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a Departamento de Quı́mica, CCET, Universidade Federal do Maranhão, São Luı́s, MA, Brazil
b Departamento de Quı́mica Fundamental, IQ, Universidade de São Paulo, Av. Prof. Lineu Prestes, 748, 05508900 Sao Paulo, SP, Brazil

Received 4 January 2005; received in revised form 15 March 2005; accepted 17 March 2005
Available online 18 April 2005

Abstract

A simple and reliable FIA-potentiometric system for rapid assays of chloride in certain food samples is described and evaluated. The system
is constituted by an aquarium air pump to propel the carrier solution, a manually operated injector, a homemade dialysis flow cell, a solid-state
c alysis unit
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hloride detector (Ag/AgCl), a reference electrode and a multimeter connected to a microcomputer for data acquisition. The di
nables direct analysis of liquid food samples without any other previous treatment. The principal novelties are the precision (R.S.

or whole milk) and rapidity (90 determinations/h) of FIA measurements near and below the lower end of the linear (Nernstian)
egion of the chloride ion-selective electrode (ISE), with an estimated detection limit (3 s) of 0.4 mg L−1 Cl− in the sample injected in don
tream. Data of peak potential versus sample chloride concentration (donor stream) was accurately fitted with a quadratic polyn
he range between 4 and 1000 mg L−1 (r2 = 0.9999) and used as a calibration curve. The method was applied to the determination of
n milk and in coconut water samples. The validation of the results was done by comparison with a NIST reference material (m
apillary electrophoresis (coconut water). For all analysis, no significant difference at a 95% confidence level was observed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chloride determination finds widespread application in
linical, environmental, industrial, food and beverage analy-
is[1–15]. This ion is a vital element for humans, animals and
lants, but the narrow limits between deficiency and excess
equire the precise control in many situations. Sodium chlo-
ide is a major inorganic constituent of blood, but relatively
mall excess is pointed as the main cause of hypertension[1].
n soils, the accurate determination is important due to the po-
ential toxicity of this ion on some plants and also because it
ncreases the osmotic pressure around the plant roots, which
rastically inhibits water uptake[5]. In the industry, there
re many applications where the determination of chloride is

∗ Corresponding author. Tel.: +55 11 3091 3828; fax: +55 11 3091 2150.
E-mail address:luangnes@iq.usp.br (L. Angnes).

crucial [8,9]. The analysis of chloride in foods[10–12]and
in beverages[13–15]is also of major importance.

In the milk industry, chloride analysis plays an import
role because it permits to detect diseases such as m
[16] and to avoid fraudulent addition of salt to increase
specific gravity[12]. Sub clinical mastitis can be indicated
the increase of chloride content in milk, even in the abs
of the characteristics symptoms of this disease[17,18]. In this
case an increase of the chloride content is observed, c
by the marked reduction in the amount of milk produc
This is also valid in humans, and some authors state
breastfeeding increases the risk of postnatal mother-to-
HIV transmission when the mastitis disease is not dete
and quickly controlled[19,20].

Another important food sample where chloride is the
dominant anion is green coconut water. This refreshing b
age, extracted from the nut ofCocus nucifera, is well know

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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as an important alternative for oral rehydration[21] or even
for patient intravenous hydration in remote regions[22]. A
survey in the literature shows that there is a lack of studies
of chloride quantification in this sample. Besides the pres-
ence of vitamins, sugars, organic acids, fatty acids, amino
acids and different minerals[23], a serious interference for
chloride quantification by potentiometry with an ion selective
electrode (AgCl or Ag2S/AgCl) in this sample is sulfite[24],
which is added as a preservative to bottled Brazilian coconut
water.

Various techniques are available for the determination of
chloride in foods and beverages including direct potentiom-
etry [3,11,14], potentiometric titration[6,8,13], photometry
[15], spectrometry (ICP-OES)[16], conductometry[18] and
ion chromatography[25]. The association of potentiometry
and flow injection analysis is an attractive alternative[3,4,12]
because it incorporates the combination of these two tech-
niques. Unfortunately, for the majority of the samples, the
complexity of the matrix hampers the direct determination.
The simplest way found to eliminate (or minimize) inter-
ferences is to separate the analyte through dialysis[2,5,9]
thus avoiding more expensive and time consuming separa-
tion techniques like ion chromatography[25] or capillary
electrophoresis[26].

