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a b s t r a c t

Reversed phase gradient elution is the method of choice for pharmaceuticals analysis since it allows
reducing the analysis time while improving both the quality of the separation and the detection limits.
The current trends are towards faster separations which can be achieved thanks to equipments with-
standing ultra-high pressures and/or high temperatures. Under such conditions, gradient separations
can be carried out within a few minutes or even a few tens of seconds. A long equilibration time in addi-
tion to the gradient time can be therefore very detrimental. In this work, we investigated the extent to
which the gradient equilibration time can be reduced and which parameters mainly affect the retention
variability of ionizable compounds when using volatile buffers. We first found out an excellent repeata-
bility between run-to-run experiments whatever the equilibration time and the operating conditions. We
then pointed out the key operating parameters which allow achieving reproducible runs when varying
harmaceuticals
olatile buffers

the equilibration time between runs. With a view of reducing the equilibration time, the effects of various
conditions were examined. The latter include the type of additive for mobile phase pH adjustment, the
initial eluent composition, the type of stationary phase, the temperature and the flow-rate. Although
much remains to be understood about the equilibration process, our study allows making progress in the
knowledge of this phenomenon. Based on the present results, a beneficial effect of both temperature and

and
flow-rate was highlighted

. Introduction

A gradient elution is most often required for the separation of
harmaceutical compounds because it leads to a reduction of the
nalysis time along with an improvement in both peak capacity
nd detection limits. The current trend towards higher through-
ut involves the need for ultra fast separations. Such separations
an be obtained with commercially available equipments which
re able to withstand ultra-high pressures and/or high tempera-
ures. Ultra-High-Pressure Liquid Chromatography (UHPLC) [1,2]
s well as High-Temperature Liquid Chromatography (HTLC) [3,4]
ead to significant gain in speed compared to conventional HPLC
hile keeping the same peak capacity. The analysis time can even
e further decreased if both techniques are combined (HT-UHPLC)
5–9]. In particular, the use of HT-UHPLC can be very attractive for
he gradient separation of macromolecules [10]. In such conditions,

∗ Corresponding author. Tel.: +33 4 72 44 82 96; fax: +33 4 72 44 83 19.
E-mail address: heinisch@univ-lyon1.fr (S. Heinisch).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.11.059
operating conditions leading to faster column equilibration are suggested.

© 2009 Elsevier B.V. All rights reserved.

gradient runs can be carried out within a few minutes or even a few
tens of seconds [11]. As a result, any time in addition to the gradi-
ent time, i.e. the return to initial composition, the time required for
injection and particularly the gradient re-equilibration time rep-
resents a limiting step in the pursuit of faster analyses. Once both
composition range and gradient slope have been optimized, the
only variable left for reducing the total analysis time is the gradient
equilibration time. It is then very important to search for condi-
tions that can reduce it. Indeed, any gradient method must include
a stage for re-equilibrating the stationary phase with the initial
solvent. In reversed phase chromatography, the alkyl chains are
solvated by the organic modifier of the mobile phase which forms
a layer at the surface of the stationary phase. The amount of sol-
vent adsorbed on the stationary phase depends on the mobile phase
composition. The surface of the stationary phase (i.e. the nature and
the amount of the adsorbed layer) must always be the same at the

beginning of the gradient to get reproducible retention times. In this
aim, flushing the column with a few column volumes of the initial
solvent is necessary. The key issue is to determine “how much is
enough?” as underlined by Dolan [12]. Among chromatographers, a
rule of thumb consists in making use of 5–15 column volumes. Yet,

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:heinisch@univ-lyon1.fr
dx.doi.org/10.1016/j.chroma.2009.11.059
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his number may be overestimated as well as underestimated since
he time for column equilibration and hence retention variability
trongly depends on both the type of solutes and the operating
onditions. Obviously, it also depends on the degree of retention
ariability which can be accepted. For example, retention vari-
bility is more acceptable for routine analysis than for retention
odelling. On the other hand, in comprehensive two-dimensional

nalysis, an excellent repeatability is of prime importance for the
econd dimension separations to align and reconstruct of 3D plots.
inally, the variability of �tr (difference in retention times between
wo adjacent peaks) is more important than the variability of tr

absolute retention times) as it directly impacts on the selectivity
nd the separation quality.

Reaching full stationary phase equilibration is most often
emanded and some recent studies deal with the conditions that
re required [13–20]. Schellinger et al. [18] were the first to
efine two different states of equilibration that they have called
repeatable equilibrium” and “full equilibrium”. While repeatable
quilibrium results in excellent run-to-run repeatability in reten-
ion, full equilibrium is only reached when the retention no longer
tatistically changes as the equilibration time is further increased.
t was shown that the addition of a small amount of 1% n-propanol
13] or n-butanol [18] to the mobile phase significantly reduces
he time required for full equilibration due to the preferential
etting of the stationary phase by these ancillary solvents. A

onstant solvation layer is created, thereby reducing the part of
he stationary phase to be equilibrated. However, simple mobile
hases are always more attractive than complex ones. Adding 1%
ropanol is yet possible but it is worthwhile wondering if it is abso-

utely necessary. Moreover the addition of organic solvent reduces
he gradient range which can be detrimental for poorly retained
ompounds which are often present in complex pharmaceutical
amples.

Our first objective was to characterize the degree of retention
ariability which can be expected from the gradient separation
f pharmaceutical compounds when working in HT-UHPLC con-
itions with volatile additives and without addition of ancillary
olvent. We then studied to what extent operating conditions
mobile phase pH, stationary phase, solute type, column temper-
ture, flow-rate and gradient conditions) can alter the retention
ariability and finally how to keep the equilibration time down to a
inimum. Gradient methods must often start without organic sol-

ent in the initial eluent and decreasing the equilibration time can
e challenging. We therefore paid a particular attention to these
radient conditions.

