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1. Introduction

ABSTRACT

We report on a first series of experiments comparing the selectivity and the kinetic performance of
constant flow rate and constant pressure mode gradient elution separations. Both water-methanol and
water-acetonitrile mobile phase mixtures have been considered, as well as different samples and gra-
dient programs. Instrument pressures up to 1200 bar have been used. Neglecting some small possible
deviations caused by viscous heating effects, the experiments could confirm the theoretical expectation
that both operation modes should lead to identical separation selectivities provided the same mobile
phase gradient program is run in reduced volumetric coordinates. Also in agreement with the theoretical
expectations, the cP-mode led to a gain in analysis time amounting up to some 17% for linear gradients
running from 5 to 95% of organic modifier at ultra-high pressures. Gains of over 25% were obtained for
segmented gradients, at least when the flat portions of the gradient program were situated in regions
where the gradient composition was the least viscous. Detailed plate height measurements showed that
the single difference between the constant flow rate and the constant pressure mode is a (small) differ-
ence in efficiency caused by the difference in average flow rate, in turn leading to a different intrinsic band
broadening. Separating a phenone sample with a 20-95% water-acetonitrile gradient, the cP-mode leads
to gradient plate heights that are some 20-40% smaller than in the cF-mode in the B-term dominated
regime, while they are some 5-10% larger in the C-term dominated regime. Considering a separation
with sub 2-pm particles on a 350 mm long coupled column, switching to the constant pressure mode
allowed to finish the run in 29 instead of in 35 min, while also a larger peak capacity is obtained (going
from 334 in the cF-mode to 339 in the cP-mode) and the mutual selectivity between the different peaks
is fully retained.

© 2010 Elsevier B.V. All rights reserved.

ity maximum. In the constant pressure mode (cP-mode) on the
other hand, the pump is kept at the maximal pressure and will

In part I, the potential kinetic advantages of running gradient
separations in the constant pressure mode instead of in the cus-
tomary constant flow rate mode have been theoretically assessed.
The direct motivation for this work was the desire to maximally
exploit the kinetic advantages of maximum pressure separations.
This maximal pressure can be the nominal pressure limit given by
the column or pump manufacturer, but can also lie at a lower value,
specified by the user to prolong the column lifetime or to limit the
pump failure risks.

During a gradient elution separation conducted in the constant
flow rate mode (cF-mode), the maximum pressure is usually only
reached during a brief instant, namely at the moment at which
the mobile phase running through the column reaches its viscos-
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thus deliver a larger flow rate during most of the gradient run. As a
consequence, the elution of the sample components is sped up and
the run time is shortened.

In a sense, the cP-mode operation bears some resemblance to
the so-called flow programming technique that attracted some
attention in the early days of HPLC as a possibility to speed up the
elution of the late eluting compounds in isocratic runs [1-5]. This
technique has, however, never gained much popularity because of
the much more powerful possibilities of mobile phase gradient elu-
tion[1]and only alimited number of applications has been reported
|6-8]. Despite the apparent resemblance, the cP-operation funda-
mentally differs from the flow programming technique because of
the applied pressure profile. In flow programming, the pressure is
gradually increased during the course of the separation. As a conse-
quence, the flow programming technique only makes a sub-optimal
use of the available pressure during most of the separation run,
whereas it is precisely the aim of the cP-mode operation to oper-
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ate at the kinetic optimum conditions (i.e., at maximal pressure)
during the entire separation.

Attempts to combine the advantages of both flow program-
ming and gradient elution have been proposed, amongst others, by
Lesins and Ruckenstein [9] and Nikitas and Pappa-Louisi [10-12].
These authors, however, did not consider the case wherein the
flow program and the gradient elution program are coupled by the
mobile phase viscosity, as is the case in the cP-gradient elution. A
classic example of a cP-operation is of course to be found in the
field of GC, where most instruments were originally operated in
the constant pressure mode. Nowadays, most GC instruments are,
however, operated in the constant mass flow rate mode [13,14]. cP-
systems were certainly also quite common in the early days of LC. A
more recent example (1997) is the work of Chen and Horvath who
have used a cP-system to investigate the combined effect of mobile
phase and temperature gradients [15]. A more complete review on
the literature on gradient elution and flow programming is given
in part L.

In part I, it has been shown that, despite its varying flow rate,
and shorter run time, a cP-gradient separation can offer the same
selectivity as that obtained in the cF-mode (except from some small
differences induced by the difference in pressure and viscous heat-
ing history, see partI), provided both systems are run with the same
volume-based gradient program, i.e., with a gradient program that
is programmed as a function of the pumped volume instead of a
function of the elapsed time.

The volumetric units are also needed to correctly quantify the
separation selectivity (determined by the effective retention coef-
ficient kegr) and the separation efficiency (determined by oy or H).
The customary used time-based chromatogram indeed no longer
correctly represents the separation state in the column when the
flow rate varies with the time, whereas the volume-based chro-
matogram still does.

However, for those reluctant to use volumetric units to plot
chromatograms and/or program gradients, the volume scale coor-
dinate can be directly transformed into a reconstructed time ty,
simply obtained by dividing the volume data by an arbitrary con-
stant flow rate value F, e.g. by the flow rate of the corresponding
cF-run Fr (being the minimal flow rate during the cP-run) to allow
direct comparison of results:

1%

ty = —
v Fr

(1)
Because of the linearity of this rescaling, cP-mode chromatograms
that are plotted vs. the reconstructed time display exactly the same
relative elution pattern as when plotted versus the volume. Pro-
gramming a gradient in volumetric units instead of in time units
is also straightforward, as it can be based on the same type of
rescaling as that leading to the reconstructed time (cf. Eq. (1)).
This was illustrated in Table 1 of part I for the case of a relatively
complex gradient pattern. For linear gradient programs, the trans-
lation between time- and volume-based coordinates is even more
straightforward, because the condition of a constant flow rate in the
cF-mode automatically implies that the ratio of tg/ty in the time-
based program is equal to the ratio of V/Vy (wherein Vg is the
total gradient volume). As a consequence, the gradient steepness
factor is identical in either time units or in volumetric units in the
cF-mode:

ﬁf0=(¢e—¢0)~%=(¢e—¢o)~%=,3Vo 2)

With this definition, the expressions for the effective retention
coefficient ke and for the retention coefficient at the moment
of elution kj,c. that are obtained for a linear volume-based gra-
dient (see Refs. [16-20] and also part I) are fully similar to the
well-established expressions obtained for time-based gradients

[21-24]:
In(koSBVp + 1
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The only difference with the time-based variant is that ty is now
replaced by Vj (note that that SV is equal to Snyder’s b-parameter
[18] and Neue’s G-parameter [23,25]). Whereas the time-based
variant is only valid in the cF-mode, Egs. (3) and (4) hold for the cF-
as well as the cP-mode. In fact, they hold for any possible variable
flow rate trajectory.

