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Abstract

In this paper, we describe an automated flow injection system for measuring the concentration of phosphate based on
a fluorescence quenching reaction between Rhoadamine 6G and phosphomolybdate with a preconcentration column,
which was packed with a molybdate-form ion exchange resin to collect and preconcentrate the phosphate in the sample
solution. Rhodamine 6G was chosen because the reaction with phosphomolybdate was fast and did not require heat.
For the construction of a stable flow injection system, an aqueous methanol solution was used as the cleaning reagent to
overcome the precipitation of ion-associated complexes between Rhodamine 6G and phosphomolybdate or Rhodamine
6G and molybdate. For the preconcentration and collection of the phosphate ions in a water sample, a
preconcentration column, which was packed with a molybdate-form ion exchange resin, was combined with the
proposed flow injection system and applied to natural water samples containing low concentrations of phosphate.
© 2003 Elsevier B.V. All rights reserved.
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studies [1-6]. However, the procedure is trouble-
some, the sensitivity is not high enough for
determinations in natural water samples, and the
heating step is not suitable for combination with

1. Introduction

The geochemical importance of phosphate has
meant that its concentration and distribution in

natural bodies of water have been investigated in
some detail. The molybdenum blue method is most
often used to measure levels of phosphate in such
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an FIA system. Consequently, attempts have been
made at the preconcentration of phosphate [6—38].
To preconcentrate phosphate, solvent extraction
[9,10] and solid phase extraction with an ion
associate complex [11] were used. Several ion
pair reagents have been reported such as Mala-
chite Green [12,13], Crystal violet [14], Rhodamine
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6G [11,15,16] and Rhodamine B [10,17]. Some
carriers were used in solid phase extraction such as
an organic soluble membrane filter [11]. In these
reports, the sensitivity was given priority. On the
other hand, collecting phosphate ion based on the
formation of phosphomolybdate, requires a car-
rier, such as a hydrophobic sorbent [18] and ion-
exchange resin [19].

There are ionic and nonionic forms of phospho-
molybdate in the acidic reaction medium. With the
former method, the nonionic form of phosphomo-
lybdate was absorbed onto a hydrophobic sorbent
such as silica-based C-18. For the determination of
phosphate, phosphomolybdate absorbed onto sor-
bent was eluted with methanol or was directly
optsensed in a specially designed flow cell. But the
recovery of the nonionic form of phosphomolyb-
date was not satisfactory and one could not detect
the phosphate if the absolute amount in the sample
solution was less than 4 ng. The Simultaneous
determination of phosphate and silicate was per-
formed based on the difference in the production
rate between phosphomolybdate and silicomolyb-
date. But the data analysis was very complicated.

With the latter method, the ionic form of
phosphomolbdate was collected onto an anion-
exchange resin. Because only phosphate ion was
week absorbed by the resin, a molybdate form
anion-exchange resin was used for the improve-
ment of recovery and was able to be utilized for the
separation of phosphate from the sample solution
containing silicate based on the difference in the
reaction rate.

For the selective determination of phosphate,
because of the higher recovery, the molybdate-
form anion-exchange resin was used prior to the
hydrophobic sorbent such as silica-based C-18.
When the molybdate-form anion-exchange resin
was used for the sorbent of phosphate, the
sensitivity was higher than the hydrophobic sor-
bent was used. Because an organic solvent such as
methanol had to be used as the eluent when the
hydrophobic sorbent was used, the anion-ex-
change resin employed as sorbent provides a
cleaner system. Therefore, we tried to develop a
system for the collection of phosphate based on a
molybdate-form anion-exchange resin in this pa-

per.

Several alternative methods have also been
developed for measuring low concentrations of
phosphate in a matrix, including ion exchange
chromatography [20,21], gas chromatography with
the phosphine generation system [22,23], ampero-
metric detection [24], fluorometry [11,15,16,25]
and enzymatic reactions [26—34]. The conductivity
detector used in ion chromatography was not
sensitive enough for the detection of phosphate
and unsuitable for the quantitation of phosphate
in natural water samples. The flame photometric
detector (FPD) used in gas chromatography was
sensitive and had a wide dynamic range for the
detection of phosphine. However, generating
phosphine was troublesome, because this reaction
does not proceed in an aqueous solution and
requires dry conditions. This means that the
drying and phosphine generation step must be
combined before the gas chromatographic sample
injection [22,23]. The enzymatic method for the
determination of phosphate was the most selective
and relatively sensitive compared with other tech-
niques and it has been utilized in clinical and
pharmaceutical analyzes. But it is not stable for
routine analysis in industrial applications.

