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Abstract

This paper reports the results of an investigation on the role of the supporting electrolyte in separations using electrochemically modulated
liquid chromatography (EMLC) with a porous graphitic carbon stationary phase. With respect to the identity of the supporting electrolyte,
the elution strength of the electrolyte anion increased as F− < OH− < BF4

− < ClO4
− < PF6

− for injections of negatively charged aromatic
molecules, whereas a 10-fold increase in electrolyte concentration induced a 60% change in retention for the same solutes. Furthermore, both
t nalyte and
a heory with
c sm controls
t lose to the
P with the
c ng electrolyte
c
©

K arbon

1

(
m
c
P
c
o
t
o
g
o

2

ds
-

,
mplete
ime

tive
o do
rolyte
elec-
tion
tes

-
lyte
with
ary

tions

0
d

he concentration and composition of the supporting electrolyte affected retention in a manner that varied with the charge of the a
pplied potential. This behavior is explained using Gouy–Chapman diffuse double layer theory, coupled with comparisons of this t
losely related models for ion-pair chromatography. Insights into the retention mechanism reveal that an ion-exchange mechani
he retention of negatively charged solutes at applied potentials removed from the potential of zero charge (PZC). At potentials c
ZC, the electrostatic model is less effective with the predominant retention mechanism likely involving hydrophobic interactions
arbonaceous stationary phase. The combined effects of these findings are demonstrated by using a temporal gradient in supporti
oncentration to optimize an EMLC separation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemically modulated liquid chromatography
EMLC) is a unique union of electrochemistry and chro-
atography[1,2]. This union is accomplished by using a

onductive stationary phase (e.g., porous graphitic carbon,
GC) as the working electrode in a three-electrode electro-
hemical cell that is also configured as the stationary phase
f a LC column. Changes in the potential applied (Eapp) to

he stationary phase can therefore manipulate the efficiency
f a separation in a manner likened to that of mobile phase
radients in LC. EMLC has been applied to a wide range
f separations, including mixtures of aromatic sulfonates
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[3–5], monosubstituted benzenes[6], dansylated amino aci
[7], corticosteroids[8,9], benzodiazepines[9,10], the enan
tiomers of hexabarbital and mephenytoin[11], short chain
alkanoic acids[12], and metal ion complexes[13]. Moreover
operation at elevated temperatures has been used to co
EMLC separations with marked reductions in elution t
[14].

EMLC differs from conventional LC because the effec
composition of the stationary phase can be controlled. T
so, however, requires the presence of a supporting elect
in the mobile phase. In electrochemistry, the supporting
trolyte performs three key functions; it: (1) increases solu
conductivity; (2) minimizes migration effects; and (3) crea
a reproducible electrical double layer[15]. In addition to serv
ing the same purposes in EMLC, the supporting electro
may have an impact on a separation through interactions
the analyte or by competition for sorption on the station
phase. This paper is the first in a series of investiga
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aimed at delineating the role of supporting electrolyte
in EMLC, and ultimately, the retention mechanism in
EMLC.

In EMLC, the influence ofEappon retention is often sum-
marized by changes in the retention factor (k′). A plot of
log k′ versusEapp (i.e., a capacity–potential curve) is linear
when the retention is dominated by electrostatic interactions,
behavior that follows a Boltzmann distribution of ions in an
electric field[7,16]. This dependence is common for small
ions, including many aromatic sulfonates. However, other
analytes exhibit nonlinear capacity–potential curves, includ-
ing several uncharged molecules and, to a lesser extent, some
charged analytes. These examples show that the pure electro-
statics model must be refined[17]. The work herein is there-
fore aimed at extensions of the electrostatic model by using
Gouy–Chapman diffuse double layer theory in an attempt
to account for competition for adsorption sites between the
supporting electrolyte and analyte as a function ofEapp.

Fig. 1 illustrates several of the thermodynamic pathways
in which the supporting electrolyte may influence retention.
It shows the competition between supporting electrolyte and
analyte for adsorption sites on the stationary phase as well as
interactions between an electrolyte ion and analyte both on
the stationary phase and in the mobile phase. Thus, the free
energy of adsorption for an analyte (�Gtot) is a combination
of the free energies of interactions between all species in the
s yte.
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For simplicity, Fig. 1 neglects the possible presence of
oxygen-containing functional groups on the carbon surface
and omits the role of mobile phase solvent,�Gsol. The effect
of oxygen containing functional groups on retention on PGC
stationary phases warrants further study[13,18–20]. On the
other hand, the role of solvent and organic modifiers on reten-
tion has been studied extensively for PGC in conventional
HPLC settings[21–26]. Temperature studies in EMLC have
recently shown that changes in retention as a function ofEapp
are entropically driven[27]. Taken together, the complexity
of the possible contributions to retention in EMLC point to the
need to determine the factors that dominate system behavior.