Recalling from part I that the retention factor can only be
correctly determined in a volume-based chromatogram, or in
its linearly rescaled reconstructed time-based chromatogram, it
should be noted that the effective retention coefficient k¢ appear-
ing in (3) should be defined as:

VR=Vo tyr—tvo

kefr = Vo = tvo (5)

where Vy is the run volume at the moment of elution and tyy is the
corresponding elution time in reconstructed time units, calculated
by using V=Vg in Eq. (1).

In the present part, it is investigated to which extent the theo-
retical findings discussed in part I can be implemented in practice.
This implementation first of all requires the availability of run vol-
ume data at any time (e.g. total mobile phase volume delivered
since the start of the analysis run), and the ability of the instrument
to generate in real-time a mobile phase composition gradient as a
function of the delivered volume rather than of elapsed time. For
this purpose, dedicated prototype firmware has been designed and
installed on the instrument. Using this set-up, measurements have
been conducted to validate the theoretical gain in analysis time in
the cP-mode that was theoretically calculated in part I, as well as
to experimentally observe the similarities and differences in selec-
tivity and (kinetic) performance when comparing the cP- to the
cF-elution mode. Since the potential gains in analysis time and/or
peak capacity that have been forecasted in part I were obtained
under the assumption that the effects of ultra-high pressures and
the concomitant viscous heating on the difference between the cP-
and the cF-operation can to a first approximation be neglected, the
quality of this assumption certainly needs to be verified experi-
mentally. For this purpose, experiments have been conducted at
pressures up to 1200 bar.

2. Experimental
2.1. Chemicals and columns

An RRLC checkout sample (mixture of phenones) was pro-
vided by Agilent Technologies (Waldbronn, Germany). Uracil,
thiourea, benzene, toluene, ethylbenzene, propylbenzene, mesity-
lene and pyrene were purchased from Sigma-Aldrich (Steinheim,
Germany). Acetonitrile (ACN) and methanol (MeOH) were also
purchased from Sigma-Aldrich, HPLC grade water (H,O) was
prepared in the laboratory using a Milli-Q gradient (Millipore,
Bedford, MA, USA) water purification system. The alkylbenzene
mixture consisting of 0.04 mg/mL uracil, 2.3 mg/mL benzene,
2.3mg/mL toluene, 2.4 mg/mL elthylbenzene, 2.4 mg/mL propy-
Ibenzene, 2.4 mg/mL mesitylene and 0.22 mg/mL pyrene was
dissolved in 66/33% MeOH/H,0. The phenone mixture (sam-
ple lot no. CG-0609) consisting of acetophenone, propiophenone,
butyrophenone, valerophenone, hexanophenone, heptanophe-
none, octanophenone, benzophenone and acetanilide, each in
a concentration of 0.10mg/mL, and 0.15mg/mL thiourea was
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dissolved in 43/57% ACN/H,0. Zorbax Eclipse Plus RRHD Cig
columns (150mm x 2.1 mm, 1.8 pm; 100 mm x 2.1 mm, 1.8 wm)
were provided by Agilent Technologies (Waldbronn, Germany). The
performance of the individual columns was measured by an injec-
tion of 0.08 mg/mL naphthalene (HPLC-grade) in a 60vol% ACN
mobile phase (kj,, = 4.3). The number of theoretical plates was
35,216, 21,845 and 22,426 for the 150 and two 100 mm columns,
respectively.

2.2. Apparatus and methodology

The experiments were conducted on an Agilent 1290 Infinity
system with a binary pump that can deliver a flow rate of 2 mL/min
at 1200bar. The system’s maximum flow rate increases linearly
with decreasing operating pressure to a maximum of 5 mL/min at
800 bar. The pumped mobile phase was mixed with a Jet Weaver
mixer with a volume of 35 L. The system also consisted of a
variable wavelength detector with a low dispersion cell (2 wL vol-
ume and 3 mm path length), an autosampler and a thermostatted
column compartment with a 1.6 wL mobile phase preheater. The
system was operated with Agilent Chemstation software with an
adapted firmware that has been designed to allow the pump to
run gradient programs vs. run volume (actually delivered volume
since run start) and to provide a real-time output for the run vol-
ume over time. The firmware of the pump keeps track of the run
volume (pumped volume) and adjusts the pumped mobile phase
composition according to the gradient program in a way that the
composition vs. run volume trace is maintained the same, indepen-
dent of possible flow rate variations.

For the cP-experiments, all methods were set to the same pres-
sure as the maximum pressure observed during the cF-runs. While
the viscosity change in the course of the gradient resulted in non-
constant flow rate, the gradient slope in volumetric units (Vg/Vp)
was kept the same in cP- and cF-mode as a result of operating
gradient programs vs. run volume.

The data for both run modes were acquired vs. real time and later
converted to be displayed vs. reconstructed time or run volume
using the run volume vs. real time dependency data, supplied by
the firmware routines of the pump. Based on these data, other sig-
nals (e.g. absorbance vs. time) were also transferred to the volume
domain and further processed as function of volume.

All experiments were conducted in the gradient mode. For the
measurements with the alkylbenzene mixture, gradients were run
from an initial mobile phase of 50/50 (%, v/v) MeOH/H,0 to 100/0
(%, v|[v) MeOH/H,0 at a gradient steepness V;/Vy of 9.25. For
the measurements with the phenone mixture, the initial mobile
phase was 20/80 (%, v/v) ACN/H,O, the final mobile phase 95/5
(%, v/[v) ACN/H,0 and the gradient steepness V/Vy was 12.24. A
more complex gradient program consisting of three segments (lin-
ear, isocratic and linear gradient) was executed as well. Both the
alkylbenzene and phenone mixture were measured on a 150 mm
column. Supplementary, the alkylbenzene mixture was measured
on a coupled 250 mm column at the maximal pressure and the phe-
none mixture was measured on a coupled 250 mm and 350 mm
column. For these measurements, the gradient volume Vg was
increased in proportion to the increase in total column volume Vj
to ensure that the same gradient program was run in relative vol-
umetric units. Also an additional delay volume Ve was added
before the start of the gradient to ensure that the ratio of delay
volume to Vy was kept constant. The system dwell volume was
determined using the procedure described in [26] and was deter-
mined as 112 pL.

