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A new method to eliminate the background spectrum (EBS) during analyte elution in column liquid chromatography (LC) co
pectroscopic techniques is proposed. This method takes into account theshapeand alsointensitydifferences of the background elue
pectrum. This allows the EBS method to make a better estimation of the background eluent spectrumduring analyte elution. This is a
dvantage for quantification as well as for identification of analytes. The EBS method uses a two-step procedure. First, the base
re modeled using a limited number of principal components (PCs). Subsequently, an asymmetric least squares (asLS) regressi
pplied using these principal components to correct the measured spectra during elution for the background contribution. The asym
quares regression needs one parameter, the asymmetry factorp. This asymmetry factor determines relative weight of positive and neg
esiduals. Simulations are performed to test the EBS method in well-defined situations. The effect of spectral noise on the performa
ensitivity of the EBS method for the value of the asymmetry factorp is tested. Two applications of the EBS method are discussed. In th
pplication, the goal is to extract the analyte spectrum from an LC–Raman analysis. In this case, the EBS method facilitates easy id
f unknown analytes using spectral libraries. In a second application, the EBS method is used for baseline correction in LC–d
etection (DAD) analysis of polymeric standards during a gradient elution separation. It is shown that the EBS method yields a goo
orrection, without the need to perform a blank chromatographic run.
2004 Elsevier B.V. All rights reserved.
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. Introduction

When column liquid chromatography (LC) is coupled to
pectroscopic techniques, such as UV–vis diode array detec-
ion (DAD), Fourier transform infrared (FT-IR) or Raman, it
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is often difficult to completely remove the interfering sp
trum of the eluent. The spectral response of the elue
usually much larger than the contribution from the ana
and the composition of the eluent may not be constan
overcome this problem, it is common practice to selec
eluent that has spectral bands outside the spectral ran
the analytes. However, this is not always possible. Fo
stance, in the case of on-line LC–Raman and on-line LC
the spectrum of the solvent always contains distinct band
overlap or partially overlap with the bands of the analyte
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addition, in LC–DAD, an eluent that is suitable from a separa-
tion point of view can sometimes be rejected because it has an
unacceptable spectroscopic response. Having a background
correction method that can remove the spectral contribution
of the eluent from the detector response would broaden the
eluent choice in LC–DAD. One example where a good back-
ground correction procedure would increase efficiency is in
solvent gradient elution in LC–DAD. Normally, the back-
ground is removed by subtraction of a blank chromatographic
run. If the EBS method could be used to calculate the back-
ground spectrum during analyte elution, a blank run would
no longer be needed. This would save significant time and
effort.

Why does simple subtraction of the eluent spectrum just
before analyte elution (auto-zeroing) not always give good
results? These are two main reasons for this. The first one is
the change in spectral intensity of the eluent spectrum dur-
ing a chromatographic run. For instance, the intensity of the
eluent spectrum during analyte elution is smaller than the in-
tensity of the spectrum before elution. Straightforward sub-
traction will, therefore, lead to overcorrecting. The second
reason is that small spectral shape changes of the eluent spec-
trum might occur. These changes may have several causes,
such as wavelength shift, spectral drift and/or offset. In ad-
dition, in solvent gradient elution the solvent composition is
d ensity
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reproducible. The EBS method only needs data of a single
chromatographic run and does not presuppose knowledge of
the analyte spectra. Additional measurements on standards
are not needed and therefore retention time stability is no
longer crucial.

Another method based on (adaptive) Kalman filters and
derivative spectroscopy is used by Gerow and Rutan[6]. This
method requires knowledge about the spectral response of the
individual analytes. Although this knowledge does not need
to be fully accurate, it is not always available. The method
proposed by Liang and Kvalheim[7] does only use the mea-
surements from one chromatographic run. Major principal
components (PCs) are extracted from spectra measured in
zero component regions before and after analyte elution. Es-
sentially, their correction procedure assumes that the eluent
contribution during analyte elution is constant. Gemperline
et al. [8] relieve this assumption and automate the whole
procedure. They allow the scores of major principal compo-
nents (and thereby in fact the concentration of the eluent com-
pounds) to change according to a cubic polynomial model. In
contrast with this type of approach, the EBS method corrects
each spectrum measured during elution separately and does
notassume a predefined model for the concentrations of the
eluent compounds in time. Another drawback of aninterpo-
lation approach is that it cannot account for the decrease of
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eliberately changed, which causes both shape and int
hanges in the eluent spectrum.

