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Abstract

A method for simultaneous separation and indirect detection of anions and cations by capillary electrophoresis (CE) is reported. An anodic
electroosmotic flow (EOF) in excess efl00 x 10-°m?V~1s™! was achieved by the addition of 0.1 mM didodecyldimethylammonium
bromide (DDAB) to the background electrolyte (BGE). This high magnitude EOF enabled rapid co-EOF separation of inorganic anions and
counter-EOF separation of inorganic cations having high electrophoretic mobilities. Single-end injection of the sample at the capillary inlet and
detection near the capillary outlet was used. Indirect photometric detection of cations was accomplished using a cationic probe (imidazole), with
counter-ionic (Kohlrausch) indirect detection being used for anions. A mixture consisting of chloride, bromide, nitrate, lithium, magnesium,
sodium, calcium, potassium, and ammonium was separated in less than 3.5 min using a background electrolyte comprising 6 mM imidazole,
12 mM hydroxyisobutyric acid, 0.1 mM DDAB, 2 mM 18-crown-6 at pH 4.0, with indirect detection at 210 nm. The system was well suited
to the separation and detection of inorganic cations, with limits of detection (LODs) in the range 0.92¥4a®8l separation efficiencies
from 44 400-208 5000 theoretical plates. By contrast, LODs for inorganic anions ranged from 6.66 oM 1with separation efficiencies
of 2500-26 300. Analytical potential of the method is discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction from opposite directions according to their electrophoretic
mobilities. Sample injection can be realised either by hy-

Simultaneous separation and detection of underiva- drostatic or electrokinetic injection. This dual-end injec-
tized anions and cations (including high-mobility inorganic tion approach has been demonstrated successfully with both

cations) by capillary electrophoresis (CE) requires that all photometric[1-4] and contactless conductometric detec-
analytes must be transported past the detection windowtion [5—8]. The second approach uses traditional single-
in a fashion which will allow their separation. Two ap- end injection, with detection performed near the opposite
proaches to achieve this goal are possible. The first ap-end of the capillary. Under normal cathodic EOF, cations
proach involves sample injection at both ends of the cap- can be separated in the co-EOF mode and anions in the
illary with detection near the middle of the capillary. Elec- counter-EOF mode. Obviously, in this arrangement only

