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Abstract

A sensitive and selective luminescence quenching method is developed and used for manual and flow injection analysis (FIA) of
chromium(VI1) by reaction with [Ru(bpy)?*. The emission peak of ruthenium(ll) at 595 nmiis linearly decreased as a function of Cr(VI) con-
centration. This permits determination of chromium(VI) ion over the concentration range Q.-+20* with a detection limit of 33 ng mf*.

The quenching process is due to an electron transfer from the luminescent [Rifbpydnplex ion to Cr(VI1) resulting in the formation of the
non-luminescent [Ru(bpy)** complex ion. Selectivity for Cr(VI) over many anions and transition, alkali and alkaline earth metal cations is
demonstrated. High concentration levels of sulphate, chloride, borate, acetate, phosphate, nitrate, cyarddé, P+, CL?*, CP*, Ni*

and Mr?* ions are tolerated. The effects of solution pH and [Ru(pgyyeagent concentration are examined and the reaction conditions are
optimized. Validation of the method according to the quality assurance standards show suitability of the proposed method for use in the quality
control assessment of Cr(VI) in complex matrices without prior treatment. The method is successfully applied to determine chromium(VI) in
electroplating baths using flow injection analysis. Results with a mean standard deviatior6é6 are obtained which compare fairly well

with data obtained using atomic absorption spectrometry.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Methods available for measuring chromium in water
samples include spectrophotometfy—10], electrometry
Chromium salts are used extensively in industrial pro- [11-13], titrimetry[14], colorimetry[15], atomic absorption
cesses and may enter a water supply through the discharge o$pectrometry16,17]and ion chromatograpt$8,19]. Some
wastes. These compounds are frequently added to cool wateof these methods suffer from interference by many common
for corrosion contro[1], used in the manufacture of ink pig-  ions, and require prior time consuming separation step. Di-
ments, generated largely by metal cleaning processes, surfaceect fluorimetric methods have been reported for the deter-
finishing and metal coatin@]. Therefore, accurate determi- mination of Cr(VI) in watef20—-22]. These methods are not
nation of chromium is important for monitoring environmen-  sensitive enough for measuring less thauganl—?1, suffer
tal pollution and for quality control of industrial products. Ef- from severe interferences by Fe(ll), Pb(ll) and Hg(ll) and
fluents from industrial facilities dealing with chromium are used over very narrow range of concentrations.
frequently monitored to ensure proper chromium removal  Fluorescence quenching methods for the determination

prior to release into the environment. of Cr(VI) based on the reaction with 2,6,7-tris hydroxy-9-
(3,5-dibromo-4-hydroxyphenyl) fluorine-emulgent @3],
* Corresponding author. Tel.: +20 2 6822991; fax: +20 2 6822991. rhodamine 6G[24], rhodamine-B[25], tris(4,7-diphenyl-
E-mail addresssaadsmhassan@yahoo.com (S.S.M. Hassan). 1,10-phenanthroline) ruthenium(l)26], disodium-1-(4-
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Table 1
General characteristics of some fluorimetric methods for the determination of Cr(VI)
Reagent Aexlhem Linear range Detection limit ~ Major interference Reactiontime  Reference
(ngmi™) (rgmi™) (min)
2,4,7-Tris hydroxy-9-(3,5-dibromo-  365/582  0.002-0.006 0.002 NR 20 [23]
4-hydroxypheny)
fluorine-emulgent OP
Rhodamine 6G 525/545  0.08-0.8 0.08 ‘GNO,, CA Feér Pt 5 [24]
Rhodamine-B/HO; 348/548  0.01-0.16 0.033 Cw*, Cr* Fer, I- NR [25]
Tris(4,7-diphenyl-1,10- 450/610 5-60 1.22 & NO3;~, CN- NR [26]
phenanthroline)
ruthenium(ll)
0.1-5 0.433
Disodium-1-(4-hydroxy- 361/420 0.5-2 0.075 VO32~, MoO42~ 10 [27]
salicylideneamino)-8-
hydroxynaphthalene-3,6-di
sulphonate
2,3,7-Trihydroxy-9-dibromo 470/520  0.002-0.02 0.002 NR NR [28]
hydroxyphenylfluorone (DBH-PF)
L-Tyrosine 285/308 0.27-5.5 0.27 Ag*, C&*, P, Fé*, cet NR [29]
Dibromophenylfluorone 432/505  0.002-0.2 NR MNQFe* NR [30]
N-(2-Pyridyl)quinoline-2- 360/500 NR NR 8032, S,08%~, Ag*, CUP*, NR [31]
carbothioamide Hg?*, cet
(PTQA)
Poly-4-vinylaniline nanoparticles 306/380 0.1-13 0.02 2*SFet >1 [32]
1-Pyrenemethylamine nanoparticles 238/400 0.36-32 0.15 7 NHo?*, C?* 10 [33]
0-Vanilline-8-amino quinoline 280/314  8.2-130 25 Co?, P, Hg?t, Be2*, CL2™, 10 [34]
Zr?*, Ni?*, Mn?*, As®*, AIS*
8-Hydroxy quinoline 5-sulfinic acid 360/450 0.29-0.78 NR PE?*, Hg?*, Ceé*, Vo, Sé*, 15 [35]
NO;3;~, BrO3™
Safranine-T/HO; 516/586  0-0.12 0.026 CWw*, Bi%, Cr*, F&t 20 [36]
Tris(2,2-bipyridyl) ruthenium(lI) 453/595  0.01-20 0.02 cett <1 This work
0.01-2 0.01

