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Abstract

Sequential injection with “Lab-at-Valve (LAV)” approach is demonstrated for potentiometric determination of chloride. The LAV flow-
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hrough electrode system consists of two Ag/AgCl electrodes: one as a reference electrode, silver chloride activated surface-silver
n a constant-concentration chloride ion solution in a small tube covered with a polymer-membrane, another as a working electrod
ilver chloride activated surface-silver wire) placed in a flow channel. The electrode system is attached at one port of a 10 port mu
alve. A modified autoburette was used as a propelling device. Using SI operation via a program written in-house, based on Lab®, a
tandard/sample is inserted, via the selection valve, in potassium nitrate as an electrolyte and water is used as a carrier. The zones a
rom the holding coil to the flow cell to monitor the difference in potential due to concentration cell behavior. The potential differenc
ecorded as a peak. Peak height is proportional to logarithm of chloride concentration. The SI-LAV for chloride determination is ve
ast, precise, accurate, automatic and economical. Applications to mineral drinking water and surface water have been made. The
ith those of IC and titrimetric methods.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Environmental-friendly analytical procedures are in de-
and for today’s analytical chemistry. Green analytical

hemistry concerns the use of non-toxic chemicals, with
maller amounts of reagent and hence less waste generated,
nd with high throughput analysis with a high degree of au-

omation and portability. To meet these requirements, various
pproaches based on flow analysis have been developed to
iniaturize and automate analytical systems, such as flow

njection analysis (FIA)[1–3], multi-syringe FIA[4], se-
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quential injection analysis (SIA)[5,6], SIA with lab-on-valve
(LOV) [7] and micro total analysis systems (�TAS) or lab
a chip (LOC)[8].

The�TAS concept initiated by the group of the late W
mer [8] in 1990 has become an active research area t
Although, this approach provides fast analysis using mi
amounts of sample and reagents, the production of the
platform needs advanced, expensive facilities, which ar
affordable by most laboratories, and the application of
technique to real samples is still limited.

Ruzicka introduced a SI-LOV concept[9] in 2000, to per
form wet chemistry at microlitre levels with a relatively la
bore conduits, to avoid surface contamination and clogg
The SI-LOV was designed to integrate sample proces
channels with a multipurpose flow cell, and machined to
fectly fit on top of a selection valve by replacing a sta

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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plate and connection port of the valve. In this way, various
analytical processes, namely sampling, sample pretreatment,
reaction and separation, and detection, can be incorporated
onto an SIA valve. This approach is more tolerant to dirty
real samples than chip based approaches.

A simpler approach, SI with lab-at-valve (LAV) concept,
has been proposed[10,11]. This is employed by attaching
a device integrating sample processing and detection units
on a port of a multiposition selection valve, without taking
apart components of a purchased valve. This makes the LAV
simpler than the LOV. The LAV unit can be built using an
ordinary and less precise machine tool, to have suitable func-
tions for chemistries of interest and with a nut that can plug
in a port of the valve in the usual way. Such an integrated
LAV device compiling analytical process taking place in it
should be compact and economical comparing to a normal
SIA system. Various advantages similar to those of the LOV
should be gained by using the LAV. In this paper we demon-
strate SI-LAV approach for potentiometric determination of
chloride with a simple made chloride ion selective electrode
(ISE), which has been introduced earlier for use in FI[1–3],
but with modification to use a Ag rod instead of tubular Ag
to make the electrode more easy to clean and replenish the
AgCl film, and to store after use. The proposed potentiometric
system is simpler than the previously reported spectrophoto-
m ents,
e
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Fig. 1. (a) Schematic diagram of the SI-LAV system; (b) Potentiometric flow
cell (LAV unit), the LAV plugged onto a port of the selection valve (45 mm
distance from the port to the working electrode, 1.0 mm i.d. channel); and
(c) Sequence of solutions aspirated into the system; the values indicating
volumes of the solutions (�l).

inserting a Ag/AgCl wire working electrode (WE) and an-
other Ag/AgCl wire reference electrode (RE), and for carrier
solution inlet and outlet. The channel for RE was separated
from the carrier solution channel by a small VYCOR plug
(BAS, Indiana, USA), acting as a salt bridge.

