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a b s t r a c t

The peak parking (PP) method probes the longitudinal diffusion coefficient of a compound at a single
location along the chromatographic column. We extended to a so-called multi-location peak parking
(MLPP) method, in which a large number of axial locations along the column are selected in order to
check the validity of the conventional PP method and to reveal possible defaults in the structure of the
packed bed or pitfalls of the PP and the MLPP methods. MLPP was applied to a series of HILIC columns,
eywords:
eak parking experiments
ulti-location peak parking

ongitudinal diffusion coefficient
ass transfer

olumn axial heterogeneity

including a 5.0 �m Venusil, a 3.0 �m Luna-diol, three 2.7 �m Halo, and a 1.7 �m Kinetex columns. The
results demonstrate that the MLPP method may reveal local heterogeneities in the axial diffusion of small
retained low molecular weight compounds along the column. Most importantly, experiments show that
the sample zone should not be parked in the entrance of the column (i.e., at <1/10 th of the column
length). The abrupt drop in the flow rate considerably affects the peak shape and prevents scientists from
using the conventional PP method. Practical solutions to cope with that problem are proposed and their

sed.
success/failure are discus

. Introduction

The peak parking method was first introduced in gas chro-
atography by Knox and McLaren [1] when, in 1964, these authors
easured the obstruction factor of packed beds. The carrier gas was

itrogen, the probe sample ethylene. The flow rate was abruptly
topped when the zone was half-way in the column and the ethy-
ene zone allowed to diffuse along the column during a series of
esidence times. Due to the high diffusion coefficients of gases
Dm � 10−1 cm2/s), the residence times were no larger than 20 min,
hich lead to relatively short experiments. The authors determined

hat the obstruction factor of beds randomly packed with non-
orous spheres (porosity close to 40%) was around 0.6.

The same approach was later used in liquid chromatography in
983 [2] and 2006, to measure the apparent axial diffusion coef-
cient of thiourea along columns packed with C18-bonded silica
articles having different surface coverages in C18-bonded chains,
sing a mixture of methanol and water (25/75, v/v) [3]. The main
ifficulty was the significantly smaller diffusion coefficients in liq-

ids than in gases (Dm � 10−5 cm2/s), leading to large residence
imes, even for low molecular weights compounds, usually of the
rder of 8 h. Assuming a model of diffusion in a binary heteroge-
eous bed (inter-particle and particle volumes [4]), allowed the
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derivation of values of the internal obstruction factors of porous
particles with different porosities. More generally, the peak parking
method became a judicious strategy for the study of mass transfer
kinetics in stationary phases [5]. The application of this method is
straightforward in reversed phase liquid chromatography (RPLC)
where the contribution of surface diffusion to the longitudinal dif-
fusion coefficient B of the van Deemter equation is significant [6].
The peak parking method was also applied in inverse size-exclusion
chromatography (ISEC), using polystyrene standard samples to dis-
tinguish between the internal and the external diffusivity of large
molecular weight compounds which are partially excluded from
the mesoporous volume of the particles [7]. More recently, the
peak parking method was used to measure molecular diffusivi-
ties in solution for columns packed with non-porous particles after
calibration measurements had been made with an empty open
tube using a micro-flow HPLC system [8,9]. Thus, the peak park-
ing method appears as an easier, more practical, and inexpensive
method to measure diffusion coefficients in liquid phase than opti-
cal or spectroscopic methods. It may consume more time, but today
automatic instruments can be programmed easily to carry out this
stop and flow method, to run it overnight for low molecular weight
compounds and over a period of three full days to provide accurate

data for heavier molecules like proteins [10–12].

The peak parking method was also used to estimate sample
diffusivity across porous particles [13,4,14]. To the best of our
knowledge, the molecular diffusivity of neutral compounds in a
single porous particle as those used in liquid chromatography was
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http://www.sciencedirect.com/science/journal/00219673
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ever measured accurately under linear conditions. Attempts were
ade to do so in microdevices, under the influence of external elec-

rical fields and of fixed charges [15]. Such measurements were
ade only for proteins, under strongly non-linear conditions, the

rogression of a concentration shock layer being followed by refrac-
ive index-based confocal microscopy [16,17]. We determine the

olecular diffusivity of insulin in columns packed with shell par-
icles, using a diffusion model in heterogeneous packed bed to
nterpret the data provided by the peak parking method [11,18].
he results demonstrated that the C coefficient of the van Deemter
lot is mostly accounted for by the external film mass transfer resis-
ance, the protein diffusivity through porous shells being much
aster than its transfer from the percolating moving eluent to the
nternal stagnant eluent. Finally, the peak parking method appears
o be useful to provide estimates of the overall eddy diffusion
erm of chromatographic columns by applying a simple subtrac-
ion method [14,19]. The reduced longitudinal diffusion term (B/�)
nd the reduced trans-particle mass transfer resistance term (Cp�)
re directly derived from the peak parking method and subtracted
together with the reduced external film mass transfer resistance
erm, Cf�, given by the Wilson and Geankoplis correlation [20,21])
rom the measured values of the reduced height equivalent to a the-
retical plate (HETP). This provided an experimental proof that the
educed eddy diffusion term of columns packed with shell particles
s smaller than that of columns packed with fully porous particles
y half a h unit [19].

