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Abstract

This research describes a new design of hollow fiber solid-liquid phase microextraction (HF-
SLPME) which was developed for the extraction and measurement of Cu(Il) ion in water samples
combined with atomic absorption spectroscopy. This method consists of an aqueous feed and the
functionalized multi-walled carbon nanotubes (F-MWCNTSs) with HNO; and NacClO, dispersed into
n-octanol, are held within the pores and the lumen of a porous hollow fiber as the extractor phase.
The presented method allows an effective and enriched recuperation of ionic analyte into
MWCNTs/organic phase. The effective parameters were investigated. Under the optimized condi-
tions, a sample of industrial waste water was successfully purified using the proposed method.
Our results showed that at optimized extraction conditions, the calibration curve was linear in the
range of 0.01 - 20 pg/mL of Cu(Il) ions in the initial solution with R2 > 0.99 for both F-MWCNTSs
samples. All experiments were carried out at room temperature (25°C £ 0.5°C).
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1. Introduction

The disposal of industrial effluents that contain heavy metals into natural water systems is a serious worldwide
environmental concern. Heavy metals are non degradable and can enter into the food chain by accumulation in
animals and plants, so it is necessary to determine and remove them from the waste water before releasing into
the environment. There are various approaches that have been used for determination and removing of trace
heavy metals, such as precipitation [1], electrochemical treatment, chemical oxidation or reduction, solvent ex-
traction, ion exchange [2], and adsorption [3]. Conventional solid-phase extraction (SPE) and liquid-liquid ex-
traction (LLE) have been widely used for the extraction of metal ions from water samples [4] [5]. It is well
known, however, that these methods are time consuming, tedious, often require large amounts of high purity
solvent, and can be relatively expensive. To overcome these drawbacks, new simple and rapid sample prepara-
tion techniques have been developed over the last two decades including liquid phase microextraction (LPME)
[6] and solid-phase microextraction (SPME) [7].

Liquid-phase microextraction or solvent microextraction was developed as a fast, simple and inexpensive
solvent-minimized liquid-liquid extraction (LLE) technique [8] [9]. Recently, hollow-fiber liquid-phase micro-
extraction (HF-LPME), based on the application of a supported liquid membrane, was introduced using a porous
hollow-fiber membrane [5] [10] in order to improve solvent stability. According to this method, a porous poly-
propylene hollow fiber impregnated with an organic solvent is used as an acceptor phase [11]. In HF-LPME
technique, the organic solvent is injected into and contained within the lumen of the porous hollow fiber as an
interface between the sample solution and the extracting phase (the phase into which the analyte is extracted)
[12]. Since very little solvent is used, exposure of operator to toxic organic solvents is minimized. At the same
time, the technique combines extraction, concentration and sample introduction into one step.

The HF-LPME has been successfully applied for determination and extraction of wide range of targeted ana-
lytes [13]-[16]. In fact, the recently introduced method proved to be an attractive alternative to other microex-
traction concepts having the advantages of being simple, inexpensive, sensitive, fast and virtually solvent-free.
In addition, the disposable nature of the hollow fiber, due to the low cost of analysis per sample, eliminates the
possibility of carry-over between analyses.

Nowadays, in the solid phase extraction studies of transition metals at trace level, investigation of the usage of
new materials, as solid phase extractor is an important challenge [17]. Carbon nanotubes (CNTSs) have been
proposed as a novel solid phase extractor for various inorganic and organic materials at trace levels. They are
relatively new adsorbents for trace pollutants from water, because they have a large specific surface area and
small, hollow, and layered structures. Also, CNTs have been proven to possess great potential as superior ad-
sorbents for removing many kinds of organic and inorganic pollutants such as dioxin, volatile organic com-
pounds (VOCs) and fluoride from air stream [18], soil organic matters and various divalent metal ions (Cd**,
Cu?*, Ni**, Pb*, Zn?*) from aqueous solution [19]. The properties of CNTSs result in enhancing the efficiency of
extraction process.