2.3. SI-LAV manifold

The SI-LAV system used is schematically depicted in
Fig. 1(a). It consisted of an autoburette (765 Dosimat,
Metrohm Ltd., Herisau, Switzerland) equipped with a 10 ml
exchange unit for the pumping system, connected to a per-
sonal computer via an RS232C interface, a ten-port multipo-
sition valve with a microelectric actuator (C25-3180EMH,
VICI, Texas, USA), and a LAV unit with two Ag/AgCl elec-
trodes, which are connected directly or via a potentiometer
(744 pH meter, Metrohm Ltd., Herisau, Switzerland) to the
input terminals of a data acquisition board (AT-MIO-16X-
50 equipped with SCB-68, National Instruments, Texas,
USA). The autoburette was connected to the center of the
selection valve via a holding coil (Tygon®tubing, 0.8 mm
i.d., 4.0 mm o.d., 4.5 m long, Cole-Parmer Instrument Com-
pany, Illinois, USA) and the LAV unit was placed at
etric ones and does not require expensive or toxic reag
.g., silver nitrate[5] or mercuric thiocyanate[6,7].

. Experimental

.1. Chemicals

All chemicals used were of analytical reagent gra
eionized water (obtained by a system of Milli-Q, Millipo
weden) was used throughout. A chloride standard stoc

ution (0.2 M) was prepared by dissolving 5.8440 g of sod
hloride (Merck, Darmstadt, Germany) in water and ma
pto a volume of 500 ml in a volumetric flask. Working st
ard solutions of appropriate concentrations were obta
y diluting the stock solution with water. A potassium nitr
tock solution (0.10 M) was prepared by dissolving 5.05
otassium nitrate (Merck, Darmstadt, Germany) in 50
f water. Working electrolyte solutions of appropriate c
entrations were prepared by diluting the stock solution
ater. A ferric chloride solution (0.5 M) in 1 M hydrochlo
cid was prepared by dissolving 8.11 g of FeCl3 anhydrous
Merck, Darmstadt, Germany) in 100 ml of 1 M HCl.

.2. Potentiometric flow through cell

A potentiometric flow through cell was designed to be
n a side of a selection valve by plugging into one po

he selection valve (the cell acts as the LAV unit) as sh
n Fig. 1(a). The cell was made from a Perspex plastic b
seeFig. 1 (b)) by cutting and drilling to form channels f
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port-1 of the selection valve. Both instrumental control
and data acquisition were manipulated via programs writ-
ten in-house based on LabVIEW®software (Version 6; Na-
tional Instruments, Texas, USA). This software provided
control of the volume to be dispensed or aspirated by the
autoburette, flow rate, selection of different valve posi-
tions and performance of data acquisition. The SIA-gram
data were evaluated for peak height by using Microsoft®

Excel 97 software (version 8.0, Microsoft, Arizona,
USA).

2.4. Preparation of a Ag/AgCl electrode

A silver wire (0.5 mm in diameter) obtained from a lo-
cal jewelry shop was used to prepare an Ag/AgCl electrode.
The wire was polished and cleaned just before immerging it
into a solution of 0.5 M ferric chloride in 1 M hydrochloric
acid, to form a AgCl film on the electrode. The electrode
was then washed with water and used as a working or a ref-
erence electrode by assembling each into the flow through
cell described above. A VYCOR plug served as a salt bridge
for the reference electrode, and the reference electrode was
immersed in 1.40 mM KCl/0.01 M KNO3 solution, unless
otherwise stated.
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3. Results and discussion

3.1. SI-LAV components

The SI-LAV concept was demonstrated for the determi-
nation of chloride. A LAV unit, a flow through cell for po-
tentiometric detection with a simple home-made chloride ion
selective electrode, could be fabricated small enough to put
at one port of the selection valve (seeFig. 1). The upper port
position was the most appropriate one to attach the flow cell
to the valve because it is easier to remove any air bubble,
which may be in the line out of the cell. A polymer VYCOR
plug was inserted between the reference electrode and the
flow channel in order to prevent leaking of chloride from the
reference solution. The LAV is compact in size and has var-
ious advantages that are similarly offered by a LOV system
[9]. However, the LAV can be assembled without taking apart
components of a purchased valve and is easy to build to be
suitable for chemistries of interest. Moreover, it can be fab-
ricated with relatively low-cost, less precise machine tools.
In this work, an autoburette was employed as an alternative
inexpensive solution propelling device in place of a syringe
pump. However, a solution volume of less than 100�l can-
not be aspirated due to the default setting of the autotitrator
to aspirate at least 100�l volumes each time. The WE and
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.5. Procedure

