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ABSTRACT

An accurate determination of
high field strength elements
(HFSE) in geological samples pro-
vides information on the diage-
netic evolution of rocks and is
also of great significance for
revealing the formation and evo-
lution process of the continental
crust and mantle. However, cur-
rently the concentration of HFSE
in rocks is usually obtained using
a conventional acid closed diges-
tion process and its correspond-
ing analytical result is relatively
poor because of irreversible
hydrolysis and polymerization.
Fortunately, HFSE can be stable
in solution when they complex
with 0—hydroxy acids due to
their strong coordination abili-
ties. After comprehensive consid-
eration of the reagent blank and

INTRODUCTION

High field strength elements
(HFSE), mainly Nb, Ta, Zr, and Hf,
are tracers of considerable impor-
tance for large-scale mass and
energy transfer in the Earth’s inte-
rior for their relatively stable geo-
chemical properties (1-4). Inter-
pretive studies of the diagenetic
evolution of magmatic rocks in the
continental crust and mantle
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the complexing ability of the
three 0i—hydroxy acids, it was
found that when the tartaric acid
concentration was 20% (v/v)
together with the ratio of tartaric
acid to nitric acid at 1:1, the
tested values of HFSE for six rock
standard reference materials
agreed well with the certified
values. Meanwhile, the structure
of the complex products for
HFSE with tartaric acid were
resolved using a Q Exactive mass
spectrometer. The detection lim-
its of Nb, Ta, Zr, and Hf were
obtained at 0.042, 0.018, 0.011,
and 0.036 ug g for this method,
respectively. In this study, 35
geological SRMs were analyzed
using this proposed method, and
their accurate results for HFSE
confirmed that it has great poten-
tial for the analysis of most types
of geological samples.

require precise and accurate data
for these elements at their
abundance levels in geological
materials. Although instrumental
neutron activation analysis (INAA)
and X-ray fluorescence spectrome-
try (XRF) could be used for the
determination of HFSE (5-9), these
two methods are inappropriate for
these four elements together and
lack adequate sensitivity at trace
levels (10). As a sensitive and
immensely powerful multi-element
analytical technique (11-14), the
inductively coupled plasma source
mass spectrometer (JCP-MS) is
equipped to develop precise analyt-
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ical methods for HFSE (10, 15-19).
Due to the strong tendency to
hydrolyze and to occur as polymer-
ized species in acid solution chem-
istry (20, 21), the concentrations of
HFSE, particularly Nb and Ta with
extremely low levels in mantle
rocks (22), are still virtually difficult
to measure precisely with conven-
tional ICP-MS methods.

Previous studies have shown
that HFSE can be stabilized in solu-
tion by adding HF to form soluble
HFSE fluoro-complexes (22-25).
However, some authors reported
that F~ can easily form fluoride pre-
cipitates with matrix elements such
as Al, Mg, and Ca, which may
adsorb some trace elements (HFSE
included) from the HF solution and
result in the loss of trace elements
(26-32). In early analytical studies,
tartaric acid (TA) was generally
used as one of the auxiliary com-
plexing agents for spectrophoto-
metric determination of niobium
and tantalum (33). It has been
proven that due to the strong coor-
dination of HFSE, they easily form
complexes which can be stable in
the solution with TA, citric acid,
oxalic acid, malic acid, or other
organic compounds of alpha-
hydroxy acids (34-36). It was also
found that only a proper amount
of TA can stabilize the complex
in a wide range of pH (33). In sub-
sequent studies, Li et al. (37) effec-
tively overcame the hydrolysis of
Nb and Ta using potassium sodium
tartrate complexing, and the detec-
tion limits of Nb and Ta based on



ICP-MS were obtained at 1.05 ng
mL! and 0.13 ng mL?, respectively
(38). Undoubtedly, the use of TA is
effective in stabilizing HFSE in solu-
tions. However, due to the limita-
tion of the analytical techniques,
there are few reports on the mecha-
nism of the complexation reaction
between HFSE and TA, which
directly affects the combined forms
and the stability conditions of HFSE
in TA solution. Researchers have
speculated that TA and tantalum
form polynucleic acid complexes
(33, 34), but their specific polymer
needs to be further discussed.

In this work, a validated method
was developed for the simultane-
ous and accurate determination of
HFSE in geological samples using an
improved closed digestion ICP-MS
method with TA as the matrix mod-
ifier, aiming to prevent the hydroly-
sis and polymerization of HFSE in
acid medium. On the basis of opti-
mizing the dosage and concentra-
tion of TA, the types of complex
products of high field strength ele-
ments with TA were preliminarily
resolved by HPLC-MS. A series of 35
geological standard reference mate-
rials (SRMs) of different properties
were evaluated by the method
under study. It was found that this
method works well for analyzing
HFSE in various geological samples.

EXPERIMENTAL

Analytical Instrumentation

The experiments for elemental
analysis were carried out using a
quadrupole ICP-MS instrument,
NexION® 350D (PerkinElmer, Inc.,
Shelton, CT, USA) (39-42). The per-
formance of the instrument was
checked daily with a NexION Setup
Solution (Be, Ce, Fe, In, Li, Mg, Pb,
and U, 10 pg L', 1% HNO>) to
obtain maximum signal intensities,
while keeping the minimum oxide
formation rate and doubly charged
ratio. The typical instrumental oper-
ating conditions and measurement
parameters are listed in Table I.

Structural elucidation of the
organic complexes was performed
using a Q Exactive Hybrid Quadru-
pole-Orbitrap mass spectrometry
(Thermo Scientific, Bremen, Ger-
many) (43). The instrument control
and mass spectra processing were
carried out by using the Xcalibur
3.0 software package (Thermo Sci-
entific). A 10 uL sample solution
was injected into doubly distilled
water containing 0.1% formic acid
at a flow rate of 0.3 mL min’. The
identification experiments were
processed in a negative ionization
full-scan mode with a mass range of
120-600. The system was operated
with a sheath gas flow rate of 30
L min’!, auxiliary gas flow rate of
5 L min’!, spray voltage of -3.2 kV,
capillary temperature of 320 °C,
S-lens RF level of 50%, and mass
resolution of 70,000. All other
instrumental parameters were set
at the default values.

Reagents and Standards

Solutions used in this study were
prepared with 18.2 MQ cm ultra-
pure water produced by a water
purification system (90005-02,
Labconco WaterPro PS, USA). All
chemicals used were of at least
guaranteed reagent grade and most
of them were purchased from

TABLE 1
Instrumental
Operating Parameters

NexION 350D ICP-MS

RF plasma power 1500 W
Plasma gas flow 18 L min’!
Nebulizer gas flow  0.90 L min!
Auxiliary gas flow 1.2 L min’!
Peak pattern 3 points/peak
Sampling depth 8 mm
Dwell time 50 ms
Integration time 1250
Sweeps per reading 25
Reading per replicate 3
156Ce0/'4°Ce ratio < 2.0%
Ce?*/Ce* ratio <2.0%
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Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, P.R. China), except
tartaric acid and citric acid which
were obtained from Sigma-Aldrich,
USA. To reduce the blank testing
value, commercially available nitric
acid and hydrofluoric acid were
purified by subboiling in a two-bot-
tle Teflon® still (Savillex Corpora-
tion, USA). External calibrators and
internal standard solutions were
respectively prepared by gravimet-
ric serial dilution from 10 ug mL?!
multi-element standard solutions
(SPEX CertiPrep, USA) and a single-
element standard solution of
rhodium at 1000 pg mL! (National
Center for Analysis and Testing of
Steel Materials, Beijing, P.R. China).
The single element standard solu-
tions of HFSE at 100 ug mL! used in
the mass spectrometric analysis
were purchased from the National
Center for Analysis and Testing of
Steel Materials, Beijing, P.R. China.

Geological Reference Materials

Thirty-five geological SRMs were
used to evaluate the accuracy of the
established method. Three rock
standard reference materials (SRMs)
including AGV-2 (andesite), BCR-2
(basalt) and BHVO-2 (basalt) were
purchased from the U.S. Geological
Survey (USGS, USA), three SRMs
(ORTO-1 rhyolite, OU-7 gabbro,
GSM-1 gabbro) were obtained from
the International Association of
Geoananlysts (IAG, UK), and 29
geological SRMs (GBW07103 gran-
ite, GBW07105 basalt, GBW07106
quartz sandstone, GBW07107 shale,
GBWO07108 carbonate, GBW07110
trachyte, GBWO07111 diorite,
GBWO07112 gabbro, GBW07114
dolomite, GBW07120 limestone,
GBWO07121 granite-gneiss,
GBW07403 yellow-brown earth,
GBWO07404 soil, GBW07405 yellow-
red earth, GBWO07407 latosol,
GBWO07423 Hongze lake deposit,
GBWO07426 soil from Xinjiang,
GBW07428 soil from Sichuan basin,
and stream sediments GBW07302-
GBWO07306, GBW07307a,



GBWO07309-GBW07313) were from
the Institute of Geophysical and
Geochemical Exploration (IGGE,
P.R. China) .

Sample Pretreatment

A 50 mg homogenized sample
powder (<200 mesh) was weighed
into a 10 mL homemade PTFE-lined
stainless steel bomb and soaked
with several drops of ultrapure
water. Then 1 mL of purified HNO;
and HF were successively added,
and the sample was digested under
high pressure at 190 °C in an elec-
tric oven for 48 hours. After cool-
ing, the bomb was opened, and the
digestion solution evaporated to
incipient dryness at 120 °C on a
heater. This was followed by
adding 1 mL HNO; and evaporating
it for a second round of dryness in
order to remove HF thoroughly.
The resultant salt was redissolved
while it was hot by adding 1.5 mL
of 30% (v/v) HNOj; and 1.5 mL of
20% (m/v) TA. The final solution
was diluted to ~100 g with 2%
(m/v) HNOj; for ICP-MS analysis.

A reagent blank solution was pre-
pared using the same procedure.

RESULTS AND DISCUSSION

Effect of Different Complexant

Niobium and tantalum reacting
with organic carboxylic acid can
be stabilized in the form of com-
plex anions in acid medium. It has
been reported that the stability of
complexes formed by niobium and
different compounds is in the fol-
lowing order: oxalic acid > hydro-
gen peroxide > citric acid > TA
(34). Therefore, in order to investi-
gate the overall complexation abil-
ity between HFSE and three organic
complexants (including TA, oxalic
acid, and citric acid), the relative
errors (REs) of detection results for
HFSE coupled with these reagents
in six rock SRMs were compared
(Figure 1). The data showed that
the REs of HFSE results using TA
were less than those with the other

two organic complexants, which
may be due to the effect of the
nature of the HFSE and the differ-
ence in concentration of the matrix
elements. The reagent blanks of
these three complexing agents at a
uniform concentration (0.2% m/v)
were inspected at the same time.
The levels of Nb, Ta, Zr, and Hf in
TA and citric acid were both less
than in oxalic acid, which are listed
in Table II. Based on comprehen-
sive consideration of the experi-
mental results, TA was selected as
the desired organic complexing
agent for the present work.

Optimization of Concentration
and Dosage for TA

The stability and reactivity of
HFSE in the organic complex both
depend on the concentration and
dosage of the organic complexing
reagent. Previous studies indicated
that stable anionic complexes
formed by TA and tantalum usually
required 18 times the concentra-
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tion of TA than that of Ta (34).
Otherwise, uncomplexed HFSE will
produce insoluble oxide precipi-
tates in the dilute acid medium due
to hydrolysis and polymerization.
In our research, TA was added in
the extraction stage to prevent
hydrolysis of HFSE. It was found
that 20% TA was sufficient to com-
plex HFSE in rock samples, as
shown in Figure 2a.

On the other hand, when the
amount of TA is excessive, high lev-
els of Total Dissolved Solids (TDS)
in sample solution will not only
cause blockage of the atomizer or
sampling cone, but also will lead to
significant matrix effects and poten-
tial spectral interferences during
the analysis process, which affects
accuracy of the analytical results.
We optimized the proportion of
20% TA and high purity nitric acid.
Figure 2b shows that when the
ratio of TA to nitric acid is 1:1 (v/v),
the tested values of HFSE for the
six rock SRMs agreed well with the

30 (a) oxalic acid | (b) citric acid | (¢)tartaric acid
8]
20 b Al | 7
| 1 0O AGv-2
= 10k - - e e @ ................. . O BHVO-2
2 2 | | 2\ BCR-2
~ | has hat @ 7 ou7
i 0 g I | % % 0 O GSMA1
= & A I % | e W ORPT-1
o e B
I3

Zr Nb Hf Ta Zr Nb Hf Ta Zr Nb Hf Ta

Fig. 1. Relative errors (REs) of detection results for HFSE coupled with (a) oxalic
acid, (b) citric acid, and (c¢) TA in six rock SRMs.

TABLE II
Concentrations of Zr, Nb, Hf, and Ta
in 0.2% (m/v) TA, Citric Acid, and Oxalic Acid, Respectively (ng mL")

Reagent Blank Zr Nb Hf Ta

Oxalic acid (H,C,0,) 1.7 0.077 0.043 0.080
Citric acid (C4HgO-) 0.036 0.0036 0.0011 0.0075
TA (C,HOp) 0.051 0.011 0.0038 0.011
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Fig. 2 Effects of concentration (a) and volume (b) of TA on accuracy of HFSE in six rock SRMs.
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certified values, and at this point
TA did not cause significant matrix
effects in the testing process by
ICP-MS.

Identification of Organic
Complexes of HFSE with TA

The properties of Nb and Ta in
TA solution directly affect their
reactivities, reaction characteristics,
and reaction rules. But there were
few data on the complexes of HFSE
with TA. Some researchers have
speculated that the composition of
the complexes of niobium, tanta-
lum, and TA might be complex
salts, such as HINbO(C H,Oy),],
H5[NbO(CH,00]-2.5H,0,
Me,ONb,O5(CH,0O¢),nH,0,

MeH[TaO(C,H,Op)], and so on (34).

In the present study, mass spectra
of possible organic complexes of
HFSE with TA were analyzed using
the Q Exactive mass spectrometer,
and chemical formulas for these
were calculated using the Xcalibur
software which allowed for the cal-
culation of the basic elements C, H,
O, and HFSE atom within a 5 ppm
mass tolerance.