Here a new correction method, called elimination
ackground spectrum (EBS), is described, that can

nto account these shape and intensity differences o
luent spectra. Some simulations are discussed that

he advantage of this method with respect to straightfor
ubtraction of the eluent spectrum. Subsequently, the
ethod is evaluated for two test cases. In the first applica
n LC–Raman separation is evaluated. In this case, the a
pectrum is completely overwhelmed by the strong spec
f the eluent. A companion publication discusses the a
ation of the EBS method to these LC–Raman data in
etail [1]. In the second application, a gradient LC–D

s evaluated. Compared to the first application, the an
pectrum is more intense. It is shown that the EBS me
emoves the baseline well, without requiring a bl
hromatographic run.

Several multivariate approaches to background corre
n hyphenated chromatography are known[2–8]. The EBS

ethod has some differences and advantages compa
hese methods. Second order calibration methods can b
o estimate concentrations and uncover the spectra o
nown compounds when measurement of reference mix
s feasible[2–5]. In case the chromatographic run is use
nd what analytes are present in the sample such an app
ould be begging the question. This is because the ana

or which the calibration should be done are not yet kno
ven if such a second order approach is feasible, the d
antage is that some second order methods require the
ion times of the additional chromatographic run to be
d

-

he spectral contribution of the eluent during analyte elu
aused by the presence of the analyte. The EBS meth
ble to do this.

Additionally, the EBS method only needs some repre
ative background spectra to work. All of these spectra c
ery well be collected during the same chromatographic
efore (or after) analyte elution. These features make the
ethod a more versatile tool for the user.

. Theory

.1. Notation

Bold-face capital letters represent matrices, bold-face
rcase characters represent vectors, and italic, lower ca

ers represent scalars values. The subscript ‘b’ indicates
ities at retention times when only a chromatographic bas
s present (eluent). The subscript ‘ab’ indicates quantiti
etention times at which also some analyte is present.
nally the subscript ‘a’ indicates that quantities only refe
he analyte.

.2. The EBS method

The measured data is collected in a data matriX
nchan×n) havingn columns. Each column contains a sp
rum measured at a number of channels (nchan). These chan
els may be wavelengths or wavenumbers. Also assum

he matrixX can be split into two parts. One part is the m
rix Xb (nchan×nb), where only the eluent is present,
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other part isXab (nchan×nab), where eluentandanalyte are
present. In practical use the matrix,Xb, will often contain
spectra before and after elution of the analyte.

The EBS method accounts for intensity and shape differ-
ences between the eluent spectra and the spectroscopic con-
tribution of the eluent to the spectra measured during elution.
The EBS method is a two-step procedure: first, all variation of
the eluent spectra at baseline level is modeled in a background
spectral subspace (B-space) constructed by principal compo-
nent analysis[9,10]. Secondly, the spectra measured during
analyte elution are corrected by performing an asymmetric
least squares regression (asLS) with respect to the B-space
found.

2.3. Step (i)

The matrixXb is modeled with a limited number (npc) of
its principal components:

Xb = PKb + Eb (1)

The columns of the (nchan×npc) matrixP form an orthonor-
mal basis that allows a faithful description of the changes
in shape and size of the eluent spectrum. The spectral space
spanned by this orthonormal basis is called the B-space. The
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2.5. Asymmetric least squares

In asymmetric least squares positive residuals and negative
residuals do not receive the same weights. The (nchan× 1)
residual vectorr is introduced as:

r = xab − Pqab (3)

AsLS now minimizes the quantityf by changingqab:

f =
nchan∑

i=1

wir
2
i (4)

The weightwi in this equation depends on the sign of the
corresponding residualsri . For a residual larger than zero the
weight is set top, while for a residual smaller than or equal to
zero the weight is set to 1− p. Thisp is called theasymmetry
factor (0 <p< 1). It is clear that ifp is near zero, the positive
residuals get much less weight than the negative ones; hence
the coefficientsqab will be such that the vast majority of
residuals are positive.

