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The present paper describes a novel and fairly inexpensive catalytic kineticmethod for the determination of Pd2+

in the concentration range 17.71–177.14 ppb (ng mL−1). The method is based on the catalytic effect of Pd2+ on
the substitution of cyanide by 4-cyanopyridine (4-CNpy) in hexacyanoferrate(II) in acidic media. The reaction
was followed by measuring an increase in the initial rate of the indicator reaction with respect to the product,
[Fe(CN)5(4-CNpy)]3−, formation at 477 nm. The effects of various parameters, such as pH and ionic strength of
the reaction medium, concentration of the reactants and temperature, on the rate of the indicator reaction
were studied to optimize the reaction conditions to achieve the highest sensitivity and to get lowest limit of
detection of [Pd2+]. The fixed time procedure, as a measure of the initial rate, was followed to obtain a linear
regression equation relating the absorbance and [Pd2+] in the range 17.71–177.14 ppb i.e. 1 × 10−7 to
1×10−6mol L−1. The effects of thepresence of various cations commonly associatedwith Pd2+ and someanions
have also been investigated and discussed. The detection limit of the method was calculated to be 9 ppb. The
maximum average error of the proposed method was quite low. The method was successfully applied for the
determination of Pd2+ in synthetic and environmental water samples. The proposed method is selective, accu-
rate and inexpensive compared to many other methods available in literature for Pd2+ determination.

© 2015 Published by Elsevier B.V.
1. Introduction

Palladium is a silvery white transition metal [1,2]. In the earth's crust
this precious metal occurs in a native form, usually associated with traces
of platinum, silver, gold, nickel, chromium, etc. and has immensely been
used in different areas [1–12]. It belongs to platinum group elements
(PGEs) which are used as autocatalytic converters containing Pt, Rh, and
Pd [3–5]. The PGEs have successfully been used for reducing emission of
pollutants such as CO, hydrocarbons, and NOx in vehicular exhaust by
converting them to less toxic gases CO2, N2, and H2O [3,5]. Thus the
most important application of Pd together with Pt and Rh has been asso-
ciated with three-way catalytic converters for vehicle's engines [3,5,6].
The unique catalytic property of palladium has also been utilized in the
synthesis of sulfuric and hydrocyanic acids, hydrogenation of several or-
ganic compounds, production of vinyl acetate and petroleum processing
[7–10]. Furthermore, due to its strong resistance to corrosion, palladium
has a wide range of application, especially in the electrical and electronic
industries, catalyst, dentistry, andmedical devices, etc. [8]. Recently palla-
dium nanoparticles have been of great importance in the development of
new catalytic materials as well as for a number of other applications such
91 522 2740916.
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as hydrogen storage and sensing [8–12]. A list of palladium applications
has been reported by Rao and Chandrasekhar which shows its uses in
the watch bearings, springs and balance wheels, air craft spark plugs,
blood sugar test strips and also for mirrors in scientific instruments [8].
Besides its use as a catalyst and in many hydrogenation processes [10],
palladium is verymuch used inmedicines, groundwater treatment, pho-
tographic printing paper, jewelry, electronic devices including computers,
mobile phones, televisions, multilayer capacitors, low voltage electrical
contacts, etc. [8]. In the field of analytical sciences, palladium is used as
a matrix modifier for the determination of various metals by electrother-
mal atomic absorption spectrophotometry [7].

The consequence of trace metals in biological systems comes from
their essentiality as well as toxicity in living organisms. However, having
no specific biological role, the palladium compounds have been regarded
as toxic and carcinogenic [13–15]. Though palladium has huge applica-
tions [1–12], it has some adverse health effects and is cytotoxic damaging
cells and inhibits enzyme activity and functions [14]. Palladium causes
significant number of allergic reactions as well as contact dermatitis, sto-
matitis, lichenoid reactions, and periodontal gum disease [8]. Thus palla-
dium and its compounds are not only highly toxic but also cause
contact allergies [8,13,14].