However, the peak parking method is based on an assumption
hat has never been checked yet, that the bed structure is axially
omogeneous and that the values measured for the diffusivity are
he same everywhere along the column. To check this assumption,
e parked several sample zones at different locations along the col-
mn length, equally separated from the column entrance to its exit,

n order to search for possible axial heterogeneities in the structure
f the packed bed and/or for possible pittfalls related to the peak
arking experiments. We applied the multi-location peak parking
MLPP) method to several HILIC columns including a 150 × 4.6 mm
�m Venusil, three 150 × 4.6 mm 2.7 �m Halo, a 100 × 4.6 mm
.7 �m Kinetex, and a 150 × 4.6 mm 3.0 �m Luna columns.

. Theory

The MLPP method consists in parking simultaneously a number
of sample zones along the column. For the sake of simplifica-

ion, let us consider N equidistant sample zones. The column is thus
ivided into N + 1 isometric segments. The location from the column
ntrance, zi, of the i th sample zone is:

i = i × L

N + 1
(1)

here L is the column length. N consecutive injections should be
erformed in order to place these N sample zones at the N loca-
ions given by Eq. (1). The time lags of the first N − 1 injections are
ll the same and equal to the sum of the end time of the method,
end, and the time delay, tdelay between the end of a method to the
tart of the next method. The end time of the last injection method
s defined by the time, tstop, at which the flow rate, Fv, is abruptly
topped in order for the N concentration zones to relax simultane-
usly along the column. The last injection locates the sample zone
t z = z1. Therefore:
stop = 1
N + 1

tR (2)

here tR is the retention time of the zone that would migrate along
he whole column length without being stopped (note that the
gr. A 1218 (2011) 896–906 897

extra-column time is neglected). It is written:

tR = V0

Fv
(1 + k) (3)

where V0 is the hold-up volume of the column and k is the retention
factor of the sample. Note that a limit to tstop is imposed by the
retention of the sample and the number of peak parking locations
chosen by the analyst.

The sample zone placed at location zi comes from the (N − i + 1)
th injection. Its migration along the column is stopped at time tN−i+1,
given by:

tN−i+1 = i

N + 1
tR = tstop + (i − 1)(tend + tdelay) (4)

tdelay depends on the instrument, the sample volume, the sam-
ple drawing speed, and the time necessary for the instrument to
download the injection method. Injection methods are series of
experimental parameters such as the flow rate, the eluent composi-
tion, the run time, the injection volume, the oven temperature, the
detection wavelength, the sampling rate, and the programmable
time events, which are collected in a file that defines the experi-
mental conditions under which an analysis is carried out. These files
are implemented in the chromatographic software of the instru-
ment. It takes a finite, significant, and measurable amount of time
for the software to call an injection method before the run is started.
For instance, it was measured at 36 s for a 1 �L injection using the
Infinity 1290 instrument at a drawing speed of 100 �L/min.

By summing up the N Eq. (4) and after simplification, we obtain:

tend = tstop − tdelay (5)

Since tend is necessarily positive, a maximum flow rate Fv,max is
defined by tstop > tdelay and

Fv,max = V0(1 + k)
tdelay(N + 1)

(6)

In conclusion, the flow rate is not set in the MLPP method (as in the
traditional PP experiments) as long as it is kept smaller than Fv,max.
Once Fv is arbitrarily fixed by the analyst, the run time tend of the
first N − 1 injection methods is fixed.

