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a  b  s  t  r  a  c  t

This  work  revisits  the  exceptionally  rapid  evolution  of  the technology  of  chromatographic  columns  and
the important  progress  in  speed  of analysis  and resolution  power  that  was  achieved  over  the  last  ten  years.
Whereas  columns  packed  with  10 and  5  �m  fully  porous  particles  dominated  the  field  for  nearly  thirty
years  (1975–2000),  it took  barely  six  years  to  see  the  commercialization  of  monolithic  silica  rods  (2000),
their  raise  to fame  and  decay  to oblivion,  the  development  of finer  fully  porous  particles  with  size  down
to 1.7  �m  (2006),  and  of sub-3  �m superficially  porous  particles  (2006).  Analysis  times  and  plate  heights
delivered  by  columns  packed  with  these  recent  packing  materials  have  then  been  improved  by  more
than  one  order  of  magnitude  in  this  short  period  of  time.  This  progress  has  rendered  practically  obsolete
the  age-old  design  of  LC  instruments.  For  low  molecular  weight  compounds,  analysts  can  now  achieve
peak  capacities  of  40  peaks  in about  15  s  with  a hold-up  time  of  the  order  of  1.5  s, in gradient  elution,
by  operating  columns  packed  with  sub-3  �m shell  particles  at elevated  temperatures,  provided  that
they  use  optimized  high  pressure  liquid  chromatographs.  This  is the  ultimate  limit  allowed  by  modern
instruments,  which  have  an  extra-column  band  broadening  contribution  of  7  �L2 at  4.0  mL/min  and  data
acquisition  rate  of  160  Hz.  The  best  2.1  mm  × 50  mm  narrow-bore  columns  packed  with  1.7  �m  silica
core–shell  particles  provide  peaks  that  have  a variance  of  2.1  �L2 for  k =  1.  Finally,  this  work  discusses
possible  ways  to  accelerate  separations  and,  in the  same  time  perform  these  separations  at  the same  level
of efficiency  as they  have  today.  It seems  possible  to pack  columns  with  smaller  particles,  probably  down
to 1  �m  and  operate  them  with  current  vHPLC  equipments  for  separations  of  biochemicals.  Analyses

of  low  molecular  weight  compounds  will  require  new  micro-HPLC  systems  able  to  operate  1 mm  I.D.
columns  at  pressures  up  to 5 kbar,  which  would  eliminate  the  heat  friction  problems,  and  providing  extra-
column  band  broadening  contributions  smaller  than  0.1  �L2. Alternatively,  a new  generation  of  vHPLC
systems  with  minimal  extra-column  contributions  of  less  than  0.5  �L2 could  run  2.1  mm  I.D.  columns  if
these  latter  were  to  be  packed  with  high  heat  conductivity  materials  such  as  core–shell  particles  made
with  an  alumina  or gold  core.
. Introduction

Column technology has evolved as fast during the last decade
s in the decade of the discovery of HPLC, between early 1960s
nd 1970s. In contrast, between 1975 and 2000, the conven-
ional columns were 4.6 mm  I.D. stainless steel tubes packed with
pherical particles having between 10 and 5 �m in diameter.
heir length slowly decreased from 300 to 150 mm.  The mini-
um  plate height of the commercial columns packed with 5 �m

articles was around 12 �m (h � 2.3) [1].  Their specific perme-

bility was typically about 2 × 10−14 m2, the hold-up volume of
50 mm × 4.6 mm  columns was close to 2.5 cm3, and their opti-
um  column impedance (H2

min�t/k0, with �t = 0.60) nearly 4500.

∗ Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667.
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© 2011 Elsevier B.V. All rights reserved.

Progressively, home-packed columns were replaced with commer-
cial columns, publications on packing technology progressively
vanished, column manufacturers kept their technical advances
confidential, and it seemed that column technology froze. Fine
porous particles (1.5–2 �m diameter) were prepared and used by
several research groups [2,3] but they never entered into the com-
mercial market.

Then, in 1999, Merck commercialized the first 100 mm × 4.6 mm
monolithic silica columns (Chromolith) [4].  In the late 1990s,
Nakanishi and Tanaka had developed a method for the prepara-
tion of such columns based on the hydrolysis of tetramethoxysilane
in an acidic solution, in the presence of a suitable porogen (e.g.,
polyacrylic acid, polyethylene oxide), followed by the maceration
of the gel in a basic solution leading to the formation of suitable

mesopores [5].  These new columns were made of a single block of
silica, with a bimodal pore size distribution, encapsulated in a PEEK
tube [6]. These columns had over conventional packed columns the
major advantage that the average pore size of each mode could

dx.doi.org/10.1016/j.chroma.2011.07.014
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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e adjusted independently. The size of the large pores (through-
ores or macropores) was set around 2 �m and the corresponding
orosity around 0.7, providing a high column permeability and
llowing the flow of the mobile phase to take place with a min-
mal pressure drop along the column. The size of the small pores
mesopores) was fixed around 130 Å, generating a sufficiently large
pecific surface area (300 m2/g) for retention purposes [7]. The
ermeability of these monolithic rods is around 8 × 10−14 m2[8].
he minimum plate height correctly measured by the numerical
ntegration method is around 15 �m [8,9], but values measured
sing the erroneous half-height peak width method have provided
ore generous estimates, around 8 �m [8,10–12]. Accordingly, the

rue minimum column impedance is close to 2400, twice smaller
han that of columns packed with 5 �m particles. In the early
000s, these columns appeared to be a very promising alternative
o packed columns. They opened the way to faster HPLC analyses
ecause mass transfer resistances were much lower than in packed
olumns (but, unfortunately, they have a large eddy diffusion con-
ribution to band broadening). Their use could have permitted large
ncreases in analytical throughputs, with analysis times at constant
esolution nearly four times lower than that of columns packed
ith 5 �m particles. These columns generated much enthusiasm

mong scientists and a limited interest among practitioners. Even-
ually, interest faded and monolithic columns seem to be on their
ay to oblivion. They may  be revived if considerable progress is
ade in their preparation, making them radially homogeneous.

ong, narrow (dc < 0.5 mm)  monolithic columns might also be most
seful if operated at low linear velocities to provide ultrahigh effi-
iency separations.

However, under the combined pressures of the need of the
harmaceutical industry requiring large increases in analytical
hroughputs and of the threat of the competition brought by these

onolithic columns, the established manufacturers of packing
aterials began to produce and commercialize columns packed
ith fully porous particles of decreasing sizes, 5, then 3.5, 2.5,

nd eventually 1.7 and 1.5 �m.  Columns became shorter, down to
etween 50 and 150 mm,  yet they are as or more efficient than for-
er  ones. To cope with the resulting decrease of the decreasing

ermeability of columns packed with finer particles, instrument
anufacturers had to develop new pumps able to operate at

ressures as high as 1000 bar or even higher. Eventually, very high-
ressure liquid chromatography (vHPLC) was born in 2004 while
arrow-bore (2.1 mm I.D.) short (50 mm long) columns became
opular. The minimum HETP of columns packed with sub-2 �m
articles dropped to ca. 3.5 �m [13–15],  with permeabilities close
o 2.5 × 10−15 m2[14,15] and minimum column impedance (total
orosity �t = 0.60) around 3000.

In practice, a 4.6 mm I.D. 15 cm long column made of a mono-
ithic silica rod (Onyx-C18 column at 200 bar [9]) and a 4.6 mm
.D. 7 cm long column packed with 1.7 �m fully porous particles
BEH-C18 column at 1000 bar [9,15])  can be operated to give the
ame hold-up time of 10 s with a mobile phase of viscosity 0.72 cP
acetonitrile/water, 65/35, v/v, at 295 K) . Their respective plate
umbers would be 2200 and 10 500. Thus, a more than twice larger
esolution can be achieved in vHPLC than with highly permeable
onolithic columns in ultra-fast chromatography. This explains
hy the earlier hopes invested in the use of monolithic columns

n liquid chromatography suddenly vanished a few years ago. This
esult is essentially explained by the relatively poor efficiency of
onolithic columns, due to the radial heterogeneity of the silica

ods combined with a rather poorly designed sample distributor
16–19]. A long awaited second generation is still hoped for.
The second leap forward in column technology came a few
ears later with the introduction by Advanced Material Technolo-
ies (Wilmington, DE, USA) of particles developed after the old
oncept of pellicular particles unsuccessfully implemented of the
togr. A 1228 (2012) 2– 19 3

1970s, when the particle size was 50 �m and the shells made of
aggregates of nanoparticles were only a few �m thick [20–22].
In contrast, the 2.7 �m Halo particles [23] provide a satisfactory
sample loading capacity (the volume of the porous shell repre-
sents about 75% of the particle volume), their permeability is ca.
6.0 × 10−15 m2 and their minimum HETP as low as 3.4 �m [24–27].
These columns provide an impedance around 1000. A few other
core–shell particle brands have since been commercialized, Kine-
tex in 2009, Poroshell 120 in 2010 and several research groups
have made similar products [28,29].  The most significant advan-
tages of columns packed with sub-3 �m shell particles over those
packed with sub-2 �m fully porous particles are their relatively
larger permeabilities and the marked decrease of the heat fric-
tion effects [30,31]. Remarkably, a hold-up time as small as 10 s
can be obtained with an inlet pressure of only 400 bar and an 8 cm
long column, giving a plate count of 16 000 under the same con-
ditions as above [27]. Therefore, provided that instruments that
have sufficiently low extra-column volume contributions to band
broadening are available [32], columns packed with shell particles
can allow very fast separations, with resolution comparable to or
even slightly larger than those packed with very fine fully porous
particles.

The purpose of this work is to investigate the different
approaches which may  allow analysts to achieve very fast, yet
highly efficient separations by unidimensional HPLC. We  dis-
cuss in details the contributions of possible modifications in the
physico-chemical properties of the eluents (due to temperature
and pressure adjustments) and those that could arise from fur-
ther developments of new stationary phases. This work is based
on measurements of accurate column plate heights by numeri-
cal integration of the experimental peak profiles [33] recorded for
standard commercially available columns with instruments cur-
rently available. The columns and packing materials considered
for the typical examples of possible results that we  provide are
the 5 �m fully porous Luna-C18(2) 150 mm  × 4.6 mm,  the Onyx-
C18 100 mm × 4.6 mm monolithic column, the 1.7 �m fully porous
BEH-C18 50 mm ×2.1 mm,  and the superficially porous 2.7 �m
Halo-ES-peptide 150 mm × 4.6 mm columns. In conclusion, we
summarize the gains in speed and efficiency that were achieved
during the last ten years, provide estimates of the current ultimate
speed that could now be achieved with the latest HPLC columns
and instruments now available, and discus the possible and prob-
able improvements that the miniaturization of HPLC could afford
during the next decade.