Palladium spreads in the atmosphere through its various applications
and mainly from the catalytic converters and their recycling [3,5,6].
Therefore, high concentration of Pd has continuously been reported in
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Fig. 1.UV visible spectrum of the product, [Fe(CN)5(4-CNpy)]3−, showing λmax at 477 nm
formed due to Pd2+ catalyzed exchange of CN− from [Fe(CN)6]4− by 4-cyanopyridine
under the reaction conditions: [Fe(CN)64−] = 8.0 × 10−2 mol L−1, [4-CNpy] =
3.0 × 10−3 mol L−1, [Pd2+] = 8 × 10−7 mol L−1, pH = 3.20 ± 0.02, μ = 0.1 mol L−1

(KNO3) and temperature = 25.0 ± 0.1 °C at 35 min.

Fig. 2. Effect of pH on the initial reaction rate under the conditions: [Fe(CN)64−] =
8.0 × 10−2 mol L−1, [4-CNpy] = 3.0 × 10−3 mol L−1, [Pd2+] = 8 × 10−7 mol L−1, μ =
0.1 mol L−1 (KNO3) and temperature = 25.0 ± 0.1 °C at time interval of 10 and 15 min.
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samples of airborne particulate matter, road side dust and soil samples
taken from areas of high traffic density [4,16–19]. The discharge of palla-
dium through such anthropogenic activities to the atmospheric deposi-
tion is the most important pathways for Pd into the environment. Thus
the analysis of river and lake waters and sediments in urban areas has
clearly demonstrated that anthropogenic activities have resulted in high
concentrations of PGEs [16,17,20,21]. Thus, due to increasing use of palla-
dium, on one hand [5,8,9,12–15] and its toxicity on the other hand [8,
13–15], its determination at trace level is of great public interest in envi-
ronmental analysis. Althoughmany research articles have been published
by several research groups on the determination and the distribution of
palladium in the environmental samples from Asian and other devel-
oped/developing countries [1–5,7,8,10,13–21] but none from the South
Pacific Island countries.

Several sophisticated techniques, such as neutron activation analysis
[22,23], atomic absorption spectrometry (AAS) [3,7,13,24–28], graphite
furnace atomic absorption spectrometry (GFAAS) [14,29–32], inductively
coupled plasma mass spectrometry (ICP-MS) [4,16,33,34], inductively
coupled plasma-atomic emission spectrometry (ICP-AES) [2], and high
performance liquid chromatography (HPLC) [35–37] have been used for
the determination of Pd in different types of samples. Being cost effective,
a good number of spectrophotometric methods have also been reported
in the literature for the determination of palladium [1,8,15,38–48],
which includes stopped-flow injection liquid–liquid extraction spectro-
photometric [39] as well as catalytic kinetic spectrophotometric [1,15,
49–51] or spectrofluorimetric methods [52]. Many of these methods re-
quire prior separation, pre-concentration, extraction and enrichment to
avoid matrix interference, and to enhance sensitivity [27,30–32,35,
39–42] while some uses micellar media which are not practical in envi-
ronmental analysis [45–48]. Many of the methods are disadvantageous
being expensive [2,4,14,22,23,29–37]. Developing kinetics based cata-
lyzed and uncatalyzed reaction rate aswell as other inexpensivemiscella-
neous analytical methods for various types of analytes have been our
research interest [53–71]. Therefore, in continuation of our collaborative
research interest in developing analytical methods, we have considered
it worthwhile to report a sensitive, selective and economically viable ki-
neticmethod for thedeterminationof Pd2+ inwater samples. Thepresent
method is based on Pd2+ catalyzed substitution of CN− from [Fe(CN)6]4−

by 4-CNpy which leads to the formation of stable complex, [Fe(CN)5(4-
CNpy)]3−, having λmax at 477 nm [72].

