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the determination of copper in water
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This work describes the development by response surface methodology (RSM) of
a procedure for copper determination by inductively coupled plasma optical
emission spectrometry (ICP OES) in water samples after extraction by copper
imprinted polymer. Results of the two-level full factorial design (2*) based on an
analysis of variance demonstrated that only the solution pH; amount of polymer
and adsorption time were statistically significant. Optimal conditions for the
extraction of copper samples were obtained by using Box-Behnken design.
Solution pH; amount of polymer and adsorption time were regarded as factors in
the optimisation study. The working conditions were 4.6, 0.03 g and 3.5h, for
solution pH, amount of polymer; and adsorption time, respectively. Under the
optimised experimental conditions, the detection limit of the proposed method
followed by ICP OES was found to be 0.8 ug L~ The relative standard deviation
(RSD) was found to less than 0.81%. The pre-concentration factor was 22.5. The
accuracy of the optimised procedure was evaluated by analysis of certified
reference material. The method was applied to the determination of copper in
water samples.
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1. Introduction

Copper is an environmental pollutant, which has been tested and assessed over the past
few years from both the toxicological and human health viewpoints [1]. While the slight
quantity of copper is essential for normal physiological processes, the extra amount causes
a significant threat to human health. The maximum tolerable daily intake for copper is
0.5mgkg ™" body weight [2]. The development of new methods for quantifying trace metals
is required. In some common procedures for the determination of low concentrations of
heavy metals a pre-concentration step is needed before performing determination. The
traditional separation and pre-concentration methods for metal ions include liquid-liquid
extraction, coprecipitation, ion exchange, etc. These methods often require large amount
of high-purity organic solvents, some of which are harmful to health and cause
environmental problems [3].

The molecular imprinting technique is a specific chemical procedure for the generation
of explicit nano-cavities that can mimic the behaviour (in terms of binding) of naturally
occurring receptor sites, and is suitable for this purpose. One of the foremost applications
of molecular imprinting has been in solid phase extraction. In theory, molecular
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imprinting provides greatly increased selectivity and sensitivity over conventional solid
phase extraction (SPE) packing materials. Furthermore due to the specific nature of
the interactions between rebinding template and the chemical functionalities within the
pores or cavities of the cross linked polymer matrix, it is expected that molecularly
imprinted solid phase extraction has the ability to discriminate between closely related
compounds [4]. Lemaire et al. [5,6] developed ion imprinted resins based on EDTA and
DTPA derivatives for the selective separation of Gd from La, Nd, Eu and Lu ions. Uezu
et al. [7] reported that post irradiation of imprinted polymer particles by y-irradiation
resulted in better separation of Zn compared with copper. Biju et al. [8] reported effect of
y-irradiation of ion imprinted polymer particles for the pre-concentrative separation of
dysprosium.

The use of multivariate experimental design techniques is becoming increasingly
widespread in analytical chemistry. Multivariate designs, which allow the simultaneous
optimisation of several control variables, are faster to implement and more cost-effective
than traditional univariate approaches [9]. One of the most popular multivariate designs is
two-level full (or fractional) factorial, in which every factor is experimentally studied at
only two levels. Due to their simplicity and relatively low cost, full factorial designs are
very useful for preliminary studies or in the initial steps of an optimisation, while fractional
designs are almost mandatory when the problem involves a large number of factors [10].
On the other hand, since only two levels are used, the models that can be fitted to these
designs are somewhat restricted. If a more sophisticated model is required, as for the
location of an optimum set of experimental conditions, then one must resort to augment
response surface designs, which employ more than two factor levels. Among these, Box-
Behnken is a second-order multivariate design based on three-level incomplete factorial
designs that received widespread application for assessment of critical experimental
conditions, that is, maximum or minimum of response functions. The number of
experiments (N) required for the development of this design is defined as N =2k
(k — 1)+ C,, where (k) is the factor number and (Cy) is the replicate number of the central
point [11-17].

This work proposes a pre-concentration procedure using copper imprinted polymer for
determination of copper in water samples by inductively coupled plasma optical emission
spectrometry (ICP OES). The optimisation of the pre-concentration procedure is
performed exploiting the Box-Behnken design.

2. Experimental
2.1 Apparatus

The measurements were performed with a simultaneous inductively coupled plasma
optical emission spectrometry (ICP OES, Varian Vista-Pro, Springvale, Australia) coupled
to a V-groove nebuliser and equipped with a charge coupled device (CCD). The ICP
conditions are shown in Table 1. The pH was determined with a model 630 Metrohm pH
meter with combined glass-calomel electrode.

2.2 Materials

VP, EDMA and AIBN were obtained from Aldrich (Milwaukee, WI, USA). All
acids, methanol and EDTA wused were of the highest purity available from
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Table 1. ICP OES instrumental conditions.

