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A new, sensitive, and accurate on-line spectrophotometric method for the determination of palladium
was developed. The method is based on the reaction between Pd(Il) and 2,2’-furyldioxime in nitric acid
medium. The absorbance of the complex is spectrophotometrically measured at 410 nm with a diode-
array detector. Several factors that influence the analytical performance of the method such as acidity,
flow rates of the reagent and sample solutions, concentration of the reagent, and effect of interfering ions
were investigated. The calibration curve was obtained in the range of 0.01-10.0 mgL~' Pd(II).
The detection limit was 0.1 pg L~! while the relative standard deviation of the method was found to
be 1.2% (n=13) at 4.0 mgL™! Pd(ll) level. The sample throughput was 275h~!. The method was
successfully applied to the determination of palladium in catalytic converter, anodic slime, road
sediment, ore, and water samples.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Noble metals have low crustal abundance (approximately
1 ng g™ '), yet they are components of different geological samples
such as rocks, ores, concentrates, minerals, soils, and sediments. In
the earth's crust, Pd usually occurs in its native form associated
with one or more of the other platinum group elements (PGEs)
along with gold, iron, copper, nickel, and chromium [1]. Palladium
is an element of increasing importance in today's industries. The
annual production of palladium is estimated to be 195t; the
majority of this is used in autocatalysts (55%), with other uses
including electronics (16%), jewelry (11%), dental medicine (8%),
investment (5%), the chemical industry (4%) and in the purification
of hydrogen gas [2,3].

The low concentration of Pd, together with the high concentra-
tion of interfering matrix components, often requires a preconcen-
tration step combined with a matrix separation; this allows an
accurate and precise determination of Pd in samples with very low
analyte content, such as airborne particulate matter and water.
Furthermore, it enables the distinguishing of contaminated from
background levels [4].

Recently, on-line solid phase extraction techniques have been
described for the separation and preconcentration of Pd and Pt
using polyamine Metalfix-Chelamine resin [5], and Pd using
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Amberlite XAD-16 resin functionalized with 2-[2-(5-thiol-1,3,4-
thiadiazolyl)]-azonaphthol (TTAN) reagent [6]. Si et al. used 2-(2-
quinolylazo)-5-dimethylaminoaniline as a chromogenic reagent
[7] and Kumar et al. reported the use of 2-hydroxy-3-methoxy
benzaldehyde thiosemicarbazone for the spectrophotometric
determination of palladium [8]. Dimitrova et al. described a
flow-injection on-line separation/preconcentration technique and
ETAAS detection of palladium in a tunnel dust matrix utilizing a
cyclic polyether, 18-crown-6 [9]. Shah and Devi synthesized a poly
(vinylpyridine)-based chelating resin anchored with dithizone for
the separation and preconcentration of palladium(Il) and platinum
(IV) from gold(Ill) and nickel(II).

Fire-assay [10], coprecipitation [11], sorption and ion exchange
[12], liquid-liquid extraction [13,14], solid-phase extraction
[15,16], dispersive liquid-liquid microextraction [17], and cloud
point extraction [18,19] techniques have been developed and
applied for the preconcentration/separation of palladium prior to
its detection. However, many preconcentration approaches involve
tedious procedures with multiple steps.

Many analytical techniques, such as flame atomic absorption
spectroscopy [20-23], electrothermal atomic absorption spectro-
scopy [24-25], inductively coupled plasma-atomic emission spec-
troscopy [26], inductively coupled plasma-mass spectrometry
[27], and voltammetry [28], are actually available to determine
palladium in various samples.

From a practical point of view, for application in the in-situ
analysis of various environmental samples and natural waters, a
method must be rapid, simple and without preconcentration step.
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In the case of palladium, we usually find that concentrations below
5-10 pg L~! and detection limits of about 1-5 pg L~! are required.
This sensitivity may be reached only with a preconcentration step.
Therefore, the preconcentration step is not easily applicable to in-
situ analysis; consequently, the above mentioned methods are not
suitable for practical environmentalists [4-8,29-35].