2. Experimental

2.1. Reagents and water samples

Analytical reagent grade potassium hexacyanoferrate(II)
(K4[Fe(CN)6]·2H2O) and 4-cyanopyridine were purchased from E.
Merck (India) and used as received. The standard stock solutions of
K4[Fe(CN)6]·2H2O and 4-CNpy were prepared by their accurate
weighing. K4[Fe(CN)6]·2H2O solution was stored in amber volumetric
flask to avoid anyphotodecomposition. Palladium(II) chloride (PdCl2) ob-
tained from Sigma-Aldrich (USA) was used for preparing its standard
stock and working solutions. KNO3 (A.R. Glaxo, India) was used to main-
tain ionic strength (μ) in the indicator reactionmedium. The pH of the re-
action mixture was adjusted using potassium hydrogen phthalate (A.R.
Qualigens Fine Chemicals, India) buffer solutions prepared as reported
in the literature [73]. The standard BDH buffers of pH 4, 7, and 9 were
used to standardize the pH meter before its use. Double distilled water
was used throughout the present study for preparing all required
solutions.

Following standard protocol, the lake water samples were collected
from Jamuna Jheel (Lake), one of the largest natural water bodies in Luck-
now, while tap water samples were collected from Lucknow University
campus and riverwater samples from theGomti River. Thewater samples
were filtered through Whatman filter paper no. 40 collecting the filtrate.
The filtered water samples were spiked with different concentrations of
Pd2+. 2 mL of the spiked water samples was analyzed, by proposed pro-
cedure (2.3). The concentration of palladium(II) in water samples was
calculated using linear regression equation.

2.2. Equipment

A self-designed thermostat was used tomaintain the desired temper-
ature of the reactants and buffer solutions. The Shimadzu double beam
spectrophotometer UV-240, equipped with circulatory arrangement of
water for thermostating the cell compartment, was used to monitor the
progress of the reaction. The matched quartz cuvettes were used for the
absorbance measurements. The pH measurements were made on a
Toshniwal (India) digital pH meter model CL46. A Perkin Elmer 2280
atomic absorption spectrophotometer was used to evaluate the proposed
method.

2.3. General procedure

In order to maintain required temperature, all the working reactants
as well as buffer solutions were equilibrated at 25.0 ± 0.1 °C by hanging



Fig. 3. Effect of [Fe(CN)64−] on the initial reaction rate under the conditions: [4-CNpy] =
3.0 × 10−3 mol L−1, [Pd2+] = 8 × 10−7 mol L−1, pH = 3.20 ± 0.02, μ = 0.1 mol L−1

(KNO3) and temperature = 25.0 ± 0.1 °C.

Fig. 5. Calibration graph at different time intervals under the conditions: [Fe(CN)64−] =
8.0 × 10−2 mol L−1, [4-CNpy] = 3.0 × 10−3 mol L−1, pH = 3.20 ± 0.02, μ =
0.1 mol L−1 (KNO3) and temperature = 25.0 ± 0.1 °C.
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them in the volumetric flasks for 30 min in a self-designed thermostat
prior to the start of the reaction. Each reactant (2 mL) was mixed in the
sequence: 4-CNpy, buffer, and palladium(II) chloride. The reactionwas fi-
nally started by adding 2mL of [Fe(CN)6]4− to the reactionmixture solu-
tion. (While analyzing real/spiked water samples, in lieu of 2 mL
palladium(II) chloride, 2mL real/spikedwater samplewas taken.) The re-
action mixture was properly shaken and transferred quickly to 10 mm
quartz cuvette which was placed in the temperature controlled cell com-
partment of the spectrophotometer. The progress of the reaction was
followed by monitoring the increase in the absorbance, as a measure of
the initial rate, at 477 nm due to formation of the product, [Fe(CN)5(4-
CNpy)]3−where reactants; K4[Fe(CN)6], 4-CNpy, and Pd2+ do not absorb
in the region 400–800 nm.