Once thenchan weights inw are given it is easy to es-
timateqab by a weighted linear regression[19]. And once
the coefficientsqab are known, it is trivial to set the weights
w. This suggests an iterative algorithm, starting with all
weights equal and set to 1. One can show that this iterative
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olumns of the (npc×nb) matrixKb contain the coordinate
f all eluent spectra in this B-space. The (nchan×nb) matrix
b describes all spectral variation of the eluent spectra th
ot modeled in the B-space. Ideally, this matrixEb contains
nly spectral noise. There are many methods and algor

o determine the number of principal components that
he B-space. An overview and comparison of these met
an be found in literature[11–13]. Here theIND [14] algo-
ithm is used.

.4. Step (ii)

Assume that this orthonormal basis (i.e.P) is also valid
or the eluent spectrum that is present during elution o
nalyte. Each spectrum (vectorxab) measured during elutio
f the analyte, can now be written as:

ab = Pqab + sa (2)

he first part, namelyPqab, gives the contribution of the el
nt to the measured spectrum andsa represents the spectru
f the analyte. The (npc× 1) coefficient vectorqab is still
nknown. Exactly, this vector allows us to describe sh
nd intensity changes of the eluent spectrum during an
lution. A (too) simple approach to estimate the vectorqab
ould be by using ordinary linear regression. Such a re
ion yields positive and negative deviations around the fi
odel (viz.Pqab). It is known, however, that all elements

he analyte spectrum are positive. A solution to this prob
s to useasymmetricleast squares[15–18]for the estimation
f the coefficientsqab.
lgorithm is gradient-following[15]. The goal function i
onvex and convergence must follow[18]. Practice show
hat convergence is nearly always obtained in 10 or
terations.

.6. Requirements of the method

Some requirements of the EBS method can be stat
dvance. The spectra that are used to calculate the B-
hould be representative of the spectral variation th
aused by the eluent and the instrument. If not, the
ethod will fail. As an example, consider a case wh

he eluent consists of two spectroscopic active specie1
nd B2). If only one of these species, say B1, is captured

n the B-space, the EBS method will yield an estima
analyte” spectrum that is a combination of the real ana
pectrum and the spectrum of B2. This is clearly unde
irable. In most cases, however, enough baseline sp
re available to model the spectral variation of the elu
oreover, the selection of the spectra to be used is

ritical.
Another limitation is posed by the amount of spec

verlap of analyte and eluent spectrum. If the shape o
luent spectrum and the analyte spectrum are very

ar, then the amount of specific analyte information in
easured spectrum is only limited. This will hamper
ethod and results in errors. In practice, this will not be a

imitation.
Finally, in deriving the method the spectral noise was

egarded. If thepvalue is set closer to 0, the negative resid
re more and more punished. In the end all residuals will
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forced to be zero or positive. In the presence of spectral noise
on the measured spectra this may lead to an (small) offset in
the reconstructed analyte spectrum (sa). However, it is easy to
correct for this type of offset. On the other hand for values of
p close to 0.5 the positive and negative residuals will receive
nearly equal weights. The asymmetric least square solution
then will approach the ordinary least squares solution. The re-
constructed analyte spectra (sa) will contain negative phases,
which is obviously wrong.

2.7. Comparing the estimated and the true analyte
spectra

To evaluate the EBS method, it is necessary to compare the
background corrected spectrum with the true analyte spec-
trum. Two indicators are used for this purpose: the correla-
tion coefficient (ρ) which is a measure of the similarity in
shape between the estimated (ŝa) and true analyte spectrum
(sa). Also the amount of remaining spectral variation is cal-
culated. This is expressed by the mean square error (MSE)
of the spectral residuals.

The spectral residuals (e) are calculated by modeling the
estimated analyte spectrum as:

ŝa = c1sa + c2 + e (5)
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3. Experimental

3.1. LC–Raman

The Raman spectra were recorded using a LC system
coupled to a Raman spectrometer via a liquid-core waveg-
uide (LCW). The eluent composition was an aqueous 10 mM
HCl solution with 5% (v/v) methanol. The flow was set to
0.4 ml/min. After passing through an on-line UV absorbance
detector, the effluent was led into the LCW. The UV ab-
sorbance signal was used to determine the start and end times
of the analyte elution.