For every component in the chromatogram, the peak widths
were determined at half height. All experiments were conducted
at a temperature of 30°C. The injected sample mixture volume
was 0.5 pL. Absorbance values of the alkylbenzene and the phe-

none mixture were measured at 254 and 245 nm, respectively, with
a sample rate of 80Hz. The efficiency measurements were con-
ducted from the lowest flow rate (0.025 mL/min) up to the maximal
available pressure of the instrument (1200 bar).

3. Results and discussion

3.1. Evolution of pressure, flow rate and pumped volume in the
cP-mode and cF-mode

Fig. 1a shows an example of the P- and F-trace as recorded on
the instrument in the cP-mode (black curves) and the cF-mode (red
curves). In both modes, the same 5-95% water-methanol volume-
based gradient program was run until its end composition has
reached the end of the column. Considering first the cF-mode, it
is obvious to see that the corresponding F-trace runs perfectly flat.
The inlet pressure P on the other hand varies strongly with the time,
as a consequence of the fact that the column-averaged viscosity 7
varies with the time in a gradient run. The corresponding pressure
variation is dictated by Darcy’s law:
FiiL

APy = ——
ol = Aerky,

(6)
Since all other parameters are constant, Eq. (6) readily shows that
the measured pressure trace is in fact a direct measure for the vari-
ation in column-averaged viscosity 7 in the cF-mode (AP.y~17).
Note that Darcy’s law cannot be based on a local value for the vis-
cosity because the viscosity gradually varies in the column not only
depending primarily on local mobile phase composition but also on
local pressure and temperature.

In the cP-mode (black curves), the roles of pressure and flow
rate in Eq. (6) are switched, so that in this case the pressure stays
constant while the flow rate varies inversely proportional to the
varying column-averaged viscosity 7 (F~1/7). Fig. 1a also shows
that the flow rate in the cP-mode is always higher than or equal
to that in the cF-mode, as a consequence of the higher operation
pressure in the former. The average increase in flow rate that can
be calculated on the basis of the two flow rate curves is about 19%, a
value lying slightly above the theoretically expected value of 17.7%
that can be read out from Table 3 of part I for a 5-95%-gradient with
Vic/Vo =15 (Vi /Vy =16 in the present experiment).

The fact that the traces for the cP-mode stop at an earlier point
in time than in the cF-mode is obviously a direct consequence of the
higher average flow rate in the cP-mode and of the employed time-
based representation, combined with the fact that in both cases
the same volume-based gradient has been followed, i.e., the same
gradient volume has been pumped. If the traces would have been
plotted versus the run volume V, the cF- and cP-mode curves would
have stopped at the same point.

If the data would have been plotted versus the run volume (data
not shown), the curves for F (cP-mode) and P (cF-mode) would
also have run in an exactly inversely proportional relation, because
the column-averaged viscosity 7 follows in both modes the same
relation to V(because the same volumetric gradient program is pro-
duced by the modified firmware in the pump). According to Eq. (6),
it indeed automatically follows that:

1
P F-mode

Fp_mode + (7)

Fully similar observations as those discussed above were made
for a 5-95% water-acetonitrile gradient (data not represented
here). The only difference is the actual trajectory followed by
the F- and P-traces, as a direct consequence of the fact that
water-methanol mixtures display a different relation between n
and ¢ than water and acetonitrile mixtures. This difference is illus-
trated in Fig. 1b, comparing the P-trace in the cF-mode for the
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Fig. 1. (a) Pressure and flow rate trace for elution in the cP-mode (black) and the cF-mode (red) for a linear water-methanol gradient (¢o =5%, ¢e =95%) at a pressure of
Prmax =900 bar, corresponding to Fy,;, =0.38 mL/min. (b) Pressure trace for a linear water-methanol and water-acetonitrile gradient versus run volume (¢o =5%, ¢e =95%)
at a flow rate such that Ppax =900 bar. The solid data points represent the relative viscosity data (fitted to the maximum of the pressure curve) for water-methanol and
water-acetonitrile mixtures obtained from independent experimental measurements [27]. (c) Run volume versus time for a linear water-acetonitrile and water-methanol
gradient in the cP-mode (black) and the cF-mode (red). All measurements were performed on a 2.1 mm x 100 mm column. (For interpretation of the references to color in
text, the reader is referred to the web version of the article.)
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case of a water-acetonitrile and a water-methanol gradient. Since
the two curves in Fig. 1b relate to a linear volume-based gradi-
ent program (so that ¢ varies linearly with the V-coordinate) and
since AP~7 (cf. Eq. 6), the curves of P versus V in Fig. 1b are
directly proportional to the relation between the column-averaged
viscosity and the column-averaged fraction of organic modifier
¢ (nversus¢). As a consequence, the P-traces shown in Fig. 1b
can be expected to follow a trajectory that is quasi-identical to
the well-established n versus ¢ curves reported in literature. To
verify this, the relative viscosity data for water-methanol and
water—acetonitrile mixtures obtained from independent experi-
mental measurements [27] have been added to Fig. 1b. These data
correspond to those shown in Fig. S-1 of the SM of part I and
also agree very well to other literature sources providing physic-
ochemical data for water-organic modifier mixtures [28,29]. The
good agreement shows that the difference between 7 (the column-
averaged viscosity) and 7pe,k (the point-wise value of viscosity)
mentioned in the discussion leading up to Fig. 4c of part I is very
small, at least in the range of V5/V > 10, which is anyhow the range
wherein most gradients are executed [30]. The flat parts at the end
and the beginning of each of the recorded P-curves are due to the
fact that the mobile phase composition in the column does not
vary linearly with the pumped volume at the beginning and the
end of the gradient but tends to become constant (i.e., before the
start of the gradient slope breaks through at the end of column and
after the end of the gradient slope has passed the column inlet).
Other than this, the recorded P-traces display an excellent agree-
ment with the thermodynamic data on the relation between the
viscosity and the mobile phase composition. The water-methanol
curve for example displays the well-known features of the (7, ¢)-
relationship of water-methanol mixtures [27-29]: starting from a
relatively low value at ¢p = 5% (about 65% of the viscosity maximum)
in the beginning of the gradient, the viscosity first increases steadily
with ¢, then goes through a maximum around ¢ =50% and then
decreases again with somewhat steeper slope towards the ¢ =95%
point (where the viscosity is about 53% of the viscosity maximum).
Alsoin agreement with [27-29], the water-acetonitrile curve is also
in perfect agreement with the (7, ¢)-relationships that can be found
in literature, displaying only a very slow increase of the viscosity
with ¢ for small ¢ and reaching its maximum around ¢ = 20%. After
this maximum, the viscosity drops rather steeply.

