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DFT based Molecular overview of the a-furil dioxime (a-FD) molecule were conducted using the
B3LYP/6-31G (d) level of calculation. The electron affinity, ionization potential, dipole moment,
atomic charges, Molecular electrostatic potential and the energy of highest occupied molecular orbital
(HOMO) and of the lowest unoccupied molecular orbital (LUMO) of the studied compound were
calculated. A sensitive procedure for the determination of Palladium by square wave adsorptive
stripping voltammetry (SWCSV) on hanging mercury drop electrode (HMDE) using a-furil dioxime
(0-FD) as complexing agent in 0.1 M NH4CI/NH,OH buffer was obtained. The effect of various
parameters such as pH, ligand concentration, accumulation potential, accumulation time, scan rate,
pulse height and square wave frequency was studied. At the optimum condition, linearity was
evaluated by increasing of palladium concentration up to 100 ng/ml, The calibration plot thus obtained
was linear over the range 5-90 ng/ml with a correlation coefficient of 0.99993. The detection limit is
equal to be 0.029 ng / ml. The interference by metal ions which are of great significance in real
matrices has been studied. The proposed analytical procedure was applied for the determination of
untreated tap water spiked with Pd (II). A good recovery is found as a result within the normal error.
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1. INTRODUCTION

Finely divided palladium is used as a catalyst for hydrogenation/dehydrogenation reactions , for
petroleum cracking and for oxidation of phenolic compounds. Palladium metal is used in jewelry, for
example in white gold (an alloy of gold decolorized by the addition of palladium). Palladium is used in
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dentistry, watch making, and in making surgical instruments and electrical contacts. It is also used to
purify hydrogen because the gas easily diffuses through heated palladium. In addition to that,
palladium has greater mobility in the environment than platinum and rohidum (PGM) metals [1].
Although present concentrations in aquatic systems are typically in the pM range [2], PGM levels are
predicted to rise in proportion to their increasing demand [3-4]. So, the determination methods of
palladium are of interest. Different techniques have been used such as Conventional [5] and
differential pulse polarography [6], the application of highly sensitive techniques, ICP-MS [7-9],
GFAAS [10], NAA [11], coupled with an enrichment procedure, is necessary. Separation and
preconcentration procedures have been developed for several matrices. For this purpose, systems based
on liquid-liquid extraction [12-14], ion-exchange [15-17], solid sorbent extraction [8, 18-20] atomic
absorption spectrometry [21] and neutron activation analysis [22] have been frequently used for the
determination of palladium. In those techniques, palladium can be determined down to the ppm level.
Among these methods, adsorptive stripping voltammetry (AdSV) is commonly employed because of
its wide linear dynamic range and low detection limit which achieved as the result of performing the
preconcentration steps directly into the voltammetric cell, thus decreasing the sampling handling, risk
of sample contamination, and muli-element analysis capacity. An additional advantage of AdSV over
other methods is the simplicity of the instrumentation, which is relatively inexpensive, small in size,
requires low levels of electrical power and is sufficiently portable to permit its use in the field. Also
possibility of analyzing various samples without the need of a prior separation is also convenient.
Adsorptive stripping voltammetry (AdSV) [23-27] is a powerful analytical method for the
determination of ppb level of metallic ions. This met on adsorptive, deposition and stripping of
metallic ion complex with a suitable ligand at the electrode. Thus, adsorptive stripping analysis
becomes a widely accepted tool for determination of trace amount palladium ions [28-31]. A number
of ligands, such as dimethylglyoxime [32], the derivatives of phenolthiozine [33,34] have been
reported for the determination of palladium by adsorptive stripping VVoltammetry. The present work
aimed to test the fidelity of using a-furildioxime for more sensitive detection of Pd by applying the
SWAdSV.

