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Abstract

Non-absorbing alkyl ether sulfates (AES) can be separated using anthraquinone-2-carboxylic acid (AQCA) as a probe; however, absorbing
alkyl benzene sulfonates (ABS), if present, interfere indirect detection of most AES oligomers. Overcoming of this interference, as well as
the simultaneous characterisation and evaluation of AES, fatty acids and ABS, was accomplished by using a diode-array detector and the
procedures here discussed. First, it was shown that ABS can be made undetectable by using a 9 nm wide and 227 nm centred charge-absorptivity
null-balance detection window (NBDW), where its contribution to the absorbance cancels the dilution effects that its presence induces on
the signal of the background chromophore (BGC). Two other procedures, not requiring any prior knowledge on the nature of the absorbing
interference, were also addressed. In the first one, the NBDW procedure was emulated by software, by treating the time–wavelength data
matrix stored during the experimental run, and in the second one, both the ABS and BGC spectra, and the concentration profiles of ABS
and the non-absorbing solutes, were recovered by orthogonal projection approach (OPA) and alternating least squares (ALS). The OPA–ALS
processing provided the deconvolved signals and the wavelengths required to implement the experimental and software-emulated NBDW
procedures. A composite ABS spectrum and a mixed concentration profile of the non-absorbing solutes, that involves mutual ABS–BGC
dilution effects are enclosed in the OPA–ALS straightforward solutions. The pure spectra and concentration profiles were finally retrieved
by crossed orthogonalisation. For the NBDW procedures, the limits of detection (S/N = 3) for AES oligomers overlapped by 1500�g ml−1

ABS were of ca. 10�M AES. Using decyl sulfate as internal standard, the relative standard deviation for AES in an ABS containing industrial
sample was 4.5%. The procedures here described are useful to remove the interference produced by any absorbing solute when overlapped
with indirectly detected solutes in both capillary electrophoresis (CE) and HPLC.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mixtures of several classes of surfactants, constituted by
series of homologues and isomers, are usually found in man-
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null balance detection wavelength window; OPA, orthogonal projection
approach; SDS, sodium dodecyl sulfate; TMBA, trimethoxy benzoic acid
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ufactured products of the detergent and cosmetic industries.
Judicious selection and careful optimisation of the separa-
tion and detection conditions have led to a number of HPLC
[1–15] and capillary electrophoresis (CE)[9,10,16–31]
methods, capable of resolving surfactant classes in
their homologue and isomer constituents. Thus, absorb-
ing ionic [9,10,17–19,25,27,28,31], absorbing non-ionic
[10,16,22–24,29], and non-absorbing ionic surfactants
[10,20,21,30]have been characterised and quantified by CE.

Alkyl benzene sulfonates (ABS), an important class of
absorbing anionic surfactants, have been separated by us-
ing aqueous[32–34] and non-aqueous[18,25–27,31,35]
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background electrolytes (BGEs), in some cases with both
homologue and positional isomer resolution[25,31]. For
the detection of non-absorbing analytes, a BGE containing
a background chromophore (BGC)[5,36–38]is used. Thus,
alkyl ether sulfates (AES) have been separated with oligomer
resolution by HPLC with gradient elution and evaporative
light scattering detection[5], and by CE with aqueous (with
40–50% acetonitrile, ACN)[20,21]and non-aqueous BGEs
(ACN/MeOH mixtures)[20,30]. Numerous CE procedures
for fatty acids have been also proposed[39–52].

However, to characterise and evaluate surfactant classes in
the complex mixtures frequently found in cleaning products
and toiletries still constitutes a challenging issue. Grob and
Steiner[30] have reported the separation of the following
mixtures: (a) alkyl sulfates and secondary alkane sulfonates,
(b) alkyl sulfates and AES, (c) alkyl sulfates and ABS and
(d) alkyl sulfates, secondary alkane sulfonates, AES and
ABS, but with extensive overlapping of the AES and ABS
peaks. The pair of classes AES–ABS was partially resolved
using 80% ACN and 0.001% polybrene in the presence of
2-naphthalene sulfonic acid as BGC[30].

Owing to the low price and high cleaning power of ABS,
the mixtures AES–ABS, AES–ABS-fatty acids and other
combinations of anionic surfactants containing ABS are
most frequently found in the formulations. In a previous
work, we reported a procedure to analyse mixtures of AES
and carboxylic acids[53]. Unfortunately in the recom-
mended BGEs, the ABS homologues were found to appear
just in the middle of the migration time region of the AES
oligomers, thus causing severe interference. Attempts to
modify the BGEs recommended for AES and carboxylic
acid mixtures, thus to increase the separation between the
AES and ABS classes, led to a decrease of the resolution
between the AES oligomers, as well as that of the lighter
carboxylic acids with respect to the heavier AES oligomers.
Further, the need of maintaining the sensitivity of indirect
detection severely conditioned the BGE composition.

