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a b s t r a c t

Polypyrrole-chloride was studied as a new sorbent for preconcentration of copper(II) using solid-phase
extraction prior to determination by flame atomic absorption spectrometry. The sorbent showed an
extremely high selectivity towards copper(II) as an anionic chelate, i.e. Cu (pyrocatechol violet)2

2− in the
pH range of 4–7. Copper(II) as Cu (pyrocatechol violet)2

2− was selectively retained on a column containing
1.0 g of polypyrrole-chloride and quantitatively eluted by 3 mL of 2.0 mol L−1 nitric acid. The calibration
eywords:
opper
ater samples

olypyrrole-chloride
yrocatechol violet

graph was linear with a correlation coefficient of 0.999 at levels near the detection limit and up to at least
50 �g L−1. When applied for preconcentration and determination of copper in tap water, waste water and
hot spring water, the recoveries were found to be 96, 101 and 95%, respectively, with high precision (%
relative standard deviation <4%) and low detection limit (0.87 �g L−1). Verification of the accuracy was
carried out by the analysis of a standard reference material (BCR 715 wastewater-SRM). The relative error

met
ng wa
olid phase
xtraction

was +3.33%. The proposed
waste water and hot spri

. Introduction

Copper is an essential trace element that is vitally important for
he human body. Human organs with the highest concentrations
re kidney and liver, followed by brain, heart and bone in decreas-
ng order. These organs contain more than half the copper in the
ody. It functions as a co-factor in various enzymes and in copper-
ased pigments. Almost all of the copper in the body is bound to
roteins. Copper is a heavy metal that is toxic in its unbound form.
opper(II) ion is prone to bind to the cell membrane, hindering
he transport process through the cell wall heavily [1]. Excessive
mount of copper can cause abnormal metabolism [2]. So, there is
critical need for timely evaluation of the existing level of copper in
nvironmental samples like water. Copper concentration in potable
ater is usually very low (≤20 �g L−1) [3]. The concentration of

opper in lakes and rivers ranges from 0.5 to 1000 �g L−1 with an
verage concentration of 1 �g L−1. In groundwater the average of
opper concentration is almost 5 �g L−1. As the levels of copper in
atural water samples are low, a preconcentrative separation and
etermination of trace copper from the natural water samples is

ssential and needs much more attention.

Solid-phase extraction (SPE) is one of the most important pre-
oncentration and separation methods, due to its advantages like
implicity, selectivity, eco-friendliness, reusability, flexibility to

∗ Corresponding author. Tel.: +90 258 2963564; fax: +90 258 2963723.
E-mail address: elci@pau.edu.tr (L. Elçi).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.05.062
hod was successfully applied to the determination of copper in tap water,
ter samples.

© 2010 Elsevier B.V. All rights reserved.

choose the solid phase, high preconcentration factor, low consump-
tion of the organic solvents or no requirement of toxic solvent, low
cost and extraction time for preconcentration of trace metals. In
the SPE procedures based on adsorption, trace species are usually
retained on non-polar polymeric sorbents (reversed phase) through
van der Waals forces or hydrophobic interaction. However, because
most trace metal species are ionic, they will not be retained by
such polymeric sorbents. The most simple SPE to be used in prac-
tice is based on adsorption of heavy metal ions as chelates and/or
inorganic complexes in neutral form. So, in some cases, chelating
agents may be directly added to the sample for chelation of trace
elements, the chelates being further retained on an appropriate
solid-phase sorbent [4–8]. The selectivity of the solid-phase poly-
meric sorbents mainly depends on the selectivity of chelating agent
forming chelate with metal ions and functional groups in structure
of the sorbent.

On the other side, the sites having positive or negative charges in
the polymer skeleton can occur during a polymer synthesis [9,10].
In this case, electroneutrality of the polymer matrix is maintained
by the incorporation of cation [11,12] or anion [13,14] as a counter-
ion from the reaction solution. The associated counter-ions can
be exchanged with relevant ions in a solution. Thus, these poly-
mers can retain trace metal ions in convenient chemical form by

electrostatic attraction. In addition to the surface properties, the
structure of most polymers having ion exchange properties can be
included some groups such as �-electrons, rings and/or functional
group atoms, which are responsible from adsorption of trace metal
ions in appropriate form. The polymers having adsorptive and ion



9 lanta

e
r

r
f
r
o
c
a
v
r
p
e
v
o
m
(
f
r
r
t
f
i
m
p
l
a
a
n

u
i
c
F
i

e
p
s
a
o
(
m

2

2

s
t
l
w
f

i
s

2

a
w
s
t

40 S. Sönmez et al. / Ta

xchanger properties may provide interesting results for selective
etention of metal chelates in ionic form.