The single element standard
solutions of Nb, Ta, Zr, and Hf
(100 ug mL*! each) were mixed
with 20% tartaric acid and 30%
nitric acid, respectively, and then
diluted to 1 ug mL! with deionized
water to simulate the complex
products of HFSE with tartaric acid
in dilute nitric acid matrix. In these
complexing solutions, the obtained
mass spectrum was characterized
by the base peak at m/z 149.0097,
which is attributed to the excess
deprotonated tartaric acid. Firstly,
we studied the complexes of Zr
and Hf, which are easy to be ana-
lyzed by mass spectrometry
because both of them have multi-
natural isotopes. As shown in Fig-
ure 3, five isotopic mass spectra
peaks of Zr (relative abundances
are 51.46, 11.23, 17.11, 17.40, and
2.80) were found at m/z 384.9001
(Figure 3a), 404.9066 (Figure 3b),
and 534.9168 (Figure 3¢), and the

proposed molecular formulas were
[CgH,0,,Z1]", [CgH,,0-Z1,]",
[C13H2905Zr3]" or [C30HsO5Zr] ",
respectively. We checked every
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chemical formula according to the
basic chemical criteria and finally
selected its valid chemical formula
of [CgH-O,,Zr]", whose structure

100 149.0097
[CHOJ (a)
B ' Zr#t8 RT:0.05 AV:1 NL:3.54E8
2 T:FTMS-p ESI Full ms [120.0-600.0]
< 384.9001
=] . y
. 8 100 [C,H.0,,Zr]
..1:3’ - 'Oé 80
< z 385.9015 Ho z
. < 60 . i [C,H,O Zr]
?34:' o w0 [CH,0,,Zr] 386.9001
B = (CH1,0,,21] 390.9048
—_— & 20 A A [C,H,O Zr]
&J 25 0 A
383.00 385.00 387.00 389.00 391.00
m/z
n IIII
140 180 220 260 300 340 380 420
m/z
100 149.0097 b
[C,H,0,)
Qs Z1#8 RT:0.05 AV:1 NL:4.31E6
b T:FTMS-p ESI Full ms [120.0-600.0]
< 404.9066
g 2 0 [CH,,0.Zr,]
= 65 a
O =l
< 2 406.9069
=< 60 [CH,.0Zr]
L 45 o g et
= o 405.9077 [C4as_%0§(: I
S k] [CH,,0,7Zr,] 5T 410,9093
— = 20 ' ) A A [CH,0.Zr ]
L 25 P
(a4 0 | . A
400,00 403.00 406,00 409,00 412.00
m/z
0 Illl.
140 180 220 260 300 340 380 420
m/z
100 149.0097
[CH.O,] (C)
B s Zr#8 RT:0.05 AV:1 NL:2.22E6
g 534.9166 T:FTMS-p ESI Full ms [120.0-600.0]
C,H,07r]
o [C,,H,0Zr ]
= 8100] OrICHOZT 5369166
= = [C, H,0Zr ]
= g & orfC h,0.7r) 35389194
< 2 W e Ho0 Zr,
O 45 < 535.9179 or fC, 11,0 Zr)
2 z [C,H,07r] 5409182
= g or [C,1,0 Zr) [C.H,0.Zr |
D s = 20 A A A or [C,H,0,7r]
o 0 A
530,00 533.00 536.00 539.00 541.00
m/z
. "
140 200 260 320 380 440 500 560
m/z

Fig. 3. Mass spectra of Zr/tartaric complex in negative mode: (a) m/z values of
384.9001; (b) m/z values of 404.9066; (c) m/z values of 534.9168.
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should be (C;H,O¢),Zr. Unfortu-
nately, no effective complex of Hf
with tartaric acid has been found in
our experiments.

Nb has only one natural isotope,
which makes it difficult to analyze
the possible complexes by mass
spectrometry. Although Ta has two
natural isotopes ('%°Ta and '®Ta),
the relative abundance of 8°Ta is
only 0.012, which is often annihi-
lated in the process of mass spec-
trum elucidation. Therefore, for Nb
and Ta, we used mass spectrometry
to validate the possible complexes,
which were boldly speculated
based on previous work (34). On
the basic chemical criteria, namely,
that there may be five products in
the complexation reaction of Ta
with tartaric acid. The correspond-
ing mass numbers of the five prod-
ucts were calculated by software
Xcalibur. The results showed that
the effective ionic currents and
corresponding mass spectra peak
of HS [NbO4(C4H406)] s
Me,ONb,O5(C/H,Oy), and
MeH[NbO(C/H,Oy)] did not
appear, which confirms that these
are not valid chemical formulas.
Nevertheless, two effective mass
spectra peaks have been found for
Nb at m/z 272.8986 (Figure 4a) and
404.9051 (Figure 4b), the chemical
formulas [CgHgO3Nb]~ and
[CsH,OgNDb]™ resolved by software
are in accordance with our expec-
tations. Therefore, the complex
product of Nb with tartaric acid
might be HINbO(CH;Oy),] and
H[NbO,(C4H,Op)]. A similar proce-
dure was used for Ta. The peak of
[CsH,yO,4Ta]” obtained at m/z
510.9556 is in agreement with
what we expected (Figure 5),
which confirms that the complex
product of Ta might be
HTa(OH),(C;H,00),.

At the same time, we also
scanned the blank solution of tar-
taric acid using the Q Exactive mass
spectrometer. It was found that the

mass spectrum peak of the HFSE
complex resolved in our work did
not exist in the blank solution,
which excluded the influence of
background interference peak.

Analytical Performance

The analytical performance of
the proposed method, including

100 149.0097
[C,H,0,] (a)
8 s Nb#8 RT:0.05 AV:1 NL:2.75ES
= T:FTMS-p ESI Full ms [120.0-600.0]
_g 272.8986
C,H,0Nb]
2., %100 [C.H,0,Nb]
=] =
=) E 80
< 2 0
O 45 <
E Z 40
= 5 2
© 25 & (
)
m 272,70 272.80 272.90 273.00 273.10
m/z
0 |
140 160 180 200 220 240 260 280
m/z
100 149.0097 b
[CJLO,]
Bes Nb#8 RT:0.05 AV:1 NL:9.71E
= T:FTMS-p ESI Full ms [120.0-600.0]
< 404.9051
= ™ [CH,0, Nb]
= 6 §
=) ERU
< Z 0
W 45 <
E Z 40
]
= = 20
© 25 4
0
z 404.5 404.7 404.9 405.1 405.3
m/z
0 |
140 180 220 260 300 340 380 420
m/z

Fig. 4. Mass spectra of Nb/tartaric complex in negative mode: (a) m/z values of

272.8986, (b) m/z values of 404.9051.
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Fig. 5. Mass spectra of Ta/tartaric complex in negative mode.
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TABLE III
Nb, Ta, Zr, Hf Levels in Six Geological SRMs by Present Method
(n=3, pg g")
Nb Ta Zr Hf
Name Ref. This RSD Ref. This RSD Ref. This RSD Ref. This RSD
Value Work (%) Value Work %) Value  Work %) Value Work (%)
AGV-2 14.5 14.0 4.66 0.87 0.87 6.70 230 232 1.94 5.00 5.22 2.14
BHVO-2 18.1 18.6  2.66 1.14 1.19 3.11 172 170 2.96 4.36 4.41 4.07
BCR-2 12.6 12.1 3.35 0.78 0.79 3.35 184 184 0.61 4.90 4.83 2.54
ou-7 6.35 6.71 4.41 0.38 0.47 7.00 133 115 3.42 3.17 3.00 2.44
GSM-1 0.90 0.95 10.3 - 0.20 27.0 26.5 7.63 0.83 0.83 3.13
ORPT-1 11.6 11.6  5.19 0.99 0.88 14.7 245 251 3.93 7.53 7.36 3.16

precision, accuracy, and detection
limits, was evaluated under the
optimal conditions. Precision was
studied by calculating the relative
standard deviation (RSD) of three
replicate measurements, and the
accuracy was determined by com-
paring the obtained results with
the certified or information values
for AGV-2, BHVO-2, BCR-2, GSM-1,
OU-7, and ORPT-1 (Table III). The
detection limits of Nb, Ta, Zr, and
Hf in this work, defined as the con-
centration equivalent to 10 times
the standard deviation of 11 mea-
surements for a blank solution,
were 0.018, 0.036, 0.042, and
0.011 pg g, respectively.

Analysis of Geological SRMs

Using the optimized procedure,
a series of geological SRMs compris-
ing seven soils, 17 rocks, and 11
sediments were chosen to validate
the established analytical method in
which these samples cover three
basic rock types containing igneous
(andesite, basalt, diorite, gabbro,
trachyte), sedimentary (limestone,
dolomite, sandstone, shale, carbon-
ate), and metamorphic (gneiss)
rocks. Due to the difference of the
HFSE content in samples of distinct
lithology and the test accuracy
requirements of different concen-
tration ranges are not the same, the
results of 35 SRMs were evaluated
according to the analytical accuracy

control rules in the specification of
geochemical reconnaissance survey
(1:50,000) (DZ/T 0011-2015) (44).
The comparison for the logarithm
values between the analytical
results and the reference values for
the HFSE in 35 reference materials
is illustrted in Figure 6. Except for
two sedimentary carbonate rocks
(GBWO07114 dolomite and
GBWO07120 limestone), whose con-
tents of HFSE are at very low levels,
the accuracy of the results in 33
geological reference materials was
in good agreement with the require-
ments of the specification of the
geochemical reconnaissance survey.

CONCLUSION

This work has demonstrated
that the method of a modified
closed digestion with TA as the
matrix modifier based on ICP-MS
analysis can precisely and
accurately analyze HFSE in various
geological samples at the same
time. For HFSE, the irreversible
hydrolysis and polymerization in
acid medium and the loss due to
adsorption of fluoride precipitation
in HF medium were solved success-
fully by this proposed method. Fur-
thermore, in order to clarify the
mechanism for the stable existence
of HFSE in TA, the complexing
products of high field strength ele-
ments with TA were analyzed by
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high resolution mass spectrometry.
Except for Hf, the molecular formu-
las of complexing products for the
other three HFSE (Nb, Ta, and Zr)
were obtained. It can be stated that
the proposed method is valid and
was employed to measure 35 geo-
logical SRMs, and that the results

of 33 materials were in good agree-
ment with the certified or reference
values.
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Sequential Extraction Procedures
for the Fractionation of Heavy Metals
in Malachite Ore Samples Using ICP-OES
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INTRODUCTION

Heavy metals are dangerous
environmental pollutants and their
toxicity is an increasing problem
for ecological, evolutionary, nutri-
tional, and environmental reasons
(1). The accumulation of heavy
metals in soil and waters depends
on anthropogenic activities and lith-
ogenic sources and are found to
alter the geochemical distribution
of heavy metals more than in litho-
genic sources (2-4). Mining activi-
ties facilitate the movement and
distribution of heavy metals, and
according to World Health Organi-
zation (WHO) reports, it is one of
the activities that can affect human
health and pollute the environment
(5). Contamination of the environ-
ment with potentially hazardous
materials is a complex function due
to factors such as hydrology, geol-
ogy, geochemistry, mining, and ore
processing (6). Metal mining is
known to cause contamination by
spreading heavy metals into the
environment in excess concentra-
tions to soil and water (7, 8). There-
fore, analysis of heavy metals in
the structure of ores is of great
importance.

Information about the presence
of heavy metals in solids, such as
soil and ore, can be obtained not
only from the total concentration
but also by assessing their specific
chemical forms, their binding
states, and their elemental proper-
ties (9). Potentially toxic elements
can accumulate between different

*Corresponding author.
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Fax: +90 5056893699:

Atomic Spectroscopy
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ABSTRACT

In this study, two sequential
extraction procedures (modified
Tessier procedure and revised
BCR procedure) were applied
for the decomposition of Fe, Cu,
Co, Pb, Zn, and Mn in the struc-
ture of malachite ore from the
Keban region of Turkey. The
effects and efficiency of each
extraction step used in these
procedures were examined. Met-
als analysis was performed by
ICP-OES. Due to the differences
in the binding forms of the met-
als existing in the structure of
the ore and the different proper-
ties of reagents used, the con-
centrations of the metals were
different in the extraction steps
of both procedures. When the
results were examined, it was
found that the metal concentra-
tions passing to the solution in
each extraction step of the modi-
fied Tessier procedure were
much higher than of the revised
BCR procedure. Thus, it was
concluded that the modified
Tessier procedure is more suit-
able for decomposing metals in
malachite ore.

phases such as water-soluble,
exchangeable, carbonate-associated,
Fe-Mn oxide-associated, organic-
associated, and residual forms (10,
11). Therefore, when evaluating
the toxic properties of trace
elements in solids, determination
of the total metal content provides
insufficient information about
bioavailability, mobility, or toxic
effects (9, 12). As a result, informa-
tion about the bonding force
between the metals and the ore
and the capacity of mobilization of
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heavy metals existing in the ore
structure is necessary.

Sequential extraction procedures
provide information on potential
bioavailability, mobility of solid and
metal bonds, and heavy metal
bioavailability (11, 13). Among
various and different sequential
extraction procedures, the most
commonly used procedures are
the Tessier method and its modifi-
cations (14-20) and the Community
Bureau of Reference (BCR) method
and its modifications (19-28).

The five-step sequential extrac-
tion procedure was first introduced
by Tessier et al. (18) and many stud-
ies have utilizied this procedure
since (17, 19). This five-step
scheme has grouped the metals as
exchangeable, weakly absorbed,
hydrous oxide-bound, organic
bound, and lattice material compo-
nents (29-32). The modified
Tessier procedure, which is
another extensively utilized sequen-
tial extraction method, differs from
the original Tessier method by hav-
ing a four-step extraction:
exchangeable, carbonates, organic
matter and sulfides, and residual
(19). The BCR procedure and the
Tessier method greatly resemble
each other, except there is a major
difference in the first step of the
BCR method. In the study of Ure et
al. (28, 30, 32), the exchangeable
and carbonate-bound steps were
combined in the first part, not cal-
culating them separately. Hence,
this study proposed a three-step
sequential extraction procedure
and they divided the metals into
acid-soluble/exchangeable,
reducible, and oxidizable fractions

19, 29).



The purpose of the current study
is to compare the concentration of
metals in the malachite ore struc-
ture obtained from the Keban
region by applying the modified
Tessier and the revised BCR proce-
dures. For the heavy metal frac-
tions, the extraction steps and the
aforementioned methods were
tested.

EXPERIMENTAL

Instrumentation

An Optima™ 2100 DV
inductively coupled plasma optical
emission spectrometer (ICP-OES)
(PerkinElmer, Inc., Shelton, CT,
USA) was used for the metals analy-
sis. The respective instrumental
operating parameters are listed in
Table I. The absorbance was mea-
sured at the maximum wavelength
of 238.2 nm for Fe, 228.6 nm for
Co, 257.6 nm for Mn, 327.4 nm for
Cu, 220.4 nm for Pb, and 206.2 nm
for Zn.

TABLE I
ICP-OES Instrumental
Operating Conditions

Parameters
RF power 1450 W
Plasma gas flow rate 15 L min’!

Auxiliary gas flow rate 0.2 L min’!
Nebulizer gas flow rate 0.8 L min™!

Sample flow rate 1.5 L min!
View mode Axial
Read Peak area
Source equilibration time 15s
Read delay 50s
Replicates 3
Purge gas Nitrogen
Shear gas Air
Plasma gas Argon
Metals Maximum Wavelength
Fe 238.2 nm
Co 228.6 nm
Mn 257.6 nm
Cu 327.4 nm
Pb 220.4 nm
Zn 206.2 nm

Acid digestion of the samples
was performed using a MWS-3
microwave digestion system
(Berghof Co., Germany) with pres-
sure control. A Memmert brand
shaker (Memmert GmbH, KG,
Germany) and a Heraeus brand
Labofuge-200 model centrifuge
(Thermo Fischer Scientific,
Germany) were utilizied for the
sequential extractions. The pH mea-
surements and adjustments were
carried out with a Mettler-Toledo
pH meter (Schwerzenbach, Ziirich,
Switzerland). A Baysan brand jaw
crusher and pulverizer (Turkey)
was used for grinding the ore
which was then passed through a
100 mesh sieve (Yiiksel Kaya Mak-
ina, standard testing sieve, Turkey).
A Milli-Q® purifier system (Milli-
pore Corporation, USA) was used
for obtaining ultrapure water.

