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Abstract: An analytical method for the determination of specific migration levels of phenolic
antioxidants and one phosphite antioxidant in the aqueous food simulants established .This method
involves solid-phase extraction (SPE) of the antioxidants with Modified polyacrylonitrile fiber (PANF)
and their determination by liquid chromatography (LC) with diode-array detection.Modified
polyacrylonitrile fiber (PANF) was prepared by adding of acrylic fibers to ethanolamine (MEA) with
different concentration solutions.The stability of a chemically modified PANF especially in
concentrated hydrochloric acid which was then used as a recycling and pre-concentration reagent for
further uses of  Modified polyacrylonitrile fiber. phenolic antioxidants was found to exhibit the highest
affinity towards extraction by these  Modified polyacrylonitrile fiber phases. The potential applications
of Modified polyacrylonitrile fiber for selective extraction of phenolic antioxidants to occur from
aqueous solution were successfully accomplished as well as pre- concentration of low concentration
of phenolic antioxidants (40 pg ml-1) from natural tap water with a pre-concentration factor of 200
for phenolic antioxidants off-line analysis by determination by liquid chromatography (LC) analysis.
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INTRODUCTION

Hindered phenols, primary antioxidants, are added to polyolefins to manage the oxidation reaction in the
polymer for long-term protection and organophosphites, secondary antioxidants are short-term antioxidants
designed to provide protection during processing or fabrication to finished product (Chen-Yu and Wang, 2000;
Thil´en, et al., 2000). If the polyolefins are used in packaging food, these com-poundsortheir degradation
products could migratefromplas-tics into foodstuffs during the processing or storage. So, European legislation
imposes specific migration limits upon individual substances with the potential to migrate from plastics into
foodstuffs according to their individual toxicity (Stevenson and Stein, 2001; Ashby, 1997; Directive, 2002).
Migration test can be carried out using the simulants laid out in the Council Directive 82/711/EEC: distilled
water (simulant A) for aqueous foods, acetic acid 3% (w/v) (simulant B) for acidic foods, ethanol 10% (v/v)
(simulant C) for alcoholic foods and rectified olive oil or other fatty food simulants (simulant D) for fatty
foods (Directive of the Council, 1982).

The normal and selective solid phase extractors are those derived from the immobilization of the organic
compounds on the surface of solid supports which are mainly, filter paper (Dopico-Garc´?a et al., 2003,
cellulose (Gennaro et al., 1983) and ion exchange resins (Shamsipur et al., 2005). Silica gel, alumina, magnesia
and zirconia are the major inorganic solid matrices used to immobilize the target organic modifiers on their
surfaces (Unger, 1979) of which silica gel is the most widely used solid support due to the well documented
thermal, chemical and mechanical stability properties compared to other organic and inorganic solid supports 
Boyd and Chromatogr, (1994). 

The surface of silica gel is characterized by the presence of silanol groups, which are known as weak ion
exchangers, causing low interaction, binding and extraction of the target analytes Janda et al., (1989). For this
reason, modification of the silica gel surface with certain functional groups has successfully been employed
to produce the solid phase with certain selectivity characters (Bao et al., 1966). Two approaches are known
for loading the surface of solid phases with certain organic compounds and these are defined as the chemical
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immobilization which is based on chemical bond formation between the silica gel surface groups and those
of the organic modifier, and the other approach is known as the physical adsorption in which direct adsorption
of the organic modifier with the active silanol groups takes place Unger, (1979). 

evaluated two SPE procedures for the preconcentration of chlorophenols in drinking water using graphitized
carbon black cartridges (after derivatisation of the sample) or styrenedivinylbencene. In this way, non polar
reversed-phase sorbents with silica base were the first materials tested in SPE of phenols in water and good
results were achieved if a derivatisation step previous SPE is introduced (Boyd and Chromatogr, 1994l; Janda
and Van Langenhove, 1989). For example, (Bao et al. 1996; Mahmoud, 1997; 1997; 1997; Tong et al., 1990;
Dadler et al., 1987; Mahmoud, 1998; 1999; Leyden et al., 1976; Ali Moghimi, 2009; Moghimi, 2006;
Moghimi, 2008; Moghimi et al., 2006; Tehrani et al., 2005; Mazlum et al., 2003)

This can be related to their structure and  characteristics, like high specific surface, small cross-section,
uniformity in diameter (in macroscopic scale) and long length of fiber to diameter (Zargaran, et al., 2008). Raw
acrylic fibers (RAF), due to their chemical and thermal stability, are a good substrate for the modification. The
mentioned advantages are mainly attributed to the high adsorption capacities, fast adsorption equilibrium, high
recycling rate and low cost of these polymeric fibers. The use of commercial fiber and introducing functional
groups on its structure are of the important methods for producing ion adsorbent fibers. The properties of the
fiber can be maintained in this method (Zargaran, et al., 2008). This paper describes the applications of
Modified polyacrylonitrile fiber for selective extraction and solid phase pre-concentration phenolic antioxidants
from aqueous and natural water samples.