Fluorometric methods for measuring phosphate
have been proposed to improve sensitivity and
selectivity compared with the molybdenum blue
method. Most of these techniques are based on the
fluorescence quenching reaction between phos-
phate and a cationic surfactant used as a fluores-
cence reagent [16,25]. Although a few had a higher
sensitivity than the molybdenum blue method,
they required time consuming processes such as
preconcentration and separation procedures for
the determination of phosphate by flotation [15] or
collection on a membrane filer [11].

In this study, we tried to develop an automated
flow injection system for measuring the concentra-
tion of phosphate based on the fluorescence
quenching reaction between Rhoadamine 6G (see
Fig. 1) and phosphomolybdate with a preconcen-
tration column, which was packed with a molyb-
date-form ion exchange resin in order to collect
and preconcentrate the phosphate in a sample
solution. To date, Rhodamine 6G has been used as
an ion-associated cationic surfactant for the quan-
tification of phosphate ion by fluorophotometry
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Fig. 1. Structure of Rhodamine 6G.

[11,15]. Some preconcentration and collection
methods are based on this phenomenon, but it
makes sense not to directly apply for this reagent
in the flow injection system due to the gradual
decrease in background fluorescence intensity.
However, this reagent was suitable for the deter-
mination of phosphate using a flow injection
system, because the reaction between Rhodamine

G

HCI/MeOH
Rh6G

Waste

Fig. 2. Scheme of the FIA system for the measuring concen-
tration of phosphate. C; and Cs, Carrier 1 and 2 (0.1 mol dm ~>
acetate buffer (pH 3.0) and H,O, respectively); HCI/MeOH, 2.0
mol dm 3 HCl:methanol = 1:1; Rh6G, Rhodamine 6G solu-
tion (30 pmol dm 3 Rhodamine 6G/H,O:methanol = 1:4); P,
pump (0.5 cm® min~); S, sample injector (4.0 cm®); E, eluent
injector (2.5 em’); RC; and RC,, reaction coil 1 and 2 (0.3 and
0.1 cm?, respectively); PC, preconcentration column (about 1.0
g of Amberlite CG-400); D, fluorometric detector (EX = 343
nm, EM =551 nm); R, XY recorder; V, valve.

6G and phosphomolybdate is fast and does not
require heat. Therefore, for the construction of a
stable flow injection system based on this reaction,
an aqueous methanol solution was used as a
cleaning reagent to overcome the precipitation of
ion-associated complexes between Rhodamine 6G
and phosphomolybdate or molybdate. Moreover,
for the preconcentration and collection of the
phosphate ions in the water sample, a preconcen-
tration column, packed with a molybdate-form ion
exchange resin, was combined with the proposed
flow injection system and applied to natural water
samples containing low concentrations of phos-
phate. This paper may is first to report the use of a
molybdate form anion exchange column for re-
peatedly collecting of phosphate in a sample
solution, directly combined with the detection
step.

2. Experimental
2.1. Apparatus

For fluorometric measurements, a Shimadzu
RF-550 spectrofluorometer equipped with a
quartz flow cell (12 pl) was used; the fluorescence
intensity was recorded with a Pantos Unicorder C-
228 recorder. For pH measurements, a TOA
Electronics (Model HM-30S) pH meter was used.
In the flow injection system shown in Fig. 2, four
double-plunger minichemical pumps (Nihon Sei-
mitsu Kogyo, NP-FX-3U) were used to transfer
the carrier and reagent solution. Rheodyne 7125
was used as a sample injector and an eluent
injector. A six-way valve was used for switching
the carrier flow line from the phosphate precon-
centration line to the phosphomolybdate elution
line. The preconcentration column in Fig. 2 was
prepared by packing Amberlite CG 400 (200—400
mesh, OH form) in a plastics mini column (5.0 mm
i.d., 50 mm length).

