
A
g

J
D

a

A
R
R
A
A

K
R
C
P
S
G
P
P

1

p
o
a

�

s
c
c
p
e
t
o
a

N

V
T

0
d

Journal of Chromatography A, 1217 (2010) 2147–2157

Contents lists available at ScienceDirect

Journal of Chromatography A

journa l homepage: www.e lsev ier .com/ locate /chroma

pproaches to characterise chromatographic column performance based on
lobal parameters accounting for peak broadening and skewness

.J. Baeza-Baeza, S. Pous-Torres, J.R. Torres-Lapasió, M.C. García-Álvarez-Coque ∗

epartament de Química Analítica, Universitat de València, c/Dr. Moliner 50, 46100 Burjassot, Spain

r t i c l e i n f o

rticle history:
eceived 17 December 2009
eceived in revised form 2 February 2010
ccepted 3 February 2010
vailable online 10 February 2010

eywords:
eversed-phase liquid chromatography

a b s t r a c t

Peak broadening and skewness are fundamental parameters in chromatography, since they affect the
resolution capability of a chromatographic column. A common practice to characterise chromatographic
columns is to estimate the efficiency and asymmetry factor for the peaks of one or more solutes eluted
at selected experimental conditions. This has the drawback that the extra-column contributions to the
peak variance and skewness make the peak shape parameters depend on the retention time. We propose
and discuss here the use of several approaches that allow the estimation of global parameters (non-
dependent on the retention time) to describe the column performance. The global parameters arise from
olumn performance
eak broadening
kewness
lobal parameters
eak variance
eak half-widths

different linear relationships that can be established between the peak variance, standard deviation, or
half-widths with the retention time. Some of them describe exclusively the column contribution to the
peak broadening, whereas others consider the extra-column effects also. The estimation of peak skewness
was also possible for the approaches based on the half-widths. The proposed approaches were applied to
the characterisation of different columns (Spherisorb, Zorbax SB, Zorbax Eclipse, Kromasil, Chromolith,
X-Terra and Inertsil), using the chromatographic data obtained for several diuretics and basic drugs

(�-blockers).

. Introduction

Broadening of chromatographic peaks, measured as the total
eak variance in time units, �2

t , results from several factors of two
rigins: intra-columnar, �2

col, and extra-columnar, �2
ext, which are

ssumed to be additive [1–3]:

2
t = �2

col + �2
ext (1)

Peak broadening is a fundamental factor in chromatography,
ince it affects the resolution capability of a chromatographic
olumn. The interest in developing descriptors that characterise
olumn performance related to peak broadening is, thus, not sur-
rising, being the number of theoretical plates (plate count or
fficiency, N) the most popular. This concept is based on the plate
heory, described by Martin and Synge in 1941 [4]. The number
f plates, obtained by considering a Poisson distribution that is

pproximated to a Gaussian, is given by:

=
(

tR

�t

)2
(2)
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where tR is the retention time, and �t is the standard deviation of a
chromatographic peak eluted in the isocratic mode. The peak stan-
dard deviation (or width) is inversely proportional to the square
root of the efficiency and, thus, the narrower the peak, the higher
the efficiency. According to Neue [1], the plate count can be viewed
as a measure of the distribution of elution times of the analyte
molecules, the relative standard deviation (in percentage) being
equal to the reciprocal square root of the efficiency (×100). Thus,
for example, a peak with N = 10,000 will have a standard deviation
amounting 1% of the retention time.

For a pure Gaussian peak, the efficiency is often estimated in
terms of total peak width (w) at a selected height, as follows:

N = a
(

tR

w

)2
(3)

where a = 4 when w is the peak width at the inflection point
(60.3% peak height), a = 5.54 when measured at half-height, and
a = 16 when measured at the base (4� method, 13.4% peak height)
[1]. Pure Gaussian chromatographic peaks are, however, seldom
observed experimentally (i.e. the peaks are usually tailing, and

in some cases, fronting), due to a number of internal and extra-
column factors (mainly from the injection profile and isotherm
non-linearity). Obviously, the estimation of the efficiency accord-
ing to Eq. (3) will be biased for these peaks. A general solution to
the calculation of efficiencies, independently of the peak skewness,
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Nomenclature

A left half-width
A0 left half-width for a peak eluting at the dead time
A0.1 left half-width at 10% peak height
Ai+1 and Ai left half-width for two adjacent peaks
Āint mean left half-width according to the “integral

method”
Āsum mean left half-width according to the “summation

method”
B right half-width
B0 right half-width for a peak eluting at the dead time
B0.1 right half-width at 10% peak height
Bi+1 and Bi right half-width for two adjacent peaks
B̄int mean right half-width according to the “integral

method”
B̄sum mean right half-width according to the “summation

method”
B/A asymmetry factor
corrected retention time difference between the retention

time and the dead time
fasym asymmetry factor
f̄int mean asymmetry factor according to the “integral”

method
h0 height at the peak maximum
h(t) peak height at any time
integral method method to obtain mean parameters based

on a synthetic chromatogram with multiple peaks
showing retention times separated in an infinitesi-
mal distance

M1 first moment (retention time)
M2 second moment (peak variance)
m� slope of the linear relationship between the stan-

dard deviation and the retention time
mA slope of the linear relationship between the left half-

width and the retention time
mB slope of the linear relationship between the right

half-width and the retention time
mA + mB peak broadening rate
mB/mA peak skewness
N efficiency, plate count or number of plates
Nobs observed efficiency
Ncol column efficiency calculated from the retention

time (Eq. (7))
Neff effective plate number calculated from the cor-

rected retention time (Eq. (12))
N� column efficiency according to Eq. (16)
Pc peak capacity or maximal number of resolved peaks

that fit in a chromatographic window
R regression coefficient
R2 determination coefficient
rPB peak broadening rate inside the column
RS chromatographic resolution
s0 standard deviation at the peak maximum
SDS sodium dodecyl sulphate
“summation” method method to obtain mean parameters

based on the ideal chromatogram used to define the
peak capacity concept

�2
0 variance of an unretained peak

�2
col intra-column contribution to peak variance

�2
ext extra-column contribution to peak variance

�2
t total peak variance in time units

t0 dead time
T0 time for an ideal peak with width A0 + B0

t1 corrected retention time for the first peak in the
selected time window

ti+1 and ti retention times for two adjacent peaks
tn corrected retention time for the last peak in the

selected time window
tR retention time
t̄R,int mean retention time according to the “integral”

method
t̄R,sum mean retention time according to the “summation”

method
t̄sum mean corrected retention time according to the

“summation” method
w peak width

w0.1 peak width at 10% peak height
z standard score

is offered by the moment method:

N = M2
1

M2
(4)

where M1 accounts for the retention time, and M2 for the peak
variance [3,5]. Compared to the moment method, the estimation of
the efficiency with Eq. (3) offers overestimations, often exceeding
100% [5,6].