. Experimental

.1. Material and reagents

The gradient runs were performed with different mixtures of
cetonitrile and water. Acetonitrile was HPLC grade from SDS
Peypin, France). Water was obtained from an Elga water purifi-
ation system (Veolia water STI, Le Plessis Robinson, France).
he mobile phase pH was controlled thanks to various addi-
ives: formic acid, ammonium formate, ammonium acetate,
mmonium hydroxide from Sigma–Aldrich (Steinheim, Germany).
uffered eluents prepared from salts were filtered on 0.2 �m
ylon filter before use. Solutes used in the test mixture were
btained from Sigma–Aldrich (Steinheim, Germany): acetyl sali-
ylic acid, atenolol, caffeine, nadolol, pindolol, phenol, procaine,

ethylparaben, propranolol, ethylparaben, diphenhydramine, pro-

riptyline, imipramine, clozapine, NN dimethylaniline, uracil. The
atter was used to measure the column dead volume. The chem-
cal structures of the compounds along with their pKa values are
eported in Fig. 1.
A 1217 (2010) 459–472

2.2. Columns

Four sub-2 �m columns were studied: Acquity BEH-
C18 (50 mm × 2.1 mm, 1.7 �m), Acquity BEH-C18 Shield
(50 mm × 2.1 mm, 1.7 �m) both from Waters (Milford, MA, USA),
Zorbax Stablebond-C18 (50 mm × 2.1 mm, 1.8 �m) from Agilent
(Santa Clara, CA, USA) and Nucleodur Gravity C18 (50 mm × 2 mm,
1.8 �m) from Macherey-Nagel (Duren, Germany). A few results
were also obtained with a conventional C18 column: Xterra RPC18
(100 mm × 4.6 mm, 3.5 �m) from Waters. The Nucleodur Gravity
C18 column was a gift from Macherey-Nagel and the Zorbax
Stablebond-C18 was a gift from Agilent.

2.3. Apparatus

The instrument used with sub 2 �m columns was an Acquity
UPLC Liquid Chromatograph (Waters, Milford, MA, USA). This
instrument includes a high-pressure binary solvent manager with
a maximum delivery flow-rate of 2 mL/min, an autosampler with
a 5 �L injection loop, a column oven with a maximum tempera-
ture of 90 ◦C and a UV–vis detector with a 500 nL flow-cell. 0.5 �L
were injected. The wavelength was set at 220 nm and the time con-
stant at 25 ms. Data acquisition with a 40 Hz sampling rate and
instrument control were performed by Empower Software. The
maximum backpressure is 1000 bar for flow-rates up to 1 mL/min,
800 bar for flow-rates up to 1.5 mL/min and 630 bar for flow-rates
up to 2 mL/min. The mobile phase is preheated prior to entering the
column thanks to a coiled stainless steel tube (50 cm × 0.127 mm)
located between the Rheodyne injection valve and the column
inlet. A polyether ether ketone (PEEK) tube (15 cm × 0.1 mm) is
located between the column outlet and the detector. A total extra-
column volume of 15 �L was determined using a zero dead volume
union connector in place of the column. The measured dwell vol-
ume was 120 �L. A time offset of 0.8 s was observed after the zero
injection time was recorded. 45 s were required for the injection
cycle of the instrument. The needle wash cycle included a strong
wash using water–acetonitrile (20/80, v/v) and a weak wash using
water–acetonitrile (80/20, v/v).

The instrument used with the conventional Xterra RPC18 col-
umn consisted of a Waters 2690 Separation Module and a Waters
996 Photodiode Array Detector (Waters, Milford, MA, USA). The
main module included integrated solvent and sample managers as
well as an oven to regulate the column temperature up to 90 ◦C.
The quaternary low-pressure pump delivers a maximum flow-
rate of 5 mL/min. The injector was equipped with a 100 �L-loop.
5 �L were injected. The detector consisted of an 8 �L UV-cell and
acquired channels between 200 and 400 nm at a sampling rate
of 10 Hz. The instrument was controlled by Empower Software.
Instrumental characteristics are: 65 �L as extra-column volume
and 800 �L as dwell volume. The injection time was 45 s and needle
wash was performed with a 50/50 (v/v) acetonitrile/water solu-
tion.

Data processing (blank signal subtraction, peak integration,
chromatographic parameters calculations) was achieved by Azur
(Datalys, Saint-Martin d’Hères, France).

2.4. Procedures and gradient conditions

2.4.1. Calculation procedure
All along this work, the equilibration time is expressed through
the number of column volumes of initial eluent, Ncv, used to flush
out the column. This number takes into account the equilibration
time, teq, programmed in the method after the return to initial com-
position, the time, tinj, required by the instrument for the injection,
the dwell volume of the system, tD and the column dead time, t0. It
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Fig. 1. Molecular structures and dissociation constants of the solutes (pK

s given by

cv =
( teq + tinj − tD

t0

)
(1)

For example, when teq = 0, considering 0.66 min for the instru-
ent to inject and 0.22 min for both column dead time and system
well time, the equilibration time at 0.5 mL/min represents two
olumn dead times (Ncv = 2), which is the lowest attainable value
n these instrument conditions.

The retention variability in gradient elution is assessed by the
hange in mobile phase composition at elution (�Ce) which is given
5 ◦C). Compounds involved in the whole equilibration study are in bold.

by

�(Ce) = Cf − Ci

TG/t0
× �(tr)

t0
(2)

where (Cf − Ci)/(TG/t0) is the normalized gradient slope with TG
being the gradient time, Cf and Ci being the final and initial mobile

phase compositions respectively.