For solid-state ion selective electrodes, the chloride re-
sponse (potential variation as a function of the logarithm of
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hydroxide with an anion-exchanger-III column (Merck)
[30,31], resulting in N-cetyl-N-N-N-trimethylammonium
hydroxide (CTAH). The running buffer was composed
by 30 mmol L−1 MES/HIS and 0.2 mmol L−1 CTAH. The
CTAH was added to promote the inversion of the direction
of the electroosmotic flow. The solutions were prepared with
ultra pure water (R≥ 18 M�cm−1, NANOpure, Barnstead,
USA). For potentiometric analysis a 20.00 g L−1 chloride
stock solution was prepared from 6.5915 g of previously dried
NaCl, which was diluted with water up to 200 mL. Working
solutions were prepared by dilution of this stock solution in
the range of 4.0–1000 mg L−1. The acceptor solution utilized
in the detector line was constituted by 0.1 mol L−1 sodium ni-
trate and 0.002 mol L−1 nitric acid, providing a slightly acid
electrolyte with constant ionic strength. In the sample (donor)
line, water with 0.5% Triton-X 100 was used as carrier. The
surfactant increases the lifetime of the dialysis membrane in
the presence of the studied samples. Milk and coconut water
samples were purchased in a local supermarket and injected
after simple dilution with water. The reference milk sample
(NIST 1549) was purchased from National Institute of Stan-
dards and Technology (NIST, USA).

2.2. Instruments and apparatus

The potentiometric measurements were performed with a
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he chloride activity) presents Nernstian behavior at con
ration levels above 5 mg L−1 under equilibrium condition
batch measurements) and a gradual deviation from l
ehavior with a decrease in the slope below this limit (ap
ntly sub-Nernstian response)[27–29]. Under FIA operation
seful measurements can be made down to about 10�g L−1

27]; however, the Nernstian behavior is displaced to a hi
hloride activity (or concentration, at constant ionic stren
egion in comparison with batch operation. At the lowest
linear relationship of potential versus concentration se
s explained by Trojanowicz and Matuszewski[29]. How-
ver, in the FIA methods for chloride proposed by these
hors[27,29], they preferred to work in the Nernstian reg

The present contribution is the first to explore, with
ood samples, the advantages of a potentiometric FIA me
perating in the sub-Nernstian region. In-line dialysis is
nly pre-treatment applied to whole milk and coconut w
amples directly injected in the FIA system.

. Experimental

.1. Reagents, solutions and samples

All chemicals were of analytical grade and emplo
ithout further purification. The reagents 2-[N-morpholi
thanosulfonic acid (MES),l-histidine (HIS) and,N-cetyl-
-N-N-trimethylammonium bromide (CTAB), utilized

he capillary electrophoresis were purchased from M
Germany). The bromide from CTAB was exchanged
6-bit multimeter (model HC 608, Hung Chang, Seoul,
ea) interfaced to a microcomputer through a RS-232 s
ort [32,33]. This instrument comes with proprietary s
are (Protec 608) for data acquisition, display, and savin

ext files that can be imported by spreadsheet program
raphical package like Origin 5.0 (Microcal, Northampt
A, USA), used here for data analysis and plotting. The
ut impedance of the multimeter in the 0.5 and 2.5 V ra

s 109 �, satisfactory for potentiometric measurements
SEs, with exception of glass electrodes. For multime
ith lower input impedance, the use of a voltage follo

constructed with a FET operational amplifier) is advisa
nyway, no commercial potentiometer for ISEs is requir
Capillary electrophoresis studies were performed utili

homemade instrument equipped with a contactless co
ivity detector (CCD) operating at a frequency of 600 k
34]. The CCD was positioned 10 cm from the end of
0 cm long fused-silica capillary with 75�m bore (J&W
gilent Technologies, S̃ao Paulo, Brazil). The samples we

njected by gravity at 100 mm during 15 s. The separa
oltage used in all studies was +25 kV.

.3. Flow system

The two-channel flow system with in-line dialysis for p
entiometric chloride analysis is depicted inFig. 1. Liquid
isplacement was promoted by pressurization of the bo
f the carrier and the acceptor electrolyte with help of a do
hannel aquarium air pump[35]. Flow rates were controlle
t the outlet of each bottle with adjustable pinch valves o



I.S. da Silva et al. / Talanta 67 (2005) 651–657 653

Fig. 1. (A) Flow injection manifold used for chloride determinations: (a) aquarium air pump; (b and c) aquarium flow regulator valves; (d) solution carrier flask
of the detector; (e) solution carrier flask of the sample; (f) injector; (g) dialysis unit; (h and j) waste; (i) home made flow cell; (l) multimeter; (m) computer.
(B) Superior view of the dialysis unit (4.5 cm× 4.5 cm). (C) Schematic flow cell: (1) cut polypropylene measuring cylinder; (2) inlet; (3) polyethylene tube
(Ø = 1.2 mm); (4) working ISE electrode; (5) acrylic rod; (6) reference electrode (Ag/AgCl); (7) waste; (8) outlet hole (and contact between working and
reference electrode).