In the present study, we have developed a new microextraction method for Cu(ll) ions using a combinational
solid/liquid phase microextraction (SLPME) technique based on functionalized multi-walled carbon nanotubes
(F-MWCNTSs) by HNO3; and NaClO incorporating into hollow fiber. To date, and to the best of our knowledge,
no report has been published on the determination and extraction of copper ion in water samples using this me-
thod by flame atomic absorption spectroscopy (FAAS). We have investigated the effect of several parameters
such as solvent solution, pH, donor phase volume, extraction time, surfactant concentration, and stirring speed
on the extraction efficiency and found the optimum experimental condition. Also, at this optimum condition, ca-
libration curve equation and analytical performance parameters were determined. Moreover, the method was
tested for the analysis of an industrial wastewater as a real sample analysis.

2. Experimental Procedure

2.1. Chemicals and Apparatus

Acetone, 1-octanol, hexane, toluene (HPLC grade) and all salts, acids and bases (analytical grade) were pur-
chased from Merck Company (Darmstadt, Germany) and used as received. Cu(NOs),-3H,0 was obtained from
Fluka (Buchs, Switzerland). All the solutions used in this work were prepared by de-ionized water (DI). Analy-
tical Cu(NO3),-3H,0 was employed to prepare stock solution containing 100 pg/mL of Cu(ll), which was fur-
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ther diluted with DI water to the desired Cu(ll) concentrations. The use of DI water was to prevent the effect of
solution ionic strength.

The hollow fiber polypropylene membrane, Qs Accurel PP (200 um thick wall, 600 um inner diameter and
0.2 um average pore size) was purchased from Membrana (Wuppertal, Germany). Their SEM images are shown
in Figure 1. The multi-walled carbon nanotubes (MWCNTS) were obtained from the Research Institute of Pe-
troleum Industry (Tehran, Iran) with mean diameter of 10 - 15 nm, length of 50 - 100 nm, and purity > 98%.

The concentration of Cu(ll) was determined by a flame atomic absorption spectrometer (FAAS), Model
PU9600 X instrument, with Cu Lamp, 8 mA current, 324.8 nm wavelength; 0.5 nm band pass, standard type
burner head, 5 mm burner height, air-acetylene flame, 1.25 bar oxidant gas pressure, and 2 L/min fuel gas flow
rate.

The functional groups of CNTs were identified by Fourier Transform Infrared spectroscopy (FTIR) analysis
(SHIMADZU-8400, Japan) and the size and morphology of CNTs and hollow fibers were observed by Scanning
Electron Microscopy (SEM) using a GXA840 model.

2.2. Functionalization of MWCNTs

The metal ion sorption capacity of --MWCNTSs does not have a direct correlation with their specific surface area,
pore specific volume and mean pore diameter, but strongly depends upon their surface total acidity. The metal
ion sorption capacity of CNTs increased as a rise in the amount of surface total acidity (including carboxyls,
lactones and phenols) present on the surface site of CNTs. This reflects that the sorption of metal ions onto
CNTs is a chemisorption process rather than physic-sorption. The oxidized CNTs have more total active surface,
which are responsible for sorption of Cu(ll) ions from aqueous solution, than the raw CNTs. The mechanisms by
which the metal ions are adsorbed onto CNTs are very complicated and appear attributable to electrostatic at-
traction, sorption-precipitation and chemical interaction between the metal ions and the surface functional
groups of CNTs.

The chemical interaction between the metal ions and the surface functional groups of CNTSs is the major sorp-
tion mechanism [20] [21]. Protons in the carboxylic and phenolic groups of CNTs exchange with the metal ions
in the aqueous phase. The solution pH dropped after sorption of metal ion onto CNTs and reached equilibrium,
which could be explained by the release of H" from the CNT surface into the solution.

