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INTRODUCTION

Enhanced sample loadabilities along with well-defined concentration capabilities are well known features of the ITP separations. Therefore, the use of ITP makes possible to increase
significantly sample volumes loadable on the CE chip and/or improve detectabilities of the CE analytes.

The column-coupling (CC) configuration of the separation compartment is analytically very beneficial in the CE separations performed in conventional instruments. Using this instrumental
approach the CE analysis can be divided into two stages in which specific advantages of electrophoretic methods (e.g., ITP and ZE) are very effectively combined.

A poly(methylmethacrylate) chip providing this CC technology in a miniaturized format was developed recently in our laboratories. It was already shown to offer analytical advantages of'its
conventional counterparts in the chip based CE separations. The present work was aimed at investigating its potential applicability to the CE separations and determination of inorganic anions
(chloride, nitrate, sulfate, nitrite, fluoride and phosphate) that need to be currently monitored in water and various matrices of environmental and biological origins. Model samples taken into this
investigation contained the anions at close concentrations and at concentrations reflecting many practical situations in water analysis (chloride, nitrate and sulfate as sample macroconstituents
and nitrite, fluoride, and phosphate as microconstituents). Tap, river and mineral waters served as real-life samples in this feasibility study. The separations and quantitation of the anions were
carried out with two of the CE techniques running on the chip, viz., ITP and ITP-CZE.

INSTRUMENTATION

Schematic arrangements of the channels on the CC chips and their geometrical dimensions are given in Fig. 1. The separations on the chips were performed in a laboratory constructed CE
equipment. This equipment consisted of two units:
(1) Anelectrolyte and sample management unit (E&SMU, in Fig. 1), connected via 300 mm I.D. FEP (fluorinated ethylene propylene copolymer) capillary tubes to the inlets of the channels on the
chip. Valves of thisunit (V1, V2, VT and VS, in Fig. 1) served to open these inlets on filling the channels and they were closed during the separations. Syringes (P1, P2, PS, PT, in Fig. 1), connected
to the inlets of the corresponding valves, delivered electrolyte solutions and the sample to the channels before the CE run. An outlet channel of the chip, connected to a waste container
(W, in Fig. 1), was permanently opened.
(2) An electronic and control unit (E&CU, in Fig. 1) delivered the driving current, measured conductivity with the aid of platinum detection sensors, sputtered on the cover of the channels of the
chip. It also interfaced the CE equipment to a PC computer.

ITP Win software (version 2.31) obtained from Kascomp (Bratislava, Slovak Republic) was used for a time-programmed control ofthe CE runs and for the acquisition of the detection data
and their processing.
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ELECTROLYTE SOLUTIONS AND SAMPLES

Chemicals used for the preparation of the electrolyte solutions and the solutions of anionic model mixtures were obtained from current suppliers. Methylhydroxyethylcellulose 30 000 was
used as a suppressor of electroosmotic flow. It was added to the leading and carrier electrolyte solutions or it was applied as a coating of the inner walls of the separation channels. Compositions of
the electrolyte solutions employed in the ITP and ITP-CZE separations on the chips are given in Table 1. The electrolyte solutions used in the separations were filtered by disposable membrane
filters of 0.8 mm pore sizes connected to syringes used for filling the separation compartment (P1, P2, and PT in Fig. 1).

Mineral water (Budis, Slovak Republic), tap water and river water (Danube, Bratislava) served as practical water samples.
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F1G. 2. Schemes of the ITP (the tandem-coupled separation channels) and ITP-CZE separation modes as employed in the separations of inorganic anions on the CC chip.
Preparation = arrangements of the solutions in the channels of the chip at the start of the separation. S1 =sample; LE = symbol for the leading electrolyte solution; TE = terminating electrolyte
solution BGE = background (carrier) electrolyte solution. CD1, CD2 = on-column conductivity sensors in the first and second separation channels, respectively; CE1, CE2 = driving
electrodes for the first and second separation channels, respectively;l, i1, 12 = symbols for the driving currents (arrows at the symbols indicate the directions of the driving currents).

