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A method for the determination of trace amounts of palladium was developed using homogeneous liquid-liquid microextraction via
flotation assistance (HLLME-FA) followed by graphite furnace atomic absorption spectrometry (GFAAS). Ammonium pyrrolidine

dithiocarbamate (APDC) was used as a complexing agent. This was applied to determine palladium in three types of water samples.
In this study, a special extraction cell was designed to facilitate collection of the low-density solvent extraction. No centrifugation

was required in this procedure. The water sample solution was added to the extraction cell which contained an appropriate mixture
of extraction and homogeneous solvents. By using air flotation, the organic solvent was collected at the conical part of the designed
cell. Parameters affecting extraction efficiency were investigated and optimized. Under the optimum conditions, the calibration
graph was linear in the range of 1.0-200 pg L' with a limit of detection of 0.3 pg L. The performance of the method was evaluated

for the extraction and determination of palladium in water samples and satisfactory results were obtained. In order to verify the
accuracy of the approach, the standard addition method was applied for the determination of palladium in spiked synthetic samples

and satisfactory results were obtained.
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INTRODUCTION

Palladium is an element with increasing demand in todays indus-
tries, and it is one of the most widely used elements of the platinum
group metals (PGM).! Furthermore, it is used in different areas of
science and technology such as metallurgy, and it is also extensively
used as a catalyst especially in hydrogenation and dehydrogenation
of some of the important organic compounds.? Due to its electrical
conductivity and durability, Pd is widely used in electronic industry
for production of multi-layer ceramic (chip) capacitors, conductive
tracks in hybrid integrated circuits, plating connectors and lead frames
and jewellery.>* One of the most important applications of Pd is the
production of catalytic converters for car engines.’ Anthropogenic
pd has been reported to be mobile and bioaccumulated by aquatic
organisms, generally to a larger extent than other platinum group ele-
ments.®” Moreover, metallic pd has an allergenic potential on humans.®
The monitoring of Pd in environmental samples has great importance
with respect to estimation of the future risk of the human health and
the ecosystem. Palladium analysis requires analytical methods of high
sensitivity, selectivity and the control of interference effects. The most
widely used methods for the determination of Pd in environmental
samples include graphite furnace atomic absorption spectrometry
(GFAAS)*'” and inductively coupled plasma-mass spectrometry
(ICP-MS)."2 In environmental samples, the low concentration of
Pd often requires an enrichment step which allows an accurate and
precise determination of Pd in samples with very low analyte con-
tent. Co-precipitation,' sorption and ion exchange,'*" liquid-liquid
extraction (LLE),'*!" solid-phase extraction (SPE)'®!* and cloud point
extraction (CPE)**?' techniques have been developed and applied for
preconcentration and separation of palladium prior to its detection.

*e-mail: mrezaee @aeoi.org.ir

The solvent microextraction technique such as dispersive liquid-
-liquid microextraction (DLLME)*? which overcomes these proble-
ms by reducing the amount of organic solvent.

The main disadvantage of DLLME is that the extraction solvent is
generally limited to solvents of density higher than water in order to be
sedimented by centrifugation. These solvents are typically chlorinated
solvents such as chlorobenzene, chloroform and carbon tetrachlori-
de, all of which are potentially toxic to human and environment. In
addition, the use of high density solvents as extractant limits wider
applicability of DLLME. This is caused by the more limited choices
as the number of low-density solvents is more than high-density ones.
Typically, most DLLME method has a centrifugation step, which
is the extra time-consuming step in the extraction. Homogeneous
liquid-liquid microextraction via flotation assistance (HLLME-FA)
method was developed for the determination of polycyclic aromatic
hydrocarbons (PAHs) in soil and water samples.**?’ This paper descri-
bes the development and application of HLLME-FA in combination
with graphite furnace atomic absorption spectrometry (GFAAS) for
the determination of palladium in water samples.

EXPERIMENTAL
Chemicals and reagents

A stock standard solution of Pd at a concentration of 1000 mg L™!
was prepared from Tarbiat Modares University (Tehran, Iran).
Working standard solutions were prepared in doubly distilled wa-
ter. All the standard solutions were stored in a fridge at — 4 °C and
brought to ambient temperature just prior to use. 1-undecanol, 1-oc-
tanol, toluene, methanol, ethanol, acetone,acetonitrile and sodium
chloride as a salt were obtained from Merck (Darmstadt, Germany).
A solution of ammonium pyrrolidine dithio carbamate (APDC)
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(0.37 % (w/v)) was prepared by dissolving appropriate amounts of
this reagent in distilled water. Youngling ultra pure water purifica-
tion system (Aqua Max™-ultra, Korea) was used for purification
of water. The pH of solutions was adjusted by dissolving proper
amount of ammonium acetate in distilled water (2.5x10 mol L)
and drop wise addition of nitric acid (0.5 mol L) and/or sodium
hydroxide solutions (0.5 mol L!).

