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a b s t r a c t

An on-line preconcentration procedure using solid phase extraction (SPE) for the determination of copper
in different water samples by inductively coupled plasma optical emission spectrometry (ICP-OES) is
proposed. The copper was retained on a minicolumn filled with ethyl vinyl acetate (EVA) at pH 8.0 without
using any complexing reagent. The experimental optimization step was performed using a two-level full
factorial design. The results showed that pH, sample loading flow rate, and their interaction (at the tested
levels) were statistically significant. In order to determine the best conditions for preconcentration and
n-line preconcentration
CP-OES
thyl vinyl acetate

determination of copper, a final optimization of the significant factors was carried out using a central
composite design (CCD). The calibration graph was linear with a regression coefficient of 0.995 at levels
near the detection limit up to at least 300 �g L−1. An enrichment factor (EF) of 54 with a preconcentration
time of 187.5 s was obtained. The limit of detection (3�) was 0.26 �g L−1. The sampling frequency for the
developed methodology was about 15 samples/h. The relative standard deviation (RSD) for six replicates
containing 50 �g L−1 of copper was 3.76%. The methodology was successfully applied to the determination

r wat
of Cu in tap, mineral, rive

. Introduction

The essential trace elements are necessary for growth, normal
hysiological functioning, and maintaining of life. However, the

ngestion or inhalation of large doses may lead to toxic effects. Trace
etals are ubiquitous environmental contaminants and they can

e easily taken up by humans, animals, plants, and waters in the
nvironment [1].

Copper is an essential trace element and adverse health effects
an potentially be associated with both very low and very high
ntakes [1]. Human long-term exposure to copper can cause acute
astrointestinal effects. These include stomachaches, dizziness,
omiting and diarrhea [2]. Intentionally high uptakes of copper may
ause liver and kidney damage and even death. Whether copper is
arcinogenic has not been determined yet. Accurate estimates of
Please cite this article in press as: L.A. Escudero, et al., Factorial des
ration/preconcentration of copper in water samples using solid phase
doi:10.1016/j.jhazmat.2010.07.014

nhalation and ingestion (food and drinking water) exposures are
herefore needed in order to realistically assess any effects of the
istribution of copper intakes. Because the Cu concentration levels
re very low in water samples, sensitive analytical techniques are

∗ Corresponding author. Tel.: +54 2652 425385; fax: +54 2652 430224.
E-mail address: jgasquez@unsl.edu.ar (J.A. Gasquez).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.07.014
er samples, and in a certified VKI standard reference material.
© 2010 Elsevier B.V. All rights reserved.

required to obtain low detection limits. Nevertheless, the cost of
the instrumentation of the inductively coupled plasma mass spec-
trometry (ICP-MS) may be prohibitive to many laboratories or the
detection capability of the technique inductively coupled plasma
optical emission spectroscopy (ICP-OES), flame atomic absorption
spectroscopy (FAAS) or electrothermal atomic absorption spec-
trometry (ETAAS) is not sufficient when the metal concentrations
are too low. In order to overcome these difficulties, enrichment-
separation approaches including solvent extraction, cloud point
extraction (CPE), solid phase extraction (SPE), co-precipitation, etc.
have been commonly used to improve the instrumental limits of
detection [3–35]. In this sense, solid phase extraction procedures
using minicolumns filled with sorbent materials have a very impor-
tant role in preconcentration studies due to their simplicity, high
enrichment factors, environmental friendliness, etc. However, one
of the challenging and time-consuming steps with such minicol-
umn preconcentration techniques have been the optimization of
the several factors that affect the extraction procedure. In most
ign optimization of experimental variables in the on-line sepa-
extraction and ICP-OES determination, J. Hazard. Mater. (2010),

cases, a classical one-at-a-time approach is applied, which may
result in wrong conclusions if there are some interactions among
the different factors [36].