ITP SEPARATIONS OF INORGANIC ANIONS ON THE CC CHIP

ITP separations of inorganic anions of our interest were carried in the electrolyte system ES1 (Table 1). The use of this electrolyte system was preferred as, contrary to other alternatives
suitable to the ITP separations of inorganic anions, it made possible a direct determination of chloride.

A tandem-coupled configuration of the separation channels of the chip with a 62 mm separation path was employed in the ITP separations (Fig. 2). An isotachopherogram from the
separation of a model mixture of anions (Fig. 3) shows that rapid ITP separations of the studied anions were possible under such working conditions. These anions could be detected by the
conductivity detector on the chip when their concentrations in the loaded sample (a 1.2 ml sample channel; S1, in Figs. 1 and 2) were 20-30 nmol/l . Repeatabilities of their quantitations
characterized ca.10 % RSD values when the loaded sample contained the anions at 100 mmol/l concentrations. Higher concentrations of the analytes, corresponding to their time-based zone
lengths of 10 s or more, led to improved reproducibilities (repeatabilities) of the determination (2-5 % RSD values).

FI1G. 3. ITP separation of inorganic anions (each at a 0.4 mmol/l concentration) present in a model sample.

The isotachopherogram was registered from the detection sensor in the second channel (CD2, in Figs. 1 and 2).
The zone assignments: 1 =chloride, 2 =nitrate, 3 =sulfate, 4 = nitrite, 5 =fluoride, 6 =phosphate. LE, TE =leading
and terminating zones, respectively. The separation was performed on the chip version 1.0 (Fig. 1) and followed an
ITP scheme as shown in Fig. 2. The electrolyte system ES 1 (Table 1) was used in both channels of the chip. The

driving current was stabilized at 20 mA.
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An isotachopherogram obtained from the analysis of tap water (Fig. 4) show that under the preferred working conditions we could detect and quantitate in this sample chloride, nitrate and
sulfate. The use of the present CC chip to the ITP determination of typical anionic microconstituents in water (nitrite, fluoride and phosphate) is restricted to samples containing them at relatively
high concentrations (see, e.g., an isotachopherogram in Fig. 5). In a general sense, these limitations of ITP on the chip with the conductivity detection of zones can be ascribed to a small volume
ratio of the separation channels to the detection cell.
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F1G.4.ITP separation of inorganic anions present in a tap water sample.

The isotachopherogram was registered from the detection sensor in the second channel (CD2,
in Figs. 1 and 2). The zone assignments: 1 = chloride, 2 =nitrate, 3 = sulfate. LE, TE =leading
and terminating zones, respectively. The separation was performed on the chip version 1.0
(Fig. 1) and followed an ITP scheme as shown in Fig. 2. The electrolyte system ES 1 (Table 1)

was used in both channels of the chip. The driving current was stabilized at 20 mA.

F1G.5.ITP separation of inorganic anions present in a mineral (table) water sample.

The isotachopherogram was registered from the detection sensor in the second channel (CD2,
in Figs. 1 and 2). The zone assignments: 1 = chloride, 3 = sulfate. 5 = fluoride.LE, TE =leading
and terminating zones, respectively. The separation was performed on the chip version 1.0
(Fig. 1) and followed an ITP scheme as shown in Fig. 2. The electrolyte system ES 1 (Table 1)

was used in both channels of the chip. The driving current was stabilized at 20 mA.

ITP-CZE SEPARATION OF NITRITE, FLUORIDE AND PHOSPHATE PRESENT IN HIGH IONIC STRENGTH MATRICES

CZE on-line coupled with ITP in a conventional column-coupling CE separation system offers a very convenient alternative to the determination of nitrite, fluoride and phosphate when these
are present in matrices with high concentrations of chloride, sulfate and nitrate. Therefore, the use of this combination on the CC chip (version 1.1, in Fig. 1) was investigated in details as it offers
ameans to overcome the above limitations of ITP in the determination of anionic microconstituents in water samples.