However, the direct numerical integration of the experimen-
tal peak profile needed to get the moments may also be affected
of error arising from the limits used in the integration, the base-
line drift and noise. This, together with the need of digital curve
fitting, has been the reason of the proposal of other approaches
based on the exponentially modified Gaussian model and mea-
surement of the widths above the baseline [6–8], from which the
most generally accepted is the Foley and Dorsey approach [6,9].
These authors developed the following expressions to estimate the
second moment (the variance), and the efficiency:

M2 = w2
0.1

1.764(B/A)2
0.1 − 11.15(B/A)0.1 + 28

(5)

N = 41.7(tR/w0.1)2

(B/A)0.1 + 1.25
(6)

where the width (w0.1), and the left (A0.1) and right (B0.1) half-
widths, are measured at 10% peak height, being w0.1 = A0.1 + B0.1,
and (B/A)0.1 the peak asymmetry (see also Fig. 1). Eqs. (5) and (6)
have been reported to yield errors <1.5% for peaks showing asym-
metry factors (B/A)0.1 in the range 1.00–2.76 [5,6].

According to Eq. (1), the peak profile (i.e. the relative peak stan-
dard deviation, or observed efficiency, Nobs) will depend on the
chromatographic instrument to which the column is connected.
Also, the peak profile will depend on the retention time, since as this
increases, the external contribution to the global variance becomes
less significant. The efficiency for experimental peaks obtained at
specific mobile phase compositions can be calculated from Eqs. (4)
and (6). In some cases, however, the estimation of the efficiency
at particular retention times, from which no experimental data
are available, is needed. This is the case when chromatographic
columns or solvents should be compared, or peak resolution opti-
mised. For this purpose, a model that relates the peak profile

(expressed as peak variance, standard deviation, or left and right
half-widths), with the retention time should be useful.

A common model used to estimate the intra- and extra-column
contributions to the observed peak broadening at different reten-
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ig. 1. Chromatographic peak fitted using the modified Gaussian model (Eqs.
8)–(10)). The retention time and peak half-widths at 10% peak height are outlined.

ion times is based on the following equation:

2
t = t2

R
Nobs

= t2
R

Ncol
+ �2

ext (7)

erived from Eqs. (1) and (2). It indicates that the plot of the
bserved variance, �2

t , versus t2
R, for several peaks obtained at dif-

erent retention times will yield a straight-line. Eq. (7) contains a
umber of assumptions: the additivity of the column and instru-
ent variances is accepted (Eq. (1)), the instrument variance is

ndependent of the solute retention factors, and all solutes have
he same column plate height associated [10,11].

In Eq. (7), Nobs is the observed efficiency (which considers both
ntra- and extra-column contributions to the peak width, and con-
equently, it changes with the retention time), and Ncol is the
ntrinsic column efficiency (i.e. which only takes into account the
ntra-column contributions, and is a fixed parameter not depending
n the retention time). The observed efficiency, Nobs, characterises
ingle peaks eluting at specific retention times, whereas Ncol and
2
ext are parameters that characterise the chromatographic system
the column behaviour and the extra-column effects, respectively).

hen both system (global) parameters (Ncol and �2
ext) are known,

he prediction of the peak variance (and Nobs) at any retention time
s possible. According to Eq. (7), Ncol > Nobs. As the retention time
ncreases, the external contribution to the global variance is less
ignificant, and Nobs becomes closer to Ncol: the observed efficien-
ies of highly retained peaks will be larger than the efficiencies at
horter retention. At sufficiently high retention times: Nobs = Ncol.

In this work, the performance of Eq. (7) and other linear equa-
ions relating the peak variance, standard deviation or half-widths,
ith the retention time (t2

R for the peak variance), are exam-
ned using information obtained in our laboratory for different
ompounds and columns. It will be also shown that from these
quations, it is possible to derive several global parameters that
escribe the column performance accounting for peak broaden-

ng and skewness. The probabilities of resolution of closely eluting
ompounds are associated with the peak width and skewness.
f the separation space is larger, reaching full resolution will be

ore likely. One of such global parameters characterising col-
mn performance is the column efficiency, Ncol, described above.

nother widely used global parameter is the peak capacity (i.e.
aximal number of resolved peaks that fit in a chromatographic
indow), which considers the peak broadening produced inside

he column and the extra-column effects altogether [12,13]. We
ive here several alternatives to these parameters, according to
r. A 1217 (2010) 2147–2157 2149

three approaches, to characterise the chromatographic system as
a whole, or distinguish the intra- and extra-column contributions
to the peak broadening. The proposed parameters should be useful
for column development and selection.

2. Theory

2.1. Measurement of peak variance and half-widths

The calculation of peak moments (which are provided by several
data stations) does not seem to be the best solution to obtain the
peak variance (or standard deviation), since a small error in deter-
mining the baseline will influence the selected positions for the
start and end of the peak, resulting in uncertain estimations. This
is the reason of the wide use of the equations of Foley and Dorsey
to measure the second moment and the efficiency, based on the
exponentially modified Gaussian model (Eqs. (5) and (6), respec-
tively). In these equations, the standard deviation is estimated from
the half-widths at 10% peak height, where the skewness is still
apparent.

In this work, the variance for each peak was obtained from Eq.
(5), and from this, the standard deviation. On the other hand, the
peak half-widths were estimated through fitting of the signals to
a modified Gaussian model [14,15], where the variance changed
with the distance to the peak maximum according to:

h(t) = h0 exp

[
−1

2
(t − tR)2

s2
0 + a(t − tR) + b(t − tR)2

]
(8)

where

a = B0.1 − A0.1

A0.1B0.1
s2

0 (9)

b = 1
4.6

− s2
0

A0.1B0.1
(10)

h(t) is the peak height at any time, and h0 and s0 are the height and
standard deviation at the peak maximum. With this model, fitting
of chromatographic peaks showing a wide range of efficiencies and
asymmetries was always excellent (with R ≥ 0.999).