Therefore, three quite different approaches, all them based
on the use of a diode array detector, were developed in this
work to remove the interference of ABS from the fatty acid
and AES electropherograms. First, the contribution of the
absorbing ABS interference to the signal was cancelled via
selection of the appropriate BGC and wavelength range for
the detection window, thus to yield suitable selective elec-
tropherograms for the non-absorbing solutes. Besides, two
multivariate approaches, capable of taking full advantage
out of the two-way (migration time–wavelength) data matrix
provided by the diode array detector, were also developed.
Several data analysis approaches based on either spectral
comparisons or in the use of latent variables have thrived up
to become the most valuable tools nowadays available to as-
sess peak purity and to deconvolve overlapped signals[54].
We have used the comparative method known as orthogonal
projection approach (OPA)[55] to find out the most dissim-
ilar spectra contained in the data matrix in order to be used
as initial estimates for a subsequent alternating least squares

(ALS) [56,57] refining step. Both OPA and the OPA–ALS
procedures were found to be also useful to locate cancelling
detection wavelength windows of known and unknown ab-
sorbing interferences. The three procedures here described
can be universally applied to remove overlapped absorb-
ing interferences when non-absorbing solutes are indirectly
monitored after CE or HPLC separation.

2. Materials and methods

2.1. Instrumentation and working conditions

An HP 8453 diode array spectrophotometer provided
with a standard 1 cm quartz cell, an HP3D CE system (Agi-
lent Technologies, Waldbronn, Germany), and fused-silica
capillaries (Composite Metal Services Ltd., Ilkley, UK)
of 80.5 cm (72 cm effective length)× 50�m i.d. (363�m
o.d.), were used. Concerning the subject of this work, it is
worth to indicate that the CE instrument was able to simul-
taneously monitoring up to five detection wavelength win-
dows of different sizes located at assorted wavelengths, and
that, using the corresponding software option, a full spec-
trum every 0.2 s can be also stored during the experimental
runs. These spectra were constituted by 40 evenly spaced
absorbances between 220 and 300 nm (spectral resolution,
2 nm). Separations were performed at 45◦C under+20 kV.

New capillaries were treated with 1 and 0.1 M NaOH and
water at 60◦C (10 min each). Daily before use, the capillary
was rinsed with 0.1 M NaOH (20 min), water (10 min) and
the running buffer (10 min) at 45◦C. Between runs, it was
conditioned with 0.1 M NaOH (10 min), water (2 min) and
the running buffer (8 min). After each working session, it was
flushed with water for 10 min. Before injection, all solutions
were filtered through a 0.45�m pore-size nylon membrane
(Albet, Germany). Hydrodynamic injection (5 kPa×3 s) was
used. An 80 nm wide and 380 nm centred reference window
was used in all cases with the several detection wavelength
windows studied along the work. When working in the in-
direct detection mode, the measuring and reference wave-
lengths were interchanged thus to obtain positive peaks.

2.2. Reagents and solutions

Carboxylic acids and ABS homologues were named af-
ter the number of carbon atoms in the alkyl chain, with a
preceding� to account for the ABS phenyl sulfonic group
and lack of the carboxylic group; for instance, C12 is do-
decanoic acid, but�C12 is dodecylbenzene sulfonic acid;
C12E2 represents an AES oligomer with an alkyl chain of
12 carbon atoms, plus two ethylene oxide groups and the
sulfate group at the end.

Acetonitrile (ACN), dioxane (Scharlab, Barcelona,
Spain), 3,4,5-trimethoxybenzoic acid (TMBA), anthraqui-
none-2-carboxylic acid (AQCA), dipentylamine (DPA),
acetic (C2), capric (C10), lauric (C12), myristic (C14) and
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palmitic (C16) acids (used to help in peak identification)
[53], sodium decyl sulfate (C10E0, used as internal standard
in calibration), sodium dodecyl sulfate (SDS or C12E0),
sodium tetradecyl sulfate (C14E0) and sodium hexadecyl
sulfate (C16E0) (Sigma–Aldrich, Steinheim, Germany, and
Fluka, Buchs, Switzerland) were used. A 27% (w/w) aque-
ous AES solution (supplied by Quı́micas Oro S.A., Sant
Antoni de Benaixever, Spain), 4-dodecylbenzenesulfonic
acid (technical mixture of ABS homologues,∼90% purity,
Fluka), with a declared average molecular weight ofM̄ =
326.49 g mol−1, and deionised water (Barnstead deioniser,
Sybron, Boston, MA) were also used.

A 10 mg ml−1 ABS and AES stock solutions were pre-
pared in water (AES dilution was made according to its
declared concentration). A mixture containing C10–C16
(200�g ml−1 each, solved in 50:50 methanol/water, (v/v))
and a 1000�g ml−1 C10E0 (internal standard) solution in
water were also prepared. These solutions were adjusted
dropwise to pH 10 with 1 and 0.1 M NaOH. The BGE con-
tained 5 mM AQCA, 7 mM DPA, 85% ACN, 5% dioxane
and water[53].