We used two methods for surface modification of purchased MWCNTs by HNO3; and NaOCI to remove any
metal catalysts and amorphous carbon. In the first one, raw CNTs were functionalized with acid according to the
following procedure. MWCNTSs were dispersed into a flask containing concentrated HNO; solution and then
refluxed for 6 h at 140°C to remove the impurity and modify the surface functionality. After cooling, the
F-MWCNTSs were washed with deionized water repeatedly, until the pH of the solution reached approximately 7.
Then, the solution was filtered and the functionalized nanotubes dried in the oven for 4 h at 120°C.

In the second method, the MWCNTSs (3 g) were heated at 350°C for 30 min to remove amorphous carbon.
After thermal treatment, 0.5 g of CNTs was dispersed into a flask containing 20 mL of 70% sodium hypochlo-
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Figure 1. SEM images of a polypropylene hollow fiber (a) before and (b) after filling with func-

tionalized MWCNTSs in 1-Octanol.
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rite solution. Then, the solution was shaken in an ultrasonic bath for 20 min. Next, they were continuously
stirred for 3 h at 85°C to remove metal catalyst. After cooling, the modified CNTs were washed frequently using
deionized water until the pH of solution reached about 7. Finally, the solution was filtered through a 0.45 m Ny-
lon fiber filter and purified functionalized-MWCNTs (F-MWCNTS) were obtained. The modified CNTs were
dried at 80°C for 12 h [22].

In these cases, the carboxylic MWCNTS formed a network like a polymer and afforded the additional interac-
tions for the analyte molecules. The treated MWCNTSs were terminated with carboxylic acid and hydroxyl
groups (See Figure 2). The non-treated MWCNTS aggregated in a disorderly fashion, but the functionalized
MWCNT, in contrast, was well dispersed because of the presence of the functional groups that repel each other
electrostatically. Therefore, the treated MWCNTS were selected as the raw material for the subsequent microex-
traction procedure.

2.3. HF-SLPME Procedure

The membrane extraction with sorbent interface used in this research is a two phase microextraction consisting
of aqueous feed and organic solvent/nano sorbent extracting phases. The second phase was supported by a piece
of polypropylene hollow fiber and the system operated in direct immersion sampling modes. F-MWCNTSs was
dispersed in the organic solvent and held in the pores and lumen of a porous membrane supported by capillary
forces and sonication. The analytes diffuse from the aqueous sample through the pores and inside of polypropy-
lene membrane into F-MWCNTS dispersing in the organics solvent. As the organic solvent immobilized in the
pores, the analyte was then snared in a sorbent (micro) trap and thus enriched.

All microextraction experiments were performed using an Accurel Qs, polypropylene hollow fiber membrane
(600 um I.D., 200 pm wall thicknesses, 0.2 um pore size). The fiber was cut into small segments with a length
of 2.5 cm and 15 pL of a dispersed mixture of the F-MWCNTSs in 1-Octanol was gradually injected into the fi-
ber manually using a micro-syringe (25 pL). The pores and the fiber duct were filled with the homogenized
mixture and excess amount of mixture was carefully removed from the inside of the fiber. Then, the fiber was
bent as a U-shape and together with a small part of the supporting syringe needle was submerged in the sample
Cu(ll) solution present in a proper vial according to the donor phase volume. The vial was covered and stirred at
600 rpm for 30 min [23].

After the extraction, fiber transferred into a small glass vial. The fiber and the pores were sonicated with 2 mL
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Figure 2. FT-IR spectrum of raw and functionalized

MWCNTSs.
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of solution containing 50% of HCI (0.1 M) and methanol which was collected in the small vial. Then, Cu(ll)
concentration was determined in the concentrated phase using atomic absorption spectrophotometer.

The Octanol/F-MWCNTSs was immiscible with water and remained within the fiber pores during extraction
with no leakage to the aqueous sample. The organic solvent/CNT formed a thin layer within the wall of the hol-
low fiber, which on average had a thickness of 200 um, and the total volume of organic solvent immobilized
was typically 15 - 20 uL. For metal ions, with addition of proper ligand or ion pair, the ions are converted to de-
ionized form to reduce their solubility within the agqueous sample and also organic phase (See Figure 3).