In the recent years multivariate techniques have been used for
optimization of analytical methods. These techniques allow more

dx.doi.org/10.1016/j.jhazmat.2010.07.014
dx.doi.org/10.1016/j.jhazmat.2010.07.014
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
ICP-OES instrumental parameters.

RF generator power plasma 0.8 kW
Frequency of RF generator 40.68 MHz
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Gas flow rate 8.5 L min
Auxiliary gas flow rate 1.0 L min−1

Observation height (above load coil) 15 mm
Wavelength 324.754 nm

han one variable to be optimized simultaneously and have sev-
ral advantages, such as speed of analysis, practicality, economy,
nd reduction in the number of experiments that need to be car-
ied out [37–42]. In addition, these methods are able to generate
athematical models that permit estimate the relevance as well as

tatistical significance of the factors’ effects on the processes and
lso evaluate the interactions’ effects among the factors. Factorial
esign is one of the available statistical processes for multivariate
ptimization and is widely applied in chemistry due to its useful-
ess in the identification of the significant variables and the best
onditions of an experiment. However, in order to determine the
eal functionality established among the analytical response and
he significant factors, second order designs are used.

Our research group had previously reported the use of mate-
ials for solid phase extraction, minicolumns packed with ethyl
inyl acetate (EVA) were used for As [43], Mo [44], Se and Te [45]
reconcentrations with suitable results. EVA, due to its properties
f chemical resistance and long-term lifetime, does not need any
egeneration or repacking and remains unaltered after the precon-
entration or elution step.

In this work, a preconcentration procedure using solid phase
xtraction for the determination of copper in water samples by ICP-
ES is proposed. The extraction and preconcentration steps were
erformed using a minicolumn of EVA and filled with the same
aterial. A two-level full factorial design was used to evaluate the

xperimental variables including pH, sample loading flow rate, and
luent concentration. The experiments for the optimization were
erformed according to the central composite response surface
xperimental design. To the best of our knowledge, this is the first
ime that EVA and the optimized preconcentration methodology
re proposed for Cu determination. In addition, this study offers a
imple system with no need of any complexing agent or chemical
odifier.

. Experimental

.1. Instrumentation

The measurements were performed with a Model ICP 2070
equential spectrometer (BAIRD, Bedford, MA, USA). The 1 m
zerny-Turner monochromator had a holographic grating with
800 mm−1 groove. The operating conditions of the ICP-OES equip-
ent are listed in Table 1.
The pH was determined using a portable pH-meter (Orion

esearch, Inc., Orion 230 A, Beverly, MA, USA) equipped with a 9107
N Orion glass electrode. The minicolumn used was prepared using
urnings small particles of spiraled shape cross-linked EVA.

The MinipulsTM 2 peristaltic pumps (Gilson, Villiers le Bel,
rance) were used. The sample injection was achieved using a
eodhyne® (Cotati, CA, USA) model 50 four-way rotary valve.

.2. Reagents and solutions
Please cite this article in press as: L.A. Escudero, et al., Factorial des
ration/preconcentration of copper in water samples using solid phase
doi:10.1016/j.jhazmat.2010.07.014

All chemicals used in this work were of analytical reagent grade
nd were used without further purification. Ultrapure water with
maximum resistivity of 18.2 M� cm was obtained from an EASY
ure RF (Barnstead, Dubuque, IA, USA) was used for all dilutions.
 PRESS
us Materials xxx (2010) xxx–xxx

All the plastic and glassware materials were cleaned by soaking in
diluted HNO3 (1 + 9) and were rinsed with distilled water prior to
use.

Working standard solutions of the metal were prepared by dilu-
tion of a 1000 mg L−1 Cu(II) atomic spectroscopy standard solution
Trace CERT® (Fluka, Buchs, Switzerland).

Hydrochloric acid, puriss. p.a. ACS (Sigma–Aldrich), was used as
eluent in the flow injection system and prepared by appropriate
dilution with distilled water from the concentrated acid.