2.2. First approach: estimation of column efficiency from the peak
variance or standard deviation

According to Eq. (7), the intra-column peak variance is given by:

�2
col = t2

R
Ncol

(11)

where Ncol is the column efficiency. This concept has been also
approximated from the peak broadening that occurs during the
time the solute interacts with the stationary phase, which is called
the effective plate number, Neff [2]:

�2
col = (tR − t0)2

Neff
(12)

t0 being the dead time. Both definitions of column efficiency, Ncol
and Neff, can be related as follows:

Neff = Ncol

(
tR − t0

tR

)2
(13)

The drawback of Eq. (12) is that it erroneously predicts zero
peak spreading for an unretained solute. Also, note that Eq. (13)

shows that Neff depends on the retention time (only for sufficiently
retained solutes, Ncol and Neff will be similar).

Eq. (7) allows the prediction of the observed peak broadening
considering both the intra- and extra-column contributions, the
former defined by Eq. (11). We propose a similar equation for the
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pproach based on Eq. (12), where the total variance depends on
wo components (�2

col and �2
0 ):

2
t = �2

col + �2
0 = (tR − t0)2

Neff
+ �2

0 (14)

he effective efficiency, Neff, can be obtained from the slope of Eq.
14). The meaning of �2

ext (Eq. (7)) and �2
0 (Eq. (14)) is different;

2
ext refers exclusively to the extra-column contribution to the peak
ariance, and �2

0 is the variance for an unretained solute, which
ncorporates both intra- and extra-column components.

In spite of the widely acceptance of Eq. (7), a linear relationship
as been suggested between the observed peak width (or standard
eviation) and the retention time, for a variety of solutes, which
lso implies a constant column efficiency [16,17]:

= a + btR (15)

here w was measured at half peak height. We have observed that
uch linear relationship holds [14,18–21], and propose here the fol-
owing linear equation to relate the peak standard deviation with
he retention time:

t = tR − t0√
N�

+ �0 = m�(tR − t0) + �0 (16)

here the time the solute interacts with the stationary phase is
onsidered again as variable, and the reverse of the square root
f the efficiency, N� (m�), is the slope to make it comparable to
col and Neff. Eq. (16) can be expressed in terms of tR and �ext as
q. (7). There is no fundamental difference; only the time axis is
hifted between both plots. However, we preferred using (tR − t0)
nd �0, because they have a more straightforward meaning: �0 is
he standard deviation associated with an unretained solute eluting
t t0. Also, quite often, owing to the experimental error, the linear
quation based on tR and �ext yields negative values for �ext.

.3. Second approach: estimation of column peak broadening and
kewness from the half-widths

Eqs. (7), (14) and (16) give an estimation of the column effi-
iency. These equations also allow predicting the observed peak
ariance or standard deviation at different retention times. How-
ver, they do not give information about the peak skewness. For
his purpose, we propose the following linear relationships based
n Eq. (16):

= mA(tR − t0) + A0 (17)

= mB(tR − t0) + B0 (18)

here mA and mB are the slopes of the equations, and A0 and B0 the
eak half-widths at the dead time (tR = t0). These equations allow
he prediction of the peak widths (w = A + B) and asymmetry fac-
ors (B/A). They are also useful to estimate the observed efficiency
ccording to Eq. (6) for peaks eluting at different retention times.

It should be noted that the relationships between the peak stan-
ard deviation, or the peak half-widths, with the retention time
re indeed parabolic. However, we have checked that they can be
pproximated to straight-lines in wide ranges of retention time
14,21]. In previous work, the usefulness of such linear simplifica-
ions was demonstrated for optimisation purposes [14], and the
stimation of the peak capacity [19]. We show below that they

lso allow the proposal of global parameters to characterise peak
roadening and skewness.

Thus, the chromatographic performance can be described by the
um of slopes (mA + mB), and their ratio (mB/mA). In order to under-
tand the meaning of these parameters, consider the sum of Eqs.
r. A 1217 (2010) 2147–2157

(17) and (18):

w = (mA + mB)(tR − t0) + (A0 + B0) = rPB

100
(tR − t0) + (A0 + B0)

(19)

where the slope rPB = (mA + mB) × 100 represents the rate of peak
broadening inside the column (expressed as percentage), that is,
the column peak broadening rate. For sufficiently retained peaks,
the term (A0 + B0) will be negligible, and the observed broadening
should be associated only with the column.

The peak asymmetry factor at any retention time can be calcu-
lated from:

fasym = B

A
= mB(tR − t0) + B0

mA(tR − t0) + A0
(20)

which tends to be a constant value for long enough retention times,
where A0 and B0 are negligible. Therefore, the ratio mB/mA repre-
sents the asymmetry factor of a highly retained compound, or the
column component to peak skewness.

2.4. Third approach: estimation of mean values of the observed
efficiencies and asymmetry factors to characterise the system
performance

Mean values of the observed efficiencies (often estimated
according to Eq. (6)) and asymmetry factors (B/A), for a set of peaks
obtained with a given chromatographic system, are often reported.
The peaks correspond to one or more solutes eluted at different
retention times, under appropriate conditions. In principle, the
larger the number of peaks and the more representative their distri-
bution, the more significant the mean values. However, a problem
arises since the width of chromatographic peaks steadily increases
with the retention time. Consequently, the number of peaks eluting
in a given window decreases rapidly, making the establishment of a
criterion to obtain mean widths or efficiencies not straightforward.

