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SUMMARY

Two detectors were located in series for the simultaneous determination of
phosphate and phosphonate. A molybdenum(V)-molybdenum(VI) reagent was used
to detect phosphorus(V) at the first detector and phosphorus(III) at the second de-
tector, following oxidation by a sulphite solution. Phosphate and phosphonate can
be determined simultaneously at a total maximum sampling rate of 80 samples per
hour, with a relative standard deviation of less than 1.5%. This series detection sys-
tem, linked to a liquid chromatograph, was found to be useful for both the separation
and the identification of various oxo acids with PV and P™ units.

INTRODUCTION

Simultaneous determination of a number of components in a mixture by flow
injection analysis (FIA) of a single sample injection is an interesting problem!—*, In
a previous paper®, we reported the design of a flow injection system with parallel
detection, and its application to the simultaneous determination of phosphate and
phosphonate. The parallel detection system was constructed by arranging two iden-
tical detection systems symmetrically. The sample solution was injected and split into
two parts, one of which was introduced into each detection system. The system was
designed to be used as a ‘“high-pressure flow injection system”, based on the for-
mation of heteropoly blue complex®’. The important features of the parallel system
were the single sample injection and the use of a conventional FIA method with two
detectors in parallel.

The work reported here was undertaken to design a series detection FIA system
and to apply it to the simultaneous determination of phosphate and phosphonate.
This system is different from the parallel detection FIA system in two respects: (1)
the flow is not split after the injection, and (2) the two detectors are in series not in
parallel. The potential of this system as a post-column reaction detector in high-
performance liquid chromatography was also shown, not only for the separation of
phosphorus(V) compounds and phosphorus(III) compounds, but also for the iden-
tification of these compounds, by the differentiation of PY and P,
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EXPERIMENTAL

Chemicals

Unless otherwise stated, all chemicals (Kishida, Osaka, Japan) were of guar-
anteed grade and were used without further purification. Reagents and samples were
prepared according to the previous paperS, except that the concentration of the so-
dium hydrogen sulphite solution was increased to 1.0 M.

Apparatus and procedures

The FIA manifold with a series detection system is shown in Fig. 1. The first
detector (D,) was for the detection of PV units and the second one (Dp) was for total
phosphorus (PY and P™). The sample solution (200 ul) was introduced with a loop-
valve sample injector (S, Seishin VMU-6) into a water stream pumped with a reci-
procating pump (P, Seishin PSU-3.2W) at a flow-rate of 1.0 ml/min. The sample
was mixed with the molybdenum(V)-molybdenum(VI) reagent pumped at a flow-
rate of 0.5 ml/min with a second reciprocating pump (P,, Seishin PSU-2.5W). The
mixed solution was carried through a 10-m reaction coil (C,), where polyphosphate
was hydrolysed to orthophosphate and the latter reacted with the MoY-Mo"! reagent
to form a heteropoly blue complex. The absorbance of this blue complex at 830 nm
was monitored with a flow cell (volume 8 ul, path 10 mm) attached to a spectropho-
tometer (D,, Jasco, UVIDEC 100 IIW).
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Fig. 1. FIA manifold with a series detection system. Py, P; and P; = reciprocating pumps; M, and M,
= three-way connectors; C; = precoil (Technicon Part No. 116-0536-13); C, and C, = reaction coils
(PTFE, 0.5 mm 1.D., 2 mm O.D.); C, = back-pressure coil (PTFE, 0.25 mm LD.,2 mm O.D.); S =
sample injector; L = sulphite injector; D, and Dy = detectors; W = waste. The parts enclosed by dashed
lines were immersed in a thermostatted silicone oil bath at 140°C.

The mixture of sample and reagent was then mixed with the sulphite solution
introduced into a water stream via a four-way loop-valve injector (L, Kyowa
KMM4V?2). The mixed solution was passed through a second 10-m reaction coil
(C,), where the lower oxo acids of phosphorus were oxidised and the resultant or-
thophosphate reacted with the MoY-Mo"! reagent to form heteropoly blue complex.
The absorbance of the complex at 830 nm was monitored with a flow cell attached
to an identical spectrophotometer (Dg).
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A narrow coil (C,) at the exit of the cell prevented detector noise caused by
gas bubbling in the cell, even at temperatures as high as 140°CS.
The HPLC system was as described previouslys.

RESULTS AND DISCUSSION

Design of series detection system

In the series detection FIA system (Fig. 1), the injected sample passes through
the first confluence point (M,), the first reaction coil (C,), the first detector (D,), the
second confluence point (M), the second reaction coil (C;) and the second detector
(Dg). The sulphite solution is introduced at M.

Polymeric oxo acids of phosphorus were hydrolysed to monomeric ortho-
phosphate and/or phosphonate in the first reaction coil. The formation of heteropoly
blue complex by the reaction of resultant orthophosphate with MoY-Mo"! reagent
also took place in the first reaction coil. Phosphonate, which did not form heteropoly
blue complex, was then oxidized with sulphite during passage through the second
reaction coil’~® and the resultant orthophosphate was detected. It was confirmed that
the introduction of sulphite did not affect the absorption characteristics of heteropoly
blue complex produced in the first reaction coil. In this manner, it was possible to
determine PV and P simultaneously with a single sample injection.