Chemicals and Standard
Solutions

All reagents used in this study
were of analytical grade: hydrogen
peroxide (Merck), acetic acid
(Sigma), ammonium acetate (Merck),
hydroxylamonium hyrochloride
(Sigma), magnesium chloride,
sodium acetate, hydrofluoric acid
and nitric acid (Fluka). Serial dilu-
tion of the 1000 mg L! stock solu-
tion of the desired element was
done in preparation of the standard
solutions.

Preparation of Ore Samples

In this study, the ore samples
were obtained from the Keban
region in Elaz1g, Turkey. First,
the samples were stored in boxes,
then dried in an oven at 120 °C for
2 hours andy broken with the jaw
crusher and pulverizer, and finally
milled and passed through a sieve
of 100 mesh.

MATERIALS AND METHODS

Sequential Extraction Procedure

In this study, the heavy metal
concentrations in malachite ore
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were calculated by using the modi-
fied Tessier and revised BCR proce-
dures, and the data obtained from
these two procedures were com-
pared. The chemicals used in the
sequential extraction procedures
and the extraction conditions are
listed in Tables II and III. After the
extraction steps, the ore samples
were washed with ultrapure water,
and the supernatants separated by
centrifugation. The reason for this
step was to eliminate the remaining
chemical residues from the previ-
ous extraction steps.

Revised BCR Procedure

The revised BCR is a 3-step
sequential extraction procedure
which has been proposed by gath-
ering and validating the fractiona-
tion methods used for soils and
solids (33). The original BCR proce-
dure can also be applied to solids
such as soils (34) and sediments
(35). Compared with the original
BCR procedure, the revised BCR
procedure was studied using a high
concentration of NH,OH-HCI and
low pH (33). In this procedure,
approximately 1 g of the ore sam-
ple was weighed and metal extrac-
tion was carried out by adding the
specified volume and concentra-
tions of chemicals listed in Table II.
The mixtures obtained after each
step were centrifuged and
separated from the residue. The
first step of this method depends
on acetic acid extraction, the sec-
ond step is a hydroxylamine
hydrochloride extraction, and the
third step is an hydrogen peroxide
oxidation and ammonium acetate
extraction. In step four, the residual
phase is extracted using aqua
regia (HCI/HNO;, 3:1). After this
step, the resulting mixture was fil-
tered through a filter paper and
completed to 100 mL volume with
ultrapure water (19).

Modidfied Tessier Procedure

Table III presents the modified
Tessier procedure diagram. In



step 1, approximately 1 g of the
ore sample is extracted with

10 M 1 mL of ammonium acetate
(pH = 7). The mixture is then
shaken at room temperature for

1 hour at 150 rpm and centrifuged
at 4,000 rpm for 10 minutes. The
aqueous phase is decanted and
completed to 50 mL volume with
ultrapure water. In step 2, 1 M

10 mL of acetic acid is added to the
residue obtained from step 1. After
shaking for 1 hour at 150 rpm, the
mixture is centrifuged at 4,000 rpm
for 10 minutes. Then, the aqueous
phase is decanted to 50 mL with
ultrapure water. In step 3, 5 mL of
30% H,0, is added to the residue
obtained from step 2. The pH is
adjusted to 2.00 with nitric acid,
shaken at 150 rpm at 35 °C for 3
hours and centrifuged at 10,000
rpm, respectively. The sample is
then filtered through a filter paper

(10 mesh size) and completed to
100 mL volume with ultrapure
water. In step 4, aqua regia (2.5 mL
HNO; (65%) and 7.5 mL HCI (37%))
is added to the residue remaining
from step 3; then solubilization is
performed by microwave oven. The
sample is then filtered through the
filter paper, and finally completed
to 100 mL volume with ultrapure
water (19).

RESULTS AND DISCUSSION

Revised BCR Procedure

The first step was utilizied for
determining the solubilization ratio
of the metal ions (Fe, Cu, Zn, Pb,
and Mn) in the ore structure by
forming acetate salts. As a result of
this step, it was thought that these
ions in the ore structure could pass
at different rates according to their
solubility in the mineral structure;

TABLE II

this observation was supported
with the experimental results as
listed in Table IV.

The second step was applied to
create conditions where the metal
ions can pass into the solution by
reduction of the hydroxyl amine
present in the medium and both
the proton donor and the complex-
ing properties of HCl. When Table
IV was examined, it was observed
that the other metals (Cu, Zn, Pb,
Mn), except for Fe, were dissolved,
which may be due to the Fe precip-
itate as its hydroxide compounds.

The reason for the addition of
H,0, is that it provides decomposi-
tion of organic matter (CO,, H,O,
NO,) as a strong oxidant due to its
high oxidizing activity which
causes a reduction electrode poten-
tial of 1.70 V. This step was done
for dissolution of the sulfur com-
pounds by producing elemental S

Operating Conditions of Revised BCR Sequential Extraction Procedure

Fraction Extracting Agents Extraction Conditions
Shaking Time*  Temperature
F1. Exchangeable + water and acid soluble 40 mL CH;COOH (0.11M, pH=7) 16 h 20 °C
F2. Iron and manganese oxides 40 mL NH,OH-HCI (0.5 M, pH=5) 16 h 20 °C
F3. Organic matter and sulfides 20 mL H,0, (30%, pH=2) and then
50 mL CH;COONH; (1 M, pH=2) 1h,2h,16h 20, 85, 20 °C
F4. Residual 10 mL demineralized water and
10 mL aqua regia (HCI/HNO;3, 3:1) 26 min Microwave
Oven

* Shaking was applied at 30 rpm.

TABLE III

Operating Conditions for Modified Tessier Sequential Extraction Procedure

Fraction Extracting Agents Extraction Conditions
Shaking Time* Temperature

F1. Exchangeable 10 mL NH,CH;COO (1M, pH=7) 1h 20 °C

F2. Carbonates 10 mL CH;COOH (1 M, pH=5.5) 1h 20 °C

F3. Organic matter and sulfides 5 mL H,0, (30%, pH=2) 3h 35 °C

F4. Residual 10 mL demineralized water and

10 mL aqua regia (HCI/HNOj3, 3:1) 26 min Microwave

Oven

* Shaking was applied at 150 rpm.
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and metal ions by converting them
into the highest oxidation state.
Because the pH of the medium is
fixed at about 2.00, the acetate
compounds of these metal com-
pounds can dissolve and enter the
aqueous medium. However, when
the results of Table IV were exam-
ined, it seemed that the passage of
these elements (except for Mn) to
the solution is prevented because
they can be converted to the high-
est oxidation steps by oxidizing
them with H,O,. However, in this
step only the determination of Mn
can be interpreted as MnS which
has passed into the aqueous
medium since the solubility prod-
uct is too high. The last step was
applied to ensure passage of the
ions into the mineral structure
which cannot pass to the solution
in the previous steps. After addition
of half-diluted HCI/HNOj; solution
(3:1) into the residue, the mixture
is put into a microwave oven
where the ions pass into the solu-
tion.

Modified Tessier Procedure

The first step was carried out to
determine the ions which can be

passed to the solution by addition
of NH,CH;COO and effective
buffering at pH 7.00. As a result,
the obtained values from this step
are higher than CH;COOH addition
and buffering at pH 7.00.

In order to determine the pres-
ence of carbonated compounds in
the structure, the pH of the
CH;COOH medium was adjusted to
5.5, then solubilization was applied
in step 2. When the results of Table
IV were examined, it was observed
that Fe, Cu, Co, Zn, Pb, and Mn
passed to the solution.

The addition of H,O, causes the
decomposition of organic matter
(CO,, H,0, NOy) since it is a strong
oxidizer by having a reduction elec-
trode potential of 1.70 V in the
third step. The third step is applied
to ensure the dissolution by pro-
ducing elemental S from the sulfur
compounds and converting the
metal ions to their highest oxida-
tion step. Since the pH of the
medium is fixed at around 2.00, it is
thought that the metal jons present
in this sample may dissolve and
enter the aqueous medium. How-
ever, after examining the results in
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Table IV it can be seen that only Mn
and Cu can be dissolved at the
specified pH level in H,O, medium,
and the others cannot be converted
to their highest oxidation steps.

The remaining ions in the ore
structure after applying the previ-
ous procedures are dissolved in the
fourth step. The aqua regia is
added to the residue, then the solu-
tion is put into the microwave
oven, and thereby it is expected
that the remaining ions (Fe, Cu, Co,
Pb, Zn, and Mn) are passed into
solution. Our aim in implementing
these resolution steps was to iden-
tify the possible ions in the sample.

CONCLUSION

The modified Tessier and the
revised BCR procedures were
examined to reveal the two main
difference between the two proce-
dures as: (a) The way in which met-
als bonded to the ore and (b) the
characteristics of the reactants.
Therefore, the amount of metals
penetrating to the solution is differ-
ent for both procedures. When the
obtained results were compared,
the Fe, Cu, Pb and Mn concentra-

TABLE IV
Results Obtained (mean + standard deviation, n=3) for Sequential Extraction Procedures
Revised BCR
Fe Cu Co Pb n Mn
(mg kg™ (mg kg™ (mg kg™ (mg kg™ (mg kg™ (mg kg™
Step 1 6.10+0.15 8186%175 54+1 2.24+0.05 149+3 289+6
Step 2 Nd 5024+122 32.31+0.74 0.42+0.01 39.12+0.81 194+4
Step 3 Nd Nd Nd Nd Nd 2.73+0.06
Step 4 224,400+5432 5846+124 82+3 79+2 574+15 61016
Modified Tessier
Fe Cu Co Pb n Mn
(mg kg™ (mg kg™ (mg kg™ (mg kg™ (mg kg™ (mg kg™
Step 1 17,215£510  35,308+859 672 96+3 170+4 308+7
Step 2 343+9 73,008+1690 61+1 35.73+0.72 199+5 193+5
Step 3 Nd 2.62+0.06 Nd Nd Nd 47.22+1.15
Step 4 257,400+£6748 6794+138 80+3 123+2 451+11 637+18

Nd: Not detected.
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tions passing to the solution in each
extraction step of the modified
Tessier procedure were much
higher than those of the revised
BCR procedure. However, it was
only in the fourth step of the BCR
procedure when the Co and Zn
concentrations passing to the solu-
tion were higher than of those in
the modified Tessier procedure. It
can, therefore, be stated that the
modified Tessier procedure proved
to be a more suitable procedure for
the purposes of decomposing Fe,
Cu, Co, Pb, Zn, and Mn in malachite
ore. In addition, the modified
Tessier procedure requires less
chemicals and a shorter analysis
time.

Received March 19, 2019.
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ICP-AES Characterization of PHWR
Irradiated Thoria Bundles for Fission Products

Arijit Sengupta*, B. Rajeswari, V.C. Adya, and R.M. Kadam
Radiochemistry Division, Bhabha Atomic Research Centre,

INTRODUCTION

The current generation of Pres-
surized Heavy Water Reactor
(PHWR) fuels have been highly
optimized for the traditional PHWR
fuel cycles (1-3). Thorium-based
fuels have been studied for their
potential applications in almost all
types of reactors including Pressur-
ized Water Reactors (PWRs), Boil-
ing Water Reactors (BWRS),
PHWRs, High Temperature Reactor
(HTRs), Fast Breeder Reactors
(FBRs) and Molten Salt Reactors
(MSRs), though on a small scale
compared to U/U-Pu fuels (4-7).
With a view to address the suitabil-
ity and potential advantages of a
thorium-based nuclear system to
perform full actinide recycling with
transuranic isotopes burning, it is
necessary to characterize the irradi-
ated thoria bundles for its fission
product contents.

Thoria bundles, which have
been irradiated in PHWRs, are
being taken up for reprocessing in
the Power Reactor Thoria Repro-
cessing Facility (PRTRF), Bhabha
Atomic Research Centre, Mumbai,
India. To generate data from this
thoria fuel for understanding reac-
tor physics, analytical data such as
total U and Th content, isotopic
composition of generated U, indi-
vidual contents of fission products
and minor actinides are inevitable
for understanding the irradiation
history, and thereby calculation
of burn-up data of thoria bundles.
In this context, efforts were put
towards analyzing five solutions
supplied by PRTRF for their fission
product and Th contents using
inductively coupled plasma atomic

*Corresponding author.
E-mail: arijita@barc.gov.in

Atomic Spectroscopy
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ABSTRACT

A methodology was optimized
for the determination of fission
products in irradiated thoria.
Chlorinated cobalt dicarbollide
(CCD) and tri-n-butyl phosphate
(TBP) were employed for the
separation of U and Th, respec-
tively, for dose reduction and to
avoid spectral interferences aris-
ing out of the emission rich spec-
tra of U and Th. The tolerance
level of U and Th on these ana-
lytes was found to be 100 mg L
and 125 mg L', respectively. Five
contacts of TBP were required
for preferential separation of U
and Th. CCD formed a Cs*CCD~
complex through an ’ion
exchange' mechanism, while TBP
formed UO,(NO3),-2TBP and
Th(NO;),-3TBP complexes
through a 'solvation' mechanism.

emission spectrometry (ICP-AES)
with a glove box-adapted facility for
handling radioactive samples. In
view of its high sensitivity, good
precision, large linear dynamic
range, relative freedom from matrix
effects, and its capability to provide
relatively low detection limits for
the simultaneous determination of
common as well as rare earth impu-
rities in different matrices, ICP-AES
has been routinely used for trace
metallic characterization of nuclear
materials (8-15). However, the com-
mercially available ICP emission
spectrometers cannot be readily
employed for the analysis of °Pu
and 233U based nuclear fuels due

to their inadaptability to handle
radiotoxic materials. Moreover, the
presence of emission-rich actinides
in the samples leads to erronious
results due to the spectral interfer-
ence and hence, required preferen-
tial chemical separation (16-20).
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EXPERIMENTAL

All of the atomic emission spec-
trometric studies were carried out
using a Jobin-Yvon Ultima high res-
olution ICP-AES (Jobin Yvon,
Longjumeau, France). It has the
practical resolution of < 0.005 nm
and a spectral range of 180-800
nm. The operating conditions are
chosen based on our previous
reports (20) and are listed in Table L.

TABLE I
Specification and Experimental
Parameters for
ICP-AES Instrument

Optical Design Czerny Turner
Grating Holographic
Groove density 2400 / mm

Range of wavelength 120 - 800 nm

Radiofrequency 40.68 MHz
Nebulizer Pneumatic
Ar gas flow 12 L min!
Sample flow rate 1 mL min!

Reagents and Standard
Solutions

Rare earth elements and other
common impurity standard solu-
tions were prepared from high
purity solutions (E. Merck, Darm-
stadt, Germany) by suitable
dilutions with 0.5M HNO;. Supra-
pur® (E. Merck) HNO; and quartz
double-distilled water were used
for preparing 0.5M HNO;. The cali-
bration plots for each analyte were
obtained by using multiple stan-
dards having analyte concentrations
in the 0-100 ug/mL range. This
method consisted of creating an
analytical method for choosing the
required fission products, profiling,
peak searching, and auto-attenua-
tion of each analyte element, fol-
lowed by optimization of the
working parameters, calibration of



working standards and finally,
analysis of the samples in quadru-
plicate to establish reasonably good
precision. Since the solutions
received from PRTRF had a high
dose radioactivity (approx. 600
mR/hr) due to the presence of
137Cs, the latter was separated from
these solutions using 0.1 M CCD
(chlorinated cobalt dicarbollide)
extractant in FS-13 (phenyl trifluo-
romethyl sulfone) diluent, thereby
bringing down the dose of both
solutions into the workable level of
20 mR/hr (21-23). Further, the
major matrix elements, namely "Th'
and 'U', which are bound to cause
spectral interference with the ana-
lyte detection, were separated by
solvent extraction using three con-
tacts of 30% TBP in Xylene/3M
HNO; system (24, 25). The residual
(raffinate) solution after separation
of U and Th was aspirated into the
plasma for the determination of
potentially important fission prod-
ucts present in the solutions. Three
solutions, which were less active

and not containing U or Th, were
directly analyzed by the ICP-AES.
To estimate the Th content in the
dissolver and 1 AF solutions (both
contain Th at % level), direct
aliquots were appropriately diluted
and estimated in the ICP-AES.

