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a b s t r a c t

A highly selective, and low cost extractive spectrofluorometric method has been developed for deter-
mination of trace concentrations of chromium (III & VI) in water samples using the fluorescent reagent
tetraphenylphosphonium bromide (TPP+·Br−). The method was based upon solvent extraction of the
produced ion associate [TPP+·CrO3Cl−] of TPP+·Br− and halochromate in aqueous HCl and measuring the
fluorescence quenching of TPP+·Br− in chloroform at �ex/em = 242/305 nm. The fluorescence intensity of

+ − −1
eywords:
pectrofluorimetry
hromium speciation
ertified reference material (IAEA Soil-7)
etraphenyl-phosphonium bromide
astewater

TPP Br decreased linearly on increasing the chromium (VI) concentration in the range of 1–114 �g L .
The limits of detection (LOD) and quantification (LOQ) of chromium (VI) were 0.43 and 1.42 �g L−1, respec-
tively. Chromium (III) species after oxidation to chromium (VI) with H2O2 in alkaline solution were also
determined. Chemical speciation of chromium (III & VI) species at trace levels was achieved. The method
was applied for analysis of chromium in certified reference material (IAEA Soil-7) and in tap- and wastew-
ater samples and compared successfully (>95%) with the inductively coupled plasma-mass spectrometry
(ICP-MS) results.
. Introduction

Chromium occurs in the environment in two major valence
tates (III, VI). Due to its wide use in electroplating, leather tan-
ing, metal finishing, nuclear power plant, textile industries, and
hromate preparation, chromium (VI) exists in air, soil, and aquatic
ystems [1]. It can also enter the drinking water distribution system
rom the corrosion inhibitors used in the water pipes [2]. Although
he trivalent form is an essential nutrient, its disposal as liquid efflu-
nts in natural waters or as sludge in soils has to be avoided or
ontrolled, because it may be oxidized, especially in soils, to the
exavalent form, which is highly toxic, carcinogenic and mutagenic

n nature [3]. The ability of chromium (VI) to react with other ele-

ents and its high solubility in soil and aquatic systems makes it
ore toxic than other heavy metal ions [4,5]. Thus, total chromium
easurement cannot be used to determine the actual environmen-

al impact and chromium (III, VI) speciation in the environmental

∗ Corresponding author. Permanent address: Department of Chemistry, Faculty
f Science at Damiatta Mansoura University, Mansoura, Egypt.
el.: +966 2 6952000x64422; fax: +966 2 6952292.

E-mail address: mohammad el shahawi@yahoo.co.uk (M.S. El-Shahawi).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.12.039
© 2011 Elsevier B.V. All rights reserved.

samples is necessary to assess precisely the pollution levels
[5].

The presence of chromium (VI) in the environment has resulted
in the development of numerous analytical techniques for its
preconcentration by solid phase extraction [6,7] and subsequent
determination in different sample matrices. The most common ana-
lytical techniques for chromium determination are flow injection
analysis [8], inductively coupled plasma mass spectrometry (ICP-
MS) [9], graphite furnace atomic absorption spectrometry (GFAAS)
[10] and adsorptive stripping voltammetry [11]. The main disad-
vantages of these techniques are the complexity and the high cost of
the instruments, and the need of some degree of expertise for their
proper operation. Therefore, the development of low cost method,
easy to operate, highly sensitive and reliable for routine analysis
e.g. spectrofluorimetry or spectrophotometry is still of great con-
cern. The former technique is better than the later due to its high
sensitivity and selectivity.

Recently, the complex ion associate of the halochromate
(CrO Cl−) and the ion pairing reagent tetraphenylphosphonium
3
bromide (TPP+·Br−) in chloroform has been used for the devel-
opment of a simple and accurate extractive spectrophotometric
procedure for speciation of chromium (III, VI) species in water
[5]. Recent literature revealed no study on the use of the fluo-
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Table 1
ICP-MS operational conditions for chromium determination.

