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a b s t r a c t

The reduced heights equivalent to a theoretical plate (HETP) of naphtho[2,3-a]pyrene were measured at
room temperature on two sets of new prototype columns designed to be used in very high pressure liquid
chromatography (VHPLC). The mobile phase used was pure acetonitrile. The columns are 50, 100, and
150 mm long. Those of the first set are 2.1 mm I.D., those of the second set, 3.0 mm I.D. The performance
of these new columns were compared to those of the first generation of VHPLC columns, commercially
available in 2.1 mm I.D. The prototype and commercial columns behave similarly at low reduced linear
velocities (� < 5), when the heat effects are negligible. At high flow rates, the shorter prototype columns
have a twice better efficiency and less steep C-branches than the commercial columns. In contrast, the C-
branch of the 150 mm long prototype columns are slightly steeper than those of the commercial columns.
emperature gradients
EH-C18 columns
olumn efficiency
aphtho[2,3-a]pyrene
cetonitrile mobile phase

The important contribution to the reduced HETP that is due to the heat effects at high flow rates can in
part be accounted for by a band broadening model governed by a flow mechanism with the shortest
prototype columns. The sole heat effects cannot, however, explain the mediocre reduced HETPs of the
2.1 and 3.0 I.D. 150 mm long prototype columns. It seems that radial heterogeneity of the flow rate of
the long prototype columns is significantly larger than that of the short columns. The contribution of the
packing heterogeneity adds up to that of the heat effects to yield a poor column efficiency when sub-2�m

colu
are packed into thin, long

. Introduction

Very high pressure liquid chromatography (VHPLC) allows fast
nd highly efficient separations [1]. At their optimum velocity, the
rst generation of VHPLC columns (Acquity UPLC BEH-C18) pro-
ide plate counts of the order of 325,000 plates per meter, slightly
arger than the 250,000 plates per meter that the 2.7 �m fused
ore particles can yield [2]. The column impedance, Emin [3], com-
ines the minimum plate height, Hmin, the column permeability, k0,
nd the total porosity of the packed bed, with Emin = (H2

min/k0)�t .
olumns packed with fused core particles surpass VHPLC particles
y a factor 1.7 (1100 versus 1900). The minimum impedance of
ommercial monolithic columns with through-pore size of 3.5 �m
s smaller, due to their exceptionally high permeability, equivalent
o that of a column packed with 11 �m particles (Emin = 400) [4].

ut monolithic columns can only deliver a maximum plate count
f ca. 125, 000 m−1, which is insufficient to achieve a satisfactory
eak resolution of complex mixtures in 1D and/or even in 2D liquid
hromatography.

∗ Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667.
E-mail addresses: guiochon@utk.edu,

uiochon@ion.chem.utk.edu (G. Guiochon).
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mn tubes.
© 2009 Elsevier B.V. All rights reserved.

Columns for VHPLC are packed with sub-2 �m spherical par-
ticles; their permeability is necessarily low while their optimum
velocity for maximum column efficiency is high. So, they must rou-
tinely be run at inlet pressures as high as 1 kbar in order to benefit
from their exceptionally low plate heights (ca. 3 �m) and to per-
form fast separations. Under such high pressure gradients along
the column and with such high linear flow velocities, the frictional
heating of the eluent percolating the interparticle volume [5–7]
causes the formation of longitudinal and radial temperature gra-
dients [8]. The consequences of the thermal heterogeneity of the
packed bed on its chromatographic properties are (1) a decrease
of the analyte retention factor due to the increase of the average
column temperature from its entrance to its outlet (longitudinal
temperature gradients [9,10]); and (2) a decrease of the column
efficiency as a result of the radial temperature gradients (from the
center to the wall of the column), which causes a radial viscosity,
hence velocity profile. The sample migration velocity across the col-
umn contributes to broaden eluted peaks. In order to account for
the dispersive contribution of these effects, an additional HETP term

due to these heat effects must be added to the classical isothermal
van Deemter plots [11,12].

This additional HETP term can be estimated based on the general
dispersion theory of Aris in cylindrical tubes [13,14]. The conditions
of validity of the Aris’ dispersion model are approximately satisfied

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:guiochon@utk.edu
mailto:guiochon@ion.chem.utk.edu
dx.doi.org/10.1016/j.chroma.2009.12.057
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Table 1
Physico-chemical properties of the new prototype columns given by the manufacturer and measured in our lab.a,b

Neat silica Bridged ethylsiloxane/silica hybrid (BEH)

Particle size (�m) 1.7
Pore diameter (Å) 130
Surface area (m2/g) 185

Bonded phase analysis BEH-C18

Total carbon (%) 18
Surface coverage (�mol/m2) 3.10
Endcapping Proprietary

Packed columns analysis Set 1: small inner diameter

Serial number 01672902020A01 01672834020A01 0.167201420A01
Dimension (mm × mm) 2.1 × 50 2.1 × 100 2.1 × 150
Total porositya 0.658 ± 0.003 0.655 ± 0.003 0.655 ± 0.003
External porosityb 0.370 ± 0.005 0.377 ± 0.005 0.385 ± 0.005
Particle porosity 0.46 ± 0.02 0.45 ± 0.02 0.44 ± 0.02
Kozeny-Carman constant Kc 143.8 139.3 140.5

Packed columns analysis Set 2: large inner diameter

Serial number 01672902130F02 01672902130F03 01672902130F04
Dimension (mm × mm) 3.0 × 50 3.0 × 100 3.0 × 150
Total porositya 0.643 ± 0.003 0.654 ± 0.003 0.655 ± 0.003
External porosityb 0.368 ± 0.005 0.381 ± 0.005 0.383 ± 0.005
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Particle porosity 0.43 ± 0.02
Kozeny-Carman constant Kc 152.8

a Measured by pycnometry (THF-CH2Cl2).
b Measured by inverse size exclusion chromatography (polystyrene standards).