This paper advances insights into the retention mecha-
nism by assessments of the role of supporting electrolyte.
We have therefore monitored changes in retention for small
aromatic ions by systematically varying the concentration
and composition of the electrolyte. To facilitate this analysis,
the Gouy–Chapman (G–C) double layer theory is adapted for
use with the chromatographic data from EMLC. This devel-
opment is then compared to models for ion-pair chromatog-
raphy[28–31]. Lastly, the combined effects of these findings
are exploited by using a temporal gradient in supporting elec-
trolyte concentration to optimize an EMLC separation.

2. Experimental
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ystem, which is manifested in the retention of the anal
The interactions that occur directly between the ana

nd the stationary phase are defined as�Ga-lyte and include
or example, hydrophobic and donor–acceptor interact
he free energy for adsorption of supporting electrolyt
efined by�G±e-lyte. This term can be split into electroly
ations,�G+e-lyte, and electrolyte anions,�G−e-lyte. The
ree energy of interaction between an analyte and sur
ound supporting electrolyte is given by�G+N-N for cations
nd�G−N-N for anions, noting that these interactions di

rom those in bulk solution (�G+int for cations or�G−int for
nions).

ig. 1. Thermodynamic interactions describing the influence of suppo
lectrolyte on adsorption onto the stationary phase in an EMLC exper
see text for details).
.1. Chemicals

With the exception ofp-hydroxybenzenesulfonate (s
elow), all test analytes used herein are electroinactive

he experimentally tested range ofEapp [7,16]. Sodium
enzenesulfonate (BS), sodiump-toluenesulfonate (TS
yridine (PYR), disodium 1,3-benzenedisulfonate (BD
odium p-hydroxybenzenesulfonate (HBS), trifluoroac
cid (TFA), dibromomethane, and lithium perchlorate w
urchased from Aldrich (Milwaukee, WI, USA). Sodiu
-chlorobenzenesulfonate (CBS) was obtained from
merica (Portland, OR, USA).N-Methylaniline (NMA)
nd disodium 1,5-naphthalenedisulfonate (1,5-NDS) w
cquired from Eastman Kodak (Rochester, NY, USA). A

onitrile and sodium fluoride were purchased from Fis
cientific (Fair Lawn, NJ, USA). All chemicals were us
s received. Distilled water was further purified with a M

ipore Milli-Q system (Bedford, MA, USA). Before use, t
olutions were filtered through a 0.5�m filter (GE Osmon
cs, Minnetonka, MN, USA), and thoroughly sparged w
elium.

.2. EMLC columns

The construction of the column is described in de
lsewhere[3]. In short, these columns consist of a Nafi
ation-exchange membrane in tubular form (Perma P
oms River, NJ, USA) that is inserted into a porous stain
teel cylinder (Mott Metallurgical, Farmington, CT, USA
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The column is slurry packed with PGC (ThermoHypersil,
Bellefonte, PA, USA), which serves as a working electrode
and stationary phase. The porous stainless steel cylinder
prevents deformation of the Nafion tubing under the high
pressure of chromatographic flow and is also used as the
auxiliary electrode. The Nafion tubing acts as a container
for the stationary and mobile phases, an electron insulator
to prevent short-circuits between the auxiliary and the work-
ing electrode, and a salt bridge between the internal mobile
phase and an external electrolyte reservoir. The external
electrolyte reservoir houses a Ag/AgCl saturated NaCl elec-
trode, and all values ofEapp are reported with respect to this
electrode.

The experiments used 5�m diameter PGC particles as
the packing. X-ray photoelectron spectroscopy has shown
that PGC is devoid of detectable oxygen-containing surface
groups (detection limit:∼0.2 at.%)[5]. The manufacturer
places the nominal pore diameter at∼250Å, which yields
a porosity of∼80%[32]. The surface area of the PGC sta-
tionary phase is, ca. 30 m2, based on BET adsorption mea-
surements (120 m2/g)[33] and the amount packed into the
column (∼0.25 g).

2.3. Instrumentation

Chromatographic experiments used a HP 1050 series mod-
u array
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were determined from the first statistical moment[35–37]of
the elution band to compensate for tailing.

3. Results and discussion

3.1. Effect of applied potential

The influence ofEapp on the retention of aromatic sul-
fonates has previously been demonstrated[3–5]. In short,
Eapp induced changes in retention are consistent with expec-
tions based on electrostatic interactions, but vary slightly
between solutes and can cause changes in elution order. The
modulation of the retention for all eight compounds is sum-
marized inFig. 2by plots of lnk′ versusEapp. The error bars
for ln k′ are roughly the size of the data symbols and char-
acterize the precision for five replicate injections. With the
exception of HBS, each compound follows the linear depen-
dence predicted by the influence of an electric field on a
Boltzmann distribution of ions[38].