The spectroscopic resolution of the Raman spectrome-
ter was 20 cm−1 (FWHM, Full Width at Half Maximum).
Adenosine 5′-monophosphate disodiumsalt (AMP; Fluka,
Buchs, Switzerland) was used as model compound. An aque-
ous solution (40�L) of 20 mg/mL AMP was injected into the
LC system. Other chemicals were of analytical-grade quality.
The standard deviation of the instrumental noise is estimated
to be 350 counts. The spectrum of an aqueous solution of
AMP was measured separately. This spectrum was corrected
for water contribution. A spectral baseline correction was
also performed. The resulting spectrum is the AMP refer-
ence spectrum. More details can be found in Dijkstra et al.
[20,21].
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n which c1 andc2 are constants determined by a linear
ression. The residuals are:

= ŝa − c1sa − c2 (6)

he MSE is defined as:

SE = 1

nchan− 2
||e||2 (7)

correlation coefficient that is close to unity and a low va
or MSE are indicators for a good similarity between
xtracted and the real analyte spectrum. The lowest
hat the MSE can take is the variance of the instrume
pectral noise. A good estimate of the analyte spectrum
ave MSE’s close to this variance.

.8. Reference method

A straightforward subtraction of the background spect
sing a measurement just before (xbefore) and just after elutio
xafter) of the analyte is used as a reference method (R
he analyte spectrum (ŝa) during elution at timet is calculated
sing the following equation:

a = xab − xbefore− t − tbefore

tafter − tbefore
(xafter − xbefore) (8)

ote that this reference method is an advanced versi
n “auto-zero” approach in which only the eluent spect
easured just before elution of the analyte is subtracte
.2. LC–DAD

Experiments were carried out on a Waters 2690
ystem. Gradient control, data acquisition and an
is were controlled by Waters Millennium 3.2 softwa
he stationary phase was Supelco Discovery C18, parti-
le size 5�m, pore diameter 180̊A, column dimension
ere 150 mm× 2.1 mm i.d. and column temperature w
aintained at 25◦C. The solvents were THF (Biosolv
alkenswaard, The Netherlands) and acetonitrile (Rath
alkerburn, UK), both were HPLC grade. The flow rate

.2 mL/min. Samples consisted of low-dispersity polystyr
tandards (Polymer Labs., Church Stretton, UK, Pres
hemical, Pittsburgh, PA, USA and Polymer Standards
ice, Mainz, Germany). The sample-injection volume
0�L and sample concentrations were 1.5 mg/mL e
V–vis spectra (resolution 1.2 nm) were collected each
nd. Details can be found in Fitzpatrick et al.[22]. UV–vis
pectra of polystyrene standards in THF were recorded
rately in a cuvette on a Hewlett-Packard 8453 spectro

ometer (path length: 2 mm, spectral resolution: 1 nm).
ull repeats were measured of each polystyrene standard
ean spectrum was used for comparison.

.3. Simulations

The simulations and all processing of the measured sp
ere performed in Matlab 6.1 (MathWorks, Natick, US
ersion 6.1, 2001). The Matlab code to perform correc
ith the EBS method is available from the author.
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Table 1
Overview of simulations

Simulation Number of eluent species Baseline drift Spectral noise ρREF ρEBS MSEREF (×10−6) MSEEBS (×10−6)

1 1 No Noa 0.899 >0.999 15.8 0.00007
2 2 No No 0.877 0.995 67.7 0.75
3b 2 No No 0.605 >0.999 128 0.085

0.535 >0.999 198 0.032
0.517 >0.999 230 0.002

4 2 Yes Yes 0.743 0.976 63.7 3.04

ρEBS is the correlation coefficient between estimated and true analyte spectrum for the EBS method at peak apex.ρREF is same for the REF method. The MSE
values are calculated according to Eq.[7].

a Results of simulation 1 with noise are given inTable 2.
b The entries of simulation 3 are supplied for three estimated spectra at the maximum elution of the three analytes (seeFig. 4for analyte spectra).

Table 2
Results simulation 1; spectral noise added

(S/N)tot (S/N)a ρREF ρEBS MSEREF (×10−6) MSEEBS (×10−6)

106 6.104 0.899 >0.999 15.8 0.00007
105 6.103 0.899 >0.999 15.8 0.00013
104 6.102 0.899 >0.999 15.8 0.0280
103 60 0.898 0.998 16.4 3.21
102 6 0.720 0.746 68.6 33.9

(S/N)tot is the S/N ratio calculated as the maximum total spectral intensity measured during the run (∼0.5) divided by the standard deviation of the white noise
added. (S/N)a is the S/N ratio for the analyte signal, calculated as the maximum spectral intensity of the analyte measured during a run divided by the same
standard deviation of the noise. Explanation of other symbols is supplied inTable 1.

