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Abstract
In this study for the first time, a novel copper Solid Phase Microextraction (SPME) fiber has been
introduced for removal of naphthalene, phenanthrene and anthracene from aqueous solution.
Copper was used as a solid support, which was at first coated by 3-mercaptopropyltrimethoxysilane. A stationary phase of oxidized multi walled carbon nanotube (MWCNTs)) was bonded to the
surface of the copper wire. The developed SPME was characterized by IR and Scanning Electron
Microscopy (SEM) and coupled to gas chromatography for separation of the analytes. Stability of
the fiber, the effect of coating thickness and recovery time were optimized. The MWCNTs film
thickness was about 5 µm which was perfect for a rapid mass transfer. The detection limits were
at the range of 0.005 to 0.1 µg∙L−1. The calibration curves were linear R2 > 0.9813 in the range of
0.01 to 5 µg∙L−1. The method has been successfully applied for real samples with standard addition
of 5 µL−1 of each sample. Stability study of the fiber to acid and alkali shows that it can be used for
more than 50 times.
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1. Introduction
Application of new fiber has been investigated in recent years to enhance durability and sensitivity of the solid
phase microextraction fiber [1]-[5]. Since most of these new fibers are expensive and fragile, many researchers
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are focusing to provide stable, rigid and low cost fibers [6]-[9].
In recent years the contamination of drinking water and agricultural resources by Polycyclic Aromatic Hydrocarbons (PAHs) is one of the major environmental problems in the world. PAH composed of two or more
benzene rings. The main source of these compounds is incomplete combustion of carbon-containing compounds
such as oil, wood, waste or fuel [10]. These compounds are toxic and carcinogenic, especially when connected
to a biological chain. They can be solid or liquid effluents, or diffusing through the atmosphere into the environment. These compounds are hydrophobic and electrochemically very stable, have high melting and boiling
temperatures. Also they are stable in soil and water and can be accumulated for a long time [11]. Excessive exposure to these compounds can cause disturbances in the central nervous system, irritation of the eyes, upper
respiratory tract irritation, hardening of the skin, blood disorders and anemia [12]. According to the standards
adopted by the European Union, the concentration of PAH compounds in drinking water should be less than100
ng∙L−1. Therefore, identification and continuous measurement of low concentrations of these compounds in water is crucial for health [13]. Considering the above, efficient and accurate, simple and inexpensive method to
detect trace amounts of these compounds, is necessary and much research has been done for the removal of
these pollutants from water [14]-[16].
Solid Phase Microextraction (SPME), has been developed by Arthur and Pawliszyn at the University of Waterloo in 1990 [17] and successfully used for the extraction of gas, liquid and solid, volatile and nonvolatile organic compounds from samples of soil, water and air [18]. This method is fast because the condensation and separation of analytes could be achieved in one step and the fibers can be used for several times, which makes
them affordable and cheap. This method is solvent free, portable and relatively independent of the design of a
complex system and can be assembled fully automatic. The method can detect concentrations of pollutant with
ppb levels and be easily connected to GC and HPLC. So that it can be used to separate volatile and semi-volatile
organic compounds in nature [19]. SPME separation process is based on the partition of analytes between the
fiber and the sample solution. Fiber consists of a small needle which is coated with a thin layer of polymer, and
a final coating material. Solute absorption by SPME could be achieved either by direct extraction or head space
method [10]. Fiber type and coating thickness and selectivity determine the efficiency and separation of the
analytes. Also, the selectivity determines the partition coefficient between the fiber and analyte matrix [20]-[22].
In general, it can be said that adsorption efficiency mainly depends on physical and chemical properties of sorbent and pollutant compounds.
Carbon nano materials are an effective absorbent that is widely used to trap the aromatic compounds. Carbon
nanotubes (CNTs) are a new type of carbon nano materials that was first discovered in 1991 by Iijima [23]. Because of the unique geometry, high mechanical strength, thermal stability and a high surface area, compared to
other absorbents, CNTs is highly considered by the researchers [22] [23]. Hydrophobic surface of CNT provides
stronger absorbing properties than carbon nano materials for different combinations. Aromatic compounds are
absorbed by CNTs with physical interaction without charge transfer between the adsorbent and adsorb. The
presence of electron donor groups such as NH2, COOH and OH in CNTs surface increases the absorption efficiency and causes strong π-π interactions between the CNTs and the benzene ring [23]. Because of the diameter
of the nano and molecular structure of CNTs, these compounds can placed as a bridge between molecules and
diagnostic equipment and related information of biological processes could be delivered as a measurable signs
[24].
The chemical bonding of CNTs onto a solid support is quite efficient to fabricate a fiber with some special
properties, such as thermal and chemical stability in high temperature and organic solvent, acid and alkali solution, without loss of performance [25]-[28].
In this study a new method was developed to prepare chemically bonded CNTs coating on modified copper
surface to absorb low concentration of polycyclic aromatic hydrocarbons. Comparing to other metallic wires
(e.g. gold, silver, …) the copper wire is less expensive. Also it possesses a higher hardness and good electron
mobility. The fiber is successfully applied to the solutes and various parameters have been studied. The fiber is
then connected to the gas chromatograph for further analysis.