troosmotic flow (EOF) should be suppressed to a minimum those anions with electrophoretic mobilities of lower mag-
to allow cations and anions to migrate past the detector nitudes than the EOF will be transported past the detec-
tion point. Therefore to separate a range of anions includ-
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(hydrodynamic) pressure are necessary. The high magnitudecessfully employed for detection, with examples including
EOF approach is preferred as hydrodynamic pressure will to Kuban et al.[5,6]. Indirect photometric detection has also
some degree compromise the separation efficiency in a CEbeen used, based on well-established princifdlbs18] In-
system. direct detection is based on the displacement of an absorbing
The simplest way to increase the magnitude of cathodic co-ion (commonly referred to as the probe) in the BGE by an
EOF is to increase the pH of the background electrolyte analyte ion, leading to a quantifiable decrease in absorbance.
(BGE). There are two limitations to this approach: alkaline When indirect detection is used with simultaneous separa-
earth metal ions may form hydroxide complexes and cationic tions of anions and cations, two probes (one cationic and
probes used for indirect photometric detection may not be one anionic) are typically present in the electrolyte and are
protonated at higher pH values. Examples of this approachdisplaced by analytes of the same sign charge. The mecha-
include Jorgenson and Luka®], Shamsi and Danielson nisms of indirect detection stipulate that a number of prin-
[10] and Foret et al[11]. The use of pressure to trans- ciples should be followed to achieve optimal detection. The
port ions is generally avoided due to the associated bandmost important of these is that the presence of co-ions (ions
broadening. However, a successful application was demon-of the same charge as the probe) in the electrolyte will lead
strated by Haumann et §l.2], in which potassium, sodium, to the formation of system peaks. Such peaks can dimin-
lithium, formate, acetate, sulfate, chloride, bromide, nitrate, ish the detection of desired analytes through obscuring ana-
chlorate and propionate were separated in 13 min with the lyte peaks and decreasing the detection sensitivity. The pres-
application of 200 mbar pressure to the inlet end of the cap- ence of probes in the form of free acids and/or bases is a
illary. This additional pressure generated a linear velocity convenient means of avoiding such problems. Clearly, the
of 0.66 cm/s in the BGE. Separation efficiencies were not BGE must be selected carefully in order to allow success-
provided. ful separation and detection of anions and cations in a single
The major limitation of high magnitude cathodic EOF to run. Some examples of the two probe, dual-end injection ap-
provide simultaneous separation of anions and cations is thatproach include (where the cationic probe is listed first and
it is difficult to generate an EOF of sufficient magnitude to the anion probe second) imidazolium/nitr§§, copper(ll)-
separate high mobility inorganic anions, such as chloride andethylenediamine/nitrate[2], copper(ll)-ethylenediamine/
nitrate, in a counter-EOF mode. However, inorganic cations chromate [1], 4-aminopyridinium/chromate[3], imida-
generally have mobilities of lower magnitude than anions, so zolium/sulfosalicylat¢19], benzylammonium/pyromellitate
this presents an opportunity for simultaneous separation of[20], 1,2-dimethylimidazolium/trimellitate [20], imida-
anions and cations using a reversed EOF and reversed polarzolium/thiocyanate[12], and dimethyldiphenylphospho-
ity separation. Here, the anions are separated in the co-EORium/trimesatg12].
mode and cations are separated inthe counter-EOF mode (i.e., Indirectdetection of analytes can also be achieved through
the reverse of the situation discussed above). To be successdisplacement of a counter-ion by the analyte, a process which
ful for cations having the highest mobilities, this approach is sometimes referred to as Kohlrausch detection. This indi-
requires that a reversed EOF of high magnitude be used. rect detection mode is based on the principle that the dif-
The double-chained cationic surfactant didodecyl- ference in mobility between the analyte ion and the co-ion
dimethylammonium bromide (DDAB) and its properties re- will result in a change in the counter-ion concentration. This
garding EOF in CE have been studied extensively by Lucy detection mode relies on a non-absorbing analyte being de-
and co-worker§l3,14] DDAB offers some properties which  tected in a BGE consisting of a non-absorbing co-ion and
differ from those single-chain cationic surfactants [such an absorbing counter-ion, which acts as the probe. The de-
as cetyltrimethylammonium bromide (CTAB) and tetra- tection sensitivity is dependent strongly upon the mobility
decyltrimethylammonium bromide (TTAB)] used commonly difference between the analyte and the co-ion (with zero sen-
for EOF reversal. Melanson et §l.3] showed that DDAB sitivity occurring for matching mobilities) and this makes
formed a flat bilayer structure at the capillary wall. The coat- this detection mode less practical compared with the conven-
ing was shown to be very stable, which allowed electrolytes tional co-ionic indirect detection. Foret et §11] detected
not containing the surfactant to be used whilst retaining sta- cations (lithium and potassium) using an anionic probe (sor-
ble, reversed, anodic EOF. Baryla and Luty] also used bate). Collet and Gare[R1] studied the indirect detection
combinations of DDAB and the zwitterionic surfactant 1,2- of alkali metal, quaternary ammonium and ammonium ions
dilauroyl-snphosphatidylcholine (DLPC) to vary EOF. Ad- with an electrolyte containing a transparent co-ion and an
justing the ratio of DDAB and DLPC allowed the EOF mag- absorbing counter-ionic probe. They demonstrated that the
nitude to be tuned to optimise separations. In these worksrelative mobilities of the analyte«) and co-ion ft5) would
DDAB was not present in the electrolyte and the highest determine whether the analyte is detected as a positive or
magnitude anodic EOF generated in pre-run coated capil-negative peak. If the mobility of the analyte was greater than
laries was—70 x 10°9m2v-1s1, the mobility of the co-ion i > ua), then a positive peak
A further complication in the simultaneous determina- was observed, and if the mobility of the analyte was less
tion of anions and cations is the identification of a suitable than the mobility of the co-iony; < ua) then a negative
detection mechanism. Conductivity detection has been suc-peak occurred. If the mobilities of the analyte ion and the
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co-ion are identical then no peak will be observed. This ap- treated with a Millipore (Bedford, MA, USA) Milli-Q wa-
proach was used to achieve simultaneous detection of anter system was used to prepare standard solutions of the
ions and cations using 1,5-naphthalenedisulfonic acid to pro- AR grade analytes. DDAB, imidazole, 18-crown-6 ether and
vide indirect photometric detection of anions and Kohlrausch 2-hydroxyisobutyric acid (HIBA) were all obtained from
detection of cation$22]. Single-end injection and a high  Aldrich (Milwaukee, WI, USA).