or long columns and strongly retained samples, for which the resi-
ence time of analytes are longest [14]. This additional HETP term is
roportional to the average migration velocity of the sample, to the
quare of the temperature difference between the center and the
all region of the column, to the square of the column diameter and

s inversely proportional to the radial dispersion coefficient. The
bvious strategy to minimize heat effects is to decrease as much as
ossible the amplitude of the radial temperature gradients by keep-

ng the column under near adiabatic conditions (e.g., in the air-oven
ompartment of the instrument), which essentially results into the
ormation of a longitudinal temperature gradient [15]. Experimen-
al subterfuges such as injecting an eluent cooler than the oven
emperature can improve column performance to a point where it
oes not deviate much from that of an isothermal column [15]. In
he entrance region of the column, the analyte migrates slower in
he central than in the wall region of the tube while the opposite
s true beyond a critical column length. The velocity compensation
etween the first and second portion of the column allows the band
rofile, initially warped in one direction, to reform into a radially
at one that corresponds to near piston flow before the band exits
he column. The undesirable thermal effects are minimized but the
etermination of the optimal temperature of the air-oven and the

nlet eluent is empirical and requires a long trial and error process.
practical strategy consists in increasing the column tempera-

ure because the eluent viscosity decreases, the smaller pressure
rop causes a lesser frictional heating and the molecular diffusiv-

ty increases. Several short VHPLC columns can then be coupled in
eries to produce very high efficiencies [16]. Another approach con-
ists in limiting the heat loss through the column wall by coating
he inner wall of the stainless steel tube with an insulating material
e.g., silica, ceramic).

In this work, we report on the performance of new prototype
olumns developed for applications in VHPLC. These columns were

acked with particles of a new packing material for which no

nformation, including no physico-chemical properties and no par-
icle characteristics have yet been released. These columns are the
orerunners of the second generation of VHPLC columns (phase
I Acquity UPLC manufacturing process) and were recently pre-
0.44 ± 0.02 0.44 ± 0.02
150.7 149.9

sented at Pittcon2009 [17]. We used six columns of different sizes,
three columns have an inner diameter of 2.1 mm and lengths of
50, 100, and 150 mm; the other three columns have the same
lengths but an inner diameter of 3.0 mm. We measured the effi-
ciencies of these columns at 294 K, using pure acetonitrile as the
eluent and naphtho[2,3-a]pyrene as the analyte [18,12,15] and
we studied their mass transfer properties. The performance of
these new columns is compared to that of the conventional VHPLC
columns which were studied under the same experimental condi-
tions (eluent, analyte, temperature, column size, and instrument)
[15]. Finally, we discuss the influence of the length and inner diam-
eter of the new prototype columns on their mass transfer behavior
at high linear velocity, when heat effects are significant.

2. Experimental

2.1. Chemicals

The mobile phase used in this work was pure acetonitrile.
Dichloromethane and tetrahydrofuran were also used in smaller
amounts to measure the column hold-up volume by pycnome-
try. These three 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 �m
pore size (Suwannee, GA, USA). Naphtho[2,3-a]pyrene was used
as the probe analyte. It was obtained from Aldrich (Milwaukee,
WI, USA). Ten polystyrene standards (MW = 590, 1100, 3680, 6400,
13,200, 31,600, 90,000, 171,000, 560,900, and 900,000) were used
to acquire inverse size exclusion chromatography data (ISEC). They
were purchased from Phenomenex (Torrance, CA, USA).

2.2. Columns
The six (50 mm × 2.1 mm, 100 mm × 2.1 mm, 150 mm ×
2.1 mm, 50 mm × 3.0 mm, 100 mm × 3.0 mm, and 150 mm ×
3.0 mm) new prototype BEH-C18 columns used were a gift from
the column manufacturer (Waters, Milford, MA, USA). The synthe-
sis of the silica matrix is based on the organic (ethyl)/inorganic
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Fig. 1. ISEC measurements. Eluent: pure tetrahydrofuran. Flow rate: 0.20 mL/min.
Plots of the elution volume of 10 polystyrene standards versus the cubic root of their
F. Gritti, G. Guiochon / J. Chro

silica) hybrid technology. The main characteristics of the bare
orous silica and those of the final derivatized packing material
re summarized in Table 1.

The columns were kept horizontal in direct contact with the
aboratory atmosphere, in the air-oven of the instrument (see next
ection), protected from air drafts and of temperature perturba-
ions. The column tube dissipates heat only by natural convection
nd radiation. The surface temperature of the external wall of the
tainless steel tube was measured using a series of surface ther-
ocouples. All relevant information regarding the measurement
ethod and the materials used is given elsewhere [19]. The preci-

ion of the thermocouples is ±0.2 K. The local temperatures were
easured at four, nine, and nine different axial positions on the 50,

00, and 150 mm long columns, respectively.

.3. Apparatus

The apparatus used was an Acquity UPLC liquid chromatograph
Waters, Milford, MA, USA). This instrument includes a quaternary
olvent delivery system, an auto-sampler with a 1 �L sample loop,
monochromatic UV detector, a column oven, and a data station

unning the Empower data software from Waters. From the exit
f the Rheodyne injection valve to the column inlet and from the
olumn outlet to the detector cell, the total extra-column volume
f the instrument is 14.3 �L, measured as the apparent hold-up
olume of a zero-volume union connector in place of the column.
time offset of 0.66 s was measured after the zero injection time
as recorded. The first and second moment were all corrected from

hese extra-column volume contributions. The flow rate delivered
y the high pressure pumps of the instrument is true at the col-
mn inlet. During the HETP measurements, the inlet flow rate was
uccessively fixed at 0.03, 0.06, 0.12, 0.20, 0.30, 0.40, 0.50, 0.60,
.70, 0.85, 1.00, 1.15, 1.30, 1.45, 1.60, 1.75, and 1.90 mL/min when
ossible. Up to 1.00 mL/min, the maximum pressure allowed dur-

ng a run was 1034 bar. Above 1.00 mL/min, it decreased to 972,
10, 848, 785, 723, and 661 bar at 1.15, 1.30, 1.45, 1.60, 1.75, and
.90 mL/min, respectively.

The laboratory temperature was controlled at 294 ± 1 K by the
ab air conditioning system.

. Results and discussion

We first discuss some important characteristics of the columns,
ncluding their external porosities and their permeability. Then, we
eport on the HETP plots of these new prototype columns, on the
arameters of these curves and compare their performance to those
f VHPLC columns of the first generation. We discuss the influence
f the column diameter on its performance and the role played
y the friction heat effect in the mass transfer mechanism at high

inear velocities. Finally, we discuss whether a diffusive dispersion
odel (based on the Aris dispersion theory) or a flow dispersion
odel is more appropriate to account for the large C-value observed

n the van Deemter equation.

