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INTRODUCTION

Bromate, chlorite and chloroacetic acids are anionic constituents formed as byproducts in drinking water on its disinfection. These constituents are of a 

healthcare concern as, for example, some people drinking water containing bromate in excess over many years may have an increased risk of getting cancer. 

US EPA has established Disinfectants and Disinfecting Byproducts Rule to regulate bromate in drinking water at an annual average of 10 ppb. Within two 

years this standard will become effective for all public water systems in the USA. It is expected that a similar standard will be followed for bottled water.

At present, mainly, various alternatives of ion chromatography provide detectabilities reflecting a maximum contaminant level for bromate (10 ppb) 

as listed in the EPA National Primary Drinking Water Standards. Although resolving bromate from other (inorganic) anions that are currently present in 

drinking water, capillary electrophoresis (CE), so far, does not meet such concentration sensitivity requirements for this anion. This is apparently due, 

mainly, to a low sensitivity of CE detectors suitable to the detection of bromate and low sample loadabilities of 50-75 mm I.D. columns in instances when the 

analyte is accompanied by matrix constituents (chloride, sulfate, nitrate) in a considerable excess. 

We showed that ZE separations with on-line ITP sample pretreatment performed on a poly(methylmethacrylate) CE chip with the column-coupling 

(CC) arrangement of the separation channels and on-column conductivity detectors provide for a group of anionic trace constituents that need to be currently 

monitored in various water samples (nitrite, fluoride and phosphate) low ppb concentration detectabilities for 1000 nl sample loads. Such favorable 

concentration detectabilities on the CC chip are attributable to:

1. ITP separation and concentration of the trace analyte(s) from the matrix constituents also in instances when the sample loads are about 1000 times 

higher than those currently accommodated by the ZE columns of comparable geometrical dimensions;

2. an electromigration driven removal of the matrix constituents from the separation compartment during the separation in the ITP stage;

3. ZE separation and very sensitive detection of the constituents present in the analyte(s) containing fraction that was transferred for a final separation 

into the ZE stage.

The present feasibility study was aimed at investigating a potential applicability of the ITP-ZE combination on the CC chip to the separation and 

determination of bromate in drinking water.

SEPARATION AND DETERMINATION OF BROMATE

A sequence of separative and sample clean-up steps on the CC chip

1. ITP separation and concentration of bromate from a 9.2 ml water sample loaded onto 

the chip along with an electromigration removal of the sample macroconstituents 

(chloride, sulfate, nitrate) from the separation compartment;

2. An electromigration transfer of the bromate containing fraction into the ZE separation 

channel;

3. A final ZE separation of bromate from the co-migrants and its conductivity detection.

Concentration limit of detection for bromate

ITP employed in the first separation stage reduced the volume in 
3which bromate was loaded onto the chip (9.2 ml) by a factor higher than 10. 

Therefore, the transfer of the bromate containing fraction into the ZE stage 

was characterized by a negligible injection dispersion.

The concentration limit of detection as estimated for bromate in the 

ZE stage of the separation was 20 nmol/l (2.5 ppb). This value was obtained 

from the runs covering 150-1000 nmol/l concentrations of the analyte 

using an evaluation procedure as proposed previously for elution 

chromatography. 

Quantitation of bromate

Repeatabilities of the determination of bromate were assessed from the runs 

with model samples on two concentration levels of the analyte. The repeatability 

data are summarized in Table 2.

The calibration graph determined for bromate covered the concentration 

span of 150-1000 nmol/l (19-125 ppb). It was described by a linear regression 
-3equation: y = 1.8 + 69.6 .10 x (y = peak area in mV.s units; x = concentration of 

bromate in nmol/l) with a correlation coefficient of 0.9991 for 25 data points.

An impact of the sample matrix on the detectability of bromate 

Typical repeatabilities as attained in the ITP-CZE runs of model samples containing bromate and resembling in their compositions drinking water 

illustrate electropherograms in Fig.3.

The ITP-CZE procedure on the CC chip was effective when the macroconstituents were present in the loaded sample at a 70-80 ppm concentration or 

less. At higher concentrations of the macroconstituents bromate was not completely separated from the macroconstituents in the ITP stage of the separation. 

This is illustrated by electropherograms in Fig. 4.

DETERMINATION OF BROMATE IN DRINKING WATER

Electropherograms in Fig. 5 illustrate the use of the elaborated procedure to the detection of bromate in drinking water. Repeatabilities attainable in its ZE 

quantitation did not deviate from those given in Table 2.

The electropherograms in Fig. 5 indicate that the present ITP-ZE procedure on the CC chip provides a possibility to determine besides bromate also other 

disinfection byproduct (chlorite). This anion, present in the sample due to water chlorination, has a maximum contaminant level of 1 ppm in drinking water. 