2. Experimental
2.1. Materials and Instruments
The copper wire was obtained from the Yixing Shenglang Metal Wire Net Co. (China).
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3-mercaptopropyletrimetoxysilane (3-MPTS), standard material of PAH, solvents, sodium chloride and HPLC
grade methanol were purchased from Merck. MWCNTs were obtained from Research Institute of Petroleum
Industry of Iran. All chemicals were of analytical grade.
A capillary gas chromatograph with flame ionization detector and split-splitless device was used to determine
extracted solutes (Model SHIMADZU 2010). The quantitative measurement carried out using standard analyte
solutions and measurement of the peak area.
Surface characterization of the copper-coated fiber is obtained by a SEM (JSM-5600 LV, Jeol Ltd.).

2.2. Preparation of Coating Layer
1 g MWCNTs was first purified with HCl (8%) for 24 h so as to remove the metal ions and other impurities,
then refluxed in 20 ml HNO3 65% at 85˚C for 8 h with vigorous stirring. The mixture was washed with purified
water to pH 7 and filtered. MWCNTs were dried under vacuum at 40˚C for 4 h.

2.3. Surface Modification of Copper Wires
The copper wires with length of 10 cm and thickness of 200 µm were prepared and washed with acetone and 1
mol∙L−1 NaOH for 10 min. Then one end of wire immersed into 20 mmol∙L−1 of 3-MPTS in toluene for 24 h to
form self-assembled molecule film. The thiol groups of the 3-MPTS have great tendency to react with copper.
Then, it was taken out and dried at room temperature for 2 h.
1 mg of MWCNTs dispersed in ethanol under sonication to prepare the MWCNTs suspension. Then the pretreated copper wire was refluxed with MWCNTs suspension for 24 h in a hot water bath (70˚C), and then it was
placed in a 120˚C oven under the flow of dry nitrogen for 1 h.

2.4. Sample Preparation
Stock solutions were prepared by dissolving analytes in methanol separately, to obtain 100 mg L−1 of each analyte. They were stored at 4˚C. For extraction optimization, the stock solution was diluted with specified solvents
to desired concentration.
The ground water samples were collected from Shahriar city, west of Tehran. These samples were all filtered
through a 0.45 µm filter and collected into sealed vials and stored at 4˚C.

2.5. Solid Phase Microextraction
The extractions were performed in direct-immersion mode with 10 ml aqueous solution in a 15 ml vial. Working
solutions were prepared daily by diluting the stock solutions. A magnetic stirring bar was put in the vial to accelerate the mass transfer to fiber. After the extraction, the fiber washed with 5 ml methanol and injected to GC.
Extraction conditions such as time, temperature, ionic strength, agitation rate and desorption conditions were
investigated and optimized.

3. Results and Discussion
3.1. Copper Coated SPME Fiber
Copper wire is hard, chemically inert and thermally resistance, which can improve the stability and life time of
SPME fiber. Using copper wires with respect to relativistic effect and relevance in chemistry increases the mobilization of electrons and facilitates the formation of chemical bond and easily modified by organic molecules.
In this research, we have taken these advantages to chemically binding CNTs on the copper surface. The substrate, copper wire, was activated to ensure removing the organic filth and oxide layer for uniformity and firmness of the coating films and then immersed in the polymer (3-MPTS). This method creates, stable and
non-brittle coating which can be used several times and in terms of affordable.
The carbon nanotube was oxidized by acids to create -COOH and OH groups at the wall of the CNTs and
chemically coated on the surface of the copper wire. The chemical process is shown in Figure 1.

3.2. Characterization of Modified Copper Wire
After preparation of the novel modified copper wire, the feasibility tests were applied.
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Figure 1. Schematic illustration of the preparation process of the copper-MWCNTs fiber.

At first the fiber was characterized by IR spectroscopy. As it is shown in Figure 2(A), the peaks of C=O and
C=C is recognized at 1629 and 1564 cm−1 corresponding to oxidized MWCNTs (MWCNTS-COOH), while in
Figure 2(B), for the pure- MWCNTs there are absent. Also the surface characteristic of modified fiber was investigated using scanning electron microscopy (SEM). Figure 3 shows that the coating has a porous structure
which provides a high surface area and causes a higher extraction efficiency. The thickness is about 5 to 12 µm
which is thin enough to allow a fast mass transfer.