The correlation coefficients for the plots inFig. 2are given
in Table 1, and support the linear relationship of lnk′ versus
Eapp. However, the break for HBS (Fig. 2, inset) suggests
anomalous behavior, which is attributed to the oxidation of
the hydroxyl functional group to a carbonyl group[3,39].
The linearity on either side of this break connotes that both
c ever,
t static
c for
t the

F ints
a ns at
e ater
f
a
f
( /min.
le HPLC, a quaternary pumping system and a diode
etector (Hewlett-Packard, Santa Clara, CA, USA). Sam
ere injected via a Rheodyne Model 7125 injector wi
�L sample loop (Cotati, CA, USA). The potential of t
orking electrode/chromatographic packing was contro
ith an AMEL Instruments Model 2055 High-Power Pot

iostat (Milan, Italy) or a Model 174A Polarographic An
yzer (Princeton Applied Research, Princeton, NJ, USA).
H of the aqueous phases before mixing with acetonitrile
etermined using an Orion model 520 A pH meter (Bev
A, USA).

.4. Mode of operation

To examine the role of supporting electrolyte concen
ion on retention, the mobile phase composition was man
ated by on-line mixing. Trifluoroacetic acid (TFA) was add
o all the salt solutions and water in proportions to set the p
3 for sample mixtures that contained pyridine (pKa = 5.24)
r N-methyl aniline (pKa = 5.23) [34]; this pH ensures th
oth analytes are present as monovalent cations in the m
olvent mobile phase.

When the composition of the mobile phase was chan
he system was allowed to reach a steady state under th
onditions by the longer of two scenarios: the detector b
ine became stable or 30 min after the change in condit
nalyte absorbance was monitored at 220 nm unless n

ndividual injections of each analyte were performed for p
dentification, and a water blank was used to determine
olvent front for calculations ofk′. The retention times fork′
ompounds maintain an overall negative charge. How
he offset and change in slope indicate that a non-electro
omponent of retention (i.e., hydrophobicity) differs
he two forms. The change in the UV–vis spectrum of

ig. 2. Plots of lnk′ vs.Eappfor the analytes used in this study. The data po
re approximately the size of the error bars from five replicate injectio
achEapp. The mobile phase was composed of 10% acetonitrile in w

or BS (10�M), TS (18�M), CBS (23�M) and 1,5-NDS (26�M); 5%
cetonitrile in water with trifluoroacetic acid added to adjust the pH∼ 3

or BDS (13�M), PYR (31�M) and NMA (22�M). Lithium perchlorate
0.1 M) was used as the supporting electrolyte at a flow rate of 0.4 mL
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Table 1
ln k′ vs.Eapp for seven of the test analytes

Compound Ionic charge Slopea of ln k′ vs.

Eapp R2

1,5-NDS −2 −0.0044± 00002 0.9973
BDS −2 −0.0037± 00005 0.9986
CBS −1 −0.0020± 00003 0.9973
TS −1 −0.0019± 00003 0.9986
BS −1 −0.0018± 00004 0.9963
PYR + +0.0007± 00002 0.9987
NMA + +0.0007± 00002 0.9979

a Standard deviations based on five replicate injections of each sample.

elution band (not shown), which occurs between−100 and
−200 mV, supports the transformation.

The slope of the plots inFig. 2 correlates with analyte
charge. The divalent anions exhibit the greatest changes,
while the monovalent anions and cations undergo oppos-
ing and weaker dependencies. Furthermore, the cations are
less sensitive to changes inEappthan the monovalent anions.
This difference is ascribed to contributions by nonelectro-
static interactions between the analyte-stationary phase, i.e.,
the donor–accepter interactions between the�-systems of
the aromatic analytes and the stationary phase, which act
in concert with the electrostatic interactions for anions but
in opposition for cations. This argument is founded on the
retention of benzene and its monosubstituted analogs, which
undergo a decrease asEapp moves negatively[5,40]. The
slope of a lnk′ −Eapp plot for benzene, for example, equals
0.00035 mV−1, a value that has the same order of magnitude
as the cations inTable 1. Therefore, if the aromatic�-systems
for the cations behave similarly, their dependencies onEapp
would decrease by a comparative level. The counter argument
applies to the retention dependence of aromatic anions. This
claim is supported by the slight difference in the slope for
1,5-NDS and 1,3-BDS, which are divalent anions that have
�-systems with different sizes. We add that the EMLC-based
retention of inorganic monovalent anions[41] yield slopes
that are roughly half those observed for aromatic monoan-
i hich
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3.2. Effect of supporting electrolyte composition

Chromatograms for BDS and BS are given inFig. 3
at +200 mV for five different monovalent supporting elec-
trolytes (NaPF6, NaClO4, NaBF4, NaOH, and NaF) with
concentrations fixed at 0.1 M. As is apparent, the identity of
the electrolyte anion has a strong impact on retention. These
differences suggest that interactions of the supporting elec-
trolyte with the stationary phase beyond electrostatics must
be considered in the development of a retention mechanism.