2. Theory

In the first part of the theory section, we briefly summarize the
classical chromatographic equations that relate the speed of a sepa-
ration to the resolution power of the column, as described by Poppe
[34]. Then we  discuss what means are available to perform faster
and more efficient separations.

2.1. Speed–efficiency relationship: the Poppe plot

The primary objective of separation analysts is to identify a max-
imum number of analytes in the minimum amount of time and to
derive an accurate quantitative estimate of their concentrations.
This sets a definition of the resolving power of a chromatographic
method as the ratio of the hold-up time to the nominal column

efficiency. Although generally used, the term of column efficiency
is often defined loosely and might be misleading because the col-
umn  efficiency is measured for a given compound and its exact
value might change significantly from one compound to the next.
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Poppe developed a straightforward method of comparison
etween different chromatographic approaches to the achieve-
ent of a given separation that consists in plotting t0/N as a function

f the column efficiency N. From a general viewpoint, consider uS
he superficial linear velocity and H(uS) the associated plate height
orrelation. The hold-up time and the column efficiency are given
y

0 = �tL
uS

(1)

here �t is the total porosity of the column, and by definition:

 = L

H(uS)
(2)

HPLC is always conducted under laminar conditions, so the pres-
ure and the mobile phase velocity are related through the Darcy
quation:

�P

L
= �

k0
uS (3)

here �P  is the pressure drop between the column inlet and outlet,
 is the viscosity of the mobile phase, and k0 is the specific perme-
bility of the chromatographic bed, which is mostly a function of
he external bed porosity and of the average particle size.

Using Eqs. (2) and (3) to eliminate the variable L and assuming
hat the plate height, H(uS), is independent of the column length,
he column efficiency is rewritten:

 = k0

�

1
uSH(uS)

�P  (4)

y combining Eqs. (1) and (2) to eliminate the column length, L, the
esolving power can be written as:

t0
N

= �tH(uS)
uS

(5)

The Poppe plots are simply derived from the van Deemter curves
f the columns compared, H = f(uS). Once the experimental data are
tted to the empirical van Deemter model (H = (B/uS) + A + CuS), the
omplete Poppe plot are drawn for any arbitrary value of the pres-
ure drop, the choice of which depends on the HPLC system used
with maximum inlet pressures of 400 or 1000 bar depending on
hether conventional HPLC or vHPLC are considered) or on the

olumn pressure tolerance (e.g., 200 bar for monolithic columns),
ssuming a given column permeability k0, which accounts for the
ature of the stationary phase (large or small particles, monolithic
upports) and a fixed mobile phase viscosity �, which depends
n the temperature, the eluent composition and state (liquid or
upercritical).

.2. Conditions for the validity of the Poppe plots and their
onclusions

One important assumption made in drawing the Poppe plots
s that the product uSL remains a constant over the whole plot.
he conclusions derived from a Pope plot are valid only if (1) the
fficiency remains the same for all the components of the mixture
onsidered; (2) the viscosity and the density of the mobile phase
o not vary significantly with the pressure; and (3) provided that
olumns of different lengths can be packed with the same HETP, an
ssumption that is not supported by experimental results [35] and
hould be considered as approximate.

Therefore, any point in a Poppe plot (t0/N, N) is a mere
xtrapolation of the actual experimental data (uS and H) acquired

sing a single column and a series of increasing pressure drops
10–400 bar). This extrapolation is based on the assumptions that
1) the HETP is independent of the column length; and (2) the den-
ity and the viscosity of the eluent are independent of the pressure.
togr. A 1228 (2012) 2– 19

While these assumptions are somehow valid for low or moderate
values of the column inlet pressure (<300 bar), they are obviously
questionable for the much larger pressures encountered in vHPLC,
because (1) liquids are compressible [36–39];  (2) their viscosity
increases with increasing pressure [39,40]; and (3) at high veloc-
ities, the apparent column HETP is affected by the frictional heat
effects [41–43] and is no longer independent of the column length
[14,15]. In conclusion, the position of all the points in a Poppe plot
is subject to a degree of error that varies with the experimental
conditions assumed and is difficult to estimate. Obviously, all these
restrictions apply as well to any of the kinetic plots which were
recently derived from the Poppe plot concept and do not bring any-
thing new to it. Yet, the advantage of the Poppe plots is that they
provide useful qualitative information when comparing the per-
formance of two different chromatographic systems that differ in
the physico-chemical properties of either the mobile phase (tem-
perature, viscosity) or the packing material (permeability, particle
diameter).

Finally, note that, in fast elution chromatography, we  are inter-
ested in short columns operated at high linear velocities, e.g. mostly
in the bottom left region of these plots.

2.3. From a theoretical viewpoint, which approach might be
effective for doing fast chromatography?

The ultimate goal in fast chromatography is to decrease the
hold-up time of the column (Eq. (1))  while keeping its efficiency (Eq.
(2))  as high as possible. The solutions to this problem are straight-
forward: we  can either decrease the column length and the column
plate height in the same time or we  can increase the linear velocity
of the mobile phase at constant efficiency. Overall, this leads to five
different experimental approaches:

1. The linear velocity can be increased by decreasing the viscosity
of the eluent. Therefore, operating the column at an elevated
temperature and/or with a supercritical fluid eluent are suit-
able options. In the same time, the diffusion coefficients being
inversely proportional to the viscosity increase, making mass
transfer faster. So, these two approaches are attractive.

2. More simply, the linear velocity can be increased by operating
the column under a higher inlet pressure. The success of the out-
come of this option depends on the slope of the C-branch of the
van Deemter curve of the column at high velocities.

3. The permeability of the column could be increased, allowing the
use of a higher flow rate with the same inlet pressure. This is
what made monolithic columns so attractive. The success of this
option depends on the level of column efficiency that can be
achieved with these highly permeable columns.

4. The column length can be reduced if the plate height is
decreased, e.g. by decreasing the mean particle size. This is the
rationale behind the past development of finer particles, from
10 to sub-2 �m particles. However, in the same time, the per-
meability of the column decreases in proportion to the reverse
of the particle diameter squared. Therefore, this third option is
intimately linked with the second option, e.g. the application of
very high pressures.

5. Finally, a combination between an increase of the column per-
meability (option 3) and of its efficiency (option 4) is also
possible, as illustrated by the development of the sub-3 �m shell
particles, which now compete with the sub-2 �m fully porous
particles. Fast separations are then possible without the con-

straints of very high pressures.

These different options will be explored in detail in Section 4 of
this work.
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.4. Determination of the true experimental HETP H(uS)

Significant errors can be made if inappropriate, inaccurate
ethods are chosen to measure the column HETP. Actual peak pro-

les are rarely Gaussian and they cannot be accurately fitted to any
f the mathematical peak functions that have been suggested so far
n the literature [33].

We calculate the plate height as it is defined in the general rate
odel, from the first and the second central moments of the elu-

ion profiles. To correct for the band broadening contribution of
he extra-column volumes of the instrument, elution bands are
ecorded at a series of flow velocities first with the column fit-
ed to the instrument and then, at the same velocities, with the
olumn being replaced by a zero-volume connector. The moments
f the peak profiles eluted through the extra-column volume and
hrough the overall (system + column) are measured by numerical
ntegration of the full concentration profiles. To reduce the noise
nd improve the precision of the measurements, a fraction of the
ata points at the left and at the right of the peak are excluded
rom the numerical calculations, as explained elsewhere [33]. The
eft and the right cuts are determined from the moments when the
verage slope of the signal decay measured over Z/200 consecutive
oints is larger than or equal to zero, with Z being the number of
oints recorded for the peak profile. The number 200 was arbitrar-

ly chosen; it is the minimum number of data points required to
escribe a baseline length equal to six times the variance of the
eak profiles or about 30 data points per standard deviation. In a
econd step, the peak profile is corrected for the linear baseline drift
etermined from the slope of the line joining the left and the right
ut points. The first and the second central moments of the concen-
ration profiles were calculated in an Excel spread-sheet using the
ata points acquired. They are given by:

1 =

i=Z−1∑
i=1

(Ci + Ci+1)(ti + ti+1)

2
i=Z−1∑
i=1

Ci + Ci+1

(6)

′
2 =

i=Z−1∑
i=1

(Ci + Ci+1)((ti + ti+1/2) − �1)2

i=Z−1∑
i=1

Ci + Ci+1

(7)

The corrected HETP, H, is then given by the equation [44]:

 = L
�′

2 − �′
2,ex

(�1 − �1,ex)
2

(8)

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

he second central moments of the corresponding extra-column
and profiles. As demonstrated previously, this method is correct
nd should always be preferred to the incorrect, approximate, and
naccurate method consisting in measuring the peak widths at mid-
eight [33], even if this latter method is often more precise than the

ormer. A gain in precision might not be obtained at the cost of a
oss of accuracy. The precision of the H data is given by

�H

H

∣∣∣ =
∣∣∣∣��′

2
�′

2

∣∣∣∣
(
�′

2 + �′
2,ex

�′
2 − �′

2,ex

)
+ 2

∣∣∣��1

�1

∣∣∣(�1 + �1,ex

�1 − �1,ex

)
(9)
The reproducibility achieved is typically better than ±5% for
etained compounds and around ±10% with non-retained com-
ounds.
togr. A 1228 (2012) 2– 19 5

3. Experimental

3.1. Chemicals

The mobile phases were all mixtures of acetonitrile or methanol
and water. Tetrahydrofuran was also used as the eluent for porosity
measurements by inverse size-exclusion chromatography (ISEC).
All these pure eluents were HPLC grade from Fisher Scientific (Fair
Lawn, NJ, USA). The mobile phases were filtered before use on a
surfactant-free cellulose acetate filter membrane, 0.2 �m pore size
(Suwannee, GA, USA). Eleven polystyrene standards (MW  = 590,
1100, 3680, 6400, 13 200, 31 600, 90 000, 171 000, 560 900, 900 000,
and 1 877 000) were used to acquire the ISEC data. They were
purchased from Phenomenex (Torrance, CA, USA). The small com-
pounds used for the measurement of the column HETPs in this work
were phenol (Luna-C18(2) column), naphthalene (Onyx-C18 and
Halo-ES-Peptide-C18), and naphtho[2,3-a]pyrene (BEH-C18) with a
minimum purity of 99% (Fair Lawn, NJ, USA).