The ITP-CZE separations on the chip were carried out in the electrolyte system (ES 2, in Table 1). Its leading electrolyte served to resolve the macro- (chloride, sulfate and nitrate) and
microconstituents (nitrite, fluoride and phosphate) via their differences in acid-base properties. This group separation was accompanied by removals of the substantial parts of the
macroconstituents from the separation compartment to the counter-electrode of the ITP stage (CE1, in Fig. 2). The carrier electrolyte solution used in the CZE stage provided a sufficient
separation selectivity for the resolutions of the microconstituents, maintained differences in the effective mobilities of macro- and microconstituents and favored sensitive detections of the
microconstituents by the conductivity detector (CD2, in Fig. 2).

Actual LOD values as attained by ITP-CZE on the chip for nitrite (0.5 mmol/l ~ 25 ppb), fluoride (0.5 mmol/l ~ 10ppb) and phosphate (0.7 mmol/l ~ 65 ppb) for a 960 nl sample volume are
remarkable. They were about 50 times lower than those achieved for these analytes by the above ITP procedure. With respect to such LODs we could quantitate the microconstituents also in
instances when they were present in the loaded sample at 2 nmol/l (40-190 ppb) concentrations (Fig. 6). Their reproducible separations and quantitations were possible also in instances when the
samples contained the macroconstituents at 10 higher concentrations (see illustrative electropherograms in Fig. 7).

The analysis times were determined, mainly, by the separations (sample pretreatment) performed in the ITP stage. In extreme instances (40-50 mmol/l [0.8-5.0 g/I] concentrations of the
macroconstituents) this sample pretreatment step required about 9 minutes to be accomplished.

TG TG
a
b
— Y e g
110 mv b - /
C
o Izomv
C
270 320 370 560 590 620 650
time [s] time [s]

F1G. 7. ITP-CZE runs with a sample containing nitrite (4), fluoride (5) and phosphate (6)

at 4 mmol/l concentrations and chloride at a 10* higher concentration. a, b =repeated runs
with the same sample, ¢ = blank run (4*- 6* mark migration positions of the analytes). The
separations were carried out on the chip version 1.1 (Fig. 1) in the electrolyte system ES 2
(Table 1) and followed an ITP-CZE scheme as shown in Fig. 2. The driving currents were 20
and 18 MA inthe ITPand CZE channels, respectively.

FIG. 6. Electropherograms from the ITP-CZE separations of inorganic anions present in
a model sample containing nitrite (4), fluoride (5) and phosphate (6) at 2 mmol/l
concentrations and, at the same time, chloride, sulfate and nitrate at 2 mmol/l
concentrations. The concentrations of the microconstituents corresponded to their limits of
quantitations. a, b =repeated runs with the model sample, c =blank run (4*-6* mark migration

positions of the analytes). The separations were carried out on the chip version 1.1 (Fig. 1) in
the electrolyte system ES 2 (Table 1) and followed an ITP-CZE scheme as shown in Fig. 2. The

driving currents were 20 and 18 mMA inthe ITPand CZE Channels) respective]y_ Table 2: ReprOdUCibilitieS of the peak areas in the ITP-CZE determination of

microconstituents present in model samples at 4 pmol/l concentrations with
a variable concentration of chloride

Precisions of the determination of the microconstituents were evaluated from experiments Anion A* B* C*
with model samples containing them at 4 mmol/l concentrations while 1-40 mmol/l RSD (%) RSD (%) RSD (%)
concentrations of chloride in these samples represented variable ionic matrices due to the Nitrite®* 31 14.4 152
macroconstituents. The RSD values, characterizing the precision of the quantitation of the
) . » ShdTEreTAne T pre d Fluoride 40 26.0 24.9
microconstituents for such sample compositions are given in Table 2. These values reflect,
Phosphate 6.8 14.1 20.0

mainly, the use of different electrolyte solutions, preparations of fresh sample solutions (from the

same stock solutions) and a day-to-day variability of the response of the detector. The data were obtained on the same chip.