magnitude cathodic EOF~+80 x 10 °m?V~1s™1) al- Imidazolium-HIBA electrolytes were prepared by titra-
lowed co-EOF separation of potassium, ammonium, sodium, ting a given concentration of imidazole by HIBA to the de-
lithium and counter-EOF separation of ascorbate, sorbate,sired pH, or for the final optimal electrolyte simply by mixing
benzoate, lactate, acetate, hydrogen carbonate, phosphaté,mM imidazole and 12 mM HIBA, adding 18-crown-6 ether
formate, fluoride in 8 min. However, highly mobility inor- and DDAB, giving a final electrolyte pH of 4.0.

ganic anions, such as chloride and nitrate, could not be sep- A test mixture of sodium chloride, calcium chloride,
arated as the cathodic EOF was not high enough to sweegdithium nitrate, magnesium nitrate, potassium chloride,
them past the detection point. Macka et [@3] used 4- ammonium chloride and sodium bromide was prepared at
aminopyridine as a co-ionic indirect detection probe for a concentration of 5AM each, corresponding to a total
cations separated co-electroosmotically in a PTFE capillary concentration of 5QM calcium, lithium, magnesium,
modified with hexadecanesulfonate and the same probe wagpotassium, ammonium and bromide, 10@ sodium,
also acting as a counter-ionic indirect detection probe for an- 150uM nitrate, and 25@M chloride.

ions separated counter-electroosmotically. However, the de-

tection sensitivity for anions was significantly lower than for 2.3. Calculations

cations.

In this work we present the co-EOF separation of anions  Separation efficiencies (plate numbers per capillary) were
and counter-EOF separation of cations in a single run using calculated using the peak width at half-height. Detection lim-
a high magnitude anodic EOF generated through the use ofits were calculated at a signal to noise ratio of two.

DDAB as a dynamic EOF modifier added to the electrolyte.

This allows anions and cations to be transported from the

same injection point past the detection window without the 3. Results and discussion

use of external hydrodynamic pressure. An electrolyte con-

taining only one probe is used, with the cationic probe imida- 3.1. Optimisation of BGE composition

zole being utilised for indirect detection of cations, and also

as an absorbing counter-ion for the detection of anions. The In order to separate cations in a counter-EOF mode, it is

advantages and limitations of this unique system are demon-necessary for a high magnitude anodic EOF to be generated.

strated and discussed. For example, with a 48 cm capillary, 40 cm to detector, an
EOF of about—80 x 10-9m?V~1s~1 would be required
for cations with mobility up to +65< 10 °m?V~1s 1 to be

2. Experimental detected in less than 8 min. Typical EOF values achieved with
commonly used single-chain quaternary ammonium surfac-
2.1. Instrumentation tants such as TTAB and CTAB are not sufficiently high to

carry cations of medium to high mobility past the detection

The capillary electrophoresis instrument used during this point. DDAB pre-coatings have been observed to provide an
work was an Agilent Technologie®CE (Waldbron, Ger-  EOF of—70 x 10-°m?V~1s-1[14], and dynamic coatings
many). This instrument was equipped with a deuterium lamp of DDAB were therefore investigated as a means of obtaining
with a photodiode array detector. A voltage 30 kV higher anodic EOF values.
was applied during all separations, with temperature main- A BGE consisting of phosphoric acid titrated with
tained at 25C. Injections were performed hydrodynami- sodium hydroxide to pH 2.5 used with a capillary pre-
cally with various pressures and injection times. Detection flushed with 0.1 mM DDAB produced an EOF ef76 x
was performed at 210 nm. Fused silica capillaries (Polymicro 10-2°m2V—1s1, similar to the value reported previously
Technologies, Phoenix, AZ, USA) of {6n inner diameter, [14]. The addition of DDAB to the BGE resulted in an in-