Based on the discussion above, it can be concluded that polypyr-
ole having extremely intrinsic surface properties will be useful
or preconcentration of trace heavy metal ions. Because polypyr-
ole possesses adsorptive and ion exchanger properties. It is also
ne of the few polymers that can be synthesized both chemi-
ally [15–18] and electrochemically [18–20] from both aqueous
nd non-aqueous solvents. The chemical synthesis of polypyrrole is
ery important as it is a more feasible route for producing polypyr-
ole on a large scale, required for SPE application. During chemical
olymerization of pyrrole, physical, chemical or electrical prop-
rties of polypyrrole can be altered by doping polypyrrole with
arious dopants or agents. For example, when FeCl3 is used as
xidants, Cl− ion is incorporated as counter-ion into the polymer
atrix. The anion excahange properties of polypyrrole-chloride

PPyCl) may be used to uptake anions or metal complexes in anionic
orm in aqueous solutions. Polypyrrole-based adsorbents, polypyr-
ole coated various materials and polypyrrole have attracted some
esearch interest as an sorption material in this regard. However,
hese are limited with adsorption of organic and biological species
rom aqeuous samples [9,15,21–23]. There are a couple of stud-
es for heavy metal ions adsorption onto polypyrrole-impregnated

aterials [24–26]. Also, the conducting polymer materials as
olypyrrole, polythiophene and their derivatives in electromodu-

ated extractions are used for various sample clean-up operations
nd preconcentrations of some cations and anions [27]. Up to now,
ccording to our best knowledge, directly, polypyrrole-chloride has
ot been used to concentrate trace metal ions.

Pyrocatechol violet (PV) as a chelating agent has been widely
sed because of its high complex formation constants with metal

ons for spectrophotometric metal determinations [28] and for pre-
oncentration of trace metal ions from aqueous solutions [5,29–31].
urthermore, pyrocatechol violet forms anionic chelates with metal
ons [32].

These outcomes discussed above encourage us to examine the
fficiency of PPyCl as a sorbent for preconcentration of trace cop-
er ions. This research thus focused on the use of PPyCl for a highly
elective solid-phase extraction and preconcentration of Cu(II) as
n anionic chelate, i.e. Cu(PV)2

2−, for improving the detection limit
f the determination by flame atomic absorption spectrometry
FAAS). The performance was evaluated by applying the proposed

ethod to the determination of Cu(II) in a variety of water samples.

. Experimental

.1. Instrumentation

A PerkinElmer Model Aanalyst 700 flame atomic absorption
pectrometer with deuterium background correction was used
hroughout this work. A copper hollow cathode lamp was used as
ight source at a wavelength of 324.8 nm and operated at 4.0 mA

ith a 0.7 nm spectral bandpass. An air–acetylene burner was used
or the determination of copper.

The pH measurements were conducted by a pH meter Hanna
nstruments model pH 211 calibrated against two standard buffer
olutions, pH 4.0 and 7.0.

.2. Material and chemicals
All chemicals used in this work were of analytical reagent grade
nd were used without further purification. Ultra-pure (UP) quality
ater (resistivity 18.2 M� cm−1) obtained with a reverse osmosis

ystem (Human Corporation, Seoul, Korea) was used for all dilu-
ions. All the plastic and glasswares were cleaned by soaking in
82 (2010) 939–944

dilute HNO3 (1 + 9) and then thoroughly rinsed with UP water prior
to use. Standard and working solutions of Cu(II) was prepared by
stepwise dilution of 1000 mg L−1 Cu(II) stock solution supplied by
Merck (Darmstadt, Germany).

Blank solution was prepared by UP water and adjusted pH at
5.0. A 0.05% (m/v) pyrocatechol violet (PV) solution using solid PV
from Merck was prepared daily in UP water. 2 mol L−1 HNO3 used
as an eluent was prepared using concentrated HNO3 from Merck.

