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ABSTRACT

The potential of high-performance capillary electrophoresis for the resolution of alkylaromatic sulphonates was investigated. The
operating conditions in capillary zone electrophoresis and in micellar electrokinetic chromatography were optimized on a mixture of
model molecules synthesized in the laboratory. The two methods appear to be complementary. Capillary zone electrophoresis allows
not only an efficient sorting out according to the number of the sulphonic groups, but also allows, using an organic solvent (aceto-
nitrile), a better resolution in unit time of the structural homologues of the alkylbenzene sulphonates than micellar electrokinetic
chromatography. On the other hand, the latter method permits the separation of alkylbenzene sulphonate isomers,

INTRODUCTION

In chemical enhanced oil recovery methods such
as surfactant flooding and steam foam soaks or
drives, surfactants are used to achieve low interfa-
cial tension or to make a viscous foam, respectively.
The design of these processes requires a detailed
study of the selection and performance of the sur-
factants. The surfactants usually used for these pur-
poses are sodium alkyl aryl sulphonates made by
sulphonation of a refinery stream [1]. These prod-
ucts consist of a mixture of homologuous series,
each homologue containing isomers. Moreover, a
careful design of the surfactant system is required to
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tailor is composition to the characteristics of the
reservoir in which it is to be applied. Hence a de-
tailed analysis of these complex matrices appears to
be essential. Linear alkylbenzene sulphonates
(LAS) are anionic surfactants widely used in de-
tergent formulations. Commercial LAS materials
are mixtures of various alkyl homologues (which
may vary from Cs to C,4) and of phenyl positional
isomers [2]. Analytical methods for alkylbenzene
sulphonates have therefore received considerable
attention. The determination of the alkyl chain dis-
tribution of LAS was first carried out by gas chro-
matography (GC). This method, however, requires
the conversion of the LAS into their volatile deriv-
atives before analysis. Desulphonation with acids
[3-6], alkali fusion [7], sulphochlorination [8], meth-
ylation [9), reduction [10], pyrolysis-GC [11] and
acid pyrolysis—GC [12,13] are well known derivati-
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zation methods prior to GC. However, high-per-
formance liquid chromatography (HPLC) is cur-
rently the most suitable method for the determina-
tion of the alkyl chain distribution of LAS, because
it does not require the conversion of the LAS into
volatile derivatives. LAS have been analysed using
reversed-phase chromatography on stationary
phases such as C,5 [14,15], Cg [15] and C, [16], with
mobile phases consisting of an aqueous solution of
sodium perchlorate, the organic cosolvent being
methanol [14], tetrahydrofuran [16] or acetonitrile
[14,15]. Mixtures of LAS have also been studied us-
ing either ionic suppression [17] [on poly(styrene—
divinylbenzene)phases] or ion-pair chromatogra-
phy (with stationary phases of the Cg [18] or C,5
[1,19] type and using the cetrimide or the tetrabutyl-
ammonium cation as derivatization reagent).

Some of these techniques, e.g. reversed-phase
chromatography (with a C, 5 stationary phase and a
sodium perchlorate mobile phase) coupled with flu-
orimetric detection in particular, have allowed in
recent years the study of the LAS in aqueous envi-
ronmental samples [20] and in waste waters [21].
However, the application of these techniques to
mixtures of alkylbenzene sulphonates resulting
from the sulphonation of petroleum streams, such
as WITCO TRS 10-80, appears to be disappointing
[19]. Also, ion-exchange chromatography does not
allow the resolution of complex industrial mixtures,
only into mono-, di- and trisulphonates. No resolu-
tion, even partial, is possible with such broad cate-
gories of products [22]. In this context, we decided
to evaluate the potental of high-performance capil-
lary electrophoresis for the resolution of such mix-
tures. Taking into account the structures of the
products to be analysed, we proceeded with the op-
timization of the operating conditions on model
molecules using either capillary zone electrophore-
sis (CZE) or micellar electrokinetic chromatogra-
phy (MEKC).