NR: not reported.

hydroxylsalicylideneamino)-8-hydroxynaphthalene-3,6-dis- detected in the presence of Cr(VI) and used for quantifica-

ulfonate [27],

2,3,7-trinydroxy-9-dibromohydroxy-phe-

tion of submicrogram levels of Cr(VI). The method offers the

nylfluorone (DBH-PF) with hexadecyltrimethyl ammonium advantages of high sensitivity, good selectivity and ease of

bromide[28], L-tyrosine[29], dibromophenylfluorong30],
2-(a-pyridyl) thioguinaldinamide [N-(2-pyridyl) quinoline-
2-carbothioamide][31], poly-4-vinylaniline nanoparticles
[32], 1-pyrenemethylamine nanoparticl§33], vanilline-
8-aminoquinone[34], 8-hydroxyquinoline-5-sulfonic acid
[35] and safranine-T[36] have been described. Advan-

operation in addition to the commercial availability of the flu-
orophore reagent and its high stability. The method is used to
determine a wide range of chromium concentration in indus-
trial wastewater under static and dynamic mode of operations.
Flow injection analysis of 0.1-20g mI~1 Cr(VI) displays
results with a mean standard deviation of 0.6%.

tages and limitations of these methods are presented in

Table 1.

Luminescence quenching of tris(2f@pyridyl) ruthe-

2. Experimental

nium(ll), [Ru(bpyx]?*, by various inorganic and organic
substrates has been investigated and proved to proceed bp. 1. Apparatus
electron or energy transfer mechani§d?]. This reagent,

however, has not been utilized for quantification purposes.
Since, the oxidative quenching of [Ru(bg}A* complex ion

All luminescence measurements were made with an LS-
50B luminescence spectrometer (Perkin-Elmer) equipped

(EZ% o, is 1.26V[38]), and the redox potential of the sys-  with a 20 kW xenon discharge lamp for excitation for.$

tem Cr(VI)/Cr(lll) (Es+/3+ is 1.33V[39]) electron transfer

duration. [Ru(bpyj]?* luminescence was measured by set-

reaction between the two species are expected, this offers aing the excitation monochromator to 453 nm with a 1.0 nm

promising approach for fluorimetric determination of Cr(VI).  slit width and the emission monochromator to 595 nm with
The present work evaluates the use of dynamic quenchinga 7.5 nm slit width. All pH adjustments were made with an

of [Ru(bpy)]?* for Cr(VI) measurements. In the presence of Orion (model 720) pH/mV meter and a HORIBA pH com-

ambient oxygen, fluorescence quenching of [Ru(bly)is

bined electrode (model F-22E). The flow injection analysis
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Fig. 1. Flow injection manifold for fluorimetric determination of Cr(VI); I.V., injection valve; P, peristaltic pump; R, reaction coil; W, waste.