In general, the eluotropic order inFig. 3 agrees with
expectations drawn from the specific adsorption of these
anions onto carbon materials and solid electrodes in the
sorption and electrosorption literature[42–47]. The differ-
ing degrees in the specific adsorption of the electrolyte
anions are described by�G−e-lyte and signify a competition
between solute and electrolyte for sorption sites on the sta-
tionary phase. Thus, specific adsorption, which can involve
solvophobic, dispersive, dipole induced dipole and charge
transfer interactions between the anion and the electrode
surface, must be accounted for in a model of retention in
EMLC.

3.3. Effect of supporting electrolyte concentration

The influence of supporting electrolyte concentration on
t
+ )
r but

F iden-
t .
A ram
w terial
b 10%
acetonitrile in water with the designated supporting electrolyte present at a
concentration of 0.1 M. The flow rate is 0.4 mL/min.
ons when using a similar mobile phase (not shown), w
lso supports this conclusion.

Finally, the role of electrostatics is revealed by
n k′ −Eapp curves for CBS, TS, and BS, which are ind
inguishable from each other even though the absolute v
f their retention differ. These results indicate that retenti
anipulated largely by changes in electrostatic interac

ather than specific surface–analyte interactions. Altho
pecific interactions (e.g., dispersive, hydrophobic, dip
nduced dipole, etc.) contribute to the magnitude of s
ion, the similarities in the slopes between analytes of
harge argue that the EMLC-based changes in�Ga-lytecan be
ccounted for primarily by electrostatic arguments. The

wo sections further investigate this possibility by examin
he influence of supporting electrolyte identity and conc
ration on retention.
he separation of BS, TS, and CBS is shown inFig. 4 at
200 mV using LiClO4. The elution order (BS < TS < CBS
emained constant for all electrolyte concentrations,

ig. 3. Chromatograms illustrating the effect of supporting electrolyte
ity on the retention of BS (8�M) and BDS (14�M) atEapp= +200 mV vs
g/AgCl sat’d NaCl. A third peak (IP) is present in each chromatog
hich was determined to be a contaminant from the BDS starting ma
y evaluation of individual injections. The mobile phase consisted of
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Fig. 4. Chromatograms illustrating the effect of supporting electrolyte con-
centration on the separation of BS (8�M), TS (14�M), and CBS (23�M).
An Eapp of +200 mV vs. Ag/AgCl sat’d NaCl was employed. Mobile phase
consisted of 10% acetonitrile in water with the indicated supporting elec-
trolyte concentration. Flow rate is 0.4 mL/min.

retention decreased with increasing electrolyte concentra-
tion. Relatively, the retention for each analyte decreased by
∼60% for a 10-fold increase in electrolyte concentration.
This decrease, however, is much different than expected from
purely electrostatic considerations. An electrostatic adsorp-
tion model predicts that a 10-fold increase in electrolyte
concentration will reduce analyte retention to 10% of the
initial value [48]. We attribute this discrepancy to differ-
ences in the specific adsorption of the analyte and the elec-
trolyte, with the specific adsorption of the negatively charged
analyte competing favorably with that of the electrolyte
anion.

Literature reports place the potential of zero charge (PZC)
of the stationary phase between−200 < PZC < +100 mV (ver-
sus Ag/AgCl saturated NaCl)[49,50]. Therefore, an interfa-
cial excess of electrolyte anions exists under the conditions
in Fig. 4, since the value ofEapp is more positive than that
expected for the PZC. The electrolyte anions would then
compete with the negatively charged aromatic sulfonates in
counterbalancing the positively charged surface, and a higher
supporting electrolyte concentration would then shield ana-
lytes from the positively charged surface. As a consequence,
the magnitude of the electrostatic attraction and therefore
retention would decrease. Insights into the competition at
the stationary phase, whether specifically for adsorption sites
and/or indirectly through electrostatic interactions, may be
d od-
e ll be
d

Fig. 5. Effect of supporting electrolyte concentration on the retention of
oppositely charged TS (18�M) and PYR (31�M). The Eapp was set to
+400 mV vs. Ag/AgCl sat′d NaCl. The mobile phase consists of 10% ace-
tonitrile in water with the indicated supporting electrolyte concentration;
TFA was added to mobile phase to adjust the pH∼ 3. The flow rate is
0.4 mL/min.