.1. Permeability of the new prototype columns

The external porosity, �e, of packed beds is an important charac-
eristic of HPLC columns because it affects the column permeability,

hich is essentially controlled by the average particle size, dp. The

hape of the packed particles, their size distribution, and the chemi-
al nature of their external surface play also a significant role in the
olumn permeability but their impact is more difficult to assess.
heir effect is empirically lumped into the Kozeny-Carman con-
known average molecular weights (MW1/3). Six new prototypes VHPLC columns
were studied. (A) 2.1 mm column I.D. (B) 3.0 mm I.D. The external porosities, �e ,
were extrapolated at MW = 0 from the excluded ISEC branch of each plot (dotted
lines).

stant, Kc . The permeability k0 of the packed column writes:

k0 = Kc(1 − �e)2

d2
p�3

e

(1)

The external porosities were derived from ISEC experiments. Fig. 1A
and B represents the ISEC plots of the two sets of prototype columns
(2.1 and 3.0 mm I.D.), as the elution volume of the polystyrene stan-
dards corrected for the extra-column contributions, VISEC , versus the
cubic root of their molecular weight, MW1/3. This representation
is convenient because MW1/3 is proportional to the hydrodynamic
diameter of the random coil formed by the polymer molecules [20].
When the size of the polymer coil is much smaller than the particle
diameter (1.7 �m), the exclusion volume of the polymer decreases
almost linearly with increasing molecular size. This is the case for

polystyrene standards with molecular weights of 171,000 (Dh =
245 Å), 560,900 (Dh = 479 Å), and 900,000 (Dh = 625 Å), which are
all excluded from the pore network of the new prototype material.
The external porosities are measured from the linear extrapolation
of this excluded ISEC branch to MW = 0 (e.g. when the size of the
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Fig. 2. Permeability data. Permeating liquid: pure acetonitrile, viscosity taken at T =
294 K and P = P0: 0.36 cP. Flow rate range: 0.30–0.70 mL/min. Six new prototypes
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HPLC columns were studied as indicated in the legend of the graph. Plots of the
atio of the pressure drop, �P (corrected for the extra-column pressure drop) to the
olumn inlet flow rate, Fv . The permeability of the columns were determined from
he extrapolation of their respective plots at a zero flow rate.

olymer coil tends toward zero). The values are listed in Table 1. We
bserve that the longer the column, the less densely packed are the
articles. For both sets of columns, the external porosity increases
rom 0.370 to 0.385 when the column length increases from 50 to
50 mm. This is consistent with the columns being packed by the
lurry process. The longer columns are not as densely packed as the
horter columns, due to their larger hydraulic resistance during the
acking process. In contrast, the column diameter seems to have no
ffect on the external porosities, given the relative precision of the
SEC experiments.

The external porosities of the first generation of VHPLC columns
2.1 mm I.D.) were very comparable to those measured in this work.
hey increased from 0.373 to 0.380 when their length increased
rom 50 to 150 mm [8,10].

The Kozeny-Carman constants, Kc , were determined by mea-
uring the column pressure drops using pure acetonitrile as the
luent. The viscosity of acetonitrile, �S , at 294 K is 0.36 cP [21]. The
ozeny-Carman constant is given by

c = d2
p�3

e �R2
c

�S(1 − �e)2L

�P

Fv
(2)

here Rc is the inner tube radius, L the column length, �P the col-
mn pressure drop corrected for the extra-column pressure drop
ontributions (caused by the column stabilizer before the column
ntrance and the capillary restrictor downstream the column), and
v the column inlet flow rate. The inlet column pressure was mea-
ured at different inlet flow rates from 0.30 to 0.70 mL/min. The
atios (�P/Fv) for each column are plotted in Fig. 2versus the flow
ate. This ratio increases slightly with increasing flow rate because
he viscosity of acetonitrile increases with the pressure. The vari-
tion of the viscosity of acetonitrile with the local temperature, T,
nd pressure, P, is [8]:

S(T, P) = 10
(

A�+ B�
T

)
(1 + �[P − 1]) (3)
here A� = −1.757, B� = 386 K, and � = 6.263 × 10−4 bar−1. Equa-
ion 3 explains why the slope of the plots in Fig. 2 increases with
ncreasing column length or decreasing column diameter. The max-
mum average column pressure at a flow rate of 0.70 mL/min is
qual to 325 bar (column with 2.1 mm I.D. and 150 mm length).
r. A 1217 (2010) 1485–1495

The average viscosity of acetonitrile is then 0.43 cP, 12% larger than
the viscosity measured under atmospheric pressure at 294 K. This
result agrees with the experimental increase of the ratio (�P/Fv)
seen in Fig. 2 (+10%) between the extrapolated flow rate, Fv = 0, and
0.70 mL/min. Heat effects remain small in this flow rate range and
most likely explain the smaller experimental difference.

Therefore, the permeability of the column can be measured pre-
cisely by extrapolating linearly the value of (�P/Fv) to a zero flow
rate. The Kozeny-Carman constant is then derived according to Eq.
(2). The values obtained for all the columns are listed in Table 1.
The average Kozeny-Carman constants of the 2.1 and 3.0 mm I.D.
columns are approximately 140 and 150, respectively. These val-
ues are not significantly different from those previously measured
on the first generation of VHPLC columns (Kc = 140 for 2.1 mm I.D.
columns).

In conclusion, the columns of the new generation of VHPLC
columns have external porosities and Kozeny-Carman constants
similar to those of the first generation, produced in phase I of the
manufacturing process.

3.2. Comparison between the efficiencies of the first and second
generation of VHPLC columns

The reduced HETPs of naphtho[2,3-a]pyrene were measured on
the six new prototype columns. The flow rate of pure acetonitrile
was increased from 0.03 to either 1.90 mL/min or to the highest
flow rate allowed by the maximum pressure limit of the Acquity
instrument and the Empower data station during a run. It should
be emphasized that the HETP concept is valid only for isothermal
and isobaric columns. At high velocities, it applies only locally at the
axial coordinate z of VHPLC columns. The apparent experimental
HETP was calculated from the following equation:

H = 	H(z)�z

L
= L

(tr
1/2 − tf

1/2)
2 − (tr

1/2,e
− tf

1/2,e
)
2

5.545(tR − te)2
(4)

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

1/2 and tr
1/2,e

, and tf
1/2 and tf

1/2,e
are the rear and the

front widths of the peak measured at half-height of the peak. Note
that, in this work, we measured apparent reduced plate heights in
the sense that, in very high pressure liquid chromatography, the
eluent density and viscosity vary along the column while its pres-
sure decreases by about 1000 bar and the temperature increases
by about 20 K under the extreme conditions of high flow rate, from
column inlet to outlet. This leads to variations of the local flow rate
and HETP, as discussed thoroughly in [11]. The main point of this
work, however, is that we compare similar columns operated under
the same set of experimental conditions, on the basis of the h data
recorded for them.