Parameter Value
RF generator power (kW) 1.5
Plasma gas flow rate (L min~") 15.0
Auxiliary gas flow rate (L min~") 1.5
Frequency of RF generator (MHz) 40.0
Observation high (mm) 8.0
Nebuliser pressure (KPa) 240
Wavelength (nm) 324.754

Merck (Darmstadt, Germany) and used as received. Reagent grade CuSO4 and nitrate or
chloride salts of other cations (all from Merck) were of the highest purity available and
were used without any further purification. Reagent grade morin (Merck) was used as
received. Nitrogen (99.99% purity), contained in a cylinder, was obtained from Sabalan
Co. (Tehran, Iran). Stock solution of Cu (1000mgL~") was prepared by dissolving the
proper amount of CuSO, in doubly distilled water in a 50 mL flask and diluting to the
mark with water. Dilute solutions were prepared by appropriate dilution of the stock
solution in doubly distilled water.

2.3 Preparation of polymer

The following procedure was used for synthesising the polymer: 0.24 g of CuSO4 and 0.2 g
of morin were weighed in a glass tube and dissolved in 15 mL of methanol. Four mmol of
VP, 20 mmol of EDMA and 50 mg of AIBN were added to the solution. The oxygen of the
solution was removed by bubbling of nitrogen through it for 10 min, then frozen with
liquid nitrogen and sealed under vacuum. The polymerisation reaction was performed in a
water bath at 60°C for 10 h. The synthesised polymer was ground in a mortar, dried and
sieved to get particles with diameters in the range of 55-75um. Fine particles were
removed by suspending polymer beads in methanol and decantation of methanol for three
times. To remove templates, the remaining particles were treated with 2mol L™ of HCI for
72 h, and the excess amount of HCI was washed by methanol. For confidence of complete
removal of template from polymer, the concentration of copper ions in aqueous phases
after desired treatment periods were measured by ICP OES. Finally the particles were
dried at 80°C. Figure 1 schematically shows the synthesis of molecular imprinted polymer.

2.4 Adsorption and desorption studies

Adsorption of copper from aqueous solutions was investigated in batch experiments.
Adsorptions were performed in test tubes containing 12.5 pg copper ions and 50 pg morin
in 50mL deionised water. According to a preliminary experimental design, the pH was
adjusted (2.5, 4.0 and 5.5) by drop-wise addition of 1molL~" sodium hydroxide and
1 mol L™" hydrochloric acid; and appropriate imprinted polymer were added to solutions.
After that, the mixture was shaken for an appropriate time (2.5 to 5.5h). Finally, the
concentrations of copper ion in aqueous phases after desired treatment periods were
measured by ICP OES. The instrument response was periodically checked with known
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Figure 1. Preparation of ion imprinted polymer material.

copper standard solutions. Three replicate extractions and measurements were performed
for each aqueous solution. Percentage extraction of Cu was calculated from this equation:

%Extraction = (Cy — C¢/Cy) x 100 (1)
where C, and C; are the concentrations of Cu ion before and after extraction in the

solution, respectively.
The phase distribution ratio (D) was calculated using the following equation:

D= (“&S)orm 0
f

where W is the weight of the polymer in g and V is the volume of the aqueous phase in mL,
respectively.

The adsorbed copper complex was desorbed from the copper ions imprinted polymer
(IIP) by putting washed polymer particles into a 10mL of 0.5molL~' EDTA. The
imprinted polymer containing Cu were placed in the desorption medium and stirred
continuously at 600 rpm at room temperature for 8 h. The final copper concentration in
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the aqueous phase was determined by ICP OES. The unbound copper amount to the
polymer was obtained by subtracting the copper bound amount to the polymer from that
of the initial copper loaded to the polymer.

2.5 Factorial design

A two level factorial 2* design with two replicates of centre point was carried out in order
to determine the influence of these factors (pH, amount of polymer, amount of ligand and
adsorption time) as their interactions. The factorial design was evaluated using analytical
response (A) of copper. The experimental design matrix and the A for each trial are shown
in Table 2. An analysis of the variance (ANOVA) demonstrated that, within the
experimental range, only pH, amount of polymer (W) and adsorption time (t) were
statistically significant as the Pareto chart (Figure 2) interprets it. The results of the Pareto
chart demonstrated that the variables pH, amount of polymer and adsorption time are
statistically significant. The positive value for the effect of the adsorption time indicated
that, the extraction was increased as the adsorption time increases at the levels of interest.
The negative values for the effect of the pH and amount of polymer revealed that the
extraction was decreased as these variables increase at the levels of interest.

