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A highly sensitive voltammetric method was developed for the determination of nickel in seawater
at nanomolar concentrations. The measurement is based on the differential pulse cathodic adsorptive
stripping of Ni(II) complexed with pyridoxal salicyloylhydrazone at a hanging mercury drop electrode.
Optimal conditions were found following a two-step study strategy based on a Plackett Burman design
and subsequently a modified simplex method. They were: deposition potential −0.8 V; deposition time
120 s; differential pulse scan mode; pulse amplitude −0.07 V; pulse time 0.04 s; voltage step 0.017 V; time
ickel
dsorptive stripping voltammetry
xperimental design
eawater
yridoxal salicyloylhydrazone

interval for voltage step 0.05 s; supporting electrolyte ammonium chloride/ammonia (0.08 M, pH = 8.9)
and concentration of PSH 5.32 × 10−6 M. The response of the system was found to be linear in a range of
Ni concentrations from 0 to 306.7 × 10−9 M. The detection limit was found to be 0.04 × 10−9 M of Ni(II).
The precision of the method was 1.4% for 3.4 × 10−8 M of Ni(II) and 1.48% for the blank at a significance
level of 95% (n = 9). The method was free from interferences of inorganic salts and trace metals at usual

er. Th
nce e
concentrations in seawat
LGC 6016 certified refere

. Introduction

Analysis of heavy metals at trace levels in natural water is very
mportant in the field of environmental analysis due to their impor-
ant roles in life. For that, atomic absorption techniques have been
sually used. However, they offer many difficulties due to insuffi-
ient detection limits and/or matrix interferences of real samples
nd a preconcentration step is often required.

The use of electroanalytical techniques is another alterna-
ive widely employed, specially the stripping voltammetry. These

ethods are well-established for trace metal analysis and adsorp-
ive processes (AdSV) can further lower detection limits of stripping
oltammetry to the picomolar concentration levels. In addition,
hese techniques are inexpensive, simple, quick and very useful for
aline matrices like seawater and estuarine water samples and for
peciation studies.

In AdSV, the analyte is adsorbed on the working electrode (usu-
lly, mercury electrode) by means of a non-electrolytic process

rior to the voltammetric scan [1]. This procedure avoids the main
ifficulties found in anodic stripping analysis (ASV) with met-
ls with strong tendency to form intermetallic compounds, with
ow solubility on mercury electrode (e.g., solubility of Ni in Hg is

∗ Corresponding author. Tel.: +34 956 016362, fax: +34 956 016460.
E-mail address: dolores.galindo@uca.es (M.D. Galindo-Riaño).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.07.069
e application to seawater was demonstrated by analysis of CRM 505 and
stuarine water and real seawater samples from Tangier Bay (Morocco).

© 2010 Elsevier B.V. All rights reserved.

0.0021% [2], reacting irreversibly, and/or with very negative reduc-
tion potentials [3]). For trace metals, the method is based on the
formation and interfacial accumulation of a metal complex on
the working mercury electrode and subsequent measurement of
the reduction peak of the accumulated complex. The formation of
a monomolecular complex layer on electrode increases the sen-
sitivity of voltammetric measurement because the metal is not
dissolved in the mercury [2].

Nickel is a transition metal of both biological and geochemi-
cal importance. It is one of the essential trace elements among
other metals such as cobalt, copper, zinc, and manganese in the
diet, being a component of the enzyme urease and of five other
important enzymes [4]. It is a moderate toxic element but it can
cause allergic reactions and certain nickel compounds are carcino-
genic [5]. It is used in a large number of alloys, including stainless
steel, in batteries, chemicals, pigments and catalysts, and in the
electrolytic coating of items such as chromium-plated taps and fit-
tings used for tap water. This metal is released into the aquatic
environment from both natural and human-made sources and is
distributed by means of chemical, physical and biological processes
[6]. In Europe, Ni is considered a priority substance in the Water

Framework Directive (European Commission, 2000) [7], implying
that environmental quality standards for this metal are required in
the whole European Union. Natural water contains low concentra-
tion levels (8.52–25.56 nM), finding background levels of 5.11 nM
in river water [8], 11.93 nM in surface water [9] or 2.73–4.26 nM
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Table 1
AdCSV methods for nickel analysis in water samples.