2.4. Extraction Process

The analytes are extracted from the aqueous sample, through the organic phase/MWCNTS in the pores of the
hollow fiber, and further into an acceptor solution inside the lumen of the hollow fiber. In two-phase LPME,
analytes are extracted by passive diffusion from the aqueous sample (donor solution) directly into the organic
phase/MWCNTSs. This process is described by Equation (1).

A(Sample) <> A(Organic phase/ MWCNTSs) @

The extraction process depends on the partition coefficient between the acceptor phase and the donor solution
(K,/d) defined by Equation (2).

Ka/d _Ce,p‘a/Ce,p,d (2)

where C and C,,, are analyte concentration at equilibrium in the acceptor and donor solution, respec-

e,p,a

tively. Also, the extraction recovery, R, and the enrichment factor, EF, in the two-phase LPME system may be
calculated by the following equations [24] [25]:

R=(100K,/d-V,)/(K,/d-V, +V,) (3)
EF =(V, -R)/(V, -100) (4)

where V, is the volume of acceptor solution(nano-particle’s volume can be concidered negligible in compare
to solvent volume) and V, is the volume of donor solution. All experiments were performed in triplicate and
their average was used in calculations.

3. Results and Discussion

There are several parameters that affect the effectiveness of the used method, such as MWCNTSs content, pH,
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Figure 3. Schematic diagram for the HF-SLPME method.
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donor phase volume, time and etc. In order to obtain high enrichment and extraction efficiency of the analyte
using this technique, the main parameters were optimized.

3.1. Organic Solvent

The MWCNTs must be well dispersed in the organic solvent. On the other hand, CNTs are insoluble in all sol-
vents due to the large inter-tube attraction energy [26] [27] and therefore agglomerated in the organic solvents.
One approach is the functionalization of the surface of CNTs using covalent chemistry. Thus, the dispersion of
CNTs into suitable organic solvent seems very attractive to preserve the extended m networks of the CNTs when
it is used as modifier for adsorption applications [28]. In this work, with respect to our last research findings,
1-octanol has been selected as the organic solvent [29] [30]. Moreover, CNTs diameter is large enough to easily
accommodate octanol molecules; however, the octanol-octanol hydrogen-bond breakage for transitioning an oc-
tanol molecule to the interior of the nanotube will be much smaller than for water. It is reasonable to expect that
since the nanotube is wide enough to accommodate many octanol molecules, this effect is also due to solvent
molecules entering the cavity of the nanotube and hydrogen bonds being broken resulting in a higher energy.

3.2. Effect of FFMWCNTSs Content

In this study, the effect of F-MWCNTS content as one of the most important factors which can affect the extrac-
tion efficiency of Cu(ll), was investigated. For this purpose, 0.15 g of F-MWCNTSs was dispersed into flasks
containing 4, 5.5, and 7 mL of 1-Octanol and was shaken in an ultrasonic cleaning bath for 10 min. Then, 15 puL
of each dispersed mixture was gradually injected into the fiber manually using a microsyringe. For volumes less
than 4 mL, we could not inject the dispersed mixture into the fibers, because of high concentrations of F-
MWCNTSs. Results of enrichment factor versus amounts of MWCNTS are shown in Figure 4.

As seen in the figure, increasing the amount of MWCNTSs enhances the adsorption of Cu(ll) on the CNTs
surface and consequently improve the extraction efficiency. Although the extraction efficiency was increased,
but for values more than 0.056 g CNTs per 2.5 cm fiber segment, the injection of mixture into hollow fiber was
very difficult. Therefore, we have selected 0.056 g of MWCNTSs per 2.5 cm hollow fiber for the rest of experi-
ments.

