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bstract

A fast, simple, sensitive and economical method for Cr(VI) extraction and determination in solid samples was developed and evaluated. The
resented protocol for Cr(VI) determination in solid samples allows for simultaneous extraction and determination of Cr(VI) in one step. The
rocedure is based on a quantitative extraction method in which the complexing properties of diethylenetriaminepentaacetic acid (DTPA) were
xploited to extract total Cr(VI) (soluble and insoluble forms) from the solid sample. A catalytic adsorptive stripping voltammetric technique
s employed for direct determination of Cr(VI) in the extract. The effects of analytical parameters such as temperature, pH, composition and
oncentration of the supporting electrolyte (which simultaneously plays the role of extractant), extraction and accumulation time were investigated.

he accuracy of the proposed procedure was tested by analyzing certified reference materials CRM 013 Paint Chips and CRM 019 Ash. The results
btained were compared with the results obtained using two other reference extraction procedures. The effects of potentially interfering ions which
enerally accompany Cr(VI) in natural samples on the Cr(VI) determination, with special notice to Cr(III) interference, are reported.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Hexavalent chromium is one of the technogenic pollutants of
he environment and occurs mainly as a result of human activities
hrough production of waste water in metal smelting, electro-
lating, tanning, metallurgy and dyestuff industries [1,2]. The
oxicity of chromium to living organisms is well established and
onsiderable interest exists in the determination of this metal in
nvironmental samples at trace levels. Two stable chromium
pecies are known in the environment: Cr(III) and Cr(VI), and
heir toxicity is a function of the oxidation state and concen-
ration of species. Cr(III) appears to be essential for mammals,
hereas Cr(VI) has toxic and carcinogenic effects [3,4]. The

oxic hexavalent form of chromium is present as an air-, water-,
nd solid-pollutant in the environment. Determination of Cr(VI),

specially in solid samples, is regarded as a one of the most
hallenging speciation tasks because quantitative extraction of
oluble and insoluble Cr(VI) into a solution is necessary. The

∗ Tel.: +48 81 5375592; fax: +48 81 5375553.
E-mail address: mgrabarc@hermes.umcs.lublin.pl.
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xtraction is a time-consuming and critical step, because the
hange of individual forms of chromium, e.g. the oxidation of
r(III), reduction of Cr(VI) or incomplete extraction of Cr(VI)
re often reported [5,6].

Most commonly used extraction mixtures contain sodium
arbonate salts and/or sodium hydroxide. In these methods the
etal ions that form an insoluble chromate like Pb(II) are pre-

ipitated as carbonate or hydroxide and Cr(VI) as a soluble salt
oes into the solution according to the following reactions:

PbCrO4 + CO3
2− → PbCO3 ↓ + CrO4

2−

PbCrO4 + 2OH− → Pb(OH)2 ↓ + CrO4
2−

he most common of such extraction procedures of Cr(VI)
ses a solution of 0.28 mol L−1 Na2CO3 + 0.5 mol L−1 NaOH
pH about 12) [6–8]. In this case the extraction is quantita-
ive both for the soluble and insoluble forms of Cr(VI), but
s shown in [5,8,9] a partial oxidation of Cr(III) is observed.

uantitative recovery of Cr(VI) was also reported using as the

xtractant a solution containing 10% Na2CO3 + 2% NaHCO3
10] followed by an addition of a magnesium sulphate in

phosphate buffer. The addition of Mg(II) to the alkaline

mailto:mgrabarc@hermes.umcs.lublin.pl
dx.doi.org/10.1016/j.jhazmat.2008.01.097
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xtraction solution prevented risks of Cr(III) oxidation, which
ay lead to overestimation of Cr(VI), particularly in sam-

les with high Cr(III)/Cr(VI) ratios [6]. Another procedure
xploits as an extractant 0.1 mol L−1 NaOH with sonication
ut according to [7] the recovery of Cr(VI) using the proce-
ure is lower as compared to the extraction with 0.28 mol L−1

a2CO3 + 0.5 mol L−1 NaOH. The procedure which exploits an
mmonium sulphate/ammonium hydroxide buffer as an extrac-
ion mixture [11–13] was also used for Cr(VI) extraction,
owever, in more recent paper it was reported that insoluble
r(VI) is not extracted using this buffer [14]. To quantify and
efine only operationally soluble and exchangeable forms of
r(VI), phosphate buffer extraction is often recommended [7].
o the procedures exploiting an ammonium or phosphate buffer
s an extraction mixture to measure total Cr(VI) in solid samples
re not suitable.