Because of this varying viscosity, and the correspondingly vary-
ing flow rate, the cP-mode operation leads to a complex relation
between the pumped volume and the time, as is shown in Fig. 1c
(cf. the black curves). The difference between the methanol and the
acetonitrile is purely due to the difference in their viscosity profile,
since the slope of the run volume vs. time curve equals to the flow
rate whichisinversely proportional to the column-averaged viscos-
ity in the cP-mode. In the cF-mode, where the flow rate is meant
to be constant, the relation between the volume and the time obvi-
ously needs to be perfectly linear. As can be noted from the red line
in Fig. 1c, this is indeed the case.

3.2. Difference and equivalence of chromatograms recorded in
the cP-mode and cF-mode

Fig. 2a shows an example of the real-time chromatograms
obtained with the phenone sample and a water-acetonitrile gradi-
ent in the cF- and cP-mode (the pressure in the cP-run corresponds
to the maximal pressure of the cF-run) at a relatively high veloc-
ity, i.e., well above the optimal flow rate (see discussion of Fig. 7
further on). Because of the higher average flow rate, the com-
pounds clearly elute faster in the cP-mode. Considering the elution
of the last compound, the cP-mode separation finishes some 17.1%
faster than the cF-mode separation. To compare this gain value
with the theoretical expectations, it should first of all be noted

that the gain percentage is based on the elution time of the
last compound. This compound elutes when the composition at
the column inlet is at ¢=93.9%, i.e., at the moment where the
end of the gradient has not reached the column inlet. The the-
oretically expected time gain should hence be calculated using
Table S-9a (case =water-acetonitrile, V/Vy=12.24, average col-
umn pressure = 500 bar) of the SM of part . Interpolating between
the ¢e =90% and the ¢ =95% data entries, a value of 17.7% is found,
lying close to the experimentally observed value.

Switching from the cF- to the cP-mode clearly allows to main-
tain the selectivity of the separation very well, as can be witnessed
from the fact that the cF- and the cP-separations nearly perfectly
overlap when plotted in either the volume-based coordinates or
in the reconstructed time coordinates (Fig. 2b). The reconstructed
time is represented via the double x-axis and has been introduced
in Eq. (1). As discussed in part I, the reconstructed time is identi-
cal to the real time for the cF-mode and is proportional with the
volume in the cP-mode, so that the selectivity of the volume-based
chromatogram is fully retained. The excellent overlap observed in
Fig. 2b implies that when a cP-mode separation is plotted in recon-
structed time, the peaks in the chromatogram will have the same
retention times as those observed in the real time chromatogram
of the cF-mode. Zooming in on the last peak of the volume-based
chromatogram (see inset), it can be noted that the peak obtained
in the cF-mode is slightly, yet significantly narrower than in the
cP-mode. This is further discussed in Section 3.3.

Fig. 2 also shows the mobile phase gradient profile that was
pumped by the instrument (% organic modifier) in overlap. The
pumped mobile phase gradient profile in real time units (Fig. 2a),
was recalculated to volume units by using the measured run-
volume vs. time relationship (see Fig. 1c). The gradient profile
that is run in the cP-mode is clearly non-linear in time, but this
is not relevant since the analytes anyhow only react to the gra-
dient they experience in volumetric units, a well-established fact
since the early days of the gradient elution theory [17,19,20,31-33]
(see Introduction of part I). In volumetric coordinates, the pumped
mobile phase gradients in the cF- and the cP-mode perfectly over-
lap (see Fig. 2b), in agreement with the fact that the cF- and the
cP-gradient were both programmed to be linear in volume (or
reconstructed time) with the same gradient slope (see Eq. (2)).

Fig. 3 shows the corresponding chromatograms obtained for the
same sample and gradient conditions as the separation shown in
Fig. 2, but now at a significantly smaller flow rate, i.e., well below
the optimal flow rate (see discussion of Fig. 7 further on). Again the
separation selectivity is nearly perfectly maintained between both
modes (cf. the overlap inFig. 3b), while the cP-mode run finishes in a
significantly shorter time. The difference in required analysis time
is in this case some 24%, in good agreement with the theoretical
expectation of about 23.1% that can be found in Table S-9b of the SM
of part I (case = water-acetonitrile, V[V =12.24, average column
pressure=50bar) when interpolating between the ¢e =90%- and
the ¢pe =95%-data entries to find the gain value corresponding to the
¢ =93.8%-gradient composition at which the last compound was
found to elute from the column.

An important remark that should be made here is that the gain
in separation time at the lower velocity considered in Fig. 3 is
significantly larger than that observed in Fig. 2 for the high veloc-
ity experiment (24% versus 17%). Given that in both cases a good
agreement with the theoretical expectations was obtained, this
difference can nearly be fully attributed to the different (1, ¢)-
relationship prevailing at different pressures, as can be noted from
the viscosity data shown in Fig. S-1 of the SM of part I. The curves
that are represented there show that the slopes left and right to the
viscosity maximum of the (7, ¢)-curves are indeed steeper at lower
pressures [27,28]. As a consequence, the margin for a flow rate
increase in the cP-mode is larger, thus explaining the larger time
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Fig. 2. Comparison of the chromatograms and the gradient program in cF- (red) and cP-mode (black) of the phenone mixture in the high velocity region (Pmax = 1037 bar,
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gain at low pressures. Obviously this larger time gain is practically
not very relevant because one would anyhow try to operate at the
highest pressure. Nevertheless, the above discussion should have
made clear that the time gain that can be expected for the cP-mode
depends to some extent on the considered maximal operating pres-
sure, as a consequence of the dependency of the (7, ¢)-relationship
on this pressure.

