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Abstract

Electrolyte modification with two cationic polyelectrolytes has been investigated for the separation of inorganic
anions, aliphatic and aromatic carboxylic acids. and sulphonic acids. Changes in migration rates and separation
selectivity, arising from hydrophobic interactions, ion exchange, and changes in electroosmotic flow were studied
for benzoate, chromate and phosphate + chloride counter-ions as a function of pH, and for the addition of
methanol and acetonitrile. Large changes in separation selectivity. for aliphatic and sulphonic acids, were observed
with benzoate electrolytes as compared to chromate electrolytes. In addition, electroosmotic flow was faster in the
former separation electrolytes by about 65%. Changes in selectivity as a result of hydrophobic interactions were
investigated with a series of aromatic acids where shifts in migration order were observed as function of
polyelectrolyte concentration. For inorganic anions, in chromate electrolytes at a constant concentration of
polyelectrolyte, the addition of methanol or acetonitrile decreased migration rates by as much as 67%. The
analytical merits of the methodology were examined for a potash (concentrated KCI) sample and a simulated
decontamination solution containing EDTA, Fe'"(EDTA) and oxalate.

resis (CE) offers a separation mechanism com-
plementary to IC, but in addition, has minimal
sample and reagent requirements [18], faster
analysis times [19], and superior separation ef-

1. Introduction

The analysis of small organic and inorganic
anions is of interest to a wide range of industries

such as food and detergent industries [1-6] and
electronic components manufacturing industries
[7]. In recent years, ion chromatography (IC)
has been used to analyze for organic [1-5,8-13]
and inorganic anions [14-17] of widely differing
valency and hydrophilicity. Capillary electropho-
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ficiency and peak capacity [20]. Manipulation of
selectivity in the CE separation of small organic
and inorganic anions has primarily involved: (i)
changes in the composition of the separation
electrolyte (i.e. choice of type and/or concen-
tration of electrolyte [21-23], addition of organic
solvents [24,25] and changes in pH [23,24]); (ii)
use of cationic surfactants (non-micellar) of rela-
tively short chain lengths either alone [26-29] or
in the presence of organic modifiers [30-32]; and
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(iii), employment of micelles for aliphatic [32]
and aromatic acids [33] and for less hydrophilic
anions [34]. An alternative approach for selec-
tivity control is the use of cationic polyelec-
trolytes, which has been examined briefly for the
separation of organic ions [35,36] and more
recently, in our laboratories, for inorganic anions
[37]. Since our studies with inorganic anions gave
encouraging results, this approach for control of
selectivity has been studied further for a series of
aliphatic carboxylic and sulphonic anions with
both sodium benzoate and sodium chromate
electrolytes. The use of polyelectrolytes was also
examined for the scparation of a series of aro-
matic acids to ascertain the effect of hydrophobic
interactions on selectivity. Organic modifiers,
methanol (1-65%. v/v) and acetonitrile (1-
35%. v/v), were also employed to investigate
their effects on separation selectivity. Finally,
the polyelectrolyte systems were applied to sam-
ples of potash (concentrated KCl), and a simu-
lated decontamination solution.

2. Experimental
2.1. Instrumentation

The CE instrument was a Quanta 4000 (Wa-
ters Chromatography Division of Millipore, Mil-
ford. MA. USA) with a Maxima 820 data station
(version 3.30 Dynamic Solutions); data acquisi-
tion rate was 20-25 points/s. Power supply (30
kV) polarity was reversed (cathode at injection
end). Fused-silica capillaries (Polymicro Tech-
nologies, Phoenix, AZ, USA) were 60 cm (53
cm to detector) X 365 um O.D. x77 um 1.D.;
unless otherwise noted. Analyte zones werc
detected in the indirect mode by absorbance at
254 nm (Hg lamp) with the exception of the
aromatic acids, which were detected via direct
absorbance at 214 nm (Zn lamp). Samples were
introduced hydrostatically by elevation of the
sample vials to 10 cm for 15 s. All pH values
were measured with a Fisher Accumet pH meter
(Model 805) calibrated immediately prior to use.