3. Results and discussion

3.1. Cancellation of the ABS interference by selection of
the BGC and the detection wavelength window

Electropherograms of ABS and AES solutions, obtained
by indirect detection at 260 nm (inverted negative ab-
sorbance peaks), are shown inFig. 1. At this wavelength
AQCA has an absorption maximum and ABS does not ab-
sorb, which implies maximum sensitivity for the indirect
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Fig. 1. Electropherograms of 1500�g ml−1 solutions of ABS (A) and
AES (B) obtained by indirect monitoring at 260 nm with a 10 nm wide
window; EOFs at ca. 6.2 and 5.9 min, respectively.

detection of both ABS (trace A) and the non-absorbing
AES and fatty acids (trace B). The ABS electropherogram
showed four large peaks that roughly corresponded to the
�C10–�C13 homologues, although with some overlapping
of the isomers of adjacent homologues[31]. As deduced
by comparing traces A and B, ABS and AES peaks seri-
ously overlapped. An electropherogram for ABS, free of
the interference of AES, can simply be obtained by moni-
toring at the wavelength of maximal ABS absorption (i.e.
225 nm) in the direct detection mode (positive absorbance
peaks); however, detection of non-absorbing solutes, as AES
and fatty acids, is limited to the indirect mode, thus, any
co-migrating (or co-eluting) aborbing solute will interfere.
As demonstrated next in this section, the indirect detection
of AES, without the interference of ABS is possible if an
adequate spectral window for detection is used. Acquisition
of the two-way data matrix is not required; however, as
shown later inSections 3.2 and 3.3, the detection of both
the non-absorbing solutes and ABS in a single injection is
also possible by using information stored that matrix.

In indirect detection, the signals are produced by substi-
tution of the BGC probe ions by those of the solutes. Thus
for univalent anions and using the indirect detection mode, a
solute having exactly the same molar absorptivity than that
of the probe ions cannot be detected. For a probe ion with
a chargezp which is replaced by a solute with a chargeza,
the generalised undetectability condition is:

zpεp = zaεa (1)

whereεp and εa are the molar absorptivities of the probe
and the solute ions, respectively.Fig. 2 shows the absorp-
tion spectra of TMBA, AQCA and ABS, where theY-axis
has been expressed in molar absorptivity units. The spectra
were recorded in the HP 8453 spectrophotometer with care
of not surpassing an absorbance of 1.5, thus to avoid distor-
tion by stray radiation, then, the molar absorptivities were
calculated by dividing the absorbances by the respective
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molar concentrations. For ABS, the average molar concen-
tration given by the manufacturer was used. ABS is in fact
a mixture of species, but as an approximation, it can be as-
sumed that all of them have the same absorption spectrum;
this seems reasonable, since the spectrum of each oligomer
depends mainly on the benzene sulfonate group rather than
on the length differences between the alkyl chains. Finally,
since these are monovalent anions, the spectra ofFig. 2 are
not modified by multiplying theY-axis by the respective
charges.Fig. 2 revealed the presence of two points per
solute whereEq. (1) was fulfilled, i.e. 221 and 227 nm for
AQCA and 226 and 232 nm for TMBA. At these wave-
lengths, the respective absorptivity spectra cross over the
ABS absorptivity spectrum.

However, a window extended over a range of wavelengths
instead of a single wavelength is required to implement de-
tection properly, thus to achieve adequate signal-to-noise ra-
tios. In indirect detection, and at any wavelength along the
detection window, a solute having a molar absorptivity lower
than that of the BGC contributes to increase the signal in the
indirect detection mode, whereas this signal decreases when
the molar absorptivity of the solute is higher than that of the
BGC. Thus, for an absorbing solute to be undetectable when
a �λ-wide detection window centred at thej-wavelength is
used, the following condition should be met:

S = zp

j=+�λ/2∑
j=−�λ/2

εp,j − za

j=+�λ/2∑
j=−�λ/2

εa,j = 0 (2)

According toEq. (2), around each point satisfyingEq. (1),
a family of charge-absorptivity null-balance detection win-
dows (NBDWs), where the sum of the positive and negative
contributions to the signal cancel each other, can be defined
by varying�λ. Any addressed absorbing solute should be
undetectable if a detection wavelength window fulfilling
Eq. (2) is used. As can be also deduced fromEq. (2), an
NBDW does not exist for solutes having molar absorptivities
lower than those of the BGC at all wavelengths; however,
as discussed later inSection 3.3, cases like this one can be
successfully handled by using multivariate approaches.

In Fig. 3, values ofS, calculated according toEq. (2)for
the AQCA–ABS and TMBA–ABS pairs, are plotted against
the central wavelength of a series of windows of increasing
widths. On this plot, the crossing points of the curves with
the S = 0 line indicate the wavelengths where NBDWs
of a given width exist. The plot also shows that, for each
BGC–solute pair, as�λ increases, the two NBDWs (centred
around the two wavelengths whereEq. (1)holds) merge to
a single window of maximal width. For a given BGC–solute
pair, an NBDW is not possible anymore beyond that maximal
width.Eq. (2)predicted a maximal NBDW width of 9 nm for
both the AQCA–ABS and TMBA–ABS pairs; the centres of
the maximal NBDWs were predicted at 225.0 and 229.5 nm,
respectively.

Since observation windows within the 10–20 nm range
are most frequently used in CE, and since smaller windows
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Fig. 3. Values ofS according toEq. (2)plotted against the wavelength at
the centre of the observation window; the numbers at the lines indicate
window widths in nm, the continuous lines are data for the AQCA–ABS
pair, and the dashed lines correspond to the TMBA–ABS pair.

would have yielded lower signal to noise ratios, the maximal
9 nm width NBDWs were selected. The optimal NBDWs for
AQCA and TMBA in Fig. 3 were centred at wavelengths
where the respective molar absorptivities are of ca. 10,000
and 7000 M−1 cm−1; thus, the sensitivity of indirect detec-
tion using the corresponding optimal window for AQCA
should be higher than using the optimal TMBA window,
hence the former was finally selected as BGC.