In addition, the maximum parking time, tp,max, is defined so that
the sample zones 1 and N do not diffuse out of the column at its
entrance and exit. If we consider the 6� base width of these Gaus-
sian zones, this condition translates into the following inequality:

3� <
L

N + 1
(7)

The variance �2
N of the band close to the column outlet is written:

�2
N = HzN + 2Dapptp,max (8)

where Dapp is the apparent axial diffusion coefficient of the sample
along the column. Roughly, as a first approximation, we can assume
H = 2dp and Dapp = Dm/(�t(1 + k)) and the maximum parking time is
estimated by:

tp,max � �t(1 + k)L
(N + 1)Dm

[
L

18(N + 1)
− Ndp

]
(9)

With sub-5 �m particles, assuming that there should be 10 differ-
ent peak parking locations along a 10–15 cm long column, Eq. (9)
simplifies to:

�t(1 + k)L2

tp,max �

18(N + 1)2Dm

(10)

To apply these theoretical results, we consider �t = 0.6, k = 1 (mod-
erately retained sample), L = 15 cm, N = 9 (9 peak locations), and
Dm = 1 × 10−5 cm2/s (diffusion coefficient of small molecules). The
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0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.3, 2.6, 2.9, 3.2.
and 3.5 mL/min. The reduced velocities were derived from
the diffusion coefficient of uracil and toluene in the mixture
of water and acetonitrile used (5/95, v/v), according to the
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rithmetic calculations show that the maximum peak parking time
hould be no larger than 15,000 s or about 4 h.

. Experimental

.1. Chemicals

The mobile phase was a mixture of water and acetonitrile (5/95,
/v). These two solvents were HPLC grade from Fisher Scientific
Fair Lawn, NJ, USA). The mobile phase was filtered before use on a
urfactant-free cellulose acetate filter membrane, 0.2 �m pore size
Suwannee, GA, USA). The samples uracil and toluene were also
urchased from Fisher Scientific.

.2. Columns

The 150 × 4.6 mm 5.0 �m Venusil column (Agela Technolo-
ies, Newark, DE, USA), the three 150 × 4.6 mm 2.7 �m Halo HILIC
olumns (Advanced Material Technology, Wilmington, DE, USA),
he 150 × 3.0 mm 3.0 �m Luna-diol and 100 × 4.6 mm 1.7 �m Kine-
ex columns (Phenomenex, Torrance, CA, USA) were of generously
ffered by their respective manufacturer. The surfaces of all parti-
les were neat silica, except for the Luna-diol silica. All the packing
aterials used are suitable for use in HILIC mode. The average
esopore size is 90 Å for Halo, 100 Å for Venusil and Kinetex, and

00 Å for Luna-diol porous particles.

.3. Multi-location peak parking measurements

The principle of the standard PP method was previously
escribed [3]. In PP experiments, a single band is injected, eluted
o some place in the column (the middle of the column is com-

only chosen), parked there and left to diffuse axially for a while,
fter what elution is resumed. In the MLPP method, a sequence

f N successive injections is performed and as many bands are
arked in as many locations spread along the column. In the
heory section, we elaborated on the constraint applied to the
onstant flow rate, which should not be larger than Fv,max. For
he experiments reported here, the time delay, tdelay, was mea-

2520151050
0

4

8

12

h

ν

 Toluene (k=0)
 Uracil (k=1.6)

ig. 1. Plots of the corrected reduced plate heights, h, of toluene (full squares) and
racil (full circles) versus the reduced interstitial linear velocity, �. The column is the
50 × 4.6 mm 5 �m Venusil column. T = 295 K. The mobile phase was a mixture of
cetonitrile and water (95/5, v/v). Note, in contrast to RPLC, the larger longitudinal
iffusion coefficient (B coefficient in the van Deemter equation) of the unretained
pecies (toluene) in comparison to that of the non-retained compound (uracil).
gr. A 1218 (2011) 896–906

sured at 36 s; the constant flow rate and the method stop time
were 0.31 mL/min and 2.24 min (Venusil, 5 locations), 0.40 mL/min
and 0.77 min (Venusil, 9 locations), 0.10 mL/min and 0.69 min
(Luna-diol, 9 locations), 0.18 mL/min and 0.84 min (Halo HILIC,
9 locations), and 0.15 mL/min and 0.43 min (Kinetex, 9 locations).
Each one of these flow rates was arbitrarily chosen, smaller than
Fv,max. For each column, the series of peak parking times set in
the MLPP experiments are given in the results and discussion sec-
tion.

3.4. Measurement of the HETP data

The peak response of uracil and toluene were recorded at a
wavelength of 259 nm. The detector bandwidth was fixed at 4 nm.

