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Abstract A highly sensitive, simple and rapid method is
presented for the determination of palladium using
graphite furnace atomic absorption spectrometry after its
separation and preconcentration by dispersive liquid-
liquid microextraction. Ultra traces of Pd were extracted
and preconcentrated in acidic water samples by using 2-
amino-1-cyclohexene-1-dithiocarboxylic acid as a suitable
chelating agent, and carbon tetrachloride and acetone as
extraction and disperser solvents, respectively. The exper-
imental parameters were optimized in order to enhance the
extraction efficiency. After optimizing the extraction
conditions and various instrumental parameters, an
enhancement factor of 350 was obtained. The analytical
curve absorbance vs. concentration was linear over the
range 0.02–0.6 µg L-1 Pd. The detection limit and relative
standard deviation were 0.007 µg L-1 and 4.2%, respec-
tively. The method was successfully applied to the
determination of palladium in roadside soil and several
aqueous samples.

Keywords Palladium . Dispersive liquid-liquid
microextraction . Graphite furnace atomic absorption
spectrometry . Applications

Introduction

Palladium is a metal of economic importance due to its
extensive use as a hydrogenation catalyst, as a catalyst in
various chemical syntheses, as a micro− contactors in
electronics, in jewellery manufacture, in production of
dental and medicinal devices and, in recent years, as a
component in the three-way catalysts in automobile exhaust
gas catalytic beads [1]. As a result of such diverse
applications, palladium can be distributed and cause
damage to the environment, even at low tendency to
accumulation in the food chain and low decomposition
rates, palladium is grouped within the category of environ-
mental toxins [2].Up to date, the sources of palladium
sensitization identified most often for the general popula-
tion are dental restorations and jewellery. Most case reports
refer to palladium sensitivity associated with exposure to
palladium-containing dental restorations, its symptoms
being contact dermatitis, stomatitis or ucostitis and oral
lichen planus. Some palladium compounds have also
reported as potent sensitizers of the skin. Because of such
issues, the preconcentration and determination of palladium
are of great concern.

2-Amino-1-cyclohexene-1-dithiocarboxylic acid
(ACDA) and some of its derivatives, first synthesized by
Takeshima et al. [3, 4], have already been employed as
suitable reagents for the determination of Cu2+, Cd2+, Co2+,
and Ni2+ with ACDA in various methods [5-8]. In the
present investigation, ACDA was used as an excellent
chelating agent for the complexation and extraction of
palladium in µg L-1 levels.

There are several literature reports for preconcentration
and determination of palladium using liquid-liquid extrac-
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tion [9-13], solid phase extraction [14-16] and cloud point
extraction [17, 18]. Despite the fact that these methods have
their own advantages for application to the analysis of Pd in
real samples, most of them are associated with one or more
of the following disadvantages as high time consumption,
solvent loss, and unsatisfactory enrichment factor. Thereby,
the development of simple, rapid, selective and efficient
separation and preconcentration methods for low level
determination of palladium is challenging area of research.

To overcome the above mentioned difficulties, recently a
novel microextraction technique, named dispersive liquid-
liquid microextraction (DLLME), was developed and
successfully applied to the extraction and preconcentration
of ultra trace amounts of organic compounds and inorganic
elements [19-23]. It is worth mentioning that based on
previous literature reports [5-8], among a large number of
transition and heavy metal ions it is only palladium(II) ion
that can form a stable complex with ACDA in highly acidic
solutions.

In DLLME technique, the volume of organic solvent is
minimized and sample extraction and preconcentration will
be carried out in a single step, faster and simpler than
conventional methods. In addition, aqueous to organic
phase ratio is higher than 100, thus providing a very high
pre-concentration factor. In DLLME, the preconcentrated
phase (sedimented phase) can be formed by rapid injection
of an appropriate mixture of the extraction and disperser
solvents into aqueous phase containing the metal ion
complex. Consequently, a cloudy solution is formed and
the metal complex will then interacted with the fine
droplets of extraction solvent and extracted in it. After
centrifuging of fine droplets, the sedimented phase is
formed at the bottom of conical tube. Finally, the analyte
content of the sedimated phase will be determined by
graphite furnace atomic absorption spectrometry (GFAAS).