3.3. Effect of pH

pH is an important analytical parameter because it has an strong effect on the adsorption characteristics of Cu(ll)
onto MWCNTSs and enlargement of extraction efficiency. The effect of pH in the donor phase on the enrichment
factor was studied in the range of 3.0 - 8.0. The copper species are presented in the DI water in various forms,
but at pH < 8 the predominant form is always Cu** and its removal is mainly accomplished by extraction process.
The results presented in Figure 4 indicate that the maximum enrichment factors are in pH 4 and 5 for MWCNTSs
functionalized with NaClO and HNOs;, respectively. Therefore, for both types of F-MWCNTS, low Cu(ll) ad-
sorption and extraction efficiency take place at low pH that can be attributed in part to competition between H*
and Cu® ions on the same sites of CNTs (See Figure 5).

3.4. Effect of Donor Phase Volume

As the analyte is extracted from relatively large sample volumes into a very small volume of acceptor solution,
microextraction method provide substantial analyte enrichment. The enrichment in LPME is basically deter-
mined by the analyte recovery and also by the sample volume. When volume of the sample increases, the
enrichment factor also increases (Equation (4)) [13] [31]. In HF-SLPME, the extraction is an equilibration pro-
cess that causes the amount of analyte partitioning into the acceptor solution and it is independent of the sample
volume when this volume is much higher than the product of the partition constant and the volume of the ac-
ceptor solution [31]. Moreover, a large sample volume can even be disadvantageous due to poorer mass trans-
fers kinetics, resulting in a worse extraction efficiency.

We have optimized the effect of donor phase volume by changing the volume of the donor phase between 6.0
to 10.0 mL, while the volume of acceptor phase was kept constant at (See Figure 6). The enrichment factor in-
creases by increasing the donor phase to 7 mL. But, at above 7 mL, the enrichment factor exhibited contrary
trend. Finally, optimum donor phase volume was selected as 7.0 mL for both types of F-MWCNTSs.

©
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Figure 4. Effect of F-MWCNTSs amount on enrichment factor, Experimental condi-
tions are: [Cu?*] 5 pg/mL, donor phase volume 8 mL, pH 5.7, stirring speed 800 rpm,
extraction time 30 min.
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Figure 5. Effect of pH on the enrichment factor for two kinds of F-
MWCNTSs as sorbents. Experimental conditions are: [Cu?*] 5 pg/ mL,
pH 4, donor phase volume; 7 mL, stirring speed 800 rpm, extraction
time 30 min.

3.5. Effect of Extraction Time

The extraction time is a very important parameter in an SLPME procedure, because it influences the partition of
the target analytes between the sample solution and the membrane (in the pores of the fiber) and subsequently
between the organic solvent and the acceptor phase in the lumen of the fiber. In fact, the longer equilibration
times do not have any significant effect on the microextraction efficiency [32].

Different extraction times were tested and the corresponding results are provided in Figure 7. The results
demonstrated that the extraction efficiency gradually increased with the extraction time to 75 min for both types

of F-MWCNTSs, but did not reach equilibrium.



E. Zarrin et al.

MWCNTSs are a porous layer, in which mass transfer is a process of diffusion through the pores. Therefore,
the porosity should strongly affect the extraction dynamics. These nanometer pores of MWCNTSs might lead to
longer equilibrium time for the extraction of the analytes compared with the conventional HF-LPME mode.

Although SLPME is not an exhaustive extraction technique, maximum sensitivity is attained at equilibrium
conditions. It is not necessary for a routine analysis to reach complete equilibrium as long as the extraction time
is kept constant. Therefore, 60 min was chosen as the extraction time based on the consideration of sensitivity
and analysis speed.

450
[}
400 -
] 3

350 |
3
]
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Figure 6. Effect of donor phase volume on the Cu(ll) extraction af-
ter HF-SLPME, Experimental conditions are: [Cu?'] ; 5 ug/mL, pH
4 (for HNO3; F-MWCNTS) and 5 (for NaCIO F-MWCNTS), stirring
speed 800 rpm, extraction time 30 min.
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Figure 7. Effect of time on enrichment factor. Experimental condi-
tions are: [Cu?] 5 pg/mL, donor phase volume 7 mL, pH 4 (for
HNO; F-MWCNTS) and 5 (for NaCIO F-MWCNTS), stirring speed
800 rpm.