As commented above, Eqs. (17) and (18) allow predicting the
peak half-widths for peaks eluting at different retention times. This
suggests new approaches to achieve mean values of the observed
efficiencies and asymmetry factors, based on predictions. We sug-
gest here two methods that consider the peaks eluting in a certain
time window in a chromatogram. The simplest one, which we will
call the “integral method”, considers a chromatogram with mul-
tiple peaks showing retention times separated in an infinitesimal
distance. In this case, the mean values are calculated by integration.
For the left half-width:

Āint =
∫ tn

t1
A(t)dt∫ tn

t1
dt

=
∫ tn

t1
A(t)dt

tn − t1
(21)

where t1 and tn are the corrected retention times (tR − t0) for the
first and last peaks in the selected window. Assuming a linear rela-
tionship between left half-width and time (Eq. (17)), the following
equation results:

Āint = mA((t2
n − t2

1)/2) + A0(tn − t1)
tn − t1

= mA
(tn + t1)

2
+ A0 (22)

Similarly, for the mean right half-width, from Eq. (18):

B̄int = mB
(tn + t1)

2
+ B0 (23)

The result is obvious: owing to the adopted linear relationship
between the half-widths and the retention time, the mean values

Āint and B̄int coincide with the half-width for the peak located at the
centre of the time window, whose retention time is given by:

t̄R,int = (tn + t1)
2

+ t0 (24)
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From the mean half-widths (Eqs. (22) and (23)), and the mean
etention time (Eq. (24)), the corresponding efficiency can be cal-
ulated according to Eq. (6). The mean asymmetry factor will be:

īnt = B̄int

Āint
(25)

The second method, which we will call the “summation
ethod”, is more complex. It is based on the ideal chromatogram

sed to define the peak capacity concept [19]. Accepting Eqs. (17)
nd (18), we can write:

i+1 − ti = z(Ai+1 + Bi) = z(mAti+1 + A0 + mBti + B0) (26)

here ti+1 and ti, and Ai+1 and Ai (Bi+1 and Bi) are the retention
imes and left (and right) half-widths for two adjacent peaks (i and
+ 1). The number z establishes the threshold defining full reso-
ution. We have adopted the value z = 1.4, which corresponds to
S = 1.5 or w = 6� (with A and B measured at 10% peak height) to
uarantee sufficient resolution for asymmetrical peaks. According
o Eq. (26), the time for a given peak (ti+1) can be related with the
ime of the preceding peak (ti) as follows:

i+1 = 1 + zmB

1 − zmA
ti + z

A0 + B0

1 − zmA
= ıti + �0 (27)

From Eq. (27), the time for any peak in the chromatogram is
iven by (see also Ref. [19]):

i = ıi−1(t1 + T0) − T0 (28)

here

0 = A0 + B0

mA + mB
(29)

hich is the time for an ideal peak with width A0 + B0. The mean
orrected retention time in the considered time window will be:

sum =
∑n

i=iti

n
= t1 + T0

n

n∑
i=i

ıi−1 − T0 = t1 + T0

n

ın − 1
ı − 1

− T0 (30)

here n is the peak capacity (Pc), which can be estimated with high
ccuracy (even for highly asymmetrical peaks with low efficiency),
s follows [19]:

c = 1 + ln((tn + T0)/(t1 + T0))
ln((1 + zmB)/(1 − zmA))

= 1 + 1
z(mA + mB)

ln
tn + T0

t1 + T0

(31)

The mean left and right half-widths can be estimated as:

¯ sum = mA t̄sum + A0 (32)

¯ sum = mB t̄sum + B0 (33)

here mA, mB, A0 and B0 are the parameters in Eqs. (17) and (18),
nd t̄sum is calculated according to Eq. (30). The corresponding
etention time is:

R,sum = t̄sum + t0 (34)

Finally, the mean efficiency can be calculated with Eq. (6) from
¯ sum and B̄sum, and the mean asymmetry factor from:

s̄um = B̄sum

Āsum
(35)

. Experimental
.1. Reagents and columns

The discussion shown below was developed using chromato-
raphic data (i.e. retention times, and left and right half-widths)
r. A 1217 (2010) 2147–2157 2151

gathered in our laboratory along several years, which constitutes
a database that includes information from several thousands of
peaks. We processed the data for the following sets of compounds:

(i) Alkylbenzenes: toluene (Scharlab, Barcelona, Spain), ethyl-
benzene and butylbenzene (Aldrich, St. Louis, MO, USA),
propylbenzene (Acros Organics, Geel, Belgium), and pentyl-
benzene (Fluka, Buchs, Switzerland), separated with a Zorbax
Eclipse XDB-C18 column (150 × 4.6 mm, 5 �m particle size,
Agilent, Waldbronn, Germany). The elution was carried out
with unbuffered acetonitrile–water mixtures at 25 ◦C.

(ii) Diuretics: benzthiazide, bumetanide, chlorothiazide,
furosemide (Sigma, St. Louis, MO, USA), and xipamide
(Lacer, Barcelona), separated with several microparticulate
columns (5 �m particle size) and a monolithic column, all of
them 4.6 mm I.D. The columns were (column length in paren-
thesis): unendcapped Spherisorb ODS-2 (125 mm, Scharlab),
Inertsil ODS-3 (250 mm, Análisis Vínicos, Tomelloso, Spain),
Kromasil C18 (150 mm, Análisis Vínicos), X-Terra MS C18
(150 mm, Waters, MA, USA), Zorbax SB C18 (150 mm, Agilent),
Zorbax Eclipse XDB-C18 (150 mm, Agilent), and Chromolith
Performance RP-18e (100 mm, Merck, Darmstadt, Germany).
The elution was carried out with acetonitrile–water mixtures
at pH 3 and 30 ◦C.

(iii) �-Blockers: acebutolol (Italfarmaco, Alcobendas, Madrid,
Spain), atenolol, pindolol, propranolol, timolol (Sigma),
carteolol (Miquel-Otsuka, Barcelona, Spain), celiprolol
(Rhône-Poulenc Rorer, Alcorcón, Madrid), esmolol (Du
Pont-De Nemours, Le Grand Saconnex, Switzerland), labetalol
(Glaxo, Tres Cantos, Madrid), metoprolol, oxprenolol (Ciba-
Geigy, Barcelona), nadolol (Squibb, Esplugues de Llobregat,
Barcelona), and timolol (Merck, Sharp & Dohme, Madrid),
chromatographed with the Kromasil C18, Chromolith Perfor-
mance RP-18e and X-Terra MS C18 columns described above.
The mobile phases contained acetonitrile, or acetonitrile and
sodium dodecyl sulphate (SDS, Merck, Darmstadt, Germany)
at pH 3 at 30 ◦C.