Liganda Metal Chemical conditions Electrochemical
conditionsb

Analytical features for
Nic

Application Ref.

p-MPAO Ni pH: 6.8
[L]: 5 × 10−6 M

HMDE, LS
td: 3 min; Ed: −0.7 V

DL = 0.03 nM River water [13]

HNB Ni pH: 6
[L]: 3.3 × 10−5 M

Static MDE, LS
td: 120 s; Ed: −0.5 V

DL = 1.7 nM
Range: 1.7–426 nM

Doped mineral
water

[14]

AACD Cd, Ni, Co pH: 6
[L]: 3.2 × 10−6 M

HMDE, DPS
td: 60 s; Ed: −0.8 V

DL = 8.5 nM
Range: 8.51–850 nM

Tap, ground
and river water

[15]

DMG Ni (a) pH: 9
(b) Acid medium
[L]: 10−4 M

HMDE, DPS (3 steps)
(a) td: 120 s; Ed: −1.35
V
(b) td: 30 s; Ed: −1.1 V

(a) DL = 0.2 nM
Range: 1–100 nM
(b) DL = 2 nM
Range: 5–100 nM

Tap and river
water

[16]

DMG Ni, Co pH: 9.3
[L]: 2 × 10−4 M

Hg film E, DPS
td: 240 s; Ed: −0.8 V

DL = 6 nM
Range: 21–759 nM

Tap water [17]

DMG Ni, Co pH: 9.2
[L]: 10−4 M

Bi film E, SWS
td: 300 s; Ed: −0.7 V

DL = 1.7 nM
Ranges: 8.5–85;
17–170; 34–340;
85–850 nM

Certified river
water

[18]

DMG Ni, Co pH: 7.4
[L]: 5 × 10−3 M

Pb film E, SWS
td: 120s; Ed: −0.75 V

DL = 1.6 nM
Range: 5–100 nM

Rainwater [12]

DMG Ni pH: 9
[L]: 10−3 M

Bi film E, SWS
td: 600s; Ed: −0.7 V

DL = 10 nM
Range: 10–1000 nM

Ground and
mineral water

[19]

DMG Ni pH: 9.5 HMDE, DPS
td: 90s; Ed: −0.7 V

DL = 0.46 nM
Range: 0.46–119 nM

Lake water [20]

DMG Ni pH: 9.2
[L]: 2 × 10−4 M

Bi Film E, SWS
td: 90 s; Ed: −0.7 V

DL = 1.7 nM
Range: 1.7–340 nM

Certified river
and spiked tap
water

[21]

DMG Ni pH: 9.2
[L]: 10−4 M

HMDE, DPS
td: 180 s; Ed: −0.7 V

DL = 0.1 nM Seawater [22]

Nioxime Ni, Co pH: 7.6
[L]: 10−4 M

HMDE, DPS
td: 15 min; Ed: –0.6 V

DL = 0.45 nM
Range: 0.45–20 nM

Seawater
reference
materials

[23]

DMG Ni, Co pH: 7.9
[L]: 2 × 10−4 M

HMDE, SWS
td: 60–180 s; Ed: −0.7 V

DL = 0.05 nM Seawater [24]

DMG Ni pH: 8.3
[L]: 4 × 10−4 M

HMDE, SWS
td: 60 s; Ed: −0.7 V

Blank value: 0.8 nM
Range: 0.8–7.7 nM

Seawater [25]

DMG, oxine, SA
and nioxime

(a) Cu, Ni, Cd,
Pb, Co, Zn
(b) Cu, Ni, Co
(c) (Cu, Pb,
Cd) + (Ni, Co)

(a) pH: 7.6–8.5
[D]: 2 × 10−4 M
[O]: 0.2 × 10−4 M
(b) pH: 9.2
[SA]: 2 × 10−5 M
[N]: 5 × 10−6 M
(c) pH: 7.7 + 9.2
[O]: 10−5 M
[N]: 9·10−6 M

(a) HMDE, SWS td: 60 s;
Ed:: −0.8 V
(b) HMDE, DPS td: 60 s;
Ed: −0.75 V
(c) HMDE, SWS + DPS
td: 60 s; Ed: −1.0 V + td:
30 s; Ed: −0.8 V

(a) DL = 0.22 nM
Range: 0–350 nM
(b) DL = 0.30 nM
Range: 0–60 nM
(c) DL = 0.36 nM
Range: 0–35 nM

Seawater [26]

DMG and
catechol

Ni, Cu, V pH: 7.4
[D]: 0.5 mM
[C]: 0.7 mM

HMDE, DPS
td: 200 s; Ed: −0.35 V

DL = 0.4 nM
Range: >150 nM

Coastal
seawater

[27]
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a p-MPAO: 5-[(p-methyl-phenyl)azo]-8-aminoquinoline; HNB: hydroxynaftol bl
ioxime: cyclohexane-l,2 dione dioxime; SA: salicylaldoxime.
b HMDE: hanging mercury dropping electrode; E: electrode; LS: linear scan; DPS
c QL: quantification limit; DL: detection limit.

n Atlantic ocean water [10], but those are increased owing to pol-
ution of water (i.e.: nickel concentration in Mersey Estuary (UK)
anged from about 10–230 nM depending on the proximity to the
oast [11]). Considering the low content of nickel in water, sensitive
nalytical techniques are required.