The gains realized in Figs. 2 and 3 will in practice even be larger,
because in cP-mode there is no need to leave a pressure safety
margin which is required in cF-mode operation. When the column
permeability would reduce, e.g. as a result of column degradation,
the flow rate will inevitably decrease in the cP-mode (cf. Eq. (6)),
thus decreasing its gain in absolute analysis time with respect to
the cF-mode. The gain will, however, still remain significant, since
first only the safety margin will be progressively used up when the
permeability drops further. The gains given in Tables 2-5 of part |
hence remain within reach up till the point where the permeabil-
ity of the column has dropped so far that the minimal flow rate in
the cP-mode would be equal to that wherein the cF-mode would

hit the pressure limit of the system. At this point another advan-
tage of the cP-mode arises because in the cF-mode one has no other
option than to simply replace the column, whereas the column can
still be continued to be used in the cP mode, up till a point where
the increase in analysis time would become unacceptable. A reduc-
tion of the column permeability during the column life time will,
however, not change the retention volume of the compounds (and
equivalently their ‘reconstructed’ retention time) since the same
volume of mobile phase is always needed to elute the compounds.

Comparing the zoom-in of Fig. 3b with that in Fig. 2b, showing
the detailed overlap of peak number 9, it is striking to note that
the cP-peak is broader than the cF-peak in Fig. 2b (high flow rate),
whereas the opposite can be observed in the zoom-in of Fig. 3b (low
flow rate). These observations were consistently made and are in
agreement with the numerical simulations performed in part [, as
is discussed in detail further on in Section 3.3. The difference in
band broadening was less pronounced for the other peaks (data
not shown). This is due to the fact that, in the presently considered
example, the experienced velocity difference between the cP- and
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the cF-mode is largest for the last eluting peak. This is in turn a
consequence of the fact that, in the present example, the gradient
runs from the viscosity maximum (¢g=20%) where the velocity
difference is zero to a range where the viscosity is at its lowest. As
a consequence, the margin for a flow rate progressively increases
during the course of the gradient.

The zoom-ins shown in Figs. 2b and 3b also show that both oper-
ation modes lead to nearly equal peak areas. If used in combination
with a concentration-sensitive detector such as a UV-absorption
cell, the cP-mode is indeed expected to lead to the same peak
area after conversion of the chromatogram to the volume or recon-
structed time domain. This was confirmed by making 42 injections
(at different flow rates) where was found that the relative standard
deviation in peak area in the volume domain for the cP-mode was
0.45% and for the cF-mode 0.51%. The maximal difference in peak
area was 2.45% and 2.14% for the cP- and cF-elution mode, respec-
tively (all 9 compounds of the phenone mixture were considered).
For the zoom-ins shown in Figs. 2b and 3b, the actual difference

was measured to be about 1.5% for the peaks under consideration.
On the other hand, if one would consider the real time domain, the
peak area (in time) will be different in the cP-mode than in the cF-
mode, being a direct consequence from the fact that the velocity
during the elution of the peak under consideration is not constant.

Fig. 4 provides a more detailed study of the difference in elu-
tion behavior between the cF- and the cP-mode by plotting the
effective retention factors kes (calculated in the volume-based
chromatogram) for peak number 9 and number 2 for an exten-
sive series of different flow rates. In both operating modes, the
kege-values display the typical decrease already observed in other
ultra-high pressure studies and which could be attributed there to
the increase in mobile phase temperature originating from the vis-
cous heating that progressively heats up the mobile phase [34,35].
The most important conclusion that can be drawn from Fig. 4 for
the purpose of the present study is that the cF- and the cP-mode
lead to very similar keg-values. Considering the actual elution vol-
ume (data not shown), the observed differences were even smaller
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(average difference of some 0.3%). Considering 42 injections made
at different flow rates, the relative standard deviation in reten-
tion volume was 0.39% and 0.40% for the cP- and cF-elution mode,
respectively, showing a good reproducibility of retention volumes
or retention times in the reconstructed time domain. In the real
time domain, the relative standard deviation of 4 sequent injections
was 0.30% and 0.05% for the cP- and cF-elution mode, respectively.
The poorer reproducibility of the cP-measurements is attributed to
the pressure controlling of the prototype firmware.

To demonstrate that the findings in Figs. 2 and 3 can be general-
ized, Fig. 5 shows the chromatograms of the separation of another
sample (mainly alkylbenzenes) and using a water-methanol gra-
dient instead of an water-acetonitrile gradient. Again, a significant
gain in analysis time can be noted, as well as an excellent overlap
in volumetric or reconstructed time coordinates. As can be noted
from the real time chromatogram in Fig. 5a, the gain in analysis
time amounts up to some 17.6%, again in good agreement with the
16.0% gain predicted that can be found in Table S-8 of the SM of
part [ (case=water-methanol, V/Vp=9.25, average column pres-
sure =500 bar) when interpolating between the ¢. =95%- and the
¢e =100%-data entries to find the gain value corresponding to the
¢ =98.4%-gradient composition at which the last compound was
found to elute from the column.

Considering that the cases considered in Figs. 1-3 and 5
lead to relative time gains that are close to the theoretically
expected values, which were obtained under the assumption of
a non-isothermal operation, it can be inferred that the inevitable
difference in viscous heating between the cF- and the cP-mode
might only have a limited effect on the observed gain (the sepa-
ration in Fig. 3 relates to a low pressure separation where viscous
heating is anyhow unimportant). The difference in viscous heat-
ing between the cF- and the cP-mode is inevitable because both
modes inevitably have a different average operating pressure. As
explained in Section 9 of part I, this effect can be expected to be
relatively small, and in the advantage of the cP-mode (because the
decrease in viscosity originating from the stronger viscous heat-
ing dominates the increase in viscosity originating from the higher
pressure). It is anyhow difficult to draw any firm conclusion from
the present study, because the observed differences occurred in
both directions. Sometimes the gain was a bit larger than expected
(see cases in Figs. 1 and 5 as an example), whereas sometimes the
gain was smaller than expected (see case in Fig. 2 as an exam-

ple). We believe this ambiguity first of all shows that the effect
is small, and second, the observed time gains might also have been
influenced by some pressure and flow disturbances in the initial
phase of separation/gradient, attributed to limitations of the ini-
tial implementation of the prototype equipment. A future study
is planned wherein the effect of viscous heating is investigated
more in-depth. The potential effect of viscous heating is anyhow
not easily amenable to general quantitative predictions, as the gov-
erning temperature in the column also partly depends (because
of the thermal inertia) on the heating events preceding the actual
separation.