3.2. Apparatus

All the necessary and detailed information regarding the HPLC
instruments (extra-column parts including the injection volume,
the connecting capillaries, and the detector cell) used can be found
in Refs. [1,9,15,45,46] for the measurement of the data regarding
the Luna-C18(2), the Sunfire-C18, the Onyx-C18, the BEH-C18, and
the Halo-ES-Peptide-C18 column, respectively.

3.3. Columns

The 5 �m fully porous Luna-C18(2) (150 mm × 4.6 mm)  and
Onyx-C18 (100 mm × 4.6 mm)  columns were purchased from
Phenomenex (Torrance, CA, USA). The 5 �m fully porous
Sunfire-C18 (150 mm  × 4.6 mm)  and 1.7 �m fully porous BEH-C18
(50 mm × 2.1 mm)  columns were given by Waters (Mildford, MA,
USA). Finally, the superficially porous 2.7 �m Halo-ES-peptide
150 mm × 4.6 mm  packed columns was  kindly given by Advanced
Material Technologies (Wilmington, DE, USA) for the sake of the
evaluation of its kinetic performance.

3.4. HETP plots

The HETP data were all corrected for the extra-column con-
tributions of the HPLC system. The eluents were a mixture
of methanol and water (10/90, v/v, sample phenol, column
Luna-C18(2)), a mixture of acetonitrile and water (55/45, v/v, sam-
ple naphthalene, column Onyx-C18), pure acetonitrile (sample
naphtho[2,3-a]pyrene, column BEH-C18), a mixture of acetonitrile
and water (20/80, v/v, sample naphthalene, column 2.7 �m Halo-
ES-peptide), and a mixture of acetonitrile and water (15/85, v/v,
sample phenol, column Sunfire-C18). The temperature was  ambi-
ent, except for the Sunfire column for which the influence of the
temperature over the range from 21 ◦ C to 77 ◦ C on the HETP was
investigated [1].  For more details regarding the sequence of the
flow rates applied, the reader is referred to the above-cited papers
[1,9,15,45,46]. The first and second central moments of all peaks
were accurately measured using the numerical integration method.

3.5. ISEC experiments

The external porosities of the four tested columns were derived
from the results of ISEC measurements. Neat THF was used as

the eluent. Twelve polystyrene standards with molecular weights
between 100 and 2 millions Dalton were used as the probe
compounds. This covers a wide range of molecular sizes (hydro-
dynamic diameter) between 4 and 950 Å. The average mesopore
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ize expected before C18 derivatization is close to 90 Å. The external
orosity was determined from the extrapolated elution volumes of
he exclusion branches, to a molecular radius of zero, divided by the
olumn tube volume. The total porosity was measured according
o pycnometric measurements [47,48]. All the results are listed in
able 1.

. Results and discussion

In the first part of this section, we report and discuss the possi-
ilities and the limitations of the options 1–5 listed in the theory
ection for the achievement of faster and still high resolution sepa-
ations by HPLC. In the second part, we estimate the highest speed
nd the peak capacity that can be experimentally obtained today
n unidimensional ultra-fast gradient elution, given the currently
vailable columns and HPLC instruments. Finally, we  estimate the
ossibility of a further decrease of the column length and the par-
icle size with respect to the analysis of small and large molecules.

.1. Practical options to increase speed and resolution in 1D HPLC

The use of elevated temperatures, ultra-high pressures, mono-
ithic columns, sub-2 �m particles, and sub-3�m superficially
orous particles are described and discussed. Their impact on the

ncrease of the speed of analysis and on the resolution power are
iscussed and their limitations are exposed.

.1.1. Elevated temperature
Increasing the temperature at which HPLC separations are per-

ormed allows analysts to use longer columns at a fixed pressure
rop because the eluent viscosity, � decreases rapidly with increas-

ng temperature. Fig. 1 shows the impact of an increase in the
emperature on the viscosity of mixtures of acetonitrile and water.

A rather mild increase of the temperature from ambient (ca.
0 ◦C) to about 50 ◦ C causes a significant decrease of the viscos-

ty of aqueous solutions of acetonitrile, by nearly a factor two. The
ame conclusion applies to mixtures of methanol and water [49,50].
ccordingly, it becomes possible either to use a twice longer col-
mn  at the same linear velocity and to achieve an approximately
wice larger efficiency or to operate the same column at an approx-
mately twice faster flow rate, which would provide about twice

aster analyses, with roughly the same efficiency using the same
olumn, providing that the first separation was made with a mobile
hase velocity only moderately higher than the optimum velocity
or maximum efficiency.

ig. 1. Effect of the temperature on the viscosity of mixtures of acetonitrile and
ater. Reproduced from Ref. [49]. Ta
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Fig. 2. Effect of the temperature on the HETP of a 5 �m Sunfire-C18 column for phe-
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Fig. 3. Effect of the temperature on the Poppe plot of phenol for columns packed
with 5 �m Sunfire-C18 particles, eluted with a mixture of acetonitrile and water
(15/85, v/v). The pressure constraint was set at 400 bar. Note the three-fold increase
ol eluted with a mixture of acetonitrile and water (15/85, v/v). The eluent viscosity
ecreases from 1.09 to 0.37 cP when the temperature increases from the ambient
emperature to 77 ◦C.

Fig. 2 illustrates how it is possible to double the linear velocity
f the mobile phase when the temperature is increased from 21 to
5 ◦ C at constant column HETP [1].  The data for this figure were
easured with phenol eluted with a mixture of acetonitrile and
ater (15/85, v/v) on the Sunfire-C18 packed column (Section 3.3).

In order to built and compare the complete Poppe plots at vari-
us temperatures, it is necessary to measure the actual influences of
he temperature on the viscosity and on the column HETP. Thus, the
mpact of the temperature on the longitudinal diffusion coefficient

 (e.g., on the diffusion coefficient, Dm and the effective sample dif-
usivity through the porous particles, ˝Dm), on the eddy diffusion
erm, A, and on the solid–liquid mass transfer resistance coefficient,
, should be known.

The variation of the mobile phase viscosity with the temperature
s well approximated by the following equation [51]:

(T) = 10(A�+(B�/T)) (10)

or instance, A� = − 5.89 and B� = 861 K for a mixture of acetonitrile
nd water (15/85, v/v) in the temperature range between 15 ◦ C and
0 ◦ C [49].

The diffusion coefficient Dm is given by the following kind of
quation:

m(T) = Dm(Tref )
�(Tref )
�(T)

T

Tref
(11)

here Tref is the reference temperature at which the diffusion coef-
cient of the sample is known. Eq. (11) was assumed to be true

n liquids, in the temperature range between the ambient tem-
erature and 350 K. This correlation was recommended by Reid,
rausnitz, and Poling [51]. Assuming a simple parallel diffusion
odel in the packed bed (a model in which the contributions or

ather the mass fluxes of diffusion in the interstitial volume and
f diffusion in the porous particles are added), the variation of the
arameter  ̋ with the temperature can be empirically derived from
he data given in Ref. [1] for a column packed with the Sunfire-
18 particles immersed in a 15/85, v/v acetonitrile/water mixture,
iving:

(T) = −6.97 + 0.0631T − 1.10 × 10−4T2 (12)

here T is the absolute temperature.

Actually, a satisfactory approximation for the A term in the van

eemter equation is provided by the following expression that
umps the contributions of the trans-channel, the short-range inter-
hannel, and the trans-column velocity biases [52]. According to the
of the efficiency at constant hold-up time and the four-fold decrease of the anal-
ysis  time at constant column efficiency when the temperature increases from the
ambient temperature to 77 ◦C.

data reported in Ref. [1],  the dependence of the A coefficient on the
temperature can be written as

A(T) � 1

(1/2�dp) + (Dm(T)/ωd2
puS)

(13)

where the best values for � and ω are 0.8 and 1.0, respectively.
Finally, the equation providing the overall solid–liquid mass

transfer resistance term gathers the contributions of the external
mass transfer resistance (HFilm) and that of the trans-particle mass
transfer resistance (Hstat.). It is given by [1]:

HFilm + Hstat.

dp
= �e

1 − �e

(
k1

1 + k1

)2 (
FFilm

3.27
	2/3
S + 1

˝
	S

)
(14)

where FFilm was empirically measured as 3.1 [1].
Fig. 3 shows the Poppe plots derived for phenol from the exper-

imental HETP data obtained for the Sunfire-C18 column (Section
3.3) eluted with a mixture of acetonitrile and water (15/85, v/v)
at different temperatures, 21, 36, 55, and 77 ◦C. Obviously, all the
points in Poppe plots are virtual points (see Section 2.2). The only
measurements of HETP data actually made were obtained with one
single column of length L = 15 cm,  at a series of mobile phase veloci-
ties corresponding to increasing pressure drops from 10 to 400 bar.
In contrast, a Poppe plot is supposed to be built for a constant pres-
sure drop (in Fig. 3, the constant pressure was set at 400 bar) and
for any possible column lengths. The shorter the column length, the
faster the analysis (the higher the linear velocity) and the smaller
the column efficiency. Conversely, the smaller the linear velocity,
the longer the column length and the larger its efficiency.

When the column length tends toward infinity and the linear
velocity tends toward zero, all the curves in a Poppe plot converge
toward a limit vertical asymptote and a number of theoretical plates
that is function of the accepted pressure limit, the column perme-
ability and the eluent viscosity. For slow separations, the column
efficiency is controlled by the longitudinal diffusion coefficient, B,
and, according to Eq. (4),  this limiting efficiency is
N = k0

B�
�P  (15)

Because the B coefficient is approximately proportional to Dm, itself
inversely proportional to the eluent viscosity, �, the product B�
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Fig. 4. Expected effect of the supercritical mobile phase CO2 on the Poppe plot of
phenol using a 5 �m Sunfire-C18 stationary phase. The pressure drop constraint
was  set at 400 bar. Note the four-fold increase of the efficiency at constant hold-up
F. Gritti, G. Guiochon / J. C

epends weakly on the temperature. In the case of Fig. 3, the limit
fficiency is close to 400 000 plates. Typically, we expect that the
verage values of B is close to 2Dm = 3.7 × 10−5 cm2/s [53,1].  The
ther characteristics of the system used to measure the data shown
n Fig. 2 are � = 6 × 10−3 g cm−1 s−1, k0 � 2.5 × 10−10 cm2. Therefore,
or a 400 bar pressure drop, the highest possible efficiency pre-
icted would be close to 450 000, in good qualitative agreement
ith Fig. 3.

