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Abstract A gold electrode coated with a self-assembled
monolayer of octane-thiol (SAM/Au) has been used as
an amperometric detector for the determination of
surfactants. This detector operated in the presence of a
high percentage of organic solvent and was adapted to
an HPLC System. At the SAM/Au, the electrochemical
response of an electroactive tracer (potassium ferricya-
nide) was completely inhibited, but, in the presence of a
cationic surfactant, the electrochemical reduction was
progressively restored. In flow injection analysis, using
the SAM/Au in an amperometric flow-through detector
polarised at 0.0 V vs Ag/AgCl, a linear response
(i=f{[surfactant]}) was observed for cationic surfac-
tants e.g. cetyl&ayridinium chloride in the concentration
range 2 x 1071 x 107> M. The electrochemical data
along with the determination of the ion pair stoichio-
metry between the redox tracer and the surfactant
suggest an electrochemical response related to ion pair
formation and governed by electron transfer by tun-
neling effect.
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Introduction

Surfactants are important industrial and environmental
chemicals, which can be classified in four groups: an-
ionic (AS), cationic (CS), non-ionic (NI) and zwitter-
ionic species. Anionic surfactants are mainly used at the
industrial level, but the cationic surfactants are becoming
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increasingly important in softeners, household products,
cosmetics, etc [1-3]. The wide consumption of these
substances is leading to a growing need to control their
concentration in environmental water for reasons of
toxicity and/or biodegradability [4-8]. Usually, the
analysis of ionic surfactants in environmental and in-
dustrial samplesis performed by a colorimetric two-phase
titration [2]. This technique, however, is time-consuming,
difficult for automation, not suitable in turbid solutions,
and uses toxic chlorinated solvents, etc [2, 9-11].

Other more elaborate instrumental methods for the
determination of surfactants have been published: GC
or GC/MS after thermal decomposition [12, 13], thin-
layer chromatography [14, 15], HPLC with conducto-
metric or postcolumn extraction and UV detection [3,
16-20], capillary electrophoresis [3, 21], electrochemical
methods [22] including tensammetry [23-26], potent-
iometry with ion-selective electrodes [27-32], and
amperometry [33-35]. During the last decade, self-as-
sembled monolayer (SAM) modified metallic electrodes
have attracted substantial interest in analytical chem-
istry [36-43]. SAMs of alkanethiol on gold have already
been briefly described for the determination of sur-
factants [36, 37], but little information regarding the
mechanism of the response and the lifetime and stability
of such gold modified electrodes in aqueous and organic
solvents is available. Here, we characterize and optimize
a SAM gold electrode obtained by the formation of a
strong chemical bond between a polycrystalline gold
electrode and the sulfur atom of a judiciously selected
alkane thiol. This electrode is incorporated in an
amperometric flow injection analysis (FIA) apparatus
in which the carrier contains an electroactive tracer.
The latter is not detected at the SAM gold electrode
(SAM/Au) because of diffusional restriction created by
the densely packed alkanethiol monolayer. An ionic
surfactant injected into the FIA carrier will interact
with the redox marker and allow its detection at the
SAM/Au polarized at a suitable potential. The deter-
mination of surfactant concentration by HPLC has
been successfully realized.
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Experimental
Chemicals

All reagents were of analytical grade and were used without fur-
ther purification. Cetyl-, tetradecyl- and dodecyl-pyridinium
chloride (CPC, TPC, DPC) were from Fluka. Cetyltrimethyl-
ammonium chloride (CTA), dodecylbenzenesulfonic acid (DBSA),
sodium lauryl sulphate (SLS) and the organic solvents were from
Acros (Belgium). Ethanol and methanol were from Merck, Triton
X100 (TX100) was from Sigma and the diester of triethanolamine
quaternized with a dimethyl sulphate (an esterquat with a mole-
cular weight of 820) and the ethoxylated alcohol (EO), were from
Colgate-Palmolive. A 3-um diamond slurry with PM Mecaprex
solvent and a polishing solution (SPM Mecaprex) were provided
by Presi Mecaprex (Grenoble, France).