The solution aspiration sequence of the SI-LAV sys
s summarized inTable 1and Fig. 1(c). First, the carrie
H2O) was drawn to fill all tubes. Then, a 100�l portion
f potassium nitrate, 100�l of standard/sample and 100�l
f potassium nitrate solution, respectively, were sequen
spirated into a holding coil. Finally, the stacked zone
ent to the LAV unit to monitor for potential difference b
ween WE and RE as the zone passed the WE, recordin
IA-peak. The potential difference is based on a conce

ion cell, a difference in concentrations of chloride in the
nd RE half-cells. A calibration graph was plotted of the p
eight obtained as a function of the logarithm value of c
entration of the chloride standard. Chloride concentratio
sample was evaluated from the calibration graph. In sp

he slow operation of the autotitrator, the whole operating
le took only about 70 s for a sample. Replacing with a m
fficient pumping device would result in even a higher sam

hroughput.

able 1
I-LAV operating sequence

tep Operation SV porta

Aspirate electrolyte solution 9
Aspirate standard/sample solution 2–7
Aspirate electrolyte solution 9
Dispense to LAV unit and record signal 1

a SV = Selection valve.
Volume (�l) Flow rate (ml min−1) Flow direction

100 15 To HC
100 15 To HC
100 15 To HC

2000 15 To LAV

E were connected directly to the signal and ground p
espectively, of an analog input of the interfacing board. Id
ical signal profiles were obtained by either connecting
lectrode directly to the input of the interface card or by
erting a potentiometer between them. This indicates th
mpedance of the interfacing board input terminal was
nough to detect the cell potential correctly.

.2. Optimization

Due to limitation of the autoburette used, some para
ers were fixed: volume of electrolyte solution and sam
00�l each, flow rate for aspiration and dispensation of
olution, 15 ml min−1. The effects of concentration of t
lectrolyte (KNO3) solution and sodium chloride in the R
alf cell on the slope of the calibration graph for chloride w

nvestigated. It was found that the electrolyte concentra
id not significantly affect to the slope, intercept andR2 of
he calibration graph, for the injection of a series of stan
olutions as shown inTable 2. However, the 0.01 M KNO3
as selected to minimize the effect of ionic species du
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Table 2
Effect of potassium nitrate concentration

[KNO3] (M) Calibration equation
(0.60–2.80 mM Cl−)

R2

0.005 y = 0.053x− 0.047 0.999
0.010 y = 0.051x− 0.029 0.999
0.025 y = 0.049x− 0.038 0.998
0.050 y = 0.053x− 0.045 0.999
0.100 y = 0.051x− 0.045 0.999

sample matrices, which may affect the total ionic strength of
the solution passing through the WE. For mineral drinking
water and surface water samples, this concentration of the
electrolyte is sufficient for control of ionic strength of the
sample.

Chloride concentration in the reference half-cell did not
affect to the slope, intercept andR2 of the calibration graph
(a plot of peak height (V) (y) versus log (mM concentra-
tion of chloride standard solution) (x)). Using a reference
solution containing 0.01 M KNO3 with 0.30, 0.80, 1.40 or
2.80 mM potassium chloride, the calibration equations:y =
0.051x− 0.030,R2 = 0.998,y= 0.051x− 0.032,R2 = 0.998,
y = 0.051x− 0.032,R2 = 0.999 ory = 0.051x− 0.030,
R2 = 0.998, respectively were obtained. A 1.40 mM chlo-
ride solution with 0.01 M KNO3 in the RE half cell was
selected.