Buffer solution was prepared from sodium tetraborate puriss
p.a. standard substance (Riedel-de Haën, Seelze, Germany) adjusted
to the appropriate pH (8.00) by adding diluted hydrochloric acid
or sodium hydroxide solution. Fresh buffer solution was prepared
daily.

2.3. Column preparation

EVA is a flexible (rubbery), transparent polymeric material with
good low temperature flexibility, good chemical resistance (to
acids, alkalis, and alcohols), and high friction coefficient. This mate-
rial was employed to make the preconcentration minicolumn as
follows: the minicolumn was prepared by placing 100 mg approx-
imately of EVA turnings (small shavings with a media length of
1.5 mm and a media wide of 0.45 mm) into an empty cylindrical
EVA tubing (85 mm long and 4.0 mm i.d.) using the dry packing
method. Further increase in minicolumn length generated elution
tails without improving the analytical response. Small amount of
quartz wool was placed on both ends of the minicolumn. Finally, the
column was connected with a PTFE tubing to the peristaltic pump
to form the preconcentration system. This minicolumn was used
for around 1000 cycles and the retention capacity did not change.

2.4. Sample preparation and on-line preconcentration system for
copper determination

Immediately after collection, the natural water samples were
filtered using 0.45 �m pore diameter membrane filters. After that,
the water samples were acidified to pH 2 with nitric acid and stored
in plastic containers at 4 ◦C.

A diagram of the on-line preconcentration system is shown in
Fig. 1. As illustrated, the flow system consisted of two peristaltic
pumps (P1 and P2) fitted with Tygon tubes, a four-way valve (V), and
a minicolumn (MC) packed with EVA coupled to the ICP-OES. The
flow system was operated in a time-based mode. A 50 �g L−1 cop-
per sample (S) and a sodium tetraborate solution (B) were pumped
at 8 and 2.5 mL min−1, respectively through the minicolumn where
the analyte was retained. The remaining solution was discharged
(W). When the injection valve was switched, a stream of 1 mol L−1

hydrochloric acid (E) flowing at 1.5 mL min−1 eluted the copper
retained. The eluate was taken directly into the nebulizer system of
the ICP-OES and the analytical response was recorded as the peak
height.

2.5. Optimization strategy

The optimization process was carried using a two-level full fac-
torial design and a central composite design (CCD) involving three
ign optimization of experimental variables in the on-line sepa-
extraction and ICP-OES determination, J. Hazard. Mater. (2010),

and two variables, respectively. All the experiments were carried
out in duplicates using a 50 �g L−1 copper solution. Three variables:
pH of buffer solution, sampling flow rate, and eluent concentration
were considered as factors. The experimental data was processed
by using the MINITAB® computer software [46].

dx.doi.org/10.1016/j.jhazmat.2010.07.014
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Results of the factorial design demonstrated that the variables
(pH and sampling flow rate) at the studied levels required a final
optimization. Thus, a CCD involving them was developed for such

Table 3
Design matrix and the results of the factorial design (n = 3).

Experiment pH Sample flow
rate

Eluent con-
centration

Relative analytical
signal (%)a

1 − − − 13.66
2 + − − 23.60
3 − + − 39.13
4 + + − 95.65
5 − − + 17.39
6 + − + 22.36
7 − + + 35.40
ig. 1. Schematic diagram of the instrumental setup. S: sample (flow rate: 8.0 mL m
aste; P1, P2: peristaltic pump; MC: minicolumn; V: injection valve. Valve position

. Results and discussions

.1. Factorial design

Preliminary tests were performed to investigate the factors that
ould influence the Cu retention on the EVA minicolumn. In this
ense, the effect of the pH value on the system under study was
ery important for Cu recovery. The influence of the pH on the
etention behavior of copper was studied from 1 to 12. A quan-
itative recovery (>95%) could be obtained at pH values between
.5 and 8.5. In addition, sampling flow rate (previously evaluated
etween 1.0 and 10 mL min−1) and eluent concentration (tested
etween 0.1 and 2.5 mol L−1) also showed an important effect on
opper retention.