Materials

Cyclic voltammetry (CV) was performed on a BAS 100B electro-
chemical analyzer coupled to a cell stand BAS-C2. A three-elec-
trode cell configuration comprised the gold working electrode
(BAS, 3 mm diameter), an Ag/AgCl NaCl 3 M reference elec-
trode, and a platinum wire as counter electrode. The flow system
(for the FIA) consisted of a Perkin-Elmer pump (series 10) with an
injection loop of 20 ul, a BAS LC-CC-5 working cell, an amper-
ometric detector BAS LC-4b and a Kipp and Zonnen BD-41 re-
corder. The working gold electrode in the FIA was a dual 3-mm
diameter model BAS MF 1004. The FIA detector comprised a
stainless steel counter electrode and an Ag/AgCl NaCl 3 M ref-
erence electrode. The HPLC column was a Keystone Prism RP
150 x 4.6 mm with a porosity of 5 um (no. 155/321). All the ex-
periments were made at room temperature (20 + 2 °C) with a
flow rate of 1 ml min™".

Preparation of the SAM gold electrode

Before each modification, the gold electrode surface must be
carefully cleaned to be free of any adsorbed species [39, 40]. The
electrode was manually polished with a 3-um diamond slurry in
the presence of the PM Mecaprex solvent on a nylon disk for
2 min. After a thorough rinsing with deionized water, the electrode
was polished for a further 2 min in the presence of SPM Mecaprex
solution. After 5 min of sonication in a water bath, the cleanliness
of the electrode was checked by cyclic voltammetry of a 5-mM
Fe(CN)?~ solution in 0.25 M HAc/Ac™, pH 4.7, in the presence of
0.1 M KCI. The presence of sodium chloride gives better revers-
ibility of the redox tracer. If the peak potential separation
(Epa — Epe) of Fe(CN)gf /Fe(CN)gf deviated from reversible
behavior (AE, close to 60 mV), all the polishing procedure was
repeated. When the ferri/ferrocyanide couple approached quasi-
reversibility (AE, about 70 mV), the polishing procedure was
repeated once more. Then, the electrode was cleaned in deionized
water in an utrasonic bath and dried with pure ethanol. Subse-
quently, the electrode was soaked overnight in a 10 mM octane-
thiol ethanolic solution. After completion of the modification, the
electrode was rinsed with ethanol and sonicated in an ethanol bath
for at least 5 min to remove any physically adsorbed octanethiol.

Results and discussion

Cyclic voltammograms (scan rate 100 mV s™') of 5 mM
K;Fe(CN)g recorded in a HAc/Ac™ buffer (pH 4.7) in
the presence of 0.1 M KCl at a gold electrode before (a)
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Fig. la— Cyclic voltammograms (100 mVs™) of 5mM

K3Fe(CN)g, pH 4.7, HAc/Ac™ buffer +0.1 M KCI: a bare gold
(Au) electrode, b octane-thiol SAM/Au, ¢ octadecane-thiol SAM/Au
electrode

and after modification with octane-thiol (b) and octa-
decane-thiol (c) are shown in Fig. 1. At both SAM-gold
electrodes, the ferricyanide redox behavior is totally
inhibited over the potential range + 600 to —200 mV. It
appears that the Cg-SAM and the C;3-SAM recordings
are indistinguishable from each other. Further experi-
ments use the octanethiol SAM, since this gives better
sensitivity for surfactants — a property related to its
shorter alkanethiol chain length, i.e. better electron
tunneling efficiency (see below). If a cationic surfactant
(CS) is added to the buffer solution, the reduction of the
tracer Fe(CN)gf reappears. However, in comparison to
the bare electrode, the peak potential is significantly
shifted towards more negative values and the current is
lower (Fig. 2). By increasing the CS concentration, the
shape of the reduction peak progressively approaches
the behavior obtained at the bare gold electrode. On
repeating the above cyclic voltammetric experiments
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Fig. 2 Influence of the cationic surfactant (CPC) concentration on
the electrochemical response of 5 mM K;Fe(CN)s pH 4.7, HAc/Ac™
buffer, 0.1 M KCl and 20% acetone: CgsSAM/Au