375um outer diameter of varying lengths were used. creased EOF 0£88 x 10 °m?V~1s~1, A range of BGE
compositions was studieddble 1), all containing DDAB.
2.2. Reagents Table 1shows that the dynamic coating approach produced

high anodic EOF values which significantly exceed those re-
Calcium chloride, potassium chloride and sodium chlo- ported previously (e.d14,24]) and the magnitudes of these
ride were obtained from APS Chemicals (NSW, Australia). EOF values were suitable for the counter-EOF separation of
Lithium nitrate, ammonium chloride and magnesium nitrate high mobility inorganic cations. The values shown were the
were obtained from BDH (Vic., Australia). Sodium bro- average of six replicate determinations showing high repro-
mide was obtained from Sigma (NSW, Australia). Water ducibility (percentage relative standard deviation <3%).
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Table 1 3.2. Interaction of analyte anions with DDAB
EOF values achieved with various background electrolytes (average of six

determinations) A test mixture consisting of chloride, bromide, sulfate,

BGE composition BOF sodium, ammonium, potassium, magnesium, calcium and
(<1077 m7VTSsT) lithium was used to investigate separation selectivity and ef-
Pre-flush with 0.1 mM DDAB for 3 min, —76 ficiency of the BGE. The high magnitude of the anodic EOF
as ﬁ%riy;algn;gﬂn?; 8462:’2; - _e8 results in the availability of only a small time window for sep-
5mM HsPQy, 0.17 mM DDAB, pH 2.5 _108 aration and detection of anions prior to the appearance of the
5mM H3PQy, 0.5mM DDAB, pH 2.5 ~113 EOF peak at-1.1 min. Injection of anionic analytes revealed
0.5mM Ce(NQ)s, 4mM HNG;, 0.5mM —86 the presence of interactions between the anions and the pos-
DDAB,pH25 itively charged capillary surface, as evidenced by broadened
1'%2'\:1M4§S1A";%y:cgge’ 3.3mM HNG -85 peaks and electrophoretic mobilities reduced from their typi-
1.8mM imidazole, 3.3mM HN@, 0.5mM _85 cal values. This interaction was particularly strong for sulfate
DDAB, pH 2.5 and this species could not be separated from the EOF peak by
1.25mM imidazole, 2.5 mM POy, 0.5 MM -113 using strategies such as a longer separation capillary, reduced
DDAB, pH 2.5 concentrations of DDAB in the BGE, variation of the pH of
1'%5D":\BA 'g;dzzsme’ 2.0mM Hig 0.5mM -121 the BGE, or addition of zwitterionic surfactants. The strong
6.0mM imidazole, 12.0mM HIBA, 0.1 mM _105 interaction of sulfate with DDAB both in the electrolyte and
DDAB, pH 4.0 on the capillary wall is consistent with previous studib$).
For other conditions se®ection 2 Sulfate was therefore omitted from samples used in further

investigations of the analytical potential of this approach.