Therefore, in order to determine the influence of these factors
nd their interactions on the system, a two-level full factorial, 23

or 8 runs (in duplicate), design was performed. Minimum, maxi-
um, and central point levels of each factor (Table 2) were chosen

ccording to the data from previous experiments. Table 3 shows the
xperimental design and the respective relative analytical signal.
nalysis of variance (ANOVA) and p-value were used to evalu-
Please cite this article in press as: L.A. Escudero, et al., Factorial des
ration/preconcentration of copper in water samples using solid phase
doi:10.1016/j.jhazmat.2010.07.014

te the significance of the effects on the preconcentration system,
ain effects and their interactions can be seen in the Pareto chart

hown in Fig. 2. The interpretation of the factorial design by the
areto chart demonstrated that sampling flow rate and pH were

able 2
actors and level used in the 23 factorial design.

Variable Low (−) Central point (0) High (+)

Flow rate sample
(mL min−1)

2 5 8

pH 4 6 8
Eluent concentration
(mol L−1)

0.7 1.5 2
; B: buffer solution (flow rate 2.5 mL min−1); E: eluent (flow rate 1.5 mL min−1); W:
sample loading; (b) injection.

statistically significant at the 95% confidence level. The eluent con-
centration showed poor influence and was fixed at 1 mol L−1 in
order to decrease reagent consumption.

3.2. Final optimization using a central composite design
ign optimization of experimental variables in the on-line sepa-
extraction and ICP-OES determination, J. Hazard. Mater. (2010),

8 + + + 100.00
9 − − − 13.04

10 + − − 23.60
11 − + − 35.40
12 + + − 91.93
13 − − + 13.66
14 + − + 25.47
15 − + + 33.54
16 + + + 95.03
17 0 0 0 55.28
18 0 0 0 50.93
19 0 0 0 46.58

a Analytical signal resulted from the instrumental peak height measurements.
Once these values were obtained, the highest one was considered the 100 (Experi-
ment 8) and the others as a percentage of this maximum (relative analytical signal
(%)).

dx.doi.org/10.1016/j.jhazmat.2010.07.014
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Fig. 2. Pareto chart of standardized effects for variables related to copper solid phase
extraction. (A) pH; (B) sample flow rate (mL min−1); (C) eluent concentration.

Table 4
Central composite design used to obtain the response surface.

Experiment Sample flow rate
(mL min−1)

pH Relative analytical
signal (%)a

1 7.00 7.00 68.64
2 9.00 7.00 69.82
3 7.00 9.00 81.66
4 9.00 9.00 85.80
5 6.59 8.00 79.29
6 9.41 8.00 87.57
7 8.00 6.59 74.56
8 8.00 9.41 94.08
9 8.00 8.00 100.00

10 8.00 8.00 99.41
11 8.00 8.00 100.00
12 8.00 8.00 91.72
13 8.00 8.00 90.53

a Analytical signal resulted from the instrumental peak height measurements.
Once these values were obtained, the highest one was considered the 100 (Experi-
m
(

p
fi
T
a
s
e

Table 5
Analytical results for the application of the proposed methodology in natural water
samples and standard reference material.

Sample �g L−1

Found Added Sum Recovery (%)a

Tap water 5.44 0.00 5.44 –
5.00 10.49 101.00

10.00 15.33 98.90
20.00 25.29 99.25

Mineral water 3.94 0.00 3.94 –
5.00 8.92 99.60

10.00 13.90 99.60
20.00 23.98 100.20

River waterb 5.67 0.00 5.67 –
5.00 10.60 98.60

10.00 15.69 100.20
20.00 25.59 99.60

River waterc 3.05 0.00 3.05 –
5.00 7.99 98.90

10.00 13.09 100.40
20.00 22.98 99.65

QC METAL LL1 20.88 ± 1.08 0.00 20.88 ± 1.08 –
ent 9) and the others as a percentage of this maximum (relative analytical signal
%)).