According to Eq. (2), for a given normalized gradient slope, the
degree to which the difference in retention times can be acceptable
(for repeatability or intermediate precision) is related to the column
dead time. Thus, the retention variability can be assessed by the
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ig. 2. Typical separation of the drugs mixture. Conditions: 50 mm × 2.1 mm i.d. Ac
cetate; solvent B is acetonitrile; 100/0 to 0/90 in 1.2 min at 1 mL/min with 5 colu
ignal has been subtracted. Underlined solutes were selected for the whole study.

atio �tr/t0 and not by �tr alone which is not correct to compare
onditions leading to different column dead times. Hence, with the
urpose of obtaining a reliable comparison of our results whatever
he flow-rate and the column geometry, the retention variability
as calculated as follows:

1) The retention variability between n runs carried out in the same
conditions was assessed by the standard deviation of the reten-
tion times, tr, divided by the column dead time, �(tr)/t0.

2) The retention variability between runs carried out in different
conditions was controlled by the ratio of the difference between
given and reference retention times to the column dead time,
(tr − tr, ref)/t0. For the study of retention variability versus Ncv,
the reference retention time is related to the highest Ncv stud-
ied.

According to these definitions, the retention variability is then
fraction of the column dead time which should be as small as

ossible.

.4.2. Gradient conditions
All our experiments were performed with the same normal-

zed gradient slope, namely with (Cf − Ci)/(TG/t0) = 10% where Ci
nd Cf are initial and final percentages of acetonitrile in the mobile
hase respectively. The mobile phase pH was dependent on the
dditive: formic acid at 0.1% (v/v) (w

wpH = 2.7), ammonium for-
ate at 10 mM (w

wpH = 2.7 adjusted with formic acid), ammonium
cetate at 10 mM (w

wpH = 6.8), ammonium hydroxide at 0.1% (v/v)
w
wpH = 10.4). In order to keep the ionic strength constant all along
he gradient, the pH adjuster was added in both aqueous (eluent A)
nd organic (eluent B) phases except for ammonium salts which are
ot soluble in acetonitrile at such concentrations. The gradient was
rogrammed from 100% channel A to 90% channel B followed by a
eturn to 100% channel A in one column dead time. These gradient
onditions were always applied unless stated otherwise.

For the repeatability study, series of 10 run-to-run experiments

ere carried out with different teq values corresponding to Ncv

alues given by Eq. (1). For the study of retention variability as a
unction of Ncv, retention data were collected with different Ncv

alues starting from the smallest value to the highest one. Each
xperiment was run in triplicate so that the mean retention time
BEH-C18 column with 1.7 �m particles; solvent A is water with 10 mM ammonium
lumes for re-equilibration; 70 ◦C; 0.5 �L injected; 220 nm detection. The baseline

value was considered. Each new Ncv series was preceded by a blank
gradient.

Sixteen drugs were separated in various operating conditions. A
typical separation performed at 70 ◦C, is given in Fig. 2. After han-
dling the data of all solutes, we selected six representative solutes
(those underlined in Figs. 1 and 2) in order to reduce the amount
of results presented in this work. The different studied conditions
are reported in Table 1.

3. Results and discussion

3.1. Intra-series retention variability (repeatability)

The repeatability can be assessed by measuring the retention
variability between n consecutive runs carried out in the same
conditions, including the re-equilibration time so that the result-
ing difference in retention times could be expected to highlight
the random experimental error. Schellinger et al. [19] studied the
repeatability for basic solutes using a conventional reversed phase
column (150 mm × 4.6 mm) in acetonitrile–water with 0.1% TFA
and 1% n-butanol as mobile phase and a gradient starting with 10%
acetonitrile. In most of the conditions they examined, they found
a good repeatability (variation of retention <0.004 min) attainable
with only two column volumes of re-equilibration. The repeatabil-
ity was independent of the equilibration time but they identified
many parameters which could affect the repeatability, including
the pKa of the buffer and the type of the stationary phase. They
observed that the repeatability of the most retained basic com-
pounds was worse than that of the weakly retained ones. The
positive effect of the flow-rate was attributed to a better preci-
sion of column temperature at higher flow-rates due to the specific
working of the thermostat.

In our different operating conditions listed in Table 1, the
repeatability was determined by calculating the ratio of the stan-
dard deviation of 10 retention times divided by the column dead
time, �(tr)/t0. Some illustrative results are reported in Figs. 3 and 4.

They were obtained with an Acquity BEH-C18 column at 30 ◦C and
a UHPLC system (Fig. 3) and with an XTerra RPC18 column at 30
and 70 ◦C and a HPLC system (Fig. 4). Both figures show that, in
all examined conditions, the equilibration time has no significant
effect on repeatability, which is in good agreement with the results
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Table 1
Summary of conditions used for this study with corresponding flow-rates (mL/min). Column dead times (min) are given into brackets.

Mobile phase conditions

Formic acid Ammonium formate Ammonium acetate Ammonia

Temperature 30 ◦C 70 ◦C 30 ◦C 70 ◦C 30 ◦C 70 ◦C 30 ◦C 70 ◦C

Initial acetonitrile
percentage

0% 5% 0% 5% 0% 5% 0% 5% 0% 5% 0% 5% 0% 5% 0% 5%

Stationary phases
Acquity BEH-C18

50 mm × 2.1 mm,
1.7 �m

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min))

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

1 mL/min
(0.11 min)

1 mL/min
(0.11 min)

1 mL/min
(0.11 min)

1 mL/min
(0.11 min)

1 mL/min
(0.11 min)

1 mL/min
(0.11 min)

1 mL/min
(0.11 min))

1 mL/min
(0.11 min)

Acquity BEH-C18
Shield
50 mm × 2.1 mm,
1.7 �m

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

1 mL/min
(0.11 min)

Zorbax SDB-C18
50 mm × 2.1 mm,
1.8 �m

0.5 mL/min
(0.22 min)

0.5 mL/min
(0.22 min)

1 mL/min
(0.11 min)

Nucleodur C18
Gravity
50 mm × 2 mm,
1.8 �m

0.5 mL/min
(0.21 min)

0.5 mL/min
(0.21 min)

Xterra RPC18
100 mm × 4.6 mm,
3.5 �m

1 mL/min
(1 min)

2 mL/min
(0.5 min)

1 mL/min
(1 min)

1 mL/min
(1 min)
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ig. 3. Repeatability as a function of the solutes and the number of column volumes
cetate (b); ammonia (c). Column Acquity BEH-C18 50 mm × 2.1 mm, 1.7 �m; 30 ◦C
ection 2.

f Schellinger et al. [19]. Even the lowest number of column dead
olumes led indeed to small retention variability with a maximum
alue ranging from 0.006 to 0.01. In contrast we found no significant
rend in retention variability with pH, stationary phase, tempera-
ure or flow-rate as shown in both figures, as well as with retention
f compounds as shown in Fig. 3 for solutes ranged on the X-axis
rom the least to the most retained. Furthermore, the solute type
ionized or neutral) had no influence and starting with 5% aceton-
itrile in the initial eluent led to the same level of repeatability as
ith 0% (results not shown).