Nickel determination cannot be performed by ASV because it
oes not form amalgams, being better the use of adsorption process
or preconcentration step [12]. Therefore, a number of studies on
he use of AdCSV for the determination of nickel have been reported
nd compared. These methods present advantages and disadvan-
ages in relation to the sensitivity, selectivity and applicability to
ifferent types of samples. The most commonly used complexing
gent for determining nickel is dimethylglyoxime (DMG), although
ome others and mixtures of ligands have also been used (Table 1)

12–27]. Most of the methods have been applied to water with no
aline matrix (tap, mineral, lake, river, ground and rain water). The
ethods for nickel analysis in seawater are either not sufficiently

ensitive or they require long deposition times making them time
onsuming. Thus, some improvements are still desirable.
CD: ammonium 2-amino-cyclopente dithiocarboxylate; DMG: dimethylglyoxime;

rential pulse scan; SWS: square wave scan.

In this paper, a new differential pulse adsorptive cathodic strip-
ping voltammetric method (DP-AdCSV) for the determination of
nickel in aqueous samples based on metal complexation with pyri-
doxal salicyloylhydrazone (PSH) is presented. This reagent has been
used in the spectrophotometric and spectrofluorimetric determi-
nation of several metals such as zirconium, aluminium, titanium or
copper [28–31]. However, the complexation capacity of PSH in the
presence of metal ions for the potential use in metal determination
by AdCSV has not been previously reported until now.

For this study, statistical strategies were used. Experimental
designs are good statistical tools to determine in an efficient way
the set of conditions required to obtain a proper process. Recently,
these strategies have been recommended for the electroanalytical
determinations, including the adsorptive stripping voltammetry.

The analytical response depends on many experimental factors
(pH, buffer composition and concentration, supporting electrolyte,
complexing agent), instrumental ones (deposition potential and
time, pulse amplitude, frequency, step potential...) and operational
ones (stirring rate, purge time...). Besides their effect on the cur-
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gloves and under a class 100 laminar flow hood cabinet Crusair
model 9005-FL (Cruma, Spain) in order to avoid contamination of
solutions and samples. Water used for experiments was purified
by reverse osmosis with an Elix 3 system followed by deion-

Table 2
Chosen factors and selected levels for the Plackett–Burman design.

Parameter Symbol −1 0 +1

pH pH 5 7 9
A. Aouarram et al. / Ta

ent enhancement, they may influence on other properties of the
oltammetric measurement as peak shape, overlapping peaks or
eproducibility. Because of that, classical optimization methods are
engthy, inadequate and they do not allow the measure of the influ-
nce of each variable has on the other; and consequently, screening
nd optimization designs of these parameters are highly recom-
ended [32].
A two-step study strategy based on a Plackett Burman design

nd subsequently a modified simplex method has been followed,
nvolving several chemical and instrumental parameters. Initial
creening of selected variables was used to know the significance of
heir effects on the voltammetric responses of the PSH reagent and

etal complex. A Plackett Burman screening design allows find-
ng the empirical linear relationship between the response and the
tudied parameters (called factors). In addition, the experimental
atrix can include experiments at the central level of each factor,

ot used for the model construction but used to test the model lin-
arity. This type of design has great value in screening experiments
hen a large number of factors can have influence on the response

33].
After that, the modified simplex was used as a multivariate non-

inear optimization tool of the significant variables. A simplex is a
eometric figure defined by a number of points (vertices) equal
o one more than the number of variables to optimize. Each point
orresponds to an experiment under the conditions to be studied.
he method forces the figure to move towards a region where the
esponse is optimum. The modified simplex uses the reflection, the
xpansion and contraction of the figure during the procedure; and
or every certain number of experiments, a previous trial is repeated
34]. The most important advantage of this method is the possibility
f performing the simultaneous optimization of several response
ignals, considering the interaction among the variables [35]. This
ool was an effective way of locating the optimum conditions for
ickel analysis.

The analytical parameters as repeatability, linearity and accu-
acy were also investigated. The method was validated and applied
uccessfully to the analysis of nickel in different natural waters:
stuarine water and seawater.

. Experimental

.1. Reagents and solutions

Stock aqueous solutions of Ni(II) were prepared weekly by
ilution of Ni(II) standard solution of 1000 mg l−1 (Merck, Ger-
any) in 0.06 M HNO3. PSH reagent was synthesized by reaction

etween pyridoxal and 2-hydroxybenzohydrazide (SH) purchased
o Sigma–Aldrich (Germany) [28]. Aqueous solution of pyridoxal
1.1 g in 20 ml) and ethanolic solution of SH (1 g in 20 ml) were

ixed under reflux heating 10 min, and cool at room tem-
erature. Crystals were filtered off and washed with a large
olume of ethanol. Subsequently, they were crystallized from
:1 ethanol/water and dried at 110 ◦C. The reagent obtained
as yellow (C15H15N3O4, formula weight, 301; m.p., 247 ◦C;
AS No.: 82970-90-9). A 1.33 × 10−3 M stock solution of PSH

n extrapure absolute ethanol was prepared weekly and stored
t 4 ◦C in darkness. Stability of stock solution of reagent was
tudied spectrophotometrically at 420 nm, being stable for one
eek.