3.6. Effect of Surfactant Concentration

Surfactants can be added to the solution to better disperse the nanotubes and prevent their re-aggregation. A se-
lection of appropriate surfactant is fundamental for obtaining a satisfactory pre-concentration and also an extrac-
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tion process. An especially consideration should be given to interaction of surfactant with the analyte and matrix
as well as the solubility of the analyte [33]. The anionic surfactants can be good choices for extracting the ca-
tions such as Cu(Il). Moreover, ionic surfactants are water soluble. So, we have used Sodium Lauryl Sulfate
(C1oH25S04Na, SLS) as an anionic surfactant that is used in many cleaning and hygiene products.

On the other hand, we should investigate the surfactant concentration as an important parameter for effective
extraction. Concentration of SLS was studied in the range of 5 to 8 mM, below the critical micelle concentration
(CMC) which is 8.3 mM [34]. Our observations have shown that, when the surfactant concentration in the donor
solution was reached over its CMC, the extraction efficiency decreased sharply. It is due to great trapping of
Cu(Il) with micelles. In fact, at concentration higher than CMC, by adding analyte, a fraction of that incorpo-
rated into the micelle are trapped within the micelle core and could not passes completely through the hollow
fiber pores. Furthermore, high concentration of surfactant results relatively high viscosity which reduces the
Cu(ll) ion transformation into the organic phase.

The results of variation of surfactant concentration on the enrichment are shown in Figure 8. It is seen that
increasing the surfactant concentration to 7 mM leads to increase the enrichment factor and the optimized con-
centration of 7 mM is the best concentration for Cu(ll) ions extraction.

3.7. Effect of Stirring Speed

Stirring enhances mass transfer and reduces the required time to reach thermodynamic equilibrium [35]. In the
SLPME, the hollow fiber protects the acceptor mixture, and consequently high agitation speeds can be applied.
The results of our previous study have indicated that SLPME efficiency increases with an increase in agitation
speed [28] [36]. In general, increasing the agitation rate of the aqueous sample enhances extraction by aiding
diffusion of analyte present in the donor phase through the interfacial layer of the hollow fiber and into the ac-
ceptor solution. In this work and in a set of experiments, the effect of sample agitation during extraction was in-
vestigated by performing 30 min extractions on aqueous solutions containing 2 mg/L of target analyte at stirring
rates of 600 to 900 rpm. Two different trends were obtained for F-MWCNTSs. It can be seen in Figure 9 that, in
the case of F-MWCNTSs with HNOs;, increasing the agitation rate resulted in an increase of the enrichment factor
for target analyte. However, after 800 rpm we consider fiber fluctuation. For the F-MWCNTSs with NaClIO, stir-
ring speed has a similar effect on the extraction efficiency, but up to 700 rpm. For the speeds higher than 700
rpm, the results show a contrary trend that led to fiber fluctuations and caused the instability.

Furthermore, due to the formation of air bubbles generated on or near the fiber surface, analyte extraction was
decreased. On the basis of the above results, 800 and 700 rpm was used as the optimum stirring speeds for
F-MWCNTSs with HNO; and NaClO, respectively.

500

—— NaClO F-MWCNTs
—— HNO, F-MWCNTs

450 1

400 A

350 A

300 A

Enrichment Factor

250

200

5 6 7 8
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Figure 8. Effcet of surfactant concentration on the enrich-
ment factor. Experimental conditions are: [Cu?*] 5 pg/mL,
donor phase volume 7 mL, pH 4 (for HNO; F-MWCNTS) and
5 (for NaCIO F-MWCNTSs), stirring speed 800 rpm, extrac-

tion time 60 min.
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Figure 9. Effect of stirring speed on the extraction efficiency.
Experimental conditions are: [Cu?*] 5 pg/mL, donor phase
volume 7 mL, pH 4 (for HNO3; F-MWCNTS) and 5 (for NaCIO
F-MWCNTS), extraction time 60 min.