To the best of our knowledge, there is a lack of experimental and theoretical data about a-Furil
Dioxime in the literature. Thus, a theoretical study will be conducted so as to shed some light on the
molecular and electronic structure of this compound. B3LYP/6-31G (d) level of theory will be used
to explore the geometrical and electronic structure of a-Furil Dioxime. In addition, several molecular
descriptors were calculated with the aim to explore some of its electronic structure and to point out to
the most probable reactive sites for electrophilic attack, in particular for metal coordination. For this
seek, the frontier molecular orbitals (HOMO and LUMO) were studied. Moreover, the molecular
quantities as vertical ionization potential, electron affinity, were also calculated and discussed.
Molecular electrostatic potential was considered as additional molecular characteristic. ~ Molecular
descriptors obtained theoretically have proved to be effective in the study of the electrochemical
properties of a variety of organic compounds [35-39].
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2. EXPERIMENTAL

2.1. Apparatus

A Metrohm 693 VA processor with a three electrode system consisting of a hanging mercury
drop electrode (HMDE) as the working electrode, Ag/AgClI reference electrode and a platinum counter
electrode were used to obtain the voltammograms. A Hanna 211 pH meter was used to measure the
solution pH.

2.2. Reagents

a-furil dioxime (Matheson company Inc.) was dissolved in absolute ethanol to give a 10 M
stock solution. Pd** standard solution (1000 ppm) was prepared by weighing 0.0216 g PdCl, (BDH,
59% Pd, anhydro); then 1 ml concentrated HCI and water were added to a final volume of 10 ml. The
standard aqueous solution was prepared by successive dilution of the stock solution. Doubly distilled
de-ionized water was used to prepare all solutions. Standard solutions of Pd (1) or ligand with lower
concentrations were freshly prepared daily by successive dilution from stock solutions. Ammonia
buffer (0.1 M) solution of ammonium chloride was prepared by dissolving the appropriate amount of
the salt in bidistilled water followed by addition of ammonium hydroxide to adjust pH at the required
value.

2.3. Procedure

The general procedure adopted for obtaining square wave adsorptive stripping voltammograms
was as follow:

The supporting electrolyte solution (ammonia buffer pH 9.7) containing 3x10“*mol/l was
pipette into the cell and purged with nitrogen for 8 min. the deposition potential (-0.40V vs. Ag/AgCl)
was applied to a fresh mercury drop while the solution was stirred for 20s. At the end of stirring, apply
deposition time 0s, the stirrer was switched off, and after 20s, had elapsed to allow the solution to
become quiescent, the potential was scanned in a positive direction from -0.4 to -1.0 V using square
wave adsorptive striping VVoltammetry, with a scan rate of 50 mVs™., Modulation frequency 150 Hz
and a pulse amplitude of 50mV each scan was repeated three times with a new drop for each analyzed
solution and the mean value was obtained. After back ground stripping voltammograms had been
obtained, an aliquot at the Pd (Il) standard was introduced into the cell and following the described
procedure. The sample voltammogram was achieved, palladium peak was registered at about -0.688V,
and its current was used as a measure of palladium concentration all experiments were carried out at
room temperature.

2.4. Computational details

Full optimizations were performed by using Density functional theory (DFT) applying the
B3LYP/6-31G (p) level of calculation. All calculations were carried out with Gaussian03 software
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package [40]. The frequency calculations were performed at the same level to ensure that the systems
represent the true minima on the potential energy surfaces. Then, the adiabatic and vertical ionization
potentials (IP) and the valence electron affinities (EA) of a-Furil Dioxime in gas phase have been
determined at the same level. The vertical electron affinity (VEA) (the ionization potential, VIP) is
calculated as the energy difference between the neutral and anionic (cationic) species at the geometry
of the neutral molecule. The adiabatic electron affinity (AEA) (the ionization potential, AIP) is defined
as the energy difference between the neutral molecule and the anion (cation) at their respective relaxed
geometries. The calculation formulas defined according to the energy difference are as follows:

AIP = E" (opt) — Eg(opt) (1)
VIP = E* — Eo(opt) 2)
AEA = Eq(opt) — E-(opt) (3)
VEA = Eg(opt) - E (4)

Atomic charges were also investigated to provide the information about dipole moment which
results from non-uniform distribution of charges on the various atoms in the structure. Molecular
electrostatic potential (MEP) maps were calculated using the B3LYP method of calculation employing
the 6-31G(d) basis set and based on the optimized geometry with the same method of calculation.