The sequence of flow rates used was 0.05, 0.1, 0.2, 0.3,
3000020000100000
0

Parking time  [s]

3000020000100000
0

250

500

750

1000

 Uracil (k=1.6)
 Toluene (k=0)

Stop time = 3 min

σ
2

B

Fig. 2. Plots of the peak variances of uracil (full squares) and toluene (full circles)
versus the parking times (1, 60, 240, and 480 min) measured after applying the stan-
dard (one peak location) peak parking method. Same eluent and column as in Fig. 1.
T = 295 K. Flow rate : 0.3 mL/min. In the PP experiments, the flow rate was abruptly
stopped after an elution time of 4 min (A) and 3 min (B). Note the unexpected devi-
ation of the plot of uracil from linearity and the effect of the sample location in the
column on the plot. At the same time, note the strictly identical plots of toluene in
both (A) and (B).
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Fig. 3. Chromatograms of uracil recorded during the first MLPP experiment sequence. Same eluent, temperature, and flow rate as in Fig. 2. 5 sample locations were selected
along the column as indicated in the figures. The parking times were 1 min (A), 80 min (B), 240 min (C), and 480 min (D). Note the striking anomaly in the static sample band
broadening at the position z � 4.5 cm from the column entrance. Chromatograms of uracil recorded during the second MLPP experiment sequence. Same temperature and
column as in Fig. 3. The content of acetonitrile was increased from 95% to 97% in order to squeeze a larger number of peaks within the retention window. The flow rate
was set as 0.4 mL/min. 9 sample locations were selected along the column as indicated in the figures. The parking times were fixed at 1 min (E), 60 min (F), 240 min (G), and
480 min (H). Note the slight shift of the band broadening anomaly to the position z � 6.5 cm from the column entrance.
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ilke and Chang correlation [22] (Dm,uracil = 2.42 × 10−5 cm2/s
nd Dm,toluene = 2.16 × 10−5 cm2/s). Given the possible error made
n the diffusion coefficient (±10%), the external porosity was
ssumed to be the same at �e = 0.43 for all the columns tested.
he external porosity of the columns packed with HILIC par-
icles was measured by inverse size-exclusion chromatography
ISEC). It varies consistently between 0.42 and 0.44 [11]. For
ach of these 18 flow rates and for each sample, the extra-
olumn contributions to the retention volume and to the overall
and broadening of the probes were measured by replacing
he chromatographic column with a ZDV union connector. The
xperimental HETP data were corrected for the contribution of
he 1290 Infinity HPLC system. The extra-column and the total
and variances were measured by the numerical integration
ethod. Prior to any measurement, each profile recorded was

ut on its left and right side and corrected for baseline drift.
ccordingly, the first and the second central moments of the con-
entration profiles, calculated in an Excell spreadsheet, are given
y:
1 =
∑i=N−1

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

2
∑i=N−1

i=1 Ci + Ci+1

(11)
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�′
2 =

∑i=N−1
i=1 (Ci + Ci+1)

(
(ti + ti+1)/(2) − �1

)2

∑i=N−1
i=1 Ci + Ci+1

(12)

where N is the number of data points (ti, Ci) left after the left and
right cut-off of the full recorded signal.

The corrected reduced HETP, h, is then given by:

h = L

dp

�′
2 − �′

2,ex(
�1 − �1,ex

)2
(13)

where L is the column length, dp the mean particle size, and �1,ex
and �′

2,ex are the first and second central moments of the corre-
sponding extra-column band profiles.

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

)
(14)
The second and first moments of the tracer peak, �′
2 and �1, were

measured successively three times each, first with the chromato-
graphic column, then with a zero-volume connector (ZDV) fitted
to the instrument. The relative errors made on these moments
were always less than 3 and 0.5%, for the second and the first
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Fig. 5. Same as in Fig. 4 except the column Halo HILIC

oments, respectively.1 The precision of the integration method
epends essentially on the reproducibility of the left and right cut-
ff abscissa. The precision of 3% was obtained when these abscissa
ere strictly identical, at constant flow rate. However, from one
ow rate to another, the cut-off abscissa necessarily changes, there-

ore, the precision of the peak variance plotted as a function of the
ow rate may appear larger. Yet, this integration approach (Eq. (11))
rovides the most accurate HETP data that analysts can get [23]. It

s far better than that of other approximate approaches, such as the
alf-height peak width and/or the peak fitting methods.