3.8. Effect of Salt

In many conventional extraction processes, the addition of salt improves the extraction efficiency. Because the
organic acceptor/aqueous donor phase distribution coefficient can be enhanced by increasing the ionic strength
of the aqueous sample [10] [37]. This phenomenon helps to enhance the affinity of the acceptor phase for the
analyte molecules. In general, depending on the nature of the target analyte, addition of salt to the sample solu-
tion can decrease analyte solubility and consequently increase its hydrophobicity [38]. This is due to the salting-
out effect where fewer water molecules are available for dissolving the analyte molecules, preferably forming
hydration spheres around the salt ions [39]. Among the salts, sodium chloride (NaCl) is commonly added to ana-
Iytical samples [10]. In order to examine the effect of ionic strength of the sample matrix upon extraction, a se-
ries of experiments were carried out where the aqueous samples contained different amounts of NaCl. So, the ef-
fect of increasing 4% NaCl was tested (See Figure 10). As seen in the figure, the extraction efficiency is re-
duced.

This may be due to competitive interaction of Na* with active sites on the F-MWCNTSs surface that caused
decrease in sorption capacity of Cu?* ions by CNTs. In addition, the presence of salt caused a second effect; the
physical properties of the agueous-organic solvent extraction film were changed. Therefore, salt was not added
to the feed solution.

3.9. Interfering Effects

Also, the influence of increased concentration of some cations and anions on the interfering effects of Cu(ll)
was determined and is shown in Table 1. Selectivity of the copper ion was investigated and possibility of dif-
ferent metal ions extraction was evaluated for two concentration levels for each interfering ion. As seen, Cu(ll)
ion absorption changes in the presence of the ionic species. These changes might be due to competitive adsorp-
tion on the CNTSs or negative effect of salts.

According the results, Ca(ll) and Mg(ll) showed interference effect on the Cu(ll) detection. Our previous
batch laboratory experiments indicated metal ion binding to MWCNTS functional groups was occurred via an
ion-exchange type mechanism. The interference observed may be due to the increased concentration of hard
ions in solution, instead of competition for binding sites.

However, due to the presence of hard cations such as calcium and magnesium found in contaminated ground
waters, interference studies were performed with carboxy functionalized MWCNTS. The ability to bind Cu(ll)
ion while being immersed in less than 50 times more concentration of calcium and magnesium indicates that the
F-MWCNTS may be selectively binding the heavy metals in solution. Therefore, specific binding sites with
chemical functional groups that have higher affinities for heavy metals may be responsible. Only a reduction in
copper (I) binding was observed again after 50 times more concentration of calcium and magnesium were
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Figure 10. Effect of NaCl concentration on the enrichment factor in
the extraction of Cu(l1). Experimental conditions are: [Cu?*] 5 pug/mL,
donor phase volume 7 mL, pH 4 (for HNO3 F-MWCNTSs) and 5 (for
NaClO F-MWCNTSs), extraction time 60 min, stirring speed 800 rpm
(for HNO3; F-MWCNTSs) and 700 (for NaClO F-MWCNTS).

Table 1. Effect of ionic interferences on the Cu(ll) ion microextraction pro-
cedure in HF-SLPME.

Interfering ions Interfering ions concentration (pug/mL) AP A*
Mg® 50 0.107 0.043
Mg** 500 0.107  0.011
ca** 50 0.107 0.068
ca* 500 0.107  0.021

K* 50 0.107 0.115
K* 500 0.107 0.100
Na* 50 0.107 0.096
Na* 500 0.107 0.060
SOZ 50 0.107 0.130
SO? 500 0.107 0.082
cr 50 0.107 0.086
cr 500 0.107 0.093

A" Absorbance of Cu(ll) before adding interfering ions, A% Absorbance of Cu(ll) after add-
ing interfering ions.

added. This overall difference may indicate that it is the quantity of hard cations in solution rather than the iden-
tity of the hard ions that plays a role in the reduction of heavy metal binding to F-MWCNTS.