The second group of procedures for Cr(VI) extraction is based
n complexing reactions, for example:

PbCrO4 + H2DTPA3− → PbDTPA3− + CrO4
2− + 2H+

n these procedures the metal ions that form an insoluble chro-
ate like Pb(II) are complexed with a chelating agent, e.g.

thylenediaminetetraacetic acid (EDTA), diethylenetriamine-
entaacetic acid (DTPA) with the formation of a soluble
omplex, e.g. PbDTPA3−. Simultaneously Cr(VI) as a solu-
le salt (sodium or potassium chromate) goes into the solution.
his mechanism of transferring Cr(VI) from the solid samples

o the solution provides the quantitative extraction of all Cr(VI)
pecies, both soluble and insoluble forms [15,16]. The important
dvantage of this mechanism is the fact that Pb(II) is in the form
f a soluble complex. On the contrary, when extraction is carried
ut using alkaline carbonate solutions, Pb(II) is precipitated in
he form of Pb(OH)2 and during the neutralisation of the extract
r(VI) can form insoluble PbCrO4 and the results of Cr(VI)
etermination are too low [17]. It must be noted that the pres-
nce of a complexing agent in the extraction mixture additionally
revents the oxidation of Cr(III) to Cr(VI) as was described in
he literature [16,18]. Unfortunately, in the course of Cr(VI)
xtraction with the exploitation of complexing agents Cr(III)
lso partially goes into the solution, so to determine Cr(VI) in
xtract a species selective method must be exploited.

The analytical techniques available for the direct determin-
ng Cr(VI) in the presence of Cr(III) are: spectrophotometric (the

ost common is based on the reaction of diphenylcarbazide with
r(VI) at pH of 1.0 ± 0.3) [19–22] and electroanalytical methods

22–27]. Stripping voltammetry is the commonest electroanalyt-
cal method used as it is a low cost technique and offers high
ensitivity. The remarkable sensitivity obtainable with stripping
nalysis is attributed to the deposition step in which the target
nalyte is preconcentrated onto the working electrode [28].

Until now, many procedures have been developed to deter-
ine Cr(VI) in solid samples, but all of them consist of two or
ore steps. This paper presents a new simple protocol for Cr(VI)
etermination in solid samples which allows for simultaneous
xtraction and determination of Cr(VI) in a one step. For an
ffective extraction of Cr(VI) the addition of a chelating agent
DTPA) to the extraction solution was used. For direct determi-
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ation of Cr(VI) a catalytic adsorptive stripping voltammetric
echnique based on the accumulation of the reduced form of
r(VI) as a Cr(III)–H2DTPA complex and its reduction in the
resence of nitrate was employed [29,30]. Choosing the opti-
al conditions of the extraction and voltammetric measurement

llows for simultaneous carrying out of both processes in a sin-
le voltammetric cell and the extractant simultaneously plays
he role of supporting electrolyte for voltammetric measure-

ents. Thanks to that the need for the additional equipment and
eagents is eliminated, which leads to significant minimization
f the procedure time and cost.

. Experimental

.1. Reagents

CH3COOH, KNO3, Suprapure NaOH and morpholi-
oethanesulfonic acid (MES) were obtained from Merck
Darmstadt, Germany). KNO3 was additionally purified by
ecrystallisation. DTPA was obtained from Sigma (St. Louis,
SA). Stock standard solutions of Cr(VI) as K2CrO4 and Cr(III)

s CrCl3 with concentrations of 1 g L−1 and insoluble chromate
alt PbCrO4 were obtained from Fluka (Buchs, Germany). SiO2
naturally occurring microcrystalline silica) was obtained from
igma–Aldrich (St. Louis, USA). Certified reference materials
RM 013 Paint Chips and CRM 019 Ash were obtained from
esource Technology Corporation, USA. All solutions were
ade using triply distilled water.

.1.1. Buffers and complexing agent preparation
Acetate buffer contained 0.5 mol L−1 of acetic acid, and was

djusted to pH 6.2 with sodium hydroxide.
MES buffer contained 0.5 mol L−1 of 2-(N-morpholino)

thanesulfonic acid, and was adjusted to pH 6.2 with sodium
ydroxide.

DTPA solution contained 0.2 mol L−1 of DTPA dissolved at
H > 7 in the presence of sodium hydroxide, and was adjusted
o pH 6.2 with acetic acid.

.1.2. Solid samples preparation
The mixtures of PbCrO4 containing known concentrations

f Cr(VI) were prepared by a serial dilution of PbCrO4 with
iO2, as described previously [16]. The dilutions were made by
eighing appropriate amounts of a more concentrated mixture of
bCrO4 and SiO2 and then a homogenization of the mixture for
h in a ball mill. The mixtures of PbCrO4 and Cr2O3, PbCrO4
nd CrCl3 were prepared in the same way.