In the present work, we used this method for selective
extraction and pre-concentration of sub-nanogram amounts
of Pd (II) ions by ACDA, as a suitable chelating agent, and
subsequent determination by GFAAS. Simplicity of the
operation, rapidity, low cost, low organic solvent consump-
tion, high recovery, low sample volume and high enrich-
ment factor combined with good detection limit of GFAAS
are the advantages of DLLME-GFAAS system for deter-
mination of palladium.

Experimental

Reagents

Reagent grade chlorobenzene, carbon tetrachloride, chloro-
form, as extraction solvent, and ethanol, methanol, acetone
and acetonitrile, as disperser solvents, and nitric acid and

sulfuric acid were purchased from Merck Chemical
Company and used as received. Doubly distilled water
was used throughout. Analytical grade palladium chloride
and nitrate salts of other cations (all from Merck) were of
the highest purity available from Merck and used without
further purification except for vacuum drying. ACDA was
prepared and purified according to Takeshima et al. [3, 4]
and used as a 1.0×10-3M solution in acetone.

Instrumentation

All measurements were carried out using a Shimadzu
atomic absorption spectrometer (AA6800G), equipped with
a graphite furnace atomizer GFA-6500 and an autosampler
ASC6100. Deuterium background correction was employed
to correct nonspecific absorbance. All measurements were
performed using the peak heights. A palladium hollow
cathode lamp (Hamamatsu Photonic Co. Ltd., L233 series)
and a pyrolitic coated graphite tube (Shimadzu part no.
206-69984-02) were used. The sample injection volume
was 10 µL in all experiments. The experimental parameters
and temperature program for the graphite atomizer are
listed in Table 1. Argon gas with 99.95% purity was
purchased from Roham Gas Co. (Tehran, Iran) and was
used as protected and purges gas. A Behdad Universal
Centrifuge (Tehran, Iran) was used for centrifugation. All
10 mL screw cap falcon test tubes with conical bottom
(extraction vessel) were maintained into 0.1 M HNO3, for
cleaning of any inorganic compounds, and washed with
doubly distilled water and then with acetone for proper
sedimentation of fine droplets of extraction solvent in
centrifuging step. The pH measurement on the aqueous
phase was performed using a PP-50 Sartorius pH meter
equipped with a combined glass electrode.

General procedure

In a calibrated 10 mL volumetric flask was added 1.00 mL
of 2 µg L-1 of palladium solution, 0.5 mL of 2.0 M H2SO4,
to achieve a pH of 0.9, and 0.25 mL of 1.0×10-3M ACDA
solution in acetone and diluted to the mark with distilled
water and mixed well. The solution was then removed into a
15 mL screw cap falcon conical test tube. 800 µL of acetone
(disperser solvent) containing 40 µL of carbon tetrachloride
(extraction solvent) were injected rapidly into the sample
solution by using a 1.00 mL Hamilton syringe and the
solution was gently shaken. A cloudy water/acetone/carbon
tetrachloride solution was formed in the test tube. In this
step, the palladium-ACDA complex is extracted into the fine
droplets of carbon tetrachloride. The mixture was then
centrifuged for 2 min at 4,000 rpm. After this process, the
dispersed fine droplets of carbon tetrachloride were sedi-
mented at the bottom of test tube (25±1 µL). After
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centrifugation, the aqueous phase was carefully removed so
that a stable sedimented phase was remained. Afterward,
about 20 µL of the sedimented phase was charged into an
auto-sampler device, and 10 µL of it was then injected into
the graphite tube, and the palladium content was determined
by graphite furnace atomic absorption spectrometry. To
prevent sample spreading over the atomizer surface, in all
experiments, the drying and ashing steps were carried out
with a long ramp time [24].

Preparation of roadside soil sample

Palladium of the automobile catalyst origin is introduced
into roadside soil in an artificial way. The content of
palladium was strongly correlated to the density of traffic.
Because of certified reference material was not available,
we decided to analyze a roadside soil sample from urban
road of Arak, Iran, by the proposed method and validate it
by recovery of appropriate amounts of Pd standard solution
to the sample, before its digestion.

1.0000 g of the soil sample was weighed into a PTFE
beaker. In order to decompose it, the sample was heated at
100˚C in the presence of 2×10 mL of aqua regia for 1 h;
afterwards, 1 mL concentrated HF was added and the
solution was heated to near dryness. Now, 1 mL of
concentrated HCl was added and the solution made up to
25 mL with distillated water and, finally, 1.00 mL of the
solution was taken and the recommended procedure was
followed.