4. Results and discussion

4.1. Simulations

Simulations were performed to illustrate the EBS method.
An overview of the simulations is supplied inTable 1. In the
first set of simulations it is assumed that apart from the ana-
lyte, only one eluent species is present. The noiseless spectra
are shown inFig. 1A. It is assumed that the concentration of
the analyte at elution maximum is about 3% (v/v) of the flow
through the detection cell. The REF method clearly overcor-

F ack-
g ) Re-
c e EBS
m

rects for the presence of the eluent spectrum (Fig. 1C), be-
cause the intensity of the eluent spectrum at peak-start (and
peak-stop) is higher than during peak elution. Too much back-
ground signal is subtracted by the REF method. The EBS
method on the other hand, yields a near perfect estimate of
the analyte spectrum (Fig. 1D). The correlation between the
estimated and the true analyte spectrum is larger than 0.999
(Table 1). The difference between the REF and EBS method
is also reflected in the MSE values. Because this simulation
is noiseless, it is expected that the MSE value is equal to
zero. This means that the estimated analyte spectrum in such
a simple case should be identical to the true analyte spectrum.
The MSE for the EBS method is indeed close to zero, but for
the REF method, this is clearly not the case. To investigate
the sensitivity of the method the noise level is varied. At each
noise level 500 runs are performed. In each run a different
noise realization is used. Normally distributed white noise
was used in these runs.Table 2shows that the MSE value
for the EBS and the REF method increases with a decreas-
ing signal-to-noise (S/N) level as may be expected. For both
methods the correlation between the true analyte spectrum
and the estimated analyte spectrum at peak apex decreases.
At a S/N level of 6 with respect to the maximum level of the
analyte spectrum (0.03) both methods break down. For this
S/N level the analyte spectrum is getting blurred totally by
s igher
S hod.
T or de-
c

dded.
F htly
d dient
ig. 1. Results of simulation 1. (A) Spectrum of analyte (solid) and b
round species (dashed). (B) Spectra during elution of analyte. (C
onstructed analyte spectra using the REF method. (D) Same for th
ethod.
pectral noise and both the methods are failing. For h
/N levels the EBS method outperforms the REF met
he difference between the methods becomes smaller f
reasing S/N ratio’s.

In the second simulation, another eluent species is a
ig. 2 shows that the eluent composition changes slig
uring the chromatographic run, as it is the case for gra
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Fig. 2. Simulation 2. (A) Elution profile of analyte. (B) Change in eluent
composition: first eluent species (solid), second eluent species (dotted).

elution. The concentration of the second eluent species in-
creases from 5% to about 18% during elution.Fig. 3C shows
that the REF method has severe difficulties in returning a cor-
rect estimate of the analyte spectrum. The estimated spectra
contain large spurious bands that do not originate from the
analyte. The intensity of the analyte spectrum (at the correct
band position) is also incorrect. In this case, the EBS method
(Fig. 3D) is not perfect, – a small positive band shows up
at about 350 nm, but the overall picture remains rather satis-
factory. The correlation between the estimated and the true
analyte spectrum is still high (0.995,Table 1).

A more difficult situation is considered in simulation 3.
Instead of only one analyte as in simulation 2, three co-eluting

F t com-
p k-
g ) Spec
t g the
R

Fig. 4. Results of simulation 3: three co-eluting analytes and two eluent
species. (A) Spectra of the three analytes (1: dashed, 2: dash-dotted, 3: dotted)
and of both background species (solid). (B) Elution profiles of the three
analytes separately (1: dashed, 2: dash-dotted, 3: dotted) and of the overall
elution profile (solid bold line). (C) The spectra (solid) at the three times
of maximum elution (indicated by dots in (B)) reconstructed with the REF
method. True spectra at the same points in time (dotted). Note that each true
spectrum shown is the sum of the three analyte spectra because of co-elution
of the analytes. (D) Same as (C), but for the EBS method.

analytes with overlapping spectra are used. The spectra of the
compounds (three analytes and two background species) are
shown inFig. 4A, the separate chromatographic profiles of
the analytes are shown inFig. 4B. Fig. 4C and D shows some
of the estimated analyte spectra recovered with the REF and
the EBS method. It can be seen that the true spectral profiles
at elution maximum of analytes can be recovered very well
with the EBS method, but not with the REF method. For the
EBS method only slight deviations of the true spectra occur at
channel numbers between 300 and 500. This is also reflected
in Table 1(3rd–5th entry) in which the figures of merit are
collected. Correlation of estimated spectra with true spectra
is high for the EBS method (>0.999) and low (∼0.5–0.6) for
the REF method. The MSE values are very low for the EBS
method (target value is zero) indicating no residual spectral
variation. The MSE values are higher for the REF method.