The results are gathered in Fig. 3A for the second genera-
tion of VHPLC columns. By convention the reduced linear velocity
was calculated from the interstitial linear velocity at the column
inlet (ue,inlet = (Fv/�e�R2)) and the molecular diffusion coeffi-
cient of naphtho[2,3-a]pyrene was estimated from the Wilke and
Chang equation [22] at 294 K and under atmospheric pressure
(Dm(294 K,P0) = 1.22 × 10−5 cm2/s). The average particle size was
determined from the Coulter counter method at 1.7 �m, accord-
ing to the manufacturer. Fig. 3B shows the same HETP plots but
with the first generation of VHPLC columns (2.1 mm I.D.) measured
under the very same conditions.
The diffusion branches of the curves in Fig. 3A and B are nearly
superimposed for the two generations of columns, meaning that
the B-term of both column types is exactly the same. This certainly
means that the chemical and physico-chemical properties of the
packing material have not been changed from the first to the second
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Fig. 3. (A) Comparison between the apparent reduced HETPs of six different prototype VHPLC columns as indicated in the legend of the upper graph. The columns were
left free under still-air conditions. T = 295 K. Eluent: pure acetonitrile. The solid line represents the theoretical reduced HETP, in the absence of temperature gradients. (B)
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ame as in (A) except the first generation of VHPLC columns coming in 2.1 mm I.D., o
00 mm). (C) Same as in (A) except the contributions of the extra-column volume
iameter columns. (D) The failure of a column is confirmed by the comparison of t
sed.

eneration of VHPLC columns. The B-term can be accurately mea-
ured from the data collected at 0.03 mL/min on the larger 3.0 mm
.D. columns. If we assume a parallel contribution of interparticle
iffusion and particle diffusion to the overall column longitudinal
iffusion, this reduced HETP term, hLong , writes [23]:

Long =
2
(


e + 1−�e
�e

�
)

�
(5)

here 
e = 0.6 is the external obstruction factor and � is the ratio
f the particle diffusivity to the bulk diffusion term, considering
he concentration gradient in the mesopores (e.g., in the bulk elu-
nt phase) as the driving force for diffusion. From the experimental
-branch, the best value of � is 0.95. If surface diffusion were
ot participating to the effective particle diffusivity, � would be

irectly related to the diffusion along the mesopore and would be
qual to the product of the particle porosity (�p = 0.43), the internal
bstruction factor, 
p = 0.6, and the hindrance diffusion parameter,
(�m) (equal to 0.65 for naphtho[2,3-a]pyrene) or � = 0.17. Due
o the significant retention of naphthopyrene (k′ = 2.20), surface
ote the improvement of the column performance for the shortest columns (50 and
column HETP were neglected. Note the better apparent performance of the large

uced HETPs of the first and second 2.1 mm × 150 mm BEH-C18 prototype columns

diffusion in the adsorbed state speeds up the effective sample dif-
fusivity across the particles by a factor 5 to 6 a considerable effect.
As a result, the mass transfer resistance due to diffusion through
the porous particles is negligible and this reduced HETP term, hCp ,
writes [21]:

hCp = 1
30

�e

1 − �e

(
ı0

1 + ı0

)2
1
�

� (6)

where ı0 is given by:

ı0 = 1 − �e

�e

[
�p + (1 − �p)Ka

]
(7)

where Ka is the Henry’s constant (Ka = 4.43). Hence, ı0 = 5.03 and
hCp = 0.0136�. With � < 30, the contribution of hCp to h increases

from 0 to only 0.40.

In contrast to their similarity at low flow rates, the behaviors of
the second and first generations of VHPLC columns differ strongly
at high flow rates. The performance of the shortest two columns of
the second generation is much improved. Their C terms is clearly
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ower than that of the first generation columns and the effects of
eat friction seem considerably reduced. Yet, as will be shown later,
he temperature profiles measured along the external surface of the
ubes of the 2.1 mm I.D. prototype columns are very similar to those

easured with the old Acquity BEH-C18 columns. Differences in the
hermal heterogeneity of the packed beds do not suffice to explain
he differences in the C terms. Since the trans-particle diffusivity
s the same (identical B terms), this tends to suggest that either
he external film mass transfer resistance was reduced by some

odification of the external aspect of the particles or that the radial
acking homogeneity has been improved, due to a change or an

mprovement in the packing process.
Surprisingly, an opposite behavior is observed with the longest

olumn (150 mm). The minimum reduced HETP of this column is
nly 2.5 (instead of 1.9 for the columns of the older generation) and
hermal effects seem to control the C-term of this column at high
inear velocity, the experimental C-branch being strongly parabolic.
his difference could be due to the failure of one single column dur-
ng the manufacturing process. The combination of the heat effects
nd a trans-column flow heterogeneity could possibly explain this
elatively poor column efficiency. Accordingly, we repeated the
ame experiments but with a second phase II 2.1 mm × 150 mm
EH-C18 column. Fig. 3D compares the reduced HETP of this new
olumn to that of the first used column. This results confirms that
he first column used did fail. The minimum reduced HETP of the
econd column is 2.0.

At this point, it would be hasty to propose a definitive explana-
ion for the differences observed between the Van Deemter curves
f the columns of the old and new generation. No information was
et released by the manufacturer regarding the preparation pro-
ess nor the detailed properties of the new sub-2 �m prototype
articles.

.3. Effect of column geometry on the performance of the second
eneration of VHPLC columns

We first comment on the effect of the column length at constant
nner diameter, then on the impact of the column tube diameter at
onstant length.