2.2. Reagents and procedures

Deionized and then distilled water (Corning,
Mega-Pure, MP-6A and D2, NY, USA) was used
to prepare all solutions, and all reagents were
reagent grade unless noted otherwise. Sodium
chromate tetrahydrate (99 + %; Aldrich, Mil-
waukee, WI, USA) was used to prepare sepa-
ration electrolyte solutions (0.005 M) as de-
scribed previously [41]. Sodium benzoate elec-
trolyte (0.005-0.02 M) was prepared by adding
stoichiometric amounts of sodium hydroxide
(BDH. Toronto, Canada) to benzoic acid
(BDH). Analytical-grade methanol and acetoni-
trile were purchased from BDH. Tetra-
methylammonium hydroxide (25%, w/w; Al-
drich) was used for pH adjustment of the sodium
benzoate polypyrrolidinium electrolytes. NICE-
Pak OFM Anion-BT (registered trademark of
Waters Chromatography Division of Millipore)
was used as an electroosmotic flow modifier. The
polyelectrolytes poly(1,1-dimethyl-3,5-dimethyl-
enepiperidinium  chloride) (PDDPiCl; Poly-
sciences, Warrington, PA, USA) and poly(1,1-di-
methyl-3,5-dimethylenepyrrolidinium  chloride)
(PDDPyCI, Aldrich) were converted to the chro-
mate and benzoate forms as described elsewhere
[37]. Stock sample solutions (0.02 M) were
diluted to 10™* M (carboxylic and sulphonic
acids) and 5-107° M (aromatic acids and inor-
ganic anions) prior to injection.

2.3. Capillary preparation

Capillaries were conditioned with the sepa-
ration electrolyte for 30 min before the first run
and for 2 min between runs, which has been
shown to result in improved migration time
reproducibility [38]. Prior to switching to a new
clectrolyte system, capillaries were purged by
application of pressure (15 mmHg; 1 mmHg =
133.322 Pa) in the following sequence: water (5
min), 0.1 M HCI (10 min), water (5 min), 0.1 M
NaOH (10 min) and water (5 min). Electrolyte
pH adjustments were done with 0.001 M
chromium(VI) oxide or 0.1% (v/v) of a 25%
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(w/w) solution of tetramethylammonium hydrox-
ide.

2.4. Calculations

Electroosmotic flow (., ) was determined for
each one of the runs of both standards and
mixtures from the expression ., =v,.,/E,
where v, is the neutral marker (water) migra-
tion velocity (cm/s), u., is electroosmotic
mobility (cm® V™' s7'), and E is the field
strength (V/cm). The water peak was about 0.4
min wide (base width) and migration time was
measured at the peak minimum (negative peak).
Electroosmotic mobility has been given a posi-
tive sign when it was directed towards the
detector. Analyte electrophoretic mobility (x,,)
was calculated from the expression p, = (Ky;,/
E)— p.,, where ., is the net migration ve-
locity of an analyte zone. The number of theo-
retical plates (N) was calculated from, N =5.54
(i wos)  where !mig 1S ZONE net migration time
(s) and w, ¢ is the width (in time units) at 50%
maximum peak height. Resolution (R,) was
calculated from R, =2At, . /(w, +w,), where
At is the difference in net migration time
between zones 1 and 2, and w, and w, are their
respective base widths in time units.

3. Results and discussion
3.1. Choice of polyelectrolyte

During this and previous investigations [37] of
PDDPy, PDDPi, polybrene and diethylamino-
ethyldextran polyelectrolyte systems we found
that PDDPy and PDDPi systems gave better
electroosmotic flow stability and higher sepa-
ration efficiencies. Consequently, this report
focuses on the use of these two polyelectrolytes.
These five- and six-membered ring heterocyclics
have quite similar average molecular masses
(200 000 to 300 000), and in these studies it was
found that their CE behaviour was very similar.