Instrumentation

In this work an atomic absorption spectrometer model PG-990
with a graphite furnace atomizer and deuterium back ground correc-
tion was used all determinations. A palladium hallow cathode lamp
with a wavelength of 247.6 nm, a current of 9.0 mA, a slit with of
0.4 nm was used as radiation source. The temperature program for
graphite furnace atomic absorption is given in Table 1.

Table 1. Temperature program of graphite furnace for metal ion determination

Stage Start (°) End (°C) Ramp Time (s)
Drying 80 140 40.0 5
Pyrolysis 1000 1000 30.0 20
Atomization 2700 2700 - 10
Cleanout 2800 2800 - 4

HLLME-FA procedure

Figure 1 shows the schematic procedure of the proposed method.
A mixture of 1.0 mL acetonitrile (homogeneous solvent) and 200 pL
toluene (extraction solvent) were added to the home-designed extrac-
tion cell (Figure 1-1). 30 uL APDC (0.37 % (w/v)) as a ligand was
added into the 22 mL saline aqueous solution which pH was adjusted
at 6.0. This solution was injected into the extraction cell by syringe,
rapidly (Figure 1-2). In this step, in the initial state of injection, a
homogeneous solution was formed and then with the continuation
of injection an emulsion consisting of fine droplets of the extraction
solvent were formed (Figure 1-3). After about 1 min, by using air
flotation, the organic solvent was collected on the top of the solution
(Figure 1-4). After separation of the two phases, a few volumes of
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Figure 1. Schematic HLLME-FA procedure (Figure 1-1) a mixture of 1.0 mL
acetonitrile containing 200.0 uL toluene was added to the home-designed

microextraction cell, (Figure 1-2) 22.0 mL of the saline aqueous solution
(pH=06) was added into the microextraction cell, (Figure 1-3) a homogeneous
solution was formed in the cell, (Figure 1-4) using air flotation, organic solvent
was moved to the top of the solution, (Figure 1-5) a small volume of distilled
water was added into the glass tube on the side of the cell
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distilled water were added into the glass tube on the side of the cell
(Figure 1-5). The floated organic solvent was raised into the conical
part of the cell. Using a microsyringe, the collected organic solvent
was injected into the GFAAS instrument

RESULTS AND DISCUSSION

This study explored the applicability of HLLME-FA to the analy-
sis of Pd in the aqueous matrices. The effect of a number of variables,
including the type and volume of extraction and homogeneous sol-
vents, ionic strength, pH and concentration of APDC and extraction
time on the sensitivity of the method was examined.

Selection of extraction solvent

Selection of an appropriate extraction solvent is of great impor-
tance in optimization of the HLLME-FA method. In the selection of
extraction solvent, some factors should be considered. The selection
of a suitable extraction solvent is limited by several characteristics,
they must have low water solubility, low density than water, be able
to extract the analyte of interest and be compatible with the analytical
instrumentation to be used. Different low density solvents (1-un-
decanol, 1-octanol, and toluene) with different polarity and water
solubility values were tested for this purpose. It is necessary to add
an excess amount of solvent to recover an equal volume of different
extraction solvents in the upper layer for comparison. The concen-
tration of salt was 1.5 mol L' and 15.0 pL APDC (0.37 % (w/v))
was used. The results show that toluene has the highest extraction
efficiency. It seems that the solubility of the complex in the toluene
is more than the other tested solvents. Thus, toluene was selected for
the subsequent experiments.

Selection of homogeneous solvent

Miscibility of homogeneous solvent in the extraction solvent
and aqueous phase is the main point for selection of a homogeneous
solvent. Therefore, acetone, acetonitrile, ethanol and methanol were
selected for this purpose. A series of sample solutions was studied by
1.0 mL of each homogeneous solvent containing 200.0 uL toluene
(as the extraction solvent). The concentration of salt was 1.5 mol L*!
and 15.0 uL APDC (0.37 % (w/v)) was used. The results showed
that acetonitrile has the highest extraction efficiency with compare
to the other tested solvents. Therefore, acetonitrile was selected as
the homogeneous solvent in further experiments.