In fast chromatography, the relevant part of the Poppe plot is its
ottom left corner, which corresponds to high separation speeds.
or instance, if the analyst sets a hold-up time around 10 s, this
peed could be achieved with either a 12.2 cm long column oper-
ted at 21 ◦ C or with a much longer 20.9 cm column operated of
7 ◦C, with the same eluent, under the same pressure, which pro-
ides a three-fold gain in efficiency (from 2890 to 8800 plates) and a
eak resolution increased by a factor 1.75. Alternately, if the analyst

s primarily interested in resolution with a plate number around
000, this performance could be achieved with either a 24 cm long
olumn operated at 21 ◦ C or with a 20.9 cm column at 77 ◦C. The
dvantage of operating at the higher temperature is the four times
horter analysis time, since the mobile phase viscosity decreases
rom 1.09 to 0.37 cP and the hold-up time decreases from 40 to
0 s.

The main limitations to the use of high temperatures in liq-
id chromatography are due to the limited chemical stability of
he stationary phase and the sample components. This problem
s particularly critical with silica-bonded phases operated under
xtreme pH conditions (pH < 1 or pH > 9 at temperatures larger
han 50 ◦C). This problem could be solved by replacing the tradi-
ional columns packed with silica-based particles by other more
hemically and thermally stable metal oxides such as zirconium or
luminum [54–58] or by polymeric based particles. High tempera-
ures can also affect the detector response in different ways.

In conclusion, elevating the eluent temperature is certainly the
heapest alternative to speed up analytical separations and gener-
te more plate counts by using longer columns.

.1.2. Supercritical fluid chromatography (SFC)
An alternative to the use of high temperatures in order to

ecrease the mobile phase viscosity and increase the speed of sep-
rations consists in using a very dense gas or a supercritical fluid as
he mobile phase. Neat carbon dioxide or its mixtures with organic

odifiers make attractive mobile phases, with a viscosity between
.02 (low density, 0.2 g/cm3) and 0.12 cP (high density, 1.0 g/cm3)
or pure CO2. This fluid is at least three times less viscous than
he least viscous HPLC solvent, acetonitrile (viscosity 0.37 cP at
oom temperature), despite its larger density (1.0 versus 0.8 g/cm3).
ccordingly, the advantage of using CO2 as a mobile phase is clear

n fast chromatography.
In so far as it makes sense to draw a Poppe plot in SFC, graphs

imilar to the one shown in Fig. 3 should be expected. For example,
he plots in Fig. 4 illustrate the theoretical advantage of using neat
O2 instead of a mixture of acetonitrile and water (15/85, v/v) and at
he same temperature of 50 ◦C, and for a pressure drop of 400 bar at
hich the viscosity of pure CO2 is 0.098 cP. The plot predicts a twice

arger peak resolution at a fixed hold-up time of 10 s. The use of
FC would allow the use of much longer columns than that of HPLC
40 cm versus 15 cm). For a given level of efficiency (N � 30 000), SFC
ould reduce the analysis time by a factor 6. Although the applica-

ion of the Poppe plot to SFC is arguable since diffusion coefficients
f analytes depend much on the local pressure, which may  vary

onsiderably along the column despite the low viscosity, this result
s consistent with the general observations of analysts that sepa-
ations carried out by SFC are nearly five times faster than similar
eparations made on the same column by HPLC [59].
time and the six-fold decrease of the analysis time at constant column efficiency
when the liquid eluent (CH3CN/H2O, 15/85, v/v) is replaced by neat CO2 at the same
temperature of 50 ◦C.

Because the viscosity of carbon dioxide is particularly low
around the critical point, analysts might be tempted to oper-
ate columns in this region. However, such separations are often
reported to produce low efficiency chromatograms [60]. The rea-
son is that under certain such conditions, the column cannot be
kept isothermal [59,60]. Due to the pressure drop along the col-
umn, the mobile phase expands and this expansion is endothermic.
In the region around the critical point, the isobaric thermal expan-
sion coefficient, ˛P, of CO2 (�0.04 K−1 at 50 ◦ C and 100 bar) is about
fifty times larger than that of pure liquid acetonitrile (�0.0008 K−1)
[60]. Far away from the critical point, it is closer to the conventional
values of solvents. As a result, the decompression of the mobile
phase CO2 is accompanied by an important decrease of its own
temperature [42,61,60].  For instance, assume a pressure drop of
25 bar along a column packed with 5 �m particles and kept close
to 305 K [62,63], then the temperature of the eluent decreases by
about 13 K. If the column is left in direct contact with air, heat dif-
fuses across the column diameter to the oven outside and a radial
temperature gradient forms [41]. The thermal conductivity of CO2
at 50 ◦ C and 100 bar is close to 0.06 W/m/K. Assume a flow rate of
1.265 mL/min and a column length of 15 cm [62], the amplitude of
the radial temperature gradient could be as high as 5.5 K or higher
across a column radius of 1 mm [64]. However, the thermal diffu-
sivity of CO2, which is in energy transfer the momentum equivalent
of molecular diffusivity to mass transfer becomes very low near the
critical point [60]. The chromatographic consequences in terms of
column efficiency are dramatic if the column cannot be kept under
adiabatic conditions [60,64].

Fig. 5 (top graph) illustrates the increasing deterioration of the
peak shapes as the retention of compounds increases. It might
be possible to cope with this cooling effect as it was  possible to
reduce the effects of the release of heat friction by encapsulating
the column with fiberglass and foam pipe material [15,61]. Then,
the apparent experimental efficiency for n-octadecane measured
at a flow rate of 1.265 mL/min with a 150 mm × 2.0 mm column
(uS = 0.67 cm/s) is 10 500. In theory, assuming Dm = 1.5 × 10−4 cm2/s
for the bulk diffusion coefficient of n-octadecane in pure CO2 at 50 ◦
C and at the average column pressure of 106 bar (� = 0.032 cP), the
expected efficiency should have been around 12 200. The difference
might be ascribed to an error in the estimate of Dm. In conclusion,
86% of the maximum theoretical efficiency could be obtained when



F. Gritti, G. Guiochon / J. Chromatogr. A 1228 (2012) 2– 19 9

F m colu
9 -air co

t
r
c
S
a
l
a
d
c
p
p

4

t
a
s
m
w
u
s
s
w
i

s
w
i
l
1
2
c

ig. 5. Peak distortion observed in SFC. Mobile phase: neat CO2. 2.0 mm × 150 m
3.5  bar. T = 50 ◦C. Flow rate: 1.265 mL/min. Top graph: the column is let free in still

he column is insulated carefully, for a compound with an apparent
etention factor of about 4, under conditions such that the extra-
olumn contributions can be neglected [65]. This demonstrates that
FC could potentially be used to accelerate analyses without losing

 significant amount of resolution, provided that a meticulous insu-
ation of the column is done and the extra-column contributions
re minimized. This has been demonstrated for a column pressure
rop of 25 bar and a 150 mm long column packed with 5 �m parti-
les. A serious challenge remains, how can we operate SFC columns
acked with the finer particles (1.7 �m)  now available, when the
ressure drop has to be about ten times larger, around 250 bar.

.1.3. High pressures
In the previous two sections, we investigated the influence of

he eluent viscosity on the speed and the resolution that can be
chieved in fast liquid chromatography. Both options discussed
eem to be promising, given the recent development of new ther-
ally stable chromatographic packing materials and of practical
ays (insulation) of coping with similar heat effects in columns
sed in SFC. For practical reasons, however, analysts may  be con-
trained to work at room temperature (e.g., due to the chemical
tability of some critical sample components) or with a certain,
ell defined mobile phase (e.g., for solubility or column selectivity

ssues).
If the column cannot be changed, the sole remaining pos-

ibility to accelerate a separation is to increase the flow rate,
hich means using a higher column inlet pressure. Current HPLC

nstruments have maximum operating pressures of 400 (Agi-

ent 1100, 5 mL/min), 600 (Agilent RRLC, 5 mL/min), 800 (Agilent
200, 5 mL/min), 1000 (Acquity, 1 mL/min), 1200 (Agilent 1290,

 mL/min), and 1300 bar (Nexera, 2 mL/min). In the following dis-
ussion, the effect of the average column pressure on the viscosity
mn packed with 5 �m Spherisorb-C8. Inlet pressure: 118.4 bar. Outlet pressure:
nditions. Bottom graph: the column is insulated in a foam/fiber glass jacket.

of the eluent is taken into account in the estimates made of the
bulk diffusion coefficients. For instance, for pure acetonitrile, a very
accurate empirical relationship is provided by [40,41,66]:

�(T, P) = 10(A�+(B�/T))
[

1 + 6.263 × 10−4
(
�P

2

)]
(16)

where the temperature T and the pressure P are expressed in Kelvin
and bar, respectively. �(T, P) is given in Pa s.

The Poppe plots in Fig. 3 we  derived from the HETP, H(uS),
measured for naphthopyrene[2,3-a]pyrene on a 2.1 mm × 50 mm
1.7 �m BEH-C18 column, kept at T = 295 K under stagnant-air con-
ditions [15], which minimizes the heat effects due to the viscous
friction of the eluent stream percolating through the column bed
(see Fig. 7). The minimum value of the HETP is close to 3.4 �m
(e.g., hmin � 2.0). This is nearly the best performance that can be
achieved with sub-2 �m fully porous particles. However, as the lin-
ear velocity, hence the inlet pressure, increases, more friction heat
is generated throughout the packed bed and heats it up. This heat
is proportional to the power generated by the percolation of the
stream, the product of the linear velocity and the pressure gradient.
It is produced everywhere. It dissipates axially, along the column,
and radially, across the column diameter. These dissipation causes
the formation of steady axial and radial heat flux gradients. The for-
mer  has a modest effect on the column efficiency. The radial thermal
gradient, from the column center to the wall has a strong, nega-
tive influence on the apparent column efficiency. This radial heat
flux is maintained all along the column. Because packed beds have

a relatively small heat capacity (�0.3 W/m/K), radial temperature
gradients are formed, and, in turn, these gradients generate a trans-
column migration velocity gradient. This explains the significant
departure of the C term of columns in which significant amounts
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sing a very high pressure in fast chromatography when the hold-up time is smaller
han  20 s.

f heat are generated toward higher values with increasing mobile
hase velocity.