TBP and n-dodecane were pro-
cured from Koch-Light Laborato-
ries, USA, and Lancaster, UK,
respectively. The TBP solution was
washed with 5% Na,COj to remove
the acidic impurities. The FS-13 and
CCD were obtained from Marshall-
ton Research Laboratories (King,
NC, USA). Figure 1 represents the
structures of CCD, FS 13, and TBP
used in the present investigation.

RESULTS AND DISCUSSION

Optimization of Separation
Procedure

The distribution ratio values for
Cs* (D¢y) were varied as a function
of aqueous feed acidity because the
feed acidity plays a significant role
in the extraction efficiency of dif-

CCD —e

S\

FS 13

/\

O—wn—="0
S
N

. & Coatn)
Q /m

TBP

Fig. 1.5tructure of CCD, FS 13, and TBP.
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ferent metal ions. In the present
case, the D, value was found to be
~ 800 from 0.01 M HNOj; solution
and this D, value was found

to decrease drastically up to 3 M
HNO:;, followed by only moderate
decrease. This type of extraction
profile revealed the predominance
of the ion exchange mechanism
shown by the following equation:

(Eq.- D)
Cs*,q + NH'CCD y, =

Cs*.nCCDy + nHT

where 'aq' and 'org' represented
the aqueous and organic phase,
respectively. At higher feed acidity,
the backward reaction is favored,
therefore the D, value reduced. 'n'
is the number of CCD moieties
attached to the Cs* ion. The equi-
librium constant for the above
equation can be expressed as:

(Eq. 2)
[Cs*.nCCD" o] [HY 1"

Kex =
[Cs™ g [HTCCD o ]”

At a particular temperature and
feed acidity the equation can be
simplified as:

(Eq. 3)
DCS
Klex =

[H*CCD" "

K’ is the conditional extraction
constant. After taking the logarithm
of both sides of Equation 3, fol-
lowed by rearrangement led to the
equation as follows:

(Eq. 4)
logD¢=10gK’ . +m log[H*CCD ]

A plot of log D¢, vs log CCD con-
centration gave a straight line with
a slope ~ 1 suggesting that one
CCD molecule is attached to the
Cs* ion (Figure 2). The change in
Gibb's free energy (26-27) during
the extraction was evaluated as
-18.84 kJ mol! revealing the spon-
taneity of the extraction process
(Table D. This study revealed that
higher feed acidity was not suitable
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Fig. 3. Variation of Dy and Dy, value as a function of (a) feed acidity and

(b) concentration of TBP.

for the extraction of Cs; therefore,
1 M HNOj; was taken to serve the
purpose with a D¢ ~ 200.

Similarly, to optimize the
method, the D values for Th** and
UO,?* were varied as a function of
aqueous feed acidity. Generally,
actinides are multi-electronic sys-
tems and, therefore, have multiple
lines in their emission spectra. The
presence of these elements thus
may lead to erroneous determina-
tion of other analytes present at the
trace level due to their spectral
interference. To avoid such circum-
stances, U and Th need to be sepa-
rated from the samples without loss
of other impurities. To serve the

purpose, 30% TBP in xylene was
employed. The Dy and Dy, values
were found to increase with an
increase in aqueous feed acidity,
followed by a plateau, suggesting
the predominance of a solvation
mechanism.

A similar approach was adopted
to find out the metalligand stoichio-
metries for the present case. The
UO,** was found to form a 1:2 com-
plex with TBP in xylene, whereas
Th** formed a 1:3 complex (Figure
3). Both extraction processes were
found to be thermodynamically
favorable as suggested by the nega-
tive AG values. Based on the stud-
ies, it was decided that though the
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TABLE II
Determination of Metal-Ligand
Stoichiometry, Conditional
Extraction Constants, and
Change in Gibb's Free Energy
for the Extraction Processes

Metal ML K.  AG&]
mol™1)

UO* 12 19.1 -7.35
Th#* 1:3 2.95 2.70
Cs* 1:1 1905  -18.84

1 M HNO; feed was found to be
sufficient for the selective and effi-
cient removal of Cs*, the feed acid-
ity was to be readjusted to 3 M
HNO; for the selective separation
of U and Th.
(Eq. 5)
UO,*,q + 2TBP,, + 2NO;3 g =
UO,(NO3),.2TBP

(Eq. 6)
Th#,, + 3TBP,,, + 4NO; 7, =
Th(NO3);.4TBP

Evaluation of Analytical Perfor-
mance for the Considered Ana-
lytical Lines in ICP-AES

Before analyzing the actual sam-
ples, it was necessary to choose the
analytical lines of the elements,
which shows the desired analytical
performance such as lower detec-
tion limits, higher sensitivity, and
good precision. For the present
investigation, the Ba 455.403 nm,
Ce 413.765 nm, Eu 420.505 nm,
Gd 379.639 nm, La 408.671 nm,
Mo 202.030 nm, Nd 401.225 nm,
Pr 414.311 nm, Sm 359.262 nm,
Sr 407.771 nm, Y 371.029 nm,

Th 401.913 nm, and U 385.958 nm
analytical lines were chosen for
their determination. The slope val-
ues for the calibration curves were
determined as the sensitivity of the
analytical lines. The concentration
corresponding to the intensity
equivalent to the blank + three
times the relative standard devia-
tion was evaluated as the detection
limits for the analytes using the



mentioned lines. The % RSD values
were found to be well below 5%
revealing the reproducibility of the
results due to the highly stable exci-
tation source. The detection limits
for all these analytical lines were
found to be below 0.1 mg L, while
the sensitivity values were found to
be more than E+02. Table III sum-
marizes the analytical performance
of the emission lines of the differ-
ent analytes.

Evaluation of Number of
Contacts

In optimizing the separation
process, it is required to know the
number of contacts of TBP-xylene
required to reduce the U and Th
concentration below a certain level
(U: 100 mg L', Th: 125 mg L) to
avoid spectral interference. Obvi-
ously, the number of steps depends
on the initial concentration of U
and Th. The initial concentrations
for Th and U were chosen as
~ 25000 mg L' and 1000 mg L'},
respectively. It was observed that
only after five contacts, the Th con-
centration on the raffinate became
less than the tolerance level, while
for U after two contacts the same
can be achieved. Therefore, based
on this study, five contacts were
chosen for the simultaneous
removal of U and Th from the ana-
lytes even at the trace level. Figure 4
shows the concentration of U and
Th after each contact of TBP-xylene.

Determination of the Analytes
in Dissolver Solutions of PHWR
Irradiated Thoria

Five different samples (named as
dissolver, 1CP, 1AF, UST1, and UST2)
of dissolver solution, generated
from PHWR irradiated thoria bun-
dles, were analyzed using the fol-
lowing scheme as optimized earlier
(Figure 5). The dissolver solution is
the solution obtained after dissolv-
ing the irradiated thoria fuel assem-
bly in HF-HNO; mixture. 1CP, 1AF,
UST1, and UST?2 refer either to dif-
ferent positions of irradiation per-

Table IIT
Analytical Performance of the Emission Lines of Different Analytes

Element Analytical Lines Detection Limits  Sensitivity RSD
(nm) (mg LY (Counts mg! L) (%)
Ba 455.403 0.04 1.03E+04 1.95
Ce 413.765 0.1 9.90E+02 2.94
Eu 420.505 0.07 7.36E+02 1.18
Gd 379.639 0.08 1.11E+03 0.88
La 408.671 0.09 9.67E+02 3.09
Mo 202.03 0.06 1.13E+03 4.73
Nd 401.225 0.07 9.55E+02 0.44

Pr 414.311 0.05 9.47E+02 2.1
Sm 359.262 0.07 9.14E+02 1.98
Sr 407.771 0.05 9.84E+03 2.48
Y 371.029 0.04 1.15E+04 0.23
Th 401.913 0.07 2.45E+03 3.39
U 385.958 0.1 1.17E+03 2.74

-1
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)
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Fig. 4. Concentration of U and Th in the raffinate after each contact of TBP-xylene.

taining to a different neutron flux
in the reactor, or it can be at differ-
ent times of irradiation. The exact
source cannot be revealed due to
the confidential nature.

The very high gamma dose of
the samples was reduced by prefer-
ential separation of 37Cs by 0.1 M
CCD in FS 13 from 1 M HNO; feed
acidity. Then the sample acidity
was adjusted to 3 M HNO; for pref-
erential separation of U and Th
using 30% TBP in xylene. Table IV
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summarizes the analytical results
obtained. The method was
validated using synthetic samples.
Since standard reference materials
for such radioactive origin is not
available commercially in national
or international levels, a synthetic
sample is one of the few choices
to validate the method. Since these
samples involve high level of radio-
activity, other suitable analytical
techniques for the determination
of such multi-elements in one




stretch is practically impossible.
The Th and U contents were deter-
mined by stripping the organic
phase with 5% Na,CO; and feeding
the same into the plasma. A 1CP
solution was found to contain Ce
and Gd along with Th and U, while
the samples identified as dissolver
and 1AF contained all the specified
analytes. UST1 and UST2 samples

Dissolver solutions from
irradiated thoria bundles
from PHWR origin

)

Cs separation by CCD in
FS 13 from 1 M HNO;

!

U and Th separation
by TBP-xylene after adjustment
of feed to 3M HNO;

)

Raffinate fed to plasma
for ICP-AES analysis

Fig. 5. Scheme for analysis of dissolver
solutions from irradiated thoria bun-
dles from PHWR.

were found to contain Ce, Gd, Nd,
Pr, Sm, along with U and Th. The
analytical data obtained from these
studies revealed that the Nd and La
concentration values, which form
the basis for computing burn-up
data of the fuel bundles, were in
close agreement with those
obtained by the ID-TIMS technique.

CONCLUSION

An ICP-AES based method was
developed for the determination of
fission products in the dissolver
solutions originating from irradiated
thoria bundles from PHWR origin.
In the first step, the 3’Cs, which
was responsible for the major
gamma dose of the samples, was
removed from 1 M HNO; using
0.1 M CCD in FS 13. In the second
step to avoid their spectral interfer-
ence, U and Th were removed from
the samples using TBP-xylene. The
ion exchange mechanism was
found to be predominating with
metal-ligand stoichiometry of 1:1
for Cs with CCD, whereas the sol-
vation mechanism was found to be
operative with metal - ligand stoi-
chiometry of 1:2 and 1:3 for UO,**
and Th**, respectively. All the
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extraction processes were found to
be thermodynamically favorable as
revealed from the negative AG val-
ues. The U and Th concentrations
were determined by stripping the
loaded TBP-xylene using Na,CO;
solution, followed by feeding into
the plasma.
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Determination and Speciation of Selenium Species in
Real Water and Food Samples Using Dispersive
Liquid—liquid Microextraction and Electrothermal
Atomic Absorption Spectrometry

Ozgiir Dogan Uluézlii

Tokat Gaziosmanpasa University, Faculty of Science and Arts,
Chemistry Department, 60250 Tokat, Turkey

INTRODUCTION

While many metal ions are nec-
essary for humans and other mam-
mals, some can be harmful and
toxic. Selenium (Se) is a basic and
necessary microelement for the
organism and depending on the
amount ingested, can have a wide
range of pleiotropic effects from
antioxidant immune functions to
the production of active thyroid
hormones (1-4). In general, sele-
nium is found in plants and meats
(5-7). It also has an important role
in the biological system, while sele-
nium environmental toxicity often
depends on the concentration and
the chemical forms (8, 9). The inor-
ganic forms of selenium are more
toxic than the organic forms (10).

Environmental samples generally
contain very low concentrations of
selenium species. Therefore, fast,
easy, and inexpensive enrichment
methods must be developed for the
separation and selective speciation
of selenium. Recently, several meth-
ods have been developed to deter-
mine the toxic forms of these metal
ions present in very low concentra-
tions. However, the instruments
used for these methods are very
expensive and, therefore, not com-
monly available in many academic
laboratories. However, an electro-
thermal atomic absorption spectrom-
eter (ETAAS) for selenium analysis
is a very common method, far
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ABSTRACT

A new method was developed
for the determination and specia-
tion of selenium species in real
water and food samples using
dispersive liquid-liquid microex-
traction and electrothermal AAS.
Sodium dibenzyldithiocarbamate
was used as the complexing
agent and THF (tetrahydrofuran)
and chloroform as a dispersing
and extraction solvent. Excellent
quantitative recovery for Se(IV)
was obtained at pH 2, while the
recovery for Se(VI) was below
14% at the pH ranging from 1-9.
Determination of total selenium
was performed after Se(VI) was
reduced to Se(IV). The concentra-
tion of Se(VI) was obtained by
calculating the difference
between total selenium and
Se(IV). The validation of this
method was verified by using cer-
tified reference materials and
good results were obtained. The
limit of detection and the precon-
centration factor of the described
method were found to be 0.97
pg L' and 75, respectively, with
the relative standard deviation at
<1.4%.

superior and more economical,
sensitive, and achieves very low
detection limits (11).

Razaee and co-workers (12)
were first in proposing the disper-
sive liquid-liquid microextraction
(DLLME) technique as a liquid
phase microextraction technique.
DLLME is a mini-sample preparation
technique and has attracted a wide
interest in analytical chemistry. It is
a very simple, low-cost and fast
extraction technique (10, 13, 14).
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DLLME is a miniaturized LLE
method in which the volume of the
extraction solvent is in the micro-
liter range (15). This technique con-
sists of three steps: (a) a mixture of
dispersing and extraction solvent is
prepared, (b) this mixture is quickly
injected into the aqueous phase,
producing a cloudy solution and
extracting the target analyte into
the organic phase, (¢) involves cen-
trifugation and a microliter level
extraction solvent to separate the
analyte from the water and ETAAS
analysis.

The analytical parameters of this
proposed ETAAS method were opti-
mized and used for analysis of the
selenium species. The results
showed that this new method is
very useful and successful for the
speciation of Se(IV) and Se(VD) in
water samples, as well as for the
analysis of total selenium and Se(IV)
in the CRMs and food samples.

EXPERIMENTAL

Materials and Reagents

All chemicals used were of ana-
lytical purity. Deionized water with
a resistivity of 18.2 MQ—cm’! was
used for all dilutions. Ethanol (E.
Merck, Germany) was used as sol-
vent material for sodium dibenzyl-
dithiocarbamate (Fluka, Switzer-
land). All stock solutions of 1,000
mg L! SeIV) and Se(VD) were pre-
pared by dissolving appropriate
amounts of SeO, (Aldrich, Germany)
and Na,SeO, (Sigma, Germany).
Sodium dibenzyldithiocarbamate
(Fluka) was used as the complexing
agent. A mixture of tetrahydrofuran
and chloroform (Merck) solution



was used as the dispersing and
extraction solution, respectively.
10% HNOj in ethanol (Merck) was
used for dilution and solving of the
extraction solvent containing the
analyte. Each matrix modifier solu-
tion was diluted from 10,000 ppm
Pd and MgNO; original solutions
(Inorganic Ventures). The pH of the
sample was adjusted to 0.1 mol L'
buffer solution of the desired pH.