2.6 Box-Behnken design

The significant variables like pH; W and t were chosen as the critical variables and
designated as X, X, and X5 respectively. The low, middle, and high levels of each variable

Table 2. Experimental design: The results obtained in function of the copper analytical signal (A).

Adsorption time (h) Amount of polymer (g) pH Amount of ligand (g)
—1(2.0) —1(0.02) —-1(3.5) —1(1.0)
1 (4.0) 1 (0.04) 1 (5.5) 1 (2.0)

No. Adsorption time (h) Amount of polymer (g) pH Amount of ligand (g) A

1 2 0.02 3.5 1 0.03242
2 4 0.02 3.5 1 0.03401
3 2 0.04 3.5 1 0.03426
4 4 0.04 3.5 1 0.03173
5 2 0.02 5.5 1 0.03311
6 4 0.02 5.5 1 0.03034
7 2 0.04 5.5 1 0.03043
8 4 0.04 5.5 1 0.03334
9 2 0.02 3.5 2 0.03174
10 4 0.02 3.5 2 0.04471
11 2 0.04 3.5 2 0.03131
12 4 0.04 3.5 2 0.03359
13 2 0.02 5.5 2 0.02822
14 4 0.02 5.5 2 0.03632
15 2 0.04 5.5 2 0.01744
16 4 0.04 5.5 2 0.02549
17 3 0.03 4.5 1.5 0.03161
18 3 0.03 4.5 1.5 0.03179




Downloaded by [East Carolina University] at 00:27 20 February 2012

International Journal of Environmental Analytical Chemistry 1315

were designated as —, 0, and + respectively. The actual design of experiments is given in
Table 3.

In a system involving three significant independent variables X;, X,, and X3 the
mathematical relationship of the response on these variables can be approximated by the
quadratic (second degree) polynomial equation:

Y =By + B X1+ BoXa + B X + B X1 Xa + BisXa X + By Xo X3 + B X
+ B X5 +B33 X3 3)

where

Y =estimate response,
By = constant,
Bi1, B> and B; =linear coefficients,
Bi>, Bz and B,3 =interaction coefficients between the three factors,
Bi1, B> and B33 = quadratic coefficients.

A multiple regression analysis is done to obtain the coefficients and the equation can be
used to predict the response. The degree of experiments chosen for this study was Box-
Behnken, a fractional factorial design for three independent variables. It is applicable once
the critical variables have been identified. In the model given in Equation (3), interactions
higher than second order have been neglected. A total of 15 experiments were necessary to
estimate of the full model.

+
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Figure 2. Pareto chart of main effects obtained from 2* full factorial designs. The vertical line
defines the 95% confidence interval (A = Adsorption time, B=Amount of polymer, C=pH and
D = Amount of ligand).
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Table 3. Variable levels used for the trials and the Box-Behnken design for the optimization of
the TIP.

pH Amount of polymer (g) Adsorption time (h)

2.5(-1 0.02 (—1) 2.5 (1)

4.0 (0) 0.03 (0) 4.0 (0)

5.5 (1D 0.04 (+1) 5.5 (+1)

Trial No. pH Amount of polymer (g) Adsorption time (h) A (Cu)
1 2.5 0.02 4.0 0.0120
2 5.5 0.02 4.0 0.0332
3 2.5 0.04 4.0 0.0130
4 5.5 0.04 4.0 0.0349
5 2.5 0.03 2.5 0.0122
6 5.5 0.03 2.5 0.0372
7 2.5 0.03 5.5 0.0270
8 5.5 0.03 5.5 0.0488
9 4.0 0.02 2.5 0.0401

10 4.0 0.04 2.5 0.0401

11 4.0 0.02 5.5 0.0486

12 4.0 0.04 5.5 0.0489

13 4.0 0.03 4.0 0.0385

14 4.0 0.03 4.0 0.0379

15 4.0 0.03 4.0 0.0391

3. Results and discussion

3.1 Optimisation of the pre-concentration procedure

The optimisation step of the IIP procedure was performed using a Box-Behnken design.

The number of experiments required to investigate the previously noted three
parameters at three levels would be 27 (3°). However, this was reduced to 15 using a Box-
Behnken experimental design. The results from this limited number of experiments
provided a statistical model, which was used to identify high yield trends for the extraction
process. Table 4 shows the matrix and the responses as analytical signals for copper. The
equations below illustrate the relationship of the three variables, that is, pH, W, t and
analytical response (A).

A =—0.0715 4 0.059(pH) + 0.6008(W) — 0.0199(t)
—0.0063(pH)?> — 10.5(W)? + 0.0031(t)*
+ 0.0117(pH)(W) — 0.0004(pH)(t) + 0.005(W)(t) 4
The response surfaces for the variables of pH, W and t in equation (4) are shown in

Figure 3. The derivation of this general equation as (pH), (W) and (t) results in three new
equations:

8(4)

S H) = 0.059 — 0.0126(pH) 4 0.0117(W) — 0.0004(t) (5)
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Table 4. Selectivity factors and distribution ratios of copper.