Results and discussion

In order to reach the optimized conditions for quantitative
extraction and high enrichment factor of palladium by
DLLME method, the influence of different parameters such
as volume and nature of both disperser and extraction
solvents, pH of aqueous solution, concentration of chelating
agent, salt effect and extraction time were investigated. The
enhancement factor (EF) was calculated from the slope
ratio of calibration curves obtained after and before
DLLME.

Influence of type and volume of extraction solvent

The selection of an appropriate solvent as a key parameter
is an important task in DLLME process. The organic
extraction solvents should possess densities lower than
water as well as low water solubilities, and are selected
based on their highest extraction efficiencies for the
palladium-ACDA complex. Thus, the ability of chloro-
benzene, carbon tetrachloride and chloroform, with
respective densities of 1.107, 1.590 and 1.492 g cm-3,
were compared for the extraction of palladium-ACDA by
the proposed method. A series of sample solutions was
studied by using 800 µL of acetone, as dispersing solvent,
containing different volumes of extraction solvent to
achieve a final 25±1 µL volume of the sedimented phase.
Thereby, 43, 40 and 45 µL volumes of chlorobenzene,
carbon tetrachloride, and chloroform were selected,
respectively, and used for the DLLME and GFAAS
determination of 0.3 µg L-1 palladium. The results
revealed that percent recovery by using chlorobenzene,
carbon tetrachloride and chloroform is 81±5, 104±3 and
78±4, respectively. Therefore, carbon tetrachloride, with
the highest extraction efficiency, was selected as the best
solvent for further experiments.

In order to evaluate the optimal volume of extraction
solvent, solutions containing different volumes of carbon
tetrachloride were examined with the same DLLME
procedures. The experimental conditions were fixed and
included the use of 800 µL acetone containing different
volume of carbon tetrachloride (i.e., 40, 47, 55, 65, 75,
85 µL). According to the results obtained, by increasing the
volume of carbon tetrachloride, the volume of sedimented
phase increased from 25 to 77 µL. Meanwhile, the
extraction recovery was found to be almost quantitative in
the case of all solvent volumes examined, which empha-
sizes the high distribution coefficient of palladium-ACDA
complex in carbon tetrachloride under the experimental
conditions used. However, as expected, the enrichment
factor found to decrease significantly with increasing
volume of carbon tetrachloride. Subsequently, at lower
volume of CCl4, higher enrichment factor and quantitative
recovery are reachable. On the other hand, our experience

Stage Temperature (°C) Mode Hold time (s) Argon flow rate (mL min-1)

Drying 50 Ramp 30 250

Drying 200 Ramp 50 250

Pyrolysis 1,100 Ramp 50 500

Pyrolysis 1,100 Step 10 250

Pyrolysis 1,100 Step 4 0

Atomization 2,100 Step 4 0

Cleaning 2,400 Step 1 1000

Table 1 The graphite furnace
temperature-time program for
palladium determination
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revealed that in carbon tetrachloride volumes lower than
40 µl, picking up of 10 µL of the resulting sedimented
phase by autosampler was practically difficult. Thus, 40 µL
of carbon tetrachloride was selected as the optimum volume
of extraction solvent.

Influence of nature and volume of disperser solvent

The most important point for the selection of a suitable
disperser solvent is its mutual miscibility in organic phase
(extraction solvent) and aqueous phase (sample solution) is.
Thereby, acetone, methanol, ethanol, and acetonitrile which
possess these abilities were tested as potential disperser
solvents. Thus, under the same experimental conditions, a
series of sample solutions were prepared by using 800 µL
of each disperser solvent containing 40 µL of carbon
tetrachloride and the recommended procedure was fol-
lowed. The results showed that, in all cases, the recovery is
almost quantitative, and variations in percent recovery are
not remarkable. Thus, among the three candidate solvents,
acetone was selected as disperser solvent for further studies,
due to its low toxicity and cost.

Since the change in volume of acetone resulted in a
change in the volume of sedimented phase, it was necessary
to optimize the volume of disperser solvent. It was found
that, at low volume of acetone, the cloudy solution was not
formed completely while, at high acetone volume, the
solubility of carbon tetrachloride in aqueous solution was
increased. Therefore, it was important to consider the effect
of acetone volume on the extraction efficiency of the
system.