Fig. 5shows that a change in supporting electrolyte con-
centration (0.1–0.3 M) has a contrasting effect on the reten-
tion of analytes with opposite charge. This difference reveals
that a purely competitive adsorption mechanism is not the
sole factor responsible for the change in retention. That is, the
retention of PYR would also be expected to decrease because
of the increase in the cation (Li+) concentration in the mobile
phase. The increase in retention for PYR, however, indicates
that electrolyte concentration has a strong influence on the
electrostatic field experienced by the analyte and may shield
the analyte from the stationary phase. In other words, ion-
pairing type interactions between solute and surface bound
electrolyte anions,�G+N-N, may become more pronounced
at higher electrolyte concentrations, which counters repulsion
and increases PYR retention. Therefore, the basic model of
how an electric field contributes to�Ga-lytemust be extended
to include the influence of supporting electrolyte concentra-
tion.

The strong contrast in the behavior of the oppositely
charged analytes inFig. 5can be reasonably explained by the
Gouy–Chapman (G–C) theory for the structure of the elec-
trical double layer[15,48]. Fig. 6illustrates how a change in
supporting electrolyte concentration influences the structure
of an electrified interface at a positively charged electrode
via G–C theory. As shown, G–C theory predicts that an
increase in supporting electrolyte concentration will decrease
t ou-
b gion
e tions
g of
etermined by comparing the experimental data with m
ls of the architecture of an electrified interface, and wi
etailed shortly.
he thickness of the diffuse region of the electrical d
le layer. Experiments have shown that the diffuse re
ffectively vanishes at supporting electrolyte concentra
reater than 0.1 M[51], which results in the accumulation
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Fig. 6. Idealized depiction describing the influence of supporting electrolyte on the thickness of the electrical double layer at applied potentialspositive of the
PZC. These depiction omit contributions from the mobile phase solvent.

charge on the solution side of the liquid–solid interface solely
at the inner Helmholtz (IHP) and the outer Helmholtz planes
(OHP).

At higher supporting electrolyte concentrations, solutes
in bulk solution are shielded from the electric field imposed
by the potential applied to the stationary phase by the
counter-ions held in both planes. Shielding reduces the
extent of electrostatic interactions between the packing
and charged analyte. As a consequence, an analyte at a
given distance from the electrode surface would have a
stronger electrostatic interaction with the stationary phase
at lower supporting electrolyte concentrations. The next sec-
tion examines these data within the context of a retention
model.

3.4. Modeling EMLC

Together, these data indicate that�Ga-lyte, �G±e-lyte, and
�G±N-N play a more prominent role in retention than�G±int.
Since�G±e-lyte changes withEapp, the competition for sorp-
tion sites is potential dependent and is the likely origin for
the nonlinear behavior observed for some analytes in EMLC.
Furthermore,�Ga-lyte can be dissected into electrostatic and
non-electrostatic components in which the supporting elec-
trolyte concentration can modulate electrostatics and the
a sup-
p be
d muir
a lyte
c ecific
a par-
i aphy
(

sur-
f ntra-

tion in the GC theory for a 1:1 supporting electrolyte is given
by [15,52]

q±sol =
√

εCMkT

2π
(e−z±e0Ψ/2kT − 1) (1)

whereq±sol is the excess interfacial charge on the solution
side of the interface,� the dielectric constant of solvent
in the interphase,CM the bulk concentration of supporting
electrolyte,k the Boltzmann constant,T the temperature in
Kelvin, zi the valence of speciesi, e0 the electronic charge,
andΨ is the surface potential. The modification of Eq.(1)
to describek′ as a function of potential and concentration of
supporting electrolyte is presented inAppendix A; the result
is given by Eq.(2), whereA is the surface area of the station-
ary phase,VM the volume of the mobile phase, and the Debye
length,κ−1, is defined in Eq.(3). The other terms have the
same meaning as before.

k′ = A

VMκ
(e−ze0Ψ/kt − 1) + 1 (2)

κ−1 =
(

εkT

2π(zF )2CM

)1/2

(3)

Eq.(2)predicts that the magnitude ofk′ is inversely dependent
on

√
CM while the trends induced by changing electrolyte

c
v o
f
i m in
p s
C

C
t nges
i

vailable number of sorption sites. The influence of
orting electrolyte concentration on electrostatics will
escribed first by classical G–C theory. The use of a Lang
dsorption isotherm to describe the influence of electro
oncentration on non-electrostatic components (i.e., sp
dsorption of electrolyte) will then ensue through com

sons to analyses from models for ion-paring chromatogr
IPC).