Finally, in the fourth simulation, a varying spectral base-
line and spectral noise is added to the data generated in the
simulation 2. The varying spectral baseline and noise are
shown in Fig. 5A. The generated spectral noise is white
normal distributed noise (σ = 10−4). Fig. 5B shows the re-
constructed analyte spectra using the REF method. The dis-
turbing spectral baselines have the shape of a second order
polynomial. Fig. 5C and D shows that the overall results
for the EBS method are still very similar to simulation 2.
A r the
E sup-
p ween
ig. 3. Results of simulation 2: analyte and two eluent species, eluen
osition is changing (see:Fig. 2). (A) Spectrum of analyte (solid), first bac
round species (dashed) and second background species (dotted). (B

ra during elution of analyte. (C) Reconstructed analyte spectra usin
EF method. (D) Same for the EBS method.
- dding noise and a varying baseline does not hampe
BS method. In fact, the EBS method seems to be able to
ress spectral baseline fluctuations. The correlation bet
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Fig. 5. Results of simulation 4. (A) Spectral baseline and spectral noise
added. (B) Reconstructed analyte spectra using the REF method. (C) Same
for the EBS method. (D) True analyte spectrum (dotted), estimated analyte
spectrum with the EBS method (solid) and the REF method (dashed) at
maximum elution.

the estimated and the true analyte spectrum is only slightly
lower (0.976) than in simulation 2 (Table 1). When the re-
constructed analyte spectrum would perfectly match the true
analyte spectrum the presence of spectral noise determines
the lowest MSE value. In that case the limiting MSE would
be 10−8 (σ2). It can be seen that both methods have an MSE
larger than this lowest possible value. The REF method, how-
ever, has a much higher MSE value than the EBS method.

To establish the effect of a different choice of thep-value,
the correlation between true and reconstructed analyte(s)
spectral contribution is calculated as a function of thep-value.
Thep-value is varied between 10−1 and 10−5. Fig. 6shows
the results for simulations 1–3 that have a different amount
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of spectral overlap between analyte and eluent spectra. It can
be seen that forp-values smaller than 10−2 the correlation is
high (>0.999) and slightly varying. Taking thep-value larger
than 10−2 decreases the correlation. Overall the correlation
is not very sensitive to thep-value.

4.2. Application 1: extracting analyte spectrum in
LC–Raman

In LC–Raman both the analyte and the solvent (eluent)
contribute to the Raman spectrum.Fig. 7A shows the Ra-
man spectrum of the eluent. The bands at 1025, 1120, 1171
and 1471 cm−1 are from methanol (dotted vertical lines)
and the band at 1647 cm−1 (vertical dashed) is from water.
Fig. 7B shows the reference spectrum of AMP that was mea-
sured separately. The figure also shows the spectra that are
recorded during analyte elution (Fig. 7C). The inset shows the
wavenumber range where strong analyte bands are present.
No distinct analyte information can be found. Obviously, the
eluent spectrum overwhelms the smaller analyte bands.

The EBS method uses all spectra measured at baseline
level to determine the B-space. The points in time that are
used to determine this space are shown inFig. 8 (solid fat
line showing the UV detector trace of the separation). The
INDmethod finds four principal components. The asymmetry
f
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ig. 6. Correlation between reconstructed and true spectral contribut
nalyte(s) as a function of thep-value of the EBS method. Data of simulat
(dotted), simulation 2 (dash-dot), simulation 3 (dash–dash) and d

imulation 1 disturbed by noise, S/N = 100 (solid).
actor (p) of the EBS method was set to 0.01.
Fig. 9 shows the estimated analyte spectra at maxim

lution for both methods.Fig. 9C shows the analyte spe
rum andFig. 9A the residual spectral variation for the R
ethod.Fig. 9B and D shows the results for the EBS meth

ig. 7. (A) Raman spectrum of solvent (eluent). Major bands of meth
dotted vertical lines) and of water (dashed vertical line) are shown
aman spectrum of analyte (AMP). (C) Raman spectra measured
lution of AMP. Inset magnifies wavenumber range that should contain
nalyte bands.
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Fig. 8. UV-detector signal of AMP: (solid fat) points in time considered to be
part of baseline. Spectra measured at these time points are used to determine
the B-space.