Figs. 2 and 3were calculated using data obtained with the
HP 8453 spectrophotometer; however, this instrument may
slightly differ from the CE detector in terms of slit width,
wavelength calibration and maybe also in the way the on-line
acquired data are processed. Further, attempts of recording
the ABS and AQCA spectra using the CE instrument re-
vealed significant differences along the molar absorptivity
scale regarding the HP 8453 data. Thus, the width and cen-
tral wavelength of the maximal NBDW for the AQCA–ABS
pair that were predicted from the HP 8453 spectra by us-
ing Eq. (2), were also experimentally optimised using the
CE detector. For this purpose, the width and central wave-
length of the maximal NBDW found above were used as a
first approximation, thus to record electropherograms of an
ABS solution using detection windows of increasing widths
(from 5 to 13 nm) whose central wavelength was moved
from 223 up to 231 nm. The series for the 9 nm wide win-
dows is shown inFig. 4.

The best NBDW was obtained for a 9 nm wide window
(as expected), but the best location of the window centre
was 227 nm (instead of the value obtained with the HP 8453
spectrophotomer, 224 nm). As shown inFig. 4, small nega-
tive peaks for the�C13,�C12 and�C10 homologues, and
a small positive peak for�C11, were still observed with the
optimal NBDW. These residual peaks could be explained
as due to the sensitivity drift associated to the increase of
electrophoretic mobility along the time axis, although small
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Fig. 4. Electropherograms of a 1500�g ml−1 ABS solution obtained by
indirect monitoring with a 9 nm wide window centred at the wavelengths
indicated at the traces; EOF at 6.1 min.

differences between the molar absorptivities of the ABS ho-
mologues (may be due to the different isomeric distribution)
could also contribute.

The relative values of the signals still left at the migration
times of the four homologues were estimated as follows.
First, the ABS signal in the indirect mode was recorded with
a 9 nm wide window centred at the wavelength of maximum
absorption of AQCA, 260 nm, where ABS does not absorb.
Then, this signal was multiplied by the ratio of AQCA ab-
sorptivities at 227 and 260 nm to obtain the almost matched
peak heights that would have been shown by both ABS and
AQCA in the respective direct and indirect detection modes
at 227 nm if mutual signal cancellation would have not been
produced. According to these peak heights, the residual ab-
sorbances observed inFig. 4 for the 227 nm trace amounted
to a 1.2, 0.7,−4.5 and 2.6% for the�C13,�C12,�C11 and
�C10 homologues, respectively. Therefore, for a mixture of
homologues (as occurs with ABS) rather than for a single
solute, a perfect signal cancellation can be achieved for the
sum of the homologues, small residual peaks remaining for
the individual homologues. A perfect signal cancellation at
all the migration times seems impossible to be accomplished
by using a single detection wavelength window. The simul-
taneous use of several NBDWs, tuned to the requirements
of the successive homologues, is feasible, but it was not as-
sayed in this work. Systematic errors in the evaluation of the
overlapped non-absorbing solutes by indirect detection were
left as a consequence of adopting a single common NBDW;
however, as these errors were both small (attention should
be paid to theY-axis expansion inFig. 4) and non-dependent
on the AES concentration, they were assumed to be signifi-
cant only at very low AES concentrations.

Electropherograms of an ABS–AES mixture obtained by
using two different detection wavelength windows are shown
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Fig. 5. Electropherograms obtained with a single injection and simul-
taneous monitoring at two detection wavelength windows of a mixture
containing 1250�g ml−1 of each ABS and AES, C10–C16 (50�g ml−1

each) and 100�g ml−1 C10E0 (internal standard); monitoring was per-
formed with a 10 nm wide and 260 nm centred window (A) and with the
optimal NBDW (9 nm wide and 227 nm centred) (B); EOF at 5.9 min.

in Fig. 5. Extensive peak overlapping was observed by mon-
itoring at the wavelength of maximal sensitivity for indirect
detection with AQCA, 260 nm (trace A). In contrast, mon-
itoring with the maximal NBDW (9 nm wide and 227 nm
centred) yielded well resolved AES peaks essentially free
from the ABS interference (trace B). The resolved peak of
acetate (C2, a common impurity of AES) was also observed
on trace B.

The lower signal to noise ratio ofFig. 5, trace B, with
respect toFig. 1, trace B, was mainly due to the re-
duction of the molar absorptivity of the BGC at 227 nm
(10,000 M−1 cm−1) with respect to its value at the wave-
length of the maximum, 260 nm (45,800 M−1 cm−1) (al-
though the concentration of AES was also slightly lower in
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Fig. 5). The signal to noise ratio to be reached by using the
proposed monitoring procedure is thus limited by both the
width and location of the maximal NBDW and the average
molar absorptivity of the BGC at that NBDW. Fortunately
for the AQCA–ABS pair, the maximal NBDW had a rea-
sonable width (9 nm), the wavelength of the window centre
was not too low (227 nm), and was located in the vicinity
of the wavelength of the ABS absorption maximum, which
is an optimum case. Thus, in addition to the electrophoretic
factors, the spectra of both the BGC and the addressed
interfering absorbing solute should be considered in the
selection of the BGC to define an optimal NBDW.