3. Results and discussion

3.1. Indicator reaction

The palladium(II) catalyzed ligand exchange reaction between
[Fe(CN)6]4− and 4-CNpy outcomes in the formation of a very stable
Fig. 4. Effect of [4-CNpy] on the initial reaction rate under the conditions: [Fe(CN)64−] =
8.0 × 10−2 mol L−1, [Pd2+] = 8 × 10−7 mol L−1, pH = 3.20 ± 0.02, μ = 0.1 mol L−1

(KNO3) and temperature = 25.0 ± 0.1 °C.
product [Fe(CN)5(4-CNpy)]3−. The role of Pd2+ in the exchange reaction
between [Fe(CN)6]4− and 4-CNpy is attributed to the following catalytic
cyclewhere Pd2+ abstracts a CN− from the complex leading to the forma-
tion of [Fe(CN)5H2O]3−which on reactionwith 4-CNpy gives the product
[Fe(CN)5(4-CNpy)]3− as shown in Eqs. (1) and (2), respectively. The
PdCN+ generated in the reaction i.e. Eq. (1) reacts with H+ to regenerate
of Pd2+ as shown in Eq. (3) and thus the catalytic cycle ismaintained [74,
75].

½FeðCNÞ6�4− þ Pd
2þ þ H2O→½FeðCNÞ5ðH2OÞ�3− þ PdCN

þ ð1Þ

½FeðCNÞ5H2O�3− þ 4‐CNpy→½FeðCNÞ5ð4 � CNpyÞ�3− þ H2O ð2Þ

PdCN
þ þ H

þ→Pd
2þ þ HCN

−
: ð3Þ

The absorption spectrum of the product [Fe(CN)54-CNpy]3− shown
in Fig. 1 clearly shows the maximum absorption at 477 nm. Other reac-
tants K4[Fe(CN)6]·2H2O, 4-CNpy, and Pd2+ do not absorb in the region
Table 1
The analytical figures ofmerit at different fixed times for the determination of Pd2+ under
the optimum reaction conditions: [Fe(CN)64−] = 8.0 × 10−2 mol L−1, [4-CNpy] = 3.0 ×
10−3 mol L−1, [Pd2+] = 1 – 10−7 mol L−1, pH = 3.20 ± 0.02, μ = 0.1 mol L−1 (KNO3)
and temperature = 25.0 ± 0.1 °C.

Linear
regression/calibration
equation

Linear range
[Pd2+]
(ppb)

Coefficient of
determination
(R2)

Sensitivity Detection
limit,
(ppb)

A10 = 1.0 × 105[Pd2+]
+ 0.2097

17.71–177.14 0.9991 1.0 × 105 9.0

A15 = 1.0 × 105[Pd2+]
+ 0.2602

17.71–177.14 0.9988 1.0 × 105 10.2

A20 = 1.0 × 105[Pd2+]
+ 0.2797

17.71–177.14 0.9996 1.0 × 105 12.5

Linear calibration range: 17.71–177.14 ng mL−1 (ppb).



Table 2
Effect of diverse ions in the determination of 50 ppb Pd2+ in the aqueous samples under
the reaction conditions: [Fe(CN)64−] = 8.0 × 10−2 mol L−1, [4-CNpy] = 3.0 × 10−3 mol
L−1, pH = 3.20 ± 0.02, μ = 0.1 mol L−1 (KNO3) and temperature = 25.0 ± 0.1 °C.

Ion added Tolerance limit
([Interfering ion]/[Pd2+])

Recovery founda ±s
(%)

Al3+ 100 101.0 ± 0.2
V5+ 100 101.0 ± 0.4
Mn2+ 95 99.5 ± 0.2
As5+ 105 100.5 ± 0.2
Mo6+ 100 101.0 ± 0.4
Cr3+ 50 100.5 ± 0.2
Cr6+ 50 100.2 ± 0.2
Mn7+ 100 100.4 ± 0.5
Fe2+ 20 100.2 ± 0.5
Fe3+ 2 100.8 ± 0.2
Co2+ 20 100.8 ± 0.2
Ni2+ 20 100.6 ± 0.4
Cu2+ 2 100.5 ± 0.6
Zn2+ 100 100.4 ± 0.2
Tl3+ 100 100.6 ± 0.4
Pb2+ 100 100.8 ± 0.2
Ti4+ 50 100.1 ± 0.4
Ag+ 10 100.2 ± 0.5
Se4+ 10 100.4 ± 0.4
Hg2+ 5 100.2 ± 0.2
Bi3+ 10 100.4 ± 0.5
Borate 100 100.2 ± 0.4
Oxalate 100 100.5 ± 0.2
EDTA4− 10 100.8 ± 0.2