.3.1. Column length L
As the column length increases, the maximum flow rate that

he pump can deliver decreases from 1.90 mL/min to 1.45 mL/min
nd from 1.75 mL/min to 1.00 mL/min with the 3.0 and 2.1 mm
.D. columns, respectively. This explains why in Fig. 3A the reduced
ETPs of the longest columns were not measured over the same

ange of reduced linear velocities as that of the shorter columns.
The effect of the column length is observed only at high flow

elocities, when the temperature distributions along and across the
acked bed are no longer uniform. Only a local HETP can be defined
nd the overall apparent column efficiency depends on the tem-
erature distributions throughout the column in the steady-state
ventually reached under the experimental thermal conditions,
hich are those of a column left in a still-air compartment. The col-
mn center becomes rapidly warmer than the wall region, except

n the zone close to the column entrance due to the heat feed-
ack along the very conductive stainless steel tube. The longer
he column, the longer the distance over which the analyte band
xperiences a radial gradient of migration velocity, which results
n a larger deviation of the experimental HETP curve from what
s expected for an hypothetically isothermal column. The evidence

f this thermal effect is shown in Fig. 3A by the parabolic shape
f the C-branch of the 150 mm long columns. The same effect is
oderate with the 100 mm long column and small with the 50 mm

ong columns. These effects are more pronounced with the large
iameter columns (3.0 mm).
r. A 1217 (2010) 1485–1495

3.3.2. Column diameter dc

It is interesting to compare the performance of VHPLC columns
operated at the same superficial linear velocity and having the same
length but different inner diameters, 2.1 and 3.0 mm. The flow rate
ratio is nearly 2. Then, the pressure gradient, (�P/L) is the same
along both columns and the frictional power Pf released per volume
unit of packed bed is the same [5]:

Pf = uS
�P

L
(8)

The amplitude of the radial temperature gradient, �T , is propor-
tional to the frictional power liberated per unit of column length
when the temperature of the wall is maintained constant or in the
long-time limit conditions (infinitely long column) [6]:

�T = 1 + ˛pT

4��p

Fv�P

L
∝ d2

c

d2
p

�2 (9)

where ˛p is the expansion coefficient of the eluent and �p is the
effective thermal conductivity of the packed bed. At a constant
reduced linear velocity �, the temperature difference between the
wall and the center of the column increases as the square of the col-
umn diameter. The additional reduced HETP term in the long-time
limit due to the hydrodynamic contribution, hAris, writes [11]:

hAris = Cm
�e

�t(1 + k′)�r

d2
c

d2
p

� (10)

where Cm is the Aris contribution to the C-term [13,11], which
depends on the radial profile of the analyte velocity across the
column and �r is the ratio of the radial dispersion coefficient to
the bulk diffusion coefficient. The expression of Cm for small radial
temperature amplitudes, �T , writes [11]:

Cm = 1
384

(
B� + k′

w

1 + k′
c

Qst

R

)2( �T

TwTc

)2

(11)

where Qst is the isosteric heat of adsorption, R the molar gas
constant, k′

w and k′
c , and Tw and Tc are the retention factors of

the analyte and the temperatures at the column wall and center,
respectively.

Accordingly, if the long-time limit conditions are satisfied and
the radial dispersion coefficient (�r) is proportional to � (dominant
convective diffusion mechanism), the additional reduced HETP
term, hAris, would approximately vary as:

hAris ∝
(

dc

dp

)6(
�

T̄

)4
(12)

where T̄ is the geometrical average of the temperatures Tw and Tc .
Eq. (12) predicts that, at a fixed linear velocity, particle diameter
and temperature, the additional HETP would increase as the sixth
power of the column diameter. When the diameter of the column
increases from 2.1 to 3.0 mm, hAris is expected to increase by a factor
8.5.

The experimental h versus � data shown in Fig. 3A demonstrate,
in fact, that the effect of the column diameter is not as dramatic as
theoretically predicted in the range of linear velocities investigated
in our experiments. Although the C-branches of the large diameter
columns increase more rapidly than those of the small diameter
columns, the difference in the h values of the two sets of columns
is moderate. Increasing column diameters is not detrimental to the
kinetic performance of VHPLC columns. This suggests that the long-
time limit condition does not fully apply under the experimental

conditions used in this study. This is confirmed by the results of our
measurement of temperature profiles along column walls. Fig. 4
shows plots of the measured temperatures along the column wall
as functions of the axial position along the column. The flow rates
indicated correspond to the maximum flow rates applied during the
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Fig. 4. Plots of the temperature of the external surface area of the six column tubes
versus the axial coordinate z. The temperature of the eluent entering the column
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3.4.1. Dispersion effects due to heat friction controlled by

T
C

s 294.7 K. The columns are kept horizontal under still-air conditions, free from air
onvection. The flow rate and the column dimensions are given in the legend of the
raph.

hromatographic runs of each column. The temperature profile has
ot yet reached its horizontal asymptotic limit for infinitely long
olumns [6]. The longer the column, the closer to this limit is the
olumn wall temperature. Actually, the wall temperature increases
ignificantly with increasing distance, z. The expression of �T given
n Eq. (9) overestimates the true temperature difference between
he center and the wall of all columns.

Nevertheless, it can be anticipated from the experimental HETP
rends in Fig. 3A that the 3.0 mm I.D. columns would behave less
ell than the 2.1 mm I.D. columns at constant �, for large flow

ates. For � < 13, however, the two sets of columns behave very
imilarly.

For the common practitioner of chromatography, what mat-
ers the most is the observed peak resolution which includes the
hromatograph’s contributions to the band broadening. Wider and
onger column should a priori be preferred provided the packing
omogeneity is not affected by the dimension of the column tube
uring the packing slurry method. As the column volume increases,
he band broadening taking place in the connecting tubes of the
nstrument becomes negligible in comparison to the band broaden-
ng caused by the sole mass transfer phenomena inside the packed
olumn. Fig. 3C shows the corresponding reduced HETPs of the 2.1
nd 3.0 mm I.D. VHPLC columns (phase II) which can be directly
ompared to those in Fig. 3A (extra-column contributions sub-
racted). It is obvious that the minimum reduced HETP is always
etter with the wider than with the thinner columns at a constant
ube length. While the apparent minimum HETP is of the order of
.5 particle diameters with the 2.1. mm I.D. columns, the appar-

nt reduced HETP is close to 2.0 with the 3.0 mm I.D. columns.
his is a substantial gain in band resolution and apparent column
fficiency (295,000 versus 235,000 plates/m) provided the experi-
enter accepts to increase the consumption of the eluent’s volume.

able 2
alculated radial temperature amplitude (Tc − Tw) at the column outlet.