Parameter

ICP RF power (W) 1100
Nebulizer gas flow (L min−1) 0.94
Plasma gas (Ar) flow rate (L min−1) 15
Auxiliary gas (Ar) flow rate (L min−1) 1.2
Lens voltage (V) 0.9
Analog stage voltage (V) −1750
Pulse stage voltage 800
Quadrupole rod offset std 0
Discriminator threshold 22

r
c
p
a
c
o

2

2

g
(
B
(
K
S
c
t
d
w

2

E
w
(
L
q
(
c
i
B
A
(
a
o

2

2
d

i
r
T
(
f

Cell path voltage std (V) −13
Cell rod offset (V) −18
Atomic mass (am) 52.941
Sample flow rate, mL 93

escent reagent TPP+·Br− for spectrofluorometric determination of
hromium (VI). Therefore, the present article reports the use of the
roduced non fluorescent ion associate [TPP+·CrO3Cl−] of TPP+·Br−

nd chromium (VI) for developing a simple, convenient, and low
ost spectrofluorometric method for determination and speciation
f chromium (III, VI) species in water.

. Experimental

.1. Reagents and materials

All chemicals and solvents used were of analytical reagent
rade and were used without further purification. Stock solutions
1000 �g mL−1) of Cr (VI), Cr(III), As (V), MnO4

−, NO2
−, ClO3

−,
rO3

−, IO3
− and H2O2 were prepared from the BDH chemicals

Poole, England) K2CrO4, Cr(NO3)3, NaAsO3, KMnO4, NaNO2, KClO3,
BrO3, KIO3 and H2O2, (30%, w/v) in water (100.0 mL), respectively.
olutions of other metal ions were prepared from their nitrate or
hloride salts in deionized water. A stock solution (0.1%, w/v) of
he reagent TPP+·Br− (Merk, Darmstadt, Germany) was prepared by
issolving the required weight in ethanol (3.0 mL) and the solution
as completed to the mark with water.

.2. Apparatus

All fluorescent measurements were recorded on a Perkin-
lmer (Norwalk, CT, USA) LS 55 spectrofluorimeter, equipped
ith a xenon lamp and a 10 mm quartz cell. The UV–visible

190–1100 nm) spectra were recorded on a Perkin-Elmer (model
ambda 25, USA) spectrophotometer with 10 mm (path width)
uartz cell. A digital micropipette (Volac) and an Orion pH meter
model EA 940) were used for the preparation of more diluted
hromium (VI) solutions and pH measurements, respectively. De-
onized water was obtained from Milli-Q Plus system (Millipore,
edford, MA, USA) and was used for preparation of solutions.
Perkin Elmer inductively coupled plasma–mass spectrometer

ICP–MS) Sciex model Elan DRC II (California, CT, USA) was used as
reference method for chromium determination at the optimum
perational parameters (Table 1).

.3. Recommended procedure

.3.1. Recommended procedures for chromium (VI)
etermination

An appropriate concentration (1–114 �g L−1) of chromium (VI)

n aqueous HCl (0.5 mol L−1) solution was transferred to a sepa-
ating funnel (50.0 mL) containing the reagent TPP+·Br− (2.0 mL).
he test solution was completed to the mark with deionized water
25 mL) and the reaction mixture was shaken twice with chloro-
orm (2 × 2 mL) for 3 min. After separation of the layers, the organic
ta 84 (2011) 175–179

phase was subjected to the fluorescence measurement at the exci-
tation and emission wavelengths of 242 and 305 nm, respectively
against reagent blank. The quenched fluorescence intensity of the
reagent TPP+·Br− by chromium (VI) added was represented by the
equation:

�I (%) = I0 − If
I0

× 100 (1)

where I0 and If are the fluorescence intensities of the TPP+·Br–

reagent before and after addition of chromium (VI), respectively.
A blank experiment was also carried out under the same experi-
mental conditions.

