LD. columns, respectively. The
corrected efficiencies are then 25375 (initially 19656) and 39122
(initially 37585), respectively, still a significant difference. There-

fore, as expected from Figs. 1 and 3 (where the corrected reduced
plate heights are shown), the difference in column performance
observed in Fig. 7A and B cannot be entirely attributed to the rel-
ative importance of the extra-column volume contributions. The
larger long-range eddy diffusion term of the narrow-bore columns
is consistent with the large extent of peak tailing observed with
these columns whereas it is barely visible with 4.6 mm L.D. columns.
Most likely, the migration linear velocity of the sample is slightly
smaller in the region near the wall and reach a uniform value in the
central region of the columns. This velocity gradient extends over
an average distance of 100 wm for the 2.7 wm Halo, 1.7 and 2.6 um
Kinetex, and 2.7 pm Poroshell120 particles. This represents close to
10% of the column inner radius (1.05 mm). Fig. 7C illustrates well
the link between a large long-range eddy diffusion term and the
observed peak tailing with the 2.1 x 100 mm column packed with
2.7 pm Poroshell120 shell particles. In contrast, we must remem-
ber that the same average distance is about 40 pm with 4.6 mm L.D.
columns, which represents only 1.7 % of the column inner radius
(2.3 mm). This is consistent with the near absence of peak tailing
for the 4.6 mm L.D. columns, as shown in Fig. 7A and B.

5. Conclusion

Our experimental results demonstrate that the kinetic perfor-
mance of narrow-bore columns packed with any of the different
brands of sub-3 pm core-shell particles are systematically inferior
to that of those of 4.6 mm I.D. columns packed with the same mate-
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rials. The reduced HETP of these columns were accurately measured
using the exact first and second central moments, by numerical
integration of the peak profiles. The analysis of the plots of these
HETPs versus the reduced velocity in the range 0 <v < 20 confirms
that this difference in column performance is related to neither
the longitudinal diffusion term, nor the solid-liquid mass transfer
resistance term, nor to some frictional heating effect. In addition
to the trans-channel and short-range inter-channel eddy diffusion
terms, the fit of the experimental data to the general HETP equation
implies the presence of a long-range eddy diffusion term which is
solely responsible for the observed difference between the column
performance.

Remarkably, the associated relative velocity biases are compa-
rable or even slightly smaller within the 2.1 mm I.D. columns than
within the 4.6 mm L.D. columns. This additional eddy diffusion term
has a characteristic radial diffusion length which is much smaller
than the inner column radius. Yet, it is as large as 10-15% of the
internal radius of the narrow-bore columns but no longer than 2%
of the inner radius of the 4.6 mm LD. columns.

The results of this work strongly suggest that decreasing the
column diameter enhances the effect of the column wall on the
column efficiency. Most likely, still narrower columns (e.g. 500
pm or 1 mm i.d. columns) will exhibit even lower plate counts,
possibly as long as the column to particle diameter ratio remains
larger than about 7 [37]. Below that critical ratio, only wall effects
take place and the bed becomes radially homogeneous again [38].
Current instruments are not suitable for the measurement of the
intrinsic performance of such narrow columns, due to their large
extra-column band broadening contributions.

The extrapolation of this work obviously addresses the problem
of packing narrow-bore columns with very fine core-shell particles.
This remains today both an art and a scientific discipline [17]. The
challenge is demanding but the potential reward in terms of col-
umn efficiency could be important if radial bed homogeneity could
be consistently achieved. Should we modify the nature of the inner
surface of the column tubes? should we pack columns with parti-
cles still rougher than shell particles? should we narrow down the
particle size distribution? Whatever significant gain could be made
in column efficiency, new major changes in instrument technology
will become necessary in order to achieve the full potential of these
new columns.

Nomenclature

a parameter defined in Eq. (9)

A(v) reduced eddy diffusion term

B reduced longitudinal diffusion coefficient

CAv) external film mass transfer coefficient

C total reduced solid-liquid reduced mass transfer coeffi-
cient

(@ experimental sample concentration recorded at t=t;
(kgm=3)

(% trans-particle solid-liquid reduced mass transfer coeffi-
cient

de inner diameter of the column stainless steel tube (m)

dp mean particle diameter (m)

de column inner diameter (m)

dic apparent radial diffusion distance across the column
diameter (m)

D bulk molecular diffusion coefficient (m?2/s)

F, flow rate (m3/s)

h total axial reduced column HETP

hpeat reduced HETP due to frictional heating

k retention factor

kq zone retention factor

K equilibrium Henry’s constant for the sample
adsorption-desorption between the solid phase in
the porous volume of the particle and the liquid eluent

phase

L column length (m)

Py heat power friction generated in the column per unit
length (W/m)

AP column pressure drop (Pa)

p integer

q integer

Sh Sherwood number

t experimental discretized time (s)

u interstitial linear velocity (m/s)

Uy interstitial linear velocity at the radial coordinate x (m/s)

(o) interstitial linear velocity at the column center (m/s)

X reduced radial coordinate in the column tube

Greek letters

€e external column porosity

€p particle porosity

€t total column porosity

A3 limiting flow eddy diffusion coefficient for trans-column
velocity biases

w3 diffusion eddy diffusion coefficient for trans-column
velocity biases

e first moment of the concentration distribution in pres-
ence of the column (s)

/L'z second central moment of the concentration distribution

in presence of the column (s2)

1 ex first moment of the concentration distribution in pres-
ence of the ZDV union connector (s)

;1.'2 second central moment of the concentration distribution
in presence of the ZDV union connector (s2)

v reduced interstitial linear velocity

2 ratio of the effective diffusivity of the sample in the porous
shell to its bulk diffusion coefficient

w;ﬁ,c relative velocity difference between the center region and
the wall of the column

0 ratio of the solid non-porous core diameter to the
core-shell particle diameter

o? column variance contribution (m®)

v,col.
02 o instrument variance contribution (m®)

o2 .. total variance observed (m®)
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