Visual observation shows that certified reference materials
RM 013 and CRM 019 are not homogeneous, so before the
xtraction they were homogenised. To avoid the formation of
onglomerates in the course of homogenisation of the samples
hey were mixed with SiO2. In the case of CRM 019 one part of
iO2 was mixed and homogenised with one part of the sample
n a ball mill for 1 h. In the case of CRM 013 containing a
igher concentration of Cr(VI) the sample was prepared by serial
ilution with SiO2. Finally, CRM 013 was diluted with SiO2 by
factor of 600.
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.2. Instruments

A PGSTAT 10 potentiostat (Ecochemie, Utrecht, Nether-
ands) and a hanging mercury drop electrode (HMDE) (MTM,
rakow, Poland) were used in this study. All experiments were
erformed employing a three-electrode water jacketed voltam-
etric cell of volume 15 mL consisting of an Hg working

lectrode, a Pt auxiliary electrode, and an Ag/AgCl reference
lectrode. The Hg drop area was 1.7 mm2. The temperature of
he cell did not differ more than ±0.5 ◦C from the chosen one and
as controlled using a thermostat (PolyScience, Niles, USA).

.3. Preparation of the mercury film electrode

The ex situ mercury film electrode (MFE) was prepared by the
eposition of mercury at −0.8 V for 30 s and then at −1.1 V for
0 s from a 0.01 mol L−1 HNO3 + 2 × 10−4 mol L−1 Hg(NO3)2
olution.

The in situ MFE was prepared by 30 s deposition at −0.8 V
nd next 90 s deposition at −1.0 V from a standard solution
described below) + 2 × 10−4 mol L−1 Hg(NO3)2. At the same
ime the accumulation by the adsorption of Cr(III)–H2DTPA
ctive complex also occurs.

.4. General procedure/standard conditions

The measurements were performed in a thermostatic voltam-
etric cell. When the temperature of the electrochemical cell

eached the required value the acetate buffer, MES buffer,
NO3 and DTPA were added. The final volume of the solu-

ion was equal to 15 mL and the concentrations of the reagents
ere equal to 0.04 mol L−1 acetate buffer; 0.02 mol L−1 MES
uffer; 0.5 mol L−1 KNO3; 0.01 mol L−1 DTPA, the final pH
as 6.2 ± 0.1. Then the weighed solid sample (or 10 mg of
.5 mg kg−1 Cr(VI) as PbCrO4 in a SiO2 used for standard-
zation of the procedure conditions) was added into the cell and
he solution was deaerated with nitrogen for 5 min. Within this
ime Pb(II) from insoluble PbCrO4 is complexed with DTPA,
nd Cr(VI) as a sodium or potassium chromate goes into the
olution. The nitrogen atmosphere over the analyzed solution
as maintained until the measurements on the studied solution
ere finished. Before each measurement a new drop was formed
sing HMDE and an accumulation was carried out for 30 s at
1.0 V. In the course of deaeration and accumulation steps the

olutions were stirred using a magnetic stirring bar. After a rest
eriod of 5 s a differential pulse voltammogram was recorded,
hile the potential was scanned from −1.0 to −1.375 V at a scan

ate of 25 mV s−1. The amplitude was −50 mV. Next a known
mount of a standard solution of K2CrO4 was added to the sam-
le solution and the measurement was repeated. On the basis
f the obtained voltammograms the recovery of Cr(VI) from a
ample was calculated.
. Results and discussion

The proposed procedure for simultaneous extraction of
r(VI) from solid samples and catalytic adsorptive stripping
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a
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oltammetric determination of it in extracts is performed in a
ingle voltammetric cell and consists of two main steps:

simultaneous (i) deaeration of the supporting electrolyte, (ii)
extraction of Cr(VI) through complexing reaction metal ions
that form an insoluble chromate with DTPA, so Cr(VI) as
a soluble salt goes into the solution and (iii) removing of
interferences from extracted Cr(III) by its complexation with
DTPA with the formation of a complex converting with time
to a nonactive electrochemical form [29],
accumulation of the reduction product of the extracted Cr(VI)
in the form of the Cr(III)–H2DTPA active complex on the
mercury electrode and then reduction of the complex in the
presence of nitrates to enhance the analytical peak current as
a detection step.

The optimization of the proposed procedure was mainly
oncentrated on the selection of the optimum conditions for
imultaneous quantitative extraction of Cr(VI) from solid sam-
les and its determination in extract. The procedure of removing
nterferences from Cr(III) by complexation with DTPA with the
ormation of a complex converting with time to a nonactive
lectrochemical form has already been described [29,30].