2.3.2. Recommended procedure for chromium (III) determination
Aqueous solution (100.0 mL) containing chromium (III) ions at

concentration in the range 0.05–100 �g L−1 was transferred to a
conical flask (250 mL). The solution was oxidized to chromium (VI)
in alkaline medium (KOH, 1.0 mol L−1) containing H2O2 (2 mL, 10%
w/v) [5] and boiling for 10 min. After cooling, the test solution was
adjusted to the required acidity with HCl (0.5 mol L−1) and finally
analyzed following the recommended procedures for chromium
(VI) determination against the reagent blank under the same exper-
imental conditions.

2.3.3. Chemical speciation of inorganic chromium (III) & (VI)
Aqueous solution (0.5 L) containing the binary mixture of

chromium (III) & (VI) species at a total concentration of chromium
species ≤100 �g L−1 was analyzed following the recommended
procedures for chromium (VI) determination. Another aliquot sam-
ple (0.5 L) was first oxidized to chromium (VI) and analyzed as
mentioned for chromium (III) determination. The fluorescence
intensity of the first aliquot (�I1, %) is equivalent to chromium (VI)
ions, while the fluorescence intensity of the second aliquot (�I2,
%) is a measure of the sum of chromium (III & VI) ions in the mix-
ture. Thus, the fluorescence intensity (�I2 − �I1) is a measure of
chromium (III) ions in the binary mixture.

2.4. Applications

2.4.1. Analysis of chromium in certified reference material (IAEA
Soil-7)

The validation of the developed procedure was investigated
by determination of chromium in CRM (IAEA Soil-7) as follows:
An accurate weight (0.20–0.30 ± 0.001 g) of the CRM sample was
transferred into a Teflon beaker (50.0 mL) containing HF (7.0 mL),
concentrated HCl (2.0 mL), and concentrated HNO3 (5.0 mL) at
room temperature to digest the sample gradually and slowly. The
reaction mixture was heated slowly for 1 h at 100–150 ◦C on a
hot plate. After evolution of NO2 fumes had ceased, the reac-
tion mixture was evaporated almost to dryness and mixed again
with concentrated HNO3 (5.0 mL). The process was repeated twice
and the solid residue was re dissolved in dilute HNO3 (10.0 mL,
1.0 mol L−1), transferred to volumetric flask (25.0 mL) and com-
pleted to the mark with deionized water. An accurate volume of
the sample solution (10.0 mL) was adjusted to pH 0.0 with HCL and
analyzed following the procedures of chromium (III) determina-
tion. The change of fluorescence intensity of the reagent TPP+·Br− by
chromium added was evaluated and used for chromium determina-
tion via the linear plot of the standard addition. A blank sample was
analyzed following the same digestion and analytical procedures.
2.4.2. Analysis of chromium in wastewater
Wastewater samples were collected from the industrial effluent

collection points in the industrial zones of chemicals, tanning, and
dyes industries (Jeddah city, KSA). The water samples were filtered,
condensed 100-fold with rotary evaporator and finally digested
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the interfering species in different ratios were subjected to com-
plete analysis. The results are summarized in Table 2. Complete
extraction of chromium (VI) was achieved as indicated from the
ICP-MS and fluorescence measurements. The anions BrO3

−, IO3
−,
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ig. 1. UV–visible absorption spectrum (1) of TPP+·Br− reagent and its emission
pectra in chloroform (2) upon addition of various concentrations of chromium (VI):
.00 (A); 5.0 (B), 20.0 (C) and 80.00 �g L−1 (D) at �ex/em = 242/305 nm.

ith concentrated nitric acid to remove the coexisting organic
ubstances. The solution was adjusted to the required acidity and
nalyzed following the recommended procedures of chromium
III) determination. For the chemical speciation of chromium (III

VI), the sample solution was oxidized to chromium (VI) by H2O2
0.5 mL, 30%, w/v) in alkaline solution (pH ∼9) adjusted with drops
f KOH and heated for 10 min to assure complete oxidation of
hromium (III) and to remove excess H2O2. After centrifugation
nd filtration, an accurate volume (10 mL) of the sample was ana-
yzed following the recommended procedure of chromium (VI)
etermination against a reagent blank. Chromium (III) species was
btained by subtracting the measured chromium (VI) from the total
hromium content.

