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a  b  s  t  r  a  c  t

The  kinetic-performance  limits  of a capillary  silica  C18  monolithic  column  and  packed  capillary  columns
with  fully-porous  3  �m and  fused-core  2.7 �m silica  C18  particles  (all  5  cm  long)  were  determined  in
gradient-elution  mode  for  the  separation  of  peptides.  To  establish  a kinetic  plot  in  gradient-elution  mode,
the gradient  time  to  column  dead  time  ratio  (tG/t0)  was  maintained  constant  when  applying  different  flow
rates. The  normalized  gradient  approach  was  validated  by  dimensionless  chromatograms,  obtained  at  dif-
ferent  flow  rates  and  gradient  times  by  plotting  them  as a function  of  the  retention  factor.  The  separation
performance  of  the  different  column  types  was  visualized  via  kinetic  plots  depicting  the  gradient  time
required  to  achieve  a certain  peak  capacity  when  operating  at a maximum  system  pressure  of 350  bar.  The
gradient  steepness  (applying  tG/t0 =  10,  20,  and  40)  did  not  significantly  affect  the  gradient  performance
limits  for  low  (<250)  peak-capacity  separations.  For  high  peak-capacity  separations  the  peak  capacity

per unit  time  increases  when  increasing  the  tG/t0 ratio.  The  C-term  contribution  of  the  porous  3  �m  and
fused-core  2.7  �m  was  comparable  yielding  the  same  gradient  kinetic-performance  limits  for  fast  sep-
arations  at  a  column  temperature  of  60 ◦C.  The  capillary  silica  monolithic  column  showed  the  lowest
contribution  in  mass  transfer  and  permeability  was  higher  than  the packed  columns.  Hence,  the  silica
monolith  showed  the  best  kinetic  performance  for  both  fast  and  high  peak-capacity  gradient  separations.
. Introduction

Over the last decades, HPLC has witnessed numerous develop-
ents in chromatographic column materials and instrumentation

o yield a better compromise between the separation performance
nd analysis time. Large 10–30 �m irregular-shaped particle-
acked columns have been replaced by columns packed with
pherical particles, as small as sub-2-�m,  with narrow particle-size
istributions [1–3]. This led also to the development of ultra-high-
ressure instrumentation needed to handle these new column
ypes since column pressure increases inversely to the square of
he particle size. To reduce the contribution of mass transfer (C
erm in the van Deemter equation) in the particles even further,
used-core particle technology has been re-introduced [4,5]. The

xceptionally low plate-height values observed in conventional-
ore HPLC columns for these particles have been attributed to a
ombined effect of a reduced C-term, a reduced Eddy-dispersion

∗ Corresponding author. Tel.: +32 02 629 3324; fax: +32 02 629 3248.
E-mail address: seeltink@vub.ac.be (S. Eeltink).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.07.089
© 2011 Elsevier B.V. All rights reserved.

(A term) assumed to result from a very narrow particle-size distri-
bution and a reduced longitudinal diffusion (B-term) contribution
[6].

Monolithic columns, as an alternative stationary phase to
packed columns, were introduced in the 1990s. A monolith is
composed of a continuous macroporous (interconnected) support
structure and is typically prepared from organic polymers [7,8] or
silica precursors [9–11]. In particular, the simplicity of in situ prepa-
ration from liquid precursors in capillary column formats [12,13]
and the excellent robustness of the columns [14] due the covalent
attachment of the monolith to the wall are considered as major
advantages compared to packed (capillary) columns. From the per-
spective of kinetic performance, monolithic materials can also be
attractive since the flow-through pores, the size of the skeletons,
and the total porosity can be fine-tuned by optimizing the com-
position of the polymerization mixture and the polymerization
conditions [15–17].
Most comparisons of the separation performance are based on
the van Deemter curves [18–21].  Gritti et al. compared 4.6 mm
I.D. columns packed with 2.7 �m fused-core particles and columns
packed with porous 3 �m particles for low-molecular weight

dx.doi.org/10.1016/j.chroma.2011.07.089
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:seeltink@vub.ac.be
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est analytes and peptides. They found a 20% reduction in Eddy-
ispersion contribution due to a narrow particle-size distribution
nd a 25% lower B contribution due to the solid core in the particle.
o difference in C contribution was observed for low molecular-
eight compounds whereas the C-term contribution of the Halo

olumn was about a factor of two lower than that of a column
acked with totally porous silica particles for compounds with

ow diffusivities [19]. Zheng et al. compared the performance of
 4.6 mm I.D. Chromolith silica monolithic columns with micropar-
iculate columns packed with porous 3 �m ACE particles and
.7 �m fused-core Halo particles for beta-methasone-17-valerate,
hich is an active pharmaceutical ingredient (MW  = 476 Da) [19].