.1. The extraction solution/supporting electrolyte

In order to determine chromium in the presence of DTPA and
itrates an electrolyte containing the acetate buffer to stabilize
H was usually used [29,30]. The effect of the acetate buffer
H on the recovery of Cr(VI) from a solid sample was investi-
ated. The pH of the supporting electrolyte was adjusted to the
ange from 5 to 7 and then after 5 min of deaeration time NaOH
r HNO3 was added to obtain the pH 6.2, and voltammetric
etermination of Cr(VI) was performed. The results obtained
re presented in Fig. 1A. The influence of the supporting elec-
rolyte pH in the range from 5 to 7 on the catalytic peak current
f Cr(VI) was also examined and the results obtained are pre-
ented in Fig. 1B. On the basis of the received results the pH of
he supporting electrolyte equal to 6.2 ± 0.1 was chosen for fur-
her study. Because an acetate buffer at pH 6.2 possesses small
uffering capacity, additionally an MES buffer pH 6.2 was added
o the supporting electrolyte. Fig. 2 shows the effect of the con-
entration of the MES buffer on the recovery and catalytic peak
urrent of Cr(VI). The results show that in the whole tested range
f concentration from 0.005 to 0.08 mol L−1 comparable and
cceptable recoveries of Cr(VI) above 96% were obtained, how-
ver, the catalytic peak current of Cr(VI) distinctly decreased
ith the concentration of the MES higher than 0.03 mol L−1,

o for further measurements an MES buffer concentration of
.02 mol L−1 was chosen.

The effect of concentration of the acetate buffer and DTPA on
he recovery and catalytic peak current of Cr(VI) was also inves-
igated. The results show that the concentrations of the acetate

uffer in the range from 0.01 to 0.08 mol L−1, as well as the con-
entration of the DTPA in the range from 0.005 to 0.02 mol L−1,
nable achieving the satisfying recovery of Cr(VI) above 96%
nd constant catalytic peak current of Cr(VI). For further study
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ig. 1. Effect of the pH of supporting electrolyte/extraction solution on: (A)
r(VI) recovery from a sample containing 0.5 mg kg−1 Cr(VI) as PbCrO4 in
SiO2 matrix; (B) Cr(VI) catalytic peak current from the solution containing
× 10−8 mol L−1 of K2CrO4.

concentration of the acetate buffer and DTPA equal to 0.04
nd 0.01 mol L−1 were chosen, respectively.

.2. Effect of temperature

The effect of temperature on the extraction process was

nvestigated using standard conditions, but the temperature of

easurements was being changed from 10 to 40 ◦C. The results
btained show that in the whole range of the studied tempera-
ures acceptable and comparable results were obtained.

ig. 2. Effect of the MES buffer concentration (pH 6.2) on: (A) Cr(VI) recovery
rom a sample containing 0.5 mg L−1 Cr(VI) as PbCrO4 in a SiO2 matrix; (B)
r(VI) catalytic peak current from the solution containing 1 × 10−8 mol L−1 of

2CrO4.
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ig. 3. Effect of the temperature of the measurements on the decrease of Cr(III)
eak current. Concentration of Cr(III) added as CrCl3 was 5 × 10−7 mol L−1.

Because the extraction process is not selective for Cr(VI) the
ifferentiation between chromium species must be taken into
ccount. One of the methods which allows for selective deter-
ination of Cr(VI) in the presence of Cr(III) exploited the fact

hat the analytical signal corresponding to Cr(III) present in the
olution decreases with time in the presence of DTPA [30]. In
he paper [29] it was found that increasing the temperature sig-
ificantly shortens the time of decrease of the Cr(III) signal so
ts influence on the Cr(III) signal in the proposed procedure was
lso investigated. The results obtained are presented in Fig. 3.
ecause at the temperature of 40 ◦C a substantial enhancement
f selectivity of the Cr(VI) measurements was observed and at
he same time a stable signal for Cr(VI) was obtained, further

easurements were performed at this temperature.

.3. Effect of extraction time

The extraction process was carried out at standard conditions
hile the time of extraction was being changed from 5 to 20 min.
cceptable recoveries of Cr(VI) were obtained for the time as

hort as 5 min and did not change with its prolongation. For fur-
her study an extraction time of 5 min was chosen and it was
ufficient to obtain the quantitative recovery of Cr(VI). Times
horter than 5 min were not studied because this time is indis-
ensable to deaerate the sample solution before the stripping
oltammetric measurement.

.4. Effect of a mass of the sample to volume of extractant
atio
Effect of a mass of the sample to volume of extractant ratio
as studied at standard conditions at a constant volume of the

xtractant equal to 15 mL, while the mass of solid samples of
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solid samples on the extraction and determination of Cr(VI) with
the proposed procedure was examined. The effect of potentially
interfering ions was investigated by adding known concentra-
tions of each ion into 15 mL of a solution containing 10 mg of
ig. 4. Effect of accumulation time on catalytic peak current of Cr(VI) studied
or 10 mg of 0.5 mg kg−1 Cr(VI) as PbCrO4 added to the 15 mL of supporting
lectrolyte.

nown amounts of Cr(VI) in the concentration range from 0.01
o 1 mg kg−1 as PbCrO4 in a SiO2 matrix was changed from 500
o 5 mg, respectively. The results show that irrespective of the

ass of the sample and the contents of Cr(VI) comparable and
cceptable recoveries above 95% were obtained. For standariza-
ion of the proposed procedure generally the mass of 10 mg of
.5 mg kg−1 Cr(VI) as PbCrO4 in a SiO2 was used.