EXPERIMENTAL

Reagents

Butanol, which was used for the desalting of
WITCO TRS 10-80 (WITCO, St. Pierre 1és Elbeuf,
France), chloroform and methanol, used for its de-
waxing, and nitrobenzene and chlorosulphonic
acid, used for the sulphonation reaction, were of

P. L. Desbéne et al. | J. Chromatogr. 608 (1992) 375-383

analytical-reagent grade from Merck (Darmstadt,
Germany). n-C,—C;,-alkylbenzenes and n-, iso-,
sec.- and tert.-butylbenzene were of analytical-re-
agent grade from Aldrich (Strasbourg, France). For
analyses by ion-exchange chromatography or high-
performance capillary electrophoresis, the metha-
nol and acetonitrile solvents were of RS HPLC
grade from Fisons (Rueil-Malmaison, France). The
water used for the preparation of the different buf-
fers was systematically purified by reversed osmosis
and filtration using a Milli-Ro + Milli-Q system
(Millipore, Molsheim, France). The reagents need-
ed for the buffers, i.e. sodium tetraborate, boric
acid, phosphoric acid and monobasic sodium phos-
phate were of analytical reagent grade from Prola-
bo (Paris, France). Sodium dodecyl sulphate (SDS),
used in micellar electrokinetic chromatography,
was of 99% purity from Sigma (La Verpilliére,
France).

Apparatus

'H and '3C NMR spectra were recorded on an
AC 200 system (Bruker, Wissembourg, France).

Ton-exchange chromatography was carried out
on a PU 4003 chromatograph (Philips, Cambridge,
UK) with a 20-ul loop (Rheodyne, Cotati, CA,
USA), a PU 4020 detector (Philips) and a Partisil
SAX column (Whatman, Clifton, NJ, USA). The
signal from the detector was displayed on a Kipp &
Zonen (Delft, Netherlands) recorder.

High-performance capillary electrophoresis was
performed on a P/ACE 2100 system (Beckman,
Fullerton, CA, USA), monitored by a PS/2 com-
puter (IBM, Greenock, UK) using GOLD software
(Beckman). Data collection was performed with the
same software. The UV detector was set at 214 nm.
Injections were performed in the hydrodynamic
mode and the injection times were set at 1 or 2 s
depending on the sample. The fused-silica capillar-
ies used were of length of 57 cm and 1.D. 50 or 75
um.

The pH values of the buffers were systematically
verified before the analyses using a Beckman Model
& pH meter.

Sulphonation of alkylaromatic compounds

The alkylaromatic compounds were sulphonated
using chlorosulphonic acid. The sulphonates were
then precipitated as potassium salts following a
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protocol adapted from Janczewski and Szczeklik
[23] in order to fit the synthesis of small amounts of
raw materials and to avoid the problems due to the
very variable solubility of the sulphonated com-
pounds depending on the alkyl chain length. In all
instances, stoichiometric amounts of chlorosul-
phonic acid were added. The alkylaromatic com-
pound was dissolved in nitrobenzene (10% solution
if the solubility allowed it). The solution was cooled
to 5°C and the chlorosulphonic acid was then added
dropwise over 30 min, keeping the temperature at
5°C. In cases of small amounts, it was better to di-
lute the chlorosulphonic acid fivefold with nitro-
benzene in order to allow a more regular addition.

The reaction medium was then kept at room tem-
perature for 3 h. With relatively short substituents
(chain length < C;,) a volume of water equal to
that of nitrobenzene was added. The solution was
then allowed to settle or, if an emulsion was formed,
was centrifuged. The organic phase was washed
again with the same volume of water. The two
aqueous phases were collected, washed with ben-
zene and then neutralized with a 10% potassium
carbonate solution. Potassium chloride solution
(10%) was then added until the precipitation of the
potassium sulphonate was completed. The precip-
itate was then filtered and dried. The raw product
was used without further purification (yield 75-
85%).

With long alkyl chain compounds, the sulphonic
acid appeared to be insoluble in the water used for
its extraction. It was then necessary to neutralize
the organic phase directly with 10% potassium
carbonate solution with vigorous shaking, adding
10% potassium chloride solution if necessary.