Foreign ion Distribution ratio (D) Selectivity factor («)
Cu*t 16 -

cd>t 0.78 20.5

Zn*t 1.3 12.3

Ni** 0.95 16.8

Pb**+ 0.67 23.9

Co** 0.84 19.0

Figure 3. Three-dimensional response surface plot for the effect of pH, W and t vs. analytical
response.

% = 0.6008 +0.0117(pH) — 21.0(W) + 0.005(t) ©
% = —0.0119 — 0.0004(pH) + 0.005(W) + 0.0062() @

The critical point in the surface response are found by solving these equation systems
for the condition of 8(A4)/8(pH) =0, 8(4)/8(W)=0 and §(A4)/6(t) =0. The way of
calculating these critical points has been published previously [18].

The calculated values for the critical point are as follows: pH =4.6, W=0.03 g and
t=23.5h. The effect of pH on the extraction of copper ions was studied. Results showed
that the percentage extraction was nearly constant and quantitative in the pH of 4.6. At
the pH values below 4.6, however, the percentage recovery was decreased. The competitive
adsorption of hydrogen ions with copper ions for morin groups at lower pH values
accounts to the observed low efficiency.

3.2 Analytical performance

Under the optimum conditions described, the calibration curve was linear over the
concentration range from 10-200pugL~". The least square equation at above dynamic
linear range was as follows:

A =0.0041 C (ugL™!) —0.0054 (1> = 0.996) ®)

The limit of detection (LOD) of the proposed method for the determination of copper
was studied under the optimal experimental conditions. The LOD obtained from LOD =3
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(0) plank/m, Where o is the standard deviation of ten consecutive measurements of the blank
and m is the slope of the calibration curve. The LOD was 0.8 ugL~'. The limit of
quantification (LOQ) defined as LOQ =10 (0) pjani/m was 2.7 pgL™". All the statistical
calculations are based on the average of triplicate extraction and measurement of each
standard solution in the given range. The experimental pre-concentration factor defined as
the ratio of the slopes of calibration graphs with and without pre-concentration was 22.5.
The accuracy of the procedure was confirmed by analysis of the copper in certified
reference material, namely CASS-4 from the National Research Council of Canada. The
achieved result was 0.597 1.1 (ug L™"). The certified value is 0.592 4 0.062 (ug L™"). This
results show that the validation of the presented procedure.

Selecting coefficients of copper ions over the other selected inorganic cations that
coexisted with copper ions in natural sources were studied by batch procedure. The 1P
particles were tested for separation of 25 pg copper ions in 25 ml aqueous solution and
50 pg from Cd**, Zn>*, Co?*, Pb>" and Ni*" ions either individually or in their mixtures.
The concentrations of transition metals were determined by ICP OES. The selectivity of
the copper ions versus another cation was determined by the ratio of the two partition
coefficients, D&fand D™ which is referred to the selectivity factor, a:

D2+
__-C
a=rn ©)
m

The obtained results are summarised in Table 4. As it is clear from the results,
quantitative separation of copper from other cations is possible. Compared to other metal
ions, the selectivity factor values demonstrate that the IIP synthesised for the Cu®" has a
higher selectivity.

3.3 Analytical application

In order to assess the applicability of the method to real samples with different matrices, it
was applied to the extraction and separation of copper ions from 100 mL of three different
samples. Table 5 shows the extraction of 2.0 pg of added copper ions from 100 mL of
different samples. As seen, the results of three analysis of each sample show that the
copper recovery was almost quantitative.

Table 5. Recovery of 2 pug copper added to 100 mL of samples.

Spiked amount Copper found

Sample (ugL™h (ngL™h Recovery% RSD%
Tap water - - - -
Tap water 20.0 19.92 99.6 0.65
Chahnemah water - - - -
Chahnemah water 20.0 19.84 99.2 0.81
Seawater - 2.49 - 0.74
Seawater 20.0 22.4 —-99.6 0.8
Mineral water 1.48 0.76

Mineral water 20.0 21.436 99.7 0.75
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4. Conclusion

In the present work, a copper imprinted polymer was prepared using the combination of
VP as functional monomers, EDMA as cross-linker, AIBN as initiator and Cu-morin
complex as template. The prepared IIP revealed high affinity and selectivity towards its
template. The Cu-imprinted adsorbent, which was highly selective towards Cu ions, is
expected to be a useful material for the interference-free extraction and pre-concentration
of Cu ions.

The application of a Box-Behnken matrix became possible, rapid, and an economical
and efficient way of an optimisation strategy of the proposed procedure.
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