The calibration straight-line ofFig. 6 (continuous line)
was obtained by using the optimal NBDW (9 nm wide and
227 nm centred), by measuring the corrected areas of the
C10E0–C13E7 peaks, and by dividing its sum by the cor-
rected area of the peak of the internal standard. As shown
in the same figure, and as revealed by the negative inter-
cept, a calibration straight-line obtained with an unbalanced
window (10 nm wide and 222 nm centred, dashed line), was
affected by a large systematic constant error due to the ABS
interference.

3.2. Emulating the NBDW procedure by software

In the experiments ofFig. 5 and in those used to con-
structFig. 6, each electropherogram was both recorded on
the monitor screen (and file printed) and stored as anm × n

data matrix,X, where each row contained a full spectrum
(the absorbance atn wavelengths) at a specific migration
time. Along the wavelength scale and for the non-absorbing
solutes, the sensitivity roughly followed the AQCA absorp-
tivity, but for ABS the sensitivity depended on the difference
between the own and the AQCA spectra. Since the ABS and
AQCA spectra are rather different, it can be expected the
two-way electropherograms to contain enough information
for the underlying electropherograms of the non-absorbing
solutes and ABS to be separately retrieved. This can be
done either by using multivariate deconvolution techniques,
which are discussed inSection 3.3, or in a simpler way, by
software emulation of the above explained procedure based

on an NBDW, thus mimicking what was done above with
series of moving windows of increasing sizes.

First, the information stored in theX matrix was used to
examine the influence of the location and size of the detec-
tion wavelength window on the background noise. For this
purpose, time regions showing no peaks were used, and the
standard deviation of the background was averaged along
series of wavelength windows centred at increasing wave-
lengths and having increasing sizes. The background noise
was observe to increase significantly either when�λ < 3 nm
and for windows centred at wavelengths below 220 nm, thus,
these values were avoided in the studies that followed.

Exploration ofX in order to find out an optimal NDBW
can be certainly done in several ways, but the procedure
explained next was found to perform fairly well. First, the
crossing points ofFig. 2 (whereEq. (1) holds) should be
located onX. This can be achieved by OPA–ALS deconvo-
lution (explained inSection 3.3), or in a more simple way
by applying purity assays to the transpose of the data ma-
trix, XT (for instance, using OPA). Using these two proce-
dures, the points whereEq. (1)holds were located at 220.5
and 228.5 nm. The profile at 228.5 nm was taken as a refer-
ence, thus this will be called next the reference wavelength.
Second, to find out the software-emulated optimal NBDW,
the concentration profile at 228.5 nm was compared with the
concentration profile averaged within the wavelength win-
dow being tested. The comparison was made attending at a
peak location which was free from the ABS contribution (the
F-time), and at then = 4 ABS peak locations, that are the
migration times bearing serious interference (the I-times). A
purity assay can be used to locate suitable F- and I-times;
for this purpose, we also applied OPA (seeSection 3.3). The
following difference was then calculated:

d�λ = n(pF,�λ − pF,R) −
∑

(pI,�λ − pI,R) (3)

where�λ is the width of the tested wavelength window,
pF,�λ and pI,�λ denotes the average signal at the F- and
I-times within the window, andpF,R andpI,R are the corre-
sponding signals for the reference wavelength, the sum of
the second parenthesis being extended to then = 4 ABS
peaks. Sinced�λ is proportional to the sum of the ABS peak
residuals, windows where the interference is fully cancelled
should yield zerod�λ values.

An initial 8 nm wide window, centred at 224.5 nm (the
middle point between the two software-located cancellation
points, 220.5 and 228.5 nm) was first considered, and 2 nm
increments (the resolution along the rows ofX) were suc-
cessively added to the window ends. The 224.5 nm centred
window giving the lowestd�λ was retained. The process
was repeated using windows centred at neighbouring wave-
lengths, until a further reduction ofd�λ was no longer
possible. A contour plot ofd�λ showed a similar pattern
as that calculated inFig. 3 for AQCA (continuous lines)
usingEq. (2). A 14 nm wide and 224.5 nm centred optimal
NBDW resulted. The differences with respect to the optimal



V. Bernabé-Zafón et al. / J. Chromatogr. A 1036 (2004) 205–216 211

NBDW deduced above (9 nm wide and 227 nm centred)
could be due to a better spotting of the optimum along the
two variables involved, i.e. window width and centre. The
electropherograms of ABS obtained by regression of both
its pure spectrum and that of the BGC onX, and those of the
non-absorbing solutes extracted fromX by averaging the
electropherograms within this emulated maximal NBDW,
were closely similar to those shown inFig. 1, traces A
and B, respectively. Further, the electropherograms of AES
obtained by the experimental (Fig. 5, part B) and emulated
NBDW procedures were closely similar.

Information provided by the previously recorded absorp-
tion spectra of both the BGC and the interference was used
in Section 3.1to locate the experimental maximal NBDW,
which was then further optimised using two series of elec-
tropherograms recorded at different detection wavelength
windows. In this section, the systematic examination ofX
using OPA has resulted in an emulated maximal NBDW
without previous knowledge about the spectrum of the in-
terference, and using a single experimental run, without
requiring further optimisation. A more general approach,
based on the OPA–ALS algorithm, and also able to rapidly
spot an NBDW using a singleX matrix, is outlined in the
next section.