type used to control the airflow of aquarium pumps. A home-
made rotary injection valve was utilized to insert the samples
in the flow stream. The dialysis cell was made from Plexiglas.
The membrane was sandwiched between two blocks with a
sinusoidal channel engraved on its surface, one block being
the reflected image of the other. The channels are 0.5 mm
deep, 1 mm wide and 10 cm long. At the outlet of the dialy-
sis cell, the acceptor flow of electrolyte enters a conical tube
(a 100�L Eppendorf pipette tip) housing the indicator elec-
trode. A perforation in the region of wider section of the tip
serves as outflow and electrolytic contact with an external low
volume batch containing the reference electrode, assembled
in a second Eppendorf pipette tip, as shown inFig. 1C. The
fluid interconnections of the parts of this system were done
with 0.8 mm inner diameter PTFE tubing.

2.4. Electrodes

The construction of the miniaturized reference electrode
(Ag/AgClsat. KCl) was described in detail elsewhere[36]. The
manufacture of the indicator electrode starts with a careful
cleanup of the silver wire (5 cm length× 1 mm diameter).
The central 3 cm of the wire were painted with varnish. A
flexible electric wire was soldered to one end of the silver
wire and this region was covered with Teflon tape. Sufficient

tape was wrapped to form a stopper that fits tightly into the
widest end of the pipette tip, aligning the wire inside it. A film
of silver chloride was electrolytically formed on the free end
of the silver wire by dipping it into a 0.1 mol L−1 hydrochlo-
ric acid and applying +300 mV versus Ag/AgClKCl(sat.),
having a Pt wire as auxiliary electrode of the potentiostat.
After 15 min, a bulky AgCl film was observed on the silver
wire.

3. Results and discussion

The potentiometric response of silver-based ISE to chlo-
ride ions is well known and it is a consensus that the response
of these electrodes follows the Nernst equation. The solubility
product of silver chloride dictates the lower end of linear re-
gion of the potential change with the logarithm of the chloride
activity. Measurements require some equilibration time, that
becomes longer at lower chloride concentrations[4]. It is also
well known that for flow measurements, factors like sample
dispersion and insufficient equilibration time are responsible
for a shift of the linear region to higher concentrations. The
situation becomes worse with in-line dialysis, as used in this
work, because a dilution of the chloride sample plug from
the donor to the acceptor stream is inevitable. The dilution
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factor depends on cell and membrane geometries and always
increases with the flow rates[5,9].

In order to evaluate the performance of the silver-based
ISE constructed in our lab, preliminary experiments were
done in a batch cell.Fig. 2depicts a calibration curve, where
a Nernstian slope of 57± 3 mV was found in the range from
10 to 860 mg L−1. In this and all other potentiometric mea-
surements reported here, the initial potential in the absence
of added chloride (but with traces of chloride from the elec-
trolyte and the dissolution of the AgCl of the ISE) was arbi-
trarily set to zero.

Selection of working conditions for this electrode under
FIA conditions with in line dialysis revealed that the volume
injected and the flow rate of both streams are responsible for
the greatest effects.

Fig. 3 shows the potentiometric responses over a wide
concentration range (4–1000 mg L−1 of Cl− injected in the
donor stream) obtained with four different injected volumes
(50, 100, 200, and 300�L) and at two different sets of flow
rates (1.0 mL min−1 on both sides of the membrane and
3.0 mL min−1 of acceptor stream and 4.0 mL min−1 of donor
stream).

Fig. 3A and C show that, the lower flow rate and the
higher the injected sample volume, the wider is the nearly

Fig. 2. Analytical curve obtained for experiments in batch. Graph ob-
tained by injecting chloride standard solution into a 0.1 mol L−1 of
NaNO3 + 0.002 mol L−1 of HNO3 solution. Concentration range: 10–
860 mg L−1 (n= 3).

linear response to the logarithm of chloride ions concen-
tration (I= constant) at low log[Cl−] values. There is, thus,
a compromise between sample throughput and linearity
of response. By plotting the same data in non-logarithmic