Instrumentation

In this study, a model AAnalyst™
700 graphite furnace atomic
absorption spectrometer was used,
equipped with a deuterium lamp
and background correction
(PerkinElmer, Inc., Shelton, CT,
USA). High purity argon gas was
used at a flow rate of 250 mL per
minute. A selenium electrodeless
discharge lamp (wavelength 196
nm, slit width 0.7 nm, 196A
energy) was used. The ashing and
atomization temperatures were
optimized at 1100 °C and 2600 °C,
respectively. For this study, a 2 yL
mixture of 0.015 mg Pd + 0.010 mg
Mg(NO3), as the matrix modifier
was used. This mixture and a 20 uL
sample solution were injected into
the furnace of the AS-800 automatic
sampler. The pH measurements and
adjustment were performed using
a P-15 Model (glass electrode) pH
meter (Sartorius, Germany). An
Ethos D brand microwave system
(Milestone, Inc., Europe) was used
for dissolving the food samples and
the certified reference materials.

Analytical Procedure for Se(IV)

A 0.5 mL (0.1% w/v) sodium
dibenzyldithiocarbamate was added
to a 15 mL sample solution contain-
ing 0.005 pg of Se(IV). The pH of
the solution was adjusted to 2
(NaH,PO, and H;PO, buffer solu-
tion). Then the mixture of 0.5 mL
THF (disperser solvent) and 50 uL
chloroform solution (extraction sol-
vent) was rapidly injected into the
sample solution and shaken for 5
minutes). The phase separation was

was achieved by centrifugation for
10 minutes at 5000 rpm. The
organic phase was diluted to 0.2 mL
by adding 10% HNO; in ethanol.
Analysis of Se(IV) was performed
by ETAAS.

Design of DLLME for Selenium
Speciation

The reduction of Se(VD) to Se(dV)
was achieved by adding 1.5 mL
concentrated HCI to a mixture of
Se(IV) and Se(VID) sample solution
(16) in a PTFE flask. Then it was
placed into the microwave diges-
tion system using the program
listed in Table 1.

Then the proposed DLLME pro-
cedure was applied to this solution.
Se(VD) concentration was calculated
as the difference between total sele-
nium and Se(IV).

TABLE I
Program of Microwave
Digestion System

Time (Minute) Power (W)
5 250
5 400
10 500
8 0

RESULT AND DISCUSSION

Effect of pH

The pH plays an important role
in the formation of the metal com-
plexes for extraction and specia-
tion studies since it provides
selectivity for the metals in the dif-
ferent oxidation states. The pH
effect on the recovery of Se(IV) and
Se(VI) ions were investigated in the
pH range of 1-9. Quantitative recov-
ery was obtained for the Se(IV) in
the pH range of 1-4, but the highest
recovery of 98+3 % was found at
pH 2. On the other hand, the recov-
ery result for Se(VI) was 11+2 % at
the same pH. Moreover, the recov-
eries of Se(VI) were below 11+2 %
for all pH values. The pH 2 was
selected for all further experiments.
The recovery results are given in
Figure 1.

Effect of Amount of Sodium
dibenzyldithiocarbamate

In the extraction studies, the
amount of ligand is of great impor-
tance for the formation of the com-
plexes. The effect of the amount
of sodium dibenzyldithiocarbamate
on the recoveries of selenium was
investigated in the range of 0-600 uL
(0.1%, w/v) at pH 2. The best quan-
titative recovery was obtained with
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Fig. 1. Effect of different pH on the recovery of selenium species.
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Effect of Volume of Extraction
Solvent

200 pL for sodium dibenzyldithio-
carbamate (see Figure 2). For all
further studies, 200 uL sodium

dibenzyldithiocarbamate was used. The properties of the extraction

solvent must be of low toxicity,
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Fig. 2. Effect of sodium dibenzyldithiocarbamate amount on the recovery of Se(IV).
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Fig. 3. Effect of extraction solvent volume on the recovery of Se(IV).
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Fig. 4. Effect of disperser solvent volume on the recovery of Se(IV).
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low solubility in water, and have
high extraction efficiency in water.
In this study, chloroform (CHCl)
was used as the extraction solvent
for Se(IV). For the DLLME proce-
dure, the effects of amount of
CHCI; was investigated in the range
of 25-200 pL. The recoveries were
quantitative in the range of 50-200
uL, but not quantitative under 50
uL as is shown Figure 3. Therefore,
50 uL of CHCI; was used for further
experiments.

Effect of Disperser Solvent
Volume

The effect of amount of disperser
solvent on the recovery of Se(IV)
was investigated. The effect of THF
for the proposed DLLM method
was investigated in the range of
0-500 pL. According to the experi-
mental results shown in Figure 4,
the quantitative signal of Se(IV)
increased with an increasing vol-
ume of THF. The recovery results
remained almost constant at 300 uL
and above amounts. Further experi-
mental studies were executed using
300 uL THF.

Effect of Centrifugation Time
and Centrifugation Rate

The centrifugal force (rate and
time) is a very important factor for
fast and excellent phase formation.
A short centrifugation time and
slow centrifugation rate can dimin-
ish the extraction efficiency of the
analyte. Therefore, a centrifugation
rate of 2500-5000 rpm and a cen-
trifuge time of 2-12 minutes were
tested for achieving quantitative
results. The results showed that the
optimal centrifugation rate and
time were 3500 rpm and 8 minutes,
respectively, and used for further
experimental studies.

Effect of Interference of
Foreign Ions

The selectivity of the DLLME
procedure was checked by investi-
gating the effect of foreign ions.
The maximum concentrations of



different matrix ions were chosen
to examine the recovery of Se(IV).
Therefore, 0.005 ug SeIV) ions was
added to the test solution contain-
ing different amounts of foreign
ions, and the method was applied
as developed previously. The
matrix ions (Table II) were unaf-
fected for the applied DLLME, and
the method was successfully able
to be applied to the speciation of
selenium in environmental water
samples.

Determination of Total
Selenium

The recommended reduction
procedure was performed to the
different amounts of Se(IV) and
Se(VD) solutions, and quantitative
results were obtained (see Table
IID. The quantitative Se(VI) level
was found using the difference of
total selenium and Se(IV) concen-
tration and the results are listed in
Table IV. It can be seen that the
proposed method was able to be
applied for the speciation of sele-
nium species in water samples.

Analytical Performance

Under the optimum conditions,
the analytical performance of the
procedure for the selenium species
was calculated. The calibration
graph was linear for Se(IV) in the
range of 10-50 ug L. The detec-
tion limit (DL) of the proposed
procedure was calculated as 0.97
ug L by using 10 blank measure-
ments. The preconcentration factor
was calculated by the ratio of maxi-
mum sample volume (15 mL) to the
lowest sample volume (200 pL).
The preconcentration factor (PF)
of this DLLME method was 75 and
the relative standard deviations
were < 1.4%.

Application to Water and Food
Samples

The validity of the method was
checked by using CRMs LGC 6010
Hard Drinking Water (U.K. Labora-
tory of the Government Chemist,

and OLY, UK)), SRM 1577b Bovine
Liver and SRM 1570a Spinach
Leaves (National Institute of Stan-
dards and Technology, Gaithersburg,
MD, USA). The obtained values
were in good agreement with the
certificate values. Also, the DLLME
procedure was applied to some real
water and food samples. The pre-
sent method was applied to envi-
ronmental water samples (drinking
water, seawater, river water, hot
spring water, mineral water, and
tap water) for the speciation of
SedV) and Se(VD). All water samples
were filtered through a 0.45 um
membrane filter. Then the pro-
posed speciation procedure was
applied to the water samples and

TABLE II
Influences of Some Foreign Ions
on the Recoveries of Se(IV)

(N=3)

Ton Concen- Recovery

tration

(mg L' o)
Na* 2000 95+2
Mg?* 2000 99+2
K* 2000 952
PO 1500 95+3
Cl 3100 972
NO;~ 10000 99+3
SO 2500 972
Fe¥* 100 99+2
Zn* 100 95+1
Mn? 100 99+3

2 Mean xstandard deviation

the selenium concentration was
determined by ETAAS.

Also, the proposed procedure
was applied to some food samples
(mushroom, honey, cinnamon,
leek, corn flour, kiwi, grape
molasses, rice, ground beef, and
egg) for the determination of total
selenium. The food samples were
collected from local supermarkets.
The samples were weighed as
1 gram and digested in the mixture
of 6 mL of HCI (36%) and 2 mL of
HNO; (65%) solution with micro-
wave digestion using the following
progam: 5 minutes for 250 W,

5 minutes for 400 W, 10 minutes
for 500 W, vent: 8 minutes. Finally,
the proposed procedure was
applied to the digested SRMs and
the food samples for the precon-
centration of total selenium. Good
results were obtained and the
results are listed in Table V. Also,
the comparison of this study with
some other studies are given in
Table VI.

CONCLUSION

In this study, a new preconcen-
tration method for the determina-
tion and speciation of selenium
species is proposed. In terms of
cost, simplicity, and eco-friendly
application, this method is more
advantageous than the previously
developed method reported in the
literature. The validity of the
method was performed by the
control analysis with standard refer-

TABLE III
Total Se Determinations in Spiked Test Solutions
(Volume: 15 mL, N=4)

Added (ug) Found (ug) Recovery (%)*
SedV) Se(VD) Se(IV) Se(VI) Total Se Se(IV) Se(VD) Total Se
0 0.500 - 0.480 0.480 - 96+£2  96+2
0.200 0.300 0.191 0.295 0.486 96+3  98+2 97+2
0.250 0.250 0.245 0.246 0.491 O8+2 98+2  98+2
0.300 0.200 0.294 0.197 0.491 982 99+2  98%2
0.500 0 0.496 - 0.496 99+2 - 99+2

* Mean xstandard deviation.
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TABLE IV
Speciation of Se(IV) and Se(VI) and Total Se in Some Natural Water Samples (sample volume: 15 mL, N=4)
Samples Added (ug L) Found (ug L') Recovery (%)
Se(IV) Se(VD Se(IV) Se(VD Total Se SedV) Se(VD Total Se
Drinking water - - 12.8+1 1.3+0.2 14.1x1 - - -
10 20 22.7+1 20.8+1 43.5+2 99+2 98+2 99+2
20 10 31.5+2 11.2+1 42.7%2 962 99+2 97+2
Sea water - - 15.3+0.7 1.2+0.2 16.5+1 - - -
10 20 24.3+0.2 20.9+1 45.2+1 96+2 99+2 97+2
20 10 33.7+0.7 10.8+2 44.5+2 95+2 96+2 96+2
River Water - - 10.6x1 1.6x1 12.2+1 - - -
10 20 19.7+1 21.5+1 41.2+2 96+2 99+2 98+2
20 10 30.5+2 11.3+1 41.8%2 100+£2 9742 99+2
Spring Water - - 13.8+1 1.4+0.2 15.2+1 - - -
10 20 23.1+1 20.8x1 43.9+2 97+2 97+2 97+2
20 10 32.8+2 11.1+1 43.9+2 97+2 97+2 97+2
Mineral Water - - 11.2+1 1.1+0.2 12.3+1 - - -
10 20 20.9+1 20.7+1 41.6x2 99+2 98+2 98+2
20 10 30.3+2 11.1+1 41.4x2 O7+2 100+£2 98+2
Tap Water - - 11.7+1 1.1+£0.2 12.8+1 - - -
10 20 20.8x2 21.0x1 41.8+2 96+2 1002 98+2
20 10 30.8+2 10.9+1 41.7+2 97+2 98+2 97+2
TABLE V ence materials. The limit of detec-
Level of Total Se in Certified Reference Materials and Food Samples tion and the preconcentration factor
(N=4) of the described method were found
Samples Certified Value Relative to.be 097 g L.-l and 75, resp eqiv?ly,
Value Present Error with the relative standard deviation
Work %) at <1.4%. Finally, this proposed
- DLLME method has low DL and
NIST-SRM 1570a Spinach leaves (ug g 0.117 0.126x0.05 7.7 high PF and can be applied to a suc-
NIST-SRM 1577b Bovine liver (ug kg’ 0.73 0.72+0.53 -1,4 cessful speciation of selenium in
LGC 6010 Hard drinking water (ug L') 9.3 9.7+0.82 4.3 environmental water samples.
Edible mushroom (ug gt - 0.29+0.01 -
Honey (ug g - 0.32+0.03 - ACKNOWLEDGMENT
Cinnamon (ug g1 - 0.38+0.04 - The author is also thankful to the
Leek (ug g i 0.35+0.03 i} Unit of the Scientific Research Pro-
Cornflour (ug g1 i 0.29+0.02 i jects. of Tokat Gaziosmanpasa Uni-
o versity for the financial support.
Kiwi (ug gh - 0.30+0.01 -
Grape molasses (ug g - 0.35+0.02 - COMPLIANCE WITH ETHICAL
Rice (ug ghH - 0.23+0.01 - STANDARDS
Ground beef (ug g - 0.32+0.02 - This paper does not contain any
Egg (ug gH - 0.29+0.01 - studies with human participants or

Mean expressed as 95% tolerance limit.
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TABLE VI

Comparison of Proposed Work With Recent Studies

Analyte Detection Media Technique PF DL RSD  Refer-
(ugL'H %) ences
Se(IV), Se(VI)  ETV-ICP-MS  5-mercapto-3-phenyl-1,3,4-thia- DLLME 648 0.047 7.2 1o
diazole-2-thione potassium
Se(IV), Se(VI)  ETAAS APDC LLE - 1 3.5 an
Se(IV), Se(VI)  GFAAS APDC DLLME 70 0.050 4.5 an
SedV), Se(VD)  ETV-ICP-MS Diethyldithiocarbamate (DDTC) CPE - 0.05 3.5 as
SeV), Se(VI) HPLC-ICPMS - HF-LPME 49 0.23 <15 (19
SeIV), Se(VD) ETAAS 3,3- Diaminobenzidine (DAB) UALPME-DES 50 0,005 4.1 0
Se(dV), Se(VI)  ETAAS Sodium dibenzyldithiocarbamate DLLME 75 0.97 1.4  Present
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INTRODUCTION

Copper plays an important role
in regulating the DNA/RNA tran-
scription processes, the metabolism
of nitrogen-containing compounds
and plant photosynthesis, thus, it is
referred to as a biogenic element
which is essential for both plants
and animals (1-3). Copper is widely
used in products such as fertilizers,
wood preservatives, pesticides and
water distribution systems (pipes)
(4). Activities such as mining and
industrial waste disposal, combus-
tion of unrefined or contaminated
gasoline could lead to the release
of this element into the environ-
ment (5, 6). It was reported that
copper enters and accumulates in
aquatic plants, fish and other envi-
ronmental organisms and since it
moves up the food chain, it
becomes biomagnified, and the
organisms at the higher trophic
levels become exposed to higher
concentrations (7). The common
routes for Cu exposure are through
drinking water, eating food, inhal-
ing air, and having direct skin con-
tact with the metal (8). At high
exposure levels, copper causes
health disorders such as diarrhea,
nausea, kidney damage, liver dam-
age, even death under extreme con-
ditions (8). Lethal doses of copper
in adults range from 4.0 - 400 mg
per kilogram of body weight as
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ABSTRACT

Due to the low sensitivity of
flame atomic absorption spec-
trometry for trace copper deter-
mination, dispersive liquid-liquid
microextraction and slotted
quartz tube were used to increase
the instrument’s detection power
by about 102-fold. This high
detection improvement was
achieved by performing a com-
prehensive optimization study on
the microextraction method and
slotted quartz tube parameters.