The relationship between the charge on the electrode
ace, applied potential, and supporting electrolyte conce
oncentration depend on analyte charge andEapp. That is, the
alue for the parenthetical term in Eq.(2) is less than zer
or a cation atEapp	 PZC, triggering an increase ink′ with
ncreasing electrolyte concentration. In contrast, the ter
arenthesis is positive for an anion andk′ would decrease a
M increases.
The influence ofEapp on the relationship betweenk′ and

M is provided for three aromatic sulfonates inFig. 7. Impor-
antly, k′ for all analytes becomes less sensitive to cha
n supporting electrolyte concentration as the value ofEapp
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Fig. 7. A plot ofk′ vs. 1/
√

F− for BS (8�M), TS (14�M), and CBS (23�M).
Three replicate injections were made at each concentration studied, and
the data points are roughly the size of the error bars. The mobile phase
consisted of 10% acetonitrile in water using sodium fluoride as the supporting
electrolyte at concentrations of 0.01, 0.02, 0.04, 0.06, 0.08 and 0.1 M.

approaches the PZC by becoming more negative. In this case,
the parenthetical term in Eq.(2) moves closer to zero, which
suggests that analyte retention becomes independent of sup
porting electrolyte concentration and that the electrostatic
component of retention has no influence at the PZC. These
findings reinforce the notion that retention would be governed
only by specific interactions with the surface at the PZC.

G–C theory has been applied extensively in mechanis-
tic investigations of IPC[28,31]. There are two prevailing
developments: the Stahlberg[30] and Cantwell[29] models.
Both employ the key assumptions of G–C theory, which are
equally applicable to EMLC. In IPC, the charge density of the
packing,σ±, is determined by the concentration of charged
groups attached to the stationary phase and by the concentra
tion of the pairing ion. In EMLC,σ±, stems from the potential
applied to the polarizable stationary–mobile phase interface.
Both IPC models invoke G–C theory to describe the electro-
static interactions of relevance, but differ in how the direct
competition for sorption sites occurs. The Stahlberg model
anticipates a linear plot of logk′ versus logCs by contact
adsorption of electrolyte in a modified Langmuir adsorption

isotherm. The Cantwell model, on the other hand, predicts an
inverse relationship betweenk′ and electrolyte concentration
due to competition for adsorption sites.

To ascertain which model is best suited for interpreting
EMLC data,R2 values from a regression analysis for plots
of k′ versus 1/Cs given by Cantwell, logk′ versus logCs as
modeled by Stahlberg, andk′ versus 1/

√
Cs relationship rep-

resented by Eq.(2) (EDL) are provided inTable 2. While
mathematically similar, the Stahlberg model only differs from
Eq. (2) through an additional term that employs a poten-
tial dependent Langmuir adsorption isotherm to describe the
extent of contact adsorption. As mentioned, the changes in
the slope at different values ofEapp for each type of plot can
be predicted by double layer theory. Moreover,Table 2sug-
gests that the reliability of these models to describe EMLC
retention is potential dependant. For example, when sodium
fluoride is the supporting electrolyte, these models appear less
effective at−50 mV with respect to the other values ofEapp.
Lithium perchlorate shows a similar deficiency at−300 mV.

The utility of these models to predict the retention
dependence on electrolyte concentration is consistent with
expectations. That is, the contribution of electrostatic and
ion-exchange processes to retention is at a minimum at
the PZC. Thus, the key contributor to retention would be
different at the PZC than at potentials removed from the
PZC. Furthermore, retention at the PZC should at least
q hich
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ualitatively correlate with reversed phase behavior, w
s consistent with the observed hydrophobic contributio
etention observed at carbonaceous stationary phases[25].

Table 2also argues that all three mechanisms reason
escribe the dependence of analyte retention onEappat values
emoved from the PZC, although the Stahlberg and the
odels show the strongest correlations. The lower correl
ith the Cantwell model argues that an ion-exchange pro

n the diffuse region is not central in determining reten
n EMLC. While possibly a coincidence,Table 2suggest
hat, on average, the EDL model is somewhat more pred
ith NaF as the supporting electrolyte, whereas the Stah
odel is a little more reliable when LiClO4 is used.
Fluoride is typically viewed as a weak specific adsor

n electrodes, which suggests that the predominant com
ion between fluoride and the analyte occurs in the elec
ouble layer. Experiments using perchlorate correlate b
ith Stahlberg’s model, which points to a competition
dsorption sites and is consistent with perchlorate be
tronger eluent than fluoride. Taken together, these re
ignify a variable retention mechanism that can be mod
y ion-exchange processes at more extreme potentials a
everse phase processes near the PZC.

.5. Use of supporting electrolyte in EMLC

Finally, Fig. 8shows how the supporting electrolyte c
entration can be used to manipulate EMLC separat
hromatogram 8A is the isocratic separation of a mix
f BS, TS, NMA, and CBS with 0.1 M LiClO4 used as th
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Table 2
Correlation analysis of ion-exchange models with experimental data

Analyte Eapp (mV) Cantwell (Naf) Stahlberg (Naf) EDL (Naf) Cantwell (LiClO2) Stahberg (LiClO2) EDL (LiClO2)