A transient ITP separation (concentration) is employed in CZE to concentrate the sample microconstituents in the initial stage of their ZE separation. This 

technique was carried out on the present chip while investigating a benefit of the ITP sample clean-up on the determination of bromate (see Fig.6). A comparison 

of the electropherograms in Figs.5 and 6 clearly show an overall benefit of using the ITP matrix removal before a final separative step in the ZE stage.

Limiting factors in determining bromate on the CC chip

The present ITP-ZE procedure makes possible to quantify bromate in 

drinking water samples when its concentration is about 10 ppb. However, the 

samples of extreme macroconstituent compositions (about 100 ppm or 

higher) require appropriate dilutions and, consequently, bromate can be 

determined only at proportionally higher concentrations.

Although only small systematic biases due to anionic microconstituents 

(originating very likely from the ITP electrolyte solutions) disturbed the 

conductivity detection in the ZE stage, their run to run fluctuations (Fig. 7), in 

fact, made the determination of bromate below 10 ppb rather irreproducible 

(often 30-40 % RSD values for the ITP pretreatments lasting 300-500 

seconds). These results indicate that an improvement of the electrolyte 

conditions used in the ITP pretreatment could be effective in reducing the limit 

of quantitation for bromate to low ppb units.
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CONCLUSIONS

This feasibility study shows a significant potential of ITP-ZE on the CC chip to a rapid, low ppb level determination of bromate in drinking water. 

Here, the ITP sample pretreatment, separating bromate and concentrating it into a very narrow zone, in addition, removes tens of nanomols of the 

macroconstituents from the separation compartment. This, for example, made possible to load on the chip the samples with the aid of a 9.2 ml sample channel 

(a double of the total volume of the separation compartment [4.7 ml]). On the other hand, this was effectively complemented by ZE as this separated the 

constituents present in the pretreated sample and provided an adequate detection sensitivity for bromate.  

Employed with suppressed EOF and the closed separation compartment (to prevent HDF), the CC chip provided working conditions under which only 

the electrophoretic transport of the separated constituents was effective. Reproducible ZE quantitations as achieved in this work for trace concentration 

levels of bromate (Table 2) can be attributed, at least partially, to the use of this approach. The CC chip is not restricted to the separations with the closed 

separation compartment and it can be employed in the separations with the opened separation compartment as well. This, however, requires a corresponding 

adaptation of the electrolyte and sample management unit (Fig.1) to control or eliminate HDF in the separation compartment by other means.

Our results indicate that a reduction of the limit of quantitation of bromate to a ppb unit range is feasible. However, a search for an ITP electrolyte 

system introducing only minimum disturbances to the detection of bromate in the ZE stage is needed in reaching such a goal.

An enhanced matrix/analyte concentration ratio is also desirable. This requires a search for the separation mechanism enhancing differences in the 

effective mobilities of bromate and anionic macroconstituents. Here, however, relevant experiments need to be performed as, so far, the CE separations of 

bromate attracted only a limited attention. 

Separation mechanisms in the ITP and ZE stages of the separation

The separations of bromate and other trace inorganic anionic constituents from chloride, sulfate and nitrate in the ITP stage employed both differences 

in the actual ionic mobilities (bromate, phosphate) and pK values (nitrite, fluoride).

The same separation mechanism was effective in the ZE stage. A detail composition of the electrolyte system implementing this separation mechanism 

is given in Table 1.

CE EQUIPMENT WITH THE CC CHIP

FIG. 1. A scheme of the CE equipment provided with the CC chip.
Electronic and control unit (E&CU): 

CU = control unit; HV = high-voltage power supply (0-50 mA, 0-5 kV); 
CD-ITP, CD-ZE = conductivity detectors for the ITP and ZE separation channels, respectively; 
HV-relay = a high-voltage relay switching the direction of the driving current in the separation 
compartment;
CE-ITP, CE-ZE = counter-electrodes for the ITP and ZE separation channels, respectively.

Electrolyte and sample management unit (E&SMU):
V-ITP, V-ZE, V-S, V-T = valves for the inlets to the ITP, ZE, sample and terminating channels of the chip, 
respectively; W = waste container; 
P-ITP, P-ZE, P-S, P-T = micropumps for filling the ITP, ZE, sample and terminating channels with the 
electrolyte and sample solutions, respectively.

FIG. 2. CC chip.
T = terminating electrolyte channel; 
S = sample injection channel (a 9.2 mL; 46 x 1.0 x 0.2 mm [length, width, 
depth]); 
ITP = ITP separation channel (a 3.04 mL volume; 76 x 0.2 x 0.2 mm [length, 
width, depth]) with a platinum conductivity sensor (connected to CD-ITP); 
ZE = ZE separation channel (a 1.68 mL volume; 42 x 0.2 x 0.2 mm [length, 
width, depth]) with a platinum conductivity sensor (connected to CD-ZE);
BF = bifurcation plane.