2.2. Reagents
All reagents used were of analytical grade and

all water used was deionized with the Milli Q
reagent water system (Millipore).
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Rhodamine 6G stock solution (4 x 10~ mol
1= 1). The first 0.20 g of Rhodamine 6G (Wako
Pure Chemical Co. Ltd.) was dissolved in 0.1 I of
water. To make a working solution, 1.50 ml of the
stock solution was diluted to 0.20 1 with an
aqueous methanol solution (H,O:methanol = 1:4)
(30 pmol 17! Rhodamine 6G/aqueous methanol
solution (H,O:methanol = 1:4)).

Ammonium molybdate stock solution (50 mmol
17 1. The first 12.359 g of (NHy)¢Mo0,0,4-4H,0
was dissolved in 0.2 dm~* of water. A solution
was prepared to change the anion exchange resin
from the OH form to the molybdate form. To
make a reforming solution, 2.0 ml of the ammo-
nium molybdate stock solution was diluted to a
concentration of 0.20 1 with water (0.5 mmol 1~
Mo). Then, 4.0 ml of reforming solution was
injected into the sample injector, which was sent
to the anion exchange column through the valve.

To prepare the methanol-containing HCI solu-
tion, 0.1 1 of 2.0 mol 1~ ! HCl solution and 0.1 1 of
methanol were mixed in equal volumes (2.0 mol
1~ ! HCl:methanol = 1:1).

To prepare the acetate buffer solution, 0.1 mol
17! of acetic acid solution and 0.1 mol 17" of
sodium acetate solution, were made individually,
and then mixed to adjust the pH to 3.0.

Phosphorus standard stock solution (1000 mg
17 1. Exactly 0.4389 g of KH,PO, (dried at 105—
110 °C for 4 h) was dissolved in water and diluted
in a 0.10 I volumetric flask. Phosphorus working
solutions were prepared by diluting the stock
solution with a 0.1 mol 1~ ! acetate buffer solution

(pH 3).

Table 1
Optimum conditions for the FIA system

2.3. Procedure

The systems used in this study are shown in Fig.
2 and the optimized parameters are summarized in
Table 1. An aliquot of sample solution (in which
the sample volume was less than 20 ml, absolute
amount of phosphorus was below 1.6 pg, and pH
was adjusted with the 0.1 mol 17! acetic acid
solution), was injected into the 0.1 mol 17! acetic
acid carrier stream (C;) through the sample
injector. The sample solution was sent to the
molybdate-form preconcentration column through
the six-way valve to collect the phosphate ions in
the sample solution. According to the concentra-
tion of phosphate in the solution, the sample
collection step was repeated up to five-times. After
sample collection, the six-way valve was turned to
the eluent position and 2.5 ml of 0.5 mol 17!
sodium hydroxide was injected into the eluent
carrier stream (C,) to elute the phosphomolybdate
from the column by the dissociation of the
phosphomolybdate based on the anion exchange
reaction. The eluent solution was mixed with a
methanol-containing HCI solution, which was
methanol mixed with 2.0 mol 1= hydrochloric
acid (1:1), to form phosphomolybdic acid in
reaction coil 1. The mixed stream was merged
with a 30 pmol 1-' Rhodamine 6G/aqueous
methanol solution (H,O:methanol =1:4) in reac-
tion coil 2 to form an ion-associated complex
between phosphomolybdate and Rhodamine 6G.
In the fluorescence detector, a decrease in the
fluorescence intensity of Rhodamine 6G (EX =
343 nm, EM = 551 nm) was recorded as a negative

1

Carrier 1 0.1 mol 17! acetate buffer (pH 3.0) 0.5 ml min—
Carrier 2 H,0 0.5 ml min~!
HCI/MeOH 2.0 mol 1~! HCl:methanol = 1:1 0.5 ml min !
Rh6G 30 pmol 17! Rhodamine 6G/H,O:methanol = 1:4 0.5 ml min !
Preconcentration i.d. 5.0 mm length 50 mm 2.5 ml
Column About 1.0 g of Amberlite CG 400 was packed

Reaction coil 1 i.d. 0.5 mm 0.3 ml
Reaction coil 2 i.d. 0.5 mm 0.1 ml
Fluorometric detector EX =343 nm, EM = 551 nm

Sample 0.1 mol 1! acetic acid solution 4.0-20.0 ml
Eluent 0.5 mol 1! NaOH 2.5 ml
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peak from the background fluorescence intensity.
The calibration curve was plotted as the depth of
the negative peak from the background intensity
versus the absolute amount of phosphorus in the
sample solution.