(FIA) system consisted of a Manostat cassette pump (Ju-cence intensity of the reagent as a function of Cr(VI) con-
nior, NY) and an Omnifit injection valve (Omnifit, Cam- centration was measured according to Stern—\Volmer rela-
bridge, UK) with sample loop of 10@l volume. The flow tionship (b/l =1+ Kg\[Q]) wherelp and| are the lumines-
Tygon tubes were obtained from (ALKEM) (P/N A00349 cence intensities in the absence and presence of CiJ),
and P/N A000355), the pump tubes were red/red 0.71in. i.d. Stern—Volmer constant and [Q] denotes the concentration of
and blue/blue 0.065 in. i.d. The distance between the injection Cr(VI). In the FIA measurementt; andl were taken as the
valve and the detector was 30 cm and a reaction coil (lengthmean intensities of at least three signals just before and after
50 cm) was used. Atomic absorption spectrometric measure-sample injection and appearance of the signal.

ments of Cr(VI) were made at 357.9 nm with Perkin-Elmer

AAS spectrometer (model 3100) using the recommended op-2.4. Determination of Cr(VI) in industrial wastewater

timum conditiong40]. samples

2.2. Reagents Wastewater samples collected from different electroplat-
ing facilities were filtered through Whatman filter paper no.
All chemicals were of analytical reagent grade. Deion- 41 before analysis. A 1.00ml aliquote of the filtrate was
ized, distilled water was used throughout. Phosphoric acid mixed with 10 ml of 1 moltt H,SQy, diluted to 1l with
85%, acetic acid (glacial) and boric acid were obtained deionized water, and shaken well. A 1.00 ml aliquot of the
from Fluka. Chromium standard 1®mol -1 stock solution test solution was transferred to 10-ml volumetric flask fol-
was made by dissolving dried 0.2941 g®,0O7 in 100 ml lowed by 1.0 ml of 10umol 1= [Ru(bpy)]?* solution. The
deionized water. [Ru(bpy)Cl,-6H>O was purchased from  mixture was completed to the mark with universal buffer of
Aldrich and used as received. Aqueous solution of trig{2,2 pH 4. A blank experiment was made under identical condi-
bipyridyl) ruthenium(ll) hexahydrate chloride was freshly tions. The luminescence intensity was measured and Cr(VI)
prepared. Universal buffer solutions were prepared by mixing concentration was determined as described above.
0.04 mol ! phosphoric, acetic and boric acids as reported
[39] followed by pH adjustment with 0.2 motf NaOH.
3. Results and discussion
2.3. Calibration curve and analytical procedure
3.1. Nature of the reaction between Cr(VI) and
Aliquots of CrO72~ stock solutions containing [Ru(bpy)]?*
(0.1-20ugmi~t) were transferred to 10-ml volumetric
flasks followed by 1.00ml of 10@moll~1 [Ru(bpy)]%* The luminescence of [Ru(bpjf* was found to decrease
reagent. The solutions were completed to the mark with with the addition of Cr(VI1) as a result of the electron trans-
a universal buffer of pH 4. The luminescence intensity fer from [Ru(bpy}]?* to Cr(VI) and formation of the non-
at 595nm was measured after 1min. The decrease inluminescent [Ru(bpg]®* complex ion. As shown iiFig. 2,
the luminescence of the reagent as a function of Cr(VI) the excitation and emission spectra of the [Ru(g#)and
concentration was measured. [Ru(bpy)]?*~Cr(VI) systems are similar (intensity at the
The flow injection manifold was constructed according Same wavelength). The excitation and emission wavelengths
to the schematic diagram presentedFig. 1. A perstaltic are 453 and 595 nm, respectively. The luminescence intensity
pump was used to pump equal volumes of [Ru(b®) of [Ru(bpy)]?* decreased upon addition of Cr(V1) without
reagent and the carrier buffer (pH 4) through the system. any spectral shift.
The sample was injected through an injector loop (100
to a mixing tee where it was mixed at room tempreature 3.2. Effect of pH
with the [Ru(bpy}]?* reagent. These two solutions were al-
lowed to mix and equilibrate for 1 min before proceeding In an attempt to identify the optimum pH for the mea-
to the fluorometer detector. The decrease in the lumines-surement, the effect of pH on the excitation and emission



S.S.M. Hassan et al. / Talanta 67 (2005) 696—702 699

60

50
o
S 40
g
©
=
£ 304
o
3
£
]
g 20
(8]
w
Q
£
=
EBRLE
O_.

