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bstract

In this work, a simple, selective and rapid flow injection method has been developed for determination of ruthenium. The method is based
n its catalytic effect on the oxidation of safranin-O by metaperiodate. The reaction was monitored spectrophotometrically by measuring
afranin-O absorbance at λmax = 521. The reagents and manifold variables, which have influences on the sensitivity, were investigated and
he optimum conditions were established. The optimized conditions made it possible to determine ruthenium in the ranges of 0.4–20.0 ng/mL

�A = 0.2819CRu + 1.1840) and 20.0–100.0 ng/mL (�A = 0.0984CRu + 7.9391) with a detection limit of 0.095 ng/mL and a sample rate of 30 ± 5
amples/h. Relative standard deviation for the five replicate measurements was less than 1.84%. The proposed method has been successfully applied
or analysis of ultra trace amounts of ruthenium in real samples.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Different studies have been carried out regarding the appli-
ation of materials containing Ru compounds. Due to their
lectrochemical and thermoelectric properties, such types of
aterials have shown potential catalytic, pharmaceutical, ana-

ytical and theoretical applications. [1,2]. The success of
is-platin as an anticancer agent has stimulated the search for
ther organometallic cytotoxic compounds with more accept-
ble toxicity profile and, if possible, an increase of antitumor
ctivity. In the last three decades, a wide range of ruthenium
gents have been synthesized and tested for antitumor properties.
espite of their low cytotoxic potential in vitro, many ruthenium

ompounds increase the life time expectancy of tumor-bearing
osts. Thus, the increasing importance of the use of ruthenium
n widely different fields, particularly in pharmacology [3–6],

etallurgy [7,8] and in high technology components [9,10], had

ade it necessary to develop simple, inexpensive and selec-

ive methods for determination of traces of ruthenium in various
amples.
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Different methods have been reported for determination of
his metal such as voltammetry [12], atomic absorption spec-
rometry [13], fluorimetry [14] and spectrophotometry [15–18].
he availability of spectrophotometric instruments and the
implicity of analytical procedure make the procedure very
ttractive for a wide range of applications. Flow injection
nalysis served analytical advantages such as rapid response,
utomation, low cost, simple instruments, high reproducibility
nd high selectivity that make it possible to determine trace lev-
ls of ruthenium in real samples [19–24]. This article describes
n economical, selective and rapid flow injection method for
etermination of ruthenium in the river and drinking water and
uman serum. The influence of variables has been studied, and
he developed procedure has been employed for the determina-
ion of ruthenium in the real samples with satisfactory results.

. Experimental

.1. Reagents
Safranin-O solution of 1.0 × 10−2 mol L−1 was prepared by
issolving 0.351 g of dimethyl safranin-O chloride (Merck) in
ater and diluting it in a 100-mL volumetric flask.

mailto:rezaei@cc.iut.ac.ir
dx.doi.org/10.1016/j.jhazmat.2007.06.012
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Fig. 1. Schematic diagram of the flow system. (flow rate of 34 mL/h for
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Rate ∝ signal = −∂[safranin]/∂t = k[Ru][safranin][periodate]

Assuming that safranin-O and metaperiodate were present in
such excess that their concentration can be regarded as constant,
ach channel, sample loop volume of 140 �L, reaction coil length of 120 cm,
bsorbance wavelengths: λmax = 521 nm); S, injection valve; RC, reaction coil;
emperature, 30 ◦C; D, spectrophotometer; PP, peristaltic pump.

Metaperiodate stock solution of 0.01 mol L−1 was prepared
y dissolving 0.5750 g potassium metaperiodate (Merck) in
ater and diluting it in a 250-mL volumetric flask.
A 100.0 �g/mL stock solution of Ru(III) was prepared by

issolving 0.0128 g of RuCl3 (Lobachem) in ethanol in a 100 mL
olumetric flask.

All other reagents used were of analytical reagent grade, and
oubly distilled water was used throughout. All glassware were
leaned with a detergent solution, rinsed with tap water, soaked
n dilute HNO3 solution (2%, v/v), rinsed with water and then
ere dried.

.2. Flow injection system

Fig. 1 shows the schematic diagram of the flow system.
ilicon rubber tube with 1.0 mm i.d was used for delivery of

he solutions. The 12-channel peristaltic pump (Desaga, PLG,
20 V, 70 W) was fitted for pumping solutions. A mixed solu-
ion of metaperiodate, buffer, safranin-O and water as a carrier
tream was delivered through silicon rubber tubing (at 30 ◦C).
he thermostatic water bath (Gallenkamp, BGL) was used at
given temperature of 30 ± 0.1 ◦C. The standard solution of
u(III) was injected into a carrier stream with a sample injec-

or (Rhedyne, model 9125). An UV-Visible spectrophotometer
Shimsdzu, model 6AV) equipped with a flow through cell with
0-mm path length connected to recorder (Shimadzu C-R4AX
hromatopac) was used for monitoring the variation in the
bsorbance spectrum.