Simultaneous indirect detection of anions and cations op-
timally requires a dual-probe BGE containing both an anionic 3.3. Simultaneous separation of anions and cations
probe for co-ionic indirect detection of anions and a cationic
probe providing co-ionic indirect detection of cations. In the A test mixture of sodium chloride, calcium chloride,
present case, this proved impossible due to precipitation reacdithium nitrate, magnesium nitrate, potassium chloride, am-
tions occurring when an anionic probe, such as chromate, wasnonium chloride and sodium bromide was chosen to test the
added. Combinations of cerium(lll), aminopyridinium orim-  performance of an optimised electrolyte. 18-Crown-6 ether
idazolium as cationic probes with nitrate as the anionic probe was added to the BGE in order to provide separation selectiv-
did not result in precipitates but produced EOF values which ity between potassium and ammoni{88-36} A BGE con-
were too low for the desired applicatioraple J). The combi- sisting of 6 mM imidazole, 12 mM HIBA, 0.1 mM DDAB,
nation of imidazolium with iodate gave a suitable EOF butde- 2 mM 18-crown-6 at pH 4.0 was found to provide a suitably
tection sensitivity for anions was poor. For these reasons, fur-high EOF, adequate separation selectivity, and suitable indi-
ther optimisation of the BGE composition was focused on a rect detection of cations and counter-ionic detection of anions
single cationic probe providing co-ionic indirect detection of (via imidazolium). A 48 cm capillary was used as extending
cations and counter-ionic (Kohlrausch) detection of anions. the length to 80 cm offered no appreciable benefits regard-

Imidazolium is a widely used probe for indirect detection ing separation selectivity or peak shapes for anions as the
of cations[25-30] and could be added to the electrolyte critical group of analytes. Using the 48 cm capillary also pro-
without a significant reduction in EOF. The commonly vided rapid run times of approximately 3.5 min, compared
used combination of imidazolium as a probe for indirect to around 8 min for the 80 cm capillary. It should be noted
detection of cations with the addition of HIBA as a weak that the chosen BGE offered significant advantages over the
complexing agent to provide selectivity was chosen as earlier used single cationic probe 4-aminopyridine for simul-
the template for all further work. The absorptivity of taneous CE separation and detection of cations and anions
imidazolium at 210nm is about 50 times that of HIBA, [23]asHIBA inthe newly developed BGE provided not only
therefore HIBA can be regarded as a non-absorbing co-ion.buffering but also improved separation selectivity for a num-
It has been demonstrated previously that the concentrationber of cations.
of the probe in the BGE should be maximised in order to A separation of the test analytes (50-28@ each) with
minimise the electromigration dispersion and consequently the optimised BGE is shown ifrig. 1 Effective elec-
to improve peak shapes, separation efficiencies and detectiorirophoretic mobilities, separation efficiencies and detection
sensitivity[31,32] Importantly, increasing the imidazolium  limits are provided inTable 2 The peak directions of the
concentration to 6 mM did not cause a large decrease in EOF.anions are in accordance with the guidelines provided by
Buffering of the electrolyte at pH 4.0 was provided by the Collet and Gareil[21]. Here, the co-ion for anionic ana-
presence of 12mM HIBA as a complexing agent. Increaseslytes was HIBA and since chloride, bromide and nitrate
in DDAB concentration in the electrolyte above 0.1 mM have higher electrophoretic mobilities than HIBA-33.5
DDAB did not further increase the magnitude of the anodic x 10-9m?V~1s1 at pH 4) they were detected as positive
EOF. peaks [ti > 1ua). Importantly, even though the effective mo-
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bilities of the analyte anions were reduced due to interactions
with DDAB, it is the absolute mobility rather than effective
mobility which determines the peak directi¢®l1]. It can

be seen that the counter-EOF separation of cations provided
good selectivity and well-shaped peaks. Detection limits were
comparable to typical values using imidazolium as a probe.
The interactions of the analytes with DDAB (both in the BGE
and atthe capillary wall) resulted in broadened peaks and sep-
aration efficiencies which were lowered by about an order of
magnitude in comparison to typical CE values for these an-
alytes. The detection limits for anions were relatively poor,
but the proposed method still offered significant analytical
potential for simultaneous separations of cations and a lim-
ited range of anions. Alternative detection methods, such as
contactless conductivitfp—8], may be applicable and could
lead to improved detection limits.

4. Conclusions

An electrolyte containing DDAB as an EOF modifier can
achieve surprisingly high magnitudes of anodic EOF of up to
—121 x 10°m?V~1s~1, which represent so far the high-
est magnitudes of anodic EOF reported in CE. This made
possible to our best knowledge the first counter-EOF separa-
tion of the high mobility inorganic cations and also the first
simultaneous separation of high mobility inorganic cations
and anions in a single run.