3.3. Full multivariate deconvolution by OPA–ALS

The AQCA–ABS pair is, in fact, a particular case of a
more general problem, namely the resolution of the over-
lapped signal of indirectly detected solutes by an absorb-
ing interference in both CE and HPLC. In this concern,
the procedures described above rely on two particularly
favourable circumstances, i.e. for the experimental NBDW
procedure, reliable spectra of both the interference and the
BGC should be available, and with both the experimental
and software-emulated NBDW procedures, a suitable max-
imal NBDW should exist. However, procedures not making
use of these favourable features should be developed for the
general case to be addressed.

The different ways this can be done for both the partic-
ular and general cases are outlined in the flow diagram of
Fig. 7. If reliable spectra of both the BGC and the inter-
ference are available (the spectrum and nature of the lat-
ter could be unknown), and at least if an NBDW exists,
then at least one of the NBDW procedures of above can
be used. Otherwise, multivariate curve resolution—ALS can
be applied to achieve full resolution of the contributions of
the non-absorbing and absorbing solutes. Two steps are in-
volved in the calculation process. The first one is the so
called purity assay, where the number of species present
in X having different spectra (i.e. one or more than one
interfering absorbing species and the BGC) is determined.
The purity assay also provides estimates of those spectra.
In the second step, the tentative spectra are used to estab-
lish both spectra with an improved reliability and the con-
centration profiles, from which isolated electropherograms

of the absorbing and non-absorbing solutes can be finally
calculated.

Several purity assays, based or not on latent variables,
have been proposed[54]. In this work, OPA, whose per-
formance has been widely demonstrated in providing initial
estimates for deconvolving overlapped peaks detected in the
direct absorbance mode in HPLC[54,55], was selected. In
OPA, each spectrum contained in them × n X data matrix
is systematically contrasted with a collection of normalised
reference spectra, in order to find out which one of them
spectra is less compatible with those in the collection. The
core of the method is the assessment of dissimilarity, which
is a property that establishes the orthogonality level in a set
of spectra. Thus, for instance, if a given target spectrum is
extracted fromX, the dissimilarity will be calculated as fol-
lows: the spectrum is first normalised and arranged with the
r normalised reference spectra in the collection to obtain an
(r + 1)×n matrix,Y. The dissimilarity is then obtained by:

dis(Y) = Det(YTY) (4)

This comparison is then extended to all spectra contained
in X, and the dis(Y) values are plotted versus the migration
(or elution) time, yielding what is called a dissimilarity plot,
whose maximal value denotes the most incompatible spec-
trum in X with those in the collection. The process usually
starts setting asY the mean spectrum ofX. In the next itera-
tion, the spectrum associated to the migration time where the
dissimilarity plot shows the maximal value is substituted by
the old spectrum inY. The process follows by successively
adjoining the most dissimilar spectrum found inX to Y, and
by re-plotting the dissimilarities up to only noise remains.

OPA finds out both the number of solutes and estimates of
their purest spectra. However, one should note that usually
the spectra yielded by OPA are just tentative solutions that re-
quire further refinement. This can be conveniently achieved
by ALS, a multivariate technique that decomposes bilinear
(or tri-linear) matrices in concentration and absorbance pro-
files by alternating two least squares regressions, i.e. the
spectral profiles onX to obtain the concentration profiles,
c, and the concentration profiles onX to obtain the spectral
profiles,s, repeating this process alternatively. This can be
expressed as:

c = X · (sT · s)−1 · sT (5)

s = (cT · c)−1 · cT · X (6)

If no further operation is applied, the cycle will end yielding
the same initial spectral (or concentration) profile used to
start the iteration, except in noise, which will be amplified.
This later would make the process to diverge, and no bene-
fit would be obtained. The way how ALS achieves conver-
gence yielding successful final solutions is the imposition
of constraints to the intermediate solutions. Thus, after each
regression, some constraints are applied to guarantee that
the process will converge in solutions with physicochemical
meaning. For instance, negative peaks are not allowed by
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the positivity constraint, and secondary maxima per solute
are either prevented by the unimodality constraint. These
and other constraints have been used in HPLC[58,59] and
CE [57] to deal with the deconvolution of directly detected
overlapped chromophores.

In the case of concern, after baseline subtraction, only pos-
itive multimodal signals are expected for the pure ABS con-
tribution. Accordingly, the no-negativity constraint should
be applied to its concentration profile. However, a compos-
ite spectrum, which will be a linear combination of the ABS
and BGC spectra will be obtained. Therefore, no constraint
concerning the signal sign can be applied to the ABS spec-
trum. Consequently, ALS will originate a good estimation
of the ABS concentration profile but a fake ABS spectrum.

On the other hand, the BGC signal gathers dilution effects
due to both the non absorbing and the absorbing solutes.
Since dilution effects on the BGC are expected to provide
negative signals, a no-positivity constraint should be applied
to the BGC multimodal concentration profile. Note that the
ABS true signal is being considered as split in two parts, i.e.
a dilution and an absorption contributions.