Parameters of the regression equations describing the calibration graphs for the *A = chloride at 1-7.5 mmol/l concentrations (the RSD data calculated from a series of

6 runs performed in one day); B = chloride at 1-40 mmol concentrations (the RSD data
given in Table 3. The calibration graphs covered the concentration spans from the limits of calculated from a series of 15 runs performed in one day); C = chloride at 1-40 mmol
concentrations (the RSD data calculated from the CE runs including series A and B).
**The data for concentrations of chloride in the sample higher than 40 mmol/l are not
included.

determination of microconstituents in the CZE stage of the ITP-CZE combination on the chip are

quantitation of the analytes up to 20 mmol/l concentrations.

Table 3: Regression equations of the calibration graphs (y = a + bx)

Electropherograms in Fig. 8 illustrate the use of ITP-CZE to the separation of nitrite, fluoride and for the determination of microconstituents in the CZE stage™

phosphate in a tap water sample. Tentative assignments of the identities to the peaks on the

electropherograms were carried out from the ITP-CZE runs with the sample spiked with the Anion ?mV ) b V s/rmol I !
microconstituents at 4 nmmol/l concentrations. This procedure showed that a constituent having the — : (mV.s/mmoll )
effective mobility close to that of nitrite (4a, in Fig. 8), in fact, oxidized nitrite added to the tap water Nitrite 0.5 7.2 0.9956
sample. Therefore, its presence in this sample (probably as a result of water chlorination), at the same time Fluoride 0.6 9.3 0.9971
excluded the presence of nitrite at a detectable concentration. Phosphate 1.5 10.1 0.9940

Repeatabilities attainable in the CZE quantitation of the anionic microconstituents of our interest in
tap water characterize the data in Table 4. These data, illustrated by the eletropherograms in Fig. 8, clearly
outline potentialities of the ITP-CZE procedure on the CC chip for reproducible determinations of nitrite
(or "nitrite oxidant"), fluoride and phosphate in drinking water.

u

y = peak area, a = intercept, b = slope, x = concentration (nmol/l),
r = correlation coefficient.

*the regression equations were calculated from 12 determinations of the
anions present in the calibration solutions at 2-20 pmol/l concentrations.

T G Table 4: Repeatabilities of the peak heights and peak areas of the
microconstituents as obtained in their ITP-CZE determination in a tap
a water sample™
Anion Peak heights Peak areas
b RSD (%) RSD (%)
Nitrite oxidant™®* 3.6 6.2
IZO mv Fluoride 2.4 2.4
- c Phosphate 5.5 5.0
*The data obtained from a series of 15 CE runs performed with the same
sample in one day.
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FI1G. 8. Electropherograms from the CZE stage of the ITP-CZE combination in the separations of inorganic anionic microconstituents present in a tap
water sample. a, b=repeated ITP-CZE runs with the sample from the same sampling, ¢ = the same sample as in (a) and (b) from a parallel sampling, d = blank run
(the terminating electrolyte solution injected into the sample channel). The peak assignment: 4a = an unidentified microconstituent migrating in the neighborhood
of nitrite ("nitrite oxidant"); 5 = fluoride and 6 = phosphate. The separations were carried out on the chip version 1.1 (Fig. 1) in the electrolyte system ES 2 (Table 1)

and followed an ITP-CZE scheme as shown in Fig. 2. The driving currents were 20 and 18 mA in the ITPand CZE channels, respectively.

Electropherograms in Fig. 9 illustrate the use of ITP-CZE to the detection of microconstituents present in a mineral water sample (the same sample as analyzed by ITP, Fig. 5). A chemical
composition of this sample was somewhat specific as it contained an enhanced concentration of fluoride (100 nmol/l). Nevertheless, the electropherograms show that despite a significant
electromigration dispersion of the fluoride peak the separation in the CZE stage (a 42 mm separation channel) was efficient enough and the constituents transferred into this stage could be rapidly
resolved into their peaks (Fig. 9b).