The effects of an increase of the accepted pressure drop on
he Poppe plots are illustrated in Fig. 6. However, the contribu-
ions to band broadening of the instruments (Agilent 1100, Agilent
290, Nexera, etc.) were not taken into account in these plots.
emarkably, the higher the maximum pressure at which the exper-

ment is performed, the larger the maximum column efficiency
hat can be expected at very low velocities, with infinitely long
olumns. This confirms the prediction implied in Eq. (15) that the
imit efficiency is directly proportional to �P/�. Consequently, the
dvantages brought by vHPLC instruments are most useful in the
ange of the large hold-up times, at least in excess of a minute. In
ontrast, there is virtually no interest in applying very high inlet
ressures in fast liquid chromatography, for hold-up times equal
r smaller than 10 s. The explanation lies in the steep increase of
he HETP of retained compounds with increasing linear velocity.
he possible gain in analysis time is balanced by the loss in column

fficiency due to the mass transfer resistance and to the thermal
ffects.

In conclusion, this section demonstrates that an increase of the
perating pressure alone is not a really good solution to achieve
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very fast separations with hold-up times smaller than a few tens of
seconds. The use of high column inlet pressures is merely the price
to pay for operating columns packed with fine particles.

4.1.4. High permeability column: monolithic columns
Faster analyses could be obtained by using high permeability

columns, provided that they can provide a satisfactory efficiency.
In the 1970s, Huber tried to loosely pack columns to increase their
permeability. It turned out that the few high-permeability columns
that he could produce were short-lived because their mechanical
stability was poor and the approach was abandoned [67]. Around
the turn of the millennium, a new type of stationary phase with a
high permeability was developed by Tanaka and Nakanishi [6].  In
the same times, other scientists developed columns made of porous
blocks of polymers. These so-called monolithic columns are made
of a single block having a bimodal pore size distribution. Interest-
ingly, the size of the small pores (the mesopores responsible for the
retention of the analytes) and that of the large pores (the through-
pores responsible for the percolation of the mobile phase and the
permeability of the monolithic structure) can be adjusted inde-
pendently. The average size of the throughpores is usually around
2 �m,  leading to a column permeability around 8 × 10−14 m2, which
is comparable to that of columns packed with 11 �m spherical par-
ticles [8].  In addition, the minimum plate height of these monolithic
columns is comparable to that of columns packed with 5 �m parti-
cles. Fig. 8 shows the plate heights of the 5 �m Luna-C18(2) packed
columns and Onyx-C18 monolithic columns.

Depending on the chemical nature of the monolith selected, on
its surface chemistry and on the type of chemical groups bonded
to its surface, on the mobile phase and on the other experimen-
tal conditions selected, the use of monolithic columns may offer
one or several advantages. These columns are easier to prepare in
the laboratories of those who have mastered the synthetic proce-
dure (essentially the polymeric columns). They are easier to use
for the separations of very large solutes such as antibodies and
even viruses, due to their large through-pores and to the fast con-
vection that brings solutes to the surfaces of these pores, provide
fast separations, and have modest requirement for high pressure
pumps.

The comparison between the two  HETP curves in Fig. 8 reveals
that the CuS term of the monolithic column is not as flat as it
could have been expected, given the small size of the intercon-
nected porous skeleton elements (�1 �m).  Actually, this slope is
slightly steeper than that of the column packed with 5 �m particles.
A recent investigation of the mass transfer mechanism in mono-
lithic columns [9] demonstrated that the source of this problem
is not in the solid–liquid mass transfer resistance, which is usually
faster than in packed columns, but is due to a significant long-range
velocity bias in these monolithic silica rods. Peaks tail significantly
at high flow rates. The derivation of the column efficiencies from
the values of the first and second moments calculated by numerical
integration affects the Poppe plot of monolithic columns. When the
column is operated at high velocities, this tailing reduces the reso-
lution and the plate number of the column. As shown in Fig. 9, the
advantage of monolithic columns over columns packed with 5 �m
particles is obvious only when the analysis time is larger than about
30 s that is when the HETP is mostly controlled by longitudinal dif-
fusion. According to Eq. (15), the maximum efficiency that can be
achieved is proportional to the permeability, two  to three times
larger for the Onyx than for the Luna-C18(2) column. In contrast, in
fast chromatographic analysis, the slope of the C branch of the HETP
plot is critical. For elution times around 10 s, the gain in permeabil-

ity is compensated by the loss in column efficiency caused by the
important trans-column velocity biases. Fig. 10 shows that at super-
ficial linear velocities larger than 0.15 cm/s (or at flow rates larger
than 1.5 mL/min with a 4.6 mm I.D. monolithic column), the eddy
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Fig. 11 illustrates the theoretical advantage of operating with
smaller particles at a constant pressure of 400 bar. Note that
because the column permeability decreases with decreasing parti-
ig. 8. Comparison between the experimental HETPs of columns packed with 5 �
mn,  phenol, methanol/water, 10/90, v/v, T = 295 K. Right graph: Onyx-C18 monol
erformance of both columns.

ispersion term penalizes severely the resolution of the separation
ecause it accounts for at least 90% of the total band dispersion and

t steadily increases with increasing flow rate. The eddy diffusion
erm increases due to significant transcolumn or at least long-range
elocity biases. The range of linear velocities applied is not large
nough to observe a constant flow-controlled dispersion mech-
nism. Therefore, the radial concentration gradients are partially
elaxed by radial dispersion of the sample molecules and the eddy
iffusion term follows the coupling mechanism between a flow-
ontrolled and Aris-Taylor diffusion-controlled eddy dispersion.
verall, regarding applications in fast liquid chromatography, we

egret to observe that current monolithic columns perform barely
s well as conventional columns packed with 5 �m particles.

The reason for the mediocre performance of monolithic columns
s the radial heterogeneity of the silica rods and the important
nevenness of the radial distribution of the mobile phase veloc-

ty across these columns. Hopefully, new synthesis procedures will
ome day produce more radially homogeneous monolithic struc-

ures and the columns made with these new rods will be fitted to a
ample distributor of improved design. Otherwise, these columns
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will keep playing an insignificant role in the realm of practical
applications of HPLC.

4.1.5. High efficient columns packed with sub-2 �m particles
Fast, high-resolution chromatography is now attempted and

often achieved with columns packed with sub-2 �m particles.
These columns may  provide minimum plate heights as small as
3.5 �m or nearly a four times smaller than those observed with con-
ventional columns packed with 5 �m particles or with monolithic
columns. To cope with the low permeabilities of columns packed
with 1.7 �m particles (k0 � 2.5 × 10−15 m2), which are between
thirty and ten times smaller than those of monolithic columns and
of packed (5 �m particles) columns, respectively, pumps able to
provide streams of solvent under very high pressures are necessary.
cle size, the maximum column efficiency drops from about 200 000
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the best adjusted van Deemter curve. The red stars show the contribution of the
eddy dispersion term, which accounts for more than 90% of the total HETP at high
flow rates. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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Fig. 12. Influence of the heat friction on the efficiency of columns packed with sub-

injection valve and its needle seat capillary. Also the instrument
acked columns. Note the advantage offered by small particles in fast chromatog-
aphy.

o 70 000 plates in the upper right corner of the graph. Most impor-
antly, however, small particles provide excellent performance for
old-up times smaller than a minute. This conclusion holds true
s long as frictional heating effects do not have to be taken into
ccount in the expression of the plate height, as shown in Fig. 11.
his approximation does remain reasonable for inlet pressures
elow 400 bar. In this case, the HETP plot becomes flatter at high
elocity and the benefit of using smaller particles is clearly visible.
or instance, a hold-up time of only 10 s could be achieved with
5 cm long columns packed with 5 �m particles and with a three
imes shorter column packed with 1.7 �m particles. Eventually, the
ain in resolution would then be two-folds.

However, columns packed with sub-2 �m particles are often
sed with higher inlet pressures, up to 1000–1300 bar and high
elocity streams flowing under high pressure gradients generate
rictional heat. Therefore, as shown in Fig. 7, the C branch of the
ETP curve is not as flat as it was theoretically predicted for the
ypothetical isothermal column. Fig. 12 illustrates the actual loss

n column efficiency for column of different dimensions (2.1 and
.0 mm I.D., 5, 10, and 15 cm long). The longer the column, the larger
he plate height increase because radial temperature gradients are
ully developed and take place along a significant fraction of the col-
mn  length. This explains the origin of the parabolic shape of the

 branch of those long columns. With shorter columns, the radial
emperature gradients are only partially developed and the overall

 branches remain nearly linear but with a slope markedly steeper
han theoretically expected.

As a result, it would be better to perform fast liquid chromatog-
aphy at high temperatures, since the column back pressure might
e decreased, hence the amount of heat generated in the column
ould be lower, and this would improve the resolution power. The
ownside of this approach is the necessary presence of an eluent
reheater, which could affect the efficiency of the least retained
eaks under isocratic conditions.

A major issue with the use of short columns packed with sub-
 �m particles in fast chromatography is that the contribution of
he extra-column volumes of the chromatographic instrument to

he broadening of eluted bands might impose strict limitations to
ttempts at decreasing the column dimensions beyond certain lim-
ts. The volume contribution of the instrument to the measured
2  �m particles. The columns is under stagnant-air environment. Note the deviation
of  the actual HETP curve with respect to the expected HETP, would the temperature
of  the bed be uniform.

width of eluted bands must be relatively small compared to that of
the column, 
2

v,column, which is given by [32]:


2
v,column = V2

0
N

(1 + k)2 (17)

otherwise, the actual resolution power of the column is degraded
and a reduced part is actually available.