3.2. Electroosmotic flow studies

In our previous studies with polyelectrolytes
[37] a chromate counter-ion was used in the
electrolyte since this permitted both indirect
detection of a wide range of species and allowed
direct comparison with a standard commercial
system. To permit a wider range of interactions
between the polyelectrolyte and the analytes, the
monovalent and more hydrophobic anion ben-
zoate was also included in the present study.
Results of studies of the dependence of the
electroosmotic mobility (u,,) on sodium ben-
zoate concentration (0.005-0.02 M) in the pH
range 6—10 are shown in Fig. 1 for 0.08% (w/v)
PDDPybenzoate. These results show that wu,
decreased slightly with increasing sodium ben-
zoate concentration. This decrease in u, ., can be
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Fig. 1. Plot of electroosmotic mobility versus pH for
PDDPybenzoate. Curves 1, 2 and 3: 0.005, 0.01 and 0.02 M
sodium benzoate, respectively, in the presence of 0.08%
(w/v) PDDPybenzoate. Experimental conditions: neutral
marker, water; capillary end-to-end length 68.7 cm; injec-
tion-to-detection window length 61.4 cm; field strength 291
V/cm; direction of electroosmotic flow is towards the anode.
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attributed to ionic strength effects on the silica—
electrolyte double layer, which result in a de-
crease of the ¢ potential [39], but other parame-
ters such as counter-ion charge, hydrated radius,
and hydrophilicity also appear to play a role in
the way the counter-ion affects the magnitude of
Heos 139,40]. To examine the effect of polyelec-
trolyte concentration, electroosmotic flow was
studied in benzoate and chromate electrolytes
containing PDDPy at pH 8 over the concen-
tration range of 0.01-0.1% (w/v). These studies
showed that electroosmotic mobility was larger
for benzoate electrolytes by approximately 65%.
This difference in u,,, can be explained in the
way chromate and benzoate interact with the
positively charged layer. Divalent chromate is
highly associated with the adsorbed polymer [41]
in contrast to the monovalent and bulkier ben-
zoate. This will result in a higher { potential for
the benzoate electrolyte, and thus a faster elec-
troosmotic flow (assuming no significant changes
in dielectric constant or viscosity at the capillary-
electrolyte interface). A weaker association of
the benzoate counter-ion with the polyelectrolyte
might also explain the decreasing pu,.,, (as a
function of pH) in comparison to the fairly
constant u, .. vs. pH profiles observed with the
chromate system [37]. Exchange of benzoate by
the smaller more hydrophilic hydroxide would
cause changes in the double layer structure and
charge, and consequently changes in u,,, would
be expected. Since the use of organic modifiers,
such as methanol and acetonitrile, is known to
decrease u.,, and improve resolution and selec-
tivity [39,42-47], the effects of these modifiers
was examined for a polyelectrolyte system. The
results in Fig. 2 show that u . decreased with
concentration of CH,;OH or CH,CN for
PDDPichromate at pH 8. This behaviour could
provide a means to control pu,., as well as
separation selectivity in electrolytes containing
polyelectrolytes. The trends in Fig. 2 are similar
to those observed in bare fused-silica capillaries
[39,42-47], and have been explained in terms of
changes in medium dielectric constant [46], in
the properties (charge, hydration) of the double
layer [44], and in the solid—electrolyte interfacial
viscosity [45].
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Fig. 2. Plot of electroosmotic mobility versus percent organic
solvent. Curves 1 and 2: methanol and acetonitrile, respec-
tively. with 0.1% (w/v) PDDPichromate at pH 8. Ex-
perimental conditions: neutral marker, water; capillary end-
to-end length 58.2 cm; injection-to-detection window length
50.8 cm; field strength 344 V/cm; direction of electroosmotic
flow is towards the anode.