he minimum plate-heights values were determined at 10.2, 6.4
nd 5.0 �m,  respectively at a retention factor of around 8.5. The
lope of the C-term region of the van Deemter curve was  simi-
ar for the ACE and the Chromolith columns, whereas the C-term
ontribution of the Halo column was lower.

To assess the separation performance of columns with differ-
nt morphologies the classical van Deemter curve does not longer
uffice, since it does not incorporate the effect of column perme-
bility on kinetic performance, which is one of the key drivers for
he development of new (monolithic) support systems [22]. As an
lternative for the van Deemter curve, Giddings proposed a graph
epicting the analysis time versus (isocratic) plate number (N) val-
es to compare the performance of high-performance LC (HPLC)
ith that of gas chromatography when operating columns at the
aximum available operating pressure [23]. This approach has

een extended to a family of kinetic plots [24,25] that can be used to
ompare the time required to obtain a specific number of plates for
olumns with different support formats and entail a variety of dif-
erent representations including t0 versus N, t0/N versus N (Poppe
lot [26]), t0/N2 versus N, etc.

The van Deemter curve and kinetic plots typically consti-
ute plate-height values experimentally determined in isocratic
iquid-chromatographic mode, while many applications, including
roteomics peptide-mapping experiments, are performed in gra-
ient mode. In 2006, Schoenmakers et al. [27] proposed the use of
inetic plots for peak-capacity production in gradient-elution liq-
id chromatography. This approach was validated by Zhang et al.
28], who conducted an experimental study in gradient-elution

ode and compared the performance of a HALO C18 column with
hat of BEH C18, while keeping the gradient steepness constant.

 theoretical framework and validation to construct kinetic plots
rom experimental data obtained in gradient mode was  demon-
trated by Broeckhoven et al. [29]. An important prerequisite of
his approach is that analytes maintain the same retention behav-
or when operating the column at different flow rates. This implies
hat during data collection the gradient time (tG) must be increased
nversely proportionally to the flow rate (constant tG/t0) and thus

hen using longer columns the tG must be compensated for the
ncrease in t0. To get a maximally representative measurement of
he column performance under gradient conditions, it is also prefer-
ble that gradient conditions are selected such that the components
lute over a sufficiently broad range of retention factors. The gra-
ient conditions needed to achieve this might be different from
upport type to support type, because of differences in retention
ehavior. In addition, a correction for the effect of the system dwell
olume is required when comparing columns with different lengths
r I.D.

Especially in the field of proteomics research fast and efficient
eparation methods are required to analyze very small amounts
f sample [30]. As a result, there is a strong interest in minia-

urization of liquid-chromatography columns. The performance of
apillary columns has frequently been tested in isocratic mode
sing low molecular weight analytes [31,32]. However, to the best
f our knowledge, the gradient performance for the separation of
A 1228 (2012) 270– 275 271

biomolecules has not yet been established and visualized using gra-
dient kinetic plots. In the present study the separation performance
of different commercially-available capillary column supports, i.e.
capillary columns packed with 3 �m porous and 2.7 �m fused-
core silica particles, and a silica monolithic capillary column, is
compared in gradient mode for peptide separations. The separa-
tion performance is visualized via gradient kinetic plots depicting
the analysis time required to achieve a certain peak capacity when
operating at maximum system pressure. System parameters (exter-
nal band broadening and dwell volume) influencing the gradient
performance is discussed. In addition, the effect of retention fac-
tor on gradient performance is demonstrated by applying different
gradient steepness.

2. Materials and methods

2.1. Chemicals and materials

Acetonitrile (ACN, HPLC supra-gradient quality) and formic acid
(FA, ≥99%) were purchased from Biosolve B.V. (Valkenswaard,
The Netherlands). Uracil (99%, HPCE) and acetone were acquired
from Sigma–Aldrich (Steinheim, Germany). A tryptic digest of
bovine cytochrome c (1.6 nmol, Lyophilized) was purchased from
Dionex Benelux (Amsterdam, The Netherlands). Deionized water
(≤0.055 �S) was produced in-house using a Milli-Q gradient (Mil-
lipore, Molsheim, France) water purification system.