.5. Effect of accumulation potential and time

The accumulation potential was chosen on the basis of lit-
rature data [29,31,32] and was equal to −1.0 V. The effect
f accumulation time was studied for 10 mg of 0.5 mg kg−1

r(VI) as PbCrO4 added to 15 mL of the supporting electrolyte.
he time of accumulation was changed from 10 to 120 s and

he obtained results are presented in Fig. 4. It was found that
he chromium peak increased linearly up to 40 s and slightly
ecreased for accumulation time longer than 60 s. For further
tudy the accumulation time of 30 s was chosen.

.6. Analytical parameters

In order to investigate the analytical parameters of the pro-
osed procedure a 10 mg of mixtures of PbCrO4 containing a
nown amounts of Cr(VI) in the concentration range from 0.05
o 5 mg kg−1 of Cr(VI) were added to the voltammetric cell
nd the measurements were performed. The obtained results
ndicated that the calibration graph for Cr(VI) for an accumu-

ation time of 30 s was linear in the range from 4 × 10−10 to
× 10−8 mol L−1 and obeyed the equation y = 131x + 23, where
and x were the peak current (nA) and Cr(VI) concentration

nmol L−1), respectively. The linear correlation coefficient was

F
c
a
(
w
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= 0.998. The relative standard deviation from five determi-
ations of chromium at a concentration of 5 × 10−9 mol L−1

as 4.1%. The detection limit estimated from three times the
tandard deviation for low chromium concentration and accu-
ulation time of 30 s was about 1.2 × 10−10 mol L−1.

.7. Examination of the procedure on MFE

Two basic electrode systems, HMDE and the MFE, have
ained wide acceptance in the development of stripping voltam-
etry. So the proposed procedure was also examined using MFE

s a working electrode instead of HMDE (which was used for
he optimization of the proposed procedure). Stripping voltam-

etric measurements were performed with in situ and ex situ
eposited MFEs on glassy carbon. If the MFE was prepared in
itu the obtained Cr(VI) signal was unstable and decreased with
ime. It is consistent with the literature data, where it was stated
hat the mercury film formed in this way was irreproducible and
ad poor adsorption behaviour. It was attributed to the inter-
erence of the plating process by DTPA [33]. If the MFE was
repared ex situ, a Cr(VI) signal decreased also from measure-
ent to measurement, so it was necessary to polish the electrode

rior to every measurement, which made the whole procedure
ong and complicated. The voltammograms obtained for the ex
itu prepared MFE are shown in Fig. 5. It is obvious that the
btained signals at MFE are worse in shape as compared to those
btained at HMDE (Fig. 6). The sensitivity of the measurements
f Cr(VI) concentration at MFE is also lower. Taking those facts
nto account the use of an MFE electrode is not recommended
n the presented procedure.

.8. Effect of interfering ions

The influence of possible matrix ions in the environmental
ig. 5. Differential pulse voltammograms obtained on ex situ MFE in the
ourse of determination of Cr(VI): (a) blank; (b) 20 mg of 1 mg kg−1 Cr(VI)
s PbCrO4; (c) as (b) + 2.5 × 10−8 mol L−1 of Cr(VI) as K2CrO4; and (d) as
b) + 1 × 10−7 mol L−1 of Cr(VI) as K2CrO4. Accumulation time 30 s. Electrode
as polished before each measurement.
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Fig. 6. Differential pulse voltammograms obtained on HMDE in the course
of determination of Cr(VI) in CRM 019 Ash: (a) blank; (b) 10 mg
CRM 019 Ash diluted with SiO2 1:1 per 15 mL of supporting elec-
trolyte; (c) as (b) + 5 × 10−9 mol L−1 of Cr(VI) as K2CrO4; and (d) as
(b) + 1.5 × 10−8 mol L−1 of Cr(VI) as K2CrO4. Accumulation time 30 s.

Table 1
Results of Cr(VI) determination in the synthetic mixtures containing PbCrO4

and/or Cr2O3 and CrCl3 as insoluble and soluble forms of Cr(III), respectively

Synthetic mixtures contained
known concentration of Cr(VI)
and/or Cr(III) (mg kg−1)

Cr(VI) determined
(mg kg−1)

PbCrO4 Cr2O3 CrCl3

– 100 – 0.015 (8.8)
– 200 – 0.026 (7.1)
– – 100 0.047 (8.4)
– – 200 0.102 (6.8)
1.00 – – 0.970 (5.2)
1.00 100 – 0.982 (6.1)
1.00 200 – 0.988 (5.7)
1.00 – 100 1.023 (4.8)
1.00 – 200 1.084 (5.6)
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he measurements were performed at the temperature 40 ◦C for 10 mg of sam-
les added to 15 mL of the supporting electrolyte. The time of accumulation was
0 s. In brackets the relative standard deviations in % are given (n = 5).