The pH of the model solution was adjusted to pH 2–3 with phos-
phate buffers, pH 4–6 with CH3COONH4/CH3COOH buffers, while
pH 8–10 with NH3/NH4

+ buffers. Pyrrole (99%) from Merck and
FeCl3·6H2O (97%) from Aldrich were used to synthesize polypyr-
role doped with the chloride. Polypropylene empty solid-phase
extraction (SPE) tubes (6 mL) were purchased from Supelco.

2.3. Synthesis of polypyyrole

PPyCl was synthesized from pyrrole by chemical
oxidation–polymerization method, with Fe(III) as oxidant [10].
Polymerization was carried out in aqueous solution. In brief,
1.75 mL of pyrrole (0.025 mol) was added in droplets into 150 mL
of aqueous FeCl3·6H2O (13.5 g, 0.05 mol) solution with stirring at
room temperature. The mixture was continuously mixed for 3 h to
allow the oxidation–polymerization reaction to be fully proceeded.
Then, the resultant black precipitates were separated by filtration,
thoroughly washed with ultra-pure (UP) water and methanol to
remove any possible iron residues, and then dried at temperature
about 40 ◦C (in an oven), for 24 h. The black powders so obtained
were PPyCl, i.e. PPy doped with chloride and used to fill a empty
cartridge column without further any pre-treatment.

2.4. Solid-phase extraction cartridges

Polypyyrol-chloride packed cartridges were prepared by an
empty SPE tube (6 mL). 0.7 or 1.0 g of PPyCl was packed into the
cartridge after a PTFE frit was set at the cartridge bottom. In the
front of the cartridge, another PTFE frit was set to fix the height of
the polymer. The polymer bed was approximately 3.5–4 cm long
for 0.7 and 1.0 g polymer, respectively.

2.5. Column procedure

The column method was used to define an optimum condition
for the sorption and desorption of the metal ions. For column pro-
cedure, test solutions containing 5 �g Cu(II) and some examined
heavy metal ions were prepared in a 25 mL volumetric flask using
pure water. 2.0 mL of buffer solution to give the desired pH between
1.0 and 10.0 and 2.0 mL of 0.05% (m/v) PV solution were added.
The test solutions were passed through a column at a flow rate of
2.0 mL min−1 by vacuum. The flow rates were controlled by a stop-
cock of the column. The analytes retained by the PPyCl column were
eluted by 3 mL of 2.0 mol L−1 HNO3 at a flow rate of 2 mL min−1. The
concentration of copper in the effluent was determined by FAAS
with conventional nebulization or after the effluent is evaporated
up to 1 mL; it is determined by FAAS adopted with a micro-injection
technique based on use of a micropipet tip (100 �L) connected to
the capillary tube of nebulizer [33,34].

After each elution, it was ready for use without further pre-
treatment. To clean and condition the column, the column was
washed with 1.0–2.0 mL of relevant buffer solution before loading
the sample solution. The performance of the column was stable at

least over 500 preconcentration cycles.

The effect of loading flow rate, concentration of eluent solution,
sample volume and interfering ions were evaluated in quadrupli-
cate, i.e. in duplicate for each of two columns in parallel. The sample
volume was 10.0 mL for the study of the effect of loading flow rate
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Fig. 2. The effect of resin amount on retention of copper (pH = 5; eluent: 1 mol L−1;
eluent vol.: 2 mL; flow rate: 1–2 mL min−1; PPyCl: 0.7 g, n = 4).
ig. 1. Dependence of copper retention on PPy-chloride with the pH of sample solu-
ion (eluent: 1 mol L−1 HNO3; eluent vol.: 2 mL; flow rate: 2 mL min−1; PPyCl: 0.7 g,
= 4).

nd it varied from 10 to 150 mL for the study of the effect of sample
olume.

.6. Analysis of water

Tap water was taken from a tap in our laboratory at Pamukkale
niversity, filtered through 0.45 �m cellulose acetate membranes

Millipore, Bedford, MA, USA) under vacuum and immediately ana-
yzed using the procedure given above. Waste water sample was
aken from a municipal waste water treatment plant for Denizli
ity, Turkey. Karahayıt hot spring water sample was obtained from a
amous source of hot spring water known as red water in Karahayıt,
enizli, Turkey. Both waste water and hot spring water samples
ere brought to the laboratory in 1 h and filtered using 0.45 �m cel-

ulose acetate membranes. Then, the filtered water samples were
uffered to pH 5 and immediately analyzed using the proposed
rocedure above given.