3.2. Apparatus

The HPLC system (Agilent, Series 1200, Waldbronn, Germany)
consisted of an isocratic pump, an autosampler, a temperature con-
troller and a variable wavelength UV–vis detector set at 254 and
225 nm, all governed by an Agilent HPChemStation B.02.01. The
flow-rate and injection volume were usually 1 ml min−1 and 10 �l,
respectively. For the diuretics chromatographed with the Zorbax SB
C18 column, series run at injection volumes in the range 1–40 �l
were also carried out. Triplicate injections were made in all cases.

4. Results and discussion

A usual advice to characterise chromatographic columns is to
obtain the peak parameters (i.e. efficiency and asymmetry factor)
for a neutral solute eluted in a selected experimental condition
(i.e. mobile phase composition and temperature). In order to com-
pare different columns, and owing to the change in efficiency with
retention time (Fig. 2), it is convenient to adjust the experimental
conditions to get peaks eluting at similar retention times in each
column. This may involve a considerable extra work. As commented
in Section 2.4, in order to characterise a column, mean values of effi-

ciency and asymmetry factor can be also obtained by averaging the
individual values for experimental peaks of several solutes eluted
at different retention times.

We show below that the characterisation of columns can be
made assisted by linear models that allow the prediction, ver-
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Table 1
Accuracy of the models relating the peak variance or standard deviation with the
retention time for the set of alkylbenzenes, eluted with acetonitrile–water mixtures
of diverse composition from a Zorbax Eclipse XDB-C18 column.

Acetonitrile (%, v/v) �2
t = 1

Ncol
t2
R + �2

ext

Ncol �2
ext r2 a εr (%)b

50 10,800 −0.00310 0.9996 1.7
60 11,565 −0.00072 0.9993 2.5
70 12,560 0.000224 0.999998 0.14
80 12,170 0.000315 0.999988 0.17
90 11,595 0.000283 0.9997 0.59

Acetonitrile (%, v/v) �2
t = 1

Neff
(tR − t0)2 + �2

0

Neff �2
0 r2 a εr (%)b

50 10,420 −0.000973 0.9998 1.2
60 10,930 0.000529 0.9997 1.4
70 11,235 0.000875 0.9996 1.6
80 9,925 0.000730 0.9992 1.7
90 8,260 0.000572 0.9992 1.0

Acetonitrile (%, v/v) �t = 1√
N�

(tR − t0) + �0

N� �0 r2 a εr (%)b

50 10,445 −0.00175 0.9997 1.0
60 11,575 0.000731 0.9993 1.5
70 13,090 0.0125 0.99995 0.31
80 14,030 0.0157 0.9995 0.67

are needed. Hence the name of “peak half-width model” is given to
Eq. (6). The three models examined in Section 4.1, which describe
the peak variance or standard deviation as a function of the reten-
tion time (Eqs. (7), (14) and (16)) fit satisfactorily the observed

Table 2
Accuracy of the models relating the peak variance or standard deviation with the
retention time for the set of diuretics, eluted with 35% acetonitrile from a Zorbax SB
C18 column at diverse injection volume.

Injection volume (�l) �2
t = 1

Ncol
t2
R + �2

ext

Ncol �2
ext r2 a εr (%)b

1 11,865 0.00294 0.9988 2.0
5 12,000 0.00304 0.9992 1.8

10 12,095 0.00312 0.9996 1.2
20 12,210 0.00329 0.9998 0.77
40 12,335 0.00350 0.9993 1.3

Injection volume (�l) �2
t = 1

Neff
(tR − t0)2 + �2

0

Neff �2
0 r2 a εr (%)b

1 10,405 0.00354 0.997 3.3
5 10,570 0.00365 0.997 3.2

10 10,655 0.00372 0.998 2.6
20 10,755 0.00388 0.9991 1.9
40 10,885 0.00409 0.9996 1.2

Injection volume (�l) �t = 1√
N�

(tR − t0) + �0

N� �0 r2 a εr (%)b

1 18,225 0.0447 0.9992 0.98
5 18,525 0.0455 0.998 1.5
ig. 2. Changes in efficiency with the retention time for the set of alkylbenzenes
luted with 70% acetonitrile.

us the retention time, of parameters related to the peak width.
he accuracy of the linear models is first demonstrated. Next, the
lobal parameters according to three different approaches (out-
ined in Sections 2.2–2.4) are obtained for several chromatographic
olumns.

.1. Peak variance and standard deviation: accuracy of the linear
odels versus the retention time

Sections 1 and 2.2 show three models (Eqs. (7), (14) and (16))
hat can be used to predict the chromatographic peak variance
or peak standard deviation) at any retention time. These mod-
ls also provide an estimation of the column efficiency, described
s Ncol, Neff or N� respectively. The reliability of these estimations
ill depend on the good performance of the linear models. There-

ore, we first checked the suitability of the three models to describe
he peak broadening for different sets of compounds, from which
he results for five alkylbenzenes (homologous compounds show-
ng only non-polar interactions), and five diuretics (compounds of
ifferent nature and polarity) are shown. The alkylbenzenes were
hromatographed in a Zorbax Eclipse XDB-C18 column with several
obile phases of acetonitrile in the range 50–100% (v/v) at 25 ◦C,

nd the diuretics in a Zorbax SB C18 column with 35% acetonitrile
t pH 3 and 30 ◦C. For the diuretics, runs at varying injection volume
ere carried out.