urpose. The experiment required by CCD was a cube central with
ve central points in cube and four axial points; this is detailed in
able 4. The sampling flow rate varied from 6.6 to 9.4 mL min−1
Please cite this article in press as: L.A. Escudero, et al., Factorial des
ration/preconcentration of copper in water samples using solid phase
doi:10.1016/j.jhazmat.2010.07.014

nd the pH from 6.6 to 9.4. The CCD data was used to create the
urface response showed in Fig. 3, which is described by a quadratic
quation (Eq. (1)), where A represents the pH, B the sample flow

Fig. 3. Response surface obtained using central composite design.
a Recovery (%) = [(found − base)/added] × 100.
b Potrero river water.
c Valle of Pancanta river water.

rate, and A × A, B × B, and A × B their interactions.

Y = −1.62 × 10−5 + 21799.98 × B + 21435.86 × A

−1402.5(A × A) − 1327.5(B × B) + 124.0(A × B) (1)

From the CCD study the optimal conditions to obtain a maxi-
mum analytical signal value were attained. Thus a sample flow rate
of 8 mL min−1 and a pH of 8 were used for further experiments.

3.3. Interferences studies

In order to assess the effects of common coexisting ions, which
could interfere with the determination of Cu, several analytes were
tested at the concentration levels at which they may occur in
the sample concerned. The tolerance limits of the coexisting ions,
defined as the largest amount of ion that produces a recovery of
Cu less than 90%, were evaluated. The results showed that Zn(II),
Cd(II), Ni(II), Co(II), Cr(III), Mn(II), Al(III), Fe(III) could be tolerated
up to at least 2500 �g L−1. Other common matrix components such
as alkaline and alkaline-earth elements were not retained on the
minicolumn.

3.4. Figures of merit

The calibration curve obtained resulted to be experimentally lin-
ear up to at least 300 �g L−1. The correlation coefficient was 0.995.
The limit of detection LOD was calculated as 3�/S; where S is the
slope of the calibration curve and � is the standard deviation of six
consecutive measurements of the blank solution. The LOD value
was 0.26 �g L−1. The precision of a 50 �g L−1 copper solution, cal-
culated as the relative standard deviation (RSD) of six consecutive
measurements, was 3.76%.

The overall time required for preconcentration of 25 mL of sam-
ple was 187.5 s (flow rate of 8 mL min−1), elution (30 s, at flow

−1
ign optimization of experimental variables in the on-line sepa-
extraction and ICP-OES determination, J. Hazard. Mater. (2010),

rate of 1.5 mL min ), and washing and conditioning (30 s) was
about 4.1 min; hence, the throughput sample was approximately
15 samples/h. The enrichment factor calculated as the ratio of the
slope of the calibration graph with and without preconcentration
was 54.

dx.doi.org/10.1016/j.jhazmat.2010.07.014
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The accuracy of the proposed method was investigated by ana-
yzing a VKI QC METAL LL1 standard reference material with a
opper concentration of 21.10 ± 1.06 �g L−1. A good agreement
ith the certified value was achieved (Table 5).

.5. Application in water samples

Using the preconcentration methodology, tests of addi-
ion/recovery were performed (Table 5). Good agreements for
opper concentration levels were obtained between spiked and
easured analyte amounts. The recovery values calculated from

he spiked standards were higher than 95% for all the cases. In the
ight of these results, the proposed solid phase extraction procedure
ould be applied for analysis of these samples satisfactorily.

. Conclusion

Application of two-level full factorial and central composite
esigns allowed the efficient optimization of the variables involved

n the solid phase extraction EVA-based procedure for the precon-
entration of copper in water samples using ICP-OES detection.

This methodology showed to be a suitable in order to improve
he sensitivity of ICP-OES for Cu determination. The proposed sys-
em was simple, rapid, and user-friendly for the determination of
u in water samples. Analytical features, such as enrichment factor,

imit of detection, and accuracy were satisfactory and comparable
o other methods reported in the literature.
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