As an example, consider the elution of a retained compound
with k = 1 on a 50 mm × 2.1 mm  column packed with fully porous
sub-2 �m BEH particles, which has a HETP of 4 �m.  The total
porosity is �t = 0.65, so V0 = 113 �L, N = 12 500, and 
2

v,column = 4 �L2.
Unfortunately, the peak variance contribution of the best available
standard vHPLC instruments is between 5 and 10 �L2[32,65,68].
This limits the possibility of successfully using such a column to
perform isocratic separations. In other words, in the best of cases,
the apparent efficiency of the narrow-bore column taken as exam-
ple would be at best twice to thrice smaller than the true column
efficiency. Admittedly, the performance achieved for separations
made under gradient elution will be better since then only the
extra-column volumes in the downstream part of the instrument
(connection to the detector, detector cell volume, and data acquisi-
tion rate) contribute to band broadening because the sample band
is concentrated at the column inlet. This issue is critical in fast chro-
matography because the extra-column variance of the instrument
increases with increasing mobile phase velocity [65]. Under iso-
cratic conditions, no more than 40% of the full intrinsic efficiency of
the column can be observed with moderately retained compounds.
More conventional instruments of the previous generation operate
at an inlet pressure of only 400 bar and contribute by ca. 40 �L2 to
the variance of eluted peaks. They are useless to operate modern
columns.

The solutions to this problem are mainly practical : the inner
diameter of the connecting tubes should be shrunk to about
100 �m,  the detection cell volume should be no larger than 1 �L,
and the injection system design should be such that, during its
transfer to the column inlet, the sample do not flow through the
design should minimize the lengths of the connecting tubes from
injector to column inlet and from column outlet to detector. This
will limit the flow resistance of the thin capillary tubes. Otherwise,
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Fig. 13. SEM pictures of the 2.6 Kinetex shell particles (Phen

nalysts might be constrained to operate at flow rates lower than
ptima, which decreases the speed of analyses.

.1.6. Permeable and highly efficient columns: sub-3 �m shell
articles

The recent development of columns packed with sub-3 �m shell
articles offers an attractive alternative to the use of monolithic
olumns (high permeability) or even columns packed with sub-

 �m particles (high efficiency and short columns). Shell particles
re made of a solid core surrounded by a layer-like structured
orous shell obtained by a step-by-step growth process around
he core. Fig. 13 shows scanning electron microscopy photographs
f commercial shell particles. The commercial particles have a
arrow size distribution, with a relative standard deviation (5%)
uch lower than that (15–20 %) of conventional fully porous

articles (top left graph). The external surface of these particles
s irregular and rough (bottom left graph), much rougher than
hat of fully porous particles, as previously discussed [26]. The
elative thickness of the porous shell is such that the volume
raction of the porous shell of the 2.6 �m Kinetex particles is
round 60%, providing this material a sufficiently large specific
urface area (top right graph). Their sample loading capacity is
omparable to those of fully porous particles, eliminating the draw-
ack of the earlier generations of shell particles, for which the
orous shell accounted for only 10% of the total particle volume
27].

Because their particles are larger, the permeability of columns
acked with shell particles is larger, two to three times larger,
han that of columns packed with sub-2 �m particles (k0 = 6 rather
han 2.5 × 10−15 m2). As a result, these columns can be operated
ith a lower inlet pressure, which generates a lower amount of
eat due to heat friction. Their HETPs increase more slowly with
ncreasing flow rate than those packed with fully porous parti-
les. Remarkably, the minimum plate height of these columns
s comparable with those of columns packed with sub-2 �m,

ith Hmin� 3.5 �m [24,25].  The reason is their lower longitudinal
ex, Torrance, CA, USA). The right pictures show particle cuts.

diffusion coefficients, B (−15 to −30% depending on the retention
factor in RPLC), and eddy diffusion terms, A (−40%). Surprisingly,
the impact of a reduction of the B coefficient is far from negligible
in fast chromatography, although the longitudinal diffusion HETP
term is inversely proportional to the eluent linear velocity. Actually,
most of the exceptional performance of 4.6 mm I.D. columns packed
with sub-3 �m shell particles is due to a low rate of dispersion in
the interstitial mobile phase.

The low eddy diffusion term of columns packed with shell par-
ticles is not due to lower contributions of the trans-channel and
short-range inter-channel eddy diffusion terms [26,52,69] nor to
the tighter particle size distribution of shell particles (5% versus
15%). It seems better explained by the significant reduction of the
trans-column and/or long-range inter-channel velocity biases. This
is probably due to the better structure of the packed beds obtained.
The roughness of the surface of the sub-3 �m shell particles causes
strong friction between them and between the bed and the col-
umn  wall. During the consolidation of the bed under the very high
compression pressure applied, the shear friction forces between
these particles are strong enough to prevent their relative motion.
In contrast to the smooth fully porous particles, they poorly slip
by respect to their neighbor. The result is that the stress distri-
bution remains wider in beds of shell particles while the strain
distribution is narrower than in beds of fully porous particles. This
explanation is consistent with the values measured for the average
external porosity of columns, around 0.40 for shell particles instead
of 0.35–0.37 for the smooth fully porous particles. Then, the strain
differential between the bed regions near the wall (high stress) and
the center of the column (low stress) being lesser, the radial distri-
bution of the external porosity is more homogeneous, resulting in
a more homogeneous distribution of the axial velocities across the
column. This is also consistent with the measures made by local

electrochemical detection showing that the trans-column velocity
bias in columns packed with 2.7 �m Halo [26] and 2.6 �m Kine-
tex [70] shell particles is significantly reduced compared to fully
porous particles.
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Fig. 14. Reduced plate height of naphtho[2,3-a]pyrene measured at 295 K with pure
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Fig. 14 shows the reduced HETPs of 4.6 mm  I.D. columns packed
ith 2.6 �m Kinetex and 2.7 �m Halo shell particles. The mini-
um reduced HETPs of these columns are between 1.2 and 1.5.

ig. 15 compares the performance of a 4.6 mm  I.D. monolithic
olumn (Onyx-C18) at 300 bar, of a 2.1 mm I.D. column packed
ith sub-2 �m particles (1.7 �m BEH-C18) at 1000 bar, and of a

.6 mm I.D. column packed with shell particles (2.7 �m Halo-C18)
t 400 bar. Clearly, the first generation of 4.6 mm  I.D. monolithic
olumns are no longer competitive with columns packed with mod-
rn sub-2 �m fully porous particles or sub-3 �m shell particles. The
dvantage of the shell particles over the fully porous ones is also
lear. They combine a higher permeability (6 × 10−15 m2) with an
xceptionally low plate height (Hmin � 3.5 �m).  Furthermore, this
ower HETP value is observed in the whole range of large linear
elocities that is accessible. As a result, with a pressure drop of only
00 bar, smaller analysis times (at constant column efficiency) and
arger efficiencies (at constant analysis time) can be generated with
olumns packed with shell particles than with those packed with
ub-2 �m particles operated at a larger inlet pressure of 1000 bar.
owever, we must emphasize that this performance can only be
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achieved if the extra-column band broadening contributions of the
standard 400 bar instruments can be minimized and decreased to
values as low as those observed with vHPLC instruments. The peak
variance of these vHPLC instruments at high flow rates is typically
around 10 �L2.

4.2. Current ultimate speed achievable in 1D HPLC

In this section, we assess from a qualitative point of view the
performance of the fastest and most efficient 1D HPLC separation
method that can be achieved with the columns and instruments
currently available.

The role of the mobile phase is critical in fast elution chromatog-
raphy and the properties of solvents available should be carefully
considered. In both the RPLC or the HILIC mode, the use of mix-
tures of acetonitrile and water is preferred because their viscosity
is lower than that of all the alcohol/water mixtures. It is also rec-
ommended to always consider whether it is possible to operate the
column at a somewhat higher temperature than initially consid-
ered and to check the thermal stability of the sample components
and of the columns considered because this would allow a further
decrease of the eluent viscosity and faster analyses. In the follow-
ing, we  will consider a mobile phase made of a water/acetonitrile
(40/60) mixture, at 60 ◦C; its viscosity is 0.27 cP under atmospheric
pressure.

To further accelerate a separation, whatever the required col-
umn  efficiency, the use of an instrument allowing the use of very
high inlet pressures is necessary. So, we will operate the column at
a constant pressure of 1000 bar. Several instruments permit now
the use of higher pressure but modern instruments have a signifi-
cant contribution to the column back pressure, due to the hydraulic
resistance of their tubings. Because the viscosity of liquids increases
with increasing pressure and does so linearly [39], the average vis-
cosity of the eluent is the viscosity at the average column pressure
(500 bar), 0.35 cP (see Eq. (16)).

The best columns now have a very low HETP that should not
increase rapidly with increasing mobile phase velocity, due to the
generation of excessive heat by friction of the eluent against the
bed. The columns packed with 1.7 �m core–shell particles provide
a very low CuS term because the thermal conductivity of their bed
immersed in a water/acetonitrile mixture is high (0.60 W/m/K),
higher than that of the columns packed with fully porous BEH
particles [71,72]. This limits the amplitude of the radial temper-
ature gradient formed across the column [30,31]. In addition, due
to the size of these sub-2 �m shell particles, the column HETP is
around 3.5 �m over a wide range of high linear velocities. Fig. 16
shows the HETP of a 150 mm × 2.1 mm column packed with 1.7 �m
Kinetex-C18 shell particles measured for naphtho[2,3-a]pyrene in
pure acetonitrile at 295 K. The striking feature is the very flat CuS
branch of the HETP curve, compared to the slope of the same curve
for a 50 mm × 2.1 mm column packed with 1.7 �m fully porous
BEH-C18 particles in Fig. 7.

Finally, it is not practical to operate under isocratic conditions
columns shorter than 5 cm,  due to the size of the band broaden-
ing contribution of the instruments currently available. Therefore,
we  can reasonably select a L = 5 cm as the shortest available column
length. The analysis of the Poppe plot at a constant inlet pressure of
1000 bar, with an eluent of viscosity 0.35 cP predicts a hold-up time
t0 = 1.5 s and a column efficiency of 4760 plates. The correspond-
ing superficial linear velocity is 1.71 cm/s or an interstitial linear
velocity of 4.2 cm/s. The reduced interstitial linear velocity is then
	 = udp/Dm � 35 for naphtho[2,3-a]pyrene (Dm � 2 × 10−5 cm2/s), a

value clearly larger than the optimum reduced velocity, 	opt = 10 to
15. The HETP expected at such a high linear velocity is 10.5 �m,  a
value three times larger than the minimum plate height (3.5 �m).
The expected flow rate for a 2.1 mm I.D. column would then be
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peratures, in the 150–200 ◦ C range or even higher; some progress
articles, measured for naphtho[2,3-a]pyrene eluted with pure acetonitrile. The
ermeability of this column was k0 = 3.0 × 10−15 m2[31].

