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A catalytic-photometric method with a continuous-flow system is presented for the determination of nanogram 
amounts of vanadium in natural water. It is based on the catalytic effect of vanadium(V) on the oxidative coupling 
reaction of 4-aminoantipyrine with N,N-dimethylaniline in the presence of bromate. A higher sensitivity can be 

attained by using 1,2-dihydroxybenzene-3,5-disulfonic acid (Tiron) as an activator; vanadium(IV, V) at the 0.05-
2.0 ng ml-' level can be determined at a rate of 30 samples h-'. The method suffers few interferences and can be 
applied successfully to the determination of vanadium in natural water.
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 Kinetic methods of analysis based on catalytic reac-
tions are useful in many fields of trace analysis because 
of their extremely high sensitivity and low limit of 
detection. Numerous batch methods have been recom-
mended for the catalytic kinetic determination of 
vanadium.'-10 In these batch methods, care is required 
in the mixing of reagents at regular time intervals in 
order to obtain highly accurate results. In a flow 
injection analysis (FIA), the reaction time can easily 
and precisely be controlled by the flow rate of the 
solution and the length of reaction coil. 

 Several procedures for the photometric-catalytic 
determination of vanadium by FIA have also been 
described. The catalytic effect on the oxidation of 
chromotropic acid by bromate allows for the determina-
tion of 10 -160 ng ml-' of vanadium." Hirayama and 
Unohara12 described a procedure for the determination 
of vanadium up to 80 ng ml-' with the oxidation of 
Bindschedler's Green by bromate. The reactions of 

gallic acid13,14 and o-phenylenediamine15 with bromate 
were used for the catalytic-photometric determination 
of vanadium. 

 Recently, the present authors have reported a 

procedure for the determination of vanadium(IV) and 
vanadium(V) based on their catalytic effects on the 
oxidative coupling reaction of 4-aminoantipyrine (4-
amino-2,3-dimethyl-l-phenyl-5-pyrazolone) with N, N 
dimethylaniline in the presence of bromate and sulfo-
salycilic acid (SSA) as an activator.'o The absorbance 
of the product formed during the reaction is measured

at a fixed time; 0.1-1.0 ng ml-' of vanadium can be 
determined. On this basis, work has now been 
extended to establish a scheme for the determination of 
trace amounts of vanadium in water samples by FIA. 
In the present work, SSA is replaced by 1,2-dihydroxy-
benzene-3,5-disulfonic acid (Tiron) as an effective 
activator; the sensitivity of results have been greatly 
improved. The conditions for both catalyzed and 
uncatalyzed reactions were studied in order to adapt the 
reaction to a flow injection system. A lower determina-
tion limit of 0.05 ng ml-' and a sampling rate of 30 h-' 
were achieved in the determination of vanadium in 
natural water.

Experimental

Reagents 
 All reagents used were of analytical reagent grade. 

All water used in the experiment was purified using a 
Millipore Milli-Q water system. 

 Standard solutions of vanadium(IV) and vanadium-

(V) (0.5 mgV mL') were the same as those described 
previously.10 

 4-Aminoantipyrine (AA), N,N-dimethylaniline (DMA) 
and potassium bromate solutions were prepared in a 
manner similar to that described earlier'o, though 
4.0X103 M AA, 3.0X102 M DMA and 8.0X102 M 
bromate solutions were used. An aqueous 0.1 M Tiron 
solution was prepared from DOJINDO Laboratories,
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Japan, without further purification.

Apparatus 
 A flow diagram for the determination of vana-

dium(IV, V) and experimental parameters are shown in 
Fig. 1. Two double plunger pumps (Tokyo Rika PS 
3.2W) were used; sample solutions were injected by a 
six-way injection valve (Tokyo Rika VMU-6) into the 
carrier stream. The flow lines were made from Teflon 
tubing (0.5 mm i.d.) and connectors. A Japan Spectro-
scopic Co. UVIDEC-320 spectrophotometer equipped 
with a 20-µ1 flow cell (optical path length, 10 mm) was 
used and connected to a Hitachi 056 recorder. A Toa 
Denpa Model HM-6A pH meter and a thermostated 
bath (Toyo LH-1000) were also used.