In order to achieve a constant volume of sedimented
phase throughout the experiments, the volume of acetone
and carbon tetrachloride were simultaneously changed, so
that the volume of the sedimented phase remained nearly
constant at 25±1 µL. In this respect, several experiments
were carried out by using varying volume ratios of acetone
(mL)/carbon tetrachloride (µL) of 0.25/37, 0.50/38, 0.75/
39, 1.0/40, 1.25/42, 1.5/43.5 . The results showed that the
extraction efficiency is increased with increasing volume of
acetone up to 0.75 mL, and remained more or less constant
up to 1.0 mL of acetone, and then decreased significantly
upon further increase in volume of acetone used. The
observed decrease in the extraction efficiency at acetone
volumes lower than 0.75 mL is most possibly due to
incomplete formation of cloudy state, while at volumes
higher than 1.0 mL acetone, the decreased extraction
efficiency could be due to the increased solubility of
palladium-ACDA complex in aqueous phase, which results
in diminished distribution coefficient and extraction recov-
ery of palladium. According to the results, a volume of
0.8 mL of acetone was chosen as optimum disperser
volume.

Effect of extraction time

The extraction time in DLLME process is considered as the
time interval between the injection moment of the mixture
of disperser/extraction solvent, and the moment of starting
the centrifugation process. In order to study the influence of
extraction time, the extraction procedure was carried out at
different time intervals, in the range of 0–20 min, under the
same experimental conditions. The obtained results clearly
showed that the proposed extraction method is very fast so
that the extraction time has no considerable effect on the
signal of palladium. This is mainly due to an infinitely large
surface area between extraction solvent and aqueous phase,
which results in rapid transfer of palladium-ACDA
complex from aqueous phase into the organic solvent is.
Such a short extraction time can be considered as one of
the main advantages of the DLLME method, as reported
before [19-23].

Influence of pH of test solution

For successful extraction of palladium ion from the aqueous
phase to the organic solvent by DLLME method, it is
necessary to optimize the pH of test solution for the
selective formation of a neutral Pd-ACDA complex with
sufficient hydrophobicity and quantitative extraction into
the extraction solvent. The effect of pH on extraction of
palladium ion from water sample was studied in the range
of 0.6–8.5 and the results are shown in Fig. 1. As it is
obvious, the absorbance signal was increased by decreasing
of pH from 6.4 to 1.25 and remained more or less constant
at lower pH values. Therefore, a pH of 0.9 maintained by
adding an appropriate amount of 2.0 M sulfuric acid was
selected for further studies.
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Fig. 1 Effect of pH of test solution on the absorbance of palladium
after DLLME. Extraction condition: sample volume, 10.0 mL;
concentration of Pd2+, 0.4 µg L-1; sedimented phase volume, 25±
1 µL; pH, 0.9; concentration of ACDA, 2.5×10-5M. volume of
extraction solvent, 40 µL. Error bars correspond to the standard
deviations of three replicate measurements
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Influence of ACDA concentration

The influence of ACDA concentration, as an excellent
chelating agent for Pd2+ ion, on the efficiency of DLLME
was investigated under the same experimental conditions, and
the results are shown in Fig. 2. As seen, the extraction
efficiency increased with increasing concentration of the
ACDA until a reagent concentration of about 4.0×10-4M is
reached. Further increase in concentration of ACDA resulted
in a gradual decrease in extraction efficiency of the system for
palladium ion, most probably due to the extraction of excess
of ACDA, which in turn decreases the limited capacity of the
organic solvent for the quantitative extraction of the
palladium-ACDA complex. Thus, an ACDA concentration
of 3.75×10-4M was selected for subsequent experiments.

Effect of ionic strength

In order to investigate of influence of the ionic strength of
test solution on the extraction efficiency of the system,
different amounts of NaCl (0-5 %w⁄v) were tested, while
the other experimental conditions were kept constant. The
results revealed that the volume of sedimented phase
increases slightly (less than 2%) with increasing concentra-
tion of NaCl, which results in some decreased enrichment
factor of the system. Meanwhile, as expected, the salting
out effect increases the enrichment factor. Therefore, the
combination of these opposite phenomena practically
resulted in no significant effect on recovery and enrichment
factor of the DLLME.