3.3. Analytical characteristics

Three linear calibration graph ranges, 0.10–0.80 mM (y
= 0.059x+ 0.120),R2 = 0.998), 0.80–8.40 mM (y= 0.056x
− 0.105,R2 = 0.998) and 10–120 mM (y= 0.060x−0.128,
R2 = 1.000) were obtained. Each injection consumed 200�l
of 0.01 M KNO3 and 100�l of standard/sample, with the
whole analysis time of 70 s, which corresponds to sample
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Table 3
Chloride contents in mineral drinking water (triplicate determination)

Sample Chloride concentration (mM)

IC [15]a SI-LAVb

1 0.30 0.37± 0.01
2 0.14 0.15± 0.01
3 0.65 0.73± 0.02
4 0.37 0.35± 0.01
5 0.08 <0.10
6 0.06 <0.10
7 0.02 <0.10
8 0.02 <0.10
9 0.17 0.20± 0.01

10 2.36 2.26± 0.01
11 0.02 <0.10

a Analysis by routine laboratory of the Science and Technology Service
Center, Faculty of Science, Chiang Mai University.

b Using the calibration equation of the range 0.10–0.80 mM Cl−. The
limit of quantitation is 0.10 mM.

Table 4
Chloride contents in surface water samples taken around a pickling industry
(triplicate determination)

Samplea Chloride concentration (mM)

Titration [16] SI-LAVb

1 3.0± 0 2.0± 0.3
2 86 ± 1 86 ± 1
3 85 ± 2 86 ± 2
4 86 ± 3 88 ± 1
5 66 ± 0 69 ± 1
6 66 ± 1 68 ± 1
7 71 ± 2 71 ± 2
8 50 ± 1 45 ± 2

a Sample 1 = supplied pond water for the factory usage, 2–8 = surface
water around the factory.

b Using the calibration equations of ranges of 0.80–8.40 and 10–120 mM
Cl−.

3.4. Application to water samples

The developed SI-LAV system was applied for the de-
termination of chloride in different commercially available
mineral drinking water samples from a market place in Chi-
ang Mai, and surface water samples collected from around the
vicinity of a pickling factory in Hang Dong district of Chi-
ang Mai. Analyses by ion chromatography[15] and Mohr
titration [16] were also carried out for comparison. The re-
sults (means of triplicate determinations) obtained are sum-
marized inTables 3 and 4. The results from the pairs of the
two methods correlate well with each other, except at low con-
centrations of chloride. However, the t-test at 95% confidence
level indicated that the results obtained from the techniques
are not significantly different[17]. The chloride contents in
surface water around the pickling factory were found to be
significantly higher than the raw water used by the factory,
indicating that salt may be introduced to the surface water
via discharge water. More close investigation on this will be
carried out in our laboratory.
hroughput of about 50 h−1. Relative standard deviations
1 replicate injections of 10–40 mM chloride standards w

n range of 0.7–1.3%. Higher %RSDs may be obtained
olutions containing chloride concentrations out-side o
ange.

The stability of the electrode was studied by cont
us injection (about 300 injections) of a series of con

rations of chloride standard solutions (0.10–0.80 mM)
ome samples, for a period of time about 6 h. The slop
he calibration graphs was quite constant (0.06± 0.01), in-
icating a good stability of the electrode for at least
lthough, the effects of some interferences have not

nvestigated here, the literature[12–14] indicates that som
alides (I− and Br−), sulfide, cyanide and some metal io
Fe3+ and Al3+) have some interferences in the anal
y this kind of chloride ion selective electrode. Howe

hese ions are usually present in natural waters at rela
ow concentrations compared to chloride and do not si
cantly interfere, otherwise sample pretreatment is ne
12–14].
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4. Conclusion

A novel SI-LAV concept is demonstrated. Here we de-
scribe potentiometric determination of chloride in some water
samples. Various advantages of the proposed LAV are sim-
ilar to those of the LOV, such as economical and integrated
instrumentation, small amounts of reagent consumption, ra-
pidity, and automation in analysis. However, the LAV unit can
be more easily fabricated with relatively low price materials
and available instrument/machine tools, so the LAV could be
a cost effective alternative. Other LAV developments such as
solvent extraction and bead injection are in progress[18,19].
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