In the MEP, V/(r), at a given point r(x,y,z) in the vicinity of a molecule, is defined in terms of
the interaction energy between the electrical charge generated from the molecule electrons and nuclei
and a positive test charge (a proton) located at r. The negative regions V(r) were related to electrophilic
reactivity and the positive ones to nucleophilic reactivity. For the systems studied the MEP values
were calculated as described previously, using the equation [41]

~ £y ropir')
Vo) =Yg | ot

Where, the summation runs over all the nuclei A in the compound and polarization and
reorganization effects are neglected. Za is the charge of the nucleus A, located at Ra and p(1') is the
electron density function of the compound.

3. RESULTS AND DISCUSSION

3.1 Molecular overview

The optimization of the molecule under investigation is the most important step where the
optimized geometry will be used to calculate the other discriptors in this study. Optimized geometry
and the scheme of numbering the atoms of the a-Furil Dioxime is shown in Fig. 1.

The geometry of the molecules under investigation is optimized without any symmetry
constraints. The calculated parameters such as (energy of the highest occupied molecular orbital
(Enomo), energy of the lowest unoccupied molecular orbital (ELumo) and the dipole moment and some
other parameters) of the a-Furil Dioxime molecule are depicted in Table 1.
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Figure 1. a-Furil Dioxime optimized geometry using the B3LYP/631-G(d)level of calculation and its
atomic numbering.

Table 1. Calculated Enomo in (au), ELumo in (au), Eg (energy gap), vertical and adiabatic ionization
potential (eV), vertical and adiabatic electron affinity (eV), dipole moment (u) for the a-
Furil Dioxime molecule using B3LYP/631-G (d).

value -0.21744 -0.05613 0.16131 3.064 0.121817 7.401044 7.592227 -0.14453

The eigen values of LUMO and HOMO and their energy gap reflect the chemical activity of
the molecule. LUMO as an electron acceptor represents the ability to obtain an electron, while HOMO
as an electron donor represents the ability to donate an electron. The smaller the LUMO and HOMO
energy gaps, the easier it is for the HOMO electrons to be excited; the higher the HOMO energies, the
easier it is for HOMO to donate electrons; the lower the LUMO energies, the easier it is for LUMO to
accept electrons.

It can be seen from Fig. 2 that the HOMO is spread over the entire molecule and it shows
appreciable amount of 7- bonding character. The LUMO is also found to be uniformly distributed over
the molecule and reflects a lot of anti bonding 7- character.

The energy gap of HOMO-LUMO, in case of a-Furil Dioxime is found to be 0.16131 au, that
explains the eventual charge transfer interaction within the molecule [42].

The calculation of atomic charges is a very important parameter that is used in the application
of quantum mechanical calculation to describe the electronic characteristics of molecular systems
[43].The natural atomic charges of a-Furil Dioxime using B3LYP/6-31G (d) level of calculation and
with the natural bond orbital analysis (NBO), were shown in Fig. 3, where it gives information about
the charges of the atoms in the a-Furil Dioxime molecule. The charge distribution on the molecule has
an important influence on the interaction of this compound with metal ions. The charge density was
found at C; and Cg to be 0.239. This high positive charge which is higher than the other ring carbon
atoms is due to the effect of oxime group.
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Figure 2. Frontier molecular orbitals mapped on the optimized molecular structure of a-Furil Dioxime
and their corresponding energies calculated at B3LYP/6-31G (d) level of calculation.

The hydrogen atoms Ha3 and Hy4 posses the highest positive charge (0.484) where as the atoms
O2; and O, (-0.538) as well as O; and Og (-0.489) have the highest negative charges in the molecule
(Fig. 3), showing that these are the most probable sites for binding to the metal ion. The distribution of
the atomic charges is also important in the determination of the direction of the dipole moment vector
in a molecule which depends on the centers of negative and positive charges. The dipole moment of
this molecule was found to be 3.064 debye.