EDTA4−: Ethylenediaminetetraacetate.
The ± s values represent standard deviation for five determinations.

a Mean of five determinations.
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400–800 nm. The optimization of the reaction variables were carried
out sequentially keeping all fixed except the one to be optimized.
3.2. Effect of pH

In order to select a pH value corresponding to an optimum initial
rate, the effect of pH on the reaction rate was first investigated, using
the fixed time procedure as a measure of initial rate, in the pH range
2.5–8. The pH up to 6 was maintained using potassium hydrogen
phthalate/NaOH or HCl buffer. However in higher pH region, the pH of
all the working solutions was maintained using 5 M NaOH. Fig. 2
shows the plot of the initial rate (absorbance At measured at 10 and
15 min of mixing the reagents) versus the pH of the reaction media.
The initial rate was low at low pH values, attained a maximum at
pH 3.20 and then decreased again. The pH 3.20 corresponding to the
maximum initial rate was taken as optimum.
Table 3
Accuracy and precision of Pd2+ determination by proposed catalytic kineticmethod under the r
pH = 3.20 ± 0.02, μ = 0.1 mol L−1 (KNO3) and temperature = 25.0 ± 0.1 °C.

Concentration of Pd2+ added (ppb) A10 A12

[Pd2+] founda ±s (ppb) Recovery
(%)

Error
(%)

[Pd2+

20.22 20.11 ± 0.03 99.46 −0.54 20.4
30.46 30.52 ± 0.03 100.20 +0.28 30.2
41.77 41.98 ± 0.03 100.50 +0.50 41.9
49.88 49.62 ± 0.03 98.48 −0.52 49.4
60.94 60.78 ± 0.02 99.74 −0.26 60.7
90.62 90.99 ± 0.03 100.41 +0.41 90.8
122.18 122.78 ± 0.05 100.49 +0.41 122.4
134.22 134.44 ± 0.06 100.16 +0.16 134.5
162.44 162.33 ± 0.13 99.60 −0.07 162.9

Av = 0.04

The ±s values represent standard deviation for five determinations.
a Mean of five determinations.
3.3. Effect of the reactants

With all the experimental parameters kept constant, the effect of the
concentration of [Fe(CN)6]4− on initial rate was studied in the concen-
tration range 2–10 × 10−2 mol L−1 and is shown in Fig. 3. The depen-
dence study clearly shows the initial linear increase in the rate at
lower concentrations achieved at maximum and then decreased at
higher concentration. Therefore, 8 × 10−2 mol L−1 [Fe(CN)6]4−, corre-
sponding to maximum rate, was taken as the optimum concentration
for further studies.

The effect of [4-CNpy] on the initial rate of the reaction was exam-
ined with optimum pH fixed at 3.20 ± 0.02, while the concentration
of 4-CNpy was varied from 4 × 10−4–1.0 × 10−2 mol L−1. A plot of
absorbance (initial rate) versus [4-CNpy] on logarithmic scale is
shown in Fig. 4. The reaction rate increased with increasing [4-CNpy],
attained a maximum and finally decreased at higher concentrations.
Thus an optimum concentration 3.0 × 10−3 mol L−1 of 4-CNpy was
chosen for further studies.

3.4. Effects of temperature and ionic strength (μ)

The effect of the temperature on the initial rate (absorbance) of the
Pd2+ catalyzed reaction rate was studied, involving optimized reaction
conditions and following general procedure (cf. Section 2.3), in the tem-
perature range 20–45 °C. The reaction obeyed Eyring's equation and
found to proceed with reasonable rate at 25.0 ± 0.1 °C. The change in
the reaction rate at 25 °Cwas appropriate and hence selected for further
studies.