Purification of WITCO TRS 10-80

Mineral salts of the raw sample were precipitated
using butanol. The desalted sample was then fil-
tered and the butanol evaporated. At this stage of
the purification, it was necessary to remove the non-
sulphonated fractions from this complex mixture,
almost all of which were alkanes. To do so, we used
adsorption liquid chromatography [200 ml of Li-
Chrosorb silica (Merck) for 4 g of WITCO TRS
10-80]. The sample was dissolved in ca. 10 ml of
chioroform. This first fraction was eluted with chlo-
roform and dried, allowing the collection of 0.46 g
of waxes. The sulphonated fraction was then eluted
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from the column with methanol. When the coloured
strip corresponding to the polyaromatic com-
pounds had been totally eluted, the methanol solu-
tion was vacuum concentrated, allowing the collec-
tion of 3.48 g of sulphonated compounds.

RESULTS AND DISCUSSION

As the ion-echange chromatography of the puri-
fied WITCO TRS 10-80 indicated that this mixture
was constituted almost entirely of monosulphonat-
ed compounds (Fig. 1), we then used monosulpho-
nated alkylbenzenes (synthesized in our laboratory)
as model compounds. The model compounds were
linear alkylbenzene sulphonates with alkyl chain
lengths from C, to C,,, as the 'H and >*C NMR
spectra did not show evidence of very long linear
chains, and all the butylbenzene sulphonate iso-
mers, Le., n-, iso-, sec.- and tert.-butylbenzene sul-
phonates.

Taking into account the structure of the products
and the very high performance of capillary electro-
phoresis, we first undertook the study of the beha-
viour of these model mixtures using CZE.

Capillary zone electrophoresis of linear alkylbenzene
sulphonates

We used a borate-boric acid buffer at a fixed pH
of 9 and studied the influence of the variation of the
ionic strength on the resolution of such a mixture.
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Fig. 1. Analysis of dewaxed WITCO TRS 10-80 by ion-exchange
liquid chromatography. Partisil SAX column (25 x 0.46 cm
1.D.}, d, = 10 um; UV detection at 254 nm; flow-rate 0.8 ml/min;
injection, 20 ul of a 1% solution of WITCO TRS 10-80 in aceto-
nitrile. Elution gradient: solvent A, water—methanol-acetonitrile
(I:1:1); solvent B, aqueous solution of dibasic sodium phos-
phate—methanol-acetonitrile (1:1:1).
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Fig. 2. Electropherograms of LAS mixture obtained by CZE.
Fused-silica capillary (57 cm x 75 um 1.D.); temperature, 30°C;
hydrodynamic injection, 1 s; detection, 214 nm; borate-boric
acid buffer (pH 9). (a) Buffer concentration 6.25 - 1073 M, ap-
plied voltage 30 kV; (b) buffer concentration 12.5 - 10”3 M,
applied voltage 30 kV; (c) buffer concentration 25 - 1073 M,
applied voltage 15 kV.
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The capillary used was 57 cm x 75 um L.D., allow-
ing us to work using voltages from 15 to 30 kV,
depending on the buffer concentration. Three buffer
concentrations were studied, 6.25 - 1073, 12.5 -
1073 and 25 - 10~ 3 M. The electropherograms cor-
responding to the analyses of this mixture of model
compounds under each of these operating condi-
tions are shown in Fig. 2.

It appears that the optimum buffer concentra-
tion, giving the best resolution in unit time, is 12.5 -
1073 M. At this concentration, all the alkylbenzene
sulphonates are fully separated except for the n-de-
cyl- and n-dodecylbenzene sulphonate pair. This re-
sult is explained by the fact that this concentration
still allows us to work with a high applied voltage
(30 kV) while the electroosmotic flow is already low
compared with that when the buffer concentration
is lower (6.25 - 10™3 M). On the other hand, with a
higher buffer concentration (25 - 1073 M), even if
the electroosmotic flow is then lower, the resolution
of the mixture is worse because, taking into account
the increased conductivity of the liquid medium, the
applied voltage must be lowered from 30 to 15 kV,
which means that the elution times will be much
longer and the peaks much broader owing the ther-
mal agitation.