The residual spectral variation is calculated using equation
[6]. It can be seen that the REF method fails in two ways.
In the first place, two spurious bands can be seen in the es-
timated spectrum. These bands are located at approximately
1124 and 1468 cm−1 (dotted vertical lines). At these posi-
tions strong bands are present in the spectrum of the eluent
(Fig. 7). These bands can be assigned to methanol. It appears
that the concentration of methanol during AMP elution was
not completely constant. Secondly, the analyte spectrum (the
REF method) is more disturbed by baseline drift. This can
be seen more clearly inFig. 10, where six estimated analyte
spectra during AMP elution are overlaid. The spectral base-
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Fig. 10. (A) Estimated analyte spectra during elution (the REF method).
The gray solid line indicates a slow drift-like estimation artifact. (B) Same
for the EBS method.

line drift is much smaller for the EBS method, although it has
not been fully removed.

In Fig. 11A, the correlation coefficient of the estimated
AMP spectrum and the known spectrum of AMP is plotted
as a function of elution time. The EBS method has a fairly
high correlation (>0.9) at the elution maximum and has near
zero correlations at the peak-start and the peak-stop times.
On the other hand, for the REF method, the maximum cor-
relation is smaller (∼0.6) and at the peak-start and peak-stop
a small correlation (∼0.2) still exists. The small correlations
at peak-start and peak-stop can be traced back to the combi-
nation of the broad ‘band-like’ features (see the gray line in
Fig. 10A) and the spurious bands at 1124 and 1468 cm−1 in
the estimated analyte spectra. When both effects are removed
from the estimated analyte spectra, the correlation curve for
the REF method starts and ends at approximately zero corre-
lation (Fig. 11A, dash-dotted curve), but also the maximum
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ig. 9. Results of the REF method (A and C). (A) Residuals calcu
sing Eq.(6). (C) Estimated AMP spectrum (solid) at elution maximum

true’ analyte spectrum (grayed solid). Results of the EBS method (B
). The vertical dotted lines are drawn at strong bands of the eluent
nd 1468 cm−1).
ig. 11. (A) Correlation coefficient between ‘true’ AMP spectrum and
ated AMP spectrum as a function of elution time: the EBS method (

ine), the REF method (dashed line) and curve (dash-dotted) of cor
see text) analyte spectra (also the REF method). (B) MSE (Eq.(7)) between
f residuals of estimated AMP spectrum as a function of elution time
BS method (solid) and the REF method (dashed). The dotted hori

ine (∼5× 104) is at instrumental noise level.
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correlation drops to a lower value (<0.5). InFig. 11B shows
the variance of spectral residuals for the EBS method is close
to the variance of the spectral noise. It is two orders of mag-
nitude smaller than for the REF method. It was also checked
whether the number of spectra used for estimating the B-
space is critical. To a certain degree, changing the number
of spectra does not affect the shape of the estimated analyte
spectrum. Of course always more spectra should be used than
the number of independent phenomena hidden in the baseline
spectra (matrixXb). Using more spectra improves the esti-
mate of the B-space and this stabilizes the estimated analyte
spectrum.

4.3. Application 2: background correction in LC–DAD

To further illustrate the feasibility of the EBS method, two
(different) LC–DAD separations were performed. A mixture
of four polystyrene standards was injected in each sample
run. Immediately, after that, a blank run was recorded.Fig. 12
shows the total spectral intensity in the UV–vis spectrum in
the wavelength range from 200 to 300 nm for the sample and
the blank runs.

The settings for the EBS method were as follows. The
spectra used to determine the B-space are indicated by dots.
The asymmetry factor (p) was 0.01. Similar results were ob-
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Table 3
Results of HPLC–DAD measurements

Run Mp of polystyrene ρREF ρEBS MSEREF

(×10−4)
MSEEBS

(×10−4)

1 10.900 0.90 0.95 4.65 1.29
1 17.600 0.89 0.94 7.95 2.01
1 30.000 0.90 0.94 26.9 7.32
1 39.200 0.90 0.95 14.2 4.22
2 10.900 0.85 0.93 322 94.1
2 17.600 0.87 0.92 498 195
2 30.000 0.91 0.94 632 321
2 39.200 0.95 0.96 547 322

Comparison of off-line measured spectra of the standards with the recon-
structed spectra using the EBS and the REF method for runs 1 and 2.

is apparently required to describe small disturbances in the
eluent spectra during the run.