Figure 3. showing a-Furil Dioxime atoms with NBO charge densities

As inferred from Table 1, the molecule have a small tendency to accept electrons and the
values of the AEA and VEA differs from each other this could be attributed to the changes that
happens in the structure of the different species during the optimization of the different species
involved in the calculations of theses descriptors. Also the large value of the AIP indicates that the
molecule has a great tendency to donate electrons [44] (Table 1).
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To predict reactive sites for electrophilic and nucleophilic attack in the systems studied, MEP
was calculated [45, 46] at the B3LYP/6-31G (d) optimized geometries. The negative regions of were
related to electrophilic reactivity and the positive ones — to nucleophilic reactivity (Fig. 4).

- 4.827¢ I i T 4 82767

Figure 4. MEP color map of a-Furil Dioxime molecule

In Fig. 4, Red areas refer to the regions containing electron-rich and blue areas refer to the
regions containing electron-poor sites. Whereas, the green color indicates neutral electrostatic
potential regions. It is clear that the negative regions are over the oxygen atoms of a-Furil Dioxime
molecule and indicating that these sites can be the most probably involved in interaction with the metal
ion.

3.2. Effect of operational parameters

3.2.1. Effect of pH variation

Several trials to study the effect of different supporting electrolytes were conducted. Among
these electrolytes, (Universal buffer, acetate buffer and ammonia buffer), ammonia buffer was found to
give the best response. The influence of the solution pH on the stripping peak current of the Pd-a-FD
complex was investigated in the 8.5-10.0 range. The concentration of palladium (Cpq) and that of -
furil dioxime (Curp) Were 200 ppb and 107 mol I, respectively (Eac:-0.15V, tae: 60s). The Pd-
voltammetric signal was found to increase over the examined pH range as can be seen from Fig. 5.
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Figure 5. Influence of pH on the peak current of the Pd-a-FD complex. Conditions: Pd(I1):200 ng/ml
:Corp & 2X10™*M ; Eacc:-0.15V;toc:60s; scan rate 20mVs™; pulse amplitude :20mV and
frequency:50Hz.

However a sharp current decline was observed at pH 9.8 and the signal is very broad probably
due to the diminished complexing ability of the ligand at such pH values , thus pH = 9.7 seems to be
appropriate choice to ensure the highest voltammetric peak current and was chosen for the whole
study.

3.2.2. Effect of a-FD Concentration (C,zp)
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Figure 6. A Square wave votammogram of 100 ng ml™ Pd (II) with different concentrations of oFD.
Conditions: Pd (11):100 ng/ml; pH: 9.7; Ea:-0.15V; tie: 60s; scan rate 20mVs™; pulse
amplitude: 20mV and frequency: 50Hz.
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Figure 6. B Influence of C,.rp on the peak current of the Pd-a-FD complex.

The square wave adsorptive stripping voltammogram of the complex formed between Pd and
a-FD was studied with a-FD concentration in the range of (5x10°mol I — 3x10™ mol I"}) while the
conc. of Pd (Il) is kept 100 ng/ml, along with the other standard measuring conditions remained
constant, (pH: 9.7; tac:60s; Esc -0.15V), and the corresponding peak current (ip) vs. ligand
concentrations are shown in Fig.6a and Fig.6b, respectively.

As shown from Fig.6b, the concentration of a-FD has a great influence on the sensitivity of
palladium determination. A large variation in SWCSV peak height occurs between 5x10° and
3x10™M of a-FD. Beyond this concentration, the peak height decreases, probably due to some
competition of the ligand for adsorption at the electrode surface. Consequently, an optimum a-FD
concentration of 3x10™ mol I™* was selected for further experiments.

3.2.3. Effect of Accumulation Potential

The influence of the accumulation potential on the peak current was investigated (Fig.7) for
100 ppb Pd (I1) with the optimum reagent concentration in ammonia buffer while the other standard
measuring conditions remained constant (pH: 9.7; tacc: 60s; scan rate: 20mVs™; pulse amplitude: 20
mV and modulation frequency: 50Hz).

As revealed from Fig.7 , there is no significant change in the peak current when changing the
potential from -0.90 to -0.60V, As the potential was varied from -0.60 to -0.40V, there is an extreme
increase in the peak current, this could be attributed to increase in the accumulation of Pd - a-FD on
the surface of the electrode. A decrease in peak current is observed by changing potential from -0.45
to -0.30. It worthy to note that a maximum peak current was obtained when the accumulation potential
was set on -0.4V. Thus, -0.4V was chosen as the accumulation potential in our measurement.
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Figure 7. Influence of E,.con the peak current of the Pd-a-FD complex. Conditions: Pd (I1):100ng/ml;
pH: 9.7; Cyrp: 3x10™M; taee: 60s; scan rate: 20 mVs™; pulse Amplitude: 20mV and frequency:
50Hz.