In order to resolve completely this mixture of
model alkylbenzene sulphonates and so to separate
the n-decyl- and n-dodecylbenzene sulphonates, we
studied the influence of the addition of an organic
solvent, acetonitrile in particular, on the electro-
phoretic behaviour of the compounds. Adding an
organic solvent makes the liquid medium more
hydrophobic, and one can hope to modify the con-
formations of the compounds and thus to modify
their relative electrophoretic mobilities. Acetonitrile
was chosen as the organic solvent because of its well
adapted characteristics: high dielectric constant, ly-
pophilicity and good transmittance at low wave-
lengths in the UV region. We therefore added aceto-
nitrile in 5% steps, keeping the buffer pH at 9 and
its concentration at 12.5 - 10~ M, corresponding to
the optimum ionic strength.

As the electroosmotic flow is systematically low-
ered with the addition of acetonitrile, the evolution
of the elution times of the different LAS cannot be
directly translated into the evolution of their elec-
trophoretic mobility. In order to visualize such an
evolution, we calculated the pseudo-capacity fac-
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Fig. 3. Influence of acetonitrile content in the liquid medium on
the electrophoretic mobility of the LAS constituting the model
mixture. Borate-boric acid buffer, 12.5 - 10™2 M (pH 9); fused-
silica capillary (57 cm x 50 um 1.D.), voltage, 30 kV; detection,
214 nm; hydrodynamic injection, 2 s. (a) Evolution of the pseu-
do-capacity factors with the acetonitrile content for the nine
studied LAS; (b) evolution of the pseudo-capacity factors with
the nature of the considered LAS at different acetonitrile concen-
trations.

tors of the different compounds analysed. The evo-
lution of the pseudo-capacity factors of the nine
LAS studied as a function of the acetonitrile con-
tent is shown in Fig. 3a.
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Fig. 4. Electropherogram of the LAS mixture using CZE with an
acetonitrile content of 30%. Other conditions as in Fig. 3.
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It appears that the electrophoretic mobility of the
LAS is lowered on addition of acetonitrile, for each
compound. Nevertheless, the extent of this decrease
depends on the alkylbenzene sulphonate, as shown
in Fig. 3b. Moreover, the selectivity of the electro-
phoretic system appears to be much more signif-
icant when the liquid medium contains 30% of ace-
tonitrile when it contains none.

With the addition of 30% of acetonitrile to the
liquid medium, the resolution of the nine alkylben-
zene sulphonates is complete as shown on the elec-
tropherogram in Fig. 4.

Capillary zone electrophoresis of butylbenzene sul-
phonate isomers

The industrial mixture WITCO TRS 10-80
should also contain isomers of the linear alkylben-
zene sulphonates, and we studied the separation of
the four butylbenzene sulphonate isomers as a mod-
el.

As with the linear alkylbenzene sulphonates, we
first studied the effect of ionic strength on the reso-
lution of this mixture. The concentration used were
6.25-1073,12.5 - 1073 and 25 - 1073 M, the pH
being kept at 9. As no separation occurs under these
conditions, we studied for each buffer concentra-
tion the effect of the addition of acetonitrile on the
resolution. Again, we obtained very poor results,
with only a slight separation with 5% of acetonitrile
ina25-107% M buffer.

Hence CZE appears to be useless for the separa-
tion of such alkylbenzene sulphonate isomers. As
MEKC should be more suitable for the resolution
of such a mixture, its use was investigated.

Micellar electrokinetic chromatography of linear al-
kylbenzene sulphonates

We first studied the influence of the ionic
strength, and therefore the influence of the buffer
concentration, on the resolution of the model mix-
ture of nine LAS. The SDS concentration was set at
5-1072 M, the pH of the liquid medium at 9 using
borate-boric acid buffer and the applied voltage at
25 kV. Three different buffer concentrations giving
three different ionic strengths were tested: 6.25 -
1073,12.5- 1073 and 25 - 10~ * M. The electrophe-
rograms obtained are shown in Fig. 5.