. Results and discussion

On mixing chromium (VI) with the reagent TPP+Br− in aque-
us HCl solution and shaking with chloroform, a yellow-colored
omplex ion-associate of the formula [TPP+·CrO3Cl−] was devel-
ped [5]. In absence of chromium (VI), the reagent TPP+Br− has
ntense fluorescence at �ex/em = 242/305 nm in chloroform phase
nd the formation of the ion associate [TPP+·CrO3Cl−] caused
uorescence quenching at the same wavelength (Fig. 1). The fluo-
escence intensity of TPP+·Br− was quenched on raising chromium
VI) concentration with negligible shift in the wavelength confirm-
ng the formation of the associate [TPP+·CrO3Cl−] [5] in the ground
lectronic state. The absence of new emission band in the spectrum
Fig. 1) indicates that, the formed ion associate in the excited state
oes not exist under the experimental conditions [12]. Hence, the
eveloped quenching was successfully used for developing a new
pectrofluorometric method for determination of chromium (VI)
nd total inorganic chromium (III) & (VI) species in water.

.1. Influence of analytical parameters

The effect of acidity on the fluorescence quenching of the
on associate was tested in H2SO4, HCl, HNO3 or CH3COOH
1.0 mol L−1). Maximum and constant fluorescence quenching was

chieved using HCl. Therefore, the effect of HCl concentration
0.1–2.0 mol L−1) was critically studied. The results are shown
n Fig. 2. Maximum and constant fluorescence quenching was
chieved in HCl concentration in the range 0.4–0.6 mol L−1. Thus,
Cl was adjusted at 0.5 mol L−1 in the subsequent work.
Fig. 2. Influence of HCl concentration (0.1–2.5 mol L−1) on the fluorescence quench-
ing of the ion associate.

The influence of shaking time on the fluorescence quenching
intensity of the reagent TPP+·Br− by the developed ion associate
[TPP+·CrO3Cl−] in the organic phase was investigated. Maximum
and constant quenching intensity was achieved at 3 min shaking
with CHCl3 (Fig. 3). Thus, a shaking time of 3 min was adopted in
the in the next work.

The influence of the reagent TPP+·Br− concentration on the
fluorescence intensity was investigated. Maximum and constant
fluorescence intensity was achieved using 2.0 mL of the reagent
(0.1%, w/v). High concentration of TPP+·Br− makes the fluorescence
quenching so small that it cannot be detected.

The extraction performance of the ion associate [TPP+·CrO3Cl−]
was tested in a series of organic solvents, e.g. n-hexane,
dichloromethane, carbon tetrachloride, toluene, chloroform and
methyl isobutyl ketone. The extraction performance of the ion
associate increased in the following order: dichloromethane >
chloroform > toluene > methyl isobutyl ketone > n-hexane ≈ carbon
tetrachloride in agreement with the order of the dielectric constant.
However, maximum extraction and constant fluorescence signal
was achieved in chloroform. Therefore, chloroform was chosen as
a preferred solvent.

3.2. Selectivity

The selectivity of the developed method was examined in the
presence of a series of foreign ions under the established conditions.
The tolerance limits (w/w) less than ±4% change in the fluorescence
intensity of chromium (VI) was considered as free from interfer-
ing species. Solutions containing 50.0 �g L−1 of chromium (VI) and
543210 6

Time, min

Fig. 3. Effect of shaking time on the fluorescence quenching of TPP.+Br− in presence
of chromium (VI) (100.0 �g L−1) in aqueous solution of HCl (0.4–0.6 mol L−1).
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Table 2
Tolerance limits of interfering species in chromium (VI) (50.0 ng mL−1) determina-
tion by the developed method.

