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Abstract

An automatic flow-injection (FI) system including on-line separation by microdistillation and spectrophotometric detection has been
developed for the determination of trace amounts of fluoride. This ion was separated from sample matrix by distillation in the pres-
ence of sulfuric and phosphoric acids, and was subsequently determined with spectrophotometry based on the mixed-ligand complex c
lanthanum(lll)—fluoride—alizarin complexone. The proposed FI system has high sampling frequency (20 saihsestl sample size
(600wl) and the dynamic range of 0.05—-15 md ith relative standard deviations of below 1.2%. Interfering ions such as aluminum(lll) and
iron(lll) was effectively eliminated. The method was successfully applied to the determination of fluoride in industrial drainage after water
treatment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of the presence and movement of fluoride in the environment
is of importance.
Fluoride is widely distributed in natural water at low con- The most common techniques for the fluoride determi-

centrations. In unpolluted fresh and sea waters, it generallynation are potentiometry with fluoride ion selective elec-
exists in the range 0.01-0.3mgtland 1.2-1.5mgt?, re- trode (ISE)[3-7] and ion chromatography (IC[8-10].
spectively[1]. Compounds of fluorine are very valuable and Although ISE methods have been widely used owing to
extensively utilized in human activities. The industrial ef- its simplicity and short analysis time, their selectivity is
fluent, combustion of coals and sewage discharged from therather limited. The main problem in the IC methods is the
domestic water supplies contribute to an increase in fluoride interference from monocarboxylic acids which co-eluted
levels in local aquatic systems. The health effect of fluoride with or only partly resolved from fluorid¢8]. Other ana-
such as dental fluorosis and bone fracture has been considetytical techniques for fluoride have also been reported by
ably attracted attention. This ion is considered to be essentialseveral authors. These include spectrophotométty-19],
to both plants and animals at low concentrations, but is toxic spectrofluorimetnf20-22], polarography23,24], and cap-
at high concentrationfd,,2]; thus, a continuous monitoring illary electrophoresis[25,26]. Spectrophotometric meth-
ods with batchwise or flow-injection (FI) procedures have
. been achieved high sensitivity, based on ternary fluoride
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orange[14]. The direct application of these methods to sulfuric and 1.0% (v/v) phosphoric acids was prepared as a
real samples having complex matrices is difficult because distillation solution.
of their poor selectivity due to complex-formation of flu- Alfusone contained 2.5% (w/w) La—ALC (mole ratio,
oride with cations such as Al(lll) and Fe(lll). Oszwal- 1:1), hexamethylenetetramine and potassium hydrogen ph-
dowski et al.[16] developed the reversed-phase liquid thalate was purchased from Dojindo Lab., Japan. A 0.7%
chromatography with spectrophotometric detection using (w/v) alfusone solution was prepared by dissolving 3.5 g of
coloration of Zr(IV) or Hf(IV)—2-(5-brom-2-pyridylazo)-  the commercial reagent in 50 ml of water and 350 ml of ace-
5-diethylaminophenol; trace amounts of fluoride in the tone. After that, its pH value was adjusted to 4.5 by adding
range 1-15QugI~! were determined by this method. Non- 2 M acetic acid and the solution was made up to 500 ml with
chromatographic separation techniques have been used fowater.
fluoride. This ion in plant samples was separated by batch
distillation in the presence of sulfuric acid and hydrogen per- 2.2. Apparatus
oxide, and was then determined with manual spectrophoto-
metric method[18]. Gas permeable membranes were em-  Fig. 1shows a schematic representation of the automated
ployed for the separation of fluorid8,15]. In these meth-  microdistillation FI system. The system was constructed
ods, fluoride was converted to a volatile derivative such as from three parts, i.e., units of an auto sampler, a microdis-
trimethylfluorosilane. tillation and a detection. The Aqualab AS-100 auto sam-

Wada et al[12] reported a FI spectrophotometric method pler was contained a controller and a sampling table unit.
for the determination of fluoride using the complex forma- The distillation unit consisted of the following components;
tion of La—ALC. The determinable range of this method was two Aqualab RX-530 double-plunger micro pumps, an alu-
0.03-1.2 mgt!fluoride, but Al(I11), Ca(ll), Fe(lll) and phos- minum block for heating (175 mm length55mm i.d.), a
phate interfered with the fluoride determination; these inter- home-made water-jacketed glass condenser (distillation col-
fering ions should be eliminated by an appropriate separa-umn, 75mm lengttx 10 mm i.d.; cooling column, 75 mm
tion method. Conventional distillation procedures for fluo- lengthx 8 mmi.d.) with a trap of ca. 500l (Fig. 2), a Tokyo
ride separation were too time-consuming; the distillation time Rikakikai CCA-1100 refrigerator, two lwaki APN-10GD2-
was about 80 min per one sample. Thus, a rapid and simpleW diaphragm pumps, an Aqualab VE-160L six-way valve,
method for the determination of fluoride is desirable for its an Ueruko WPX-1-G2.3854-1/8J rotary pump and a Mat-
routine analysis. sushita Seiko FPG-C32T2 sequence controller. A heating

