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a b s t r a c t

An environmentally-friendly flow system was developed for the determination of fluoride in natural

waters, based on its reaction with zirconium ions and 2-(parasulfophenylazo)-1,8-dihydroxy-3,6-

naphthalene-disulfonate (SPADNS). The flow system was designed with solenoid valves in order to

increase the versatility and improve the analytical performance, since each device handles the solution

independently leading to a more efficient use of reagents. The minimization of reagent consumption

and waste generation favors the development of a noteworthy system. Under optimized conditions, a

linear response was observed within the range of 0.1–2.2 mg L�1, with the detection limit, coefficient of

variation and sampling rate estimated as 0.02 mg L�1, 4.1% and 60 determinations per hour,

respectively. In order to analyze samples containing high fluoride content a wider linear range (0.3–

6.6 mg L�1) can be obtained by using a low sample flow rate and low sample volume. In comparison

with other methods, the proposed system offers advantages such as wider analytical range (1.7–2.2

times), higher sample throughput (1.5–4.0 times) and lower quantification limit (by a factor of 5–68).

Along with the consumption of reagents being 20–55 times lower, the generation of wastes is 1.2–3.0

times lower, which contributes to the development of a ‘greener’ system. This method is fast, amenable

to automation, environmentally-friendly and of low-cost. In addition, it could be successfully applied to

the determination of fluoride in water samples, the results obtained being in agreement with those of

the ISE method.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fluoride is widely distributed in natural waters at low con-
centrations and is generally present in unpolluted freshwater
bodies in concentrations of 0.01–0.30 mg L�1 and in unpolluted
seawater in the range of 1.2–1.5 mg L�1 [1]. According to the
WHO guidelines, the permissible limit for fluoride in drinking
water is 1.5 mg L�1. However, it should be noted that this limit
may vary according to the maximum temperature of the air.
Control limits have been found to range between 0.6 and
0.8 mg L�1 for temperatures of 26.3–32.6 1C and 0.9–1.7 mg L�1

for temperatures of 10–12 1C [2]. Excess fluoride in drinking
water causes various diseases such as fluorosis (teeth and bone)
and is associated with renal, gastrointestinal and immunological
toxicity. Fluorosis is an endemic disease in at least 25 countries.
However, the total number of people affected is not known,
although a conservative estimate would be tens of millions [3].
Therefore, continuous monitoring of the fluoride levels in water
samples is important to ensure good water quality.

Several analytical methods have been developed and described for
fluoride determination in water including potentiometry [4], atomic
spectrophotometry [5], solid-phase spectrophotometry [6], colori-
metric [7], chromatography [8], ion chromatography [9], and fluoro-
metry [10]. Of these methods, potentiometry and ion chroma-
tography are widely used because of their simplicity and convenience,
but their sensitivity and selectivity are limited. Ion chromatography
can be performed only if weak solvents are used to separate the
fluoride peaks from interference peaks. However, various chemical
reactions are adopted in colorimetric and fluorometric methods and
they have the advantages of selectivity and higher sensitivity [11].
The batch procedures have several drawbacks, such as high reagent
consumption, resulting in large amounts of waste, and they are time
consuming and laborious processes [12,13].

The potential to develop greener analytical procedures is
inherent to flow analysis, and changes in system design as well
as the exploitation of new flow approaches have led to ingenious
alternatives to minimize reagent consumption and waste genera-
tion without hindering analytical performance. Multicommuted
flow analysis employs a set of discrete commutators (e.g., sole-
noid valves) to design flow manifolds that can be configured
by software, thus increasing the system versatility and resulting
in more effective reagent use. Based on the papers related to
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multicommuter flow analysis it can be observed that low reagent
consumption and generation of waste are inherent features of this
process [14]. Methods based on flow injection analysis using
different detection techniques have also been reported [11,12,15].

Nevertheless, the Zr–SPADNS spectrophotometric method rema-
ins an attractive simple, low-cost, reliable and rapid alternative,
which is also amenable to automation and to field use [15]. In this
study, a flow system with solenoid valves was designed for the
colorimetric determination of fluoride in water, based on the SPADNS
method, using smaller volumes of reagents and generating low
volumes of waste, in order to develop an ecologically-attractive
methodology. Although the SPADNS method developed by Arancibia
et al. [15] presents high tolerance for sulfate interference (character-
istic of the sample studied), the procedure requires data processing
as well as a relatively high consumption of reagents (SPADNS, ZrOCl2
and HCl) since there is continuous injection of the indicator solution
into the system. The methodology proposed herein is simple and
rapid, with good reproducibility, sensitivity and accuracy, besides
being an environmentally-friendly flow system. This method could
be successfully applied to natural water samples with no pretreat-
ments being required.