. Results and discussion

.1. Effect of pH on the retention of copper

As a generally accepted rule, the pH value of solutions is a key
arameter for quantitative extraction of metal species due to its

mportant influence not only on functional site dissociation of solid-
hase extractor surface, but also on the solution chemistry of metal

ons including hydrolysis, complexation by chelating and inorganic
igands, redox reactions, precipitation of the metals. So, the effect
f pH on the retention of Cu, Pb, Ni, Cr, Cd, Mn and Zn as their
yrocatechol violet chelates in this study was firstly investigated

n the pH range of 2 and 10. The results showed that copper among
he examined analytes was quantitatively and selectively retained
t pH 4 and 6. Therefore, in further studies, we examined the effect
f pH on the recovery of copper ions as Cu(PV) anionic chelate in
etail.

Results concerning the effect of pH on the solid-phase extrac-
ion of copper are presented in Fig. 1. An obvious increase in the
etention efficiency was observed as the pH value increased from
.0 to 4.0, and it kept virtually unchanged in the range of 4.0–7.0;
hereafter an important decline of the efficiency appeared upon the
urther increasing the pH of solution. It is thus apparent that pH = 5
s appropriate for the quantitative retention efficiency of Cu(II) as
n anionic chelate, i.e. Cu(PV)2

2− on the PPy. The influence of vol-
me of buffer was investigated; addition of 1.0–5.0 mL of buffer did
ot have any effect on the sorption of Cu(PV)2

2−. Therefore, 2.0 mL
f the acetate buffer was used in all the subsequent experiments.
The changing of retention efficiency with changing pH may
e explained by formation of an anionic chelate, i.e. Cu(PV)2

2−,
etween pyrocatechol violet (PV) and copper(II) ion [31], and the
issociation constants of PV (pKa values: 1; 7.82; 9.76; 11.79)
35,36].
Fig. 3. Effect of sample volume on retention of copper (pH = 5, flow rate:
1–2 mL min−1, n = 4).

Based on pKa values of PV, it is concluded that PV at lower than
pH 7.82 (pKa2) is in mono-anionic form because of ionic equilibrium
of the sulfonic acid in PV at higher than pH 1 (pKa1 = 1). There-
fore, Cu(II) as Cu(PV)2

2− is found in the acidic solution. Thus the
Cu–PV anionic chelate as Cu(PV)2

2− is retained by PPy-chloride, i.e.
PPy+Cl−, in cationic form (PPy+) because of exchanging of divalent
Cu(PV)2

2− with chloride on PPy+Cl−. At pH values close to pH 7.82
and after pH 7.82, because of decreasing of mono-anionic form of
PV, the retention drops from pH 6 to pH 8.

On the other hand, by decreasing until pH 1, the equilibrium
of the sulfonic acid shifts to the sulfonic acid form (neutral struc-
ture) in a way that will decrease the amount of sulfonate form of
PV. Therefore, the recovery values for copper ion decrease because
of decreasing of Cu(PV)2

2− amount. The discussions above indi-
cate that the Cu–PV divalent anionic chelate is mostly retained
with anion exchange mechanism by PPy-chloride, i.e. PPy+Cl−, in
cationic form. However, because of both PPyCl and Cu(PV)2

2− hav-
ing �-electrons, also, it may be concluded that additional �–�
interaction is responsible from retention of copper through the
column packed with filled PPy-chloride.

3.2. Sorbent amount and sample breakthrough volume

Sorbent amount is a significant parameter to obtain the quanti-
tative retention of Cu–PV chelate. Also it concludes the capacity of
a sorbent for given initial concentration of analyte at the operating
conditions. The influence of PPyCl amount on retention of copper
in the column is represented in Fig. 2. The sorption of copper–PV
anionic chelate increases by increasing the amount of PPyCl and
the sorption was almost constant at higher amount of 700 mg.

On the other hand, breakthrough volume is the maximum sam-
ple volume that should percolate through a given mass of sorbent
after which an analyte starts to elute from the sorbent resulting

in nonquantitative recoveries. It was determined by varying the
sample volume over a range of 10–150 mL, at two different resin
amounts (0.7 and 1.0 g). The percentage of retention efficiency
against sample volume is depicted in Fig. 3. The results indicate
that breakthroughs occur at volumes 40 and 90 mL for 0.7 and 1.0 g
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Table 1
Effect of foreign ions on the determination of copper.