The present authors designed a mini-condenser for devel-coil rolled around the aluminum block was made of PFA
oping computer control of a distillation FI system. This paper tubing (5.0m lengthk 2mm i.d.). The detection unit con-
describes an automated FI method for the determination ofsisted of an Aqualab RX-520 double-plunger micro pump,
trace amounts of fluoride using combination of on-line sepa- an lwaki APN-10GD2-W diaphragm pump, a reaction coil
ration by microdistillation and spectrophotometric detection in an Aqualab R-500 thermostated bath and a Soma Kougaku
based on its complex formation of La—ALC. The sampling S-3250 spectrophotometer with a micro flow cell (10-mm
frequency of the present system was 20 samptéslith the path length, &l). The flow lines except for the heating coil
dynamic range of 0.05-15 mgl. The reproducibility ofthe ~ were made of PTFE tubing (0.5mm i.d.) and connectors.
method is satisfactory with relative standard deviations of Data acquisition and system control were achieved using a
less than 1.2%. The system showed good selectivity to fluo- data-processing computer (Sharp Co., Japan, MEBIUS) fit-
ride with respect to possible interfering ions such as Al(lll) ted with an Aqualab DS-100 software. A Dionex Dxi-500 ion
and Fe(lll). The proposed method was successfully applied chromatographic system and a Hitachi U-2000A spectropho-
to the determination of fluoride in industrial drainage after tometer were also used.
water treatment by coagulation.

2.3. Procedure

2. Experimental Analytical conditions and program sequence in the pro-
posed system were shownTables 1 and 2, respectively. As
2.1. Reagent shown inFig. 1, water as a carrier for sample solution (R1)

and a mixture of 40% (v/v) sulfuric and 1.0% (v/v) phospho-

Allchemicals used were of analytical reagent grade. Ultra- ric acids (R2) were pumped at a flow rate of 1.0 mlmim
pure water obtained from a NANOpure Dlamond (Barnsted in the distillation unit. A 0.7% (w/v) alfusone solution (R3)
Inc.) system was used for the preparation of all solutions. and water as a carrier for a distillated solution (R4) were

A stock solution of fluoride (100 mgt) was prepared by  propelled at a rate of 0.4 ml mit in the detection unit. Fol-
dissolving 0.111 g of sodium fluoride (Wako Junyaku Co., lowing procedures were automatically performed by the con-
Japan), dried at ca. 12C for 4 h, in 500 ml water. The work-  trol of computer. An aliquot of sample solution (6Q0 was
ing standard solutions were prepared by appropriate dilutioninjected into the carrier solution by the auto sampler at 3-
of the stock solution with water. The mixture of 40% (v/v) minintervals. It was merged with the mixture of sulfuric and
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Auto sampler

Computer

Detection unit

Distillation unit

Fig. 1. Schematic diagram of the automated microdistillation flow-injection system. P1-P7, pump; R1-R4, reservoir; SV1, SV2, six-way valve; SL1, SL2,
sample loop for distillation and detection, respectively; HC, heating coil; Ref, refrigerator; RC, reaction coil; T, thermostated bath; D, detector; Conv, converter;
W, waste.

phosphoric acids and propelled to the heating coil (X&0 50 mm

And then it was passed through a condenser and collected

in a trap, in which a 40Q.l of distilled solution was subse- r'( J L
quently introduced into the detection line at a flow rate of = E

1.3mImim L. It was then mixed with the alfusone solution

100 mm

Table 1
Operating conditions for the separation and detection of fluoride

Distillation Van
Sample volume for distillation (jl) 600 A —_J 4 G
Reservoir D

R1 Water B r H 1

R2 40% (v/v) Sulfuric and 1%

(v/v) phosphoric acids ] ) o ]
Fig. 2. Cross-section of the mini-condenser. A, inlet for water vapor; B,