A novel ligand was used to
form the copper complex prior
to the extraction process. The
limits of detection and quantifica-
tion obtained under optimum
experimental conditions were
0.52 and 1.7 ng/mL, respectively.
The calibration plot was linear
over a wide concentration range,
and the percent relative standard
deviation of the lowest concen-
tration in the linear calibration
plot was less than 5.0%, indicat-
ing high precision for the extrac-
tion procedure and instrumental
measurements.

In order to determine the
validity and applicability of the
developed method, recovery
studies were carried out on blood
and urine samples at different
spiked concentrations. The recov-
ery results recorded for both sam-
ples ranged between 85% and
113% which confirmed that the
method can be applied to these
matrices with high accuracy and
precision.
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stated by the World Health Organi-
zation for suicidal and accidental
ingestion (9). Due to the low levels
of copper in the environment, sen-
sitive analytical techniques are
required for its accurate and pre-
cise determination.

The complex nature of environ-
mental and biological sample matri-
ces makes direct instrumental
analysis difficult as the matrix com-
ponents could affect the results or
cause harm to the instrument. Sam-
ple preparation is, therefore, used
to obtain the analyte in a clean and
compatible form for instrumental
reading, with extraction being a
commonly used method. Recently
developed microextraction meth-
ods are simple, fast, require low
amounts of toxic solvent, result in
low analyte loss, high enrichment
factors, and high analytical recov-
ery (10). Methods such as single-
drop microextraction (SDME),
solidified floating organic microex-
traction (SFODME), solid phase
microextraction (SPME), and hol-
low fiber liquid phase microextrac-
tion (HF-LPME) have been used to
preconcentrate copper and other
metals for trace determination (11-
14). Dispersive liquid-liquid
microextraction (DLLME) is an
important method that was intro-
duced by Rezaee et al. in 2006 (15),
and it has since become a widely
used method for both organic and
inorganic analyses. DLLME employs
dispersive solvents that are miscible
with both an aqueous sample and



an extractant, and this miscibility
ensures a fine distribution of
extraction solvent and increases
extraction surface area. Extraction
is completed in a few seconds, and
the high surface area results in high
extraction output (16). The extract
after DLLME is compatible with sev-
eral instrumental techniques used
for qualitative and quantitative
determination of the analytes.

Modern analytical instruments
have been conveniently used over
the classical gravimetric and titri-
metric methods due to a rapid,
accurate, and precise analysis.
Inductively coupled plasma (ICP)
techniques, equipped with mass
spectrometry (ICP-MS), and optical
emission spectrometry (ICP-OES)
detection systems offer multi-ele-
mental analysis and very low detec-
tion limits for several metals (17,
18). However, these plasma tech-
niques tend to be relatively expen-
sive in terms of instrument and
operational cost. Atomic absorption
spectrometry (AAS) techniques,
such as graphite furnace (GFAAS)
and hydride generation (HG-AAS),
have good sensitivities and are com-
parable to the plasma techniques,
but they can only be used to deter-
mine one analyte at a time, and
HG-AAS is only applicable to
hydride-forming elements such as
Te, Pb, Sb, Se, and As (19). Flame
atomic absorption spectrometry
(FAAS) is a very common metal

detetection technique due to its
robustness, ease of operation,

and relatively low instrument cost
(10). The nebulizer unit of the
FAAS is considered its weakest
point because only a fraction
(<10%) of aspirated sample reaches
the flame for atomization, and this
results in low sensitivity for most
metals (16). A basic external com-
ponent attached to the flame unit
to improve absorbance measure-
ments of the FAAS is a slotted
quartz tube (SQT). The SQT works
on two principles: increasing resi-
dence time of the atoms in the
flame, leading to a 2-5-fold enhance-
ment in absorbance (Figure 1), and
trapping atoms within the inner
walls of the SQT for the subsequent
sudden release to obtain a sharp
analytical signal (20).

The main purpose of this study
was to develop an analytical
method for the determination of
copper at trace levels in blood and
urine samples by slotted quartz
tube-flame atomic absorption spec-
trometry after dispersed liquid-
liquid microextraction. The com-
plexation of copper for extraction
was achieved using a ligand synthe-
sized in our laboratory (21) and all
variables were systematically opti-
mized to improve the analytical
signal of copper.

Hollow cathode

( Wl Fhotomultiplier
5 \ Tube

lamp | {v

Fig. 1. Schematic diagram of FAAS burner bead with an attached SQT (10).
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EXPERIMENTAL

Instrumentation

All absorbance measurements
were performed with a NovAA
(Analytik Jena AG, Germany) FAAS
system. The flame was generated
with a mixture of air and acetylene,
and the flow rate of the acetylene
was optimized to enhance the
atomization efficiency. The 324.8 nm
analytical line of Cu was selected
from a multi-element hollow cath-
ode lamp (Fe, Co, Ni, Mn, Cu, Cr)
operating at 6.0 mA current and
0.50 nm spectral bandpass. A deu-
terium lamp (D,) was used as back-
ground correction for all measure-
ments. A 140 mm long quartz tube
was used in this study which was
cut at two different sides (entry and
exit slots) at an angle of 180°. The
lengths of the entry and exit slots
were 55 mm and 30 mm, respec-
tively. The SQT-FAAS system is rep-
resented in Figure 1 (16). Other
instruments used in the study were
EBA20 Andreas Hettich centrifuge,
M-100 model HAPA ultrasonicator,
Kermanlar mechanical shaker, and
a HI2020 Hanna Instruments pH
meter.

Reagents and Standard
Solutions

Appropriate aliquots from a
1000 mg/L copper stock standard
solution (purchased from High
Purity Standards) were diluted to
prepare working standards and cali-
bration standard solutions. Ultra-
pure deionized water (resistivity
18.2 MQ-cm) was used for dilution
of the standards and for general
cleaning purposes. All chemicals
and reagents used in this study
were of analytical grade. Optimiza-
tion of the extraction method was
carried out with methanol, ethanol,
chloroform, 2-propanol, carbon
tetrachloride, dichloromethane,
1,2-dichloroethane, sodium chlo-
ride, potassium chloride, sodium
sulfate and potassium nitrate, all
purchased from Merck (Darmstadt,



Germany). Also used were ligand
chemicals.

Ligand Synthesis

In the synthesis of the ligand,
the procedure listed in the litera-
ture was slightly modified (21).
3-methoxy-5-bromosalicylaldehyde
(10 mmol 2.31 g) and p-toluene-
sulfonic acid (0.01 g) were dissolved
in 25 mL of ethyl alcohol. 1,4-
phenylenediamine (20 mmol,

2.16 g) dissolved in 25 mL of ethyl
alcohol was slowly added dropwise
under reflux for 1.0 hour at 60 °C.
The aldehyde carbonyl group was
followed by IR. The dark orange
product obtained as a result of the
reaction was allowed to stand
overnight and then filtered off from
the solvent. The product was
washed several times with hot dis-
tilled water, ethyl alcohol, and
diethylether. The resulting product
was then dried under vacuum and
stored in a desiccator. Characteriza-
tion of the synthesized ligand
(C4H30,N,Br) was performed.

Procedure of DLLME

1.0 mL of pH 8 buffer solution
and 0.50 mL of ligand solution
(0.02% w/v) were consecutively
added to 8.0 mL of standard/sample
solution. Mixing by hand-shaking
for 15 seconds was done to ensure
uniform distribution of the ligand
throughout the aqueous solution.
A mixture of 2-propanol (3.0 mL)
and chloroform (300 uL) was then
injected into the complex solution,
resulting in a cloudy solution. After
15 seconds of vortexing, the solu-
tion was centrifuged at 6000 rpm
for 2.0 minutes. Finally, the extrac-
ted phase was taken into a separate
tube for complete evaporation of
the chloroform. The residue was
dissolved with 200 uL concentrated
HNO; and sent to the FAAS for
measurements. An amount of 0.2
mL is enough to get a sharp analyti-
cal signal in FAAS.

RESULTS AND DISCUSSIONS

Step-by-step optimizations were
carried out for the complex forma-
tion and DLLME to enhance the sen-
sitivity for the Cu determination. In
the optimization of one parameter,
the other parameters were held at
constant values, and the highest
mean absorbance of triplicate mea-
surements was used to determine
the optimum values. Optimization
studies were performed with
appropriate aqueous standards with
absorbance values within the linear
calibration range.

Complex Formation
Optimization

Parameters varying in this opti-
mization step were pH and amount
of buffer solution, ligand concentra-
tion and ligand amount. Buffer solu-
tions are added to sample solutions
in order to provide a favorable
medium for complexation and
maintain the stability of the com-
plex. For this reason, buffer solu-
tions with pH values ranging from
5 to 11 were tested for their effects
on the Cu complex formation. The
absorbance values recorded
increased linearly from pH 5 up to
8, after which it decreased margin-
ally. A pH 8 buffer solution was
favorable for the complex forma-
tion because an acidic medium pre-
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sents free hydroxonium ions which
compete with complexation, and a
highly basic medium could lead to
deprotonation of the ligand’s
hydroxyl groups (22). The volume
of buffer solution used is also
important because an excess
amount could result in analyte dilu-
tion. The optimum amount of pH 8
buffer solution was determined by
testing 0.50, 1.0, 1.5, and 2.0 mL
volumes. The absorbance values
recorded were not different from
each other, thus, 0.50 mL was
selected in order to lower the use
of chemicals.

The concentration of ligand
solution is another important factor
for complexation, and this was
optimized by testing 0.02, 0.065,
and 0.10% (w/v) ligand concentra-
tions. The absorbance signals
recorded were not significantly dif-
ferent from each other, but 0.065%
was selected for being slightly
higher than the other two concen-
trations. The optimum amount of
the ligand required for efficient
complexation of 8.0 mL
sample/standard solution was deter-
mined by testing 0.25, 0.50, 1.0,
1.5, and 2.0 mL volumes. The
absorbance values increased
steadily from 0.25 mL up to 1.5 mL,
after which it plateaued as is shown
in Figure 2. For an even distribution

o 0.5 1

Ligand volume, ml

1.5

[
I
th

Fig. 2. The grapbic of ligand volume optimization.
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of ligand throughout the aqueous
solution, 15 seconds of vortexing
was employed in this study. Some
studies in the literature reported
that excess mixing periods lower
the absorbance signals (10, 22) and
for this reason, mixing during com-
plexation was not optimized.

Optimization of Extraction
Solvent Type and Volume

An ideal extraction solvent
should be immiscible with water
and should extract an appreciable
amount of analyte(s). The centri-
fuge tubes (15 mL) used in the
study had a tapered bottom which
was convenient for collecting the
microliter volume of extraction sol-
vents used. For this purpose, only
high density solvents (p> 1.0)
including carbon tetrachloride,
1,2-dichloroethane, chloroform,
and dichloromethane were tested
for their extraction efficiencies on
the copper complex. 500 pL of
each solvent was mixed with 3.0
mL of 2-propanol and injected in
separate extractions. Chloroform
recorded the highest average
absorbance as well as the least
relative standard deviation value.

A very low amount of extraction
solvent might not be sufficient to
extract appreciable amounts of ana-
lIyte and an excess amount could
make processing of the extract for
instrumental read-out difficult. The
optimum amount of chloroform
was determined by testing 200,
250, 300, 400, and 500 pL volumes
of chloroform under similar condi-
tions. Absorbance signals increased
marginally from 200 to 300 pL, and
then decreased marginally again at
the higher volumes. The optimum
chloroform volume for further
optimizations was therefore set at
300 pL.

Optimization of Dispersive
Solvent Type and Volume

Low carbon chain alcohols have
mid polarity index values which
makes them miscible with most

polar and apolar organic solvents.
This miscibility makes them ideal
for the role of dispersive solvents in
DLLME (23, 24). Ethanol, methanol,
and 2-propanol are all miscible with
chloroform, and 3.0 mL of each
was mixed with 300 uL of chloro-
form, then tested for their disper-
sive efficiencies. 2-propanol
recorded the highest average
absorbance for triplicate measure-
ments and was approximately 2-3
times higher than methanol and
ethanol, respectively (Figure 3).
The degree of extractant dispersion
depends on the volume of the dis-
persive solvent used, and the opti-
mum volume of 2-propanol was
determined by testing 1.5, 2.0, 2.5,
and 3.0 mL. The absorbance value
increased gradually from 1.5 mL up
to 3.0 mL as shown in Figure 4. The
2-pro-panol volumes higher than
3.0 mL were not tested because

their sum total with the volumes of
sample, ligand, and buffer solution
would have exceeded the volume
of the tube used. A significant
increase would not be expected for
higher volumes as the results can
be seen to have plateaued. 3.0 mL
was therefore selected as optimum
volume of 2-propanol.

Salt Effect

In liquid-liquid extraction meth-
ods, salting out of analyte(s) is
achieved by adding highly soluble
inorganic salts to aqueous
solutions. The salts displace ana-
lytes in the aqueous medium,
thereby enhancing their mass trans-
fer into the extractant. However,
an appropriate amount of the salt
needs to be added in order to avoid
saturation which could hinder the
extraction of the analytes. For
extraction solvents, which have

0,13
0,16
0,14
0,12

0.1

Absorbance

M ethanol

2 Propanol Ethanol

error bars).

Fig. 3. A chart of dispersive solvents against average absorbance values (n=3
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Fi. 4. A chart of 2-propanol volumes against average absorbance values (n=3

error bars).
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densities very similar to the sample
solution, addition of a salt prior to
extraction could alter the density
of the solution and result in a better
phase separation (10). For these
reasons, 1.0 g each of NaCI, KNOs;,
Na,SOy, and KCI were totally dis-
solved in equivalent aqueous stan-
dards, and their extraction results
were compared to salt-free extrac-
tion. Although the highest yields
were obtained with KCl, it was not
significantly higher than the other
salt-added extractions. The KCI-
added extraction was about 1.1
times higher than the salt-free
extraction, and this enhancement
was not deemed significant to con-
tinue further extractions with KCl.

Analytical Performance

Table I is a summary of the opti-
mal experimental parameters, and
using these parameters, the analyti-
cal performance of all systems were

determined using calibration plots.
Table II summarizes the figures of
merit calculated for FAAS, SQT-
FAAS, DLLME-FAAS, and DLLME-
SQT-FAAS. A comparison of these
systems to other literature studies
is also presented in Table II. The
calibration plots were linear over
wide concentration ranges, and the
regression coefficients (R?) were
greater than 0.9993. The limits of
detection (LOD) and quantification
(LOQ) were determined using the
following equations:

LOD = 3Stdev/m (Eq. D

LOQ= 10Stdev/m (Eq. 2)

The standard deviation (Stdev)
was calculated from six replicate
absorbances of the lowest concen-
trations of each calibration plot,
and the slope (m) was taken from
the linear regression equation.