Column inner diameter (mm) Column length (cm) Flow rate (mL/min)

2.1 5 1.75
10 1.15
15 1.00

3.0 5 1.90
10 1.75
15 1.45
r. A 1217 (2010) 1485–1495 1491

The extra-column volume of the VHPLC instrumentation is of the
order of 15 �L. The hold-up volumes of the 2.1 and 3.0 mm × 50 mm
columns are about 110 and 225 �L. In Fig. 3C, it is remarkable that
the apparent minimum reduced HETP decreases from about 2.9 to
about 2.1 upon increasing the column inner diameter. Accordingly,
increasing the column diameter of small columns can strongly
enhance their performance, especially when using instruments
with large extra-column volumes. As suggested in a previous report
[24], the extra-column volume should remain at least smaller than
5% of the column hold-up volume in order to avoid a significant loss
in the column’s performance.

Under isocratic conditions, narrowing down the column diam-
eter limits the column performance to what the band broadening
contribution of the equipment used permits. The injection system,
the connecting tubes, and the detection cell should be examined in
great details when performing separation with short narrow bore
columns whose diameter is smaller than 1 mm, if one wishes to
benefit from the excellent resolution power of sub-2 �m particles.
The extra-column effects become much less relevant when gradi-
ents are used because the post-column volume is much smaller
than the pre-column volume.

3.4. Temperature profiles along the second generation of VHPLC
columns and models for their experimental C-term

The complete temperature profiles throughout the packed beds
were calculated according to the procedure reported earlier [8],
where all the necessary parameters can be found. It was assumed
that the temperature of the eluent entering the column (z = 0) was
294 K. For all columns, the boundary condition along the column
wall was the experimental temperature profile recorded along of
this wall (Fig. 4), fitted to the following empirical relationship:

Tsurface,wall = az

1 + bz
(13)

where a and b are two adjustable parameters.
The results of these calculations are shown in Fig. 5A–C (2.1 mm

I.D. columns) and in Fig. 5D–F (3.0 mm I.D. columns). For each col-
umn, we used the maximum flow rate allowed by the pump (see
values in Fig. 4). We compared the temperature difference between
the column center and wall at the column outlet obtained from
these calculations with that derived from Eq. (9) (the product ˛pT
is equal to −0.37 and �p = 0.38 W/m/K for acetonitrile). The results
are given in Table 2. They clearly show that the columns are too
short to reach the limiting �T values given by Eq. (9). The longer
the column, the closer to this limit is the actual radial temperature
gradient (−28% for the longest 15 cm long column). The discrepancy
in the �T values arises from the fact that Eq. (9) assumes the tem-
perature of the wall to be uniform, e.g., the column length should
be infinitely long in practice [6].
diffusion: Aris’s model
Given the local temperature profile in Fig. 5A–F, it is possible to

estimate the additional HETP term due to the radial gradient of the
linear velocity of analyte migration across the column according to

�T simulation (K) �T limiting Eq. (9) (K) Comparison (%)

2.98 4.97 −40
1.38 1.92 −28
1.02 1.41 −28

1.64 2.99 −45
1.41 2.23 −37
1.12 1.55 −28
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ig. 5. Temperature distribution inside the six new prototype columns (packed be
he eluent entering the column is 294 K. Same flow rates as those given in Fig. 4. E
.1 mm × 150 mm column, (D) 3.0 mm × 50 mm column, (E) 3.0 mm × 50 mm colu
he general dispersion theory of Aris [11]. The column was decom-
osed into 50 increments of equal length. For each one, the Aris
oefficient Cm was calculated, the radial dispersion coefficient being
aken from the results of NMR measurements made on packed
inless steel tube) kept under still-air conditions at T = 294 K. The temperature of
pure acetonitrile. (A) 2.1 mm × 50 mm column, (B) 2.1 mm × 100 mm column, (C)
d (F) 3.0 mm × 50 mm column.
columns [25]:

hr = 2
e

�
+ 0.32 (14)
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Table 3
Comparison between theoretical hAris terms and the deviation of the experimental HETPs from the isothermal reduced HETP.

Column inner
diameter (mm)

Column length (cm) Linear velocity (mm/s) �h = hDiffusion Aris
model (Eq. (10))

�h = hFlow flow
model (Eq. (24))

�h experiments
(Fig. 3A)

�hDiffusion − �hexp .

2.1 5 3.4 28.2 2.8 3.6 +24.6
10 2.2 4.5 1.6 2.0 +2.5
15 1.9 2.6 1.5 2.9 −0.3
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3.0 5 1.8 14.8
10 1.6 9.3
15 1.3 6.4

r = hr�e�Dm

2
= (�e
e + 0.06�)Dm (15)

The resulting hAris(z) contribution was calculated according to
q. (10) for each column segment. The overall additional reduced
ETP term, hDiffusion for the whole column was simply derived from:

diffusion,t = 1
L

∫ L

0

hAris(z) dz (16)

There is a critical distance near the column entrance where
he radial velocity profile is almost flat. Beyond that distance, the
olumn center becomes increasingly warmer than its wall (see
ig. 5A–F). This critical distance is of the order of (L/10) when the
luent entering the column is at the same temperature as the col-
mn compartment in which the column is kept horizontally under
till-air condition.