Accordingly, if the extra-column contributions were negligible,
he largest random error would be of the order of 4%, which is typi-
ally the case with large volume columns. This contribution affects
articularly small columns. For instance, if �′

2 is only twice �′
2,ex

nd �1 about ten times �1,ex, the maximum random error becomes
lose to 10%.
. Results and discussion

We recently investigated the mass transfer kinetics in HILIC
olumns. PP experiment is an important tool that provides accurate

1 Note that it is the excellent repeatability of the injection system of the 1290
nfinity system that allowed the achievement of this level of reproducibility.
296002920028800

Time  [s]

te, again, the severe anomaly on the last eluted peak.

determinations of specific mass transfer terms in chromato-
graphic columns [14]. We first discuss measurements of the kinetic
performance of the HILIC column packed with 5.0 �m Venusil par-
ticles (toluene and uracil samples) in an acetonitrile-rich eluent
(acetonitrile–water mixture, 95/5, v/v). The measurement of the
longitudinal diffusion coefficient B requires applying the standard
PP method. We discuss the results that the PP experiments gave for
this column and compare them with those of the MLPP, in order
to check the validity of the initial observations for any position
along the column and to extend the application to the method
to three other brands of HILIC columns. Finally, we investigate
the origin of some unexpected but systematic anomalies observed
in MLPP experiments and conclude by recommendations on the
implementation of the standard PP method in order to measure
correct longitudinal diffusion coefficients.

4.1. Mass transfer resistance in the Venusil HILIC column

Fig. 1 shows the reduced HETP plots of toluene and uracil. The
retention factor of uracil is 1.6 whereas toluene is not retained

(hydrophobic samples are excluded from the adsorbed layer of
water onto the silica surface). In contrast to what is usually
observed in RPLC, the longitudinal diffusion coefficient B of the
more retained compound is smaller than that of the non-retained
compound. This suggests that surface diffusion is absent in HILIC
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ode because the nature of the silica/eluent interface in HILIC in
ifferent than that of silica-C18/eluent in RPLC.

In order to confirm this important observation, standard PP
xperiments were carried out at a flow rate of 0.3 mL/min, with
stop time set at 4 min in the injection method. The hold-up vol-
me V0 of the 4.6 × 150 mm Venusil column is 1.78 mL. The peaks
f the probe compounds, toluene (k = 0) and uracil (k = 1.6) were
hus located at distances of 10 and 2.7 cm from the column entrance
hen the flow was stopped. Fig. 2A shows plots of the peak variance
easured as a function of the parking time for both compounds.
s expected when the variance increases linearly with increasing
arking time, these plots are quasi-linear for toluene, giving a B
oefficient of 3.54, in good agreement with the diffusion branch
f the HETP curve. On the other hand, the plot for the retained
ompound uracil is not linear, suggesting virtually no axial dif-
usion along the column for parking times larger than 2 h. Such

surprising observation was never made before and this result
ppears at first glance questionable. The very same peak park-
ng experiments were repeated two days later, in order to test
he reproducibility of the measurements. The same results were

btained. They seemed to suggest that the bed structure at a dis-
ance of 3 cm from the column inlet is different from that at 10 cm.
n a second series of PP experiments, the flow stop time of each
xperiment was decreased from 4 to 3 min. Toluene and uracil
ere then allowed to diffuse at locations 7.5 and 2 cm along the

Fig. 6. Same as in Fig. 4 except the column Halo HILIC 3. Again, the band broadening
gr. A 1218 (2011) 896–906

column, respectively. The results of this PP experiment are shown
in Fig. 2B. The plot of the peak variances of toluene are barely
changed but that of uracil has strikingly increased for parking times
longer than 1 h, without having become really linear. A repeat of the
same experiments with a stop time of 3 min confirmed the result
shown in Fig. 2B. In conclusion, the anomaly observed with uracil
is directly related to the position of its peak inside the column,
position around which the concentration gradients are relaxed by
diffusion.

Surprisingly, axial diffusion of a band may depend on its loca-
tion along the column. A mere difference of 0.7 cm between the
band locations in the bed is able to lead to important differences
in the local diffusivity of this zone. This was when we decided to
develop and use the MLPP method and to use it in order to probe
simultaneously sample diffusivity at several locations.

4.2. Multi-location peak parking (MLPP) measurement

5 different peak parking locations were selected along the
15 cm long Venusil column (z = 1.5, 4.5, 7.5, 10.5, and 13.5 cm).

The flow rate was set at 0.31 mL/min, with tend = 2.24 min, and
tstop = 1.42 min. A 0.5 �L sample of a 1 g/L solution of uracil was
injected and detected by UV absorption at � = 259 nm. Fig. 3A–D
shows the corresponding chromatograms for parking times of 1,
80, 240, and 480 min, respectively. Interestingly, all five eluted