An ACE3C18 packed column (50 mm  × 0.1 mm,  3 �m)  from
Advanced Chromatography Technology (Aberdeen, UK), a HALO
fused-core C18 packed column (50 mm × 0.1 mm,  total particle
diameter is 2.7 �m with a 0.5 �m porous layer) from Advanced
Materials Technologies (Wilmington, DE, USA), and a MonoCap C18
Nano-flow silica monolithic column (50 mm × 0.1 mm)  from GL Sci-
ences Inc. (Tokyo, Japan) were evaluated.

2.2. Instrumentation and LC conditions

HPLC experiments were performed on a Ultimate 3000 capillary
LC system (Dionex Corporation, Germering, Germany) composed
of a membrane degasser, a dual-ternary gradient pump, a well-
plate sampler, column oven, and UV detector equipped with a 3 nL
Z-shaped detector flow cell. Gradient separations were performed
with the column placed in the oven at 60 ◦C, connected to the injec-
tor with 500 mm × 0.02 mm I.D. connection tubing and directly
coupled to the 0.02 mm I.D. tubing of the 3 nL UV z-cell. Mobile-
phase A was 0.05% FA in water, mobile phase B was 0.04% FA in
80:20% (v/v) ACN:H2O. UV detection was performed at 210 nm at
20 Hz data collection rate and 0.05 s response time.

The column dead time (t0) was  determined by injection and
detection of uracil (0.0015 mg/mL  with 0.1 �L injections) at differ-
ent flow rates. t0 and retention times (tR) were corrected for the
residence time in the connections capillaries between the injector
and the column and between the column and UV detector. The delay
time (tdelay) was determined applying a gradient while adding 0.3%
acetone in the mobile phase B. For the column pressure, the highest
value encountered during the gradient run was taken, correspond-
ing to the mobile-phase composition having the highest average
viscosity.

Kinetic-plot measurements were performed using a tryp-
tic cytochrome c digest (Dionex Benelux, Amsterdam, The
Netherlands) applying ‘delayed injections’ using user-defined
programs. On the column packed with 3 �m porous particles

0.25 pmol/�L  cytochrome c digest, dissolved in mobile-phase A,
was  injected. The concentration was reduced to 0.125 pmol/�L for
the fused-core column and the silica monolithic column to scale
the injected amount to surface area.
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Fig. 1. Dimensionless chromatograms of a cytochrome c tryptic digest normalized to gradient retention factor for the capillary column (50 mm × 0.1 mm)  packed with porous
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For construction of kinetic plots, the peak widths (W), retention
times (tR), and column pressure (�P) were experimentally deter-

Table 1
Gradient span and corresponding retention factor range determined for each column
type  at tG/t0 = 10, 20, and 40.

3 �m (porous) 2.7 �m (fused core) silica
monolith

Gradient span (%ACN) 4–48.0 0–44.8 0–33.2
 �m particles (A), 2.7 �m fused-core particles (B), and the capillary silica monolithi
ue  to lower permeability of the fused-core column the performance a 4 �L/min c
ee  Table 1 for other experimental conditions. Chromatograms are blank subtracted

. Results and discussion

.1. Dimensionless chromatograms

A tryptic cytochrome c digest was selected to represent a
proteomics sample’ since this sample mixture contains both
ydrophilic (early eluting) and hydrophobic (late eluting) peptides
nd can be detected with UV detection. The start and final gradient
omposition were selected such that the first peptide eluted close
t the start and the last peptide eluted close to the end of the gra-
ient, so as to maximally cover all possible elution conditions. Due
o the differences in surface area and chemistry between column
ypes this approach may  lead to a comparison where �c  is not the
ame. To avoid that the use of different gradient ranges would give
ny advantage to a specific column type, the performance of the
olumns was also characterized at different gradient steepness.