Flow rate (ml mirr™*) outlet for water drop; C, outlet for air; D, trap; E, inlet for cooling water;
P1 1.0 F, outlet for cooling water; G, outlet for overflow; H, outlet for distillated
P2 1.0 solution.
P4 3.0
P5 13
P6 01 and was pumped to the reaction coil in the thermostated bath
Heating coil length (m) 5@2mmi.d.) at 50°C. The colored solution passed through the flow-cell.
Heating coil temperature C) 160 The change in the absorbance at 620 nm was measured with
Trap () 500 the spectrophotometer. The absorbance was converted to mV
Detection
Reservoir
R3 0.7% (W) Alfusone in70% ~ 1able2 _
(vIv) acetone (pH 4.5) Microdistillation and detection program sequence
R4 Water Stage Operation Time (s)
Flow rate (ml mirr1) 1 Line washing (auto sampler) 60
P3 0.4 2 Sample loading for distillation (SL1) 12
P7 1.3 3 Changing SV1-valve position (injection for distillation) 1
Sample volume for detection (l) 400 4 Distillation 75
Reaction coil length (m) 3(0.5mmi.d.) 5 Sample loading for detection (SL2) 60
Reaction temperaturé) 50 6 Changing SV2-valve position (injection for detection) 1
Wavelength (nm) 620 7 Detection 300
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unit (1 mV =0.001 absorbance) by the converter and the sig- ol
nal was sent to the data-processing computer. B 150°C © 160°C
[ 2 155°C V 165°C
R
. . ~ 40 F
3. Results and discussion -y o
> L
[}
. . - . 14
3.1. Optimization of the distillation system 2 20}t
In order to ensure the accuracy and precision of the fluo-
ride determination, the inflow and outflow rates of distilled 0 L L L L
0.5 1 1.5 2 25

water should be balanced in a trap. To overcome this prob-
lem, a mini-condenser shown Ig. 2 was designed and
tested in the preliminary experiments. For controlling the in- g 3. Effect of flow rate and heating temperature on the recovery of water
ternal pressure of the trap, droplets of water which stopped upin the trap after distillation. Conditions asTable 1(distillation) except for

the outlets owing to their surface tension were removed from flow rate and heating temperature.

the outlets B and G by the two pumps at a rate of 1.3 (P5)
and 0.1 mImin! (P6), respectively. The water vapor flowed
into the condenser through the inlet A and the distilled water
flowed out it through the outlet H. This devise could realize
the constant mass transport in the system.

By using the distillation system as shownhig. 1, three
types of tubing (2 mm i.d.) made from poly ether ether ke-
tone (PEEK), poly tetra fluoro ethylene (PTFE) and tetra
fluoroethylene perfluoroalkoxy vinyl ether copolymer (PFA)
were tested as a heating collable 3shows the recovery
(ratio between experimental and calculated volumes) of the
distilled water in the trap by using PEEK, PTFE and PFA

Flow rate / ml min’

2.0mImirm! and a heating temperature of 18D was se-
lected for the distillation step.

In batch distillation procedures, perchloric or sulfuric
acids have been used as a distillation acid for converting flu-
oride ion into hydrogen fluoride. Furthermore, the addition
of phosphoric acid to the acidic solution was recommended
because of the prevention from the interferer{@dd$. Fig. 4
shows the effect of the concentration of sulfuric or perchloric
acids containing 1% (v/v) phosphoric acid on the determina-
tion of 10 mg I fluoride. The peak height for fluoride in the
with their different coil lengths. As can be seen, a maximum presence O.f sulfuric acid was hjghgr than that in. thg bresence

of perchloric acid. The peak height increased with increasing

recovery for each tubing was obtained at 5 m because of bal- : X 0
ancing between the volumes of water vapor generated andthe acid concentrations up to 40% (v/v), and then decreased

the cooling capacity of the condenser. Of these, the recovery:;h;g(?;r.ﬁgpgﬁr:(rﬁ'zgz 'Ishifr:ggi'tfaltjt!gur?c :g'(fj. Vgs:thfg;n
using the PEEK tubing was the highest; it was considered that(v/v) f(;r tlhe :jistillaltion S Istem lon was fix °
the steam was scarcely leaked from the inside of the tubing y i

toward outside. However, the durability of this tubing was ine-lt;hbe eig'eecgt?(jr:h;Sfcl)r?nplel\lﬁ&i)rzgefosr()c:féglstl'?ﬂgv\?;Sr);aem-
poor in the sulfuric and phosphoric acids at high tempera- yin gl :

tures. Although the recovery for PFA tubing was inferior to _had a marked influence on the peak height as itincreased with
that for the PEEK tubing, a 5-m length of PFA tubing was - ca>"9 the volume. A 630l of volume was selected as
selected as a heating coil owing to its good durability. compromise between sensitivity and sampling frequency.