using the same SAM/Au, identical behavior is observed,
indicating the stability of the SAM in the presence of
surfactants We may note that reoxidation of the
Fe(CN)6 formed is not detectable even in the presence
of high CS concentrations. If the anodic scan of the CV
is extended to +900 mV, reoxidation is still not ob-
served. Higher positive potentials have not been inves-
tigated because of SAM/Au instability (oxidative
desorption of the monolayer). A possible explanation of
the lack of ferrocydnide oxidation may be related to the
formamon of an ion pair w1th definite st01ch10metry
[Fe(CN)6 /CPC] and [Fe(CN)6 J/CPC]. Such ion pairs
are readily formed and precipitate out at high concen-
trations. By potentiometric titration of a ferricyanide or
a ferrocyanide solution with CPC as titrant (using an
ion-selective electrode as end point detector [31]) a
st01ch10metry of 1:3 for [Fe(CN)6 /CPC] or 1:4 for
[Fe(CN)6 J/CPC] is determined. Interestingly, both ion
pairs show reversible behavior at the bare gold electrode
and in the presence of the octanethiol monolayer at
the Au/SAM, the ferro/CPC oxidation is inhibited but
not the ferri/CPC reduction.The presence of one addi-
tional CPC molecule in the structure of the ferrocyanide
ion pair [Fe(CN)g’ J/CPC] can change its electronic
configuration and thus its geometry, so that the ferro-
cyanide oxidation is inhibited at the SAM/Au. Actually,
if the electronic transfer is realized by the tunneling
effect, as will be discussed below, the electron path
length may be longer in the 1:4 structure than in the 1:3
structure, and the transfer less efficient (exponential
decrease of transfer rate with distance between donor
and acceptor [44]).

When the CS is replaced by an anionic surfactant
(AS) (SLS) or a nonionic surfactant (NS) (TX100), the
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results are completely different. Whatever the SLS or
TX100 concentration in solution, the cyclic volta-
mmogram of Fe(CN)z_ shows no faradaic process, i.e.
no reduction and no reoxidation peak is observed. In
fact, in the absence of a surfactant, the monolayer
represents a physical barrier between the gold surface
and the electroactive tracer Fe(CN)é‘ in solution. Here,
despite the presence of an AS or NS, the tracer cannot
diffuse to the gold surface and cannot be reduced
(Fig. 3A). These results may be interpreted by consid-
ering that when a surfactant is added to the solution,
lipophilic interaction between the alkyl chain of the
SAM and the hydrophobic part of the surfactant oc-
curs. In addition, there is some interaction between
Fe(CN)g_ ions and the charged surfactant. If the charge
of the surfactant is positive, the tracer will be attached
to the hydrophilic part of the CS to form an ion pair. At
this stage, two hypotheses are possible. In the first one,
the ion palr and the surfactant adsorption allow the
Fe(CN)6 ions to approach closer to the SAM, giving
rise to an electronic transfer by tunneling along the al-
kyl chain (Fig. 3B). By raising the CS concentration in
solution, an increase in the slope of the ferricyanide
reduction peak is observed in cyclic voltammetry. This
might be interpreted by postulating a distinct orienta-
tion of the ion pair on the SAM, where a closer prox-
imity of the ion pair is observed at high concentrations
of CS (Fig. 3C). A second hypothesis might explain the
electroreduction of the marker in the presence of CS.
The surfactant might disorganize the SAM and allow
the ion pair to diffuse through the monolayer allowing
the reduction of ferricyanide at the gold surface elec-
trode (Fig. 3D). However, there are several possible
objections to the second interpretation:

Fig. 3 A-D Schemanc drawing
of the Fe(CN)6 behavior at the
SAM/Au (A) in the absence or
(B, C, D) presence of a cationic
surfactants. In the first hypoth- A
esis, the adsorption of the ion
pair induces the electronic
transfer by tunneling along the
alkyl chain (B). Because of the
premicelles formation at high
CS concentration, the path
length of the electronic transfer
becomes shorter and the reduc-
tion rate of the ferricyanide ions
increases (C). In the second
hypothesis, the CSs disorganise
the SAM and the ion pair
diffuses through the “fluidized”
monolayer
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1. The amount and size of any pinholes between the
chains of the SAM are likely to be small compared to
the ionic pair size.

2. In FIA (see below), the return to the base line after
an injection of CS is rapid.

3. With this model, it is difficult to explain why the
Fe(CN)¢~ formed is not reoxidized.

4. AS and NS show no SAM monolayer perturba-
tion.

When the added surfactant is negative, there is an
electrostatic repulsion of the tracer from the SAM/so-
lution interface, and the reduction of the ferricyanide
evidently cannot occur.