TABLE I
Optimized Parameters of DLLME-SQT-FAAS

Parameters

Value

pH of buffer solution (amount)
Ligand concentration (amount)
Complexing period

Extraction solvent (amount)
Dispersive solvent (amount)

pH 8.0 (1.0 mL)
0.02%, w/v (0.50 mL)
15 s (Vortex)
Chloroform (300 uL)
2-Propanol (3.0 mL)

Sample flow rate* 6.44 mL/min
Acetylene flow rate* 40 L/hr
SQT height* 0.0 mm
* Parameters taken from Ozzeybek et al. (10).

TABLE II

Analytical Figures of Merit for Different FAAS Systems Under Study
Analytical Method LOD LOQ, Range RSD
(ng/m  (ng/ml)  (ng/mL) “)?

FAAS 53 177 200 - 10,000 5.5
SQT-FAAS 23 75 50 - 1000 8.4
DLLME-FAAS 1.4 4.6 5.0 -500 8.9
DLLME-SQT-FAAS 0.52 1.7 2.0-250 3.6
DLLME-SQT-FAAS 0.7 2.2 2.0-100 4.7 (10
DLLME-FAAS 1.9 _ 8.0 - 400 3.8 (25)

*For FAAS and SQT-FAAS systems, the values of LOD and LOQ taken from Ozzeybek

et al. (10).
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According to the LOD values,
increases in detection power with
respect to FAAS were 2.3-, 38-, and
102-fold for SQT-FAAS, DLLME-
FAAS, and DLLME-SQT-FAAS,
respectively.

The LOD and LOQ values for the
optimum system (DLLME-SQT-
FAAS) were found to be 0.52 and
1.7 ng/mL, respectively. The preci-
sion of the extraction procedure
and the instrumental measure-
ment was appreciably high as all
measurements recorded percent
relative standard deviations lower
than 10%.

Recovery

A recovery study was conducted
to test the accuracy and applicabil-
ity of this method to biological sam-
ples. It is a fact that heavy metals
are not easily removed from the
human body. For this reason, it is
very important to be able to per-
form heavy metal determination at
trace levels in biological samples
such as urine and blood. These bio-
logical samples have very complex
matrices which affects the accurate
quantification of the analytes. The
acid digestion procedure reported
by Erarpat et al. (16) was therefore
used to decompose the organic
matrix, leaving the metal (inorganic)
component for analysis. The solu-
tion after digestion was diluted
with deionized water after evapo-
rating to near dryness which was
repeated several times. Then, 1.0
mL of pH 8 buffer solution was
added to the solution to adjust the
pH of the solution to 8.0. The sam-
ple analysis was then performed,
and the absence of copper signals
suggested that the analyte was not
present in the samples according to
the limit of detection. The digested
blood and urine samples were
selectively spiked to final concen-
trations of 25 and 50 ng/mL and
analyzed under optimum experi-
mental conditions. The reason for
the selection of the stated concen-
trations was that they were within



the linear calibration range, and
gave distinct signals. The recovery
results obtained using aqueous cali-
bration standards ranged between
85 and 113% for both samples as
given in Table III. The precision of
the method for the biological matri-
ces was also confirmed by low
%RSD values (<5.0%). These results
were satisfactory and established
that the method can be used for an
accurate and precise quantification
of copper in blood and urine sam-
ples.

TABLE III
Percent Recovery Results
for Blood and Urine

Sample 25ng/mL 50 ng/mL

Blood 85.1+34 1129+4.2

Urine 954 +3.3 110.6+3.1
CONCLUSION

In this study, a simple, accurate,
and precise analytical method was
developed for the determination of
copper at trace level by FAAS. Dis-
persive liquid-liquid microextrac-
tion was comprehensively optimized
to obtain a high preconcentration
factor and slotted quartz tube was
used to further enhance the detec-
tion power of the FAAS instrument.
Under the optimum extraction and
system conditions, the method was
found to have an approximately
102-fold enhancement in detection
power with a detection limit of
0.52 ng/mL. Other figures of merit
were very satisfactory, and applica-
bility of the method was then
tested for the urine and blood sam-
ples. Recovery results from the
spiked tests were obtained in the
range of 85- 113% and confirmed
that the method is appropriate for
testing biological matrices. The
developed method is economical,
easy, rapid, and agrees with green
chemistry which is aimed at reduc-
ing toxic chemical usage.
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Speciation of Fe(II) and Fe(III) in Geological Samples
by Solvent Extraction and
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INTRODUCTION

Iron (Fe) is one of the most com-
mon metallic elements found in the
earth’s crust. Determination of the
Fe(D) and Fe(lII) species is of great
importance in geological, biological
and environmental materials due to
the specific role of their oxidation
states. The analysis of ferrous
oxides in rocks and minerals is of
great interest to petrologists and
mineralogists (1). The ratio of fer-
rous to ferric oxide plays an impor-
tant role not only in interpreting
geological data, but also in deter-
mining the redox condition of iron
in natural water. It is an essential
nutritional element for all life
forms, i.e., a cofactor in many
enzymes and essential for oxygen
transport and electron transfer (2).
Hence, it is very important from an
analytical point of view to develop
a sensitive, selective, and rapid
method for the quantitative deter-
mination of ferrous and ferric iron
present in various materials.

There are several individual
methods for the determination of
ferrous oxide (3-7) as well as ferric
oxide (8). However, very few meth-
ods are available for the simultane-
ous or sequential determination of
both oxides in geological samples
such as rocks, soils, cores, stream
sediments, minerals, etc. In general,
Pratt’s titrimetric method using
dichromate as a titrant has been
used for the determination of fer-
rous oxides in geological samples.
However, this particular method
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ABSTRACT

A procedure has been devised
for the selective determination of
ferrous and ferric oxides in geo-
logical samples such as rocks,
soils, cores, stream sediments,
etc. This is based on the selective
dissolution of both oxides with
an ammonium bi-fluoride and
sulfuric acid mixture, followed
by solvent extraction separation
of Fe(II) into ethyl acetate using
thiocyanate. The extracted Fe(Il)
was stripped off into dilute
hydrochloric acid solution and
determined by flame atomic
absorption spectrometry (FAAS).
FedD) in the aqueous solution
was determined by FAAS sepa-
rately. The method was applied
to a number of geological sam-
ples including certified reference
materials (CRMs) and synthetic
mixtures. The results obtained by
the proposed method for the
CRMs were found to be in excel-
lent agreement with the reported
values. Similarly, the results of a
set of geological samples were
comparable with those obtained
by the colorimetric method
involving 1,10-orthophenanthro-
lene and the standard titrimetric
(Pratt’s) method.

has its limitations when applied to
samples containing ferrous oxide at
the parts per million (ppm) levels.
A variety of colorimetric methods
have been employed for the deter-
mination of ferrous and ferric ions
in sample solution. The reagent
1,10-phenanthrolene has been
extensively used in the colorimetric
determination of ferrous iron and
total iron after the reduction of fer-
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ric iron by chemical means or by
photochemical reduction. Several
authors applied 1,10-phenanthro-
lene to determine ferrous and total
iron. However, the major concern
of the method is the instability of
the color. Stuky and Anderson (9)
identified several sources of error
in the 1,10-phenanthrolene
method. One of the errors is the
falsely high ferrous value due to
photo-reduction of ferric to ferrous
ions in the presence of 1,10-
phenanthrolene with ordinary fluo-
rescence light. They corrected this
problem in the ferrous analysis by
conducting the digestion and dilu-
tion steps under red light (typical
dark room) condition. They
obtained reliable results for ferrous,
even in the presence of ferric ion,
after conducting the experiment

in typical dark room conditions.
Many other workers have tried to
improve the spectrophotometric
method for ferrous and ferric ion
determination by carrying out the
reaction in dark room conditions.
Recently, Tarafder and Thakur (10)
reported that the error in the deter-
mination of ferrous ion in the pres-
ence of ferric ion is not due to the
reduction of ferric ion into ferrous
iron by any fluorescence light.
Instead, the reason was assigned to
the presence of organic matter in
the sample solution which is
responsible for the reduction of
ferric to ferrous ion over time.
Most of the methods used for the
sequential determination of ferrous
and ferric ion with 1,10-phenan-
throlene are not able to yield accu-
rate results.

In view of the above, an
atomic absorption spectrometry
(AAS) method has been devised to



accurately estimate the ferrous and
ferric ions sequentially; thus elimi-
nating all of the limitations associ-
ated with the earlier reported
methods. This novel scheme is
based on the ammonium bi-fluoride
dissolution of the sample in the
presence of sulfuric acid, followed
by the selective extraction of the
ferric ions into ethyl acetate as thio-
cyanate complexes. The Fe(Il) ions
were then stripped off into diluted
HCI solution and determined by
flame AAS. Glokas et al. (11) have
worked on the speciation of ferrous
and ferric ions in water samples by
flame AAS after cloud point micro-
extraction. Their method involves
cloud point extraction (CPE) of
both species with ammonium
pyrrolidinecarbodithioate (APDC)
under standard conditions, which
facilitates the iz situ complexation
and extraction of both species.
They used mathematical equations
to overcome the interference of
FedID) in the spectrometric deter-
mination of Fe(Il) present in the
same sample solution. However,
they used ferrozine which has the
disadvantages of reducing Fe(IIl) to
Fe(D), unless FeID) is sequestered
with fluoride or EDTA. Therefore,
the presence of fluoride is advisable
in the ferrozine method. Speciation
of ferrous and ferric ions in combi-
nation with solvent extraction/solid
phase extraction and FAAS in
water, fruit juice, cola, tea infusion,
etc., has also been reported in the
literature (12-13).

In the proposed method, the
ferrous and ferric ions are leached
out into the solution with an ammo-
nium bi-fluoride and sulfuric acid
treatment. Fe(IID) in solution forms
a strong fluorosulfate complex, and
extraction of the ferric ion bound
in this complex is not possible
unless FeID) is freed by breaking
the complex. However, when boric
acid is added, the complex is bro-
ken due to the formation of a
strong H[BF,] complex, and imme-
diately Fe(ID) is released in the

solution and can be extracted as
thiocyanate complex into the
organic solvent, such as ethyl
acetate, leaving the Fe(Il) ions in
solution, which does not form a
similar fluorosulfate complex as
formed by FedID). This way the fer-
ric ion is separated from the ferrous
ion. Fe(lID) is stripped off from the
organic solvent into the diluted HCI
medium and determined by FAAS.
Fe(D) in aqueous solution can be
directly estimated by aspirating into
the FAAS. This way, both Fe(Il) and
Fe(ID) in the aqueous solution can
be determined selectively and
sequentially in the geological sam-
ples. It is important to mention that
the ferric fluorosulfate or trifluoro-
sulfato ferrate(1ID) [Fe'(SOHF;]*
complex had been synthesized ear-
lier by Chaudhury and Islam (14).

The proposed method is a novel
approach for the speciation of fer-
rous and ferric oxides in geological
samples such as rocks, soils, cores,
and stream sediments, and to the
best of the authors’ knowledge,
speciation of iron by this proposed
technique has not been reported in
the literature and is based on the
following reaction scheme:

NH,HF, =NH,F + HF @
Fe,O; + GHF = 2FeF; + 3H,0 (ii)

FeF; + H,SO4 + 2NH,F =
(NH)),[Fe"(SO)F;] + 2HF  (iii)

4(NH,),[Fe (SO )F;] + 3H,BO,
+ 6H,SO, = 4(NH,),SO; +
2Fe,(SO,); + 3H[BE,] + 9H,0 (iv)

Fe3* + 6SCN- = [Fe(SCN)g]>~ (V)

Using this approach, most of
the earlier drawbacks found by
using photochemical reduction or
reduction due to organic matter
can be completely eliminated.

EXPERIMENTAL

Instrumentation

For this study, a ZEEnit 700
flame atomic absorption spectrome-
ter (Analytik Jena, Germany) was
used for measurement of the
absorbance of iron. An iron hollow
cathode lamp (HCL) was used for
the light source. Details of the opti-
mum instrumental operating condi-
tions are listed in Table 1.

A Specord 250+ double-beam
UV-visible spectrophotometer
(Analytik Jena, Germany) with a
1 cm path length quartz cell was
used for the absorbance measure-
ments of the iron-phenanthrolene
color complex at A = 560 nm.

An Ultima-2 inductively coupled
plasma optical emission spectrome-
ter (Horiba Scientific, Yobin Yvon
Technology, France) was also used
for the determination of total iron
at the wavelength of 259.940 nm.

TABLE I

Optimum FAAS Instrumental Operating Conditions

Light source

Wave Length

Slit width

Lamp current

Atomizer

Back ground correction
Fuel

Support

Flame stoichiometry
Calibration curve

No. of replicates for measurement

Iron Hollow Cathode Lamp (HCL)

248.3 nm

0.5 nm

5.0 mA

100 mm slot burner
Deuterium lamp background
Acetylene

Air

Oxidizing

Five point calibration curves (1-10 ug mL?)

4
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A laboratory stirrer with a glass
ceramics heater and temperature
sensor was used for the leaching
studies.

Standard Solution and Reagents

Specpure® standard solution of
iron (1000 pg mlL-1) (Alfa Aesar,
USA) in 5% HNO; was used as a
standard stock solution. The work-
ing standard solutions (1-10
pug mL™1) were prepared by diluting
the standard stock solution with
distilled water.

Unless otherwise stated, all
reagents used were of analytical/
guaranteed grade.

Recommended Procedure

Preparation of Sample Solution

A finely crushed sample of 0.2 g
(-200#) was transferred to a clean
Teflon® beaker (125 mL capacity),
and 1.0 g solid NH4HF, and 10 mL
of 1:1 H,SO,4 added. The beaker
was covered with a Teflon lid and
heated to about 70-80 °C on a hot-
plate for 15-20 minutes. Then the
beaker was removed and cooled to
room temperature. The content of
the Teflon beaker was transferred
into a 50 mL volumetric (plastic)
flask and made up to volume with
distilled water.

Extraction of Fe(IIl) as Fe(III)-
Thiocyanate Complex

An aliquot (1 to 5 mL) of sample
solution depending on the iron
concentration was taken into a
100 mL separating funnel. Approxi-
mately 1.0 g boric acid powder was
added and mixed thoroughly for
2 minutes. Then 5 mL of 10% KCNS
(w/v) solution and 10 mL ethyl
acetate were added, and shaken for
2-3 minutes. The resulting color
complex of Fe(ID) thiocyanate was
extracted into the organic layer.
The aqueous layer was separated
out into a 100 mL beaker. Fe(II) in
the organic layer was stripped off
using 10 mL 5% HCI (v/v) solution,
then placed into a 50 mL volumet-

ric flask, and made up to the mark
with distilled water.

Determination of Fe(II) and
Fe(II) by Flame AAS

Fe(D in the aqueous layer
(which was kept in a 100 mL
beaker) was transferred into a
50 mL volumetric flask and made
up to volume with distilled water.
Direct measurement of Fe(Il) was
carried out by aspirating the solu-
tion into the FAAS. Similarly, the
extracted Fe(Il) in the separated
solution was also determined by
aspiration into the FAAS. In both
cases, the absorbances of iron were
measured using a calibration curve
prepared by absorbance against the
standard iron solutions (1 to 10
ug mL™1). A blank was also run in
a similar manner.

RESULTS AND DISCUSSION

As has already been discussed
above, the titrimetric determination
of ferrous oxide based on using the
Fe(ID)/Fe(Il) dichromate/perman-
ganate redox system for geological
samples (rocks, soils, and stream
sediments) is very difficult, particu-
larly at trace levels, i.e., the ppm
levels. Similarly, determination of
ferrous oxide in rock samples by
UV-visible spectrometry using the
reagent orthophenanthrolene and
ferrozine is also not free from
errors due to several reasons (9-11).
In order to eliminate the above-
mentioned drawbacks, the authors
devised a system for the accurate
and sequential determination of
ferrous and ferric oxides in all types
of geological samples, particularly
rocks, soils, and stream sediments,
by FAAS.