2. Experimental

2.1. Apparatus

The flow injection analysis (FIA) system was designed with three
three-way solenoid valves (N Research, West Caldwell, NJ, USA),
polyethylene tubes (Ismatec, Germany, 0.80 mm), two Perspex
joints and two reaction coils (Ismatec, Germany, 0.80 mm).
A Minipuls TM 3 (Gilson, Villiers Le Bel, France) peristaltic pump
equipped with eight channels and Tygons was used to pump the
solutions through the system. The active devices were controlled
through the parallel port of a Pentium IV microcomputer using a
power drive based on a ULN2803 integrated circuit. The control
software was developed in Visual Basic 6.0 (Microsoft, Seattle, WA,
USA) which was used to control the on/off switching time of the
solenoid valves and also the time that they remained open or
closed. The HyperTerminal software and RS232C port were used for
data acquisition.

Spectrophotometric measurements were performed on a
Femto 600S spectrophotometer (S~ao Paulo, SP, Brazil) equipped
with a Hellma 178.010-OS flow cell with an inner volume of 80 mL
and 10 mm light path. In the batch analysis carried out to validate
the proposed method a combined fluoride electrode HI4110
(Hanna Instruments, Rhode Island, United States) was used. A
Gehaka PG1800 pH meter (S~ao Paulo, Brazil) was used to adjust
the pH of the samples and working solutions.

2.2. Reagents and solutions

All reagents and standards were of analytical grade and all
dilutions were carried out with deionized water obtained from a
Milli-Q water purification system (Gehaka, S~ao Paulo, Brazil). All
laboratory glassware was washed with neutral detergent and
then kept overnight in 10% (v/v) nitric acid solution and washed
with deionized water prior to use. The stock solution of
1000 mg L�1 sodium fluoride (Merck, Darmstadt, Germany) was
prepared after weighing 221 mg of the solid in 100 mL of
deionized water. Working standards were obtained by proper
dilution of the stock solution and the pH was adjusted with 0.01–
0.1 mol L�1 HCl (Scharlau, Barcelona, Spain, 37 wt%) and NaOH
(Vetec, Rio de Janeiro, Brazil) solutions.

The indicator solution was prepared by diluting 192 mg of
SPADNS (Vetec, Rio de Janeiro, Brazil) in 100 mL deionized water.

To obtain the zirconyl chloride solution, 26.6 mg of zirconyl chloride
octahydrate (Vetec, Rio de Janeiro, Brazil) was dissolved in approxi-
mately 25 mL of deionized water, 20 mL of HCl was added and the
solution was then made up to 100 mL by adding deionized water.
The SPADNS and zirconyl chloride solutions were mixed in equal
volumes to produce an indicator complex, which is stable for more
than 2 years if stored away from light [16].

The total ionic strength adjustment buffer (TISAB) solution was
prepared by dissolving, in approximately 50 mL of deionized water,
5.8 g sodium chloride (Vetec, Rio de Janeiro, Brazil) and 1.2 g sodium
citrate (Vetec, Rio de Janeiro, Brazil) and adding 5.7 mL of concen-
trated acetic acid (Scharlau, Barcelona, Spain, 100 wt%). The pH of
this solution was then adjusted using a pH meter and adding a
solution of 5.0 mol L�1 NaOH (4.0 g in 10 mL) to give a pH of 5.0–5.5,
the ideal range for a working electrode sensitive to fluoride.

2.3. Flow diagram and procedure

A multicommuted flow system was designed and optimized for
fluoride determination (Fig. 1). A given volume of indicator solution
was injected into a carrier stream (deionized water), passing through
reaction coil R1, for the dispersion and dilution of the indicator
solution in the carrier. A given volume of standard or sample was
then pumped into the FIA system, converging with the aliquot of
indicator dispersed in the carrier and passing through reaction coil R2
for the reaction between fluoride and the Zr–SPADNS complex. The
sample zone was set to detection at 570 nm and the analytical signal
was based on the peak height. Measurements were taken in triplicate.
The analytical response was estimated as the difference between
the analytical and blank signals. The optimization of several para-
meters was carried out in order to improve the sensitivity, precision,
sample throughput and repeatability with minimum reagent con-
sumption and waste generation. These studies were carried out using
a 1.0 mol L�1 fluoride standard solution.

2.4. Reference methods

The potentiometric procedure (Ion Selective Electrode—ISE)
was used as the reference for sample analysis and validation of
the proposed method. The methodology is based on determina-
tion of the fluoride ion using a fluoride-selective electrode with
samples being diluted using a TISAB solution to give a 1:1 volume
ratio before measurement.

3. Results and discussion

3.1. General aspects

The commonly-employed SPADNS reference method for the
determination of fluoride in waters is based on the effect of the
fluoride ion on the absorbance of the complex formed by zirconium

Fig. 1. Flow diagram of the multicommuted system for fluoride determination.

P—peristaltic pump; V1, V2 and V3—three-way solenoid valves; R—recirculation

of solution; R1 and R2—reaction coils and D—detection, W—waste.
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