The difference between the reduced HETPs measured and pre-
icted for an ideal isothermal column was estimated by considering
he difference between the experimental h data and the refer-
nce isothermal (T = 294 K) reduced HETP plot. This HETP model
ncludes longitudinal diffusion, eddy dispersion, trans-particle dif-
usion and film diffusion as the four individual, independent mass
ransfer phenomena inside a column packed with spherical parti-
les [26]:

=
2
(


e + 1−�e
�e

�
)

�
+

i=3∑
i=1

ωi�

1 + ωi
2�i

�
+ 1

30
�e

1 − �e

(
ı0

1 + ı0

)2
1
�

�

+ 2
3.27

�5/3
e

1 − �e

(
ı0

1 + ı0

)2

�2/3 (17)

The numerical values of the parameters of this reduced HETP
quation were: 
e = 0.60, �e = 0.38, and ı0 = 5.0 at T = 294 K. The
est values for the eddy dispersion parameters were: ω1 = 0.01,
2 = 0.24, ω3 = 2.00, �1 = 0.50, �2 = 0.23, �3 = 0.10, directly

aken from the guesses made by Giddings [27], including the trans-
hannel, short-range inter-channel, and long-range inter-channel
ow inequalities, in order to generate a minimum reduced plate
eight of hmin = 1.9. The trans-column velocity bias effects were
eglected. The best values of � = 0.95 was obtained from the
xperimental B-branch of the experimental HETP curve at T =
94 K. Regarding the film mass transfer coefficient, we assumed
hat kf was equal to half the value predicted by the Wilson and
eankoplis correlation [28], as recently observed experimentally

or beds packed with porous particles [26,29]. This explains the
calar 2 in the numerator of the fourth term in the right-hand-side
erm of Eq. (17). The total isothermal reduced HETP curve is drawn
n Fig. 2A and B for the sake of comparison with the experimental

data. It represents the minimum reduced HETP that can ever be

easured.
Table 3 compares the additional reduced HETP caused by the

eat effects, those predicted by the Aris model and those experi-
entally measured. It confirms that the longer the column and the

esidence time in the column, the better the agreement between
1.2 1.4 +13.4
1.7 1.9 +7.4
2.0 3.3 +3.1

experimental and theoretical results. With short columns, hAris

overestimates the true band dispersion due to frictional heating
because the analyte molecules cannot sample completely the col-
umn diameter. Actually, the Aris model is only valid for infinitely
long residence time or infinitely long columns. Actual VHPLC
columns are not operating under those strict conditions.

This suggests that the band dispersion is controlled and limited
by another dispersion mechanism. Since there is not enough time
for the analyte to sample the column diameter, the band broad-
ening is controlled by a flow dispersion mechanism. This limiting
mechanism would take place when no radial dispersion is allowed
across the column or Dr = 0.

3.4.2. Dispersion effects due to heat friction controlled by a flow
mechanism: a flow model

In this section, we assume that there is no sample dispersion,
neither in the axial nor in the radial direction. Consider now a posi-
tion z along the column where the radial temperature profile is
correctly approximated by a parabolic function:

T(x, z) = T(0, z)(1 + ωzx2) (18)

The migration linear velocity u(x, z) of the sample is then a func-
tion of the reduced radial position x because the retention factor
k′ depends on x via the change in temperature across the column
diameter:

u(x, z) = �e

�t

ue(z, x)
1 + k′(x, z)

(19)

ue(x, z) depends also on the position (x, z) in the column because
the viscosity and density of the eluent depend on the local tem-
perature and pressure. The radial distribution of the mobile phase
velocity due to the packing heterogeneity [30,31] is neglected. The
heat effects are solely responsible for the trans-column velocity
gradient; �e is assumed to be constant throughout the entire col-
umn. Because the radial temperature gradient is rather small (a few
Kelvin or less), the Van’t Hoff equation applies:

k′(x, z) = 1 − �t

�t
K0 exp

(
− Qst

RT(x, z)

)
(20)

Accordingly, it takes a time t(x) for the sample to migrate from
the column inlet (z = 0) to its outlet (z = L) at the radial coordinate
x:

t(x) =
∫ L

0

dt(x, z) =
∫ L

0

dz

u(x, z)
(21)

The analyte retention time (first moment) averaged across the col-
umn diameter is given by

t̄ = �1 = 2

∫ 1

xt(x) dx (22)

0

The variance of the elution times t(x) or second central moment is

�2
t = �′

2 = 2

∫ 1

0

x(t(x) − t̄)2 dx (23)
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The additional reduced HETP hflow,t of the column caused by the
adial heterogeneity of the flow distribution is then:

flow,t = L

dp

�2
t

t̄2
(24)

able 3 lists the values of hflow,t derived using the calculated
emperature profiles shown in Fig. 5A–D. The values of Qst =
0.43 kJ/mol and K0 = 6.93 × 10−4 were previously determined
rom the plot of the logarithm of the retention factor k′ of
aphtho[2,3-a]pyrene versus the reciprocal temperature in the
emperature range [289–320 K] [12].

As it could have been anticipated, the values of hflow,t agree much
etter with the actual excess of HETP due to heat friction than those
redicted using the dispersion model, controlled by a diffusion
echanism (hdiffusion,t). The calculated hFlow,t values are system-

tically smaller than the measured ones, which means that the
ctual contribution due to the flow heterogeneity is more important
han that predicted by the mere existence of radial temperature
radients. We have neglected the possible trans-column flow het-
rogeneity which results from the irregularity of the packed bed
ue to the packing procedure. Our results demonstrate that the first
.1 mm × 150 mm long column exhibits a more severely distorted
ow profile than the other five columns, a result that is confirmed
y its higher minimum reduced HETP of 2.5 (see Fig. 3A). The effects
f frictional heat, (which make the central region of the column
armer than its wall region) and of the radial flow heterogeneity

bserved in packed columns (in which the flow velocity is smaller
n the wall region than in the central region) add up to each other
nd could explain the poor performance of this thin (2.1 mm) and
ong (150 mm) new prototype column. This column failure was con-
rmed by the results of measurements of the reduced HETP data on
second 2.1 × 150 mm long column packed with the same material

Fig. 3D). Its minimum HETP is close to 2.0, the deviation from the
sothermal HETP at high reduced velocity is considerably smaller
nd the agreement with theoretical values improved.

. Conclusion

Our work illustrates the significant improvement in perfor-
ance yielded by the 5 and 10 cm long new VHPLC columns,
hether their inner diameter is 2.1 or 3.0 mm. Despite the fact that

he heat power released on both sets of columns is the same, the
-branch of the new prototype columns deviates less from the one
hat would be observed in the absence of heat effects than do the
-branches of the first generation of VHPLC columns. For instance,
t the high reduced linear velocity of � = 30, the number of theoret-
cal plates of the 2.1 mm × 50 mm column increases from 4550 to
350. At the more moderate reduced velocity of � = 20, the num-
er of theoretical plates of the 2.1 mm × 100 mm column increases
rom 9500 to 25,000. These are very important gains. On the other
and, a significant deterioration of the column performance was
bserved for the longest columns (150 mm). At � = 16, the num-
er of theoretical plates of the 2.1 mm × 150 mm column decreases
rom 40,050 to 15,000. This difference could be attributed to a sin-
le column failure during the whole manufacturing process. The
ata should be repeated on a new column.