.3. Determination of ruthenium in human serum

Mineralization of 2.0 mL of the samples was carried out for
.0 h at 100 ◦C with the addition of 4 mL of concentrated nitric
cid [18]. Then samples were analyzed directly after dilution
ith doubly distilled water to a suitable volume.

.4. Determination of ruthenium in ruthenium red and rock
amples
A 5.0 mL sample solution was digested and then was treated
nd subjected to ion exchange separation to eliminate the base
etals from ruthenium [24]. After chloride removal by evapora-

ion with H2SO4 the solution was diluted with water to 25 mL.

F
t
4

Scheme 1. Safranin-O structure.

liquots of the solution were taken for ruthenium analysis
ccording to the proposed procedure.

. Results and discussion

Safranin-O (Scheme 1) can be oxidized by metaperidate
lowly. But this reaction rate can be increased by addition of
he ultra trace amounts of ruthenium as a catalyst.

This reaction is followed spectrophotometrically (Fig. 2) by
ontrolling absorbance change of the dye at 521 nm by a flow
njection method.

Safranin-O and Nil blue have fused heteroaromatic rings
tructure that has the same oxidation site of amine group. There-
ore, catalytic oxidation mechanism of safranin O–IO4

−–Ru(III)
ay be similar to Nil blue–IO4–Ru(III) catalytic oxidation sys-

em [25]. The total catalytic reaction can be expressed as follows:

afranin(Red) + IO−
4

Ru−→Safranin(Ox) + IO−
3

The mechanism led to the rate law as:
ig. 2. Variation of the safranin–IO4
−–Ru(III) system with time. Condi-

ion: pH, 4.0; safranin 5.7 × 10−5 mol L−1; IO4
− 4.0 × 10−4 mol L−1; Ru(III),

0.0 ng/mL; temperature, 30 ◦C; time interval for each scan, 60 s.
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Table 1
Interferences effect on the determination of 5.0 ng/mL, Ru(III)

Species Tolerance limit
(Wion/WRu(III))

Na+,K+,Ca2+, Mg2+,Ag+, Rb+, Pb(II), Ni(II),Zn(II),
Cu(II), Br−, Cl− , C2O4

2−, S2O8
2−, HSO4

−,
ClO3

−,CO3
2−,NO3

− tatarate, borate

1000

Co2+, Mn2+, Hg2+, Pd2+ 800
Os8+, Rh3+ 400
Te4+, Se4+, SCN− 200
F
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mental limit of detection is 0.095 ng/mL (S/Np−p = 3). The
relative standard deviation (R.S.D. %) for 10 replicate measure-
ments of 0.7, 7.0 and 15.0 ng/mL of Ru(III) were 1.84, 1.12 and
0.87%, respectively.

Table 2
Comparison of some methods for determination of ruthenium with proposed
method

Method DL (ng/mL) LDR (ng/mL) Reference no.

Spectrophotometry 0.25 0.8–100 16
30 100–2500 18

0.33 1.12–300 17

Voltammetry 1000 2000–60000 13

Fluorimetry 0.6 1.0–400 15

Atomic absorption 6 Up to 500 14

Flow injection 2.1 5–200 21
58 B. Rezaei, M. Keyvanfard / Journal of

he rate equation will be simplified as:

ate ∝ signal = k′[Ru]

This equation is the quantitative basis for the determination of
uthenium by the proposed method. To have more favorite sensi-
ivity the effect of reagent concentrations and manifold variables
n the sensitivity was studied.

.1. Effect of chemical variables

Experiment was done at different pH values. The results show
he maximum peak height with the best baseline is at pH 3.0.

hile higher pH values decrease the signal. This phenomenon
an be due to the fact that at pH < 3, safranin-O is protonated
nd thus the rate of reaction rate decreases. On the other hand,
t higher pH values (pH > 3.0), the ability of metaperiodate to
xidize safranin-O increases with increasing hydroxide ions,
hus, decreasing the catalytic role of Ru(III). Therefore, a pH
f 3.0 was selected as the optimum pH value.

The effect of safranin-O concentration on the sensitivity was
tudied at Ru(III) concentration of 20.0 ng/mL and the optimum
H. The results show that by increasing safranin-O concen-
ration up to 1.0 × 10−4 mol L−1, the reaction rate increases,
hereas greater amounts of safranin-O concentration cause
ecrease in sensitivity. This may be due to the aggregation of the
ye at higher concentrations. Thus, safranin-O concentration of
.0 × 10−4 mol L−1 was selected.

The influence of metaperiodate concentration on the sen-
itivity was studied in the presence of 20.0 ng/mL Ru(III),
.0 × 10−4 mol L−1 safranin-O, at pH 3.0. The results
ndicate that the best concentration for metaperiodate is
.0 × 10−4 mol L−1. By increasing the metaperiodate concen-
ration more than this level, the rate of the uncatalyzed reaction
ncreases to a greater extent than the catalyzed reaction and
he difference between catalyzed and uncatalyzed reaction
peak height) diminishes at higher metaperiodate concentra-
ion. Therefore, the optimum metaperiodate concentration was
elected to be 2.0 × 10−4 mol L−1.