Ions Added as Tolerable limits
(mg L−1), as ion

Na+, K+ NO3
− salts 40 000

Ca2+, Mg2+ Ca(NO3)2 MgSO4 20 000
SO4

2− HPO4
− NH4

+ salts, 30 000
CO3

2− Na+ salt 5000
CH3COO− NH4

+ salt 4000
Cl− Na+ salt 1200
Ni2+, Pb2+, Cd2+, Cr3+,

Zn2+, Mn2+
NO3

− salts (SO4
2− for

except Mn2+)
700

Fe3+ NO3
− salt 75

Fe2+ SO4
2− salt 75

Hg2+ Cl− salt 75

Table 2
Recovery of copper spiked to water samples (n = 3).

Sample Spiked (�g L−1) Found (�g L−1) Recovery (%)

Tap water 0 <LOD –
0.5 0.50 100
2 1.95 98
4 3.92 98

Waste water 0 0.27 –
0.5 0.74 94
1 1.24 97
2 2.15 94

Hot spring water (Karahayıt) 0 0.22 –
0.25 0.45 92
1 1.16 94
2 2.30 104

Table 3
Determination of copper in water samples by proposed procedure.

Sample Copper concentration (�g L−1)a

Tap water <LOQ
42 S. Sönmez et al. / Ta

orbent, respectively. The eluents used to elute copper from the
olumns filled with 0.7 and 1.0 g PPyCl were 2 mL of 1 mol L−1 HNO3
nd 3 mL of 2 mol L−1 HNO3, respectively.

.3. Effect of eluent type, volume and concentration

Up to now, several acid solutions have been widely used for the
lution of metal ions or metal chelates retained by a sorbent. In this
ork, at lower pH level there is a sharp decrease in the recovery

ields of copper (Fig. 1). Due to this fact, nitric acid as an eluent
as chosen for desorption of the retained copper from the column.
lso, nitric acid does not interfere in the subsequent determination
y FAAS which is an advantage for determination.

The suitable acid concentration and volume are other important
actors to prevent the contamination from eluent and to obtain

high preconcentration factor. Therefore, the desorption of the
etained copper–PV anionic chelate from a column filled with 1.0 g
PyCl was examined using HNO3 solutions at various concentra-
ions. The quantitative recoveries (>95%) were obtained for copper
ith 10 mL of 1.5–3.0 mol L−1 HNO3. To achive higher preconcen-

ration factor, the effect of eluent volume in the range of 2 and 4 mL
n the recovery of copper was examined using 2 mol L−1 HNO3 as
n eluent. The results showed that the smallest usable volume of
mol L−1 HNO3 is 3.0 mL for quantitative desorption of copper from
column filled with 1.0 g PPyCl. In this case, the preconcentration

actor with 90 mL of sample volume was calculated as 30. How-
ver, if necessary, the preconcentration factor can be increased up
o 90 using 1.0 g resin and evaporating effluent up to 1.0 mL. To
xamine this lower volume for the flame atomic absorption spec-
rometric measurements, we used a micro-injection method for
ampling from 1.0 mL effluent [33,34]. For further studies, 1.0 g of
he sorbent material with 3.0 mL of 2 mol L−1 HNO3 which is evap-
rated to 1.0 mL was used to preconcentrate copper from 90 mL of
ample volume.

Regeneration is one of the key factors in evaluating the perfor-
ance of the sorption materials. The stability and regenerability of

he column filled with PPyCl were examined. The experiments were
arried out using the PPyCl column for Cu–PV retention in different
ays and the number of these experiments was noted down. The
esults showed us that PPyCl is stable in operation process, enabling
ore than 500 loading and elution cycles without decrease in the

ecoveries of Cu–PV chelate. Beyond 500 cycles, there was a drop
n the retention of Cu–PV.

.4. Ligand amount

The ligand concentration plays an important role in the reten-
ion of analytes because in its absence, solid-phase material does
ot retain completely the metal ions. However, excess PV prevents
he retention of copper ion due to sorptive competition between
u–PV chelate and PV itself on PPyCl. Therefore, the influence of
he pyrocatechol violet (PV) amount on the retention of copper(II)
as examined by varying the amounts of PV from 0 to 2.5 mg. It was

ound that, the recovery of the metal ions increased with increas-
ng amounts of PV added and reached a quantitative value with at
east 1 mg PV. It was also quantitative at 1.25 mg PV. After that, the
ecovery values decreased. The amount of PV in the sample solution
s recommended as 1 mg for further studies.