The attractive property of the SAM-electrode stud-
ied is the inherent stability of the SAM under hydro-
dynamic conditions. A study of the amperometric
response of the tracer [Fe(CN)Z*] as a function of the
applied potential in an FIA system has been carried out
(Fig. 4). The carrier is fixed at pH 4.7 using acetate
buffer containing 1 x 107> M Fe(CN)é_, 0.1 M KCI
and 20% acetone. A maximum current response is ob-
served at —300 mV. A similar hydrodynamic volta-
mmogram, though of much higher intensity, is obtained
in the presence of CPC. The low response observed in
the absence of CPC (Fig. 4) must be attributed to some
defects in the SAMs.

To minimise the oxygen reduction interference, a
potential of 0.0 V is preferably applied. A linear re-
sponse (i=f([CPC]) (Table 1) of the reduction current
to the CS concentration is obtained for cationic sur-
factants such as CTA and CPC (also TPC and DPC)
between Sx 107° and 1x 107 M, 2.5x107° and

Current (nA)
! PO
|

-30 T 1 1 T T 1 1
-400 -300 -200 -100 O 100 200 300

Applied Potential (mV)

Fig. 4 Amperometric response of the SAM/Au electrode as a
function of the applied potential in an FIA system (carrier: pH 4.7,
acetate buffer, 0.1 M KCI, 1x 107 M K;Fe(CN), and 20%
acetone), flow rate 1 ml min™!

Table 1 Equations for the linear portions of the curves A, B and C
in Fig. 5 for concentrations expressed in M and current in nA

A B C
Intercept (nA) 1.476 0.269 0.564
Slope (nA M 149117 26389 62276
r 0.996 0.9999 0.996
Standard deviation 1.16 0.06 0.14
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Fig. 5 Calibration curve obtained at a CsSAM/Au (E,pp. = 0.0 V)
for A CPC and B SLS injections in an FIA system (carrier: pH 4.7,
acetate buffer, 0.1 M KCI, 1x107°> M K;Fe(CN),, and 20%
acetone), flow rate 1 ml min~'. The capacitive component of the
amperometric signal for CPC injections is reported on curve C

1 x 107 M, respectively (Fig. 5a), with a detection limit
of 2 x 107° for both. The response time is less than 2 s,
and the RSD, for several injections (N = 9) of a
3 x 107> M CS solution, is 1%. Some other CSs such as
TPC and DPC have been determined by this technique.
The quantitative results obtained are similar to those
obtained with the CPC and CTA. To complete our
investigation, we have tried to analyze an esterquat (a
new kind of CS), the diester of triethanolamine qua-
ternized with dimethyl sulphate (MW 820). With this
molecule, the limit of detection is around 6 x 107* M
and the linear region was between 8 x 107* and
6x 107> M.

Interestingly, if the surfactant injected into the FIA
system is an AS such as SLS or DBSA, an electro-
chemical signal appears also. However, the response is
oriented in the opposite direction to that observed with
CSs (Fig. 6), i.e. an anodic response is observed in
agreement with the literature [36]. The sensitivity of the
response and the linear range for these molecules are
less attractive than those obtained with CSs. Actually,
the current observed for ASs clearly has a capacitive
origin, since no oxidable species is present in the carrier
solution. With the adsorption of ASs, the SAM takes a

Cationic surfactant

I Increase of the
reduction current

Base line
r }Decruse of the
reduction current

Anionic surfactant

Fig. 6 Orientation of the amperometric response at the CsSAM/Au
(Eappl. = 0.0 V) in an FIA system for the injection of a CPC and b
SLS (carrier: pH 4.7, acetate buffer, 0.1 M KCI, 1 x 10> M
K;3Fe(CN)g and 20% acetone)



negative charge, and this induces a positive charge at
the gold electrode surface. If at 0.0 V the electrode
potential is more positive than the zero point of charge,
the amplitude of the transient current (capacitive cur-
rent) will increase with an increase of the AS concen-
tration. When CSs are injected, the observed current
variations are considerably higher. In this case, the
electrode surface is negative, and a faradaic current of
high amplitude is superimposed on the capacitive
component of the observed current (Fig. 5). No de-
tectable response is obtained for NSs (TX100 and the
EO) even at high concentration (1 x 107> M). It should
be mentioned that recent work took advantage of the
capacitive response of surfactants at SAM/Au for the
study of surfactant adsorption [45] and for the devel-
opment of a sensor for lipolytic enzymes based on the
capacitive recording [46].