The effect of ionic strength (μ) on the reaction was studied in
0.01–0.40 mol L−1 range using KNO3 to maintain the ionic strength of
the reaction medium. The increase in ionic strength decreased the rate
of the reaction. A negative salt effect was observed. The ionic strength
of 0.1 mol L−1 gave a measurable change in the reaction rate. Hence
0.1 mol L−1 (KNO3) was selected for further studies.

3.5. Influence of [Pd2+]

To establish the calibration graph for the chosen indicator reaction
system, the catalytic effect of Pd2+ on the substitution reaction was
studied in the concentration range 1 × 10−7–2 × 10−3 mol L−1 under
the optimum reaction conditions. Fixed-time procedure as a measure
of the initial rate was adopted to record the absorbance at different
times At (t = 10, 15 and 20 min) after mixing the reagents. However,
the plots of the absorbance (At) versus [Pd2+], where other reactants
were in their optimum conditions, were found to be linear only in the
range 1 × 10−7–1 × 10−6 mol L−1 as shown in Fig. 5 and were used
as calibration curves. The linear regression equations correlating the At
eaction conditions: [Fe(CN)64−] = 8.0 × 10−2 mol L−1, [4-CNpy]= 3.0 × 10−3 mol L−1,

A15

] founda ±s (ppb) Recovery
(%)

Error
(%)

[Pd2+] founda ±s (ppb) Recovery
(%)

Error
(%)

4 ± 0.06 101.09 +1.09 20.44 ± 0.16 101.09 +1.09
4 ± 0.04 99.28 −0.72 30.72 ± 0.03 100.85 +0.85
4 ± 0.04 101.41 +0.41 41.98 ± 0.05 100.50 +0.50
4 ± 0.06 99.12 −0.88 49.66 ± 0.08 99.56 −0.44
2 ± 0.08 99.64 −0.36 60.22 ± 0.04 98.82 −1.18
2 ± 0.02 100.22 +0.22 90.34 ± 0.02 99.58 −0.31
0 ± 0.18 100.18 +0.18 122.94 ± 0.04 100.62 +0.62
8 ± 0.08 100.27 +0.27 134.76 ± 0.04 100.40 +0.40
8 ± 0.02 100.33 +0.33 162.12 ± 0.08 99.80 −0.20

Av = 0.06 Av = 0.15
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Fig. 6. Precision and accuracy of the proposed method under the conditions:
[Fe(CN)64−] = 8.0 × 10−2 mol L−1, [4-CNpy] = 3.0 × 10−3 mol L−1, pH = 3.20 ±
0.02, μ = 0.1 mol L−1 (KNO3) and temperature = 25.0 ± 0.1 °C.

Table 5
Determination of Pd2+ in river, lake, and tapwater samples under the reaction conditions:
[Fe(CN)64−] = 8.0 × 10−2 mol L−1, [4-CNpy] = 3.0 × 10−3 mol L−1, pH = 3.20 ±
0.02, μ = 0.1 mol L−1 (KNO3) and temperature = 25.0 ± 0.1 °C.

Samples Pd2+ added
(ppb)

Pd2+ found
±s (ppb)

Recovery
(%)

River water 30 35.0 ± .02 116.66
35 40.8 ± .04 116.57
40 45.6 ± .02 114.00
40 49.6 ± .04 124.00

Lake water 20 24.2 ± .03 121.00
80 84.2 ± .03 105.25

100 102.2 ± .01 102.20
Tap water 105 106 ± .04 100.95

95 98.8 ± .04 104.00

The ±s values represent standard deviation for five determinations.
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to [Pd2+] in the range 1 × 10−7–1 × 10−6 mol L−1 (17.71–177.14 ppb)
alongwith other parameters on analytical figures of merit for the deter-
mination of Pd2+ are given in Table 1. The detection limit (3σ) of the
method was calculated to be 9 ppb corresponding to the measurement
at 10 min.
3.6. Selectivity, precision, and accuracy studies

In order to assess the applicability of the proposed method for the
analysis of real and synthetic samples containing Pd2+, the influence
of the presence of various interferents on the kinetic determination of
Pd2+ was studied. The tolerance concentration of each diverse ion
was taken as the highest concentration causing an error not more
than ±4%. The results on tolerance limit are shown in Table 2, which
clearly indicates that most of the ions examined did not interfere, with
the determination of 50 ppb Pd2+, up to 100 folds in excess while
some cations like Fe3+, Cu2+, Hg2+, Se4+, Bi3+, and Ag+ and the
complexing agent EDTA4− were found to interfere when present 2–10
fold excess. However, these species generally do not exist with Pd2+.