Britton–Robinson buffer solutions were used to adjust the pH

range 2.6–11) during the previous experiments and the optimiza-
ion of the method. These solutions were prepared according to
reviously reported [36], using o-boric acid, o-phosphoric acid,
cetic acid and sodium hydroxide (Merck); constant ionic strength
f 1.5 M was obtained by adding KCl. Ammonium chloride buffer
Fig. 1. Pyridoxal salicyloylhydrazone ligand (PSH).

was prepared using 4 M NH3 and 2 M HCl Suprapur grade purchased
from Merck, and used to adjust the pH at optimal conditions.

All laboratory materials were acid cleaned (2 M HNO3), rinsed
with Milli-Q water and stored in a laminar flow cabinet. All reagents
were of analytical-reagent or Suprapur grade and all solutions were
prepared using Milli-Q deionised water (Millipore, USA) and dis-
tilled or extrapure ethanol (Scharlab, Spain). During voltammetric
analysis, solutions were deoxygenated with high purity nitrogen
(Air Liquide, Spain) prior to each experiment.

The certified reference materials (CRM), analyzed to determine
the accuracy of the proposed method, were Community Bureau
of Reference (BCR) CRM 505 and Laboratory of the Government
Chemist (LGC) LGC 6016 C estuarine waters supplied by LGC Pro-
mochem SL (Spain).

The proposed method was applied to coastal water sam-
ples from Tangier Bay (Morocco). Samples were filtered through
0.45 �m pore size filters, acidified with HNO3 of Suprapur grade
(Merck) and stored until application of the method. Before anal-
ysis, organic matter of samples was destroyed by adding of
0.02 M hydrogen peroxide Suprapur (Merck) and UV digestion for
three hours employing a 500 W high pressure mercury vapour
lamp.

2.2. Instrumentation

Stripping measurements were performed with a Metrohm 757
VA Computrace Stand (Metrohm, Switzerland) with automated
hanging mercury drop electrode as working electrode. The cell also
included an Ag/AgCl reference electrode (saturated with 3 M KCl)
and a platinum wire as auxiliary electrode. The stand was controlled
by PC software VA Computrace 2.0 installed in a personal computer
using a 5326 VA Computrace Interface (Metrohm, Switzerland). All
measurements were made at room temperature. A Unicam Helios
Gamma&Delta (Unicam Limited, UK) spectrophotometer was used
for UV–vis spectroscopic measurements with 1 cm quartz glass
cells (1 cm × 1 cm × 4.5 cm). A model 2001 pH-meter equipped with
52-02 combined glass-Ag/AgCl electrode (Crison, Spain) was used
for pH measurements and pH 4 and 7 standards on the NBS pH scale
were used for its calibration. Organic matter was removed for real
water samples by UV irradiation with a Metrohm model 705 UV
Digester (Metrohm, Switzerland) in quartz tubes. Sample handling
and preparation of solutions were performed using polyethylene
Deposition potential (V) Ed −0.2 −0.4 −0.6
Deposition time (s) td 60 90 120
Pulse amplitude (V) P −0.04 −0.07 −0.1
Voltage step (V) Us 0.004 0.008 0.012
Time interval for voltage step (s) ts 0.1 0.6 0.9
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Table 3
Fixed chemical and instrumental variables for the modified simplex.

Parameter Symbol Value

PSH concentration [PSH] 5.32 × 10−6 M
Nickel concentration [Ni(II)] 3.4 × 10−8 M
Buffer concentration Britton–Robinson 0.15 M
Cell volume V 25 ml
Pulse time tp 0.04 s
Drop size ds 9 a.u
Stirring speed rs 2000 rpm
Equilibration time te 10 s
Potential scan E −0.1 V to −1.25 V
ig. 2. Pareto’s chart of the Plackett–Burman design for the intensity of the mea-
urement of nickel–PSH complex peak (INi) and for the difference of potential
easurement between the neighbouring nickel–PSH and free PSH peaks (�Em).

zation with an 18 M� cm−1 deionised Milli-Q system (Millipore,
SA).

.3. Procedure

Stripping analysis of nickel was carried out in 0.15 M
ritton–Robinson buffer (pH = 2.6–11) for previous experiments
r 0.08 M ammonium chloride buffer (pH = 8–10) for final condi-
ions, containing 5.32 × 10−6 M PSH as the complexing agent. A
0–25 ml sample solution was deoxygenated for 5 min with high
urity nitrogen and the adsorption of nickel complex was done
sing a preconcentration potential of −0.8 V under stirring condi-
ions of 2000 rpm. After an equilibration time of 10 s, the adsorbed

etal complex was stripped and voltammogram was recorded
n the quiescent solution by applying a negative-going differen-
ial pulse scan. Scans of each experiment were repeated twice
ith a new hanging drop. The metal analysis was performed by

tandard addition method with a purge time of 10 s after each
ddition.
Statistical analysis was performed using the statistical soft-
are package STATISTICA (data analysis software system)

ersion 7 [37] for reduced factorial design (Plackett–Burman
esign) and MultiSimplex 2.0.4 [38] for the Modified Simplex
ethod.
Pulse amplitude P −0.07 V
Deposition potential Ed −0.8 V
Deposition time td 120 s