With a normalized gradient slope of 10%, the maximum value
f 0.01 for �(tr)/t0 corresponds to a variation of the composition
t elution of 0.1% (Eq. (2)) (i.e. a difference in retention times of
.001 min for a 50 mm × 2.1 mm i.d. column at 1 mL/min in UHPLC
onditions). It is important to notice that the same repeatability
�(tr)/t0 < 0.01) was obtained with a conventional equipment (i.e.

difference in retention times < 0.005 min for a 100 mm × 4.6 mm

.d. column at 2 mL/min as shown in Fig. 4) suggesting that this
evel of repeatability was only dependent on the studied gradient
onditions. For comparison, the �(tr)/t0 value varied from 0.003
o 0.005 in [19]. However, considering our very unfavourable con-

ig. 4. Average repeatability as a function of the number of column volumes used for re-e
mL/min ( ); 70 ◦C and 2 mL/min ( ). Buffers: formic acid (a); ammonium acetate (b). Co
ther gradient conditions are given in Section 2.
for re-equilibration. Ncv: 2 ( ); 7 ( ); 17 ( ). Buffers: formic acid (a); ammonium
L/min; initial composition: 0% acetonitrile. Other gradient conditions are given in

ditions (no ancillary solvent, initial mobile phase composition of
0% acetontitrile and ultra fast gradient), we were very surprised
to obtain such excellent results for repeatability. The repeatability
was slightly poorer (<0.02) for protriptyline and ethylparaben with
ammonia (Fig. 3c) when only two column volumes were used for
re-equilibration. Considering their pKa, both compounds are partly
ionized at pH 10.4 and therefore probably more sensitive to some
change in mobile phase pH which may occur from run-to-run if
the pumping system has not been completely flushed out before
initial eluent enters the column. The flush out volume being about
twice the dwell volume [18] (i.e. 240 �L), it is slightly higher, in
these conditions, than the re-equilibration volume (220 �l with
Ncv = 2) and this could explain the obtained results with ammo-
nia.

A short equilibration time together with a low retention
variability is very attractive for the second dimension of a compre-

hensive two-dimension liquid chromatography (LC × LC) with mass
spectrometry detection. As a matter of fact, any additional time in
the second dimension implies an increase in the total analysis time
and as a result a decrease in the sampling rate of the first dimension
peaks, which is critical to achieve successful 2D-separations.

quilibration and the temperature/flow-rate. Temperature and flow-rate: 30 ◦C and
lumn XTerra RPC18 100 mm × 4.6 mm, 3.5 �m; initial composition: 0% acetonitrile.
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formic acid as additive, in spite of a great improvement, the addition
ig. 5. Effect of the buffer type on retention variability with 0% acetonitrile in the ini
ix representative solutes: atenolol (a); pindolol (b); ethylparaben (c); diphenhydra

); ammonium acetate ( ); ammonia ( ). Column Acquity BEH-C18 50 mm × 2.
ariability is similar to the repeatability (within ±0.01).

.2. Retention variability between runs when varying the
quilibration time

.2.1. Effect of the type of additive
The effect of the type of additive and the related mobile phase

H on retention variability between runs with different equilibra-
ion times is shown in Fig. 5. The buffer influence was studied
n the “worst conditions”, that are without any organic solvent
n the initial eluent. According to various authors [8,13–16,18,20],
he full column equilibration is expected to be achieved provided
hat retention times of all peaks no longer statistically change
s the equilibration time is increased. The dashed lines bracket
he range where the retention time variability was similar to the
epeatability (i.e. within 0.01t0). Several conclusions can be drawn
rom Fig. 5. First, it is clear that ammonium acetate at neutral pH
rovides the best results. In these conditions, the full column equi-

ibration was established in less than 10 column volumes for all
olutes except atenolol as seen in Fig. 5a–f. In contrast, with acidic
uffered eluents, 60 column volumes could be insufficient, espe-
ially with formic acid as additive and basic compounds which are
ationic at this pH. Indeed, the retention variability was very impor-
ant for the highly retained basic compounds, diphenhydramine
Fig. 5d), protriptyline (Fig. 5e) and clozapine (Fig. 5f). Similarly,
ull column equilibration took much longer time with ammonia
han with ammonium acetate, the worst results being obtained
or ethylparaben (Fig. 5c) which is partially anionic in these condi-
ions. Conversely, when this compound is neutral, which was the
ase with the three other buffers, 5 column volumes or even less
ere sufficient. It has been reported elsewhere [16,18] that weakly

etained compounds such as atenolol in the present study are more
ffected by low equilibration process because when moving across
he column they interact with sites which have been equilibrated by

uch fewer volumes than more retained compounds. Accordingly

ull equilibration should be expected when the retention times of
arly eluted solutes do not vary anymore [17]. Our results clearly
how that checking the invariability of retention times of the least
etained solute alone is not enough to assess the extent of equili-
ration as it is clearly both solute and buffer dependent. Obviously,
uent. Plot of retention variability as a function of the number of column volumes for
d); protriptyline (e); clozapine (f). Additives: formic acid ( ); ammonium formate
, 1.7 �m; 30 ◦C; 0.5 mL/min. The dashed lines specify the range where the retention

there are much more factors affecting column equilibration in case
of ionizable compounds and we were interested in determining the
factors leading to faster column equilibration when working with
volatile buffers.