.5. Effect of flow rates on retention and elution
Flow rate of sample solution is one of the important parameters
n SPE studies. The time must be enough, i.e. the slow flow rate, for
omplete retention of Cu as PV chelate by PPyCl but should be short,
.e. the fast flow rate, for an efficient preconcentration step. Thus,
he effect of sample flow rates on the retention was investigated
Waste water 2.29 ± 0.21 (n = 5)
Hot spring water (Karahayıt) 2.80 ± 0.18 (n = 6)

a Mean expressed as 95% tolerance limit; <LOQ, lower than quantitaion limit.

in the range of 0.5–3.5 mL min−1 at constant elution flow rate as
2 mL min−1. A flow rate ranging between 0.5 and 2.5 mL min−1 was
found to be suitable for quantitative retention of copper on the
PPyCl-packed column. Higher flow rates of sample solution did not
lead to quantitative retention of copper. This could be probably due
to insufficient contact time between the sample solution and the
PPy-chloride. Elution flow rate was also examined for quantitative
recovery of copper. It was found that the quantitative recovery,
≥95%, of copper does not depend on the elution flow rates in the
examined range of 0.5–4 mL min−1. Therefore, all the studies were
carried out for flow rates of sample and eluent solutions at a flow
rate of 2.0 mL min−1.

3.6. Effect of foreign ions

Under optimized conditions, in order to evaluate the feasibility
of the proposed method for water analysis, the effects of possible
matrix ions were also examined. The column method was applied
to binary mixtures (90 mL) of 5 �g of Cu(II) and each interfering
ion at increasing concentrations and the results are presented in
Table 1. The tolerance limit of a foreign ion was taken as the ion
concentration causing a relative error smaller than ±5% related to

the preconcentration and determination of copper ion. The ions
normally present in natural water do not interfere under the exper-
imental conditions used. Also, some of the transition metals at
mg L−1 levels have no interference on the recoveries of copper.
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Table 4
Comparative data from some recent studies on preconcentration.

Extraction technique Extractive system Analytes EF LOD (�g L−1) RSD (%) Er (%) Refs.

Solid-phase extraction Activated carbon/pyrocatechol
violet

Cu 100 0.025 <8 – [30]

Solid-phase extraction Tetradecyldimethyl-
enzylammonium
chloride-treated analcime
zeolite/pyrocatechol violet

Cu 200 0.05 5.4 −7.5 [31]

Solid-phase extraction Dowex Optipore SD-2/5-methyl-
4-(2-thiazolylazo)
resorcinol

Cu 50 1.03 7 +3.3 [40]

Solid-phase extraction Amidoamidoximesilica Cu 20 9 <4 (−4)–(+1) [41]
Solid-phase extraction Naphthalene methyltrioctyl

ammonium
chloride/methylthymol blue

Cu 100 0.54 1.4 – [42]

Cloud point extraction Amino acid Cu 22 5 2.8 – [43]
Dispersive liquid liquid

microextraction
1,2-Diclorobenzene and ethanol Cu – 0.5 1.4 – [44]

Electrochemical A thin mercury film electrode Cd, Tl, Pb – 13 – 7.5 [45]
Electrochemically

controlled deposition
and stripping

Glassy carbon electrode Cu 30/2 min 1.4 2.3 – [46]
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Coprecipitation Erbium hydroxide Cu, Mn, Co,
Solid-phase extraction PPyCl/pyrocatechol violet Cu

F, enrichment factor; LOD, limit of detection; RSD, relative standard deviation; Er,

hese results indicate that the proposed method could be applied
or the determination of copper ion in natural water. The tol-
rable limit for chloride as 1200 mg L−1 was lower than those
f other anions examined in this study. It refers to a competi-
ion between chloride and anionic Cu–PV chelate. This could be
xpected with increasing concentration of chloride as a counter-
on in the PPyCl. However, interference of chloride is not relevant
o the proposed procedure because chloride is typically found in
atural water samples in concentrations lower than the tolerable

imit.