.71 × � × 0.1052 × 60 = 3.55 mL/min. The highest flow rates that
urrent vHPLC systems can deliver at 1000 bar are 1 mL/min,
.5 mL/min, and 4.1 mL/min for the Acquity, the 1290 Infinity, and
he Nexera systems, respectively. Both the 1290 Infinity and Nexera
nstruments could operate at such a high flow rate and at a pressure
f 1000 bar. The Acquity system could not.

In conclusion, it is possible to generate today hold-up times
0 of only 1.5 s with short 50 mm × 2.1 mm  columns that would
ventually have a true efficiency of 4760 plates. If the band broad-
ning contribution of the vHPLC system is minimized by using a
00 nL detector cell volume, connecting tubes and needle seat cap-

llary with an I.D. of 115 �m,  and an injection volume of 0.2 �L,
he instrument’s contribution could be as small as 7 �L2 at a flow
ate of 4.0 mL/min [65]. According to Eq. (17), the variance contri-
ution of the band eluted from this 2.1 mm × 50 mm column for

 moderate retention factor k = 1 would be 7.5 �L2. Accordingly,
nder isocratic conditions, the recorded chromatogram would
how an apparent efficiency of 2460 plates, for an analysis time of
.0 s.

Under gradient elution conditions, the band broadening contri-
ution of the vHPLC system is less important because the sample

s concentrated at the column inlet. It is essentially limited to
he part due to the extra-column volume downstream the col-
mn. It was recently observed that the influence of the detection
ell volume on the total extra-column band broadening is particu-
arly important at very high flow velocity [65]. For instance, with

 flow rate of 4.0 mL/min, a connecting tube I.D. of 115 �m and
n injection volume of 0.20 �L, the extra-column peak variance
ncreases more than twice, from 7 �L2 to 17 �L2 when the vol-
me  of the detector cell increases from 0.8 to 2.4 �L. A simple,
pproximate extrapolation to a zero volume detector cell suggests
hat the extra-column peak variances due to the injection sys-
em and the needle seat capillary would be only around 2 �L2.
herefore, the contribution of the 800 nL detection cell is most
ikely around 5 �L2 and the apparent column efficiency expected
nder gradient elution would be that of 2860 plates column,
ssuming that band compression during the gradient elution is neg-
igible and the elution time of the sample is twice the hold-up
ime.
An account of the band compression factor of a compound is
heoretically possible [73] when its retention behavior obeys the
inear Strength Model (LSM) model [74] defined by the retention
using a 2.1 mm × 50 mm column packed with 1.7 �m Kinetex-C18 particles, run at a
flow rate of 4.1 mL/min and at a maximum pressure drop of 1000 bar. The eluent is
a  mixture of acetonitrile and water (60/40, v/v) heated at a temperature of 60 ◦C.

slope, S. It was  recently demonstrated that the exact peak capacity
is written [25]:

Pc = 1 + 1
4

√
3N
ω

ln

[
2�eGkF + G2 − 6 +  

G
(

2
√

3� + 3G + 6
)

]
(18)

where

� = G2 + 3G + 3 (19)

  = 2
√
�[(G2 − 6)eGkF + �e2GkF + G2 − 3G + 3] (20)

kF = tF − t0
t0

(21)

where tF is the gradient elution time of the last eluted compound
and G is the intrinsic gradient steepness which is written [75]:

G = Sˇt0 (22)

and where  ̌ is the gradient steepness (�ϕ/tG). �ϕ is the amplitude
of the volume fraction of the strong eluent from the start to the end
of the gradient.

Fig. 17 shows the expected maximum number of peaks resolved
or peak capacity for a peak resolution of 1, with kF = 9 (the analysis
time is equal to 15 s), and S = 10 (small molecules) as a function of
the change in the mobile phase composition from start to finish.
It is remarkable that such a column could still potentially resolve
about 40 peaks for a physically possible gradients, easily compatible
with current vHPLC instruments. The increase of the strong eluent
concentration by 20% within 13.5 s can be carried out accurately
and precisely given the robustness of the eluent mixer and the very
small dwell volume between the mixer and the column inlet.

4.3. How much faster could 1D HPLC become in the new decade?

Most possible means of accelerating further chromatographic
separations have been nearly exhausted. Pursuing classical meth-
ods is now hitting new roadblocks that seem difficult to overcome.
The most promising possibilities still available at this stage are (1)
the development of packing materials that are stable at high tem-
is already being achieved in this direction [76,77]; (2) the pro-
duction of advanced monolithic columns, which would provide
efficiencies comparable to those of columns packed with the finer
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articles available today. There has been rumors of progress being
ade in this area for a long time but serious difficulties seem to

emain unsolved. A successful second-generation monolithic col-
mn  should be far more radially homogeneous and have an average
omain size smaller than the first-generation ones; and (3) the
reparation of smaller shell or fully porous particles which could be
acked into shorter columns. This approach might appear to many
s the most promising one, since it continues a fifty-year-old trend
hich has consistently proven highly successful to reduce analy-

is times; yet it is hindered by overwhelming physical limitations.
hree serious obstacles can be identified on this way, for which
olutions or palliatives are now discussed.

. Because shell particles pack so much better than fully porous
particles, it seems that any attempt at preparing and using finer
particles should use this same model. Because the sources of
band broadening originating from axial and eddy dispersion are
relatively less important in columns packed with shell than with
fully porous particles, the optimum reduced interstitial velocity
in these columns is usually of the order of 10 instead of around
5–6, as it is for columns packed with fully porous particles. A
direct extrapolation to 1 �m particles suggest that the optimum
interstitial linear velocity of columns packed with them would
be:

uopt = 10Dm
dp

(23)

If we consider the separation of small molecules and assume
Dm = 2 × 10−5 cm2/s for compounds with a molecular weight
of 100–300 g/mol, the optimum interstitial linear velocity for
columns packed with 1 �m particles can be estimated at 2 cm/s.
With 2.1 mm I.D. columns, the flow rate would be around
1.7 mL/min, which is still in the range of what today vHPLC
instruments can supply. Obviously, 4.6 mm  I.D. should not be
considered. The optimum flow rate for these columns would be
around 8.5 mL/min. We  show below that heat effects in such
columns would result in unacceptable performance.

The column permeability being proportional to d2
p , we  can rea-

sonably expect for these columns k0 = 9 × 10−16 m2. The inlet
pressure required to percolate a 5 cm long column eluted with
water (viscosity 1 cP) at the flow velocity of 2 cm/s, would be
4.5 kbar. Only a new generation of ultra-high pressure instru-
ments could operate columns at such extremely high pressures.
Admittedly, capillary columns were operated at 7 kbar, under
micro-flow conditions [78–81].  Since current instruments can-
not deliver eluent streams at pressures larger than 1.3 kbar with
flow rates larger than 2 mL/min, the alternatives would be to use
three times shorter columns or a less viscous eluent, e.g., at ele-
vated temperature (� = 0.10 cP). Then, the inlet pressure would
drop down to about 1.3 kbar, a value still acceptable for the cur-
rently available vHPLC instruments, albeit at the very limit of
their capability. Besides, the band broadening of current instru-
ments would be unacceptably large for these columns. Only a
radical change in the very design of instruments and their minia-
turization would be necessary.

. The second problem is related to the amplitude, �T  of the radial
temperature gradients and their nefarious effect on band broad-
ening [14,15,41,42,82]. Under controlled wall temperature (for
instance by immersion of the chromatographic column in a liq-
uid bath), the amplitude of this temperature gradient is written
[83]:

2

�T = (1 + ˛pT)

uSrc �P

4�pL
(24)

where ˛p is the thermal expansion coefficient of the eluent. For
liquids, ˛pT � − 1/3 [39]. This constraint is not optimum.
togr. A 1228 (2012) 2– 19

Today, it is still possible to minimize the impact of these
radial temperature gradients with sub-2 �m core–shell particles
by selecting thermal environment conditions close to the ideal
adiabatic condition (for instances, by placing the column in still-
air environment or by cladding it with a thermally insulating
material) even when the pressure drop is as high as 1.3 kbar.
First, the I.D. of the columns should be kept small such as with
narrow-bore columns (2.1 or even 1 mm).  Secondly, the effective
heat conductivity of the packed bed of shell particles immersed
in an acetonitrile/water mixture (60/40, v/v) is of the order of
0.60 W/m/K. Accordingly, when fully developed, the amplitude
of the radial temperature gradient across a 2.1 mm  I.D. column
packed with 1.7 �m particles at the optimal superficial linear
velocity of 1.2 cm/s is about 10 K. With 1 �m particle size, if the
optimum linear velocity is increased to 2 cm/s, the pressure drop
reaches 3.8 kbar, and the amplitude of the radial temperature
gradient is multiplied by 1.73 � 5. We  then expect extremely high
radial temperature gradients up to 50 K along a short distance of
only 1.05 mm.

Accordingly, assuming that we dispose of high pressure pumps
operating up to 4 kbar, this exponential increase of the radial
temperature gradients by a factor 5 when the size of the particle
decreases by a factor 1.7 could be compensated in two different
ways. First, the inner diameter of the column could be decreased
by a factor

√
5, e.g. one should use column with an inner diam-

eter of 1 mm.  Alternately, the effective thermal conductivity of
the packed bed should increase by a factor 5. One simple way
would consist in replacing the non-porous silica cores with non-
porous alumina (�AlO2

= 40 W/m/K) or gold (�Au = 320 W/m/K)
cores [72]. According to the Zarichniak’s expression, which pre-
dicts the thermal conductivity of randomly distributed binary
composite materials [84], the thermal conductivity of the packed
beds made with these new core–shell particles would increase
from 0.6 to 2.32 (×4) and 12.5 (×21) W/m/K. In fact, the ther-
mal  conductivity of the new non-porous cores should be around
60 W/m/K  which will allow the analysts to operate 2.1 mm  I.D.
narrow-bore columns and drastically reduce the influence of the
heat effects on the column efficiency. The heat generated by
friction will dissipate in the same way  as for columns packed
with silica based materials but at a much faster rate due to the
larger thermal conductivities of these materials being larger than
that of neat silica (1.4 W/m/K). The physical consequence is a
diminution of the amplitude of the radial temperature gradients
as shown in Eq. (24).