Procedure 
 In the flow system (Fig. 1), a 0.1 M hydrochloric acid 

carrier solution (C) was pumped at a flow rate of 
0.8 ml min-'. An aqueous solution containing AA, 
DMA and Tiron in a reservoir R1 was supplied to the 
manifold. The solutions of bromate and formate buffer 
in reservoirs R2 and R3, respectively, were also 
supplied. A 200-µ1 aliquot of the sample solution was 
injected by a loop-injection valve into the carrier 
stream, which was then merged with AA, DMA, Tiron, 
bromate and buffer streams at 0.8 ml min'. The 
catalytic action of vanadium(IV, V) on the oxidative 
coupling reaction proceeded in the reaction coil (10 m 
long, 0.5 mm i.d.) which was submerged in a ther-
mostated bath of 55±0.1°C. The absorbance of the dye 
formed was monitored continuously at 555 nm.

Results and Discussion

 The oxidative coupling reaction of AA with DMA 
by bromate is slow, but can be catalyzed by vana-
dium(IV) and vanadium(V); their catalytic effects could

be activated by Tiron and SSA, respectively. The reac-
tion product, N-(2,3-dimethyl-l-phenyl-5-pyrazolone)-
N',N'-dimethylamino p-benzoquinone diiminonium ion, 
exhibits an absorption maximum at 555 nm, as de-
scribed previously. t0

Optimum conditions for FIA 
 In the application of a catalytic reaction to FIA, the 

peak height obviously depends on the flow rate and the 
reaction coil length. The lower flow rates gave higher 

peaks for the catalyzed and uncatalyzed reactions. A 
flow rate of 0.8 ml min' in each stream was selected, 
taking into account the sensitivity and the sampling 
frequency. By lengthening the reaction coil from 2 to 
14 m, the peak height increased. A 10-m coil was 
chosen after considering of the sensitivity and the base 
line stability. 

 The peak height increased with increasing sample 
volume, but almost reached its maximum above 200 µl; 
this volume was, therefore, recommended.

Effect of reaction variables 
 The effect of temperature on both catalyzed and 

uncatalyzed reactions was examined over the range 30 -
70° C. An increase in the temperature increased the 

peak height for both reactions, as shown in Fig. 2. As 
expected, this effect is much pronounced for a catalyzed 
reaction. A temperature of 55° C was selected in the 

procedure for the sake of high sensitivity and base line 
stability. 
 The effect of pH on the both reactions was studied by 
adding different amounts of 0.1 and 1.0 M hydrochloric 
acid in the presence of Tiron (0.1 M) or SSA (0.3 M). 
As can be seen in Fig. 3, the rate of an uncatalyzed 
reaction is faster at lower pH. An optimum pH range 
for the catalyzed reactions was found to be 2.6 - 2.7. 
The effect of buffers was also examined, since the rate 
of a catalyzed reaction sometimes depended on the 
buffer used to control the reaction pH. The buffers 
examined include tartrate, citrate and formate. In the 

presence of tartrate or citrate, the rate of a catalyzed

Fig. 1 Flow diagram of FIA for the catalytic determina-
 tion of vanadium. C, carrier solution (0.1 M HC1); R1, AA 

 (4.0X10-3 M)/DMA (3.0X10-2 M)/Tiron (0.1 M) solu-
 tion; R2, potassium bromate solution (8.0X 10-2 M); R3, 

 buffer solution (0.15 M sodium formate/NH3/HC1); P, 

 pump (0.8 ml min"'); S, sample injector (sample volume 
 200 µl); BC, bypass coil (3 m long, 0.25 mm id.); RC, reac-

 tion coil (10 m long, 0.5 mm i.d.); T, thermostated bath 

 (55° C), D, spectrophotometer (555 nm); Rec, recorder; W, 
 waste (pH 2.6-2.7).

Fig. 2 

 line; 

 Fig.

 Effect of temperature on color development. 1, base 
2, 2.0 ng ml-' of vanadium(V). Other conditions as in 
1.
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reaction was retarded; in the presence of formate, 
however, the reaction rate was not influenced (0.15 M 
of a formate solution was used). 