3. Results and discussion

3.1. Choice of the ligand

PSH is a multidentate ligand with the chromogenic group
(OH)C C–CO–NH–N C C(OH) (Fig. 1). The IR spectra of solid PSH
exhibits v(N–H) and v(N–H+) of the pyridine ring absorption bands
at c. 3350s and 3130w, and 2800mb cm−1, respectively, whose
protonation has appeared due to the migration of the pheno-
lic OH group to the pyridine nitrogen, indicating that the ligand
exists in the keto form as solid state. However, in solution and
in the presence of some metal ions the ligand may co-exist in
equilibrium with the tautomeric enol form. The tautomer by the
loss of enolic proton can act as a charged tridentate ligand coor-
dinating through the phenolic oxygen, the azomethine nitrogen
and the carbonyl oxygen atoms. Other important IR bands corre-
spond to the phenolic v(C–O) stretching and bending vibrations
at c. 1518s and 1280s cm−1, and the band at 1630vs assigned
to the v(C N) stretching vibrations [31]. Therefore, the ligand
may function as a bidentate or tridentate ligand for complex-
ing metals. The UV spectra of PSH shows two main absorption
maxima at 230 and 300 nm in ethanol; they are found at 300
and 350 nm in acid aqueous solution with a bathochromic shift
in moderately alkaline media [28]. PSH also shows good fluo-
rescent which may be due to the occurrence of two hydroxyl
groups in ortho-positions in the former reagent [29]. The lig-
and has an acid–base behaviour with two ionisation constants of
pK1 4 and pK2 7.0, caused by protonation of the pyridine nitro-
gen atom and deprotonation of the hydroxyl group, respectively
[28].

Some pyridoxal derivatives have been employed in inorganic
analysis as spectrofluorimetric and spectrophotometric reagents
(analysis of Zr(IV) [28] or Al(III) [29]) or for analytical biochemi-
cal purposes, but it is not known about their value in adsorptive
stripping voltammetry. Therefore, different experiments were car-
ried out to identify the behaviour of PSH on HMDE electrode in
the presence of different metal ions. A cathodic peak for Ni–PSH
complex was found and the suitability of this ligand for the
proposal of a new AdCSV method for nickel analysis was exam-
ined.

The continuous variation (Job’s method) and the mole ratio
methods were applied in order to establish the stoichiometry
of the complex used in this study. 8:2 aqueous–ethanolic solu-
tions of nickel chelate buffered at pH 8.9 were prepared and
their absorbances were measured at 420 nm with visible spec-
trophotometer. The nickel/ligand ratio obtained was 1:2 and the

11
stability constant �ML2 of the formed complex was 1.16 × 10 . In
addition, the stability of the metal complex in aqueous–ethanolic
medium was studied using a solution prepared by adding 1 ml
of 1.33 × 10−3 M PSH and 0.5 ml of 1.33 × 10−3 M Ni(II). The
stability of this solution was measured spectrophotometrically
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Table 4
Simplex design with significant variables and values for two responses: Ni–PSH peak intensity (INi) and peaks overlapping between Ni–PSH and free PSH (�Em) (solutions
containing 3.4 × 10−8 M Ni(II) ion and 5.3 × 10−6 M PSH) (F: first simplex; R: reflexion; E: expansion; C+: positive contraction; C−: negative contraction; *: not possible).

Vertexa pH Us (V) ts (s) INi (−nA) �Em (V) Type

1 8.5 0.016 0.05 44.35 0.133 F
2 8.5 0.008 0.15 3.66 0.127 F
3 9.5 0.008 0.05 25.47 0.093 F
4 9.5 0.016 0.15 9.55 0.096 F
5 9.8 0.019 0.02 *** *** R
6 8.8 0.011 0.12 9.35 0.121 C−