To maintain the same retention behavior when the column is
perated at different flow rates [29], the tG/t0 ratio was maintained
onstant for each different investigated flow rate. t0 was  deter-
ined with uracil, which has the same residence time as the mobile

hase. tG was adjusted to maintain the tG/t0 ratio at 10, 20, and 40.
ext, tG was decreased inversely proportional to the increase in
ow rate. Fig. 1A shows dimensionless chromatograms obtained
n the column packed with porous 3 �m particles for a tG/t0 ratio
f 10. Since the x-axis is normalized, by plotting them as a function
f the retention factor instead of as a function of the absolute time,
he chromatograms obtained at different flow rates are expected
o coincide. The retention factor depicted at the x-axis corresponds
o the average gradient retention factor (kG = tR/t0 − 1). Some of the
eaks contain multiple co-eluting peptides that are only resolved
hen the gradient time is increased. The peptides are well dis-

ributed over the elution window with retention factors ranging
rom 3.2 to 8.9. Some deviation in the observed retention factor
indow is explained by experimental variation in t0 and t0,external
easurements (although typically <3 s) and a decreased accuracy

n gradient proportioning at low flow rates. The dimensionless

hromatograms obtained on the fused-core column and the silica
onolith, obtained for the same tG/t0 ratio of 10, are depicted in

ig. 1B and C, respectively. As can be noted the retention factor
mn (C). The flow rates applied are 0.25 (a), 0.5 (b), 1.0 (c), 2.0 (d), and 4.0 �L/min (e).
ot be determined. Gradient times were scaled to t0 time be maintaining tG/t0 = 10.
times are corrected for elution times in connection capillaries.

range for the different column types was  approximately the same
after adjusting the gradient span. The silica-monolithic capillary
column clearly shows the best resolution between the peptides.
Peptide 10 was not detected on the ACE column, and may  stick to
the surface. The peak area of peptide 8 in Fig. 1C decreases when
applying lower flow rate. This may be due to proteolytic activity
and the prolonged residence time of the peptides in the column at
lower flow rates. Table 1 summarizes the column properties and
experimental conditions applied.

It is important to note that the gradient delay volume
(Vdelay = 4.1 �L) of capillary LC systems is relatively large with
respect to the column volume. This strongly affected the retention
factors and peak widths of the hydrophilic peptides. At the gra-
dient start conditions (even at 0% ACN) the hydrophilic peptides
are not retained and elute at isocratic conditions during the delay
time, resulting in broad peaks. Hydrophobic peptides that elute at
higher solvent strength are not influenced in peak width due to
the so-called ‘on–off mechanism’. To prevent isocratic elution dur-
ing the dwell time, the kinetic-plot measurements were performed
using ‘delayed injections’ to ensure that both sample and gradient
slope reach the front of the column at the same time. In addition, the
extra-column volume between injector and column was minimized
as much as possible to reduce extra-column dispersion effects.

3.2. Gradient kinetic plots
k range (tG/t0 = 10) 3.2–8.9 3.4–8.6 2.9–8.7
k  range (tG/t0 = 20) 3.9–14.5 3.2–13.0 2.8–14.7
k  range (tG/t0 = 40) 4.6–24.8 4.6–22.9 3.9–25.6
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Fig. 2. Construction of a gradient kinetic plot. Experimental nc and tR data (�) mea-
sured on a 50 mm column packed with 3 �m porous silica particles (fixed-length
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Fig. 3. Variation in gradient kinetic-performance limits for different peptides that
elute within the gradient window on a capillary column packed with porous 3 �m
particles (A) and effect of the mobile-phase composition determined at the point
of  elution on viscosity (B). The numbers correspond to the peptides eluting in
Fig. 1 obtained at tG/t0 = 20, other experiential conditions similar as Fig. 1. Solid
inetic plot). Kinetic performance limit (�) extrapolated for a maximum system
ressure of 350 bar at tG/t0 = 10 by increasing the column length and maintaining
he same mobile-phase velocity (free-length kinetic plot).

ined from chromatograms. The variation in run-to-run W,  tR, and
P was smaller than 0.1%, 2.2% and 0.1%, respectively (n = 6). The

eak capacity (nc) was determined applying Eq. (1).

c = tG

W
+ 1 (1)

Fig. 2 shows the experimental nc and gradient time (tG) data
or a peptide eluting at k = 6.8 measured on a 50 mm long col-
mn  packed with 3 �m porous silica particles varying the flow rate
etween 0.0625 �L/min and 4 �L/min and maintaining the tG/t0
atio at 10. Most of the experimental data points in this fixed-length
inetic plot were obtained in the C-term region of the Van Deemter
urve and the optimal mobile-phase velocity was observed close
o the lowest applied flow rate (Fopt ∼ 0.125 �L/min yielding a col-
mn  pressure of approximately 5 bar). This representation, shows
hat the highest peak capacity is achieved when operating a col-
mn  at the optimum linear velocity, while higher flow rates (i.e.
perating in the C-term domain) can be employed for less demand-
ng separations with greater speed. Free-length gradient-kinetic
lots were subsequently established from the experimental nc,exp

nd tG,exp data obtained on a given column length via extrapo-
ation of the data using a length-elongation factor � using Eqs.
2)–(4):