.5 mg kg−1 Cr(VI) as PbCrO4 in a SiO2 matrix. The obtained
esults showed that at least 50 �g L−1 of Zn2+, Pb2+, Co2+, Ni2+,

n2+, VO3
−, Cu2+, Fe3+, MoO4

2− in the solution caused a
hange of less than 5% in the recovery efficiency of Cr(VI).

rucially important is the influence of Fe(II) because it will-

ngly reacts with Cr(VI). The performed experiments confirm
hat the presence of 50 �g L−1 of Fe(II) causes a decrease of
he Cr(VI) peak in the time, e.g. the peak is diminished by half

s
A
0
t

able 2
esults of Cr(VI) determination (in mg kg−1) in certified reference materials: CRM
etermination

ample Method of extraction

Proposed
procedure

0.28 mol L−1 Na2CO3 + 0.5 mol L−1

NaOH [8]

RM 019 Ash 0.62 (7.8) 0.74 (6.1)a

RM 013 Paint Chips 347 (5.2) 352 (3.4)b

n brackets the relative standard deviations in % are given (n = 5). S.D., standard devi
a Cr(VI) was determined by the method described in [28].
b The results are given in paper [15].
Materials 158 (2008) 491–498

n 10 min. It was observed that the permissible concentration of
e(II) in the solution was 20 �g L−1, and it caused a change of

ess than 5% in the recovery efficiency of Cr(VI).
In order to estimate precisely the accuracy of the speciation

rocedure and to test for potential valence species interconver-
ion, different solid samples of Cr(III) compounds, Cr2O3 as an
nsoluble form and CrCl3 as a soluble form, were mixed with
bCrO4. The extraction and determination of Cr(VI) in those
ixtures were then performed and the received results are pre-

ented in Table 1. The obtained results indicated that the studied
ethod allows for Cr(VI) determination in the presence of about

00-fold excess of Cr(III) if it is in insoluble form without serious
nterference. In the case of soluble forms of Cr(III) its 200-fold
xcess causes overestimation of Cr(VI) results by 10%.

.9. Application to the real samples

According to [34] the quality control procedure should be
ased on the analysis of the reference material with the use of
tested analytical method and comparison of results obtained
ith the certified values. However, there are no certified refer-

nce materials for Cr(VI) containing insoluble Cr(VI) [14,35].
n connection with this certified reference materials certified
nly for total chromium were used to validate the proposed
rocedure. According to the literature data certified reference
aterials CRM 013 Paint Chips [11,13] and CRM 019 Ash [36]

ontain insoluble Cr(VI). These materials were analyzed using
he method of standard addition. The obtained results of Cr(VI)
etermination in certified reference materials were compared to
he results received with the use of two other extraction proce-
ures [8,10] and different methods of detection [15,29], and they
re given in Table 2. In the case of Cr(VI) determination by the
ethod described in [29] the 0.02 mol L−1 MES buffer was addi-

ionally added to the solution in order to stabilise the pH value.
ypical voltammograms obtained in the course of determination
f Cr(VI) in CRM 019 Ash are presented in Fig. 6. The results
btained for Cr(VI) determination in CRM 013 Paint Chips sam-
le with different methods of extraction show a good degree of
greement. It should be noted that CRM 013 Paint Chips sam-
le contains reference value 618 mg kg−1 for total chromium,

o the Cr(III)/Cr(VI) ratio is small (<1). In the case of CRM 019
sh the results of Cr(VI) determination using extraction with
.28 mol L−1 Na2CO3 + 0.5 mol L−1 NaOH were higher than
he results obtained by two other procedures. Such results are in

019 Ash and CRM 013 Paint Chips using different methods of extraction and

Certified reference value
for total Cr ± S.D.

10% Na2CO3 + 2% NaHCO3 + MgSO4 [10]

0.59 (5.5)a 55. 2 ± 21.4
359 (4.0)b 618 ± 53.6

ation.
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greement with the literature data [5], where it was reported that
his extraction mixture leads to oxidation of Cr(III) to Cr(VI),
articularly in samples with high Cr(III)/Cr(VI) ratios. This is
rue in the case of CRM 019 Ash, where reference value for
otal chromium is 55.2 mg kg−1. Analyses of paint chips and ash
amples spiked with Cr(VI) as PbCrO4 were also performed.
he recoveries of Cr(VI) using the proposed procedure were
qual to 97.4% with R.S.D. 4.8 and 98.5% with R.S.D. 6.7%,
espectively.