Selection of extraction and homogeneous solvent volumes

To examine the effect of extraction solvent volume, different
amounts of toluene (200.0, 250.0 and 300.0 uL) were evaluated. By
increasing the volume of toluene, the absorption of the analyte de-
creased, owing to the increase in the volume of the collected organic
solvent. Based on the experimental results, 200.0 uL toluene was
adopted for further experiments.

In order to study the influence of the volume of homogeneous
solvent on the extraction efficiency, different volumes of acetonitrile
(0.5, 1.0, 1.5 and 2.0 mL) was used. The results showed that with
increasing of homogeneous solvent volume (acetonitrile) up to the
1.0 mL, absorption increases and then decreases. It seems that at a
low volume of acetonitrile, cloudy state is not formed well, thereby,
the absorption decreases. At the high volume of acetonitrile, the so-
lubility of the complex in water increases, therefore, the absorption
decreases. Therefore, 1.0 mL was selected as the optimum volume
of acetonitrile.
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Effect of pH

In procedures involving HLLME-FA, the pH of the aqueous
solution is a very important factor for the extraction of metal ion,
as it controls the interactions between the analyte and the chelating
reagent. Thus, the pH of sample was studied for the extraction of
palladium using buffer solutions with pH values ranging from 1-8.
The results are shown in the figure 2. It was observed that the best
results are obtained when the pH value is 6.0. Subsequently, a buffer
solution of pH 6.0 was used in all additional experiments.
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Figure 2. Effect of pH on the extraction efficiency
Concentration of the chelating reagent

The chelating reagent used in this HLLME-FA procedure was
APDC, which was studied in the volume of 10.0 to 40.0 uL at the
concentration level of (0.37 % (w/v)). The effect of APDC on the
amount of palladium extracted is shown in figure 3. It can be observed
that the absorption of the analytical signal reached a maximum at
the volume of 30 pL. It seems that slight reduction of extraction in
high concentration of APDC is due to the extraction of APDC itself,
which can easily saturate the small volume of the extraction solvent.
Also, at high concentration of APDC, the background absorbance was
increased. Thus, for further studies, we used the volume of 30 pL of
APDC with the concentration of 0.37 % (w/v).
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Figure 3. Effect of concentration of the chelating reagent on the extraction

efficiency
Effect of salt addition

Effect of salt addition on the extraction efficiency was studied
by changing NaCl concentration from 0.5 to 5 mol L'!. Figure 4 de-
monstrates the absorption of the analyte versus concentration of the
NaCl. By increasing the NaCl concentration up to 3.0 mol L', the
extraction efficiency of the analyte increases, because of salting-out
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effect. Higher than 3.0 mol L' of salt, decreased extraction efficiency,
because of increased solution viscosity that reduces dispersion phe-
nomenon. Therefore, 3.0 mol L' was selected as the optimal value
for subsequent analysis.

1.2
14
. 08
=
£ 06 A
S
Z
0414
0.2 4
0 T T T
05 15 3 5

Concentration of NaCl (M)

Figure 4. Effect of NaCl concentration on the extraction efficiency
Effect of extraction time

In this experiment, extraction time is the interval between be-
ginning of the dispersion and the end of dispersion just before air
flotation. Effect of extraction time was examined in the time range
of 1-20 min. The results show that extraction time has no significant
effect on the extraction efficiency of the analyte, because of large
surface area between extraction solvent and sample solution. Hence,
in the following experiments, the extraction time of 1 min was adopted
to achieve maximal extraction efficiency of the analyte.

Interferences

The potential interferences of some ions on the preconcentration
and determination of metal ion were examined. In these experiments,
solutions of 100 pug L' of the analyte containing the interfering ions
were treated according to the optimized procedures. Table 2 shows to-
lerance limits of the interfering ions. In addition, a number of common
anions like CI,, SO,*, NO,, I'and F- were tested. The results showed
that they did not interfere at the concentration up to 100 mg L.