7 8.4 0.007 0.00 *** *** R
8 9.2 0.014 0.11 12.25 0.112 C−

9 9.3 0.014 0.02 *** *** R
10 8.9 0.012 0.10 14.42 0.121 C−

11 8.7 0.010 0.02 *** *** R
12 9.1 0.013 0.09 18.55 0.132 C−

13 9.2 0.013 0.03 *** *** R
14 9.0 0.012 0.08 21.38 0.117 C−

15 8.2 0.019 0.10 8.75 0.130 R
16 9.2 0.011 0.06 30.47 0.108 C−

17 8.7 0.013 0.04 *** *** R
1(R−1) 8.5 0.016 0.05 43.27 0.130 F

18 9.0 0.013 0.08 19.75 0.130 C−

19 8.8 0.015 0.05 60.25 0.133 R
20 8.7 0.016 0.03 *** *** E
21 8.7 0.015 0.03 *** *** R
22 8.9 0.013 0.07 31.80 0.130 C−

23 8.3 0.018 0.05 32.12 0.130 R
24 8.2 0.020 0.03 *** *** R
25 8.7 0.015 0.06 50.38 0.133 C−

26 9.0 0.013 0.06 42.10 0.119 R
27 8.8 0.014 0.06 45.03 0.130 C+

28 9.0 0.013 0.06 42.28 0.132 R
29 8.6 0.015 0.05 42.63 0.133 C−

30 8.6 0.016 0.05 47.40 0.128 R
19(R−1) 8.8 0.015 0.05 60.75 0.133 R
31 8.8 0.016 0.06 59.85 0.130 R
32 8.9 0.015 0.06 52.32 0.133 R
33 9.0 0.016 0.05 64.00 0.125 R
34 8.8 0.016 0.05 65.66 0.130 R
35 8.8 0.017 0.04 *** *** E
36 8.9 0.015 0.04 *** *** R
37 8.8 0.016 0.06 58.58 0.130 C−

38 8.6 0.015 0.06 45.3 0.133 R
19(R−2) 8.8 0.015 0.05 60.04 0.133 R
39 8.9 0.016 0.05 66.91 0.125 C−

40 8.9 0.015 0.04 *** *** R
41 8.8 0.016 0.06 58.79 0.130 C−

42 8.9 0.017 0.06 72.14 0.131 R
43 8.9 0.018 0.06 71.67 0.120 E

5
6
5

a
w

3

a
i
r
−
a
a
a
c
p
a
n
s
m

44 8.9 0.017 0.0
45 8.8 0.017 0.0
34(R−1) 8.8 0.016 0.0

a n(R−m): m replicate of the n experiment.

t 420 nm. The complex solution was stable at least for two
eeks.

.2. Preliminary experiments

Previous electrochemical studies of PSH were carried out and
reduction peak was found depending on the pH of the support-

ng electrolyte and indicating the involvement of protons in the
eduction processes. The peak decreased and showed shifts (about
0.518 V at pH 2.6 to −0.932 V at pH 9.6) to high negative values
s the pH increased. With the addition of Ni(II) to PSH solution,
nother stripping peak was found showing the adsorptive char-
cteristics of the metallic complex. The cathodic peak for Ni–PSH
omplex was found at slightly higher values of potentials than PSH

eak depending on the pH (about −0.800 V at pH 2.6 to −1.150 V
t pH 9.6). Therefore, not only the complex capacity of PSH with
ickel at different pH values was taken account, but also the pos-
ibility of peaks overlapping between the free PSH peak and the
etal complex peak.
70.57 0.131 R
71.34 0.131 R
68.54 0.130 R

3.3. Optimization strategies

In this paper, a Plackett–Burman method has been used as
screening design. This method allows determining the effects of
process parameters (called factors) on chosen responses [32,39].
Six factors were considered as potentially relevant for this study.
The appropriate selection of experimental domain for each fac-
tor was made from prior experiences and knowledge of the assay
system (Table 2). Two responses were chosen for the optimiza-
tion: the intensity of the measurement of nickel–PSH complex
peak (INi) and the difference of potential measurement between
the neighbouring nickel–PSH and free PSH peaks (�Em) measured
at maximum I. Although the main purpose was to achieve the best
sensitivity for the determination of nickel, the possible interfer-

ence by peaks overlapping with peaks of PSH was also taken into
account. An eight-run matrix was used and three experiments at
the central level of each factor were also included; two replicates
for each experiment were performed. The experiments were car-
ried out in a randomised order. No significant parameters were kept



1 lanta 82 (2010) 1749–1756

fi
2
l
s
a

r
w
m
(
i
p
w
a
o

a
s
o
t
v
v
l
m
c
d
a
o
(
a
w
u
r

c
a
o
c
c
i
t
f
m
t
f
i

3

c
o
s
0
s
v
t

n
e
o
n
s
f
N
R

Because of electroanalytical techniques employed to analyze
nickel usually allow simultaneous analysis of cobalt, the proposed
method was applied to the determination of this metal in the same
conditions as those optimized for nickel. The linear range for Co(II)
determination was over the range from 0 to 169.7 × 10−9 M of Co(II)
754 A. Aouarram et al. / Ta

xed: pulse time (tp), 0.04 s; drop size (ds), 9 a.u.; stirring speed (rs)
000 rpm; buffer concentration (Britton–Robinson), 0.15 M; equi-

ibration time (te), 10 s; volume of sample solution, 25 ml; potential
can, −0.1 V to −1.25 V; reagent concentration, 1.25 × 10−5 M PSH;
nd Ni(II) concentration, 7.7 × 10−8 M.

The results of the analysis of the variance on the data were rep-
esented by the Pareto chart in Fig. 2. It can be deduced that there
ere five significant effects at 95% confidence level for the maxi-
um intensity of the Ni–PSH peak, namely: ts (−), pH (+), Us (+), td

+) and the square pH value; P and Ed were not significant effects
n the range studied. The �Em response was only affected by the
H (–) and ts (–) factors. Therefore, the most significant parameters
ere the pH value with opposite influence over the two responses

nd the time interval for voltage step (ts) with a negative influence
ver both responses.