 = �Pmax

�Pexp
(2)

c,max = 1 + (nc,exp − 1)
√

� (3)

G,max = �tG,exp (4)

here �Pmax is the maximum system pressure and �Pexp the
xperimental column pressure recorded (corrected for the pres-
ure contribution from connections tubing from injector to column
nd from column to the detector cell). The resulting values
epict the kinetic-performance limit, i.e. the highest peak capac-

ty that can be generated in the shortest possible gradient time,
n columns packed with porous 3 �m particles at �Pmax = 350 bar
nd tG/t0 = 10. When the requirements on the peak capaci-
ies are not severe, high mobile-phase velocities can be used,
ith plate heights in the C-dominated region, and the required
radient time becomes directly proportional to the peak capac-
ty.

The variation in gradient kinetic-performance limits as mea-
ured for the different peptides in the mixture is demonstrated
symbols (and trendlines) depict peptides of the same molecular weight (MW rang-
ing  between 633 and 778 Da). Open circle and cross depict high molecular-weight
peptides (MW  of 1583 and 2008 Da).

in Fig. 3A. The represented data are for a gradient with tG/t0 = 20.
Similar plots were obtained for the two  other considered gradient
conditions. For the peptide eluting at k = 4.2 (Peptide 2) only the
data points close to the van Deemter optimum are shown, since the
peptide co-eluted at higher flow rates and the peak width could not
be determined.

Reporting the peak capacity based on total gradient time, the
observed variation in kinetic performance is directly related to the
differences in peak width of the different peptides. For example, at
a flow rate of 1 �L/min the variation in W between the different
peptides was ranging from 0.034 and 0.063 min, thus explaining
the shift among the different curves in Fig. 3A. The peak width W
in gradient elution is given by

W = 4

√
N

t0
(1 + ke) = 4

√
L/H

t0
(1 + ke) (5)

where ke is the retention factor of the compound at the point of
elution, L the column length, and H the plate height. As a result,
peak width in gradient-elution mode is determined by its retention
properties (influencing ke) and by H. Similar as in isocratic elution,
H is affected by the Eddy-diffusion (A-term), longitudinal-diffusion
(B-term), and mass-transfer (C-term) contributions. Generally, a

small increase in the peak width is observed with increasing reten-
tion factor. The variation in peak width may  partly be explained by
the difference in diffusion coefficients originating from the mobile-
phase viscosity history experienced and the molecular weight of
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Fig. 5. Gradient kinetic-performance limits (A) and corresponding column lengths
(B) of capillary columns packed with 3 �m porous (♦) and 2.7 �m fused-core parti-
ig. 4. Effect of gradient steepness on peak capacity and time at tG/t0 = 10 ( ),
G/t0 = 20 (�), and tG/t0 = 40 (�) on a capillary column packed with porous 3 �m
articles.

he peptides. Fig. 3B shows the effect of mobile-phase composi-
ion on viscosity at 60 ◦C and a column pressure of 350 bar [33].
he data points represent the different peptides corresponding to
ig. 1 of which the mobile-phase composition was determined at
heir moment of elution. Peptides 2, 3, and 7 (solid symbols and
ines) have approximately the same molecular weight (MW  ranges
etween 633 and 778 Da) but experience a different mobile-phase
iscosity history. As a result, the diffusion coefficient of early-
luting peptides is slightly higher, yielding smaller peak widths
operating in the C-term region) and consequently higher peak
apacities. Although the molecular weight of peptide 4 is larger
1583 Da) than that of peptide 7, it experiences a slightly lower
verage mobile-phase viscosity and consequently yields a higher
eak capacity. The low peak capacity (broader peak width) of pep-
ide 9 may  be related to the large molecular weight (2008 Da),
he higher experienced average viscosity (see Fig. 3B) and corre-
pondingly its lower diffusion coefficient. The variations in peak
idth observed for the different peptides on the silica monolith

nd fused-core columns were smaller. This may  partly be explained
y the reduced surface area and porous zone of the silica monolith
nd the fused-core column. Due to reduced diffusion distance the
ffect of slightly different diffusion coefficient on C-term contri-
ution may  be reduced. For the construction of all further kinetic
lots in the manuscript the sample averaged peak capacity was
sed.