Table 2. Effect of interference on preconcentration and determination of

metal ion
Interference Interfgrence FO metal Recovery %
ion ratio
Cd* 1000 96
Ba* 1000 88
Cr** 1000 92
Fe** 200 97
Ag* 500 91
Na* 1000 96
Ca* 1000 94
Mg* 1000 93
Co* 400 89
A 500 90

Quantitative analysis

The characteristics of calibration curve was obtained under
optimized conditions. Linearity was observed in the range of
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Table 3. Comparison of the proposed method with other extraction methods for the determination of palladium in water samples
Methods R.SD.% Dynamic linﬁar range  Limit of deﬁection Extractif)n time Ref.
(hgLH (hgLH (min)
SFODME based on USD*-FAAS 2 2.0-400 0.6 2 [28]
DLLME-FAAS 0.7 100-2000 90 1 [29]
CPE-ICP-OES <5 0.5-1000 0.3 15 [20]
SPE-GFAAS 35 - 2 - [30]
HLLME-FA-GFAAS 7.5 1.0-200 0.3 1 This work
*Solidification floating organic drop microextraction based on ultrasound-dispersion.
Table 4. Determination of palladium in tap, sea and river water and relative recovery of spiked palladium in them
Sample Conce_ntratioq of Pd Added_Pd Eound Pq Relative recovery (%)
(ug L") = SD#, n=3 (ugL™h) (ug L) = SD*, n=3
Tap water © n.d., 10.0 9.5+0.8 95
River water? 1.8+0.1 10.0 11.0+0.9 92
Sea water © 1.5+0.1 10.0 108+ 1.0 93
Synthetic sample 1" - 10.0 9.8+0.6 98
Synthetic sample 2¢ - 10.0 9.9 +0.5 99

sstandard deviation; *Not detected; “Was taken from our laboratory (Tehran. Iran); ‘Was taken from Anzali River (Gilan, Iran); *Was taken from Caspian sea
(Sari, Iran); Zn*, Cd*, Ni*, Rh*, Co*, Cu*, 2000 ng mL"! of each cation; &Zn**, Cd*, Ni**, Rh*, Co**, Cu*, 1300 ng mL"! of each cation.

1.0-200 pg L' for Pd with correlation coefficient (r?) of 0.9971. The
relative standard deviation (RSD) was 7.5% (n=5). The limit of de-
tection (LOD), based on signal-to-noise (S/N) of three was 0.3 ug L.

Table 3 compares the proposed method with the other extraction
methods for the determination of palladium. Comparison of the pro-
posed method with cloud point extraction,? for the extraction and
determination of the analyte indicates that this novel method has a
short extraction time for the determination of the analyte. Quantitative
results of the proposed method such as detection limit and linear
range are better than of solid-phase extraction,” solidification floating
organic drop microextraction based on ultrasound-dispersion® and
dispersive liquid-liquid microextraction®* methods and comparable
with cloud point extraction method. Also, the main advantages of the
proposed method are this novel method does not need centrifugation
to separate the organic phase and it is possible to use of low-density
extraction solvents. The limitation of the presented method is the
design of the special extraction cell. However, it is easy to design and
made it in every laboratory. Finally, it can be concluded that the pro-
posed method is an efficient, rapid, simple and cheap microextraction
method that can be a complement technique for DLLME and HLLE
methods that have been used with organic solvents more dense than
water for the determination of palladium in water samples.

Sample analysis

During the present investigation, matrix effects on the extraction
were also evaluated by investigating the applicability of the proposed
method to determine palladium concentration in river, tap and sea
water samples. These samples were extracted using HLLME-FA
method and analyzed by GFAAS. These samples were spiked with
palladium standard to assess matrix effects. The results of relative
recoveries were between 92 to 95%. These results (Table 4) de-
monstrate that the tap (salinity is 0%), sea (salinity is approximately
1.2%) and river water (salinity is approximately 0.007%) matrices,
in our present context, had little effect on HLLME-FA method. In
order to verify the accuracy of the approach, the standard addition

method was applied for the determination of palladium in spiked
synthetic samples which are mentioned in Table 4. Cations which
could compete significantly with for chelate formation were chosen
for this purpose. The concentration of Pd in the samples was found
to be 9.8 £ 0.6 and 9.9 + 0.5 and are in good agreement with the
certified value of 10.0 for Pd. Thus, the method is reliable for the
determination of Pd in the water samples.

CONCLUSIONS

In the present study, a novel HLLME-FA method was developed
for the extraction and determination of palladium in water samples.
The method was successfully applied to the determine palladium in
water samples and satisfied recoveries and suitable reproducibilites
were obtained. In HLLME-FA method, consumption of toxic organic
solvents is minimum. Also the proposed method has low LOD and
short extraction time for the determination of palladium in water
samples. We demonstrate that the optimization provides good linear
ranges and improved detection limit. The proposed method was con-
venient for the usage of low-density extraction solvents. Air flotation
was used to break up organic solvent in water emulsion and to finish
the extraction process and it does not need centrifugation to separate
the organic phase.
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