The precision and accuracy of the developedmethodwere judged by
the recovery of Pd2+ with five independent experiments using a range
of Pd2+ concentrations under the optimum conditions and the results
are given in Table 3. Themaximum average error for the determination
of Pd2+ by the proposed method was quite low. The excellent recover-
ies of Pd2+ at different time intervals (10, 15 and 20 min) are also
shown in Fig. 6 where X-axis values 1–9 simply show different bars
for comparison at different concentrations reported on Y-axis.
Table 4
Determination of Pd2+ in synthetic samples under chosen range under the reaction conditions:
0.1 mol L−1 (KNO3) and temperature = 25.0 ± 0.1 °C.

Synthetic mixture
(SM)

SM composition; each cation 10 fold excess
(ppb)

SM-1 Al3+ + V5+ + Mn2+ + Ni2+ + Tl3+

SM-2 Al3+ + V5+ + Ni2+ + Tl3+ + Ag+ + Zn2+

SM-3 Ni2+ + Tl3+ + Pb2+ + Ti4+ + Zn2+ + Hg2+

SM-4 Ni2+ + Tl3+ + Pb2+ + Zn2+ + Ti4+ + Co2+ + Hg2+

SM-5 Ni2+ + Tl3+ + Pb2+ + Ti4+ + Mo6+ + Zn2+

The ± s values represent standard deviation for five determinations.
3.7. Applications

The developed catalytic kinetic spectrophotometric method was ap-
plied for Pd2+ determination in various synthetic mixtures (SM) and
real samples. The synthetic samples were prepared with different com-
positions ofmetal cations including Pd2+ and analyzed by the proposed
method. This was done because authentic samples containing trace
amounts of Pd2+ were not available. These cations were chosen to
judge their interferences due to the fact that many of these cations cat-
alyze the indicator reaction but to lesser extent than Pd2+ and also they
generally exist in the environmental water samples. Hg2+ was chosen
in the synthetic mixture to judge its interference as it shows good cata-
lytic activity, on the used indicator reaction, in comparison to many
othermetal ions [75]. The results on Pd2+ recoveries from the synthetic
mixture are shown in Table 4. The recovery in each case is well within
the acceptable error limit for environmental monitoring applications.
The synthetic samples were also analyzed by atomic absorption spec-
trophotometry (AAS)method and the results obtained bybothmethods
were in close agreement (Table 4).

The developed method was successfully applied for Pd2+ determi-
nation in spiked environmental water (river, lake and tap) samples
where the water samples were simply filtered using Whatmann no.
41 filter paper and directly analyzed after spiking. The results given in
Table 5 shows that slightly high recovery was achieved, especially in
case of river and lake water samples may be due to matrix effect. The
higher recovery in most of the spiked environmental (river, lake and
tap) water samples may be attributed to the synergistic effects by the
other ions which are not uncommon [69]. The developed method has
adequate precision and accuracy for the determination of Pd2+ in syn-
thetic and environmental samples. The proposed catalytic kinetic meth-
od, in comparison to various other methods as shown in Table 6 [30,35,
39–42,45,51], is found to be economically more viable. This is because
of the fact that in many of these methods extraction of the sample is
required [30,39,40,42], one used costly HPLC with spectrophotometric
detection [35], another used high temperature of 90 °C for color
[Fe(CN)64−]= 8.0 × 10−2mol L−1, [4-CNpy]= 3.0 × 10−3 mol L−1, pH=3.20±0.02, μ=

Pd2+ added
(ppb)

Pd2+ found ±s
(ppb)

Error
(%)

AAS method
(ppb)

50 50.80 ± 0.08 1.60 50.10
70 70.50 ± 0.06 0.71 70.08
80 81.64 ± 0.10 2.05 80.10
85 85.88 ± 0.40 1.05 85.06
90 91.08 ± 0.06 1.20 90.08



Table 6
Comparison of the proposed method with other spectrophotometric methods for the determination of palladium.