T+ T ~ 01 1 ~ ¢ v 1
350 400 450 500 550 600

wavelength,nm

Fig. 2. Excitation (A) and emission (B) spectra of [Ru(bg}§) in the ab-

sence (—) and presence (- --) ofl§ ml~1 Cr(VI).
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Fig. 4. Effectof [Ru(bpyj]?* concentrations on the response gf@ml~1of
Cr(VI) at pH 4.

spectra of ruthenium complex reagent was examined. It wasthe form of CsO7%~ and HCrQ~ with E of +1.232 and
found that the luminescence quantum yield of [Ru(gpyf) ~ *+1-35 V. respectivel{37,41]. In pH > 6, however, Crg3~ is
reagent was not affected by the changes in pH. The pH effectPredominantly present witk, —0.13 V. This confirms the
on the quenching process showed that the ratitybfwas significant progress of the reaction only in acidic media.
high upto pH 6 and declined suddenly beyond this pH value

(Fig. 3). It has been reported that Cr(VI) exists at pH 2—6 in 3-3. Effect of fluorophore concentration

The effect of [Ru(bpyj]%* complex ion concentration on

3.4 - the extent of luminescence quenching gf@mli~1 Cr(VI)
was tested using different concentrations of [Ru(gl#)
5,05 reagent ranging from 1 to 2Bmoll~1. Luminescence
@ o O quenching measurements revealed thatumdll~! of
S sad O O\O [Ru(bpyk]?* complex ion was the optimum concentration
'%_ (Fig. 4); higher concentrations caused self quenching lead-
.%“ - ing to decrease the sensitivity.
[
?‘; 5 i 3.4. Calibration curve of Cr(VI)
c
% - Fig. 5shows the calibration curve of Cr(VI) under static
I~ mode of operation using J0mol I~ of [Ru(bpy)]%* reagent
% 5 at pH 4. The luminescence measured at 595 nm with an ex-
’ citation at 453nm of [Ru(bpyg}?* decreased upon using
o various Cr(VI) concentrations. The luminescence intensity
. \ was decreased linearly with increasing Cr(VI) concentra-
o/oro—o\o tion over the range 0.1-32yml~1. The linear regression
hallie) equation isFo/F = 0.1865C(ppm) + 0.0025 with a correla-
T x I ! B E tion coefficient of 0.9995 (r 10). The lower limit of detec-

pH

tion (LOD) calculated according to [IUPAC recommendations
[42]: LOD =KS/Swhere$, is the standard deviation of the

blank measurements €16), Sis the slope of the calibration
curve andK is a numerical factor depending on the degree

Fig. 3. Effect of pH on the luminescence intensity of [Ru(k§$) reagent
(10pmolI=1) in the presence of 2g mi~1 of Cr(VI).
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Fig. 5. Stern—\olmer plot for the quenching of [Ru(l;)ﬂﬁ* reagent com-

plex by various concentrations of Cr(VI).

of confidence level needed. With=3 (i.e. 33), the limit
of detection of the proposed method was 33 ngmiThe

T
2 98- l\W
S wind W\MM,M o M /M
g o118 » bl , , ‘
“’. \ ' |/ f
= 0.378 “ ll l i . i
2 917 0.566 I [ |I i
g | \J .
= , 0.754 ‘, l
2 o | ;
© .
8 844~ o o 1.118 r .
R e I
g w5 L
g . 1.508
. | o) ppm . A
0 8 17 25 33 42

Time /min

Fig. 6. Luminescence intensity time trace and Stern—\Volmer plot for differ-
ent concentrations of Cr(VI) by FIA at pH 4.

tion of 100umol 11, Validation of the method under hydro-
dynamic mode of operation was carried out using succes-
sive injections of 0.1-gg mI~1 Cr(VI) and statistical treat-
ment of the data as describptB]. The linear response cov-
ered the range 0.14ml~1, the standard deviation was
+0.41% and the lower limit of detection was 18 ngthl
with 100pl sample size. The resulting calibration plot is
presented irFig. 6. Linear regression analysis indicated a
slope of 0.13 0.01g mI~1, an P of 0.9993 over the tested
chromium concentration range (0.1-g.@ml~1) and an out-

assay method for Cr(VI) ions over the concentration range put rate of 25 samples per hour.