Effect of diverse ions

In order to study the effect of various cations and anions on
the determination of Pd2+, a fixed amount of palladium ion
(0.3 µg L-1) was taken with different amounts of a large
number of potentially interfering ions and the recommended

procedure was followed. A relative error of 5% was
considered tolerable. The results are summarized in Table 2.
As is obvious, under the optimized conditions used and,
especially, at an acidic solution of pH 0.9, none of the ionic
species examined interfere in extraction and determination of
palladium, even at concentrations of 1,000 µg L-1 and higher.

Figures of merit

The figures of merit of the proposed DLLME-GFAAS
method, including linear range, limit of detection, reprodu-
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Fig. 2 Effect of ACDA concentration on recovery of palladium ion in
DLLME. Extraction conditions: same as Fig. 2. Error bars correspond
to the standard deviation of three replicate measurements

Table 2 Effect of potentially interfering ions on the preconcentration
and determination of palladium ion (0.3µg L-1)

Ion Concentration (µg L-1) Recovery (%)

Fe2+ 2,000 98.7

Fe3+ 2,000 97.7

Mn2+ 1,000 98.0

Ni2+ 1,000 96.1

Pb2+ 1,000 102.6

Co2+ 1,000 98.3

Sb3+ 2,000 99.1

Cu2+ 1,000 97.4

Zn2+ 2,000 99.6

Au3+ 2,000 104.1

Cr3+ 2,000 101.1

Ag+ 2,000 99.4

Bi3+ 2,000 99.8

Al3+ 2,000 107.5

Cd2+ 1,000 97.4

Na+ 200,000 103.2

K+ 200,000 102.5

Ca2+ 200,000 99.1

SO4
2- 200,000 100.2

Cl- 200,000 98.2

NO3
- 200,000 101.7

Table 3 Analytical characteristics of the proposed method for
determination of palladium

Parameter Value

Regression equation Yn=1.7053 X+0.178

Linear range (µg L-1) 0.02 – 0.6

Correlation coefficient (r2) 0.995

Enhancement Factor 350

Extraction time (min) <3

Sample volume (mL) 10

RSD (%) (n=8)a 4.2

Limit of detection (µgL-1) (n=10) 0.007

a Pd2+ concentration=0.3 µg L-1
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cibility and enhancement factor are listed in Table 3. The
results clearly demonstrate a distinct improvement in the
figures of merit of GFASS brought about upon its
combination with DLLME technique. Under the optimum
experimental conditions, the linear range (LR) of the
calibration curve found to be 0.02–0.60 µg L-1, with a
regression coefficient of 0.995. The enhancement factor for
the proposed method found to be 350, as obtained from the
slope ratio of calibration curve after (1.70) and before
(0.0049) of extraction. The limit of detection (LOD) was
calculated as the ratio of three times of standard deviation of
blank signal and the slop of calibration curve after
preconcentration. The LOD was achieved 0.007 µg L-1.
The high sensitivity presented by GFAAS is a decisive factor
when analytes have to be determined at very low concentra-
tion [24]. The relative standard deviation (RSD) for the eight
replicate measurements of 0.30 µgL-1 palladium from 10 mL
of standard solutions was found to be 4.2%.

Comparison of DLLME-GFAAS with other methods

In Table 4 are compared the main analytical characteristics
(i.e., LR, LOD, RSD, EF, extraction time, and sample
consumption) of the proposed DLLME-GFAAS method for
the determination of palladium with those of some of the
best previously methods for this purpose. These reported
methods include liquid-liquid extraction (LLE)-spectropho-
tometry [10], online pre-concentration-graphite furnace
atomic absorption spectrometry (GFAAS) [12], adsorptive
pre-concentration-flame atomic absorption spectrometry
(FAAS) [14], cloud point extraction (CPE)-flame atomic
absorption spectrometry (FAAS) [17], cloud point extrac-
tion (CPE)-spectrophotomtry [18], solid phase extraction
(SPE)-flame atomic absorption spectrometry (FAAS) [25],

solid phase extraction (SPE)-inductively coupled plasma-
atomic emission spectrometry (ICP-AES) [26].