3.3. Optimization of Parameters.
For efficiency evaluation of the constructed fiber, several parameters have been investigated. Since extraction
temperature and agitation effect have a great influence on the absorption of extracted analytes, at first these parameters have been studied.
3.3.1. The Effect of Temperature
Figure 4 shows that there are optimum temperatures where the highest analyte absorption peak can be obtained.
Increasing the temperature causes more mobility and mass transfer, but a very high temperature causes the solvent (methanol), evaporate and remove some analytes and reduce the extraction efficiency. In fact temperature
has a twofold impact on the extraction and both of them are important. Highest temperature increase molecular
movement, thereby causes an increasing in mass transfer and decreasing the equilibrium time. But partition
coefficients of analytes between the fiber and the sample matrix decrease. In very low temperature, the mass
transfer decreases and causes lower efficiency. In this study extraction temperature tested from 30˚C to 70˚C.
Figure 4 shows that the best temperature for highest extraction efficiency is at 50˚C.
3.3.2. Agitation Studies
Agitation effect on the extraction efficiency is critical as well. It causes faster mass transport of the analytes
from the sample matrix to fiber surface. Agitation reduces the thickness of the boundary layer around the fiber
coating that implies shorter equilibrium time and higher extraction efficiency. It was shown that stirring with the
magnetic agitator of 400 - 800 rpm increased the mass transfer of the analyte to fiber (Figure 5). So a fix stirring
rate of 700 rpm was chosen for this analysis.
3.3.3. Thin Layer Thickness Effect
To find the best thickness, various concentrations of coating Layer of CNTs were investigated. The extraction
performance is increased by increasing the CNTs concentration. Although the thick coating has high extraction
capacity, the thinner coated surface could provide the best mass transfer. So, in this research work a thickness of
5 µm has been used for further experiments.
3.3.4. Evaluation of Fiber Stability.
The stability of the copper-MWCNTs fiber was investigated using harsh treatments. For this purpose the fiber
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Figure 2. IR spectra of (A) MWCNTs -COOH (B) Pure MWCNTs.

Figure 3. SEM image of the copper-coated SPME fiber.
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Figure 4. The effect of extraction temperature on extraction efficiency. Conditions; extraction time 40 min,
content of KCl; 20% (w/v), stirring rate; 700 rpm.

Figure 5. Agitation effect on the extraction efficiency; Conditions; extraction time; 40 min, extraction temperature; 50˚C, content of KCl; 20% (w/v).

immersed into 0.01 M NaOH and 0.0 1 M HCl for 24 hours and the extraction efficiency were calculated. It was
found that, up to 50 times usage of the fiber, there are not any significant changes in the absorption of naphthalene, phenanthrene and anthracene. So it can be concluded that the fiber is well stable and durability to acid and
alkali is acceptable.
The efficiency of the SPME fiber is based on reaching equilibrium and depends on time of extraction. So the
optimum extraction time has directly effect on the extraction efficiency. This factor was investigated from 0 to
70 minutes and as shown in Figure 6, highest extraction efficiency was obtained in 40 min.
Addition of soluble salts to the solution, increases the ionic strength and the distribution constant. Different
ionic strength was obtained with different KCl concentrations from 0 to 30 wt%. As shown in Figure 7, peak
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Figure 6. Dependency of extraction efficiency on extraction time. Conditions; extraction temperature; 50˚C,
content of KCl; 20% (w/v). stirring rate; 700 rpm.

Figure 7. Effect of ionic strength on peak area. Conditions; extraction time; 40 min; extraction temperature;
50˚C; stirring rate; 700 rpm.

area increases with higher concentration of KCl from 0 to 20 wt%. Thereby 20 wt% salt was chosen as the best
content of KCl in working solution.

3.4. Analytical Evaluation
The developed method was evaluated for the separation and determination of naphthalene, phenanthrene and
anthracene from aqueous solutions at room temperature. To establish the optimum conditions, stirring rate of
700 rpm, deposition time of 40 min and salt concentration of 20% selected. In these conditions the calibration
curves were linear in the range of 0.01 to 5 µg∙L−1 and regression coefficient for analytes were R2 > 0.9813,
0.9656, and 0.9723 for naphthalene, phenanthrene and anthracene respectively. The limits of detection were
between 0.005 and 0.1 µg∙L−1 based on signal to noise ratio of 3/1. The SPME-GC spectrum of the separated
analytes is shown in Figure 8. The peaks are separated and allow for a quantitative analysis.
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Figure 8. GC chromatogram of analytes using Copper-MWCNTs as SPME fiber.

The developed method was applied for extraction and analysis of samples from ground water in Shahriar
(west of Tehran). The samples were spiked with 5 µ∙L−1, and the relative recoveries of 87 to 110%, 92 to 104%
and 89 to 108% were obtained for naphthalene, phenanthrene and anthracene respectively. The results show that
analytical characteristics of the proposed new fiber are comparable with reported articles [29]-[32].

4. Conclusion
A novel SPME fiber was constructed using copper wire as substrate which was coated by functionalized
MWCNTs. The fiber has porous structure and large surface area for increasing extraction efficiency. The novel
copper—MWCNTs fiber has a long operation life and can be used for more than 50 times. The results indicate
that the fiber has a good thermal and chemical stability, high extraction efficiency and high capability for adsorption and separation of polycyclic aromatic hydrocarbons in aqueous, real solutions.
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