0.5-10ug ml~1 was validated according to the quality assur-

ance standardgl3]. Six batches (six determinations each) 3.6. Interferences
were used for measuring accuracy, precision, range, lower

limit of detection, repeatability (Gy) and between-day vari-
ability (Cvp). The results obtained are presentedatle 2.

Under the optimized conditions, the effect of 30 foreign
ions on the luminescence intensity of [Ru(bgy} in the

A statistical F-test analysis of the results indicated that at presence of figml~—! of Cr(VI) was examined. Effects of
the 95% confidence level, the method showed no statisticalcations and anions were made with salt solutions contain-

difference.

3.5. Flow injection analysis

ing their nitrate and sodium counter ions, respectively. It has
been reported that the coexisting alkali metal cations affect
the quenching reaction rate of [Ru(pb}A" complex with
Cr3* without any significant effect on the emission spectrum

The Stern—Volmer plot was examined with data collected of the complex44]. The tolerance limits of foreign ions were
for measuring Cr(VI) using FIA system operated at pH 4, taken as the maximum amounts causing a change56b

flow rate 2.7 mlminm! and [Ru(bpy}]?* reagent concentra-

Table 2

in the luminescence intensity (Table 3). It can be seen that
most of cations and anions examined did not interfere, even
when present in as high as >300-fold excess over Cr(VI).

Response characteristics (validation) of the fluorimetric assay methods usedCyanide ion did not interfere at levels up to 150-fold ex-

for manual and FIA of Cr(VI)

Parameter Static Hydrodynamic
(manual) (FIA)
Linear range (g mit) 0.1-20 0.1-2
Detection limit (ng mtt) 33 18
Working rang (pH) 2-5 2-5
Standard deviation (g (%) 0.3 0.4
Accuracy (%) 100.4 99.8
Repeatability (Cy) (%) 0.3 0.4
Between-day variability (Gy) (%) 0.6 0.5
Sample size (ml) >1.0 <0.1
Output per hour (sample) <10 >25

cess over Cr(VI). In the present work,PpCu?*, NOs;~ and
S,032 ions which caused serious interference with the pre-
viously published method24,25,31,34—36vere tolerated
when present at-1000-fold excess over Cr(VI). However,
Ce**ions seriously interfere.