The analysis of the increase in the reduced HETP that is caused
y the heat effects demonstrates that this extra band broadening is

n part caused by the radial heterogeneity of the flow velocity due
o the radial temperature gradient. The diffusion controlled mecha-

ism of band dispersion derived from the general dispersion theory
f Aris [11] applied to packed LC columns overestimates the actual
mount of band broadening in the shortest two columns. The com-
arison between the experimental h data and the h values predicted
y a simple flow dispersion mechanism suggests that the radial pro-
r. A 1217 (2010) 1485–1495

file of mobile phase velocities under isothermal conditions is not
flat. It contributes to a slight increase of the reduced HETP of the
shortest columns (+0.4 to 0.8 and + 0.2 for the 2.1 and 3.0 mm I.D.
5 cm long columns, respectively) and it seriously impair the col-
umn performance of the longest and thinnest column (+ 3 h unit
with the 2.1 mm × 150 mm column). The mechanism of dispersion
in VHPLC columns is definitely based on a flow mechanism.

In conclusion, the new VHPLC prototype adsorbent packs very
well in short columns. It provides short columns having an excellent
efficiency. In contrast, it seems to be difficult to pack it into long
columns, particularly in those using thin diameter tubes. Lacking
information regarding this new material and how it differs from the
one previously used, we cannot suggest any explanation for these
observations.

Finally, our work demonstrates than the radial distribution of
the column porosity, hence permeability and velocity, plays an
important role in controlling the eventual efficiency of short VHPLC
columns. The dispersion model that is controlled by a flow mech-
anism and neglects diffusion of the analyte across the column
diameter provides better predictions of the C-branch behavior of
short VHPLC columns, which are run very rapidly with reten-
tion times smaller than a minute, leaving insufficient time for the
analyte to sample properly the whole velocity distribution across
column diameters of 3.0 mm or even 2.1 mm. The question remains
whether and under which conditions heat effects or radial col-
umn heterogeneity influences most the C-term of VHPLC columns.
Trans-column flow heterogeneity can be measured either by using
local electrochemical detection at different radial positions across
the column exit or by measuring the reduced HETPs of the column
at high linear velocities when the mesopores are blocked under
conditions where heat effects are negligible. These investigations
are in progress and their results will be reported later.

Nomenclature

a Empirical coefficient in Eq. (13) (K m−1)
b Empirical coefficient in Eq. (13) (K m−1)
A� Parameter in Eq. (3)
B� Parameter in Eq. (3)
Cm Aris coefficient
dc Column diameter (m)
Dr Radial dispersion coefficient (m2/s)
Dh Hydrodynamic diameter (m)
Dm Bulk diffusion coefficient (m2/s)
dp Average particle size (m)
Fv Flow rate (m3/s)
H Axial column HETP (m)
H(z) Axial column HETP at coordinate z (m)
hAris Additional axial column reduced HETP term given by the

Aris’ general theory of dispersion
h Axial reduced column HETP
hCp reduced intra-particle mass transfer resistance HETP term
hdiffusion,t Overall additional Aris reduced column HETP
hflow,t Overall additional flow reduced column HETP
hLong Reduced longitudinal diffusion HETP term
hr Radial reduced column HETP
k′ Retention factor
k′

c Retention factor at the center of the column
k′

w Retention factor at the wall of the column
k′(z, x) Local retention factor

k0 Column specific permeability
Ka Henry’s constant
Kc Kozeny-Carman constant of the packed bed
L Column length (m)
Pf Power heat friction (W m−3)
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Pressure (Pa)
st Isosteric heat of adsorption (kJ/mol)

Radial column coordinate (m)
Molar gas constant (J/mol/K)

c Column inner diameter (m)
Temperature (K)

c Temperature at the column center (K)
w Temperature at the column wall (K)
surface,wall Temperature at the column wall (K)

¯ Geometric average temperature defined in Eq. (12) (K)
(x, z) Local temperature (K)

R Retention time recorded in presence of the column at the
apex of the peak (s)

e Retention time recorded in absence of the column at the
apex of the peak (s)

r
1/2 Elution of the rear desorption part of the band profile

recorded in presence of the column at half the height of
the peak (s)

f
1/2 Elution of the front adsorption part of the band profile

recorded in presence of the column at half the height of
the peak (s)

r
1/2,e

Elution of the rear desorption part of the band profile
recorded in absence of the column at half the height of
the peak (s)

f
1/2,e

Elution of the front adsorption part of the band profile
recorded in absence of the column at half the height of
the peak (s)

(x) Elution time at the radial coordinate x (s)
(x, z) Local elution time (s)

Column cross-section average elution time (s)
S Superficial chromatographic linear velocity (m/s)
(z, x) Local linear velocity of the elute (m/s)
e,inlet Interstitial linear velocity (m/s)
e(z, x) Local superficial linear velocity (m/s)

Reduced radial coordinate r/R
Longitudinal column coordinate (m)

reek letters
p Average expansion coefficient of the eluent (K−1)
0 parameter defined in Eq. (7)
T Temperature amplitude (K)
P Pressure drop over the column length (Pa)

e External porosity of the packed bed
p Porosity of the particles
t Total porosity of the column
S Viscosity of the eluent (Pa s)

1 First moment of the elution times t(x) (s)
′
2 Second central moment of the elution times t(x) (s2)

e Obstruction factor of the packed bed
i Giddings’s flow parameter in the eddy dispersion term in

Eq. (17)

[
[
[
[
[
[
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�p Heat conductivity of the packed bed immersed in the elu-
ent (W/m/K)

� Reduced interstitial linear velocity calculated at the col-
umn inlet

ωi Giddings’s diffusion parameter in the eddy dispersion
term in Eq. (17)

ωz Relative temperature difference between the center and
the wall of the column

� Relative sample diffusivity (particle to bulk)
�r Relative sample diffusivity across the column (column to

bulk)
�2

t Variance of the elution times t(x) (s2)
� parameter defined in Eq. (3) (Pa−1)
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