of the last eluted peak is progressively distorted as the parking time increases.
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Fig. 7. Chromatograms of uracil recorded during the MLPP experiment sequence
with the Kinetex HILIC column. Same eluent and temperature as in Fig. 3. The flow
rate was set at 0.15 mL/min. 9 sample locations were selected along the column as
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eak profiles recorded are nearly undistinguishable when the flow
as been stopped for only 1 min. This illustrates the high level of
eproducibility of the sample volume injected by the 1290 Infinity
PLC system. However, the anomaly of axial diffusion occurring
t the location z = 4.5 cm increases with increasing peak parking
ime from 80 min to 8 h. The band widths of the zones located at
= 1.5, 7.5, 10.5, and 13.5 cm are nearly identical, suggesting that
he packed bed has the same structure in these four regions. The
nomaly of band broadening detected by the MLPP experiment at
he location z = 4.5 does not seem to be fully consistent with the
esult of the standard PP method, which showed an anomaly at
.7 cm for uracil. The reason for the slight shift in the position of
he anomaly is unknown, but the MLPP confirms that the longitu-
inal diffusion of the sample is not equivalent everywhere in the
olumn.

A second sequence of injections (this time 9) was carried out in
rder to place the zones at the locations z = 1.5, 3.0, 4.5, 6.0, 7.5, 9.0,
0.5, 12.0, and 13.5 cm along the Venusil column. The acetonitrile
oncentration was increased to 97% in order to increase the reten-
ion factor of uracil to k = 2.06, permitting the accurate parking of up
o 9 zones along the column. The flow rate was set at 0.40 mL/min,
ith tend = 0.77 min, and tstop = 1.37 min. The peak parking times
ere selected at 1, 60, 120, and 240 min. The results are shown

n Fig. 3E–H. Interestingly, the position of the anomaly appears to
ave shifted again, this time from 4.50 to 5.25 cm. Everywhere else,
he rate of the band spreading is nearly the same.

This series of measurements demonstrate that the MLPP results
re more important than those of the standard PP method, char-
cterize better the bed homogeneity, and permit the detection of
solated zones along the column where axial diffusion is different
rom elsewhere in the column. Next, we applied the MLPP method
o other brands of HILIC columns (Halo, Kinetex, and Luna-diol).

.3. Application of the MLPP method to other HILIC columns

The same MLPP measurements were made for the five other
ILIC columns. The goal was to check whether anomalies similar

o those observed in the Venusil column and reported in the previ-
us section occur also in a number of commercially available HILIC
olumns.

.3.1. 4.6 × 150 mm columns packed with 2.7 �m Halo HILIC
Three Halo HILIC columns (4.6 × 150 mm) were tested. Two

ere packed with the same batch of particles (columns 1 and 2,
acking lot AHF0858) while the third column was packed with a dif-
erent lot (column 3, packing lot AHF0738). Nine different locations
ere selected along these columns, at z = 1.5, 3.0, 4.5, 6.0, 7.5, 9.0,

0.5, 12.0, and 13.5 cm. The flow rate was set at 0.18 mL/min, with
end = 0.84 min, and tstop = 1.45 min. Figs. 4A–D, 5A–D, and 6A–D
how the MLPP results for columns 1, 2, and 3, respectively. It
s noteworthy that the chromatograms obtained for these three
olumns are very similar. The packing process used provides a high
evel of column-to-column reproducibility. However, a systematic
nomaly in the sample diffusion is detected at around 1.5 cm from
he column entrance. Similarly to the observation made with the
enusil column, axial diffusion is highly restricted in this region
nd band broadening does not take place in this very location in
he column.

.3.2. 4.6 × 100 mm columns packed with 1.7 �m Kinetex HILIC
In this case, the MLPP flow rate was set at 0.15 mL/min,
ith tend = 0.43 min, and tstop = 1.03 min. Three parking times were
elected at 1, 60, and 240 min. The sample zones were parked at
= 1, 2, 3, 4, 5, 6, 7, 8, and 9 cm. The chromatograms are shown in
ig. 7A–C. As for the Halo columns, we observe the same hindrance
o axial diffusion at the entrance of the column, around z = 1 cm but
indicated in the figures. The parking times were 1 min (A), 60 min (B), and 240 min
(C). The same anomaly as in Figs. 4–6 is observed with the Kinetex column.

this effect is lesser. Note also in Fig. 7B, that the valley between
two consecutive peaks becomes gradually deeper from the outlet

to the inlet of the column. This suggests a progressive reduction in
the rate of axial diffusion as the band migrates from the entrance
of the column to its exit.
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ig. 8. Chromatograms of uracil recorded during the MLPP experiment sequence w
t 0.10 mL/min. 9 sample locations were selected along the column as indicated in
he same anomaly as in Figs. 4–7 is observed with the Luna-diol column.