The occurrences of binding specific metal ions in an ion-rich solution might be explained by the binding con-
stants of various functional groups that could be responsible for the heavy metal binding. Thus, the binding con-
stants for various functional groups such as carboxylates groups have an overall higher binding affinity for the
Cu(ll) ions rather than calcium and magnesium. Because the binding constants for the heavy metal binding to
the various functional groups have higher stability constants, it stands to reason that the metals would bind be-
fore the hard cations would. On the other side, total calcium and magnesium could masked with EDTA at pH 10
while the Cu(Il)-EDTA chelate is formed in initial pH of 5.2.

O,
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4. Analytical Performance

From measurements made under the optimum conditions, for both types of F-MWCNTS, the performance para-
meters of the HF-SLPME technique, such as calibration curve equations, correlation coefficient, liner dynamic
range, limits of detection and quantification, and relative standard deviations (RSD%) were studied. Calibration
curve equations were Y = 0.0434 X + 0.0048 with r> = 0.9947 and Y = 0.04 X + 0.0052 with r? = 0.9977 for
HNO; and NaCIO F-MWCNTSs respectively. The calibration graphs were linear in the range of 0.01 - 20 pug/mL
for HNO; and NaCIO F-MWCNTSs with regression coefficients of r* = 0.9947 and 0.9977 (n = 5), respectively.
The other results are listed in Table 2.

5. Real Sample Analysis

To demonstrate the practical applicability of this extraction technique, an industrial wastewater sample from a
factory in Mashhad, Iran was taken and analyzed using both types of F-MWCNTSs. The results are summarized
in Table 3.

6. Comparison with Other Methods

The used technique is compatible with a broad range of analytes, including biological and environmental sam-
ples and in connection with wide range of analytical instruments such as spectroscopic and chromatographic
methods. This compatibility may provide a strong platform for future analytical extractions. Some of methods
which were used for determination of Cu?* in the water samples using FAAS are shown in Table 4.

7. Conclusions

A novel, fast and simple procedure based on the non-exhaustive functionalized MWCNTS assisted HF-SLPME
equilibrium sampling combined with FAAS has been developed to extract Cu(ll) from the aqueous samples. The

Table 2. Analytical performance parameters (HF-SLPME) in the linear range of 0.01 - 20 pg/mL (n =
5) at optimum condition.

Equation R? LOD (ug/mL)  LOQ (ug/mL) RSD%
HNO; F-MWCNTSs Y =0.434X +0.0048  0.9947 0.013 0.046 3.45
NaClO F-MWCNTs Y =0.04X + 0.0052 0.9977 0.015 0.05 3.99

Table 3. Real sample analysis of an industrial effluent.

Fiber Type Observed Concentration (ug/mL) RSD (%) RR%"
HNO; F-MWCNTSs 0.25 7.2 97.86
NaClO F-MWCNTSs 0.24 6.3 99.04

“Relative recovery percent.

Table 4. Comparison of HF-LPME with some other extraction methods for determination of Cu?" in
the water solution samples.

Method EF LOD (pg/L) Ref

DLLME"-FAAS 48 0.003 [40]

SPE™-FAAS (solid Phase: modified Amberlite) 100 0.004 [40]

SPE-FAAS (Solid phase: modified silica gel) 300 0.005 [40]
HF-MWCNTSs-HNO; 446 0.013 This work
HF-MWCNTs-NaCIO 432 0.015 This work

“Dispersive Liquid-Liquid Microextraction, ~"Solid-Phase Extraction.

()
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experimental setup is very simple and highly affordable. Among all microextraction techniques reported, this
technique is one of the most effective sample preparation/pre-concentration techniques. The hollow fiber is dis-
posable, so single use of microextraction device reduces the risk of cross-contamination and carry-over prob-
lems.

The proposed method allows very effective and enriched recuperation of ionic analyte into MWCNTSs/organic
phase. This procedure can be successfully used for the analysis of organic and inorganic analytes in the aqueous
samples. Moreover, the method was applied to the analysis of environmental water samples giving good qualita-
tive and quantitative results. Other advantages of this method are good repeatability, low limits of detection
and %RSD.
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