Actually, there is no direct method with the required sensitiv-
ity, and though the flow-injection spectrophotometric determina-
tion of palladium has received much attention, the detection limits
are normally found at around pg L' levels [13].

This work describes a rapid, sensitive, and cost-effective flow-
injection method for the determination of palladium based on the
spectrophotometric detection of the intense yellow complex
which is formed by the reaction between Pd(II) and 2,2'-furyldiox-
ime in 3 mol L~! HNO; medium. To the best of our knowledge, a
direct spectrophotometric flow-injection method for the determi-
nation of palladium in various samples is not yet available in the
literature.

2. Experimental
2.1. Instrument

The absorption spectrum was recorded on a Hitachi model
150-20 UV-vis spectrophotometer (Hitachi, Ltd., Japan).

A peristaltic pump (Ismatec SA, Glattbrugg, Switzerland) was
used for the flow-injection manifold. The sample solution was
injected via a two-way valve with a 50 pL sample loop (7125 Cotat,
California, Rheodyne). Tygon tubings (0.64 mm i.d.) were used as
the flow lines for nitric acid and 2,2’-furyldioxime solutions, and
Y-shaped connectors for merging the reagent streams. A home-
made mixing coil with optimized length was prepared from PTFE
tubing. The analytical signals were acquired by using a photo
diode array detector (DAD) equipped with a chart recorder
(D-2500 Chromato-Integrator, Merck Germany). The home-made
FI manifold used is shown schematically in Fig. 1.

2.2. Reagents and standard solutions

All chemicals were of analytical reagent grade and used
without further purification. The palladium standard solution
(1000 mg L~!) was purchased from BDH Spectrosol (England).
Working solutions were prepared by diluting the stock solutions
with deionized water. A 0.1% (w/v) solution of 2,2’-furyldioxime
(Fluka, Germany) was prepared by dissolving 0.1 g of the reagent
in ethanol and diluting to 100 mL with 3 mol L~! HNOs. In order to
ensure the accuracy of the recommended procedure, a certified
reference material, (CDN-PGMS-10, CDN Resource Laboratories

mL min? 5= 30 pL
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Fig. 1. Schematic diagram of direct spectrophotometric flow-injection determina-
tion of palladium(Il). P: Peristaltic pump (at flow rate of each stream,
2.7 mL min~"), C: Carrier (3 mol L~! HNOs), R: Reagent (0.1% 2,2'-furyldioxime, w/
v), RC: Mixing coil (40 cm), S: Sample injection valve (injection loop, 50 pL), D:
Diode array detector, W: Waste, Number of injection cycle: 275 h~', Injection cycle
time: 13 s.

Ltd., British Columbia, Canada), which contains platinum group
metals was analyzed. Its certified values are: 10.99 + 0.73 mg kg™!
for Pd, 0.307 + 0.044 mg kg~! for Au, and 2.93 +0.20 mg kg~! for
Pt. All laboratory glassware was cleaned by using a nitric acid
solution, and then rinsing several times with deionized water.

2.3. Recommended procedure

The flow-injection system consists of the carrier stream (nitric
acid, C) and the reagent (2,2’-furyldioxime, R) streams, and they
merge with each other after the sample injection valve. 50 pL of
the sample solution, containing 0.01 mg L' to 10 mg L~ Pd(II), is
injected directly into the carrier stream. The water-soluble com-
plex (Amax at 410 nm) was formed during the passage of the
mixture through a 40-cm reaction coil (RC). The cycle time was
about 13 s for one run. Therefore, approximately 275 injections are
possible in 1h. The transient signal from the detector was
recorded as the peak area, which was proportional to the palla-
dium concentration in the sample, and this was used for all the
measurements. The recorded peaks were sharp and the baseline
was stable. Five replicate injections per sample were made in all
instances. The signal was measured by the DAD detector at 410 nm
and recorded on the chart recorder. The flow-injection on-line
system with a two-channel peristaltic pump is illustrated in Fig. 1.