From the results of the Plackett–Burman design, several vari-
bles were kept fixed (Table 3), whilst a modified simplex with the
ignificant variables (the pH value, ts and Us) was carried out in
rder to obtain the optimal conditions by using the software Mul-
isimplex 2.0.4 [38]. The deposition time (td) was fixed at maximum
alue studied in the Plackett–Burman design. Higher values of this
ariable were not studied in the simplex method in order to avoid
ong analysis times. Two response variables (the sensibility of the

ethod, INi and the selectivity of the measurement, �Em) were
onsidered for the evaluation of the efficiency of the voltammetric
etermination as above for the previous design. They were evalu-
ted simultaneously applying the same weights during the advance
f the simplex by the software. The initial simplex with 4 vertices
3 variables) was performed by assignment of a reference value and
step size for each variable. The conditions of the initial vertices
ere the experiments 1–4 in Table 4. The process was continued
ntil the optimum conditions were reached. The values for the two
esponses of each run can be seen in the Table 4.

The criterion selected for stopping the simplex was based on the
omparison of the variance of the proposed method for INi (vari-
nce of experiment number 33 = 2.584, for n = 4) with the variance
f each simplex [40]. This comparison was carried out using the
orresponding F-values for probability value of p = 0.50. The pro-
ess was stopped for simplex 43 (after 45 different experiments),
ncluding experiments 42, 44, 45 and 34(R−1) with similar condi-
ions. They showed a variance value of 2.391 for INi values ranging
rom 68.54 to 72.14 nA (n = 4). The differences of potential measure-

ent between the neighbouring nickel–PSH and free PSH peaks for
hese experiments were similar (�Em range: 0.130–0.131 V). The
ollowing values of variables: pH 8.9, voltage step 0.017 V and time
nterval for voltage step 0.05 s, were used for further studies.

.4. Improvement of the voltammetric peak

A universal buffer solution was used during optimization pro-
ess because the changes in pH values were easier. Once the
ptimum value was known (pH = 8.9), the use of a simple buffer
olution with better blank values seemed more recommended.
.08 M NH4Cl/NH3 buffer solution was used and the background
ignals were lower. Furthermore, the values of nickel–PSH and PSH
oltammetric peaks were increased 4.5 times and 1.9 times, respec-
ively, with the same electrochemical conditions.

Although the separation between the nickel (II) and free PSH
eighbouring peaks was adequate at optimal conditions, the influ-
nce of different concentrations of ligand was studied. The effect
f PSH concentration on the intensity of the measurement of

ickel–PSH complex peak (INi) using 0.08 M NH4Cl/NH3 buffer
olution at pH 8.9 is shown in Fig. 3. The values of PSH ranged
rom 0.33 × 10−6 M to 5.32 × 10−6 M and three concentrations of
i(II) were used (3.4 × 10−8 M, 6.8 × 10−8 M and 10.2 × 10−8 M).
eproducible voltammetric signals for Ni(II) were obtained using
Fig. 3. Effect of PSH concentration on the intensity of the measurement of
nickel–PSH complex peak (INi) using 0.08 M NH4Cl/NH3 buffer solution at pH 8.9.

higher PSH concentrations of 1.33 × 10−6 M and the overlapping
between the reagent and metal complex signals did not happen.
Fig. 4 displays an example of voltammograms showing the effect of
PSH concentration on the nickel–PSH complex and PSH peaks for
10.2 × 10−8 M Ni(II) concentration.

3.5. Analytical performance of the method

The linear range for Ni(II) determination was evaluated under
the optimum experimental conditions. The calibration graph
was linear over the range of 0–306.7 × 10−9 M of Ni(II), adding
5.32 × 10−6 M of PSH and employing 120 s as deposition time. The
correlation equation obtained was: INi (nA) = 7.92 × 109 CNi + 40.69,
with R2 = 0.998 (n = 14) and where CNi is the molar concentration of
Ni(II). According to the IUPAC method of calculation, the detection
limit was DL = 3 sb/m, where sb is the blank standard deviation and
m is the slope of the calibration graph [41], and it was found to be
0.04 × 10−9 M of Ni(II). The precision of the method was 1.4% for
3.4 × 10−8 M of Ni(II) and 1.48% for the blank samples, at a signifi-
cance level of 95% (n = 9).
Fig. 4. An example of voltammograms showing the effect of PSH concentration on
the nickel–PSH complex and PSH peaks. Electrolyte containing 0.08 M NH4Cl/NH3

at pH 8.9, 10.2 × 10−8 M Ni(II), and PSH concentrations of: (a) 5.32 × 10−6 M;
(b) 4.00 × 10−6 M; (c) 2.66 × 10−6 M; (d) 1.33 × 10−6 M; (e) 0.67 × 10−6 M; (f)
0.33 × 10−6 M.
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Table 5
Study of interferences by salts for Ni(II) determination in solutions containing
3.4 × 10−8 M Ni(II) ion.