As it can be concluded from Table 4, although the
proposed method possess some improved features includ-
ing the low LOD, high enhancement factor, short extraction
time (less than 3 min) and low sample consumption
(10 mL), some of the previously reported methods have

Table 4 Comparison of proposed method with other preconcentration methods for palladium

Method RSD a (%) LOD b (ng L-1) EFc Sample
consumption (mL)

Time
(min)

Calibration Range
(µg L-1)

Reference

CPE- Spectrophotomtry 1.3 470 50 50 >15 2–50 [18]

CPE-FAAS 1.95 67 70 100 >15 0.15–1.73 [17]

SPE-FAAS 1.2 12,000 100 50–1000 >30 100–2000 [25]

SPE-ICP-AES 3.2 200 100 100 >5 1–1000 [26]

Online preconcentration-GFAAS 3.9 23 - 2 10 0–2 [12]

Adsorptive preconcentration -FAAS 1.7 1,200 70 25 15 2–400 [14]

LLE-Spectrophotomtry 0.7 30 10 50 15 0.3–220 [10]

DLLME-GFAA 4.3 2.4 156 5 <3 0.1–5 [27]

DLLME-GFAAS 4.2 7 350 10 <3 0.02–0.6 [This work]

a Relative standard deviation
b Limit of detection
c Enrichment factor

Table 5 Determination of palladium in different samples

Sample Palladium spiked
(ngL-1)

Palladium founda

(ngL-1)
Recovery
(%)

Tap waterb 0 n.d.g -

200 197±5 98.5

400 391±6 97.7

Mineral
waterc

0 n.d. -

200 200±6 100.0

400 394±8 98.5

Synthetic
sample 1d

200 202±4 101.0

400 405±7 101.2

Synthetic
sample 2e

200 197±7 98.5

400 385±8 96.2

Soil sample f 0 937±7 -

100 1035±8 98.0

200 1130±8 96.5

aMean ± S.D., n=3
b From drinking water system of Arak, Iran
c From Sarband mountain, Arak, Iran
d Pb2+ , Fe2+ , Fe3+ , Bi3+ , Zn2+ , Ag+ , 3.0 µgmL-1 of each cation
e Ni2+ , Co2+ , Cu2+ , Cd2+ , Cr3+ , Au3+ , 1.0 µgmL-1 of each cation
f from urban road of Arak; distance to road, 1 m
g nd Not detected
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also several advantageous properties such as better RSD,
low sample consumption, and on line capability. The results
clearly revealed that DLLME-GFAAS is a sensitive, rapid,
and simple technique that can be used for preconcentration
and determination of ultra trace amounts of palladium from
real samples.

Analytical applications

The proposed DLLME-GFAAS method was validated by
extraction and determination of palladium from tap, mineral
and waste water and synthetic samples and the results are
summarized in Table 5. For this purpose, 10 mL of the
water and synthetic samples were spiked with 0.2 and
0.4 µg L-1 palladium standard solution and the recommen-
ded procedure was followed to assess the matrix effects.
The method was also applied to the determination of
palladium content of, as well as recovery of some added Pd
to, a roadside soil sample and the results are also included
in Table 5. As it is obvious from Table 5, in all cases, the
extraction efficiency of palladium was excellent, and
showed no serious matrix effects.

The determination of palladium in a waste water sample
obtained from ET unit of Arak Petrochemical Company,
which contained a large amount of copper ion, was also
carried out by the proposed method. Here, a 10.0 mL
portion of the waste water was transferred into a 500 mL
volumetric flask and diluted to the mark with doubly
distilled water. The copper content of the resulting solution
was 30 mgL-1. The extraction and determination of
palladium content in this solution which was carried out
via standard addition method found to be 448±30 µg L-1 by
the recommended procedure. The result revealed a satis-
factory agreement with that obtained ICP-AES (i.e., 466±
20 µg L-1).

Conclusions

In this work we introduced DLLME-GFAAS method for
the analysis of ultra trace amounts of palladium in tap,
mineral and waste waters, and synthetic and roadside soil
samples. The proposed DLLME method takes advantages
from low cost, use of minimized toxic organic solvents,
simplicity of operation, rapidity, high enhancement factor
and high sensitivity and selectivity. The limit of detection
of the proposed DLLME-GFAAS method (0.007 µg L-1) is
significantly improved over that of the best of previously
reported methods for palladium determination.
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