River water samples currently contain organic anions at concentrations comparable to those of the inorganic anionic microconstituents. These are, at least, in part linked with a dissolved
humic material. Therefore, this sample type was used to assess capabilities of the [ITP-CZE procedure on the chip to the detection (and quantitation) of nitrite, fluoride and phosphate in such
a matrix. A filtration of the sample through a 0.45 mm pore size filter (to eliminate particulates and colloids) was the only sample preparation step carried out before the ITP-CZE separation.
Relevant electropherograms from the runs with the river water samples are given in Fig. 10. The electropherograms (a) and (b) in this figure correspond to a parallel sample collection carried out at
the same sampling site. When these are compared to the ones obtained for the tap water sample (Fig. 8) a slightly enhanced matrix background in the migration interval of the microconstituents is
visible in the river water sample. Nevertheless, these electropherograms indicate that the ITP-CZE combination on the CC chip has practical potentialities for rapid determinations of nitrite,
fluoride and phosphate in river water. Here, however, dissolved organic anionic constituents should be expected as potential sources of (small) systematic errors when their co-migrations with the
inorganic microconstituents are not prevented, e.g., by appropriately modifying the electrolyte system.
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FI1G.9. Electropherograms as obtained by the conductivity detector in the CZE stage of
the ITP-CZE runs with a mineral water sample "Budis". a=ITP-CZE run with an undiluted
sample; b = the same sample as in (a) spiked with nitrite (4), fluoride(5) and phosphate (6)
at4 mmol/l concentrations; (c) = blank run (the terminating electrolyte solution injected into the
sample channel). The separations were carried out on the chip version 1.1 (Fig. 1) in the
electrolyte system ES 2 (Table 1) and followed an ITP-CZE scheme as shown in Fig. 2. The

driving currents were 20 and 18 mMA in the ITPand CZE channels, respectively.

F1G.10. Electropherograms from the conductivity detector in the CZE stage of the
separation as obtained in the ITP-CZE runs with river water samples. a, b=ITP-CZE
runs with the samples collected, in parallel, from the same sampling site; ¢ = the same
sample as in (b) spiked with nitrite (4), fluoride (5) and phosphate (6) at 4 nmol/l
concentrations; d = blank run (the terminating electrolyte solution injected into the sample
channel). The separations were carried out on the chip version 1.1 (Fig. 1) in the electrolyte
system ES 2 (Table 1) and followed an ITP-CZE scheme as shown in Fig. 2. The driving

currents were 20 and 18 MA in the ITPand CZE channels, respectively.
CONCLUSIONS

This feasibility study outlines promising analytical potentialities of the CC chip in the ITP and ITP-CZE separations and determination of some inorganic anions (chloride, nitrate, sulfate,
nitrite, fluoride and phosphate) that need to be currently monitored in water samples. Our results imply that ITP has limitations in the detection of nitrite, fluoride and phosphate on relevant
concentration levels. On the other hand, these anions could be detected at sub-mol/l concentrations by the conductivity detector in the CZE stage of the ITP-CZE combination performed on the
same chip. A sample pretreatment performed in the ITP stage of the combination effectively complemented such a detection sensitivity and nitrite, fluoride and phosphate could be reproducibly
quantified also in samples containing the macroconstituents at 10" higher concentrations. Here, it seems appropriate to state that our ITP-CZE experiments carried out in this context demonstrated
(Fig.7), so far, the largest macro-/microconstituent concentration ratio at which CE on the chip separated and quantified trace constituents.

ITP-CZE analyses of tap, mineral and river water samples showed that the CC chip offers means for very rapid procedures in the determination of the microconstituents in water (280-350 second
analysis times under our working conditions). In this context, we should stress minimum requirements linked with the sample preparation before the CE analysis. For example, tap water samples
could be loaded onto the chip directly, while a short degassing of mineral water (to prevent bubble formation during the CE run) and a filtration of river water sample (to remove particulates and
colloids) were the only pre-column operations to be performed with the samples.

From recent reviews dealing with the CE separations of inorganic anions we can judge that the present ITP and ITP-CZE procedures on the CC chip are probably applicable also to other
environmental matrices (e.g., soil, aerosols) or matrices of biological origins (e.g., body fluids, food products).
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