3.3. Changes in migration rates and selectivity

Migration rates of organic acids (formate,
acetate, oxalate, citrate, ethanesulphonate,
butanesulphonate, pentanesulphonate and oc-
tanesulphonate) were measured in 0.08% (w/v)
PDDPybenzoate as a function of pH (6-10) and
sodium benzoate concentration (0.005-0.02 M).
These studies showed that generally the anions
had a higher w., at higher concentrations of
sodium benzoate for a given pH. Values of p,, at
0.005 M benzoate were in the range of 1-10 *~
4-10"* ecm® V™ 's ™! and increased by ca. 20% at
the higher concentrations. These observations
suggest an ion-exchange mechanism of interac-
tion between the anions and the polycation
where counter-ion displacement by analyte be-
comes less favourable at the higher concentra-
tions of the benzoate. Changes in selectivity
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were only significant for ions of different charge.
For example, oxalate migrated prior to all anions
at 0.02 M sodium benzoate (pH 8), but after
ethanesulphonate, butanesulphonate and citrate
at 0.01 M benzoate. Citrate and oxalate could
not be detected at pH 6 (both divalent at this
pH) irrespective of electrolyte concentration
(0.005-0.02 M), even at sample concentrations
as high as 5- 107" M. The low detection sensitivi-
ty for these species is not clear to us at the
moment but might be due to a strong interaction
with the polyelectrolyte resulting in migration of
these anions away from the detector.

The effects of polyelectrolyte counter-ion on
anion migration rates were examined in 0.005 M
sodium chromate and 0.01 M sodium benzoate
for PDDPy over the concentration range 0.01-
0.08% (w/v) at pH 8. Although baseline res-
olution of all eight organic anions was achieved
in 0.01% (w/v) PDDPychromate, their separa-
tion was not possible with the benzoate system
presumably due to its more rapid u.,,. Interest-
ingly, the changes in w., as a function of poly-
electrolyte concentration were larger in the ben-
zoate system. Electrophoretic mobilities de-
creased by 51% (citrate, oxalate) and by about
40% for the other monovalent analytes in the
PDDPybenzoate concentration range 0.01-
0.08% (w/v). Over the same concentration range
with PDDPychromate, u,, decreased by about
17% for oxalate and only a few percent for the
monovalent acids. These observations are con-
sistent with a more effective analyte displace-
ment of the monovalent benzoate counter-ion by
the analyte as compared to chromate, which is in
accordance with established eluotropic series in
ion chromatographic separations [48]. The great-
er changes in u, observed for the monovalent
acids in benzoate relative to the ones observed in
chromate polyelectrolytes may offer an advan-
tage in manipulating separation selectivity for
these species in view of the rather small changes
in selectivity seen when ion-pairing reagents are
used for their CE separation [26]. Separation
efficiencies for the chromate system ranged be-
tween 35 545 and 397 608 theoretical plates and
were consistently lower than the ones observed
with the benzoate system (281 688-906 282 theo-

retical plates). The better efficiency for the
benzoate electrolyte is due to a zone asymmetry
effect associated with the more mobile (com-
pared to most of the analytes) chromate ion as
compared to the less mobile benzoate, which
more closely matches analyte electrophoretic
mobilities [21].