3.2.2. Effect of a small amount of acetonitrile in the initial eluent
The same study was repeated with an initial composition of

5% acetonitrile. The data were fitted with a logarithmic function
according to Marchand et al. [15] who suggested a first order pro-
cess to describe column equilibration. The effect of a small amount
of acetonitrile in the initial eluent is illustrated in Fig. 6 for the worst
pairs of additive-solute. As expected, a small amount of organic
solvent significantly reduced the time required to attain the full
column equilibration for all solutes and all buffers except for pro-
triptyline with ammonia (Fig. 6c). The removal of the last traces
of organic solvent by pure water is time-consuming and there-
fore maintaining solvation by a small amount of organic modifier
leads to faster equilibration [16]. It was observed in Fig. 5 that
atenolol was the worst solute with ammonium acetate (Ncv > 30).
Fig. 6a shows that the addition of 5% acetonitrile in the initial elu-
ent considerably decreases the equilibration time needed for full
equilibration (Ncv < 5). The effect of a small amount of acetontitrile
is particularly impressive for ethylparaben with ammonia (Fig. 6d).
In this latter case, whereas full equilibration was never reached
in the absence of organic solvent, it was quickly obtained with
5% acetonitrile (Ncv < 5). As a matter of fact, the stationary phase
must be well solvated by the eluent otherwise the molecules can-
not be transferred from the mobile phase to the stationary phase. It
is well-known that a small amount of organic modifier is often suf-
ficient to significantly improve the stationary phase wetting which
is of prime importance for the equilibration process. However, with
of acetonitrile in the initial eluent was not sufficient for the most
retained basic compounds to rapidly attain the full equilibration as
shown in Fig. 6b for clozapine. More surprisingly, the results for
protriptyline with ammonia were even worse with a small amount
of acetontitrile in the initial eluent (Fig. 6c).
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ig. 6. Effect of a small amount of acetonitrile in the initial eluent. Initial compositi
b); ammonia (c and d). Solutes: atenolol (a); clozapine (b); protriptyline (c); ethylp

.2.3. Effect of the type of stationary phase
The previous results were compared to those obtained from the

ame alkyl phase but with a polar embedded group, other operating
onditions being kept identical. Due to poor aqueous wettability,
raditional C18-reversed phases are expected to collapse in highly
queous conditions thereby leading to problems of column equi-
ibration [21,22]. Modified alkyl stationary phases with a polar
mbedded group were thus developed to prevent collapse due to a
etter solvation of the stationary phase [23].

Fig. 7 illustrates the comparison between the two stationary
hases. Unexpectedly, there was no significant difference between
he two stationary phases for atenolol with ammonium acetate
Fig. 7a) when starting the gradient with 0% acetonitrile. For both
olumns, 30 column volumes were required to attain the full equi-
ibration. It was also worth investigating whether the presence of
polar embedded group could further improve the above results

or the clozapine with formic acid. Again, no improvement was
bserved as shown in Fig. 7b, Moreover a significant deterioration
as found for protriptyline with ammonia (Fig. 7c). To summarize

hese anomalous results: the number of column volumes necessary
o attain full column equilibration for protriptyline with ammonia
ncreased from a traditional C18 phase using 0% acetonitrile to the
ame phase using 5% acetonitrile (Fig. 6c) and finally to a polar
mbedded phase, also using 5% acetonitrile (Fig. 7c). It is clear that
quilibration in the present studied conditions is as slow on a polar
mbedded phase as on a traditional one whether the gradient starts
ith a small amount of organic solvent or not.

These results suggest that a poor solvation of the stationary
hase is not the major cause of slow equilibration in case of
onizable compounds. While for neutral compounds, the column
quilibration is essentially dependent on the initial state of sta-
ionary phase wetting, for cationic and anionic solutes, it is also
ependent (1) on ionic strength as the cations of the buffer are com-
eting ions for the anionic sites and (2) on mobile phase pH which
acetonitrile ( ); 5% acetonitrile ( ). Buffers: ammonium acetate (a); formic acid
n (d). Column Acquity BEH-C18 50 mm × 2.1 mm, 1.7 �m; 30 ◦C; 0.5 mL/min.

will fix the number of the anionic sites. The problem of slow equi-
libration was clearly more important in case of low ionic strength
(formic acid or ammonia). As a result, a polar embedded station-
ary phase does not speed up column equilibration for ionizable
compounds. In some cases, it can even worsen the equilibration
problem as shown for protriptyline with ammonia as additive.

3.2.4. Effect of temperature and flow-rate
The effect of temperature and/or flow-rate on gradient re-

equilibration has been little studied and the conclusions were quite
different depending on the authors. For instance, Schellinger et al.
[20] did not observe any effect of temperature or flow-rate for basic
compounds whereas elsewhere a beneficial role of temperature
was observed for a neutral compound as probe solute and pure
water as initial solvent [16].

In the present work, the role of both temperature and flow-rate
in the equilibration process was investigated by studying, on the
one hand the effect of temperature and on the other hand the com-
bined effect of temperature and flow-rate. Three series of data are
given in Fig. 8 for the four worst solute-additive pairs shown in
Fig. 6. The three series correspond to (1) 30 ◦C and the correspond-
ing Van Deemter optimum flow-rate (0.5 mL/min), (2) 70 ◦C and
the same flow-rate and (3) 70 ◦C and the corresponding optimum
flow-rate (1 mL/min). Similar trends were observed with the polar
embedded phase. These results give rise to various comments:

(1) For atenolol which is the least retained compound (Fig. 8a), the
rate of achieving column equilibration is neither affected by the
temperature nor by the flow-rate. The required Ncv is always

nearly 30. This is consistent with a previous study involving
buffered eluents [20]. It was found that an increase in tem-
perature from 40 to 80 ◦C had a minimal effect on the number
of column volumes required for full equilibration and that full
equilibration was independent of the flow-rate. These conclu-
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Fig. 7. Effect of a polar embedded group. Buffers: ammonium formate (a); formic acid (b); ammonia (c). Solutes: atenolol (a); clozapine (b); protriptyline (c). Columns:
Acquity BEH-C18 ( ); Acquity BEH-C18 Shield ( ); 30 ◦C; 0.5 mL/min; initial composition: 0% acetonitrile.