The results indicated that the ionic strength cor-
responding to a buffer concentration of 6.25 - 103
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Fig. 5. Study of the influence of ionic strength on the resolution
of the LAS mixture using MEKC. Fused-silica capillary (57 cm
% 50 um L.D.); temperature, 30°C; hydrodynamic injection, 2 s;
detection, 214 nm; SDS concentration, 5 - 10~ 2 M; borate-boric
acid buffer (pH 9). (a) Borate concentration 6.25 - 1073 M, ap-
plied voltage 25 kV; (b) borate concentration 12.5 - 1073 M,
applied voltage 20 kV; (c) borate concentration 25 - 1073 M,
applied voltage 20 kV. .
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M is the optimum, allowing virtually a baseline sep-
aration for all the compounds except the pairs n-
butyl- and n-propylbenzene sulphonates and n-de-
cyl- and n-dodecylbenzene sulphonates. We at-
tempted to improve the quality of the separation by
studying, at this optimum concentration, the effect
of the addition of an organic solvent (acetonitrile)
on the resolution.

As shown by the electropherogram in Fig. 6, the
addition of acetonitrile improves the resolution of
the most hydrophobic LAS. However, this im-
provement in the resolution of n-decyl- and n-dode-
cylbenzene sulphonates is achieved at the expense
of a decrease in the quality of separation of the less
hydrophobic LAS. In fact, the resolution was poor-
er than that with no acetonitrile present for both the
n-butyl and n-propylbenzene sulfonates and the »-
pentyl and n-ethylbenzene sulphonates pairs (com-
pare Figs. 5a and 6). Hence MEKC appears to be
inferior to CZE for LAS.

Micellar electrokinetic chromatography of butylben-
zene sulphonate isomers

We investigated the optimization of the ionic
strength in separation of the model mixture of four
butylbenzene sulphonates isomers. All the other pa-
rameters, i.e., the applied votage, pH and SDS con-
centration, were identical with those for the optimi-
zation of the resolution of the LAS model mixture
using MEKC. As shown in Fig. 7a, a slight sep-
aration is obtained with buffer concentration of

absorbance

002 Cp

(g
(g

Glc
z (12

G G
0,014

retention time {min )

0 2 4 6 8
Fig. 6. Influence of acetonitrile content in the liquid medium on
the MEKC behaviour of the LAS constituting the model mix-
ture. Acetonitrile content, 5%; other conditions as in Fig. 5a.
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Fig. 7. Separation of the butylbenzene sulphonate isomers using
MEKC. Study of the influence of the addition of an organic
solvent (acetonitrile) on the separation. Acetonitrile content: (a)
0%, (b) 10% and (c) 10%. Other conditions as in Fig. 5a. Bu =
butyl.
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Fig. 8. Comparison of the electrophoretic behaviours of WITCO
TRS 10-80 and the model LAS using CZE with the optimized
operating conditions for the separation of the LAS mixture (for
operating conditions, see Fig. 4).

6.25 - 1072 M. For higher buffer concentrations, all
the butyl isomers co-eluted.

As we could not achieve a satisfactory separation
by varying only the ionic strength of the liquid
phase, we studied the influence of the addition of
acetonitrile on the resolution. The electrophero-
grams obtained with additions of 10 and 15% of
acetonitrile are shown in Fig. 7b and c, respectively.
The results showed that the optimum concentration
of acetonitrile in the liquid medium is 10%. Fig. 7b
shows that the four isomers are almost completely
separated. Therefore, MEKC appears to be a much
more selective technique than CZE for the separa-
tion of alkylbenzene sulphonate isomers.

Electrophoretic behaviour of WITCO TRS 10-80

We first investigated this industrial product,
which is a complex mixture of alkylaromatic sul-
phonates, using CZE with the previously optimized
conditions for the analysis of LAS. The electrophe-
rogram obtained is shown in Fig. 8.