Methods Reagents used and type of reaction Linear range, limit of detection, type of sample and
comments

Ref. no.

Spectrophotometric Palladium + N,N′-diphenylbenzimidoylthiourea,
λmax = 365 nm in chloroform.

Acidic medium, simple, rapid and applicable over
0.3–1.0 M HCl. Free from interferences, detection limit
80 ppb, metals in catalytic material determined.

[45]

Stopped-flow injection liquid–liquid
extraction spectrophotometric

Pd2+ + 2, 2′-dipyridyl-2-pyridylhydrazone (DPPH) → colored
complex Pd2+–DPPH extracted in CHCl3. λmax = 560 nm.

Airborne particulate matter (APM) and in automobile
exhaust gas converter catalysts.
The linear calibration graph linear up to 12 mg L−1

detection limit = 0.007 mg L−1. Extraction required.

[39]

Graphite furnace-atomic absorption
spectrophotometric

Prior separation and enrichment of
Pd2+-SnCl3−-N-butylacetamide complex into 1-pentanol based
on solvent extraction method, molar absorptivity of the complex
in three solvents, ethyl acetate, 1-pentanol, chloroform, lie in the
range of (0.70–2.75) × 104 L mol−1 cm−1, λmax = 360–440 nm.

Applied for the analysis of Pd in soil samples derived
from roads and highways. Separation, enrichment and
extraction required.

[30]

Kinetic spectrophotometric Pd2+ catalyzed on the oxidation of pyrogallol red with hydrogen
peroxide at pH 9.7, at 540 nm.

0.02–1.00 μg mL−1 Pd2+, limit of detection =
0.017 μg mL−1 Pd(II), liquid samples.

[51]

High-performance liquid
chromatographic–spectrophotometric

pH dependent phase-separation phenomenon of water–acetic
acid–chloroform ternary solvent system.

5 × 10−8–8 × 10−7 M, 8 × 10−9 M, liquid samples. [35]

Extraction-spectrophotometric Pd2+-di-2-pyridylketone benzoylhydrazone complex formation
followed by extraction into benzene from sulfuric acid solution
in the presence of chloride ions, λmax = 455 nm.

Range 0–10 μg mL−1 of palladium, applied in a dental
alloy and in palladium-catalyst samples.

[40]

Spectrophotometric Pd2+ determination after solid–liquid extraction with
1-(2-pyridylazo)-2-naphthol at 90 °C, pH 1.5–7.5, λmax = 678 nm.

0.5–10 ppm, high temp., molar absorptivity and
Sandell's sensitivity are 1.2 × 104 L mol−1 cm−1 and
0.0070 mg cm−2, synthetic samples.

[41]

Extractive spectrophotometric 2,2′-dipyridyl-2-quinolylhydrazone used as a reagent. Pd2+ determination in the presence of chloride ions,
liquid samples

[42]

Kinetic spectrophotometric Hexacyanoferrate(II) + 4-CNpy + Pd2+ →

[Fe(CN)5(4-CNpy)]3− pH = 3.2, λmax = 477 nm.
17.71–177.14 ppb, 9 ng mL−1. Aqueous real and
synthetic samples, very selective.

Present
method
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development [41]. The present method also offers advantages of sim-
plicity, instant color development, andmuch less interference problem.

4. Conclusion

The proposed catalytic kinetic method is quite sensitive, simple, in-
expensive and accurate. It has been established that Pd2+ can be deter-
mined in the range 17.71–177.14 ppb by the proposed method in the
presence of a number of cations and anions. Themethod can be adopted
for the determination of Pd2+ in environmental water samples. Among
the various sophisticatedmethods, the proposedmethodmay be popu-
lar because of its inherent analytical figure of merits.
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