TS +50 0.9846 0.9980 0.9985 – – –
TS 0 0.9623 0.9803 0.9979 0.9514 0.9567 0.9628
TS −50 0.7408 0.7826 0.7685 0.9538 0.9128 0.9560
TS −100 0.9627 0.9990 0.9881 0.9542 0.9215 0.9557
TS −150 0.9863 0.9872 0.9973 0.9160 0.9617 0.9586
TS −200 – – – 0.9440 0.8813 0.9514
TS −300 – – – 0.6748 0.8675 0.8884
TS −400 – – – 0.9490 0.9358 0.9154

Average 0.9273 0.9494 0.9501 0.9062 0.9204 0.9412

BS +50 0.9551 0.9970 0.9836 – – –
BS 0 0.9584 0.9969 0.9851 0.9371 0.9610 0.9560
BS −50 0.6602 0.6958 0.7093 0.9605 0.9354 0.9552
BS −100 0.9680 0.9958 0.9891 0.8776 0.9477 0.9186
BS −150 0.9744 0.9974 0.9943 0.8849 0.9416 0.8925
BS −200 – – – 0.9121 0.9275 0.9018
BS −300 – – – 0.6143 0.7431 0.7675
BS −400 – – – 0.8654 0.9505 0.9696

Average 0.9032 0.9366 0.9323 0.8646 0.9153 0.9087

CBS +50 0.9431 0.0.9906 0.9746 – – –
CBS 0 0.9759 0.9982 0.9946 0.9477 0.9645 0.9628
CBS −50 0.9227 0.9735 0.9440 0.9682 0.9349 0.9560
CBS −100 0.9858 0.9899 0.9975 0.9442 0.9504 0.9357
CBS −150 0.9600 0.9984 0.9859 0.9666 0.9254 0.9301
CBS −200 – – – 0.9597 0.9448 0.9386
CBS −300 – – – 0.7068 0.8244 0.7984
CBS −400 – – – 0.8769 0.8499 0.8234

Average 0.9575 0.9901 0.9793 0.9100 0.9135 0.9064

1.3-BDS +50 0.9574 0.9626 0.9674 – – –
1.3-BDS 0 0.9190 0.9700 0.9550 0.9330 0.9671 0.9578
1.3-BDS −50 0.6694 0.6091 0.6983 0.8739 0.9371 0.9156
1.3-BDS −100 0.8742 0.9650 0.9209 0.8985 0.9468 0.9318
1.3-BDS −150 0.7895 0.9252 0.9245 0.8968 0.9531 0.9343
1.3-BDS −200 – – – 0.9658 0.9547 0.9043
1.3-BDS −300 – – – 0.7058 0.7750 0.7423
1.3-BDS −400 – – – 0.9210 0.9389 0.9366

Average 0.8419 0.8864 0.8992 0.8850 0.9247 0.9032

15-HDS +50 0.8962 0.9690 0.9742 – – –
15-HDS 0 0.9616 0.9511 0.9627 0.9550 0.9695 0.9576
15-HDS −50 0.5843 0.6134 0.6785 0.9679 0.9359 0.9484
15-HDS −100 0.9720 0.9912 0.9904 0.7460 0.9301 0.8908
15-HDS −150 0.8542 0.9532 0.9906 0.8936 0.8922 0.9257
15-HDS −200 – – – 0.9190 0.8828 0.8764
15-HDS −300 – – – 0.7071 0.7949 0.7689
15-NDS −400 – – – 0.9355 0.9306 0.9279

Average 0.8537 0.8956 0.9193 0.8749 0.8909 0.8994
Total average 0.8967 0.9316 0.9360 0.8881 0.9129 0.9118

R2 values taken from plots ofk′ vs. 1/C (Cantwell), logk′ vs. logC (Stahlberg), andk′ vs.C−1/2 (EDL). Plots generated from chromatographic separations
performed on a mixture of aromatic sulfonates at multiple concentrations of NaF or LiClO4 for each value ofEapp. Each entry is the average of five replicate
injections. Cantwell average: 0.8924, Stahlrerg average: 0 9223, EDL average: 0 9239.

supporting electrolyte. Under these conditions, baseline res-
olution of BS and CBS was obtained, but the oppositely
charged TS and NMA co-eluted. The results reported in the
preceding sections suggest two possible ways to resolve the
co-eluents: a change inEapp (Fig. 2) or a change in support-
ing electrolyte concentration (Figs. 4 and 5). The application

of a concentration gradient would be particularly attractive
when the electroactivity of one or more of the components
in a sample would possibly preclude the use of a change in
Eapp to fine-tune the separation.

In an effort to resolve TS and NMA by changing the sup-
porting electrolyte concentration, two stepwise gradients in
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Fig. 8. Chromatograms that illustrate the utility of a supporting electrolyte
concentration gradient for the enhancement of EMLC separations. The sam-
ple mixture was composed of BS (8�M), TS (14�M), CBS (23�M), and
NMA (22 �M). The mobile phase consisted of 5% acetonitrile in water with
TFA added to adjust the solution pH to∼2. The absorbance at 212 nm was
monitored. The flow rate was set at 0.4 mL/min. The applied potential is
+400 mV vs. Ag/AgCl sat’d NaCl.