The model parameters, determination coefficients (r2) and
elative fitting errors for Eqs. (7), (14) and (16) are given in
ables 1 and 2 for the sets of alkylbenzenes and diuretics, respec-
ively. In all cases, the fittings were excellent. We would like to
all the attention about the satisfactory fitting of the simple lin-
ar model, which relates �t and tR (Eq. (16)). Note that the weight
n the least-squares fitting given to the peaks that elute at higher
etention time is larger for the quadratic models (Eqs. (7) and (14))
ith respect to the linear model (Eq. (16)). In fact, the separation

etween points in the plots of �2
t versus t2

R increases quadratically
ith time, which means that the data at smaller retention time are

luttered near the origin. In the linear model, the points are dis-
ributed similarly to a chromatogram, and the contribution of all
eaks in the fitting is more balanced.
.2. Half-widths: accuracy of the linear dependence with the
etention time

There is a general agreement that the equation proposed by
oley and Dorsey (Eq. (6)) offers the best evaluation of chromato-
90 14,805 0.0165 0.998 0.73

a Determination coefficient.
b Relative standard deviation.

graphic efficiency. In order to obtain this parameter, the values of
peak asymmetry (B/A) and peak width (A + B) at 10% peak height
10 18,955 0.0464 0.997 1.8
20 19,775 0.0483 0.993 2.6
40 20,635 0.0504 0.986 3.8

a Determination coefficient.
b Relative standard deviation.
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ig. 3. Changes in the left (�) and right (�) peak half-widths with the retention time
or: (a) the set of alkylbenzenes eluted with 70% acetonitrile, and (b) propylbenzene
luted with several mobile phases in the range 50–100% acetonitrile.

ehaviour. However, they do not give information about the peak
alf-widths (A and B). In this section, we show the accuracy of
qs. (17) and (18) to predict the peak half-widths, for three sets
f compounds eluted under different experimental conditions. The
alf-widths were measured at 10% peak height through curve fit-
ing, according to Eqs. (8)–(10).

Fig. 3a and b plots the half-widths versus the retention time for
he set of alkylbenzenes eluted with 70% acetonitrile, and for propy-
benzene eluted with several mobile phases in the range 50–100%
cetonitrile, respectively. Figs. 4 and 5 depict similar plots for the
et of diuretics eluted with 35% acetonitrile from different C18
olumns (seven microparticulate columns and a monolithic col-
mn, the Chromolith Performance RP-18e). Fig. 6 describes the
ehaviour for several �-blockers eluted with mobile phases con-
aining acetonitrile or acetonitrile and the anionic surfactant SDS
22].

As observed, the plots in Figs. 3–6 can be approximated to
traight-lines. In previous work, we have observed a similar linear
ehaviour for sets of �-blockers [20,21] and polycyclic aromatic

ydrocarbons [23], separated with microparticulate and mono-

ithic columns. These linear plots are very practical to predict the
eak half-widths and the corresponding efficiencies (through Eq.
6)) at any retention time. The increasing half-widths in the plots
escribe the peak broadening rate. The intercepts of the lines should
r. A 1217 (2010) 2147–2157 2153

be positive. However, in some cases, they are rather small and,
owing to uncertainties in the measurements, may appear as neg-
ative. The intercept is usually larger for the right half-width (B),
which makes the peaks at shorter retention time exhibiting larger
asymmetry. The slope for B is also larger than that for the left half-
width (A) for all columns, indicating the tailing character of the
chromatographic peaks. Nevertheless, in some cases, the lines con-
verge, suggesting the appearance of fronting peaks above a certain
retention time.

The slopes for A and B are similar in most situations shown in
this work, which denotes nearly symmetrical peaks. The loss in
efficiency often brings collaterally a loss in peak symmetry. These
effects are revealed by an increase in the slopes for the left and right
half-widths, and in the angle between both lines, respectively. In
Fig. 5a, we show the half-width plots for an old Spherisorb col-
umn, still kept in our laboratory, which was purchased in 1991
and used during a long time until it suffered apparent damage. The
performance of this column can be compared with that for a new
Spherisorb column purchased in 2008 (Fig. 5b). As observed, the
half-width plots are useful to check the degree of loss of column
performance due to damage or ageing.

Fig. 6 shows the behaviour of three columns used in the anal-
ysis of basic drugs (�-blockers): two new columns (Kromasil and
Chromolith) bearing free silanol groups, and a deactivated column
(X-Terra). The analysis of these drugs is problematic due to the
severe low efficiencies and tailing peaks, produced mostly by the
slow interaction of the positively charged solutes with the anionic
free silanols of the packing [24]. The half-width plots for the three
columns using mobile phases of acetonitrile–water are depicted in
Fig. 6a, c and d. When the silanols are deactivated, the slopes and
the angle between the lines for the left and right half-width plots
decrease (compare Fig. 6d with Fig. 6a and c). Protection of silanol
groups is also possible by the addition of the anionic surfactant SDS
[22], as shown in Fig. 6b.

4.3. Characterisation of column performance based on global
parameters

Half-width plots, as those depicted in Figs. 3–6, contain enough
information to characterise a chromatographic system in terms of
peak width and skewness. The comparison of the plots for different
columns can reveal the differences or similarities in terms of peak
efficiency and skewness. This information can be summarised in
the four parameters mA, mB, A0 and B0 in Eqs. (17) and (18), which
allow the prediction of the half-widths for chromatographic peaks
eluted at any retention time, and the estimation of the correspond-
ing efficiencies and asymmetry factors.

As commented in Section 2, the ability of a column or chro-
matographic system to yield narrow peaks can be also described
by only one or two global parameters, which refer to the column
component exclusively (Sections 2.2 and 2.3), or to both column
and external components to the peak broadening and asymmetry
as a whole (Section 2.4). The first approach (Section 2.2) is based on
Eq. (7), which provides the intrinsic column efficiency, Ncol. Note
that �ext describes the peak width at time zero. A similar approach
can be suggested for Eqs. (14) and (16) (see Tables 1 and 2), which
gives rise to the parameters Neff or N� , and �0. These parameters
describe the column efficiency (considering only the time the solute
interacts with the stationary phase), and the width at the dead time
(�0 includes, besides the extra-column effects, intra-column effects
such as dispersion, diffusion and tortuosity inside the column).
The second approach (see Section 2.3) is based on Eqs. (17) and
(18). The chromatographic performance can be described by the
sum of slopes (mA + mB, Eq. (19)), which indicates the peak broad-
ening rate, and their ratio (fasym = mA/mB, Eq. (20)), which describes
the peak skewness, in both cases yielded inside the column.
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ig. 4. Changes in the left (�) and right (�) peak half-widths with the retention t
hromolith Performance RP-18e, (c) X-Terra, and (d) Inertsil.