The influence of temperature on the maximum signal (�A)
as studied for the range of 10–50 ◦C, under above conditions
therwise as previously described. The results show that by
ncreasing temperature up to 30 ◦C, signal or the rate of reaction
ncreases. This means that the rate of the uncatalyzed reaction
ncreases with temperature to a greater extent than the rate of the
atalyzed reaction, and the difference between the rate of the cat-
lyzed and uncatalyzed reaction (�A = �As−�Ab) diminished
t high temperatures. So temperature was fixed at 30 ◦C.

The effect of ionic strength on the sensitivity was studied. The
ensitivity was slightly changed with increasing ionic strength
f the reaction mixture.

.2. Effect of manifold variables
Influence of variables such as flow rate, reaction coil and
njected volume on the sensitivity was studied.

The peak height depends on the residence time of the sam-
le in the system that is affected by flow rate and reaction coil

P

e2+ 50
− 30

ength. The effect of flow rate was tested under optimum chem-
cal conditions. The results show that the best pump flow rate
the maximum peak height and minimum dispersion) will be
btained in 34.0 mL/h for each channel. At lower flow rates the
ispersion will be high whereas at greater flow rates the reaction
ay be incomplete.
The results during the investigation of the effect of reaction

oil length shows that by increasing the reaction coil length up
o 120 cm, the sensitivity increases. At shorter distances there is
ot enough time for reagents to be mixed and above this reactor
ength, increased dispersion will decrease the peak height.

The influence of sample volume was tested under optimum
onditions; in the range of 20.0–200 �L. The results show that
he peak height rose by increasing the volume of sample loop
olume, but the injection of a large amount of sample results in
eak broadening and tailing. Thus, a sample volume of 140 �L
as selected.

. Analytical characteristics of the method

Under obtained optimized conditions, ruthenium concen-
ration can be determined in the ranges of 0.1–20.0 ng/mL
r = 0.9948) and 20.0–100.0 ng/mL (r = 0.9950). The experi-
30 40–600 22
0.7 1–100 19
2 5–500 20

roposed method 0.095 0.4–100 –
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Table 3
Determination of Ru(III) in the real samples

Sample Added (ng/mL) Found (ng/mL) Recovery (%)

Human serum

0.0 – –
3.0 2.91 ± 0.018 97.0
5.0 5.21 ± 0.033 104.2
7.0 6.88 ± 0.028 98.3
9.0 9.35 ± 0.027 103.9
0.0 – –
3 3.05 ± 0.018 101.7

River water

5.0 5.18 ± 0.035 103.6
7.0 7.24 ± 0.044 103.4
9.0 8.84 ± 0.054 98.2
0.0 – –
3.0 3.11 ± 0.024 103.7
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rinking water
5.0 4.88 ± 0.029 97.6
7.0 7.23 ± 0.049 103.3
9.0 8.85 ± 0.045 95.0

. Influence of foreign ions

In this stage the influence of contaminant species presented
n various samples on the determination of Ru(III), 20.0 ng/mL,
as investigated. The tolerance limit was defined as the con-

entration of added ions causing a relative error less than 3%.
Table 1). As the results show the developed method is very
elective.

. Response characteristics

In Table 2, response characteristics of the proposed method
re compared with recently reported methods. Results in Table 2
how that proposed method has a good linear dynamic range
nd an excellent detection limit. Though, the method is simple,
ast, high reproducible and relatively cheap, its selectivity and
ensitivity are also better than the other methods listed in Table 2.

. Analytical application

The proposed method has been successfully applied to deter-
ine Ru(III) in the river, drinking water and human serum

amples. The results in the Table 3 represent that good recover-
es in all samples were obtained. In order to evaluate the validity
f the proposed method for the determination of Ru(III) in the

eal samples, the ruthenium red and rock samples were ana-
yzed by the proposed method and compared with those obtained
ith inductively coupled plasma atomic emission spectrometry

Table 4).

able 4
nalysis of ruthenium in rock and ruthenium red samples

ample Ruthenium (�g mL−1)

I.C.P.AES method Proposed method

ock 1 (sulphide ore of
copper and nickel)

1.32 ± 0.02 1.35 ± 0.04

ock 2 (cremate ore) 4.75 ± 0.03 4.82 ± 0.07
uthenium red 5.12 ± 0.02 5.07 ± 0.05

[

[

[

[

rdous Materials 151 (2008) 456–460 459

. Conclusion

A simple, rapid and selective flow injection catalytic pro-
edure is developed for the determination of Ru(III) with
pectrophotometric detection. This method can be used for the
etermination of nano amounts of ruthenium with a sample rate
f 30 ± 5 samples/h. The main advantages of the method are
ts simplicity and its large dynamic range which make it possi-
le to determine ruthenium in the real samples with satisfactory
esults.
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