Finally, the no-negativity constraint can also be applied to
the BGC spectrum. In addition, there are selective migration
time regions where the peaks of the non-absorbing species
are free from the ABS interference. Therefore, it is possible
to impose a selectivity constraint within the selective time
windows, where any contribution of the absent species to
the signal is zeroed.
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The ALS algorithm used in this work, implemented with
these four constraints, and using as initial estimates the spec-
tra provided by OPA, converged within a few iterations.
Among the information retrieved, the pure BGC and com-
bined ABS spectra will be next considered. As indicated
above, the ABS spectrum found is a linear combination
of the ABS and BGC pure spectra. As shown inFig. 8,
null-balance points (if exist) are evidenced at those wave-
lengths where this combined ABS spectrum equals zero. At
these wavelengths (on the figure, 220.5 and 228.5 nm), the
dilution effects produced by ABS on the BGC signal equal
its own absorption. If exist, location of these points by the
OPA–ALS algorithms allows the application of the faster
and simpler NBDW procedures explained above to other
samples that could be affected by the same interfering ab-
sorbing solute. Used in this way, ALS becomes a useful tool
to look for NBDWs of unknown interferences. This possi-
bility was also included in the flow chart ofFig. 7.

As shown next, to fully deconvolute the electrophero-
grams of the absorbing interference and the non-absorbing
solutes by OPA–ALS, further treatment of the solutions orig-
inally provided by ALS is required. ALS decomposes the
data matrix as follows:

X = XBGC + XABS + E = c∗
BGC · sBGC + cABS · s∗

ABS + E

(7)

where XBGC and XABS are the contributions of the BGC
and the absorbing interference (ABS in the case of concern)
to the two-way signal, andE is the residual matrix.Eq. (7)
also expresses that ALS convergence leads to the right spec-

trum for BGC,sBGC, but the retrieved concentration profile,
c∗

BGC, is composite (the asterisk indicates that this is a biased
concentration profile). For ABS the situation is the opposite,
i.e. ALS yields a good estimation of the ABS concentration
profile, cABS, but a biased spectrum,s∗

ABS.
Either the true BGC concentration profile or the pure ABS

spectrum can be retrieved by orthogonalisation ofc∗
BGC or

s∗
ABS, respectively. Orthogonalisation ofXBGC consists in the

suppression of the spurious contribution associated to ABS
in XBGC, which can be done by using the known unbiased
information about the interference, which is its concentra-
tion profile, cABS. Analogously, orthogonalisation ofXABS
consists in the suppression of the contribution associated to
the BGC inXABS, by using its pure spectrum,sBGC.

Orthogonalisation ofXBGC is done first by projecting the
ABS concentration profile onXBGC; the fake spectrum ob-
tained in this way is used to reconstruct the dilution con-
tribution of the ABS in the BGC, which is then subtracted
from the originalXBGC matrix:

XcBGC = XBGC − [cABS · (cT
ABS · cABS)−1 · cT

ABS] · XBGC

(8)

whereXcBGC is the correctedXBGC matrix, and the brackets
contain the orthogonal projection operator ofcABS. Finally,
the corrected concentration profile for AES will be obtained
by projecting its spectrum on the corrected data matrix:

cBGC = XcBGC · (sT
BGC · sBGC)−1 · sT

BGC (9)

Similarly, the true spectrum of the absorbing interference
can be also obtained by:

XcABS = XABS − [XABS · (sT
BGC · sBGC)−1 · sT

BGC] · sBGC

(10)

sABS = (cT
ABS · cABS)−1 · cT

ABS · XcABS (11)

Orthogonalisation ofXBGC and XABS can be done a pri-
ori (within the ALS iterations) or a posteriori (after conver-
gence). We selected the latter alternative, since the process
converged readily, yielding in addition the wavelengths at
which Eq. (1) holds (if they exist). A priori orthogonalisa-
tion should be the method of choice if no selective migration
time (or spectral) window exists for either the interference
or the BGC.

The OPA–ALS procedure was applied to theX matrixes
of the ABS–AES mixtures used to construct the calibration
straight-lines ofFig. 6. The concentration–time profiles of
ABS were satisfactorily reconstructed, but distortions in the
time profiles of the non-absorbing solutes were observed
within the time region where ABS was present. It should be
noted that the baseline correction is particularly troublesome
in the case of concern, owing to the many ABS peaks that
overlap peaks of non absorbing solutes along a wide migra-
tion time region; in this case, the baseline should be cor-
rected by modelling point subsets that are too distant each
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other. This also highlights the robustness of the NBDW pro-
cedures of above against baseline fluctuations, since baseline
corrections are not required. However, as shown in the next
section, the performance of the OPA–ALS procedure can be
improved by applying additional baseline corrections.

3.4. Limits of detection and application to industrial
samples

The limits of detection (LOD) for the AES oligomers that
were and were not overlapped by ABS were estimated as
follows. First, the bandwidth of the baseline of the electro-
pherograms of mixtures containing 1500�g ml−1 ABS and
2000�g ml−1 AES was measured and taken as 5S.D. (S.D.:
standard deviation), then, for individual oligomers, the LOD
was calculated as 3S.D. divided byhi/[Mi], where hi and
[Mi] are the peak height and the molar concentration of the
ith-oligomer. The latter was calculated as[53]:

Mi = Ai∑
Ai

C

M̄
(12)

whereAi is the area of theith-oligomer peak, the sum is
extended to all the AES oligomers showing significant peaks,
C is the AES concentration (g l−1) of the pure form, and̄M
is the average molecular weight of the AES standard, which
was calculated as:

M̄ =
∑ [(

Ai∑
Ai

)
Mi

]
(13)

whereMi is the molecular weight of theith-oligomer, the
sum being extended to all the oligomers, from C12E0 up to
C13E7.