As desired for possible on-site environmental detec-
tion applications, the SAM electrode must be free of
interference. A number of experiments were carried out
where several possible interfering species (at a concen-
tration of 10 mM) were added to a 0.1 mM CPC or
CTA solution and injected into the FIA. For a large
number of inorganic interfering ions, the electrode still
offers good selectivity (Table 2). Among the possible
interferents tested, only those having an -electrical
charge greater than +3 actually do interfere. This ob-
servation must be related to the formation of the ion
pair between the CS and the marker. When the charge
of the ionic interferent is high, the ion pair formation
between CS and ferricyanide is greatly affected, yet
because of the low concentration of this kind of ion in
natural samples, they do not interfere in the analysis. In
industry, the presence of polyphosphate ions in the
analyzed media is not unusual, and these can become an
important source of error if they are not previously
eliminated. In terms of lifetime, if a cationic surfactant
standard sample is injected twice a day in the FIA ap-
paratus, the same electrode can be used for more than 1
week without renewing the SAM. Only a small decrease
of the linear range (+5-7% in 1 week) and a very small
shift of the slope (+5%) are observed. With a
1 x 107> M CPC solution permanently present in the
carrier, the electrode shows a drift of less than 5% after
12 h of continuous use.

Table 2 Variation of the amperometric signal recorded at an
SAM/Au electrode in the presence of interferents

Interferent cation Signal Interferent anion Signal
variation variation

K" (KCl) / CI” (KCD) /

Na ' (NaCl) / Br~ (KBr) /

Ca”" (CaCl, - 2H,0) / NO3 (KNO3) /

Mg” " (MgCl; - 6H,0) / CO3” (Kx€O3) /

Sr2+ (SI’C12 . 6H20) / H3BO3 /

Li" (LiNO;) / NasP3;04¢ —43%

Co’" (CoCl) +5% H,PO; (KH,PO,) /

Cu;: (CuCly)

Al’" (AICl; - 2H,0)  +7%
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In the surfactant industry, it is not unusual to de-
termine the different surfactants in a complex mixture.
It would be interesting to achieve the determination on-
line following a separation step which is usually realized
by HPLC. The mobile phase is generally a mixture of
different organic solvents with or without water [3, 47].
In the literature, non-aqueous solvents such as a
methanol, THF and hexane solution in different pro-
portions are used as the mobile phase for the HPLC
separation of a complex mixture of cationic surfactants
[47]. In order to know if our electrode was able to work
in such conditions, a new series of experiments was
carried out. First, a saturated Fe(CN),~ methanol so-
lution was prepared at 22 °C. The FIA carrier consisted
of 1 mM trichloroacetic acid as supporting electrolyte
in methanol + ferricyanide:THF:hexane in the ratio
1:3:3 v/v. The exact Fe(CN),  concentration in the
carrier was determined by colorimetric titration [48] and
was found to be 2.1 x 107° M. Between 2 x 10-¢ and
3 x 107* M CPC, the measured current is directly pro-
portional to the CPC concentration, with an RSD of
+2-3%. The background current obtained under such
conditions is very low (—0.8 nA), but is stable for only
150 min after which it becomes irreproducible.

Another mobile phase tested in HPLC was an
aqueous phase containing 75% acetonitrile [3]. After a
postcolumn dilution, the carrier consisted of 37.5% of
acetonitrile in 5 x 107> M acetate buffer pH 4.7, 0.1 M
KCland 1 x 107° M Fe(CN); ™. The reduction current
is linear with respect to the injected CPC, in the con-
centration range 5 x 107°~1 x 107 M. As previously
mentioned, the base line is very low and stable. Within
16 h of continuous use, the base line rose from —1.3 to
—2.0 nA. The injection of a mouthwash sample, con-
taining CPC as disinfectant, gives an amperometric re-
sponse, after a retention time of 6.5 min, in good
agreement with the UV response. However, the
SAM/Au electrode is less sensitive to additional com-
pounds in the sample such as perfumes or other chro-
mophoric products, which are also monitored by the
UV detector. The ASs (SLS and DBSA) give a small
current variation (capacitive origin) linearly related to
their concentration between 2.5 x 10™* and 2 x 107> M.

Conclusion

The good operational stability of an octane-thiol
SAM/Au electrode (more than 10 days), its wide linear
response range towards cationic surfactants in a flow-
through detector (FIA), and the possibility of using this
electrode as an amperometric detector after HPLC
makes this modified electrode a complementary alter-
native to UV detection of cationic surfactants.
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