2.4. Sample preparation

To PTFE beakers which contained 0.1 g portions of the
CDN-PGMS-10 certified reference material were added 10 mL of
concentrated HNOs and 3 mL of concentrated H,0,. The mixture
was heated until the solution became transparent, and heating
continued to near dryness. The residue was dissolved in 25 mL of
3mol L-! HNOs, and then the procedure was applied to these
aqueous samples [3,6,17,32].

A 0.1 g crushed and ground portion of the converter, and 1.0 g
portions of anode slime, ore, and road sediment samples were
weighed into 100 mL beakers. In order to facilitate decomposition,
20 mL of aqua regia was added to the beaker and the mixture was
heated to near dryness. Then, 10 mL of aqua regia was again added
to the moist residue and the mixture was evaporated to dryness.
The volume of the filtrate was completed to 25 mL with 3 mol L™!
HNO;5 and used for the determination of Pd(II) [3,6,17,32]. Blank
determinations were carried out in the same way. The determina-
tion of Pd(Il) ions in the final measurement solutions was
performed by the proposed flow-injection spectrophotometric
method.

Tap water samples were analyzed without pre-treatment. All
the other water samples were filtered through Whatman no. 41
filter paper and subsequently analyzed by the proposed method.

3. Results and discussion

3.1. Formation and absorption spectra of the
Pd(11)-2,2’-furyldioxime complex

Pd(II) reacts with 2,2’-furyldioxime and forms a yellow-colored
complex in 3 mol L~! HNO; medium. Stopped-flow experiments
showed that the completion of the complex-formation was rea-
lized within a few seconds. The complex exhibits maximum
absorbance at around 410 nm. At this wavelength, the reagent
blank has practically negligible absorbance (~0.002). The sensitiv-
ity increased at least 10-fold in the FI system due to the distribu-
tion of the complex compared with the direct measurement. The
absorption spectra of the complex which formed between palla-
dium(Il) and 2,2’'-furyldioxime were recorded on a Hitachi model
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150-20 UV-vis spectrophotometer in the wavelength range
200 nm to 700 nm. In order to achieve the greatest sensitivity,
the measurements were made at 410 nm in further studies.

3.2. Effect of acidity

The acidity of the sample solution plays a unique role in metal-
chelate formation. So, in order to evaluate the effect of acidity on
the determination of Pd(Il) (0.5 mgL™"), sample solutions were
acidified with 0.01 mol L™! to 4 mol L~! HNOs, H,SO, and/or HCl,
and processed according to the recommended procedure. As can
be seen from Fig. 2, the results showed that the absorbances are
kept almost constant by increasing acidity, i.e., from 0.01 to
2 mol L~! HNOs. In 3 mol L~! HNO; medium the maximum absor-
bance was observed and then a decrease in absorbance occurred.
Consequently, 3 molL™' HNO; was selected for the optimum
acidity for further experiments. The results, obtained with H,SO4
were lower with respect to HNOs. Also, the HCl medium gave low
results probably due to the formation of stable Pd(II)-chloro
complexes. This is because the dissociation constant of the
chloropalladite anion, PdCI2™, is 6 x 10~'* [36]. Consequently, the
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Fig. 2. Effect of acidity of the sample solution on the Pd(II) signals.
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Fig. 3. Effect of the flow rate of the sample solution on the Pd(Il) signals (n=5).
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Fig. 4. Effect of the concentration of 2,2'-furyldioxime on the Pd(II) signals (n=5).

formation constant of the Pdle{ complex is probably higher than
that of the Pd(Il)-2,2'-furyldioxime complex.

3.3. Flow rate of sample solution

Flow rate of the sample solution plays an important role in the
determination of Pd(Il) by the flow-injection system. The analyte
signals increased with the increasing flow rate of the sample
solution up to 2.7 mL min~"'; thereafter the analytical signals were
almost constant. Thus, the optimum flow rate for the sample
solution was chosen as 2.7 mL min~! for the further experiments

(Fig. 3).
3.4. Effect of 2,2'-furyldioxime concentration

The effect of various concentrations of 2,2’-furyldioxime solu-
tions (0.001-0.02%, w/v) on the absorbance signals (as peak area)
of the palladium-2,2’-furyldioxime complex was examined. As can
be seen from Fig. 4, the best results were obtained with a 0.1%
solution of 2,2’-furyldioxime. After from this point, the absorbance
first decreased and then increased gradually again, but low
repeatability was observed. For this reason, this concentration of
the reagent was chosen as optimum.