Fig. 3shows the effect of total flow rate of pumps 1 and
2 on the recovery of distilled water at different temperatures.
The recovery increased with increasing in flow rate up to
2.0mlImin! and temperature up to 16Q. And then it de- 3 2
creased at above this flow rate and temperature, because the,. O\O
mini-condenser was not capable of cooling a large amount £ 8o |
of the water vapor. The total flow rate was thus fixed at

120

Table 3
Recovery of water in the trap after distillation

Peak height/

Coil length (m) Recovery (%) -

PEEK PTFE PFA

3 35.6 24.6 316 Y 20 40 60

5 53.5 35.3 51.1 Cpriq ! %(VIV)
10 46.2 27.9 427 Acid

PEEK, poly ether ether ketone; PTFE, poly tetra fluoro ethylene; PFA, Fig. 4. Effect of the concentration of sulfuric or perchloric acid on the peak

tetra fluoroethylene perfluoroalkoxy vinyl ether copolymer. Conditions as height.Cg-, 10 mg 1. Conditions as ifable lexcept for the sulfuric acid
in Table 1(distillation unit) except for tubing length. concentration.
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120 in the alfuson concentration increased the peak height. A con-
stant peak height was obtained at concentrations above 0.6%
(w/v). Thus, the concentration of alfusone solution was fixed
at 0.7% (w/v). An increase in the acetone concentration also
increased the peak height, and then it decreased at concen-
trations above 70% (v/v); this concentration was used for the
procedure.

60 [

Peak height/mV

sor 3.3. Calibration curve

o The calibration curves were constructed under the opti-
mized conditions described above. The peak heights were
directly proportional to the concentration of fluoride in the
Fig. 5. Effect of pH on the peak heighte—, 10mg . Conditions as in range of 0.05-15 mgf with the linear regression equation of
Table lexcept for the reaction pH. Hp=4.82Cc- + 3.09 (R =0.9946), wherél, is peak height
in mV andCg- is the fluoride concentration in mgl. The
detection limit as three times the standard deviation of the
3.2. Effect of reaction variables blank was 0.01 mgit. The reproducibility was satisfactory
with relative standard deviations of 1.2,1.0,0.5,0.3and 0.2%
The reaction variables such as flow rate, pH, reaction tem-in 10 determinations of 0.5, 1.0, 5.0, 10 and 15 mgflu-
perature, reaction coil length and reagent concentrations weregpride, respectively. The rate of sample throughput was 20
optimized by using a standard fluoride solution (10 my | samples h.
under the on-line distillation conditions described above.
The flow rates of both alfusone and water streams were 3.4, Effect of diverse ions
simultaneously changed in the range 0.2—1.0 mithiThe
peak heights for fluoride were almost constant in this range;  The effect of diverse ions was examined in the determina-
these solutions were propelled at a flow rate of 0.4mimhin  tion of 7.5mg 2 fluoride. The tolerable concentration was
by considering the reagent consumptiding. 5 shows the  defined as the amount of added ion causing below 5% error.
effect of pH on the peak height by changing the amount The results are summarized Table 4. In the FI method
of acetate buffer in the alfuson solution. A maximum peak using the complex formation of La-ALC without separa-
height was obtained at around pH 4.5, which was somewhattion, tolerance levels of Al(ll), Ca(ll) and Fe(lll) were 0.05,
distinct from that reported by Wada et Hl2] due to the dif- 1.6 and 1.2 mgi?, respectively[12]. The selectivity of the
ference of reaction conditions. The complex formation was present system was greatly improved in comparison with that
thus carried out at pH 4.5. The peak height increased with without distillation step; especially 100 mgfi of Al(I11) and
increasing in reaction temperature up to"80and then de- 200 mg ! of Fe(lll) did not interfered with the determina-
creased at above this temperature; the reaction was carriedion of fluoride.
out at 50°C. The effect of reaction coil length on the peak
height was examined in the range 1-10m; a highest peak3.5. Application
height was obtained at a coil length of 3 m. This reaction coil
was adopted for the present system. The effect of distiled The proposed method was applied to the determination of
sample volume sent to the analytical line was examined in fluoride in industrial drainage after treatment with coagula-
the range 200-600l. The highest peak height was obtained tion in order to evaluate its accuracy and applicability to real
at 400ul; this volume was selected in the system. Anincrease samples. The drainage samples were filtered through0m5

Table 4

Effect of diverse ions in the determination of 7.5 md fluoride

lon added Amount added (mgl) F~ found (mg 1) lon added Amount added (mgl) F~ found (mg 1)

AIl(INN) 500 4.5 Mn(ll) 500 7.7
200 7.5 Zn(ll) 250 7.5

ca(ll) 500 7.6 NHa(l) 200 7.4

Cu(ll) 500 7.7 Cl~ 800 7.5

Fe(ll) 120 1.9 NO,~ 500 7.6

50 7.5 NO3~ 500 7.6

Fe(lll) 150 6.5 POy3~ 500 7.7

100 7.6 SO42- 3000 7.5

Mg(l1) 450 7.5 Sioz2- 450 7.6
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