Simultaneous determination of orthophosphate and phosphonate

As mentioned above, the sample passes through two reaction coils, so the peak
detected by the second detector is expected to be broader than that detected by the
first. We used sample solutions of phosphorus compounds to estimate the peak
broadening and to examine the efficiency of the system, as follows.

A sample solution of orthophosphate was injected. As shown in Fig. 2, the
FIA profiles showed differences with respect to the residence time [141 sec (A) and
251 sec (B)), the peak height [0.12 a.u. (A) and 0.089 a.u. (B)] and the peak width,
g, [13 sec (A) and 15 sec (B)]. On the other hand, the ratio of the peak areas was
confirmend to be 1:1. It should be noted that the peak width in Fig. 2B, expressed
in seconds, must be multiplied by a factor of 1.13 (= 1.7/1.5) for the measurement
of the peak area, because the flow-rate through the first detector (1.5 ml/min) was
different from that through the second (1.7 ml/min).

If a sample solution containing orthophosphate and phosphonate is injected,
only orthophosphate is expected to be detected in the absence of sulphite, whereas
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Fig. 2. FIA profiles for orthophosphate (PY), in the absence (A) and in the presence of sulphite (B). The
sample solution was injected in quadruplicate; the sample concentration was 2.0 - 103 M.

10 AU

&)



322 Y. BABA, N. YOZA, S. OHASHI

both are expected to be detected in the presence of sulphite. Fig. 3 shows calibration
profiles for a series of samples containing an equimolar mixture of orthophosphate
and phosphonate. Either the total amount of orthophosphate and phosphonate (B)
or orthophosphate only (A) can be determined. In accordance with expectation, the
ratio of peak areas for each sample was confirmed to be 2:1. The maximum sampling
rate, Smax (= 3600/60,), corresponding to o, value of 15 sec, was 40 samples per hour,
which means a total sampling rate of 80 samples per hour in the series detection
system.

The calibration curves showed good linearity (correlation coefficient = 0.999)
and the relative standard deviation of measurement was between 1.1 and 1.3%.
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Fig. 3. Calibration profiles for an equimolar mixture of orthophosphate (P¥) and phosphonate (P™), in

the absence (A) and in the presence of sulphite (B). The concentration of each sample increases from left

to right, i.e., from 1.0 - 1073 to 5.0 - 1073 M.

Liquid chromatographic detector

The series detection system was found to be very useful for the simultaneous
determination of phosphate and phosphonate. A coupled system of FIA and HPLC,
however, was expected to be more effective for the characterization of multicompo-
nent samples$~7.10-13, Previously®, we reported the on-line coupling of a chromato-
graphic column to the parallel detection FIA system, which was applicable not only
to the separation of phosphorus oxo acids but also to the identification of these
compounds. We demonstrated the feasibility of the coupling HPLC and the series
detection system by use of more complex phosphorus compounds. The sampling line
at M, in Fig. 1 was replaced by the outlet of a separation column, so that we could
examine the efficiency of the system as a post-column reaction detector for HPLC of
various oxo acids of phosphorus.

Fig. 4 shows the elution profile of a mixture of phosphonate, orthophosphate,
diphosphate and triphosphate, in the absence (A) and in the presence (B) of sulphite.
It is evident that ortho-, di- and triphosphate can be detected in both detectors. On
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Fig. 4. HPLC profiles for phosphonate (P™), orthophosphate (PY), diphosphate (PY) and triphosphate
Y) monitored by the series detection FIA system, in the absence (A) and in the presence of sulphite (B).
The concentration of each sample is 1.0 - 10”4 M (as phosphorus).

the other hand, phosphonate is detected only in the presence of sulphite. The ratio
of the peak areas for the first peaks in Fig. 4 A and B, corresponding to orthophos-
phate (A) and to orthophosphate and phosphonate (B), was confirmed to be 1:2, and
the ratios for both the second and the third peaks were confirmed to be 1:1.

Fig. 5 shows the elution profile of a mixture of phosphonate (P™) and its dimer
(P"-O-P"™). In the presence of sulphite two peaks were observed with reasonable
areas. In the absence of sulphite no peak was observed.
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Fig. 5. HPLC profiles for phosphonate (P™) and diphosphonate (P™-O-P™) monitored by the series
detection FIA system, in the absence (A) and in the presence of sulphite (B). The concentration of each
sample is 1.0 - 10~* M (as phosphorus).
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Comparison of the series detection and the parallel detection FIA systems

The efficiency of the series detection system was comparable with that of the
parallel detection FIA system® with respect to the sampling rate (Sma.: 80 samples/h
for series; 100 samples/h for parallel), the reproducibility (the relative standard de-
viation: 1.1-1.3% for series; 0.4-0.9% for parallel) and the sensitivity (apparent molar
absorptivity corresponding to the slope of the calibration curve: 6000 M~ cm ™! for
series; 5000 M~ cm™! for parallel). An advantage of the series system over the
parallel system is that the reliability of detection is improved by decreasing the pump-
ing channels from seven (parallel) to three (series). A similar conclusion was reached
when the two FIA systems were used as HPLC detectors.
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