.3.3. 3.0 × 150 mm columns packed with 3.0 �m Luna-diol HILIC
The same MLPP experiments as those described earlier were

epeated with this fourth brand of HILIC columns. The flow rate
as set at 0.10 mL/min, with tend = 0.69 min and tstop = 1.29 min. The

etention factor k of uracil is 0.9. The results of the MLPP method
re shown in Fig. 8A–D. The peak parking times were set at 1, 60,
20, and 180 min. The sample zones were located at z = 1.5, 3.0,
.5, 6.0, 7.5, 9.0, 10.5, 12.0, and 13.5 cm. No severe anomalies were
bserved at any position along the Luna column. Yet again, it is clear
hat the sample diffusivity is reduced at the entrance of the column
or z = 1.5 cm (see Fig. 8D).

In conclusion, the analysis of the results observed in Section 4.1
Fig. 3D), Section 4.3.1 (Figs. 4C, 5C, and 6C), Section 4.3.2 (Fig. 7C),
nd Section 4.3.3 (Fig. 8D) demonstrates altogether that:

1) The MLPP method allows the detection of isolated spots along
a column where longitudinal diffusion is slower, possibly

because more hindered than in most of the rest of the column.
The effect becomes most important at large peak parking times
(see Fig. 3D for the most striking result).

2) The anomalies observed by MLPP may not be related to local
structural defaults in the packed bed. The results shown in
Luna-diol column. Same eluent and temperature as in Fig. 3. The flow rate was set
gures. The parking times were 1 min (A), 60 min (B), 120 min (C), and 240 min (D).

Fig. 3D and H demonstrate that the location of the band broad-
ening anomaly may vary over time when MLPP experiments
are repeated with a different number of locations, 5 (Fig. 3D)
and 9 (Fig. 3H).

(3) The closer to the column entrance the zone is parked, the more
significant the perturbation of the axial diffusion of the band.
Band diffusion seems to be severely hindered in this part of the
column. Even more surprising, in the case of the Halo HILIC col-
umn 1 (Fig. 4D), the height of the zone at z = 1.5 cm increases
with increasing parking time, suggesting that uracil accumu-
lates and is concentrated in this region of the column. The cause
of this phenomenon is unknown. A first element of answer is
discussed in the next section.

4.4. Eliminating the anomalies taking place in the MLPP
experiments
Admittedly, we do not have any satisfactory answer regard-
ing the origin of the anomalies observed in the PP and MLPP
experiments reported. These distortions could be due to a phys-
ical blockage caused by the presence of air bubbles. Poor mesopore
wetting after the pressure is released could be at the origin of
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Fig. 9. Comparison between the MLPP chromatograms of uracil when an abrupt and
a smooth change in the step flow rate are applied. Same eluent, temperature, flow
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The smooth change was programmed by setting a linear flow rate gradient from
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anomaly in the peak shape of the zone parked at the entrance of
column 1 should not be of concern. It confirms that the band dis-
tortion takes place in the entrance region of the first column of the
series.
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his problem. Yet, the contact angles of water and acetonitrile
re both smaller than 5 ◦ C [24] on bare silica surfaces, there-
ore these solvents wet the mesopore surface area instantaneously.
dditionally, the mobile phase was carefully degassed in all our
xperiments. The low solubility of uracil could explain its local
recipitation, which would also justify the peak anomalies. Yet, if
his were true, the problem would spread everywhere along the
olumn, not just at specific locations as observed in this work.
lso, uracil was dissolved in the mobile phase and no precipita-

ion was observed in the sample vial. These results are shocking.
or the time being, they prevent scientists from using the stan-
ard one location PP method for the experimental determination
f longitudinal diffusion coefficients in chromatographic columns.
his would expose them to the risk of positioning the band in
location where unexpected anomalies in band broadening take
lace.

Our most striking observation is that we have never so far
btained MLPP results in which there was no anomaly, despite hav-
ng tested six different columns. This cannot be a coincidence. These
esults must have a rational, scientific explanation. We suggest
hat the anomalies observed are not due to the column itself and a
ypothetical structural default in the packed bed but rather by the
ature of the peak parking protocol. The common feature between
he standard PP and the MLPP experiments is that the flow rate
s abruptly stopped (before static diffusion begins) then abruptly
esumed (ending the static diffusion step). The constant flow rate
sed in PP experiments is not large (usually between 0.10 and
.40 mL/min with conventional analytical columns), yet the sudden
ecrease and increase of the inlet pressure can perturb significantly
he band profiles because the eluent has a finite compressibility and

pressure shock propagates when the flow rate stops abruptly.
his shock (ca. 50 bar) relaxes progressively but a finite time is
equired before the pressure becomes constant all along the col-
mn. A similar, converse phenomenon takes place when the flow
ate is resumed and the pressure gradient along the column builds
p progressively along the whole column. Consequently, the local
elocity vary along the column during both transient phases and
his might affect differently the different bands parked along the
olumn.