F
w
r
T

ig. 3. Influence of the sampling loop (50, 100, 200 and 300�L) and flow rates co
ith two flow rates: 1.0/1.0 ml min−1 (A and B) and 3.0/4.0 ml min−1 (C and D) pre

ange injected in the donor stream (4–1000 mg L−1). Carrier solution: 0.1 mol L−1

riton-X 100 in the carrier solution, in the sample line.
mbination in FIA-potentiometric system with in line dialysis. Plots obtained
sented in logarithmic (A and C) and linear (B and D) abscissas. Concentration
of NaNO3 and 0.002 mol L−1 of HNO3 in the acceptor line and 0.5% of



I.S. da Silva et al. / Talanta 67 (2005) 651–657 655

Fig. 4. Signals for repetitive injections of milk sample diluted 2.5 times (a)
and 80 mg L−1 of chloride standard solution (b) in FIA-potentiometric sys-
tem with in line dialysis. The inset depicts the very low noise present in the
baseline (c). Flow rate: 3.0 and 4.0 ml min−1 for acceptor and donor lines,
respectively; sampling loop: 50�L; R.S.D. calculated: (a) for the milk sam-
ple = 1.2% and (b) for chloride standard solution = 0.56%. Other conditions:
seeFig. 3.

concentration scale, a nearly linear behavior is observed at
the higher flow rate (Fig. 3D), especially for smaller injected
sample volumes. This is a definite advantage to be explored
when a higher analytical frequency of the method is a goal,
as usual in FIA. For the chloride concentration range from 4
to 1000 mg L−1, excellent fit was obtained with a quadratic
relationship (r2 = 0.9999) at the experimental condition of
50�L of sample injection, 3.0 mL min−1 donor flow and
4.0 mL min−1 acceptor flow. At this condition, an analytical
frequency of 90 injections h−1 was achieved (peaks not
shown in Fig. 3D are similar to those inFigs. 4 and 5),

F sys-
t , (3)
2 and
( ed
2 imes,
d ntact
w

far superior than those reported previously for chloride
quantification systems comprising a dialysis unit[5,9]. A
second advantage of the work with smaller samples at higher
flow rates is the marked decrease of interference of ions like
bromide, iodide or sulfide, as demonstrated by Trojanowicz
and Matuszewski[29].

The good performance of the FIA method at sub-Nernstian
region with on-line dialysis and high sample throughput
motivated its application to complex real samples. In the
first studies involving milk samples, a progressive decrease
in sensitivity was observed, probably due to some clogging
of the dialysis membrane by organic substances (e.g., lipids)
present in the milk or coconut water. The addition of Triton
X-100 to the donor stream prevents this contamination
of the membrane, allowing the injection of hundreds of
samples without decrease in the dialysis rate.Fig. 4presents
the potentiometric response of repetitive injections of milk
sample diluted 2.5 times (a) and 80 mg L−1 of chloride
standard solution (b). The relative standard deviations were
calculated as 1.2% for the milk sample and 0.56% for the
chloride standard solution (n= 10).

The very low noise level in the measurements (the base-
line was enlarged in the inset ofFig. 4) is noteworthy and the
pulsation-free flow achieved by propelling the carrier streams
with aquarium pumps[34] contributes for this result, which
would be less favorable with a peristaltic pump. The in-line
d and
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ig. 5. Potentiogram for consecutive injections in FIA-potentiometric
em with in line dialysis of 12 chloride standards solutions: (1) 4, (2) 10
0, (4) 40, (5) 50, (6) 80, (7) 100, (8) 200, (9) 400, (10) 600, (11) 800
12) 1000 mg L−1; certified milk sample (A); two milk samples, one dilut
.5 times (B) and other diluted 25 times (C); coconut water diluted 2.5 t
irectly after opening of a canned sample (D) and after long time of co
ith air (E). Other conditions: seeFig. 3.
ialysis was very effective to avoid electrode poisoning
o other pretreatment was required for the whole milk an
oconut water samples. Variation in the ionic strength on
ide of the dialysis membrane or changes of the count
rom one sample to another, are parameters that influen
fficiency of the dialysis, as detailed in the literature[5]. In
ur study, the acceptor solution of 0.1 mol L−1 sodium nitrate
lus 0.002 mol L−1 nitric acid keeps the ionic strength alm
onstant. Experiments were made with and without a
lectrolyte to the donor stream. In both cases, good re
ere obtained for standards and real samples of coconu

er and milk. In these samples, where the principal counte
s potassium and chloride is the predominant anion, t
as no need for ionic strength adjustment, because any

s taken into account by the quadratic model fitted to
alibration points. The accuracy of the analysis of a refer
aterial and the intercomparison of the results with capi
lectrophoresis confirms this statement, as shown inTable 1