 The effect of AA and DMA concentrations was 
examined. The higher were the concentrations of AA 
and DMA, the higher were the absorbance for 
catalyzed reactions. The height of the base line slightly 
increased with increasing concentrations of AA and 
DMA. The concentrations of AA and DMA were 
selected to be 4.OX 10.3 M and 3.0X102 M, respectively. 

 The effect of bromate concentration over the range 
0 - 0.15 M on the catalyzed and uncatalyzed reactions 
was studied. Both reactions proceeded faster with 
increasing bromate concentration. A 8.OX 10-2 M 
bromate concentration was chosen. 

 At present, the most promising possibility for a 
further increase in the sensitivity of the catalytic 
methods seems to be through the used of activators.16"" 
Hwang et al.ls have reported that Tiron acts as an 
activator for vanadium(V). In the present study, the 
activating effect of Tiron and SSA was examined for a 
catalyzed reaction of vanadium(V). As can be seen in

Fig. 3, the activating effect of Tiron in greater than that 

of SSA. The effect of Tiron concentration is shown in 

Fig. 4; the peak height increased with increasing Tiron 

concentration, though above 0.08 M no significant 

increase was observed. Therefore, a Tiron concentra-

tion of 0.1 M was selected for the procedure.

Calibration graph 
 The flow system (Fig. 1) was used for preparing 

calibration graphs. Typical signals for vanadium(V) are 
shown in Fig. 5. The calibration graphs are linear over 
the concentration range 0.05 - 2.0 ng ml-' of vana-
dium(V). Curves for vanadium(IV) were also prepared 
and were almost identical to those for vanadium(V), 

presumably because vanadium(IV) is oxidized to vana-
dium(V) by bromate. Thus, the proposed method can 
be used to determine the total vanadium. The detection 
limit of the method for a signal-to-noise ratio of 3 is 
20 pg ml-'. The precision of the present method was 
tested by injecting 10 samples and recording the peak 
absorbances. Relative standard deviations are 0.8 and 
0.5% for 1.0 and 2.0 ng ml-' of vanadium(V), respec-
tively.

Interferences 
 The effect of foreign ions on the determination of 

1.0 ng ml-1 of vanadium(V) was studied. The tolerance 
limits for foreign ions are summarized in Table l; a 5% 
error was considered to be tolerable. As can be seen,

Fig. 3 Effect of pH on color development in the presence 

 of Tiron (0.1 M, 0) or SSA (0.3 M, ~). 1, base line; 2, 3, 
 2.0 ng mL' of vanadium(V). Other conditions as in Fig. 1.

Fig. 4 Effect of Tiron concentration. 1, base line; 2, 2.0 ng 
 mL' of vanadium(V). Other conditions as in Fig. 1.

Fig. 5 Flow signals for vanadium(V) . Conditions as in Fig. l .

Table 1 Effect of foreign ions on the determination of 1.0 
  ng mL' of vanadium(V)
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most of the foreign ions showed no effect on the 
determination of vanadium(V), even when present in 
amounts of 1000-fold excess. Chromium(VI), copper-

(II), iron(II, III) showed positive interferences and 
tin(II) showed negative one. However, these ions up to 
100-fold amounts to vanadium(V) did not interfere. 
The selectivity of the present method was better than 
that of the batch method.10

Application to water samples 

 The applicability of the proposed method was 

evaluated by analyzing both river and lake water. After 

a pretreatment10, the determination of vanadium was 

performed by FIA; in all cases calibration curves and 
standard addition methods were applied. The obtained 
results are given in Table 2. The results obtained by the 

proposed method were compared with those obtained 
by the batch method.10 Both results are in good 

agreement. The sensitivity and the accuracy of the 

method are satisfactory and the proposed method is 

useful for the determination of 0.1- 2 ng ml-1 vanadium

in natural water, such as river or lake water. 
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Table 2 Determination of vanadium in river and lake water

a. 

b. 

C. 

d.

Collected in Tottori Prefecture, 

Corrected for addition (n=3). 
Calibration curve method. 
Standard addition method.

Japan.
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