3.5. Effect of mixing coil length

The studies were carried out with various lengths of mixing coil
changing between 0 and 60 cm. The influence of mixing coil
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Fig. 5. Effect of the length of the mixing coil (n=5).
Table 1

Effect of foreign ions on the determination of 0.5 mg L~! Pd(Il) using the proposed
direct on-line system (n=>5).

lons Added as Concentration (mg L") Recovery (%)
Na* NaNO3 20,000 100 + 1
K* KNOs 4000 98 +1
Ca’* Ca(NOs), - 4H,0 3000 97 +1
Mg?+ Mg(NOs), - 6H,0 2500 98 +1
Zn?+ Zn(NO3), 100 98 +1
Fe’+ Fe(NOs); - 6H,0 100 99 +2
Cu+ Cu(NO3),.4H,0 100 100 +1
Ni?+ Ni(NOs), - 6H,0 100 100+ 1
Co?+ Co(NOs3), 100 98 +1
Pb%+ Pb(NO3), 100 99 +1
pt2+ Pt(NO3), 100 98 +1
Aut+ Au(NOs3), 100 99 +2
i Cr(NOs); 100 99 +1
cd?* Cd(NO3), 100 100 + 1
Mn?+ Mn(NOs), 100 100+ 1
cl- Nacl 8000 96+ 1
S04 Na,S04 2500 98 +1
PO~ H3PO, 3000 100 +2

#Average + standard deviation.
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length on the absorbance signals was recorded by injecting 50 uL
portions of 0.5mgL~! Pd(Il). It was shown that the highest
analytical signals were obtained when the length of the mixing
coil was 20 cm. Afterwards, the signals decreased gradually up to
60 cm. These results indicate that the maximum concentration of
the complex occurs when the length was about 20 cm. The
optimum length, therefore, was chosen as 20 cm for subsequent
studies (Fig. 5).

3.6. Interferences

The influences of some alkali and alkaline earth elements, as
well as some cations and anions, on the determination of Pd(Il) by
the presented system were investigated. Interference was due to
the competition of other metal ions for the reagent. In these
experiments, solutions containing 0.5 mg L™! Pd and the interfer-

Table 2
The determination of Pd(Il) in catalytic converter, ore, tap water and sea water
samples after the application of the presented procedure (n=3).

Sample Added Found Recovery (%)
Catalytic converter (pg g~!) - 1148 + 28 ? -
1000 2144+ 18 99 +2
Ore (ngg™!) - 1.03 + 0.04
5.0 6.02 +£0.03 99 +1
Tap water (mg L") - - -
5.0 4.98 +0.01 100+1
Sea water (mg L™!) - - -
5.0 497 +0.07 99+1

¢ Average + standard deviation.

Table 3

The concentration of Pd(II) contents in various environmental samples (n=3).

Sample Pd content (pgg™!)

Presented method Reference method [17]

Catalytic converter 1 3130 +38 ¢ 3280 +51
Catalytic converter 2 3420 +35 3413 + 47
Catalytic converter 3 1148 + 27 1150 + 13
Anode slime 3.05+0.20 1.98 + 0.01
Road sediment 1 0.29 + 0.01 0.25 +0.01
Road sediment 2 0.75 +0.01 0.66 + 0.01
Ore 1 10.2+0.8 -

Ore 2 1.03 +0.04 -

Ore 3 619+ 13 -

Ore 4 69.5+ 1.1 -

@ Average + standard deviation.