3.2.4. Effect Accumulation Time

Fig.8 shows the variation of accumulation time on peak current of 100 ppb Pd (II) with
optimum reagent concentration and other standard measuring conditions remained constant in
ammonia buffer pH:9.70; Corp: 3x10™mol I Eqee: -0.40V.

140
135 —. ] n
130 —
125 —-
120 —.
115—-
110—-
105 —

100

T T
100 120

o
N
o
N
o
(o2}
o
[or]
o

t(sec.)

Figure 8. Influence of t,c on the peak current of the Pd-a-FD complex. Conditions: Pd (I1):100ng/ml;
pH: 9.7; Corp: 3X10™*M:; Eace:-0.4V; scan ra: 20 mVs™; pulse amplitude: 20mV and frequency:
50Hz.

As revealed from Fig. 8, no time dependence is obtained in the time range from 0 to 60s, where
the metal complex peaks reaches to a limiting value corresponding to saturation of the Hg drop surface
with electroactive material. After 60s, the reduction peak for the Pd- a-FD broadened at high electrode
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coverage and shifted to more negative potentials. The 0s, accumulation time was chosen in since the
behavior was not changed till 60s.

3.2.5 Effect of Potential Sweep Conditions

3.2.5.1. Scan Rate

The potential scan rate for SW-CSV procedure was tested in the range between 10 and 60
mV/sec. (Fig. 9).

200 —+
180
160 - ||

140 -

InA

120 -

100 -

80 —+
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10 20 30 40 50 60

scan rate mV/sec.

Figure 9. Influence of scan rate on the peak current of the Pd-a-FD complex Conditions: Pd
(11):100ng/ml; pH: 9.7; Cg : 3X10*M; Eueei-0.4V: toc: Os; pulse amplitude: 20mV; and
frequency: 50Hz.

The stripping peak current that was obtained showed a linear dependence on the scan rate in
range from 10 to 50mVs™. In the higher than 50 mVs™, the current is constant. In this work, a
potential scan rate 50 mVs™ was chosen and used in all experiments.

3.2.5.2. Square Wave Frequency

The peak current of Pd- a-FD increased when the frequency increase from 30 to 160 Hz (Fig.
10)

Thus, in order to assure maximum peak and more sensitive peak, 150 Hz square - wave
frequency was the ideal choice for this operational parameter.
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Figure 10. Influence of modulation frequency on the peak current of the Pd--a-FD complex.
Conditions: Pd (11):100ng/ml; pH:9.7; Cgp: 3X10™*M; Esee: -0.4V; toee: 30s ; scan rate: 50 mVs™
and pulse amplitude: 50Hz.

3.2.5.3. Pulse Amplitude

Varying the value of excitation wave pulse amplitude plays an important role for the
measured peak current. By increasing the pulse amplitude over the range 10-50 mV, an extremely
enhanced voltammetric peak current is observed (Fig.11). As a result 50 mV were adopted as
optimum for pulse amplitude.
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Figure 11. Influence of pulse amplitude on the peak current of the Pd-a-FD complex. Conditions: Pd
(1):200ng/ml; pH: 9.7; Cgp: 3x10*M; Ese: -0.4V; tie: 30s; scan rate: 50 mVs! and
frequency: 50Hz.

3.3 Analytical parameters

Once the most ideal and suitable chemical conditions and instrumental parameters for the
stripping voltammetric determination of palladium metal ions were established, calibration plot for this
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metal ion was recorded to estimate the analytical characteristics of the developed square wave
adsorptive stripping voltammetry method.

3.3.1. Calibration Graph and Detection Limit

The square wave cathodic stripping voltammogram( Fig.12) and the calibration graph (Fig.13)
for the determination of palladium was obtained under the optimized conditions. (pH: 9.7; Curp: 3x10™
mol I tace: 305; Eace: -0.40V).