In order to allow a good comparison, Fig. 8 also
shows the analysis of the LAS under the same con-
ditions. It appears that WITCO TRS 10-80 gives a
broad peak in the elution zone of alkylbenzene sul-
phonates with alkyl chain lengths between Cg—C-
and C;,. Unfortunately, no fine resolution is ob-
tained with WITCO TRS 10-80. Such a situation is
not really surprising, as our study indicated an in-
ability of CZE to resolve isomeric mixtures. As
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WITCO TRS 10-80 is obtained by the sulphona-
tion of a petroleum stream, the mixture must con-
tain a large number of isomers for each linear ho-
mologue. Despite the high performance of capillary
electrophoresis, a satisfactory analysis of this com-
plex mixture was not obtained.

Starting from these operating conditions, we
tried to improve the resolution of WITCO TRS 10~
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Fig. 10. Comparison of the electrophoretic behaviours of WIT-
CO TRS 10-80 and the model LAS using MEKC. Fused-silica
capillary (57 cm x 50 um 1.D.); temperature, 30°C; hydrody-
namic injection, 2 s; borate~boric acid buffer, 6.25 - 1072 M (pH
9); acetonitrile content, 5%; SDS concentration, 5 - 1072 M;
detection 214 nm; voltage, 25 kV.
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80, modifying the ionic strength and therefore the
sodium tetraborate concentration and also the ace-
tonitrile content. The electropherogram obtained is
shown in Fig. 9.

Compared with the first analysis, WITCO TRS
10-80 now appeared to be a much more complex
mixture. In addition to the peak previously found,
this electropherogram reveals the presence of four
more peaks more or less resolved. Obviously, the
products corresponding to these peaks have electro-
phoretic mobilities clearly higher than those of the
alkylbenzene monosulphonates.

Finally, we analysed WITCO TRS 10-80 using
MEKC as this technique should allow the resolu-
tion not only of the homologous mixture but also of
the isomers. The electropherogram for the separa-
tion of WITCO TRS 10-80 under the the previously
optimized conditions for the separation of the line-
ar alkylbenzene sulphonates is shown in Fig. 10.
For comparison, the electropherogram obtained for
the separation of the LAS is also shown.

This MEKC analysis confirms the results ob-
tained by CZE, i.e. WITCO TRS 10-80 contains
alkylaromatic sulphonates with relatively long
chains. Nevertheless, because of the presence of nu-
merous isomers, a fine resolution cannot be ob-
tained, as the compounds constituting WITCO
TRS 10-80 have elution times close to the micelle
one. Effectively, the elution time of the micelle un-
der these operating conditions was measured using
Sudan III as 13 min. Under such conditions, the
interactions of the analysed products with the
hydrophobic micellar core are too strong and do
not allow a satisfactory selectivity to reveal more or
less individually the constituents.

CONCLUSION

It appears that CZE is more selective than
MEKC for the separation of linear alkylbenzene
sulphonates. On adding an organic solvent (aceto-
nitrile) to the liquid medium, a baseline separation
is obtained in less than 4 min for all the studied LAS
(alkyl chain lengths between C, and C;,). There-
fore, the analysis time is at least three times shorter
compared with HPLC.

Even if MEKC appears to be less efficient than
CZE for the separation of the homologous LAS
mixture, it has an advantage over the latter as it
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allows the resolution of alkylbenzene sulphonates
isomers.

CZE and MEKC appear to be complementary
techniques in the present context. Their application
to the resolution of an industrial formulation (WIT-
CO TRS 10-80) allowed us to confirm several char-
acteristics of this complex matrix (sulphonated pe-
troleum cut). The studies performed using either
technique demonstrated that this mixture is essen-
tially constituted of monosulphonated alkylben-
zenes with relatively long alkyl chains and with a
narrow distribution. Nevertheless, the presence in
this mixture of numerous isomers did not allow us
to obtain a good resolution and identification. The
coupling of capillary electrophoresis with mass
spectrometry should allow us to improve the char-
acterization and the identification of this complex
surfactant mixture.
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