3. Results and discussion
3.1. Optimization of FIA parameters

3.1.1. On-line collection and preconcentration of
phosphate

Characteristic of the proposed FIA system, the
preconcentration column packed with an ion
exchange resin for the collection of phosphate
ions in the sample solution was directly combined
with the fluorimetric determination system. Given
the poor adsorptivity of the phosphate ion, it was
difficult to collect this ion directly onto the anion
exchange resin. But when the resin had adsorbed
the molybdate ion before collection of the phos-
phate ion, the phosphate ion was collected quanti-
tatively onto the molybdate-form ion exchange
resin (Amberlite CG400). Therefore, a column
packed with the molybdate-form ion exchange
resin was combined with the fluorimetric determi-
nation system.

In the FIA system, the preconcentration column
had to collect phosphate ion, which then, had to be
eluted for the determination. When the phosphate
ion adsorbed by the resin was eluted, the molyb-
date ion was simultaneously eluted by the eluent.
Therefore, the column was packed with normal
anion exchange resin and was changed to the
molybdate form by the injection of a reforming
solution, which contained molybdate ion, before
the collection of phosphate ion. In the reforming
solution, the concentration of molybdate was
investigated. When the concentration of molyb-
date contained in the reforming solution was over
0.2 mmol 1~ !, 1.6 pg of phosphorus was quantita-
tively collected onto the preconcentration column.
For the optimum procedure, 4.0 ml of 0.5 mmol
17! molybdate solution was used as the reforming
solution.

For the quantitative collection of phosphate
ions in a sample solution onto the molybdate-

form ion exchange column, the effect of the sample
pH was studied. The pH was adjusted between 1
and 5 using 0.1 mol 1~ ! acetate buffer solution as
solvent. The recovery of phosphate ion was
quantitatively determined in this pH range so
that the sample was prepared with 0.1 mol 17!
acetic acid before the injection into the preconcen-
tration column. The pH of this solution was about
3.

Elution was based on the ion exchange reaction
and so sodium hydroxide was used as eluent.
However, the fluorescence of Rhodamine 6G was
influenced by pH. The concentration of sodium
hydroxide was influenced markedly by the fluo-
rescence intensity. When the concentration was
below 0.4 mol 1!, phosphate ion remained in the
column. On the other hand, when the concentra-
tion of sodium hydroxide was above 0.8 mol 1™/,
strong blank signals were observed with an excess
amount of sodium hydroxide. Therefore, 2.5 ml of
0.5 mol 1! sodium hydroxide was used as eluent.

In our proposed system, the phosphate ions in
the sample solution were collected in the precon-
centration column as phosphomolybdate and so a
molybdate stream was not necessary in the fluori-
metric detection system. However, the reaction
between phosphomolybdate and Rhodamine 6G
was performed in acidic medium and an ion-
associated complex between molybdate and Rho-
damine 6G or phosphomolybdate and Rhodamine
6G was produced in the flow line and was
precipitated onto the PTFE tube wall and the
fluorimetric detection cell without organic solvent.
Therefore, a methanol-containing hydrochloric
acid solution was necessary for the detection.
From the investigation of the concentration of
hydrochloric acid and ratio of methanol to hydro-
chloric acid solution, a mixture of 2.0 mol 17!
hydrochloric acid:methanol = 1:1 was used for the
reagent stream.

From the comparison of Rhodamine B and
Rhodamine 6G, which possessed a similar struc-
ture, fluorescent characteristics, and reaction me-
chanism to phosphomolybdate, Rhodamine B was
possessed a greater mole fluorescent intensity than
Rhodamine 6G. But when the system included
Rhodamine B as fluorescent reagent, blank signals
were stronger than in the system with Rhodamine
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6G as fluorescent reagent. And the determination
range of phosphate in the former system was
narrower than that obtained from the Iatter
system. Therefore, in this paper, Rhodamine 6G
was chosen as a fluorescent reagent.

The effect of the concentration of Rhodamine
6G was indicated in Fig. 3. A constant peak depth
was observed at concentrations of Rhodamine 6G
over 20 pumol 17", In this concentration range,
although the background fluorescence intensity
was increased, the sensitivity was constant. There-
fore, the concentration of Rhodamine 6G was set
at 30 pmol 17 '. An aqueous methanol solution
was used as the solvent for Rhodamine 6G to
stabilize the system. Below a ratio of water to
methanol of 1:4, the sensitivity decreased with the
ratio of ethanol in the Rhodamine 6G solution.
Above this, bubbles were generated in the flow line
by the heat of hydrolysis and were caused large
noises. Therefore, the ratio of water to methanol in
the solvent of Rhodamine 6G was set at 1:4.