Interfering species Interfering to
analyte ratio

As3+, Ni2+, Bi3+, Li+, Na+, K+, Ca2+, Mg2+, Al3+, Ag+, CO3
2− ,

SO4
2− , NO3

2− , CN−
1000:1

Fe3+, Hg2+, Pb2+, Mn2+, Co2+, Cr3+, Cl− , F− , 100:1

a
t
f
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m
a
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f
e

3

c
f
c
w
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w
[
0
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T
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T
F

NO2
− , H2O2 50:1

MnO4
− , BrO3

− 5:1
IO3

− 0.5:1

nd MnO4
− interfered seriously with the fluorescence intensity of

he TPP+·Br− reagent and chromium (VI) determination. The inter-
erence of MnO4

− was eliminated by the addition of few drops 0.1%,
/v NaN3 to reduce manganese (VII) to manganese (II). After this
odification, the tolerance of the interfering ions was improved to

cceptable limit (98 ± 2%). The results denoted that, the method
as good selectivity even in the presence of high concentration
f chromium (III) species. Thus, the method was found suitable
or the chemical speciation of chromium (VI & III) in a variety of
nvironmental water samples.

.3. Figure of merits

Under the optimized experimental conditions, the plot of
hromium (VI) concentration vs. fluorescence quenching by the
ormation of the ion associate [TPP+·CrO3Cl−] was linear in the con-
entration range 1–114 �g L−1 (1.9 × 10−8 to 2.19 × 10−6 mol L−1)
ith the regression equation:

I (%) = 0.660 C (�g L−1) + 5.56
ith a correlation coefficient of 0.998 (n = 6). Based on the IUPAC
13], the values of LOD and LOQ of chromium (VI) species were
.43 and 1.42 �g L−1, respectively. The relative standard deviation
t concentration 15 �g L−1 chromium (VI) was ±1.6% (n = 5).

able 3
nalysis of chromium species in water by the developed pectrofluorimetric (A) and ICP M

Sample Chromium
added (�g L−1)

Chromium found (�g L−1)

Cr3+ Cr6+ Cr3+ Cr6+

Wastewater – – 642 ± 8.1 39.8 ± 3.4
50 50 794.3 ± 9 90.1 ± 4.1

Tap water – – 10.47 ± 1.6 ND
10 10 20.50 ± 2.1 9.85

able 4
igure of merits of the developed and some of the reported spectrofluorometric methods