FIG. 4. Electropherograms from the ZE stage as obtained from ITP-CZE 
runs with model samples containing different concentrations of chloride. 
The samples contained bromate (20 ppb), nitrite (50 ppb) and phosphate (50 ppb) 
and, at the same time, chloride at 50 (a), 70 (b), 100 (c) and 150 (d) ppm 
concentrations. The separations were carried out in the electrolyte system described 
in Table 1. The driving currents were 20 and 13 mA in the ITP and CZE stages, 
respectively.

FIG. 3. Electropherograms from the ZE stage as obtained in a series of 
repeated ITP-CZE runs with a model sample.
The sample contained bromate (20 ppb), nitrite (50 ppb) and phosphate (50 ppb) and, 
at the same time, chloride at a 50 ppm concentration. The separations were carried out 
in the electrolyte system described in Table 1.
The driving currents were 20 and 13 mA in the ITP and CZE stages, respectively.

Transport processes and CE separations on the CC chip

Electroosmotic (EOF) and hydrodynamic (HDF) flows of the solution in which the CE separation is carried out may accompany electrophoretic 

migrations of the separated constituents. EOF and HDF contribute to within run and run-to-run fluctuations of the migration velocities of the separated 

constituents ( ) in accordance with the law of propagation of errors:

Where, , ,  are symbols characterizing random fluctuations of the electrophoretic, electroosmotic and hydrodynamic velocities, 

respectively.

The CE separations carried out without EOF and HDF, offering the highest reproducibility of the migration velocities (times) of the separated 

constituents, were employed in this work. The inlet channels to the separation compartment were closed with the aid of valves (V-ITP,V-ZE,V-T and V-S, in 

Fig.1) to prevent undesired HDF; EOF was suppressed by methylhydroxyethylcellulose, present in the electrolyte solutions (Table 1).
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TABLE 2 Repeatability of the determination of bromate  
 

Analyte 
concentration 500 nmol/l (64 ppb) 150 nmol/l (19 ppb) 

 Peak height 
[mV] 

Peak area 
[mV.s] 

Peak height 
[mV] 

Peak area 
[mV.s] 

Mean 15.5 37.1 7.0 12.3 

RSD (%)  6.7  2.1 5.2  2.4 

In both instances the data were calculated from 10 parallel runs using the electrolyte 
system described in Table 1. The driving currents were stabilized at 20 and 13mA  
in the ITP and ZE stages, respectively.  

FIG. 5. Electropherograms from the ZE stage as obtained from ITP-ZE runs 
with a drinking water sample.
a = a drinking water sample collected immediately before the analysis (diluted 1.25 times 
with the terminating electrolyte solution to adjust the sample pH); b = the same sample as 
in (a) only it was spiked with bromate at a 25 ppb concentration. 
The separations were carried out in the electrolyte system described in Table 1. 
The driving currents were 20 and 13 mA in the ITP and ZE stages, respectively. 

Fig. 6. An electropherogram from the ZE stage on the chip as obtained in ZE of 
a drinking water sample with a transient ITP.
The same sample as used in the run in Fig. 5b and the same electrolyte system (Table 1) were 
employed. A transport of the sample constituents was switched to the ZE stage before a front 
part of the macroconstittuent zones started to leave the separation compartment (see Fig. 1). The 
driving currents were 20 and 13 mA in the ITP and ZE stages, respectively. 

FIG. 7. Electropherograms from the ZE stage as obtained from blank ITP-ZE runs. 
The terminating electrolyte was loaded into the sample channel.The separations were carried 
out in the electrolyte system described in Table 1. The driving currents were 20 and 13 mA in 
the ITP and ZE stages, respectively. 
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TABLE 1 Electrolyte systems 
 

ITP ZE 
Leading ion Chloride Carrier ion Aspartate 
Concentration (mmol/l) 10  Concentration (mmol/l) 15  
Counter-ion b-alanine Counter-ion b-alanine 
pH 3.2 pH 3.4 
EOF suppressor MHEC EOF suppressor MHEC 
Concentration (%, w/v) 0.05 Concentration (%, w/v) 0.5 
Terminating ion Aspartate   
Concentration (mmol/l) 10   
Counter-ion b-alanine   
pH 4.2   
EOF suppressor MHEC   
Concentration (%, w/v) 0.1   
MHEC = methylhydroxyethylcellulose 

420 490 560 t [s]

a

G
bromate nitrite

phosphate
10 mV

bromate

bromate

bromate

b

c

d

HV

CD-ITP

CD-ZE

CU

HV-relay

PC

E&CU

T

S

ITP

ZE

CE-ZE

(   )(   )

E&SMU

CE-ITP

CC Chip

W

V-T P-T

V-ZE P-ZE

V-ITP P-ITP

P-SV-S

420 490 560

bromate
nitrite

phosphate
10 mV

a

G

465 535 605

b

bromate

530 600 670

c

broma te

640 710 780

d

t [s]

broma te

420 490 560 t [s]

20 mV

G

b

a

fluoride

phosphate

broma te

chlorite


	Page 1