. Conclusion

The results of analysis of real samples for Cr(VI) indicate
o significant difference between the performance of the pro-
osed method of extraction and other methods mostly described
n the literature, but the advantage of the proposed procedure
s the fact that it is simpler, faster and less expensive tool for
irect Cr(VI) determination in solid samples. The whole proce-
ure is applied to a single cell, which allows for monitoring the
oltammetric scan. Such a simultaneous extraction and determi-
ation of Cr(VI) is possible thanks to the fact that DTPA both
uantitatively extracts Cr(VI) and then forms a Cr(III)–H2DTPA
omplex (from Cr(III) obtained from the reduction of Cr(VI)),
hich is adsorbed on the mercury electrode. Additionally the
r(III)–H2DTPA complex formed from the Cr(III) present in

he sample quickly passes at the temperature of 40 ◦C into an
lectrochemically inactive form, which enables the achievement
f satisfying selectivity of Cr(VI) determination in the presence
f Cr(III). On the basis of measurements of the Cr(VI) concentra-
ion in the synthetic mixtures of Cr(III) and Cr(VI) compounds
t was observed that the 100-fold excess of Cr(III) (both in insol-
ble and soluble form) did not cause any apparent errors in the
r(VI) determination but the 200-fold excess of Cr(III) in solu-
le form made the results of Cr(VI) determination overestimated
y about 10%. The method offers a wide range of linearity of
he calibration graph and a low detection limit. It can also be
pplied in the presence of numerous foreign ions occurring in
he concentrations of at least 50 �g L−1 with the exception of
e(II) ions, for which the acceptable concentration is no more

han 20 �g L−1.
The major advantage of the proposed procedure is simul-

aneous and quantitative extraction and analysis of Cr(VI) in
olid samples without separation of species, so the need for the
dditional equipments and reagents is eliminated. It should be
lso noted that the whole procedure is carried out at the pH
alue equal to 6 in contrast to the commonly used in various
rocedures acidic environment which promotes the reduction of
r(VI) by the organics present in the sample.

It must be noted that the best parameters for the proposed
rocedure were obtained using HMDE as a working electrode.
n case of MFE the results were not satisfying.
eferences

[1] N. Kocberber, G. Dönmez, Chromium(VI) bioaccumulation capacities of
adapted mixed cultures isolated from industrial saline wastewaters, Biore-
sour. Technol. 98 (2007) 2178–2183.

[

Materials 158 (2008) 491–498 497

[2] Y.S. Wang, Z.Y. Pan, J.M. Lang, J.M. Xu, Y.G. Zheng, Bioleaching of
chromium from tannery sludge by indigenous Acidithiobacillus thiooxi-
dans, J. Hazard. Mater. 147 (2007) 319–324.

[3] J. Kotas, Z. Stasicka, Chromium occurrence in the environment and meth-
ods of its speciation, Environ. Pollut. 107 (2000) 263–283.

[4] K.H. Cheung, J.D. Gu, Mechanism of hexavalent chromium detoxification
by microorganisms and bioremediation application potential—a review,
Int. Biodeter. Biodegr. 59 (2007) 8–15.

[5] D. Huo, H.M. Kingston, Correction of species transformations in the anal-
ysis of Cr(VI) in solid environmental samples using speciated isotope
dilution mass spectrometry, Anal. Chem. 72 (2000) 5047–5054.

[6] M. Pettine, S. Capri, Digestion treatments and risks of Cr(III)–Cr(VI) inter-
conversions during Cr(VI) determination in soils and sediments—a review,
Anal. Chim. Acta 540 (2005) 231–238.

[7] B.R. James, J.C. Petura, R.J. Vitale, G.R. Mussoline, Hexavalent chromium
extraction from soils: a comparison of five methods, Environ. Sci. Technol.
29 (1995) 2377–2381.

[8] R.J. Vitale, G.R. Mussoline, J.C. Petura, B.R. James, Hexavalent chromium
extraction from soils: evaluation of an alkaline extraction method, J. Envi-
ron. Qual. 23 (1994) 1249–1256.

[9] R.J. Vitale, G.R. Mussoline, K.A. Rinehimer, J.C. Petura, B.R. James,
Extraction of sparingly soluble chromate from soils: evaluation of methods
and Eh-pH effects, Environ. Sci. Technol. 31 (1997) 390–394.

10] United States Occupational Safety & Health Administration, OSHA Ana-
lytical Methods Manual, second ed., Method ID-215, 1998.

11] J. Wang, K. Ashley, E.R. Kennedy, C. Neumeister, Determination of hex-
avalent chromium in industrial hygiene samples using ultrasonic extraction
and flow injection analysis, Analyst 122 (1997) 1307–1312.

12] K. Ndung’u, N.K. Djane, F. Malcus, L. Mathiasson, Ultrasonic extraction
of hexavalent chromium in solid samples followed by automated analysis
using a combination of supported liquid membrane extraction and UV
detection in a flow system, Analyst 124 (1999) 1367–1372.