Method Disadvantages

Cr6+ – PTQA Low sensitivity, interference of
Ag+, Cr3+, Fe3+, Cu2+

Cr6+ – 8-hydroxy quinoline-5-sulfonic
acid benzophenone

Moderate sensitivity, low
sensitivity with Pb2+, Hg2+, Ce4+,
Sc3+, BrO3

−

Magnetic Fe3O4/Py/PAM
nanocomposite

Low sensitivity

Cr6+ – polyvinyl alcohol keto –
derivatives nanoparticles

Low sensitivity

Cr6+ – rhodamine 6G Interference of Cu2+, Ce4+, Sc3+,
NO2

−

Cr6+ – quercetin Interference of MnO4
− , BrO3

− , IO3
−

Cr6+ – 1,4-diaminoanthraquinone Interference of MnO4
− , BrO3

− , IO3
−

Diperoxo chromium–ethylacetate
extract

Time consuming, expensive,
interference of MnO4

− , BrO3
−

Cr6+ – TPP+·Br− Interference of MnO4
− , BrO3

− , IO3
−

ta 84 (2011) 175–179

The fluorescence quenching of the reagent TPP by chromium
(VI) added under the optimum experimental conditions suggested
application of the TPP+·Br− reagent for the preconcentration and
determination of chromium (VI) from large sample volumes of
deionized water. Thus, aqueous solutions (0.5 L) of deionized water
samples containing various concentrations (20.0–50.0 �g L−1) of
chromium (VI) and HCl (0.5.0 mol L−1) were shaken with chloro-
form as described above. Analysis of aqueous solutions by ICP-MS
against a reagent blank revealed complete extraction (96–98 ± 1.6)
of chromium (VI). The concentration of chromium (VI) species in
the organic phase was quantitatively determined (97% ± 2.6) by
measuring the fluorescence quenching of TPP+·Br− in chloroform
at optimum �ex/em. Chromium (III) species in aqueous solutions
(0.1 L) in the concentrations range 0.05–50 �g mL−1 was also
determined by the TPP+·Br reagent after oxidation to chromium
(VI) species as described. Satisfactory extraction percentage
(96 ± 2.7–102 ± 1.9%, n = 5) of chromium (III) species was also
achieved.

3.4. Analytical applications

3.4.1. Analysis of chromium in the certified reference material
(IAEA Soil-7)

The validation of the developed method was performed by the
analysis of chromium in the certified reference materials (IAEA Soil-
7). Good agreement between the total chromium content deter-
mined by the developed spectrofluorometric (55.7 ± 2.9 �g g−1),
and ICP-MS (58.4 ± 1.3 �g g−1) methods and the recommended
value (60 �g g−1) based on dry weight in the range of 95% confi-
dence interval (49–74 �g g−1). These data demonstrated that, the
described method is accurate and precise for trace analysis of

chromium in complex matrices.

3.4.2. Analysis of chromium in water
The proposed method was applied for the chemical specia-

tion of chromium (III & VI) in tap and wastewater samples. Total

S (B) methods (mean ± standard deviation, n = 5).

Total chromium (�g L−1) Total recovery (%)

A B A B

682 ± 10.1 684 ± 6.4 – –
785.2 ± 8 783 ± 10.1 100.4 ± 1.02 99.9 ± 1.3
10.47 ± 1.6 11 ± 1.2 – –
30.40 ± 1.1 32 ± 1.3 99.7 ± 3.6 103 ± 4.1

for chromium (�g L−1) determination in water.

Linear range LOD (�g L−1) Reference

100–1.0 × 104 50 [14]

291–780 – [15]

100–14 × 103 10 [16]

100–13 × 103 20 [17]

8.0–80 0.8 [18]

5.2–104 0.47 [19]
5.2–208 0.12 [20]

0.2 [22]

1.0–114 0.42 Present work
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hromium content in water samples was determined via the devel-
ped spectrofluorometric (A) and ICP-MS (B) methods (Table 3).
he recovery percentage of the developed method was in good
greement with the data obtained by ICP-MS data and always
igher than 95% confidence level (Table 3). These data confirm
he precision of the proposed method and its independence from

atrix interference. Statistical treatment of data using F test [13]
evealed that, no significant differences between the two variances
f the developed and the ICP-MS methods. The calculated value of
(2.78) is lesser than the tabulated F value (6.39) for five repli-

ate measurements. The Student t-test [13] was also applied to
he analytical data of the developed and ICP-MS methods. The
esults revealed that, no significance difference between the two
ethods, since the tabulated t value at 95% confidence limit is

.306, while the calculated t value by applying Student t-test to
he results of wastewater sample was found lesser (0.79) for five

easurements.

. Conclusion

The reagent TPP+·Br− was successfully used for the chemical
peciation of chromium (III, VI) species without previous sep-
ration step. The method has the following advantages: high
electivity, good reproducibility, stable fluorescence up to 4 h, sim-
le spectrofluorimeter and procedure. The analytical merits of
he proposed method were successfully compared with some of
he reported spectrofluorometric methods [14–20,22] (Table 4).
ost of the reported methods exhibited a relatively high LOD
10.0–50.0 �g L−1) [14,16,17], and serious interferences of Ag+,
g2+, Pb2+, Cr3+, and Ni2+ [18–20]. The method provides LOD lower

han the maximum allowable level (50.0 �g L−1) of chromium rec-
mmended by WHO [21].
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