.7. Adsorption capacity

The adsorption capacity is an important factor, because it
etermines how much sorbent is required to quantitatively con-
entrate the analytes from a given solution. To determine the
dsorption capacity, 40–400 �g of Cu as chelate was loaded to
he column containing 0.7 g of resin and eluted according to
he recommended procedure. The recoveries were investigated.
he maximum adsorption capacity was obtained using a model
angmuir adsorption isotherm, based on the following equa-
ion: [C/n = 1/nmk + C/nm]. The concentration of adsorbed copper in
g g−1 (n) onto PPyCl as a function of its concentration in solution
n mg/L (C) was investigated. The adsorption isotherms for copper

ere shown in Fig. 4. The adsorption capacity (nm) of PPyCl for
opper was found to be 388 mg g−1.

Fig. 4. Adsorption isotherm for sorption capacity of PPyCl.
, Pb 25 0.04–0.87 1–9 1.9–8 [47]
90 0.87 3.4 +3.3 This work

e error.

3.8. Analytical performance of the proposed system

The solid-phase extraction/preconcentration method devel-
oped using PPy-chloride allowed the determination of Cu in the
concentration range of 0.00–0.07 �g mL−1 by FAAS coupled micro-
injection technique. The calibration equation was A = 1.3322 × C
[Cu, �g mL−1] + 8.5 × 10−3 (r = 0.9987). Without preconcentration,
in the concentration range of 0.0–4.0 �g mL−1 Cu, the cali-
bration equation was A = 0.0153 × C [Cu, �g mL−1] + 1.87 × 10−3

(r = 0.9992). The experimental enhancement factor, calculated from
the ratio of the slopes of the calibration equations, was 87. The theo-
retical preconcentration factor, calculated as the ratio of the sample
volume (90.0 mL) to the final effluent volume (1.0 mL), was 90.

The accuracy of the proposed procedure was verified by deter-
mination of copper(II) in a certified reference material, namely BCR
715 wastewater-SRM, a reported copper content of 0.90 �g L−1.

Using the proposed procedure the copper content determined
in this BCR was found to be 0.93 ± 0.06 (mean ± t s/

√
n, n = 4). The t-

test demonstrated that there is no significance difference between
the certified value and the experimental result at the significance
level of 0.05 [37]. The relative error was calculated to be +3.33%.

In order to further validate this procedure, spiking recovery test
of copper(II) was also performed for tap water, waste water and hot
spring water samples using the proposed procedure. The results in
Table 2 showed that favorable recovery for the real environmen-
tal sample had been achieved. Recoveries from 94 to 104% were
estimated indicating that the procedure is free from matrix effects.

The detection limit was estimated as 0.87 �g L−1 Cu(II) accord-
ing to IUPAC recommendations at the 99.7% confidence level, with
an preconcentration factor of 90[38,39]. The quantitation limit was
calculated 1.68 �g L−1 Cu(II).

The relative standard deviation (RSD) was calculated as 3.4% for
20 independent measurements on different days with a 10 �g L−1

Cu(II) solution, using the proposed procedure. The RSDs were found
to be 7.4% (n = 5) and 6.1% (n = 6) for copper contents of waste water
and hot spring water, respectively (Table 3).
3.9. Application

The proposed SPE preconcentration procedure was applied to
the determination of copper in tap water, waste water and hot
spring water samples. The results obtained are showed in Table 3.
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he copper contents in waste water and hot spring water sam-
les were above quantitation limit of the procedure as 2.29 ± 0.25
n = 5) and 2.80 ± 0.20 �g L−1 (n = 6), respectively. The content of
opper in tap water sample was lower than quantitation limit of
he procedure.

.10. Comparison with other solid-phase adsorbents

The proposed method was compared to a variety of preconcen-
ration methods reported recently in the literature (Table 4). It is
vident that the enrichment factor, limit of detection relative stan-
ard deviation and relative error obtained with PPyCl is comparable
o or even better than most of the other methods.

. Conclusions

It can be concluded from the results that PPyCl is an effec-
ive and selective sorbent for trace amounts of copper and can
e used for preconcentration of Cu(II) ion from the diverse kind
f water samples. The recovery obtained through the standard
ddition technique and analysis of the reference standard mate-
ial revealed that the procedure has good accuracy. The detection
nd quantitation limits achieved were satisfactory for determina-
ion copper in the examined samples. The successful applications
f the proposed procedure for Cu(II) determination in various real
ater samples show the viability of the use of PPyCl as a synthetic

orbent in solid-phase extraction processes.
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