13] J. Wang, K. Ashley, D. Marlow, E.G. England, G. Carlton, Field method for
the determination of hexavalent chromium by ultrasonication and strong
anion-exchange solid-phase extraction, Anal. Chem. 71 (1999) 1027–1032.

14] K. Ashley, A.M. Howe, M. Demange, O. Nygren, Sampling and analysis
considerations for the determination of hexavalent chromium in workplace
air, J. Environ. Monit. 5 (2003) 707–716.

15] M. Korolczuk, M. Grabarczyk, Evaluation of ammonia buffer containing
EDTA as an extractant for Cr(VI) from solid samples, Talanta 66 (2005)
1320–1325.

16] M. Grabarczyk, M. Korolczuk, K. Tyszczuk, Extraction and determination
of hexavalent chromium in soil samples, Anal. Bioanal. Chem. 386 (2006)
357–362.

17] K. Tirez, H. Scharf, D. Calzolari, R. Cleven, M. Kisser, D. Lück, Validation
of a European standard for the determination of hexavalent chromium in
solid material, J. Environ. Monit. 9 (2007) 749–759.

18] C.P. Karwas, Ammonia complexation in the analysis of hexavalent
chromium in fly ash, J. Environ. Sci. Health A 30 (1995) 1223–1235.

19] Y.M. Scindia, A.K. Pandey, A.V.R. Reddy, S.B. Manohar, Selective precon-
centration and determination of chromium (VI) using a flat sheet polymer
inclusion sorbent: potential application for Cr(VI) determination in real
samples, Anal. Chem. 74 (2002) 4204–4212.

20] Y.M. Scindia, A.K. Pandey, A.V.R. Reddy, S.B. Manohar, Chemically
selective membrane optode for Cr(VI) determination in aqueous samples,
Anal. Chim. Acta 515 (2004) 311–321.

21] M.A.S. Pressman, J.H. Aldstadt, A comparative study of diffusion sam-
plers for the determination of hexavalent chromium by sequential injection
spectrophotometry, Microchem. J. 74 (2003) 47–57.

22] V. Gomez, M.P. Callao, Chromium determination and speciation since
2000, Trends Anal. Chem. 25 (2006) 1006–1015.

23] M.F. Bergamini, D.P. dos Santos, M.V.B. Zanoni, Development of a voltam-
metric sensor for chromium (VI) determination in wastewater sample, Sens.

Actuators B Chem. 123 (2007) 902–908.

24] A. Manova, S. Humenikova, M. Strelec, E. Beinrohr, Determination of
chromium (VI) and total chromium in water by in-electrode coulometric
titration in a porous glassy carbon electrode, Microchim. Acta 159 (2007)
41–47.



4 rdous

[

[

[

[

[

[

[

[

[

[

[

MS, in different materials used in the automotive industry, Anal. Bioanal.
98 M. Grabarczyk / Journal of Haza

25] N.A. Carrington, L. Yong, Z.L. Xue, Electrochemical deposition of sol–gel
films for enhanced chromium (VI) determination in aqueous solutions,
Anal. Chim. Acta 572 (2006) 17–24.

26] R. Jugade, A.P. Joshi, Highly sensitive adsorptive stripping voltammetric
method for the ultra-trace determination of chromium (VI), Anal. Sci. 22
(2006) 571–574.

27] L. Lin, N.S. Lawrence, S. Thongngamdee, J. Wang, Y.H. Lin, Catalytic
adsorptive stripping determination of trace chromium (VI) at the bismuth
film electrode, Talanta 65 (2005) 144–148.

28] R.O. Kadara, I.E. Tothill, Stripping chronopotentiometric measurements of
lead (II) and cadmium (II) in soils extracts and wastewaters using a bismuth
film screen-printed electrode assembly, Anal. Bioanal. Chem. 378 (2004)
770–775.

29] M. Grabarczyk, M. Korolczuk, Modification of catalytic adsorptive strip-
ping voltammetric method of hexavalent chromium determination in

the presence of DTPA and nitrate, Anal. Bioanal. Chem. 376 (2003)
1115–1118.

30] M. Boussemart, C.M.G. van den Berg, M. Ghaddaf, The determination of
the chromium speciation in sea water using catalytic cathodic stripping
voltammetry, Anal. Chim. Acta 262 (1992) 103–115.

[

Materials 158 (2008) 491–498

31] J. Golimowski, P. Valenta, H.W. Nürnberg, Trace determination of
chromium in various water types by adsorption differential pulse voltam-
metry, Fresenius Z. Anal. Chem. 322 (1985) 315–322.

32] Y. Li, H. Xue, Determination of Cr(III) and Cr(VI) species in natural waters
by catalytic cathodic stripping voltammetry, Anal. Chim. Acta 448 (2001)
121–134.

33] A.M. Dobney, G.M. Greenway, On-line determination of chromium by
adsorptive cathodic stripping voltammetry, Analyst 119 (1994) 293–
297.
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