Linearity was evaluated by increasing palladium concentration up to100 ng/ml. The calibration
plot obtained was linear over the range 5-90 ng/ml with the correlation coefficient of 0.99993. The
precision expressed as the relative standard deviation (RSD) wasl.74 % for nine successive
measurements of the same sample containing 100.0 ng/ml of Pd (1) at optimized condition. The limit
of detection (LOD) was calculated by carrying out the above procedure on 9 blank samples using the
equation LOD=3Sy/m, where Sy is standard deviation of the blank peak current and m is the slope of
the calibration curve.
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25x10"
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1.0x107 1

5.0x10° - | - | - I - |
05 06 07 08 09

E(V) vs. Ag/AgCl

Figure 12. Square wave cathodic stripping voltammogram of Pd (I1) standard solutions at optimized
conditions.
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Figure 13. Calibration curve at optimum condition.

The detection limit obtained is equal to 0.029 ng / ml. In previous studies [24, 32-34]
concerning the determination of palladium (Il) using different ligands and adsorptive stripping
voltammteric techniques, the detection limit were found to be in the range of 1-2 ng / ml. Comparing
these values for the detection limit with the one obtained in this work, one can find a pretty much good
enhancement in the detection limit value for the determination of palladium (I1).

3.4. Infulence of other metals ions

Table 2. Effect of interfering species on the Pd--a-FD reduction peak

Substance added Concentration (ppb) Change ini, %

Pb** 2000 -5.38
Co** 500 -7.33
Ni< 100 -3.53
Cd** 60 +8.86
PO~ 10000 -4.87
HCO;" 9000 -9.96
NOg 500 -7.63
F- 800 -1.85
Br- 800 -4.53
Cl- 700 -3.32
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The a-FD is not completely specific for Pd (II) and can form complexes with other metal
species. Thus, the effect of a number of common metal ions and anions on the determination of 100
ppb Pd (I1) has to be assessed. The results of this study on the palladium- a-FD reduction peak are
summarized in Tablel.The criterion for interference was a peak height varying by more than 5% from
the expected value. The results indicate that common anions including, bromide, nitrite, phosphate,
chloride, bicarbonate do not interfere with the measurements at a mass ratio (anion:Pd) >500(Table 2).
No response or interference was observed with added 20 fold Pb (11). A reduction peak was obtained
with added Ni(ll) evidently resulting from the reduction of an adsorbed Ni (1I) complex.

3.5. Application

Fortunately, palladium is not found in natural water. Hence, the proposed method is applicable
to drinking water where palladium is absent. So this proposed  method was applied for the
determination of untreated tap water spiked with Pd (11). Well defined peaks, similar to those found in
the pure solution, were the obtained voltammogram of the tap water sample has peaked around the Pd
(IN—a-FD peak is shown in Fig.14 and the corresponding graph shown in Fig.15. A good recovery is
found as a result within the normal error (Table 3).

400"
35007
30074
250"
20007
15007

10107 -

5,0x10°

E(V) vs. AglAgCl

Figure 14. Square wave cathodic stripping voltammogram for Pd (11) determination in spiked drinking
water, at optimized conditions. Pd(Il) concentrations: (1)20 ppb (2)30 ppb (3)40 ppb
(4)70 ppb
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Figure 15. Calibration curve at optimum condition

Table 3. Results for the determination of Pd(l1) in untreated tap water spiked with Pd(I1)

Sample (ng ml™) Palladium found Recovery rate(%)
20 21+£1.22 105.0+6.1
30 30.32+1.43 101.6+4.8
40 41.40+0.44 103.5+1.10
70 71.33£1.77 101.9£2.5

4. CONCLUSION

The optimized working conditions of square wave adsorptive cathodic stripping voltammetry
for the determination of trace level of palladium on hanging mercury drop electrode (HMDE) using a-
FD as a preconcentrating agent were obtained. From the results obtained, the detection limit obtained
was 0.029 ng/ml and the proposed method was applied for the determination of untreated tap water
spiked with Pd (II). The results of the theoretical treatment indicate that the a-FD molecule would an
interesting point for studying its redox potential and the mechanism of interaction with the palladium.
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