Table 4

ing species (in the range 100 mgL~! to 20,000 mgL~!) were
treated under the optimized conditions with the proposed FI
procedure. The tolerance limits of the coexisting ions, defined as
the largest amount making the recovery of Pd(Il) less than 95%, are
given in Table 1. Large amounts of alkaline and alkaline earth
metal ions had no interferences on the determination of Pd(Il) ion,
probably due to the low stabilities of their 2,2’-furyldioxime
complexes. The other metal ions and anions (Zn?*, Fe**, Cu®*,
Ni?*, Co?*, Pb%*, P2+, Au> ™, Cr3*, Cd?*, Mn?™, CI~, SO42~, PO,>
~) did not show any interfering effect at the studied levels under
the optimum conditions.

3.7. Analytical characteristics

For the purpose of quantitative determination, a calibration
curve for Pd(Il) was constructed by injecting the working stan-
dards into 3molL™! HNOs acid stream under the optimum
conditions. The equation of the calibration curve, which was
obtained after applying the proposed procedure, was A=0.018
Cpq+0.011; A is the absorbance and Cpq is the concentration of
palladium. Linearity was observed over the range of
0.01-10 mg L~! with a determination coefficient (r?) of 0.9998.
The limit of detection (LOD), based on 3s, was 0.1 pg L', The
precision of the method was found to be 1.2% as the relative
standard deviation by analyzing ore samples (n=38).

The recovery studies for palladium(Il) were performed in tap
water, sea water, ore, and catalytic converter samples. Known
amounts of palladium were spiked to the sample solutions in
order to estimate the accuracy of the presented procedure
(Table 2). Good agreement was obtained between the added
and obtained analyte contents by using the recommended
procedure.

3.8. Accuracy of the method

To verify the accuracy of the proposed method, the Pd content
of the certified reference  material (CDN-PGMS-10:
10.99 +0.73 ug g~!) was determined by the proposed method.
The palladium content of the reference material was found to be
10.9 + 0.2 png g~', which seems harmonious with each other with a
recovery of 99 + 1%, or which indicates that the result is in good
agreement with the reference value.

The proposed method was successfully applied to the determi-
nation for Pd(II) in catalytic converter, anode slime, ore, and road
sediment samples (see Table 3).

Comparison of the results of the proposed method with the other published works for the determination of palladium.

Preconcentration method Samples Technique LOD (pgL™') RSD (%) PF Reference
Solidified floating organic drop microextraction Water samples, synthetic samples FAAS 0.6 2 499 [5]
SF-EX-FIA Airborne particulate matter, Spectrophotometry 7 < 35 - [13]
automobile catalysts

CPE Mine stone ICP-OES 0.3 <5 20 [18]
DLLME Alloy, road dust sample FAAS 14 1.5 - [20]

SPE Geological sample, anode slime, nickel alloy FI-FAAS 26 2 - [21]
DLLME Water samples GFAAS 2400 43 156 [24]
DLLME Water samples FAAS 20 0.7 (n=5) 45.7 [35]

SPE Real samples FI-FAAS 200 0.3 - [40]

SPE Spiked natural waters ICP-OES 0.2 3.2 100 [41]
M-CIAME Sea water, tea and biological samples Spectrophotometry 0.2 1.7 97 [42]
DLLME Real and synthetic samples FO-LADS 0.25 <4 162 [43]
Direct FI Converter, anode slime, road sediment, FI- Spectrophotometry 0.1 1.2 - This work

mine ore, water sample
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4. Conclusion

The proposed flow-injection on-line spectrophotometric
method is simple, rapid, selective and sensitive for the determina-
tion of palladium. In addition, the method is directly applicable to
aqueous samples without separation/preconcentration steps. The
calibration graph is valid in a wide range of Pd(Il) concentrations
from 0.01 mg L~! to 10 mg L™'. The detection limit of the proposed
method was more reasonable than those of previously reported
methods (Table 4), i.e., spectrophotometric [13], electrochemical
[28], chromatography [37-39] and flow-injection [31-40]. The
method developed is economical and provides a good sample
frequency of 275 h~!, and is especially suitable for routine
analysis.
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