Organic solvents have been used to optimize
CE separations of organic [43,46] and to a lesser
extent inorganic species [30,31], and observed
changes in selectivity have been attributed to
changes in analyte effective charge and solvation
[30,43,46]. Since the primary goal of this study
was to evaluate polyelectrolytes for selectivity
modification, the separation of a series of inor-
ganic anions (bromide, chloride, iodide, fluoride,
nitrate, thiocyanate, perchlorate and sulfate) was
examined in methanol and acetonitrile. The
results of this study are shown in Figs. 3 and 4;
concentrations higher than those shown in Figs.
3 and 4 were not used because of precipitation of
the polyelectrolyte. Fig. 3 shows that values of
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Fig. 3. Plot of electrophoretic mobility versus % CH,OH.
Curves: 1 =chloride:; 2 =bromide; 3 = nitrate; 4 = sulfate;
5 =jodide; 6=fluoride; 7 = thiocyanate; 8= perchlorate.
Other experimental conditions as for Fig. 2.
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Fig. 4. Plot of electrophoretic mobility versus % CH,CN.
Curve designations and experimental conditions as for Fig. 3.

M., decrease upon addition of methanol, and
these changes. which are similar to those ob-
served for simple aqueous electrolyte systems,
can be of use for minor adjustments of selectivi-
ty. The variations in w,, in Fig. 3 are most likely
a result of changes in analyte solvation
[24,30,43,46] and changes in the dipole—anion
interactions which are quite strong when metha-
nol is used as the solvating medium [49]. When
CH,CN is used however, the anions show dis-
tinctly different behaviour with some anions
exhibiting a minimum or increasing values of u,,
(see Fig. 4). This difference in sclectivity pat-
terns observed in the two organic solvents can
perhaps be attributed to their different solvation
properties. Methanol is capable of solvating
anionic species to a greater extent compared to
acetonitrile and the former solvent offers a more
structured medium (H-bonding network) as com-
pared to acetonitrile. In addition, solvation of
the polyelectrolyte, which prefers the aqueous
phase, may play a more important role here,
possibly due to the formation of water rich

domains and/or the formation of different poly-
mer configurations. The selectivity trends ob-
served in the case of acetonitrile modifier plus
polyelectrolyte are unique in comparison to the
ones observed with acetonitrile plus OFM (sur-
factant) [31]. This is an indication that polyelec-
trolyte properties such as solvation and structural
conformation play an important part in adjust-
ment of relative migration and the observed
selectivity patterns can not be exclusively attribu-
ted to changes in analyte solvation. Undoubtedly
such changes in g, could prove very useful for
certain analytical problems. Since analyte peaks
had between 94244 and 523218 theoretical
plates, separation efficiency should not be a
limiting factor in further development of these
systems for chemical analysis.

3.4. Hydrophobic interactions

While the main mode of interaction between
the polyelectrolytes and anions is expected to be
ion exchange, polyelectrolytes should also be
capable of interacting with analytes via hydro-
phobic interactions [50,51]. To investigate this
possibility, the separation of a series of aromatic
carboxylic acids (benzoic, 3,5-dihydroxybenzoic,
salicylic, methylsalicylic and phthalic) was ex-
amined for polyelectrolyte (PDDPiCl) concen-
trations between 0.0075-0.2% (v/v) in a 0.005 M
phosphate buffer at pH 6.8. Fig. 5 shows that
baseline resolution of all five acids was easily
achieved, but of more interest was the order of
migration with respect to the neutral marker. Up
to 0.2% (v/v) PDDPICl, the anions benzoate,
salicylate and 3-methylsalicylate migrated prior
to the neutral marker (at about 4.7 min in Fig.
5). but phthalate and 4-hydroxybenzoate mi-
grated after the neutral marker. Migration after
the neutral marker, which was not observed with
inorganic anions and aliphatic acids, indicates
interactions other than ion exchange (possibly
hydrophobic). Evidence of such interactions has
been found in physico-chemical studies of poly-
electrolyte solutions [50,51]). Although polyelec-
trolyte additives have been previously examined
for the separation of aromatic acids [36], these
changes in migration order were not reported.
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Fig. 5. Electropherogram for five aromatic acids in PDDPich-
loride.  Peaks: | =benzoate;  2=salicylate; 3 =23-
methylsalicylate; 4 = 3,5-dihydroxybenzoate; 5= phthalate.
Experimental conditions: 0.005 M sodium phosphate buffer
plus 0.2% PDDPichloride (v/v) at pH 6.8. hydrostatic
injection from 10 cm for 15 s: field strength 417 V/cm: direct
UV detection at 214 nm.