The main advantages of FAAS for
the determination of metal ions are
speed and high selectivity. It is also
a moderately sensitive technique
for some transition elements,
including iron. However, determi-
nation of ferrous ions in geological
samples, particularly rocks, soils,

147

tomic
pectroscopy

Vol. 40(4), Jul./Aug. 2019

and stream sediments by FAAS, to
the best of the authors’ knowledge
have so far not been reported in
the literature. In this paper, a
robust and reliable method for the
determination of both ferrous and
ferric oxide in most geological sam-
ples is described. The method is
based on the rapid leaching of fer-
rous and ferric ions using a combi-
nation of H,SO, and NH,/HF, at a
moderate temperature (70-80 °C)
as per the procedure described in
the literature (10). Of the ferrous
and ferric ions leached into the
solution after H,SO,/NH HF, treat-
ment, Fe(ID rapidly forms a strong
fluorosulfate complex (14) leaving
ferrous ions free in the solution.
The ferric ion strongly bound in the
mixed ligand ternary fluorosulfate
complex is released into the solu-
tion on the breach of the said
ternary complex by the addition of
boric acid, which has stronger affin-
ity towards fluoride ions bound in
the complex. The released ferric
ion reacts with potassium thiocy-
anate forming the ferric thiocyanate
complex, which is easily extracted
into ethyl acetate leaving the fer-
rous ions in the leached solution.
The ferric ion bound in the
extracted thiocyanate complex
was stripped off into the diluted
HCI solution and measured by
FAAS. The ferrous ion present in
the aqueous solution after separa-
tion of the ferric ions by solvent
extraction was directly measured
by FAAS. In this way, both ferrous
and ferric ions are determined by
FAAS.

A mixture of 10 mL of (1:1)
H,SO,4 and 1 g NH HF, at 70-80 °C
for about 15-20 minutes are the
optimum conditions for leaching
the ferrous and ferric ions for 0.2 g
geological samples. The details of
effect of such variables as the
effects of acid and salt (H,SO, and
NH,HF,), time and temperature on
the leaching of both oxides are dis-
cussed in the literature (10). How-
ever, the effects of other variables



such as the effect of boric acid,
thiocyanate concentration, choice
of solvent, effects of stripping
agents, etc., are discussed below.

Effects of Boric Acid

Boric acid is used to release
FedID from a strong fluorosulfate
complex of Fe(ID) at the prevailing
reaction condition, i.e., in a strong
H,SO, medium. The ferric ions
strongly bound in the mixed ligand
ternary fluorosulfate complex are
released into the solution on the
breach of the said ternary complex
by the addition of boric acid, which
has a stronger affinity towards fluo-
ride ions forming the H[BF,] com-
plex. This aspect was also ascer-
tained by the addition of thiocyanate
solution without addition of boric
acid. Formation of no red color
solution of ferric thiocyanate indi-
cates that the leached Fe(II) ions
are not available in the solution to
form a complex with thiocyanate
ions; instead, they formed the
ternary fluorosulfate complex. The
effect of boric acid on the release
of Fe(ID) ions from the ternary fluo-
rosulfate complex was studied for
boric acid concentrations ranging
from 0.1 to 5 g for 1 mL leached
solution of certified reference mate-
rial (SY-3) from the Canadian Certi-
fied Reference Materials Project
(CCRMP). An amount of 0.5 g boric
acid is sufficient to mask fluoride
ions present in the solution. How-
ever, in order to allow for impuri-
ties, present in the reagent as well
as to allow for the extra consump-
tion of the reagent by the matrix
elements present in the sample
solution, a 1 g boric acid was found
to be optimum for 99% recovery of
ferric ions. This is illustrated in Fig-
ure 1.

Effects of Thiocyanate Concen-
tration on the Extraction of
Ferric Ions

Iron(ID) reacts with thiocya-
nate and results in a series of
intensely red colored complexes,

120 -
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Fig. 1 Effect of boric acid concentration (g) on the release of Fe(Ill) from its

Sfluorosulfate complex.

TABLE II
Recovery of Fe(II) and Fe(III) in Synthetic Mixtures
FedD?* FedD Recovery FedIDP FedID Recovery
Taken Found %) Taken Found %)
v g g ((¥29)
50 47 94 200 214 107
100 95 95 150 162 108
150 190 95 100 110 110
200 142 95 50 55 110

* For Fe(D), salt used ammonium ferrous sulfate hexahydrate (GR, Merck).
P For Fe(II), salt used ammonium ferric sulfate dodecahydrate (GR, Merck).

which remain in solution. Iron(Il)
does not react. Depending on the
thiocyanate concentration, a series
of complexes can be obtained,
which are red in color and can be
formulated as [Fe(SCN)n]>", where
n=1,..., 6. At low thiocyanate con-
centration, the predominant col-
ored species is [Fe(SCN)]?*,
whereas at 0.1 M thiocyanate con-
centration it is largely [Fe(SCN),]*,
while at very high thiocyanate con-
centration it is [Fe(SCN);]?". In the
colorimetric determination, a large
amount of thiocyanate is used since
it increases the intensity and stabil-
ity of the color. Thiocyanate colori-
metric determination of Fe(Il) is

a well-established method (15-16).
A 5 mL of 2 M thiocyanate solution
(15) was used to form the Fe(III)
thiocyanate complex for 1 mL
leached solution of the synthetic
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mixtures under study. It was
observed that the extraction of
this ferric thiocyanate complex
into ethyl acetate is quantitative
(more than 99% recovery) which
is shown in Table II.

Effects of Diverse Ions on
the Extraction of the Fe(III)-
Thiocyanate Complex

The thiocyanate spectrometry
method used for the determination
of Fe(ID) is reported in the litera-
ture (15-16). Hence, further studies
on the effects of diverse ions for
the formation of the ferric thiocy-
anate complex are redundant here.
However, the effects of borate, flu-
oride, and sulfate ions were exam-
ined on the extraction of the ferric
thiocyanate complex into ethyl
acetate. Though sulfate ions have
a tendency to form a complex with




Fe(ID), it has been observed that up
to a 1000-fold excess concentration
of sulfate ions had no effect on the
extraction of the Fe(IIl) thiocyanate
complex from the leach solution.
Similarly, the fluoride ions, which
have a tendency to form a complex
with Fe(ID), have been removed by
masking these by the addition of
excess boric acid. No adverse effect
from the borate ions on the extrac-
tion of the Fe(Il) thiocyanate com-
plex in the leached solution was
observed.

Choice of Solvents

Various solvents were tried for
liquid-liquid extraction of the ferric
thiocyanate complex. Mention is
made of butanol, n-butylacetate,
ethylacetate, di-ethylether, MIBK,
carbon tetrachloride, hexane, ben-
zene, toluene, etc. However, the
extraction was found to be
optimum with ethyl acetate. Simi-
larly, several mineral acids were
tried for stripping the ferric ions
into the aqueous phase. A 10 mL of
5% HCI (v/v) solution was found to
be optimum as the stripping solu-
tion.

Validation, Accuracy and
Precision

In order to validate the method
developed, and in order to attest
the efficacy of the leaching and

extractive system, the proposed
method was applied to a set of syn-
thetic mixtures and CRMs of rocks,
soils, and stream sediment samples.
To ascertain the accuracy and pre-
cision of the developed method, a
set of synthetic mixtures having
variable concentrations of Fe(Il)
and Fe(II) were prepared and ana-
lyzed. The recovery of Fe(Il) and
Fe(II) was more than 95% and
100%, respectively (see Table ID).
Similarly, the CRM geo-standards of
SY-3, SY-4, and MRG-1 from the
Canadian Certified Reference Mate-
rials Project (CCRMP), DNC-1a,
NKT-1 and sdAR-1 from the U. S.
Geological Survey (USGS), and
SARM-6 and SARM-48 from Mintek,
South African Reference Material,
were analyzed for ferrous and ferric
oxides by the proposed method.
The results for both oxides were in
excellent agreement with the
reported values and are shown in
Table III. The nature of all of the
above CRMs used are also listed in
Table III. It is pertinent to mention
that the reference materials NKT-1
and sdAR-1 were analyzed in this
laboratory as a part of the 29th and
31st round of Geo-PT programmes
which are an International Associa-
tion of Geo-analysts’ Proficiency
Testing Programme for Analytical
Geochemistry Laboratories. There
is only reported value for total Fe
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as Fe,O; (T) for both the CRMs of
NKT-1 and sdAR-1 instead of fer-
rous and ferric oxides separately.
Hence, to calculate the total Fe as
Fe,O; (T) by the proposed method,
the following equation has been
adopted:

% Fe,05 (T) = % FeO x 1.111 +
% Fe, 05

where 1.111 is the conversion
factor from FeO to Fe,O;. Based on
the equation, the total Fe as %
Fe,O; (T) by the proposed method
for NKT-1 and sdAR-1 are 13.38%
and 4.59 % and are comparable
with the reported value of 13.29%
and 4.63%, respectively. The pro-
posed method yields fairly accurate
results under the optimized condi-
tions. The accuracy was found
within 5% and 8% for ferrous and
ferric oxides, respectively, and was
calculated on the basis of reported
values for the reference materials
under study. The precision (% RSD)
of the method was found within 4%
and 7% for the ferrous and ferric
oxides, respectively, for four repli-
cate determinations (n=4). From
the results listed in Tables II and III,
it can be observed that there is a
slightly higher value of ferric oxide,
which may be due to the partial
oxidation of ferrous oxide by air or
any oxidizing agent present in the
sample solution.

TABLE III
Results of FeO and Fe,0; by the Proposed FAAS Method in CRMs
CRMs Nature of FeO (%) Fe, 05 (%) Total Fe as
Samples Proposed Reported Proposed Reported Fe,05(D) %
Method? Value Method?* Value
SY/3 Synite 3.54+0.15 3.58 2.97+0.10 2.84 -
SY/4 Diorite 2.84+0.16 2.86 3.21+0.21 3.03 -
MRG-1 Gabbro 8.18+0.30 8.63 8.64+0.27 8.48 -
DNC-1a Dolerite 7.02+0.28 7.32 1.92+0.10 1.79 -
NKT-1 Nephelinite 8.10+0.42 - 4.38+0.22 - 13.29
sdAR-1 River sediment 0.85+0.06 - 3.65+0.20 - 4.63
SARM-6 Soil 14.02+0.35 14.63 0.76x0.10 0.71 -
SARM-48 Soil 0.20+0.01 0.21 0.63+0.06 0.58 -

2 Mean of four replicate determinations with 95% confidence level.
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Analytical Applications

The proposed method was thor-
oughly applied to a set of rock, soil,
and core samples received from the
different parts of eastern India. The
results of a few of these samples by
the proposed extractive method
are comparable to those obtained
by other standard techniques, such
as the colorimetric method involv-
ing 1,10-phenanthrolene as the
complexing agent as per the proce-
dure devised by Tarafder and
Thakur (10) and the standard titri-
metric method involving K,Cr,0-
as titrant (Pratt’s method). One
ICP-OES technique was also used
for the determination of total iron
at the wavelength of 259.940 nm,
and the results are listed in Table
IV. The results shown in Tables II
to IV imply that the method devel-
oped is quite effective in the leach-
ing of Fe(Il) and Fe(lID), selective
extraction of Fe(IIl) into organic
solvent and accurate determination
of both species by FAAS.

CONCLUSION

The proposed method of ferrous
and ferric oxides determination in
geological samples offers several
advantages such as ability to deter-
mine FeO and Fe,0; in ppm to
percentage levels, sequentially deter-
mine both FeO and Fe,O; from the
same sample solution, the results
are reproducible and reliable, cost-
effective and eco-friendly, and less
prone to interference. The proposed
ammonium bi-fluoride and sulfuric
acid mixture offers an effective
method for leaching of the ferrous
and ferric ions in geological sam-
ples of rocks, soils, cores, sedi-
ments, etc. This mixture seques-
tered ferric ion by formation of its
fluorosulfate complex, where
reduction of ferric to ferrous is pre-
vented and enables the separation
of ferric ions as thiocyanate com-
plex from ferrous ions by solvent
extraction. The method is cost-
effective in terms of sample

TABLE IV

throughput because one bottle
(500 g) of ammonium bi-fluoride is
used for about 250 sample diges-
tions, whereas only 50 samples are
digested with the help of one bottle
(500 mL) HF, which is almost three
times more costly than solid ammo-
nium bi-fluoride; it is also eco-
friendly because solid ammonium
bi-fluoride is less hazardous than HF
which is a liquid; and it completely
eliminates most of the earlier draw-
backs in other spectrometric meth-
ods such as photochemical reduc-
tion or reduction due to organic
matter of ferric to ferrous iron.
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® The complete guide to measuring elemental impurities in
pharmaceutical and nutraceutical materials.

e Covers heavy metals testing in the pharmaceutical industry from an
historical perspective.

¢ Gives an overview of current USP Chapters <232> <233> and <2232>
and ICH Q3D Step 4 Guidelines.

e Explains the purpose of validation protocols used in Chapter <233>,
including how J-values are calculated

¢ Describes fundamental principles and practical capabilities of ICP-MS
and ICP-OES.

e Offers guidelines about the optimum strategy for risk assessment.

® Provides tips on how best to prepare and present your data for
regulatory inspection.
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EXPAND

YOUR RANGE

EXTEND YOUR RESOURCES

Avio 500 ICP-OES

The New Avio 500 ICP-OES - High throughput
with low cost of ownership

The Avio” 500 ICP-OES combines the productivity you

need with the high-quality performance and faster return on
investment your work demands. With high sensitivity and
superior resolution, your lab can accomplish more, even when
dealing with the most difficult samples. And with the lowest argon
consumption of any ICP, simultaneous background correction,
and high throughput enabled by Dual View technology, it all
comes together to expand the range of what you can accomplish.
High throughput. Low cost of ownership. Superior performance.
It's everything you want in an ICP-OES system.

For more information, visit perkinelmer.com/avio500
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ANY MATRIX

ANY INTERFERENCE
ANY PARTICLE SIZE

NexION 2000 ICP-MS: Triple quad power meets single quad versatility.

Trace metals in food, nanomaterials in water, impurities application. And it delivers superior analysis times

in everything from pills to electronic components: These  and single particle/cell detection capability — at least
are the sweet spot for the NexION® 2000 ICP-MS. Its 10x faster than competitive systems. So the NexION
sample introduction technology lets you run samples 2000 ICP-MS is up to the most important challenge

with up to 35% total dissolved solids. Plus, its interference  of all: Yours.
removal capabilities give you the best detection limits for your

|

For more information,
visit perkinelmer.com/NexION2000
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The Titan MPS™ microwave is the safe, cost-effective, easy-to-use sample preparation system — the
go-to platform for pressure digestion of a broad range of samples before inorganic analysis. But
what really sets it apart is everything else you get with it: It's backed by PerkinElmer, the go-to
resource and one-stop shop for all things atomic spectroscopy, so you can access the instruments,
consumables, informatics, and expertise you need to optimize your research and your business.
The Titan MPS sample preparation system: It’s the microwave that’s so much more.

www.perkinelmer.com/titanmps
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