Table 3shows the results when the reconstructed analyte
at peak maxima are compared with off-line measured UV–vis
spectra of the standards. The correlation for the EBS method
is somewhat higher than for the REF method, MSE of the
EBS method are lower. InFig. 13for run 2 the reconstructed
(the REF and the EBS methods) spectra at the apex of the last
peak are shown together with the off-line measured spectrum
of the 39.200 standard. It can be seen that the REF method
yields a too high intensity of the estimated spectrum at low
wavelengths (near 200 nm). This artifact is located at the po-
sition of strong THF band (200–210 nm). Thus, the change in
the relative concentration of THF during the run will, for the
REF method, still affect the overall spectral intensity of the
estimated polystyrene spectrum. This explains the somewhat
lower correlation coefficients and higher MSE values for the
REF method (Table 3).

In order to show that the EBS method is more flexible in
use than the REF method the next processing was performed
on the collected data. Only the spectra measured before elu-
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ained forp-values between 10−5 and 10−1. No dependenc
n the value ofp could be detected. For the REF method,
pectra just before and just after elution of the polystyr
ere selected (circles inFig. 12). For both LC–DAD runs th
dequate number of PCs was 3. The B-space thus has d
ion 3. Two eluent species change in relative concentr
uring the chromatographic run. Therefore, it is expecte
nd at least a two dimensional B-space. The third dimen

ig. 12. Total spectral intensity between 200 and 300 nm as a fun
f elution time. Dotted line is blank chromatographic run. Run 1: s
le is mixture of four polystyrene standards (Mp = 10 900, 17 600, 30 00
nd 39 200) in tetrahydrofuran–acetonitrile. Run 2: sample is mixture
olystyrene standards (Mp = 10 900, 17 600, 39 200 and 76 600) also

etrahydrofuran–acetonitrile; gradient is different.
ig. 13.Meanspectrum of polystyrene standard 39.200 (solid line) m
ured off-line on HP8453 diode array spectrometer. For run 2 the r
tructed polystyrene spectra for the apex of the corresponding peak is s
he REF method (dotted line) and the EBS method (dashed line).
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Fig. 14. Total spectral intensity between 200 and 300 nm is plotted as a
function of elution time. Sample run signal corrected for blank run signal
(solid line); signal corrected using auto-zero method method (dotted line),
signal corrected using the EBS method (dashed line). Only the background
spectra (shown inFig. 12) before elution of standards are used for correction.

tion of the polystyrene peak cluster (Fig. 12), are used for cor-
recting the contribution of the background signal (establish-
ing the B-space). In effect, this means that the REF method
now truly is an auto-zero method. Results inFig. 14shows
that the EBS method succeeds in nearly fully correcting the
baseline of the runs, while the auto-zero method cannot fully
correct for the baseline and some additional baseline cor-
rection procedure is needed. For both the REF and the EBS
method the peak area ratios are the same as for the blank
corrected chromatographic signal.

5. Conclusions

A new method (EBS) based on asymmetric least squares is
proposed to eliminate the spectral contribution from the elu-
ent in the hyphenated chromatography. Simulations and first
tests of this background correction method on LC–Raman
and LC–DAD data show its feasibility. Advantage of the
method are that it only needs the data of one single chromato-
graphic run and that each spectrum during analyte elution can
be analyzed separately, without using relation to other spectra
during elution. From simulations it can be concluded that the

new method performs better than a straightforward spectral
subtraction method (REF). This is also true in the presence of
spectral noise. Furthermore, setting the value of the only pa-
rameter of the method (asymmetry factor) is easy and turned
out not to be critical. The practical significance of the method
is shown for an LC–Raman and an LC–DAD application. In
LC–Raman the EBS method can extract the analyte spectrum
much better the REF method. A more extensive comparison
between the methods is made in a companion publication
[1]. In the LC–DAD examples the performance advantage of
the EBS method is smaller than for LC–Raman. However,
the flexibility of the EBS method allows one the correct for
spectral background using only some spectra measured on
one side of the eluting peak cluster.
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