A different approach is the estimation of the mean val-
es of the observed efficiencies and asymmetry factors, from
he mean half-widths of peaks eluting in a selected time
indow (Section 2.4). These mean efficiencies and asymme-

ries consider both intra- and extra-column contributions to
he peak shape. Two methods are suggested to calculate the

ean values, which were called the “integral” and “summa-
ion” methods. The “integral” method considers a chromatogram

ith multiple peaks showing retention times separated in

n infinitesimal distance, whereas the “summation” method
s based on a chromatogram where the peaks touch each
ther.

able 3
lobal parameters for the characterisation of several chromatographic columns or system

Column t0 (min)b Ncol
c rPB

d mB/mA
e

Spherisorb (1991) 1.00 540 15.6 3.50
Spherisorb (2008) 0.81 10,300 4.1 0.97
Zorbax SB 1.18 12,175 3.6 0.92
Zorbax Eclipse 1.05 12,030 3.7 1.01
Kromasil 0.93 10,365 4.1 1.08
Chromolith 1.34 6,385 4.5 1.53
X-Terra 1.99 8,865 4.2 1.06
Inertsil 1.10 14,965 3.5 1.02

a The diuretics were eluted with 35% acetonitrile at pH 3 and 30 ◦C.
b Dead time.
c Column efficiency according to Eq. (7) (see Section 2.2).
d Peak broadening rate (rPB = (mA + mB) × 100) according to Eq. (19) (see also Eqs. (17) a
e Column component to peak asymmetry (Eq. (20), Section 2.3).
f Mean efficiency (N̄) and mean peak asymmetry (f̄ ), calculated from the mean half-w

see Section 2.4). The time window ranged between t0 and t0 + 20 min.
g Peak capacity according to Eq. (31). The time window ranged between t0 and t0 + 20 m
r the set of diuretics eluted with 35% acetonitrile. Columns: (a) Kromasil C18, (b)

The calculation of the proposed global parameters is rather sim-
ple, especially for the two first approaches. The required data are
the peak half-widths and retention times for several peaks, as those
for a set of compounds of increasing polarity eluted with a mobile
phase at fixed composition. Note that the calculation of the effi-
ciency for single peaks using the equation developed by Foley and
Dorsey also requires the knowledge of the peak half-widths and
retention times. The peak half-widths can be provided by a data

station, or be obtained by other means as the fitting of the peaks to
Eqs. (8)–(10) carried out for this work. The variance needed for the
first approach can be calculated easily according to Eq. (5) from the
width and half-widths at 10% peak height.

s, obtained from the set of diureticsa.

N̄int
f f̄int

f N̄sum
f f̄sum

f Pc
g

370 3.53 380 3.54 16.7
9,825 1.03 9,220 1.06 49.5
9,390 1.14 8,125 1.21 39.3

10,855 1.09 9,925 1.13 47.1
9,165 1.18 8,400 1.24 46.3
6,255 1.59 5,820 1.62 37.7
7,585 1.13 6,820 1.16 37.5

12,515 1.15 11,665 1.19 43.5

nd (18), Section 2.3).

idths, obtained according to the “integral” (int) and “summation” (sum) methods

in.
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ig. 5. Changes in the left (�) and right (�) peak half-widths with the retention tim
ew Spherisorb, (c) Zorbax SB C18, and (d) Zorbax Eclipse XDB-C18.

The global parameters for the first or second approaches (col-
mn efficiency, or peak broadening rate and asymmetry factor
ssociated with the column) are derived from the slopes of the lin-
ar fittings of the peak variance or half-widths versus the retention
ime, according to Eq. (7) (alternatively, Eqs. (14) and (16)), or Eqs.
17) and (18), respectively. For the first approach, the column effi-
iency is the reverse of the slope of the fitted straight-line, and for
he second approach, the peak broadening rate and the asymmetry
actor are calculated as the sum and ratio of the slopes for the left
nd right half-widths, respectively.

The third approach consists in the estimation of the mean effi-
iencies and asymmetry factors, which depend on the criterion
ollowed to select the peaks that are averaged. The simplest method
s to take multiple simulated peaks within a time window, with
etention times separated in an infinitesimal distance (“integral
ethod”). In this case, the mean efficiency and asymmetry fac-

or coincide with the values for the peak at the centre of the
elected time window. The second method is based on the ideal
hromatogram used in the definition of the peak capacity, where
he mean efficiency (according to Eq. (6)) and asymmetry factor
Eq. (35)) are calculated from the mean half-widths obtained from
qs. (32) and (33) (see also Eqs. (27), (29) and (30)). The “summa-
ion” method increases the weight of the narrower peaks at short
etention times. As a consequence, the estimated mean efficiencies
re smaller compared to the “integral” method.
The global parameters calculated according to the three
pproaches, using the data for the set of diuretics chromatographed
n eight C18 columns (see also the plots in Figs. 4 and 5), are given
n Table 3. The same instrument and tubing was used with all
olumns (i.e. the extra-column contributions were the same). The
the set of diuretics eluted with 35% acetonitrile. Columns: (a) aged Spherisorb, (b)

peak capacity estimated with Eq. (31) is also given. This parameter
needs the selection of a time window, as the approaches based on
the mean peak half-widths. The global parameters for the first and
second approaches do not depend on the time window.

For the diuretics, the column efficiency (Ncol) was in the range
6,000–15,000 for the set of columns, except for the aged Spherisorb
column, for which it amounted 540 (Table 3). The Inertsil col-
umn showed the largest efficiencies (which is not surprising, since
it was also the longest column). The observed efficiency calcu-
lated as mean values (third approach, N̄int and N̄sum) was smaller
(6,000–12,000 range), since the extra-column peak broadening is
also considered. On the other hand, the asymmetry factors calcu-
lated from the mean half-widths (f̄int and f̄sum) were larger than
those obtained from the mB/mA ratio (which only considers the
column contribution), except for the aged Spherisorb column, for
which the peaks were rather broad even at low retention times (i.e.
the extra-column contribution was negligible).