Toillustrate that a cP-mode and an cF-mode separation running
the same volumetric gradient not only lead to the same selec-
tivity for the case of a linear gradient, but also holds for more
complex, segmented gradients is demonstrated in Fig. 6 for an
water-acetonitrile gradient consisting of 2 linear segments (with
different slopes) separated by an isocratic segment (phenone sam-
ple). In this particular case, the gain in analysis time even amounts
up to 27%, i.e., significantly higher than can be expected for linear
gradients, at least when considering typical UHPLC-pressures. The
fact that a larger gain is obtained than in the linear gradient cases
considered in Figs. 2 and 3 can be explained by the fact that the
flat portions of the gradient in the represented example are situ-
ated in a ¢-range where the viscosity is small, so that the cP-mode
can benefit maximally from its increased flow rate during a rel-
atively long time. Of course, the gain will be smaller than in the
linear gradient for the opposite case, i.e., when the flattest portions
of the gradient program are mainly situated close to the viscosity
maximum, where the margin for a flow rate increase is only very
small.

3.3. Fundamental band broadening measurements

Asdiscussedin partl, it can be expected that the cP-mode and cF-
mode will lead to a slightly different efficiency or band broadening
when the flow rate is significantly larger or smaller than the optimal
flow rate. To investigate this experimentally, the separations shown
in Figs. 2 and 3 were repeated for a wide range of flow rates on a
column with given length (each velocity was run in triplicate). For
each velocity, the band broadening of each peak was characterized
by its volumetric variance 0\2,, which was subsequently corrected by
the (1 + ko e )-factor to yield the true, column-averaged separation
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efficiency N [25] and the column-averaged plate height Heg, using:

Lo

N =

Hefr = —
vz (1 + kloc,e )2

(8)

The retention coefficient at elution kj, . was determined by run-
ning six gradients with different slopes (Vg/Vo =15, 20, 25, 50, 75
and 100, ¢ =20% and ¢ = 95%) for one of the considered flow rates
(0.7 mL/min). For every peak in the chromatogram, a set of six equa-
tions was obtained (Eq. (3) for every gradient slope) and the solvent
strength parameter S and kg were calculated by a least square fit-
ting of the two unknowns. Consequently, the retention coefficient
at elution ki, was calculated with Eq. (4).

Fig. 7 shows the thus obtained van Deemter curves for two of
the components appearing in the chromatograms of the phenone
sample shown in Figs. 2 and 3. To emphasize the difference in band
broadening one can expect when switching from a cF-mode to a cP-
mode run delivering the same maximal pressure, the data of both
modes have been plotted versus the F-value of the corresponding
cF-run. For peak number 2 (Fig. 7a), the difference between the

plate height curve obtained in the cF- and the cP-mode is relatively
small. Nevertheless, a small, but significant difference between the
first part and the second part of the van Deemter plot can be noted.
In the first part (left of the H-minimum), the cP-mode plate height
data are slightly smaller than those for the cF-mode, whereas the
opposite holds in the second part (right of the H-minimum). In
Fig. 7b, a similar observation can be made for the plate heights per-
taining to peak number 9. Even more, the difference between the
cF- and the cP-mode is significantly larger than for peak number
2 considered in Fig. 7a. This can be attributed to the fact that, for
the presently considered gradient program, peak number 9 has wit-
nessed a much larger difference in flow rate between the cF- and the
cP-mode than the much earlier eluting peak number 2 (see the dis-
cussion of the difference between the two zoom-ins of Figs. 2 and 3).
The difference in experienced flow rate can also be deduced from
the real time chromatograms shown in Figs. 2a and 3a, showing
that the cP-mode acceleration of peak number 2 is much smaller
than that for peak number 9.

Given the dependency of the observed plate height differences,
we found it instructive to calculate an average plate height, sum-
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ming the plate heights of the 9 individual peaks and calculating the
average. The thus obtained plot is shown in Fig. 8a. As expected,
the difference between the cF- and the cP-mode plate heights now
lies somewhat in between the difference noted for peak number 2
in Fig. 7a (small difference in average flow rate between cF- and
cP-mode) and that noted for peak number 9 in Fig. 7b (largest
difference in average flow rate between cF- and cP-mode).

The general observation that can be made from Fig. 8a, i.e., that
the cP-mode leads to smaller plate heights in the B-term dominated
regime, whereas the opposite holds in the C-term, is in full agree-
ment with the theoretical predictions made in part I, which in turn
could be rationalized via the discussion of Fig. 5 of part L. In brief,
the different behavior in the low and high flow rate range is due to
the typical shape of the van Deemter curve. Because of this shape,
the higher flow rates of the cP-mode lead to lower plate heights
in the B-term dominated part of the curve, whereas the opposite
occurs in the C-term dominated part of the curve. Quantifying the
differences between the two modes observed in Fig. 8a, it can be
said that, in the B-term dominated regime, the cP-mode leads to
plate heights that are some 20-40% smaller than in the cF-mode (in
fact the advantage of the cP-mode becomes larger with decreasing
flow rate, in agreement with Eq. (27a) of part ). In the C-term dom-

inated regime, the cP-mode leads to plate heights that are some
5-10% larger than in the cF-mode (here the disadvantage of the cP-
mode in fact grows with increasing flow rate, in agreement with
Eq. (27c) of part I).

Whereas the cP-mode plate height data in Fig. 8a have been
plotted versus the flow rate Fg of the corresponding cF-mode run
(to visualize the difference one can expect when running the cP-
and the cF-mode with the same maximal pressure setting), it is
obvious to expect that the band broadening in the cP-mode will
rather be dominated by the average flow rate F,, than by the Fg-
value (which only corresponds to the lowest flow rate experienced
during the cP-run). With the tracked flow rate profile during the
gradient, this average flow rate can readily be calculated. Subse-
quently re-plotting the cP-data of Fig. 8a versus F,y, the two plate
height curves shift much closer to each other and nearly overlap.
Certainly, the adopted determination of H,y (obtained by summing
the H-values of the individual peaks and dividing the sum by the
number of peaks) is most probably too simplistic to investigate the
effect of the flow rate on the band broadening (not all peaks have
witnessed the same average flow rate). Nevertheless, we believe the
good agreement between the cF- and the cP-curve in Fig. 8b pro-
vides a good example of the fact that the velocity-dependency of
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the band broadening under gradient elution conditions can still be
described by a fundamental reduced van Deemter curve (depend-
ing of course on the nature of the packing and the retention and
diffusion history of the components). This is in line with the theo-
retical work presented in [18,23,24,36], and, as is shown here, even
holds in the case of a variable flow rate.