3.7. Analytical applications
Cr(VI) contents of the wastewater of some electroplating

baths were selectively determined using the proposed fluores-
cence FIA system based on ruthenium luminescence quench-
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Table 3 o _ _ _ _ plating processes. A comparison with some other previ-
Effect of foreign ions on the quenching of tris(2{@pyridyl) ruthenium(ll) ously suggested fluorimetric methods (Table 1) reveals that
Foreign ion Tolerance ratio (w/w) Error (%) the present assay method covers a wider concentration
K* 1000 —3.52 range[24,25,27-29,35,36], displays lower detection limit
Co** 400 —2.26 [24-27,29,31,34], requires no prior treatment step and ex-
+ g ® . .« . .
Zb; 328 *g-gé hibits higher selectivity in the presence of &uPk*, CN—,
_3 > Pl - -
B2+ 400 226 NOs~ and $03-~ ions[24-29,31,34-36].
Mn2* 310 +1.50
Ni2* 300 +1.00
C* 550 +4.02 References
cat 550 —4.02
Cuz 700 —0.75 [1] F. Richard, A. Bourg, Water Resour. 25 (1991) 807.
Ho 540 —251 [2] W.J. Copper, Chem. Water Reuse 1 (1981) 265.
Zn on 200 +2.76 [3] H. Wang, J. Pan, Q. Xu, Fenxi Huaxue 24 (1996) 195.
Mg 300 +1.76 [4] M.A. Zayed, B.N. Barsoum, A.E. Hassan, Microchem. J. 54 (1996)
Lit 1000 —4.27 72
Ce‘f:: 0.5 —2.50 [5] J.B. Raj, Acta Cienc. Indica 21 (1995) 134.
F . 187 —2.50 [6] N. Balasubramanian, V. Maheswari, J. AOAC Int. 79 (1996) 989.
Seqy 800 -151 [7] V. Maheswari, N. Balasubramanian, Chem. Anal. (Warsaw) 41
cl- 2100 —2.41 (1996) 569.
Br 1000 —351 [8] F.J. Zou, Fenxi Shiyanshi 14 (1995) 29.
! 70 —4.20 [9] D.T. Burns, M. Harriott, S.A. Barakat, Anal. Chim. Acta 259 (1992)
SOs%~ 1000 —4.10 33,
NO3: 900 —231 [10] M. Kamburova, Talanta 40 (1993) 713.
NO, 30 —4.80 [11] S.S.M. Hassan, M.N. Abbas, G.A.E. Moustafa, Talanta 43 (1996)
CN- 150 —3.41 089.
SCN 1000 -2.81 [12] C. Elleouet, F. Quentel, C. Madec, Anal. Chim. Acta 257 (1992)
Clos~ 2000 —1.75 301.
EDTA 2200 —4.65 [13] A.M. Dobney, G.M. Greenway, Analyst 119 (1994) 207.
SQOg_ 450 —2.50 [14] N.H. Furman, F.J. Welcher, W.W. Scott, Standard Methods of Chem-
803'27 750 -1.50 ical Analysis V1, Van Nostrand, 1962.
COs 900 +1.60 [15] C.C. Luke, Anal. Chem. 30 (1958) 359.
[16] R. Rubio, A. Sanuquillo, G. Rauret, L. Garcia Beltra, P. Quevallviller,
Table 4 Anal. Chim. Acta 283 (1993) 207.
Flow injection fluorimetric determination of chromium(V1) in exhausted [17] S. Dyg, T. Anglov, J.M. Christensen, Anal. Chim. Acta 286 (1994)
electroplating baths 273. .
1 - [18] P. Janos, Fresenius J. Anal. Chem. 342 (1992) 195.
Sample ACAréV') (ngmt=) e Difference (%) [19] E.J. Arar, J.D. Praff, J. Chromatogr. 546 (1991) 335.
uorimetry [20] N.Q. Jie, W.G. Yu, Chin. J. Appl. Chem. 7 (1990) 71.
1 6.65+0.21 6.64+0.40 0.15 [21] N.Q. Jie, J. Jiang, Analyst 116 (1991) 395.
2 2.49+1.20 2.50+0.61 0.40 [22] N.Q. Jie, J.H. Yang, W. Fu, R.X. Zhang, Fenxi Huaxue 22 (1994)
3 4.48+0.52 4.38+0.90 2.23 864.

[23] T.S. Chen, Z.G. Chen, D. Wu, Fenxi Huaxue 22 (1994) 129.
[24] N. Jie, Q. Zhang, J. Yang, X. Huang, Talanta 46 (1998) 215.

. . . [25] S.L. Feng, R.Y. Wang, J. Fan, Chin. J. Anal. Chem. 28 (2000) 61.
ing. The results obtained (Table 4) compared favorably with 26] T.m.A. Razek, S. Spear, S.S.M. Hassan, M.A. Arnold, Talanta 48

data obtained by atomic absorption spectrometry. This re- (1999) 269.
vealed that no interference was posed by the complex sampld27] Z.G. Zhang, Y.P. Tang, Y.Z. Fang, Fenxi-Huaxue 24 (9) (1996)
matrix. 1109.

Average of six measurements.

[28] X.L. Zhao, G.O. Gong, Y. Wang, Fenxi-Shiyanshi 12 (6) (1993)

43.
. [29] N.Q. Jie, J.H. Yang, J. Guo, Anal. Lett. 25 (1992) 1447.
4. Conclusions [30] H. Ji, G. Gong, H. Wang, Fenxi-Huaxue 17 (9) (1989) 841.
[31] B.K. Pal, A.K. Chakrabarti, M.J.U. Ahmed, Mikrochim. Acta | (5-6)
A fast and simple fluorimetric method is used for (1989) 393.

. . . 32] L. Wang, L. Wang, T. Xia, L. Dong, H. Chen, L. Li, Spectrochim.
determination of Cr(VI) under static (manual) and hy- [ ]Acta (P%rt A) 60%2004) 2465 9 P
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[Ru(bpyk]?*reagent. Quenching of luminescence of the 20 (2004) 1013.
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