The global parameters for the Kromasil, Chromolith and X-Terra
columns were also estimated from the chromatographic data for
the set of �-blockers eluted under different conditions: with a
mobile phase containing acetonitrile, and with mobile phases con-
taining 0.15 M SDS and acetonitrile at two concentrations (Table 4,
see also Fig. 6). The slow interaction of �-blockers with the free
silanols in the hydro-organic mode can be evidenced by the poorer
global parameters for the Kromasil and Chromolith columns, with

respect to those achieved for the diuretics (Table 3). Thus, the Kro-
masil column yields Ncol = 1015 versus 10365, rPB = 10.8 versus 4.1,
and N̄sum = 1100 versus 8400, for the �-blockers and diuretics,
respectively. In contrast, the global parameters for the deacti-
vated X-Terra column were similar for both sets of compounds:
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Fig. 6. Changes in the left (�) and right (�) peak half-widths with the retention time for the set of �-blockers eluted with: (a, c and d) 15% acetonitrile and (b) 0.15 M SDS/5%
acetonitrile. Columns: (a and b) Kromasil C18, (c) Chromolith Performance RP-18e, and (d) X-Terra.

Table 4
Global parameters for the characterisation of several chromatographic columns or systems, obtained from the set of �-blockersa.

Column Mobile phase Ncol
b rPB

c mB/mA
d N̄int

e f̄int
e N̄sum

e f̄sum
e Pc

f

Kromasil 15% acetonitrile 1015 10.8 2.18 1080 2.12 1100 2.08 22.7
Chromolith 15% acetonitrile 2130 6.7 3.24 2040 2.99 2020 2.89 28.5
X-Terra 15% acetonitrile 8690 4.0 1.09 7280 1.22 6350 1.27 35.6
Kromasil 0.15 M SDS/5% acetonitrile 2040 9.5 1.10 1840 1.12 1770 1.14 22.3
Kromasil 0.15 M SDS/30% acetonitrile 5840 5.3 0.98 4065 1.17 3480 1.23 26.9

a The �-blockers were eluted with acetonitrile–water or micellar SDS–acetonitrile–water mobile phases, at pH 3 and 30 ◦C.
b Column efficiency according to Eq. (7) (see Section 2.2).
c Peak broadening rate (rPB = (mA + mB) × 100) according to Eq. (19) (see also Eqs. (17) and (18), Section 2.3).
d Column component to peak asymmetry (Eq. (20), Section 2.3).
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e Mean efficiency (N̄) and mean peak asymmetry (f̄ ), calculated from the mean ha
ection 2.4). The time window ranged between t0 and t0 + 20 min.

f Peak capacity according to Eq. (31). The time window ranged between t0 and t0

col = 8690 versus 8865, rPB = 4.0 versus 4.2, and N̄sum = 6350 ver-
us 6820 (compare also the half-width plots for the three columns
n Figs. 4 and 6 for the diuretics and �-blockers, respectively). The
lobal parameters also revealed the protection of the silanol groups
y the surfactant in the Kromasil column, but the performance of
his column for �-blockers was still poorer than that shown for the
iuretics. Also, the retention times were larger owing to the attrac-
ion of the cationic solutes to the stationary phase modified with
he anionic surfactant (see Fig. 6b).

. Conclusions
The resolution of chromatographic peaks depends on the selec-
ivity (usually expressed as the ratio of the retention times of
djacent peaks), and the peak widths and skewness. Narrow sym-
etrical peaks do not imply necessarily the absence of overlapping,
ths, obtained according to the “integral” (int) and summation” (sum) methods (see

in.

but make the separation among peaks more likely. Hence the inter-
est is in obtaining parameters that describe the peak profile for
chromatographic columns.

A common practice to characterise chromatographic columns
is to estimate the efficiency and asymmetry factor for the peaks
of one or more solutes arbitrarily selected and eluted with one
or more mobile phases. However, owing to the extra-column
contributions to the peak variance, these measurements are not
robust, since they depend on the retention time. We propose sev-
eral approaches that allow the estimation of global parameters
to describe the column (or system) performance, which are inde-

pendent of the retention time. These global parameters gather
information from peaks eluted at diverse retention times, and
can describe both the column and external components to the
peak broadening as a whole, or the column component exclu-
sively.
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The proposed global parameters are obtained from linear rela-
ionships that can be established between the variance (or standard
eviation), or the left and right half-widths, with the retention time.
hese equations are useful to predict the peak width for peaks elut-
ng at any retention time, which is interesting by itself (e.g. for
redicting more realistic peaks for optimisation purposes). They
lso allow the prediction of the peak skewness. However, it should
e noted that compounds showing slow specific interactions with
he stationary phase (e.g. basic compounds interacting with silanol
roups) will yield different chromatographic performance and
epart from the observed linear behaviour for compounds not
xperiencing such interactions.

Three different approaches can be outlined to describe the chro-
atographic performance related to the peak shape, which exhibit

ifferent characteristics. The first approach is based on the linear
ependence between the variance and the squared retention time
or the standard deviation and the retention time). The second and
hird approaches rely on the linear relationships between the right
nd left half-widths and the retention time, and allow estimations
f the peak skewness, as well. The first and second approaches
ffer global parameters related to the intrinsic column behaviour,
hereas the third approach averages the observed behaviour for

ynthetic chromatograms containing a large number of peaks, and
onsiders both intra- and extra-column effects, similarly to the
eak capacity concept. The first and third approaches yield estima-
ions of the efficiency (Ncol, Neff, N� , and N̄int, N̄sum, respectively),
hereas the second approach gives rise to a different measurement

hat merits some attention, since it indicates straightforwardly the
ncrease in peak width with the retention time inside the column
i.e. the peak broadening rate, rPB). It should be noted that a bet-
er column or system performance (i.e. narrower peaks) will give
ise to a larger efficiency, but a smaller peak broadening rate (see
ables 3 and 4).

All global parameters distinguish between good and poor col-
mn (or system) performance. The use of one or another approach
epends on the particular interest of the chromatographer: the
escription of the intrinsic behaviour of a chromatographic col-
mn, or the description of the chromatographic system as a whole

i.e. the observed peak behaviour taking into account the extra- and
ntra-column contributions). From this point of view, Ncol, Neff, N�

nd rPB overestimate the observed performance. Thus, for exam-
le, Ncol = 15,000 and rPB = 3.5 for the Inertsil column, but this was
nly able to resolve 43–44 peaks (according to the peak capacity

[

[
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concept), whereas Ncol = 10,300 for the Spherisorb column, which
resolved 49–50 peaks (Table 3). The reason of the disagreement
between both criteria is the peak broadening at the dead time,
which was larger for the Inertsil column, owing to the larger dead
time value (see Eq. (19)).
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