Provided that both the experimental and emulated NBDW
procedures have led to a nearly full cancellation of the
ABS contributions, the same LODs should be expected for
both the interfered and non interfered peaks (as C13E2 and
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Fig. 9. Electropherograms obtained with a single injection of a soft cleaner for delicate clothes (diluted 1/35 with water); monitoring was performed with
a 10 nm wide and 260 nm centred window (A), with the optimal experimental NBDW (9 nm wide and 227 nm centred) (B); 100�g ml−1 C10E0 added
as internal standard; EOF at 6.2 min.

C13E0, respectively). Accordingly, the electropherograms
obtained with the experimental NBDW procedure led to
LODs of ca. 14�M for both types of peaks, whereas the
emulated NBDW procedure led to LODs of ca. 8�M. In the
same injections, and using a 10 nm wide window centred at
the optimum wavelength for indirect detection with AQCA,
260 nm, the LOD for the non-overlapped AES oligomers
was 6�M.

The procedure was applied to identify and quantify the
surfactants in household cleaners and toiletries containing
both AES and ABS, and in some cases fatty acids were also
present. The electropherograms of a soft cleaner for delicate
clothes, obtained with a single injection by monitoring at
the optimal wavelength for indirect detection with AQCA,
and at the experimentally obtained maximal NBDW (9 nm
wide and 227 nm centred), are shown inFig. 9A and B,
respectively. The corresponding isolated electropherogram
of the non absorbing solutes, obtained by software em-
ulation of the NBDW usingX (not shown), was closely
similar to that ofFig. 9B, however, a broad distortion in re-
gions distant from those used to establish the baseline was
observed for the electropherogram of the non-absorbing
solutes obtained by OPA–ALS deconvolution. The usual
pre-treatment based on diode-by-diode linear drift subtrac-
tion gave rise to deficient baseline corrections. Thus, further
subtraction correction based on fitting skewed Gaussian
functions to each diode, applied within baseline regions
that were selected between consecutive peaks following
the trend of the broad baseline distortion, was assayed.
After orthogonalisation the heights of the reconstructed
peaks were satisfactorily correlated with those measured in
Fig. 9B.

Integration of the corrected peak areas ofFig. 9, trace B
(sum of areas from C12E0 up to C14E7), and application
of the calibration curve ofFig. 6, led to 2430�g ml−1 AES,
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that corresponded to 8.5% in the undiluted sample. From the
standard deviations of the residuals in the calibration curve
(Fig. 6), divided by the slope, an average absolute standard
deviation of±110�g ml−1 AES was calculated (the average
relative standard deviation within the calibration range was
4.5%); this led to an estimated content of (8.5 ± 0.4%) for
this sample.

4. Conclusions

Both pure experimental and chemometrically supported
procedures capable of removing the interference caused
by any absorbing solute from electropherograms or chro-
matograms obtained by indirect spectrophotometric de-
tection have been described. The NBDW procedure of
Section 3.1is extremely simple and does not require acquisi-
tion of the full two-way data matrix, nor support by chemo-
metrics. Further, this procedure can be also implemented
using a variable wavelength detector, whereas a diode array
detector is required for the other two procedures described
in this work. The emulated NBDW procedure ofSection 3.2
involves simple chemometrics and may be of help in routine
analysis, when a sample exhibits an unexpected absorbing
interference. Also, it has been shown how location of the
NBDW, if it exists, can be performed by means of OPA, or
OPA–ALS, applied toX. A posteriori systematic or occa-
sional application of the emulated NBDW procedure to rou-
tinely analysed samples (plus NBDW searching by OPA or
OPA–ALS if necessary) is made possible by simply adopt-
ing the providence of storing the full spectra together with
the electropherograms or chromatograms while monitoring
in the optimal detection conditions.

As a probe, AQCA, has a high absorptivity maximum, and
has also the advantage of showing an absorptivity minimum
at the short wavelength of the ABS absorption maximum.
Using AQCA, the NBDW procedures should also perform
satisfactorily with many other chromophores similar to
ABS, i.e. having a phenyl ring with a conjugated substituent.
Other BGCs can be found to cancel the interferences pro-
duced by other absorbing solutes; however, since indirect
detection sensitivity is proportional to the BGC absorptivity
at the detection wavelength window, a low sensitivity will be
obtained with an NBDW tailored to cancel the spectrum of
a weakly absorbing solute. In these cases, OPA–ALS decon-
volution provides a convenient solution with the added ad-
vantage of its universal applicability to any BGC-absorbing
interference pair. Detection of NBDWs, characterisation
and removal of unknown interferences, and quantitative
work with both the non-absorbing and absorbing over-
lapped solutes can be implemented using OPA–ALS. Using
a standard desktop computer, the OPA–ALS process is
completed in a few minutes, and can be also programmed to
be semi-automatically applied with little supervision by the
user. In comparison to the NBDW procedures, OPA–ALS
shows a higher susceptibility to amplify errors due to the in-

complete baseline compensation. This highlights the robust-
ness of the NBDW procedures against baseline fluctuations.
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