For the preconcentration of phosphate in a
sample solution, the effect of the sample volume
on the recovery of phosphate was investigated. In
this examination, the absolute amount of phos-
phorus in the sample solution was fixed at 0.8 ug.
the recovery was constant in the range of sample

50
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Fig. 3. Effect of the concentration of Rhodamine 6G in the
system shown in Fig. 2. The Rh6G solution was prepared in a
H,O:methanol (1:1) solution. Other conditions were the same
as in Fig. 2.

100 [~ O O O O

Recovery [%]
3
T
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Fig. 4. Effect of sample volume on the measurement of
phosphate in the system shown in Fig. 2. The absolute amount
of phosphorus is fixed at 0.8 pg.

volumes between 4.0 and 20.0 ml, as shown in Fig.
4. But the recovery was influenced by carrier flow
rate. At a carrier flow rate above 0.5 ml min ~ !, the
reaction time between phosphate ions in the
sample solution and molybdate adsorbed by the
resin was not long enough, and the recovery was
slightly decreased. The carrier flow rate was set at

0.5 ml min ..

3.1.2. Calibration graph and accuracy

The signals obtained from the optimized system
shown in Fig. 2 are shown in Fig. 5. In the blank,
peak depth presented due to the difference of pH
between the eluent and carrier solution and due to
the concentration of the molybdate in the eluent
that passed through the molybdate-form anion
exchange preconcentration column. The calibra-
tion graph plotted the absolute amount of phos-
phorus in a sample solution versus the obtained
peak depth. The linearity range of the calibration
graph for phosphate using the system shown in
Fig. 2 was from 1.6 to 0.2 pg. The relative standard
deviation when the concentration of phosphate
was 0.8 pg per 4 ml sample solution was below
1.5%. In consideration of the sample volume and a
signal-to-noise ratio of 3, the determination limit
for the concentration of phosphorus in the sample
solution was between 10 pg 17! (20.0 ml) and 50
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Fig. 5. FIA signals obtained from the system shown in Fig. 2.

pg 171 (4.0 ml). The sensitivity was the same as
with the molybdenum blue method.

3.1.3. Effect of interferences

Table 2 give a summary of the effects of
interference in some water samples on the deter-
mination of phosphate. A recovery test for each
foreign substance and ion in a standard phosphate
solution was used. From this table, it is clear that
these substances are not influenced for the collec-
tion and determination in this system. In some
papers, silicate ion was reported to have a severe
influence on phosphate determination. But the
reaction between Rhodamine 6G and phospho-

molybdate was not influenced by this ion [15]. The
effect of the silicate ion was not examined in this

paper.

3.1.4. Application to water samples

Given the results of the effect on other sub-
stances and ions, the proposed method was
applied to the determination of phosphate in two
samples; a clean spring water sample and a
commercialized mineral water sample.

The analytical results were obtained with the
standard addition method. The absolute amount
of phosphorus in the commercialized mineral
water and spring water was 0.204 pg per 4.0 ml

Table 2
Effect of interference on the measurement of phosphate with a preconcentration system
Concentration (mg 1~ 1) Relat. Concentration (mg 1~ 1) Relat.
Na™ 1000 99.9 Cl™ 1000 100.6
K* 1000 98.4 F~ 1000 101.9
NH; 1000 96.8 Br— 1000 97.1
Ca®* 1000 92.9 NOs3 1000 99.0
100 96.4 Co3~ 1000 96.0
Mg>+ 1000 96.8 SO;~ 1000 92.7
Cu** 1000 92.0 100 95.0
100 96.4 BO3 ™ 1000 83.0
Co** 1000 83.2 100 104.9
100 98.2
ALPT 100 75.7
10 98.6
Fe’* 100 214.4
10 103.9

Addition of 0.2 mg 1~ ! phosphate.
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for a 10-fold diluted sample solution and 0.183 g
per 4.0 ml for a 2-fold diluted sample solution,
respectively. The concentrations of these samples
were 0.51 and 0.09 mg 17!, respectively. These
values were consistent with the results obtained
with the molybdenum blue method [35].
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