Fig. 8. Effect of temperature and flow-rate for the worst solute-additive pairs of Fig. 5. Additives: ammonium acetate (a); formic acid (b); ammonia (c and d). Temperature
and flow-rate: 30 ◦C and 0.5 mL/min ( ); 70 ◦C and 0.5 mL/min ( ); 70 ◦C and 1 mL/min ( ). Solutes: atenolol (a); clozapine (b); protriptyline (c); ethylparaben (d). Column
Acquity BEH-C18 50 mm × 2.1 mm, 1.7 �m; initial composition: 0% acetonitrile.
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sions were related to the worst solute which was a weakly
retained basic compound as atenolol in the present study. How-
ever, it should be pointed out that the gradient runs were
started with 10% acetonitrile and carried out with a constant
amount of n-butanol added to the mobile phase. Such condi-
tions were obviously quite favourable to fast equilibration and
therefore a possible effect of temperature and/or flow-rate was
probably difficult to highlight. However, it was also noted in the
referenced study that this trend differed from a previous study
with unbuffered eluents [18] where a significant influence of
the flow-rate on the number of column volumes required for
full equilibration had been highlighted. According to these pre-
vious works and the present study, it can be concluded that
early eluted basic compounds are less subjected to thermody-
namic and/or kinetic effect.

2) At acidic pH, the combined effect of temperature and flow-rate
was significant for the most retained basic compounds such
as clozapine (Fig. 8b), When both temperature and flow-rate
are increased, full equilibration is achieved in less than five
column volumes with formic acid whereas more than 50 col-
umn volumes are necessary at 30 ◦C. In contrast, increasing
the temperature alone is not sufficient to provide a significant
improvement.

3) At basic pH, the number of column volumes is also greatly
reduced for basic protriptyline (Fig. 8c) as well as for acidic
ethylparaben (Fig. 8d) when increasing both flow-rate and tem-
perature. Again, the influence of temperature alone is not clear.
The evidence of an effect of temperature alone was highlighted
n a Nucleodur Gravity C18 column packed with sub-2 �m particles
hich demanded at 30 ◦C, even in ammonium acetate conditions, a
uge number of column volumes before the full equilibration was
chieved. The column temperature was increased to 70 ◦C while
n (a), clozapine (b), protriptyline (c). Column Nucleodur Gravity C18 50 mm × 2 mm,

keeping the same flow-rate. The resulting data are shown in Fig. 9
for three different solutes. The number of column volumes for
ethylparaben (Fig. 9a) which is neutral at this pH, was very small
(<2) and close to that obtained on Acquity columns in similar con-
ditions (see Fig. 5c). In contrast, the number of column volumes
needed to equilibrate the Nucleodur Gravity column was consider-
able for basic compounds at 30 ◦C (Figs. 9b and c) while less than five
column volumes were sufficient for Acquity columns (see Fig. 5e
and f). At 70 ◦C with the same flow-rate, the number of column vol-
umes was greatly reduced even if it remained large (close to 30).
These results clearly highlight a beneficial effect of the temperature
alone.

A recent study [15] stated that slow equilibration process was
probably dependent on the stationary phase and that almost 40% of
all commercial columns could be subjected to this effect. The pro-
cess of slow equilibration was highlighted in the particular case of
isocratic separation at low pH with potassium phosphate as buffer,
with a high ionic strength (60 mM) and a high content of acetoni-
trile in the mobile phase (50%). The authors compared the retention
times obtained with a column just received from the manufacturer
and those obtained after a high pH treatment. They observed an
increase in the retention factor followed by a very slow return
towards initial values after flushing out the column with a very
large volume of mobile phase. Slow equilibration phenomenon was
explained by a slow change in column charge, especially at low pH
where the number of anionic sites is smaller. These conditions are
very far from those of the present study. We nevertheless stud-
ied the effect of temperature and flow-rate in formic acid with

a Zorbax SB-C18 column which is expected to be less subjected
than other columns to slow equilibration according to this previous
study. As with all other studied columns, the column equilibration
for basic solutes was very slow at 30 ◦C with formic acid. For illus-
trative example, Fig. 10b shows the data for diphenhydramine as



C. Grivel et al. / J. Chromatogr. A 1217 (2010) 459–472 469

F ent C1
5 ); 70
d

b
c
t
s
i
s

p
t
(
o
v
t

l
p
t
t
p

o
fi
w
W
a
q
a
c
p
l
n
s
fl
t
s
i
b
t
b
o
t

t
d
t
a
e

ig. 10. Comparison of the effect of temperature and flow-rate between two differ
0 mm × 2.1 mm, 1.8 �m (b). Temperature and flow-rate: 30 ◦C and 0.5 mL/min (
iphenhydramine.

asic solute. The trend is quite similar to that with the Acquity BEH
olumn (Fig. 10a). In contrast, a substantial effect of the tempera-
ure alone was observed with the Zorbax SB-C18 column (Fig. 10b),
imilarly as the Nucleodur Gravity phase (Fig. 9). As for all stud-
ed columns, the combined effect of temperature and flow-rate is
pectacular.

Increasing the temperature may produce the following
ositive effects on column equilibration: (1) enhancing the sorp-
ion/desorption kinetics from mobile phase on to stationary phase;
2) improving the diffusivity of the components within the pores
f the stationary phase; (3) modifying the phase conformation; (4)
arying the amount of adsorbed solvent; (5) changing the ioniza-
ion state of the stationary phase.