3. The third problem is related to the extra-column contribution
of the next generation of micro-HPLC systems to the peak vari-
ance. Anticipating an intrinsic optimum reduced plate height of
4 with a 1.0 mm × 50 mm columns packed with 1 �m particles
(N = 12 500) because we can predict a lower reduced plate height
with finer particles packed into narrower tubes, the peak vari-
ance of such column for a moderately retained compound (k = 1)
would be around 0.2 �L2. Accordingly, it is absolutely necessary
that the extra-column band broadening of these new micro-
HPLC systems be smaller than 0.1 �L2 in order to conserve about
50% of the intrinsic column efficiency. This will require a new
instrument design.

4.4. Importance of capillary columns in fast LC?

In this last section, we  briefly discuss the potential role of packed
capillary columns in pressure- driven fast liquid chromatography.
The obvious advantage of capillary columns is the practical absence

of additional band broadening due to frictional heating due to the
use of very small nano-flow rates. The inner diameter of these
columns typically varies between 10 and 300 �m [78]. Therefore,
assuming a retention factor k = 3, a column 50 mm long, packed with
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 �m shell particles, providing a minimum reduced plate height
min = 3, the column variance would be between 3.7 nL2 (10 �m I.D.
apillary) and 0.003 �L2 (300 �m I.D. capillary). Consequently, cur-
ent standard �-HPLC systems operating at a maximum pressure
rop of 800 bar, equipped with a 6 position/2 ports injection valve
nd a post-column detector would be inappropriate to run such
olumns due to the pressure limitation and the excessively large
xtra-column band variance caused by the injection valve (�50 nL),
he detection cell (�100 nL), and the 25 �m I.D. connecting tubes
�50 nL), combination of extra-column volumes that already gives

 variance contribution as high as 0.010 �L2[85]. Additionally, the
and spreading due to column/tubes connections can significantly

ncrease the system band broadening. High performance capillary
ndfittings are required to support the very high pressure of about

 kbar that are expected at the optimum linear velocity required
ith small molecules (Dm = 1.5 × 10−5 cm2/s) and a low-viscosity

luent (� = 0.5 cP). Therefore, it appears very challenging to run fast
nd efficient capillary columns of diameter smaller than 300 �m
or the analysis of small molecules. To solve these problems, injec-
ion and detection should be performed directly on-column in
ano-fluidic devices. To run fast chromatography, these capillary
hannels packed with 1 �m particles need to be prepared in a block,
hich could support pressures up to 5–10 kbar.

. Conclusion

This work elaborate on the rapid progress of column perfor-
ance that have taken place during the last ten years of intense

evelopment in column technology that we have witnessed. After
he early success of the first generation of highly permeable mono-
ithic columns, enthusiasm faded but a new generation of sub-2 �m
ully porous particles combined with improved vHPLC instruments
llowed the production of columns that generated a twice higher
esolution at constant analysis time or a four-fold reduction of
he time needed for analyses providing the same peak resolu-
ion. The failure of the first generation of monolithic columns
s directly related to the structure heterogeneity of the 4.6 mm
.D. rods and to the poor distribution of the sample molecules
t the column inlet. Eventually, peaks are tailing and no more
han 60 000 true plates per meter are available. Chromatogra-
hers are patiently waiting for a second generation of monolithic
olumns, currently announced to come in a 3.0 mm I.D. format,
nly.

The most remarkable progress in column technology was
nexpected. It came in late 2007, with the introduction of the
ub-3 �m core–shell particles. The original incentive for the
esearch and development made on the production of such par-
icles was triggered by efforts to reduce the average solute
iffusion path across the particles of a packed bed while main-
aining a sufficiently large specific surface area, hence the column
aturation capacity. It eventually turned out that, at least for
mall molecules, the improvement observed in the trans-particle
ass transfer was marginal because this source of mass trans-

er resistance is small for all but the largest molecules [86].
n contrast, it was that most of the remarkable increase in
he efficiencies of these columns in the velocity range around
he optimum for minimum HETP was brought up by a strong
iminution of the eddy diffusion term. So far, both experimen-
al and theoretical data that we acquired agree to conclude that
he smaller eddy diffusion term observed for columns packed
ith these shell particles in 4.6 mm I.D. columns is due to a

ecrease of the conventional trans-column eddy diffusion term
the so-called wall effects) and that this is a consequence of
he external roughness of these particle. Eventually, for a con-
entional 400 bar inlet pressure, columns packed with sub-3 �m
togr. A 1228 (2012) 2– 19 17

shell particles can provide at least the same or often better
chromatographic performance than those columns packed of sub-
2 �m fully porous particles, according to the extrapolated kinetic
Poppe plots.

It seems that the minimum value of the reduced HETP that we
could reasonably expect to ever achieved is of the order of one.
The best columns packed with shell particles with which we have
worked yielded minimum values of their HETP between 1.1 and
1.3. This suggests that beyond what a fine tuning of the packing
procedure could eventually provide, little further gain in column
efficiency can be expected. A few other approaches remain to be
explored. Operating columns at elevated temperatures appears to
be the most practical solution towards faster, efficient separations.
An eluent viscosity of 0.35 cP (such as pure acetonitrile at room tem-
perature or aqueous mixtures of acetonitrile and water at moderate
temperatures) can provide hold-up times of the order of one sec-
ond with 2.1 mm × 50 mm columns packed with 1.7 �m core–shell
materials at an operating pressure of 1000 bar. Such a column could
generate apparent efficiencies between 2500 and 3000 plates for
weakly retained compounds (k = 1), which in gradient elution of
small molecules, would translate into intrinsic a peak capacity of
ca. 40 within about 15 s with a relatively smooth gradient steepness
(G = Sˇt0 � 0.2). Obviously, this performance would be affected by
the large volume injected into the column (in LC × LC, this volume
could be at least around 20 �L), and the eluent mismatch between
the injected sample and the eluent (often the case in LC × LC which
uses orthogonal dimensions). Yet, such speed/resolution perfor-
mance is definitely achievable today with the best R & D products
available in analytical chromatography.

Future progress might be expected in the analysis of large
biomolecules during the next decade. Although faster chromatog-
raphy of small molecules could remains a possibility with a
generation of 1 �m particles, it is not sure whether the large invest-
ments needed to implement it will be made. As the emergence of
the sub-2 �m particles in 2004 required new vHPLC instruments,
a new generation of instruments, having greatly reduced extra-
column band broadening contributions and capable of operating up
to 5 kbar will be necessary to operate columns packed with 1 �m
particles; the negative impact of frictional heating on column effi-
ciency could be solved by using 1.0 mm I.D. columns (microflow)
or by replacing the conventional shell particles with a silica core
in 2.1 mm  I.D. narrow-bore columns with a particles made of a
core having a larger thermal conductivity around 50 W/m/K, such
as alumina or an equivalent material. Then procedures must be
developed to pack 1 �m shell particles into sub-1 mm  I.D. columns
and achieve the same efficiency as those of current 4.6 mm I.D.
columns. Yet, the difficult problem will be to decide whether it
is possible to develop micro- or nano-flow HPLC systems able to
operate at such high inlet pressures and if it is worth to do so.
On the other hand, however, the use of 1 �m shell particles for
the analysis of biopolymers seems highly probable because the
difficulties are far simpler to solve. The optimum reduced veloc-
ity of these columns will remain the same as they are now for
low molecular weight compounds, around 10. But for biopolymers,
which have a high molecular weight, this reduced velocity corre-
sponds to a lower actual mobile phase flow rate, several times, up
to ten times lower, since the optimum actual velocity is propor-
tional to the diffusion coefficient. Thus, the same columns should
be used at much lower flow rates and current vHPLC instruments
can do.

List of symbols
Roman letters
A Eddy diffusion plate height (m)
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� empirical parameter in Eq. (10)
 longitudinal diffusion coefficient (m2/s)
� empirical parameter in Eq. (10) (K)
i discreet sample concentration in the recorded concentra-

tion profile (kg/m3)
 solid–liquid mass transfer coefficient (s)
p mean particle diameter (m)
m bulk molecular diffusion coefficient (m2/s)

Film empirical parameter in Eq. (14)
v flow rate (m3/s)

 intrinsic gradient steepness
 total column HETP (m)
Film external film mass transfer resistance term (m)
stat. trans-particle particle mass transfer resistance HETP term

(m)
retention factor

1 zone retention factor
0 specific permeability (m2)
F apparent retention factor of the last eluted peak in gradi-

ent elution
 column length (m)

column efficiency
c peak capacity
P pressure drop along the column (Pa)

c column inner radius (m)
 linear strength model slope
G gradient time (s)
0 column hold-up time (s)

 temperature (K)
Ref reference temperature (K)
T amplitude of the radial temperature gradient (K)

i discreet time variable in the recorded concentration pro-
file (s)

opt optimal interstitial linear velocity (m/s)
S superficial linear velocity (m/s)
0 column hold-up volume (m3)

reek letters
P isobaric thermal expansion coefficient (K−1)

 gradient steepness (s−1)
e external column porosity
t total column porosity for non-excluded analytes

 eluent viscosity (Pa s)
ϕ  variation of the volume fraction of the strong eluent dur-

ing the gradient time
 parameter in Eq. (19)

 flow-related parameter in the Giddings’ eddy diffusion Eq.
(13)

p effective thermal conductivity of the packed bed
immersed in the eluent (W/m/K)

1 experimental first moment in presence of column (s)
1,ex first moment of the extra-column band profiles (column

replaced with a zero volume union connector) (s)
′
2 experimental second central moment in presence of col-

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

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

 diffusion-related parameter in the Giddings’ eddy diffu-
sion Eq. (13)

 ratio of the sample diffusivity in the porous shell to the

bulk diffusion coefficient
parameter in Eq. (19)

S superficial reduced linear velocity
2
v,column volume variance contribution of the column (m6)

[
[
[
[
[
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