In order to dampen the pressure shock and reduce the rate at
hich flow rate and pressure change along the column but partic-
larly at its inlet, we made the following two experiments:

. The flow rate is progressively decreased to zero and increased
back to its constant value, in order to avoid the perturbations
of the mobile phase velocity at the column entrance. A linear
decrease then increase of the flow rate were programmed with
a gradient time of 1.5 min.

. The Halo HILIC column 2 was inserted upstream the Halo HILIC
column 1 and the standard MLPP experiment was carried out,
the flow rate being stopped and resumed abruptly. However, the
bands were parked only in the downstream, Halo HILIC column
1.

Fig. 9 shows the results of the first series of experiments. The
eak parking time was set at 2 h. Despite a very smooth decrease
nd increase of the flow rate (gradient time 1.5 min) no improve-
ent in the shape of the concentration zone located at z = 1.5 cm
as observed. Fig. 10 shows the results of the second series of

xperiments. Interestingly, the anomaly has completely disap-
eared. Insertion of a second column upstream the column used for

arking the bands eliminated the anomaly. This confirms that the
nomalies observed are not due to a structural default in the column
ed. Dampening the pressure surge and the flow rate perturbations
y inserting a column playing the role of a resistor/capacity sys-
em between the pump and the column under study eliminated
one and a half minute. The parking time was set at 120 min. Note the expected shift
of the chromatograms and the persistence of the band broadening anomaly of the
last eluted peak.

the problem encountered when performing the PP or MLPP exper-
iments with the columns used in this work.

Finally, Fig. 11 shows the results of the MLPP method when 18
locations were selected in the chain of the two Halo HILIC columns
1 and 2 (9 locations in each column). The results confirm that the
Fig. 10. Comparison between the MLPP chromatograms of uracil between the stan-
dard procedure and when a second column has been placed upstream the column
under investigation. Same eluent, temperature, flow rate, column, and sample loca-
tions as in Fig. 4. Sample solution as in Fig. 9. The parking time was set at 120 min.
Note the elimination of the band broadening anomaly of the last eluted peak.
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hat the band broadening anomaly usually observed in absence of column 2 and
elated to the last eluted peak zone in column 1 vanishes. Yet, this anomaly now
ops out in the peak zones 2–4 in the first half-length of column 2.

. Conclusion

This work demonstrates that the PP method should be used cau-
iously. Extension of the conventional PP method, which injects a
ingle band into the column and parks it in a single location where
xial diffusion is measured, to the MLPP method, which injects sev-
ral bands parked in different locations spread along the column,
o axial diffusion can be measured in different places, allows the
etection of possible anomalies in the axial diffusion of the different
ands at specific points in the column.

Most surprisingly, use of the MLPP method revealed that the
and widths of concentration profiles located in the entrance region
f the column (within 10–20% of the total column length) are much
arrower and more distorted than those of most zones after diffu-
ion times larger than a few hours. Complementary experiments
how that these anomalies can be eliminated if a flow resistance (a
econd column for example) is placed between the pump and the
olumn. Finally, the MLPP method showed that diffusion parame-
ers derived from the conventional PP method are nearly identical
verywhere else along well packed chromatographic column.

MLPP is a useful tool that prevents analysts from deriving erro-

eous longitudinal diffusion coefficients (the B coefficient in the
educed HETP plots) from the broadening of single bands parked
n arbitrarily selected location in the standard PP method. A sim-
le guard column with a flow resistance equivalent to that of the
olumn under investigation should be used to solve this problem.

[
[
[
[
[
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The influence of several experimental factors such as the nature
of the probe compound (and its retention factor) and of the chro-
matographic mode (RPLC, IEX, . . .) on the MLPP observations also
need to be investigated. One may want to select a rather retained
compound for the development and for investigation of the method
to park a large number of bands along the column in MLPP exper-
iments, because it would be important to confirm the existence
of anomalies in the static diffusion of samples in other chromato-
graphic modes than HILIC.

Finally, one may want to extend the use of the peak parking
method from liquid chromatography to supercritical fluid chro-
matography. Since the viscosity of supercritical carbon dioxide is
much smaller (ca. one order of magnitude) than that of the con-
ventional eluents used in LC, our results suggest that some serious
difficulties might arise if adequate experimental precautions are
not considered. MLPP could serve as a powerful tool to check
whether static band dispersion takes place normally between the
inlet and the outlet of the SFC column.
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