On the other hand, some authors stressed that the wetting prob-
em was due to the inability of pure water to penetrate the silica
ores because of the high surface tension of water [21,24,25] and
hat pressure could force the water to penetrate the pores and
herefore improve the surface wetting. This could account for a
ositive effect of flow-rate which is related to pressure.

We believe that the temperature alone has a positive effect
n the equilibration process but this parameter may be not suf-
cient due to a concomitant decrease in the column pressure drop
hich is most probably detrimental for the reason given above.
hen adjusting the flow-rate at 70 ◦C, the pressure is increased

nd this positively affects equilibration. However the pressure was
uite similar at 70 ◦C and 1 mL/min (590 bar for the Acquity BEH)
s at 30 ◦C and 0.5 mL/min (500 bar) since these flow-rates were
lose to the Van Deemter optimum and therefore nearly inversely
roportional to the viscosity. So, interpreting the reason of equi-

ibration improvement with both temperature and flow-rate is
ot straightforward. Higher temperatures may improve the diffu-
ion of the initial eluent components into the pores while higher
ow-rates associated with higher pressures may force the water
o penetrate the pores and therefore improve the solvation of the
tationary phase [16]. However it is very difficult to ascertain what
s determining since the nature of the C18 column (end-capping,
onding density, nature of silica, pore size) is also an important fac-
or [25] as highlighted by the great differences that were obtained
etween the various C18 columns. Investigations are underway in
ur laboratory to get definite explanation concerning the effect of
emperature, flow-rate and both together.

It is also important to note that when the same volume passes

hrough the column, the time of contact with the initial eluent is
ivided by a factor two between 0.5 and 1 mL/min. A decrease of
he required equilibration volume at higher flow-rate is not in good
greement with other studies [15,26,27] that showed that static
quilibration was equivalent to flow-one thereby suggesting that
8 phases. Columns: Acquity BEH-C18 50 mm × 2.1 mm, 1.7 �m (a); Zorbax SB-C18
◦C and 0.5 mL/min ( ); 70 ◦C and 1 mL/min ( ). Additive: formic acid; solute:

column equilibration should require a certain time of initial eluent
exposure rather than a certain volume. According to our results,
static equilibration might be much slower, due to the absence of
pressure.

It was reported elsewhere that depending on the column oven,
high temperatures can be more difficult to control, which may pro-
duce a detrimental effect on retention variability [19]. In addition,
the extent to which the gradient delivered by a given instrument
is reproducible can also affect the retention variability. However,
it can be noted that instrumental factors should produce the same
effect on retention variability regardless of the column type. We
nevertheless studied the effect of temperature with a conventional
HPLC instrument and a conventional 3.5 �m particle size column
which was also a polar embedded phase. The data obtained at 30
and 70 ◦C for basic compounds with formic acid are shown in Fig. 11
and can be compared to those obtained from an UHPLC equipment
(Fig. 8). As shown, an increase in both flow-rate and temperature
also leads to much faster equilibration, suggesting that increasing
the temperature and hence the flow-rate is beneficial to column
equilibration whatever instrumentation and stationary phase.

3.2.5. Inter-series retention variability (intermediate precision)
A major difficulty arises from slow equilibration. It relates to

intermediate precision which is given by the retention variability
between two gradient runs, both runs being carried out with the
same equilibration time but preceded by runs carried out with a
different equilibration time. It is important to notice that a given
stationary phase may be inevitably exposed to different volumes of
initial eluent and is therefore likely to be subjected to this problem.
In addition to retention variability, this problem may also lead to
variation of selectivity which more strongly affects the robustness
of a given method. In this case, a given gradient method related to
a given equilibration time turns out to be impossible to duplicate
unless full equilibration is achieved.

Indeed, at 30 ◦C, the retention variability was significantly
higher than that expected from repeatability, when formic acid or
ammonia were used as additives. This can be observed in Fig. 12
for two series of experiments carried out with Ncv = 7 and preceded
by series carried out with Ncv = 2 and Ncv = 40, respectively. This
study was performed at 30 ◦C and 70 ◦C with flow-rates close to the
optimum determined by the Van Deemter curves. At 30 ◦C, very
poor results were obtained with formic acid (Fig. 12a and c) for

all basic compounds except for the least retained basic compound
(atenolol) and the non-ionized compound (ethylparaben). It is
noteworthy that the same trend was observed with both columns,
AcquityBEH (Fig. 12a) and ZorbaxSB (Fig. 12c). Furthermore, it
was also observed with the polar embedded phase (results not
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ig. 11. Effect of temperature and flow-rate using conventional equipment and c
olutes: pindolol (a), clozapine (b). Column Xterra RPC18 100 mm × 4.6 mm, 3.5 �m

hown). Similarly, the retention variability was quite significant

ith ammonia for partially ionized compounds (ethylparaben and
rotriptyline) (Fig. 12b). At 70 ◦C, while with 0.5 mL/min, we just
bserved a small improvement (results not shown), the variability
ecame similar to the repeatability (<0.01) for all solutes with

ig. 12. Retention variability as a function of the solutes and the temperature between tw
nd 40 respectively. Temperature and flow-rate: 30 ◦C and 0.5 mL/min ( ); 70 ◦C and 1 m
mmonium formate (e). Columns: Acquity BEH-C18 50 mm × 2.1 mm, 1.7 �m (a, b, d, and
. Temperature and flow-rate: 30 ◦C and 1 mL/min ( ); 70 ◦C and 2 mL/min ( ).
itive: formic acid. Other gradient conditions are given in Section 2.