3.4. Peak capacity measurements

Since gradient elution separations are more adequately
described by the generated peak capacity than by the observed
efficiency N (in part because of the additional difficulty that the
(1+Kkjoce)-factor in Eq. (8) is not directly available), the peak capac-
ity of each of the chromatograms used in the van Deemter analysis
has been calculated. These calculations were made using the fol-
lowing expression:

np=1
P 40y Oy,it1 + Ov,i)/z)

Vr1—VRo — VR.it1 — VRii
+ + Z T 9)
i=1
As elaborated in part I, Eq. (9) is based on elution volumes instead
of elution times because the time-based chromatogram does not
reflect the actual separation resolution in the column when the
flow rate varies with the time as is the case in the cP-mode. This

implies that the correct peak capacity for the cP-mode should either
be determined in the volume-based chromatogram or from the
reconstructed time-based chromatogram. Applying Eq. (9) to the
phenone sample (n=9), the summation ran fromi=1 to i=8, cor-
responding to the elution window between the first and the last
eluting compound, whereas the first term of Eq. (9) represents the
contribution to the peak capacity of the elution window between
the dead time marker and the first component. Plotting the thus
calculated peak capacity versus the real elution time of the last
component, the fixed length kinetic plot curves shown in Fig. 9 are
obtained [37]. These reflect the peak capacity that can be obtained
on a column with given length for various values of total reten-
tion time (which is varied by varying the flow rate). Comparing the
cF and cP elution mode, it can be noted that the cP-mode needs a
shorter time to reach a given peak capacity than the cF-mode. Near
the optimum of the curve, the difference between both modes is
small.

As abundantly elaborated in Refs. [38-40], a fixed length kinetic
plot as the one shown in Fig. 9 only provides a limited view on the
performance limits of a given technique, because all data points
(except the one corresponding to the highest velocity and the small-
est retention time) relate to a sub-optimal pressure (in a fixed
length format only the highest velocity data point can relate to
the maximally available or allowable pressure). The fact that the
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represented data points relate to sub-optimal conditions for exam-
ple explains why the cP-mode data points lie below the cF-mode
data points over most part of the curves shown in Fig. 9. A much
more correct view of the true kinetic performance potential (i.e.,
where each system operates at its kinetic optimum) is obtained
in the free-length kinetic plot format, wherein each velocity data
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Fig. 9. Fixed length kinetic plot: peak capacity versus the analysis time for the
phenone mixture (same gradient conditions as in Fig. 2).

point of the original fixed length kinetic plot is transformed into
the performance one can expect if the same velocity would be
applied in a column that would just be long enough to achieve the
given velocity when the pump operates at the maximal pressure. As
shown in Ref. [41], this transformation can be readily done using a
so-called column elongation parameter A, which, in order to max-
imally account for the changes in viscosity caused by ultra-high
pressure and viscous heating effects, should in its general form be
written as [41]:

h= K - X (10)

In Eq. (10), Af,,, is defined as the APmax/APp ., value of the
highest considered flow rate. In this ratio, A Ppayx is simply the max-
imally allowable instrument or column operating pressure drop,
while APexp is the maximal value of the column pressure drop
measured during the cF-mode experiment performed at the high-
est flow rate or the actually imposed column pressure drop during
the corresponding cP-experiment.

The value of A (which is different for each different velocity point
in the recorded fixed length kinetic plot) can then be subsequently
used to transform the experimentally measured peak capacity and
analysis time values obtained on the fixed length column into the
corresponding values of the free length kinetic plot curve. Since
in this curve the data points are assumed to be obtained in a col-
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umn operated at the maximal pressure, they represent the kinetic
performance limit (KPL) of the investigated technique

tRKPL = AlRexp (11)

npgeL =1+ \/X(np,exp -1) (12)

To properly account for the effect of the operating pressure on ke
(see Fig. 4), the right hand side of Eqs. (11) and (12) should be mul-
tiplied with a factor (1 + Ker,,,, )/(1 + kefr), as discussed in the SM
of [41].

Applying this transformation to the peak capacity and reten-
tion time data (last eluting compound) shown in Fig. 9, the free
length KP-curve (KPL-curve) shown in Fig. 10a is obtained for a
pressure limit of 1200 bar. A similar transformation was done for
the separations carried out with the alkylbenzene sample and the
water-methanol gradient (see Fig. 5). The corresponding KPL-curve
is shown in Fig. 10b.

The two additional data point couples added to Fig. 10a (cf. the
straight and tilted crosses) represent the actually measured peak
capacity and analysis time at the pressure limit on two longer
columns than the one on which the KPL-transformation is based
(resp. 250 mm and 350 mm versus 150 mm). This was done to
experimentally verify the validity of the KPL-transformation. As
can be noted, the agreement between the KPL-prediction and the
experimental verification is close, but not perfect. A small offset in
the peak capacity can be noted when comparing the measurements
made on the coupled column systems with those made on the sin-
gle 150 mm column. This is because the 150 mm column efficiency
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is relatively higher (see efficiency values cited in Section 2.1) com-
pared to the two 100 mm columns that were used to construct the
250 and 350 mm coupled columns. If the data-points would be cor-
rected for this difference in efficiency, they would coincide with
the predicted KPL-curve for both the constant flow and constant
pressure measurements.

The KPL-curves established on the basis of the 150 mm column
(full symbols, solid fitting line) show that the kinetic performance
limit of the cP-mode is superior to that of the cF-mode since the
kinetic performance limit in the cP-mode lies consistently below
the cF-mode. The improvement is especially significant in the range
oflarge peak capacities and long run times. In the range of short elu-
tion times, the gain of the cP-mode becomes insignificant, as the cF-
and the cP-mode curves clearly converge. The shape and mutual
position of the curves is in full agreement with the theoretical pre-
dictions in part I, where it was indeed shown that the cP-mode
and cF-mode curves can be expected to converge in the C-term
dominated range (range of short elution times) because the gain in
analysis time is in this range counterbalanced by an equivalent loss
in efficiency.