t is worthwhile to add that only about 1.4% of the chloride
he donor stream (4 mL min−1) is transferred to the accep
tream (3 mL min−1) by the dialysis unit under continuo
ow operation, as determined by capillary electrophor
f the emerging flows. This is still a good comprom
etween sensitivity (still adequate for the samples u
onsideration), selectivity (no sample pretreatment requ
nd analytical frequency. For samples with much lo
hloride levels, at the price of lower analytical frequen
he efficiency of dialysis can be increased by injecting la
ample plugs, lowering the flow rates or using a dial
nit with larger contact area or more permeable membr
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Table 1
Concentration of chloride in four milk and five coconut water samples
determined by the proposed FIA-potentiometric procedure with in line
dialysis and it comparison with certified sample (milk) and with capillary
electrophoresis technique for coconut water (n= 3)

Milk Certified value (mg L−1) FIA-potentiometry
(mg L−1)

NIST Milk 1549 10900 ± 205 11333± 185
Sample A – 1377± 7
Sample B – 1242± 10
Sample C – 1114± 21

Coconut water CE* (mg L−1) FIA-potentiometry
(mg L−1)

Sample A 1401± 15 1394± 9
Sample B 1061± 52 1084± 8
Sample C 1379± 61 1325± 27
Sample D 1964± 63 1905± 34
Sample E 1704± 81 1708± 34

(e.g., the substitution of the membrane used in this work by
Cuprophane has doubled the transference of chloride).

Fig. 5presents a series of potentiometric signals obtained
for a sequential injection (in triplicate) of 12 standards so-
lutions (1–12), a certified milk sample (A), a commercial
milk sample diluted 2.5 times (B), the same sample diluted
25 times (C) and a commercial coconut sample diluted 2.5
times, before (D) and after (E) long exposure to the air for
oxidation of sulfite (used as a preservative) to sulfate.

The excellent repeatability of the measurements even in
the region of lowest concentration of chloride (4–30 mg L−1

of Cl− in the standards injected in the donor stream) be-
comes evident in the inset ofFig. 5. This figure confirms that
about 40 s are required for recording a peak, what results in
a frequency of 90 injections h−1. The results for the chloride
quantification in four milk and five coconut water samples
are listed inTable 1. Validation of the FIA-potentiometric
method for the milk samples was achieved with a certified
milk sample (NIST 1549); no significant difference was ob-
served at 95% confidence level. For the coconut water sam-
ples, no certified material is available and an intercomparison
with capillary electrophoresis was elected for validation. At
the 95% confidence level, no significant difference was ob-
served in the results obtained by both techniques.

It is worthwhile to say that, although the more expen-
sive and complex technique of capillary electrophoresis has
p rd de-
v con-
c tate.
S ater,
w cause
i nip-
u nce
o k in
b -
t
c ntly

high to render the bisulfite ion an interfering ion for the chlo-
ride ISE. In this study, no interference was observed (Fig. 5D
and E), possibly by the same reason no peak is found in the
electropherogram (the donor and the acceptor streams are not
degassed). Anyway, for samples with higher levels of sulfite,
its interference can be overcome by addition of an excess of
hydrogen peroxide.

4. Conclusions

The FIA-potentiometry method here proposed for chlo-
ride combines many advantages in comparison with the previ-
ously described ones. The measurements in the sub-Nernstian
region by fitting a second degree polynomial to analytical
curve allows high sample throughput (90 analyses/h) and
reduces the effect of interfering ions, inherent to flow po-
tentiometry with Cl− ISE [29]; in-line dialysis suffices as
sample pretreatment to protect the detector from poisoning
and impairs the sensitivity to a level that still is entirely
compatible with the aimed applications (4–1000 mg L−1 of
Cl−). The instrumentation is very simple and inexpensive,
with a digital multimeter acting as potentiometer and data
acquisition device. Reduced size of the equipment, fast set-
up, simple calibration, and low reagent and power con-
sumption are other favorable attributes, especially for field
a
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[ ne-

[ Al-
resented a lower precision, as indicated by the standa
iations of the peak areas, it provides, in one run, the
entration of other anions, like sulfate, nitrate and ace
ulfite ion, used as a preservative in bottled coconut w
as not observed in the electropherograms, possibly be

t was completely oxidized to sulfate during sample ma
lation with exposure to atmospheric oxygen. An evide
f the oxidation is the presence of a higher sulfate pea
ottled coconut water (∼100 mg L−1) than in samples ex

racted directly from coconuts (<20 mg L−1). The stability
onstants of the silver complexes with sulfite are sufficie
pplication.
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