1 mL/min (Fig. 12), suggesting that the retention times are statis-

tically unchanged at 70 ◦C with a difference in retention times not
greater than 0.001 min. These results point out again that flow-rate
together with temperature have a major effect on retention vari-
ability. At 30 ◦C, the quality of the separation (relative retention)

o series carried out with the same Ncv = 7, preceded by series carried out with Ncv = 2
L/min ( ). Additives: formic acid (a and c); ammonia (b); ammonium acetate (d);

e); Zorbax SB-C18 50 mm × 2.1 mm, 1.8 �m (c). Initial composition: 0% acetonitrile.
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Fig. 13. Two overlaid chromatograms for the separation of six representative solutes
(atenolol, pindolol, clozapine, diphenhydramine, ethylparaben and protriptyline)
carried out with the same equilibration time (Ncv = 7) but preceded by a gradient
run performed with a different equilibration time (Ncv = 2 and Ncv = 40, respec-
t
(
c
s

m
t
c
t
n
s

a
e
r

e
w
c
d
p
i
p
c
r
a
s
a
n
d
h
p

w
e
A
d
m
a
a
b

ively). Temperature and flow-rate: 30 ◦C and 0.5 mL/min (a); 70 ◦C and 1 mL/min
b) Column Acquity BEH-C18 50 mm × 2.1 mm, 1.7 �m; additive: formic acid; initial
omposition: 0% acetonitrile. Other conditions are given in Section 2. The baseline
ignal has been subtracted.

ay vary between two runs performed with the same equilibra-
ion time as shown in Fig. 13 where the last pair of solutes varied
onsiderably depending on the preceding gradient equilibration
ime while no significant change in retention time and therefore
o change in selectivity occurred at 70 ◦C and 1 mL/min. Neutral
pecies such as ethylparaben at this pH did not exhibit this effect.

The retention variability with both ammonium acetate (Fig. 12d)
nd ammonium formate (Fig. 12e) was similar to the repeatability
ven at 30 ◦C for the atenolol, thereby highlighting again the major
ole of the ionic strength.

These results are consistent with the preceding ones. For a given
quilibration time, there is a given state of the stationary phase,
hich is modified during the gradient run as the mobile phase

omposition varies. While the initial state of the stationary phase is
ependent on the equilibration time of the run, for ionizable com-
ounds it seems to be also dependent on the column history at the

nitial mobile phase composition, namely on the duration of the
receding equilibration time. This problem was more important in
ase of low ionic strengths (formic acid and ammonia) and was
educed at higher temperatures and/or higher flow-rates. Again
slow change in column charge could explain this phenomenon

ince the maximum column charge is obtained in the initial eluent
nd most probably dependent on the equilibration time. The total
egative charge of the column is likely to decrease during the gra-
ient run because the silanols turn out to be less acidic (i.e. with
igher pKa) when the content of organic modifier in the mobile
hase is increased.

Similarly, a day-to-day retention drift has also been observed
hen the column was stored in an initial butanol/ACN/water/TFA

luent whereas the intra-day repeatability was not affected [19].
ccording to the authors, these small changes in retention could be

ue either to instrument performance drifts or to a loss of organic
odifier in the initial eluent over time. However, both explanations

re not suitable for the present study because (1) the solutes are not
ffected on the same way, the retention variability depending on
oth the solute type and the solute retention; (2) our different series
A 1217 (2010) 459–472 471

were performed within a single day, without organic modifier in
the eluent A and (3) we found that, for both ammonia and formic
acid, a concomitant increase in column temperature and flow-rate
considerably reduced the retention variability, suggesting that a
thermodynamic and/or a kinetic effect is involved.

As a conclusion, in order to keep excellent retention variability
while using just a few column equilibration volumes, we recom-
mend to circumvent the use of formic acid or ammonia as additives
and to prefer the use of ammonium acetate or formate. Otherwise,
higher temperatures with appropriate flow-rates prevent excessive
variability with either formic acid or ammonia and can therefore
offer acceptable results.

4. Conclusions

The aim of this work was to find suitable operating conditions
which can provide low re-equilibration times together with low
retention variability, working in UHPLC conditions with volatile
buffers. The role of both temperature and flow-rate has been
emphasized. It was shown that the equilibration process remains
strongly dependent on the solute, especially when this latter is ion-
izable. In this case, the mechanisms which govern re-equilibration
in gradient elution remain very complex and require much further
work to be elucidated. The major conclusions of the present study
are summarized as follows:

• The retention variability between identical runs (i.e. the repeata-
bility) is independent of the operating conditions including
re-equilibration time, type of compound (neutral, acidic or basic),
type of buffer, composition of initial eluent, temperature, flow-
rate and type of stationary phase. The repeatability is quite
excellent and corresponds to a difference in composition at elu-
tion of 0.1% in spite of the very short gradient times (i.e. 1 min for
some of them).

• The retention variability between runs with the same equilibra-
tion time but preceded by a run with a different equilibration
time (i.e. intermediate precision) can be more critical especially
for ionizable compounds with eluents having a low ionic strength
(i.e. ammonia or formic acid). It was shown that an increase in
temperature together with an increase in flow-rate reduce this
retention variability down to the repeatability for all compounds.

• Obtaining the full column equilibration can be sometimes time-
consuming. A small amount of 5% acetonitrile in the initial eluent
is usually sufficient to reduce the number of required column
volumes which is in good agreement with other reported stud-
ies. When the required number of column volumes, needed to
achieve full equilibration with ionizable compounds, is high (with
or without organic solvent in the initial eluent), it appears from
the present study that this number can be considerably decreased
by selecting appropriate conditions according to the following
comments: (1) ammonium acetate or ammonium formate should
be preferred to ammonia or formic acid; (2) surprisingly, no
improvement can be expected from a polar embedded phase; (3)
a beneficial effect of both temperature and flow-rate was high-
lighted. Although it is difficult to state which parameter between
temperature and flow-rate is more advantageous, it should be
pointed out that an increase in temperature should always be
accompanied by an increase in flow-rate so that the reduced lin-
ear velocity is kept constant and as a result it can be stated that
high temperatures are always beneficial to column equilibration.
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