Table 3
The supporting electrolyte concentration gradient used to generate the cor-
responding chromatograms inFig. 8

Time (min) 0–5 5–13 18–

A 0.1 MLiClO4 0.1 MLiCl04 0.1 MLiClO4

B 0.1 MLiClO4 0.2 MLiCl04 0.2 MLiClC4

C 0.1 MLiClO4 0.3 MLiCl04 0.4 MLiClC4

LiClO4 concentration were tested. These results are given by
chromatograms 8B and 8C; the mobile phases are detailed
in Table 3. The changes in the baseline observed in both
chromatograms are due to the increase in electrolyte concen-
tration, reflecting the absorption of perchlorate ion at 212 nm.
Partial resolution of TS and NMA was obtained when the
electrolyte concentration was increased (chromatogram 8B).
Baseline resolution was achieved using the larger stepwise
concentration gradient (chromatogram 8C). These results
show that changes in the electrolyte concentration alter the
EMLC selectivity, and are consistent with the discussions
based on the data inFigs. 2–7. Fig. 8also demonstrates that
altering the concentration of electrolyte can be used to opti-
mize the analysis time. The retention CBS was decreased
by ∼10 min in moving from the isocratic separation in chro-
matogram 8A to the stepwise electrolyte concentration gra-
dient in chromatogram 8C.

4. Conclusion

This paper examined the influence of supporting elec-
trolyte on the retention of charged analyte molecules in
EMLC. Both direct and indirect competition for adsorp-
tion sites onto the stationary phase surface strongly affected
retention. Direct competition for occupancy of sorption
s bina
t st

strongly with changes in the identity of the electrolyte. The
inclusion of direct competition into the retention mecha-
nism for EMLC to describe changes in electrolyte identity
requires information about the total free energy of adsorp-
tion for the electrolyte itself. Indirect competition may be
explained as a modulation of the electrostatic potential pro-
file component of�Ga-lyte, and was found to be a significant
factor towards changes in analyte retention as a function
of electrolyte concentration. Furthermore, the influence of
electrolyte concentration was found to depend on analyte
charge andEapp. This behavior can be explained by a shield-
ing of electrostatic analyte-stationary phase interactions via a
change in the potential profile as a function of distance from
the electrode surface, as calculated from electrical double
layer theory. Furthermore, the use of Gouy–Chapman–Stern
diffuse double layer in future experiments may prove valu-
able in determining fundamental electrochemical properties
of the stationary–mobile phase interface in EMLC such as
the PZC and electrical capacitance of our columns.
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ppendix A

The relationship between charge in solution,Eapp, and
istance from the electrode surface for a 1:1 supporting

rolyte according to Gouy–Chapman theory was given by
1). WhenEappis negative of the PZC, Eq.(1)yields the value
f q+sol, while at positive potentials versus the PZC Eq.(1)
rovides the value forq−sol. The charge in solution at th
lectrified interface is directly related to the surface ex
f ions through the following relationship:

± = zFΓ± (A.1)

hereΓ ± is the surface excess of either the cations (+
nions (−) at the electrified interface. For the situation w

he applied potential is positive of the PZC, Eq.(A.1) can be
nserted into Eq.(1) to give:

FΓ− =
√

εCMkT

2π
(e−z−e0Ψ0/2kT − 1) (A.2)

he surface excess describes adsorption of a given i
he interface, and is related to the retention factor (k′) that is
etermined chromatographically. In other words,Γ describe

he difference between the amount of a given species a
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interface, ns, and that in the bulk solution, nM, after normal-
ization for the area of the interface. Eq.(A.3) presents the
formal definition ofΓ −.On the other hand,k′ describes the
ratio of absolute amounts of a species adsorbed on the sta-
tionary phase and in the mobile phase as shown in Eq.(A.4).

Γ− = 1

A
(nS − nM) (A.3)

k′ = CSVS

CMVM
= nS

nM
(A.4)

whereCS andCM are the surface and bulk solution concen-
trations, respectively, andVS andVM are the stationary phase
and mobile phase volumes, respectively. By substitutionnMk′
in Eq. (A.4) for nS in Eq. (A.3), the relationship between
retention factor and surface excess can be determined:

Γ− = nM

A
(k′ − 1) (A.5)

Substitution of Eq.(A.5) into Eq.(A.2) shows the relation-
ship betweenk′ and potential at the interface as modified by
supporting electrolyte concentration:

zFnM

A
(k′ − 1) =

√
εCMkT

2π
(e−z−e0Ψ0/2kT − 1) (A.6)

Rearrangement of A.6 and using the relationship of
nM =CMVM gives:
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