Consequently, polyelectrolyte additives may
offer significant advantages for the analysis of
charged hydrophobic analytes in view of the
poor selectivity often associated with the micellar
electrokinetic separation of these compounds
[52] and the prolonged analysis times observed in
aqueous electrolytes modified with organic sol-
vents under counter-electroosmotic conditions
[24]. As for other polyelectrolyte systems, sepa-
ration efficiencies (with the exception of phthalic
acid) were in the range of 100 000-300 000
plates.

3.5. Applications

To evaluate the potential of the polyelec-
trolyte systems for chemical analysis, these sys-
tems were applied to samples that were known
to be difficult to analyze by conventional IC
methods. The first sample examined was a simu-
lated decontamination solution that contained
EDTA. Fe'"(EDTA). citrate and oxalate. The
analysis of these species is of importance to the
power generating industry where they are used
to remove corrosion products on heat transport
systems. IC methods for these components are
time consuming and prone to interference from

metal ions other that iron [11]. It is anticipated
that the ability to change the selectivity patterns
via changes in electrolyte concentration, organic
solvent content, and pH could prove useful for
real decontamination solutions where the sam-
ples often contain a number of other metal
complex species. Fig. 6 shows that with a poly-
electrolyte system resolution of all four com-
pounds was possible in about 4.6 min; IC analy-
sis requires preliminary sample treatment and a
separation time of up to 30 min. Another sample
type examined was potash fertilizer brines. A
potash (concentrated KCl) sample was diluted
100-fold and injected without any sample pre-
treatment. The electropherogram (Fig. 7)
showed baseline resolution of bromide and sul-
fate from the large excess of chloride, which
could not be achieved without the polyelec-
trolyte (0.005 M sodium chromate plus 2.5 mM
OFM at pH 8). Calibration was linear (R*=
0.9998) for bromide and sulfate in the concen-
tration range 5-107°-5-10"° M (five concen-
tration points); sensitivity plots [53] indicated
maximum changes in sensitivity of about 23% for
bromide (1-10 *~5-107> M) and 5% for sulfate
(5-10 *=5-107° M). The acid profile of home-
made white wine was also obtained (Fig. 8)
without performing any quantitation. The sam-
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Fig. 6. Electropherogram of a simulated decontamination
solution. Peaks: 1=Fe’ (EDTA); 2=oxalate; 3 = citrate;
4=EDTA. Experimental conditions: 0.005 M sodium chro-
mate plus 0.23% (w/v) PDDPichromate at pH 8.4; field
strength, 333 V/cm.
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Fig. 7. Electropherogram of potash sample. Peaks: 1=
chloride; 2 = bromide; 3 = sulfate. Experimental conditions:
0.005 M sodium chromate plus 0.154% (w/v) PDDPichro-
mate at pH 8.00; field strength 333 V/cm: capillary end-to-
end length 60 cm; injection-to-detection window length 54
cm; potash concentration. (0. 1007% (w/v).

ple was diluted 100-fold and injected. Identifica-
tion of the various components was done by
comparison of retention times with various acid
standards. The migration order observed was
substantially different compared to a CE sepa-
ration of these acids in white wine previously

Absorbance

Time (min)

Fig. 8. Electropherogram of home-made white wine. Peaks:
1 = malate; 2 = lactate; 3 = acetate: 4 = succinate: 5 = citrate.
Experimental conditions: sample dilution, 1:100 dilution:
electrolyte, 0.005 M sodium chromate plus 0.154% (w/v)
PDDPichromate at pH 8; field strength 417 V/cem.

reported [54]. This novel migration order may
offer advantages in terms of resolution and
quantitation of a minor acid migrating close to
one present in excess.
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