Considering high efficiency separations on long columns, where
even at the maximal pressure only flow rates below or around the
optimal flow rate can be achieved, the cP-mode clearly performs
better. It is illustrated by the example obtained on the 350 mm
long coupled column (tilted crosses in Fig. 10a), where the aver-
age flow rate was at 0.275 mL/min and 0.332 mL/min for the cF-
and cP-mode, respectively, i.e., slightly below the optimal flow rate
(=0.4 mL/min) corresponding to the minimum of the van Deemter
plot in Fig. 8b. As can be noted from the corresponding chro-
matogram in real time units (Fig. 11), switching to the cP-mode
allows to finish the run in 29 instead of in 35 min, while also a
larger peak capacity (based on the chromatogram plotted in volu-
metric or reconstructed time units) is obtained (going from 334 in
the cF-mode to 339 in the cP-mode). Coupling even more columns,
so as to shift even more to the right on the KPL-curve, the further
divergence of the cF- and the cP-mode curves suggest that the gain
in both analysis time and peak capacity can be expected to be even
larger. However, since these performances are anyhow related to
flow rates that are situated in the B-term dominated range, this gain
is notrelevant for most practical applications since a separation that
is run in the B-term regime can always be replaced by one with
larger particles than the presently considered sub 2 pm-particles.

A fully similar trend is observed for the KPL-data collected
with the alkylbenzene sample and the water-methanol gradient
(Fig. 10b). Compared to the water-acetonitrile gradient, lower peak
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capacities are obtained due to the intrinsic fluidic properties of
methanol compared to acetonitrile (viscosity and diffusion coef-
ficient), but also due to the lower gradient slope in the case of the
water-acetonitrile gradient.

4. Conclusions

The possibility to operate an ultra-high pressure pump at a
constant pressure during gradient elution with a volume-based
gradient program has been demonstrated under various conditions.
Identical volume-based gradient programs could be run in both
modes, i.e. in the constant flow rate mode as well as in the constant
pressure mode, resulting in identical separation selectivities and
relative peak elution patterns, which is in full agreement with the
theory of part I.

The constant pressure mode offers the distinct advantage that
the run time can be shortened with respect to the constant flow rate
mode, while maintaining the same selectivity. The realized gains
were in good agreement with the gains predicted in part I on the
basis of the intrinsic relation between the viscosity and the compo-
sition of the water/organic mixtures and assuming an isothermal
operation. For gradients running between 5 and 95% and operated
in the ultra-high pressure range, some 17% reduction in analysis
time has been demonstrated, in agreement with the theoretical
expectations. Gains of over 25% were obtained for a segmented gra-
dient with flat segments in the region with lower solvent viscosity.
In practice, these gain values should be increased by some 5-10%,
as this is the pressure safety margin one usually needs to leave if
running a cF-operation. Taking this into account, the realized time
gains are rather in the 25% range (linear gradient), and may run up
to 35% (segmented gradients with flat segments in the region with
lower solvent viscosity).

Comparing a cP- and an cF-mode seperation conducted at the
same maximal pressure (which in the cF-mode is only reached dur-
ing a brief instant), the cP-mode leads to plate heights that are
some 20-40% smaller than in the cF-mode in the B-term dom-
inated regime, while they are some 5-10% larger in the C-term
dominated regime. This difference is caused by the fact that both
modes inevitably subject the analytes to a different velocity his-
tory. Compensating for this different velocity history by plotting
the Van Deemter curve of the cP-mode plate height data as a func-
tion of the average flow rate, the difference between modes nearly
completely vanishes, as the obtained cP-curve agrees closely with
the plate height curve obtained in the cF-mode. This confirms the
theoretical expectation [23,25,36] that, even under gradient elu-
tion conditions and under conditions of a variable flow rate, the
band broadening in a chromatographic column is dominated by a
universal reduced plate height curve (depending of course on the
nature of the packing and the retention and diffusion history of the
components).

Combining efficiency and selectivity into a kinetic plot of gra-
dient peak capacity versus time, it is found for the two considered
combinations of organic modifier and sample type that the kinetic
performance limit of the cP-mode is consistently better than that of
the cF-mode, although the gain of the cP-mode becomes insignifi-
cant for separations with a flow rate in the C-term controlled range.
As such, the obtained curves are in full agreement with the the-
oretical predictions in part I. For lower flow rates, the gain that
can be obtained by switching to the cP-mode can be substantial.
Considering a separation with sub 2-um particles on a 350 mm
long coupled column, operated at a (maximal) pressure of about
1200 bar, switching to the cP-mode allows to finish the run in 29
instead of in 35 min, while also a larger peak capacity (based on the
chromatogram plotted in volumetric or reconstructed time units)
is obtained (going from 334 in the cF-mode to 339 in the cP-mode).

List of symbols

A column cross section [m?]

cF constant flow rate operation

cP constant pressure operation

F mobile phase flow rate [m?3/s]

Fr flow rate during a cF-mode run [m3/s]

Frmax maximum experimental flow rate [m3/s]

Fav volume average flow rate in the cP-mode run [m?3/s]
H (local) plate height [m]

Hav plate height averaged for different components [m]
Hegr column length averaged effective plate height [m]
k retention coefficient

Kioc local retention coefficient

Ky, up-based column permeability [m?2]

KPL kinetic performance limit

L column length [m]

N theoretical plate count

np peak capacity

AP,  column pressure drop [Pa]

APpax  maximum allowed column or instrument pressure drop
[Pa]

S linear solvent strength parameter

t time [s]

tc gradient time [s]

tr retention time [s]

ty volume-based reconstructed time, see Eq. (1) [s]

to column dead time [s]

1% volume [m3]

Ve gradient volume [m3]

1% retention volume or the volume pumped through the col-
umn at the instant at which the peak centroid elutes from
the column [m3]

Vo column dead volume, defined as A-s7-L [m3]

B gradient steepness, see Eq. (2)

er total porosity

1) fraction of organic modifier in mobile phase

Pe fraction of organic modifier in mobile phase at the end of
the gradient

bo fraction of organic modifier in mobile phase at the start
of the gradient

n viscosity [Pas]

n average column viscosity [Pas]

A column length rescaling factor, defined in Eq. (10)

oy volumetric standard deviation [m?3]
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