Fig. 4 shows free-length gradient kinetic plots based on the aver-
ge peak width obtained on the column packed with porous 3 �m
ilica particles at tG/t0 = 10, 20, and 40. The corresponding reten-
ion factor ranges are 3.2–8.9, 3.9–14.5, and 4.6–24.8 respectively.
he gradient steepness (applying tG/t0 = 10, 20, and 40) did not
ignificantly affect the gradient performance limits for fast sepa-
ations with peak capacities below approximately 250. For high
eak-capacity separations the peak capacity per unit time increases
hen increasing the tG/t0 ratio. No peak-compression effects were

bserved when applying short gradients. The gradient kinetic plots
f the fused-core and of the silica-monolithic columns measured
t different tG/t0 ratios showed the same trend (data shown in
upplementary Information S1).  Although the mobile-phase com-
osition at the moment of elution decreases with approximately 4%
ith increasing tG/t0 ratio, this has only marginal effect on the C-

erm contribution since the data points are positioned at the top of

he viscosity curve depicted in Fig. 3B. As a consequence, no signifi-
ant differences in peak width were expected between the different
onsidered tG/t0 ratios, as was indeed observed for the fused-core
nd the silica-monolithic columns.
cles (�) and the capillary silica monolith (�) operating at tG/t0 = 20.

3.3. Column comparison

The comparison of the gradient performance of the different col-
umn  types at tG/t0 = 20 is shown in Fig. 5. The kinetic-performance
limits (nc,max versus tG,max) are depicted in Fig. 5A, the correspond-
ing required column lengths are shown in Fig. 5B. Despite the
smaller particle size and the presences of the solid core reducing the
B- and the C-term contributions to band broadening, the gradient
performance of the superficially porous particles is equal to that of
the fully porous 3 �m packed column. However, the required col-
umn  length of the fused-core columns is smaller. The maximum
peak capacity that can be generated on the silica monolith was
significantly higher than that on both microparticulate columns.
For example, when applying a 30 min  gradient, the peak capac-
ity is 280 on the long silica monolith versus 220 on the packed
columns. This is partly because of the clearly smaller peak widths
that can be generated compared to the microparticulate columns
(see Fig. 1, where the average peak width for the silica monolithic
column was  significantly smaller at all flow rates compared to that
of the fused core column and column packed with porous parti-
cles) and partly because of the higher permeability of the silica
monolith containing relatively large flow-through pores compared
to the interstitial pores between packed beds (40% higher perme-
ability than the fused-core column). Also, for fast separations the
silica monolith outperformed the packed columns. For example, to

generate a peak capacity of 150 the separation using a silica mono-
lith is completed within the 7 min  gradient, whereas the required
gradient duration is 12 min  using a packed column.
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When comparing the gradient kinetic-performance limits of
eptides with that of small molecules on 4.6 mm I.D. columns
packed with the same type of stationary phase) [29] it can be
oted that, although maximum system pressure of the system used

n this study was lower, the maximum peak capacity that can be
enerated is significantly higher. This is because the optimal lin-
ar velocity is directly proportional to the diffusion coefficient of
he compound, which depends directly on its molecular weight.
hese results are in line with recent studies showing that molecu-
ar weight of the model compound could strongly impact the kinetic
lot performance limits [31,34].

. Conclusions

In this study the gradient performance of 5 cm capillary columns
acked with porous 3 �m and 2.7 �m fused-core particles and

 silica monolithic column was evaluated using the kinetic-plot
ethod. The method takes the effect of column structure on peak
idth and permeability into account. The performance of the

ilica monolith was superior to both microparticulate columns
packed with 3 �m porous and 2.7 �m fused-core particles). This
s mainly due to their better band-broadening characteristics and
he higher permeability. It is important to note the performance
imits depicted in the gradient kinetic plot assumes that columns
f different length can be produced equally well. This aspect was
ot validated in the present study and also only one column of
ach type was tested. However, different regions of the kinetic
lot become accessible using zero-dead-volume column-coupling
evices developed for capillary columns. We  are planning to use
his gradient-kinetic plot approach to optimize the separation
onditions for columns that differ in length and for the character-
zation of different column types when separating small and large

olecules in gradient-elution mode.
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