Interference Concentration (g l−1) Recovery (%)

NaCl 23.94 97.4
MgCl2 10.83 97.6
Na2SO4 3.99 99.0
CaCl2 1.49 101.8
KCl 0.677 98.2
NaHCO3 0.196 100.8
KBr 0.098 101.8
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Table 7
Determination of nickel by applying the new proposed method to certified reference
estuarine waters (CRM 505 and LGC 6016) and real seawater samples from Morocco
coast.

Sample Ni Concentration (nM) Relative error (%)

Expected Foundd

CRM 505 24 ± 2a 24.9 ± 0.9 +3.2
LGC 6016 3169 ± 51a,b 3101 ± 68 −2.2
Seawater 1e 22.5 ± 0.4c 23.2 ± 0.3 +2.8
Seawater 2e 14.6 ± 1.3c 13.8 ± 0.2 −5.2

a Certified value.
b −1
H3BO3 0.027 97.5
SrCl2 0.024 101.0
NaF 0.003 97.9

ith 120 s as deposition time. The correlation equation obtained
as: ICo (nA) = 1.69 × 109 CCo + 11.60, with R2 = 0.996 (n = 8) and the
etection limit was found to be 1.55 × 10−9 M of Co(II). Neverthe-

ess, cobalt analysis could be better optimized.

.6. Interference studies

Possible interference by different salts present in natural water
ith the cathodic adsorptive stripping voltammetry of nickel was

nvestigated by the addition of the salt at the usual concentra-
ions in seawater [42] to a solution containing 3.4 × 10−8 M of
i. The results of the analysis of nickel by the standard addition
ethod are summarized in Table 5. From the results, it can be

oncluded that the method is free from interferences of saline
atrix. In addition, the influence of other trace metals present

n seawater has also been evaluated at higher concentrations
han those usually found in seawater samples. Table 6 shows the
ercentages of recovery of this study. Related to trace metals,
o interfering effects were found even though their concentra-
ions exceeded the usual concentrations in seawater. Furthermore,
ome metals produced voltammetric peaks at other measurement
otentials as copper, lead, cadmium, zinc and cobalt. Therefore,
ased on the encouraging results obtained, this reagent could
e applied to the simultaneous analysis of different metals in
ater.

.7. Real samples analysis

The accuracy of the method for nickel was assessed by anal-

ses of two types of reference certified estuarine water: CRM
05 and LGC 6016, with different contents of metal. The method
as also applied to two samples of real seawater from the Tang-

er Bay (Morocco) with a peristaltic pump, at a depth of ca.
.30–0.50 m below the sea-surface. Samples were filtered through

able 6
tudy of interferences by trace metals for the Ni(II) determination in solutions con-
aining 3.4 × 10−8 M Ni(II) ion.

Interference Concentration (nM) Recovery (%)

V(V) 100 97.4
Fe(III) 100 97.6
Cu(II) 100 99
Zn(II) 100 101.8
Al(III) 100 98.2
Mn(II) 100 100.8
Pb(II) 100 100.1
Co(II) 3 101.8
Pd(II) 3 97.5
Bi(III) 3 101.0
Cd(II) 3 97.9
Tl(I) 3 97.7
Zr(IV) 3 97.8
Ti(IV) 3 99.5
Certified values as �g l : 186 ± 3.
c Determination by AdCSV (DMG-Ni) [43]; n = 4.
d n = 4.
e Seawater samples were collected from the Tangier Bay (Morocco).

0.45 �m pore size filters, acidified with HNO3 and stored until
the application of the method. The samples showed the follow-
ing values for chemical parameters: seawater 1, pH 7.87 and
salinity 32.0; and seawater 2, pH 8.10 and salinity 32.2. Four repli-
cates of each reference materials and real samples were analyzed
after UV digestion with hydrogen peroxide for the organic matter
removal. Nickel was measured using PSH–Ni AdCSV by the standard
addition method. The results in Table 7 were in good agree-
ment with the certified values and those obtained using DMG–Ni
AdCSV method proposed by Metrohm UK Limited Company for
seawater [43]. The relative errors were ranged from −5.21% to
+3.24%, indicating the successful applicability of the PSH–Ni AdCSV
method.

4. Conclusions

Nickel can be effectively analyzed by differential pulse adsorp-
tive stripping voltammetry using pyridoxal salicyloylhydrazone
(PSH) as ligand. The application of statistical methods allowed the
effective optimization of the chemical, electroanalytical and opera-
tional parameters. The new method provides a very good detection
limit, being lower than those showed by the other AdCSV conven-
tional methods when they are applied to seawater, with a large
linear range of applicability. It shows a very suitable resolution,
accuracy and reproducibility, and it is free from interferences of
inorganic salts and trace metals at usual concentrations in seawa-
ter. Using the optimized conditions, others metals can be detected
(copper, lead, cadmium, zinc and cobalt). Further studies to explore
the use of PSH in AdCSV may lead to a new approach to the simul-
taneous metals analysis.
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