Addition of a single cationic probe can provide co-ionic

Fig. 1. Simultaneous separation of three inorganic anions and six inorganic indirect photometric detection of cations and counter-ionic

cations in a single run. Key: 1: chloride, 2: bromide, 3: nitrate, 4: EOF, 5:
lithium, 6: magnesium, 7: sodium, 8: calcium, 9: potassium, 10: ammonium.
Conditions — sample: 5@M each of sodium chloride, calcium chloride,
lithium nitrate, magnesium nitrate, potassium chloride, ammonium chloride
and sodium bromide; electrolyte: 6 mM imidazole, 12 mM HIBA, 0.1 mM
DDAB, 2 mM 18-crown-6, pH 4.0; capillary: fused silica, g i.d., length
0.485m, 0.40 m to detector; separation voltag80 kV; pressure injection:

3s at 30 mbar (injection volume 16 nL, 0.75% capillary volume); tempera-
ture 25°C; detection: indirect photometric at 210 nm.

Table 2
Limits of detection (LODs), electrophoretic mobilities and separation effi-
ciencies obtained for simultaneous separation of anions and cations

Analyte Electrophoretic mobility Separation efficiency LOD
(x109°m2v-1s1) (theoretical plates)  (uM)

Chloride —67.2 26300 143
Bromide —-51.1 7600 66
Nitrate -27.1 2500 D5
Lithium +39.6 182400 B8
Magnesium  +48.8 205000 .9
Sodium +51.3 208500 .84
Calcium +53.4 185800 .04
Potassium +67.2 101800 B
Ammonium  +75.1 44400 65

Conditions — sample: 5@M each of sodium chloride, calcium chloride,
lithium nitrate, magnesium nitrate, potassium chloride, ammonium chloride
and sodium bromide; electrolyte: 6 mM imidazole, 12 mM HIBA, 2mM
18-crown-6 ether, 0.1 mM DDAB, pH 4.0; voltage:30 kV; injection: 3s

at 30 mbar (injection volume 16 nL, 0.75% capillary volume); temperature:
25°C; detection: indirect photometry at 210 nm.

indirect detection of anions. Although the detection of an-
ions via counter-ionic indirect detection offers only adequate
performance in terms of sensitivity and peak shapes, this ap-
proach allows the separation and detection of three anions
and six cations in one run in about 3 min. The disadvantage
of the use of DDAB as an EOF modifier means that there
is no simple means of adding an anionic probe for the in-
direct detection of anions. Addition of anionic probes leads
to a decrease in EOF below a cut-off point for detection of
cations. Also, pH restrictions (in order to protonate cationic
probes) meant that solubility problems are encountered for
some frequently used anionic probes such as chromate.
The key advantage of this approach is it allows high

mobility cations to be separated in a counter-EOF mode
within a reasonable time span. While UV-absorbing anions
for counter-ionic detection of cations have been used previ-
ously, we believe that this approach using a cationic probe for
the simultaneous separation of anions and cations with high
magnitude anodic EOF is afirst. It would be expected that the
use of a cationic probe more strongly absorbing than imida-
zole, such as adye, would lead to increased detection sensitiv-
ity. However, the use of DDAB may present a problem due to
potential formation of insoluble complexes between the dye
and DDAB. The magnitude of the reversed EOF may also be
reduced, rendering it unsuitable for counter-EOF separation
of cations. If an alternative means of generating a similarly
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high magnitude reversed EOF could be found, however with- [16] M.W.F. Nielen, J. Chromatogr. 588 (1991) 321.
out the interaction of the anionic analytes with the cationic [17] G.J.M. Bruin, A.C. Van Asten, X. Xu, H. Poppe, J. Chromatogr. 608

wall could be found, this may improve the analytical potential __ (1992) 97.
of this approach. [18] J.L. Beckers, J. Chromatogr. A 679 (1994) 153.

[19] X. Xiong, S.F.Y. Li, Electrophoresis 19 (1998) 2243.

[20] X. Xiong, S.F.Y. Li, J. Chromatogr. A 822 (1998) 125.

[21] J. Collet, P. Gareil, J. Chromatogr. A 716 (1995) 115.
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