2. Experimental:
2.1. Reagents and Materials:

Methanol and tetrahydrofuran LC-gradient grade were supplied by Merck (Darmstadt, Germany). Water
was purified on a Milli-RO system (Millipore, Bedford, MA, USA).

The studied antioxidants were obtained from the following sources: butylated hydroxyanisole (BHA, mixed
isomers 2[3]-t-butyl-4-hydroxyanisole; 2[3]-t-butylhydroquinone monomethyl ether, minimun 90%-3-isomer/9%-
2-isomer); 2,6 ditertbutyl-p-cresol (BHT, 99%) from Merck (Darmstadt, Germany). 2,4-Bis (1,1-dimethylethyl)-
phenol (DBP, $98%) from Fluka (Buchs,Switzerland). Tris(2,4-ditert-butylphenyl)phosphite (Irgafos 168);
pentaerythritol tetrakis(3-(3,5- di-tert-butyl-4-hydroxyphenyl)propionate (Irganox 1010).

Individual stock standard solutions of each antioxidant (1000 mg L!1) were prepared in acetonitrile for
BHA, DBP, BHT and Irganox 1010, in a mixture of methanol:tetrahydrofuran (75:25) for Ethanox 330 and
in tetrahydrofuran for Irganox 1076 and Irgafos 168. According to Garde et al. [14–15] fully oxidized Irgafos
168 is obtained after 24 h of dissolution in  tetrahydrofuran (THF). Therefore, this antioxidant is detected as
its oxidized product because THF is employed in stock standard solution  preparation.

Stock standard solutions containing all the compounds were prepared from individual standard solution
(1000 mg L!1) by dilution with acetonitrile. 

2.2. Instrumentation and Chromatographic Conditions:
The pH measurements were conducted by an ATC pH meter (EDT instruments, GP 353)calibrated against

two standard buffer solutions of pH 4.0 and 9.2. Infrared spectra of Modified polyacrylonitrile fiber (PANF)
were carried out from KBr by a Perkin-Elmer 1430 ratio recording spectrophotometer. 

The chromatographic experiments were carried out following the method developed in a previous work
Dopico-Garc et al., (2003). A Waters 2695 equipment (Waters, Milford, MA, USA) with a gradient pump and
automatic injector was used. The seven  analytes were completely separated using a stainless steel column
3.9mm×150mm packed with Nova Pack C1860 Aº, 4µm particle size (Waters). The detection system was a 
model 996 UV photodiode array (Waters). The chromatographic conditions are summarized in Table 1. The
signal acquired from detector was recorded by a personal computer operated under the Millenium32 software
V. 3.20 (Waters). Each compound was identified by comparison of its retention time with corresponding peak
in the standard solution and its UV spectrum. Quantification was carried out using a calibration plot of external
standard (five points between 2.5 and 20 mg L!1).

High Purity deionized water was used throughout the experiments and 3-chloro propyl trimethoxysilane
was received from Aldrich Chemical, USA. Organic solvents were dried according to conventional methods.
For all solutions double distilled water was used and the buffer solutions were prepared from 1.0M sodium
acetate to which different volumes of 1.0M HCl; HNO3  were mixed and the pH-value of the resulting solution
was adjusted with the use of a pH- meter.
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Table 1: Elution gradient conditions for LC analysis
Time (min) Methanol(%) Water(%) Curve
0 20 80
5 60 40 Linear
9 100 0 Linear
17 100 0 Linear
18 20 80 Convex
20 20 80 Linear
Flow=1mLmin -1, wavelength = 276 nm, column oven temperature = 30 °C, injection volume = 20 µL.

2.2.1.preparation of Modified Polyacrylonitrile Fiber:
Modified polyacrylonitrile fiber was prepared by adding 3 g of acrylic fibers to 300 ml of ethanolamine

(MEA) with different oncentration solutions. The reaction mixtures were refluxed at 91ºC under stirring for
2h. The reaction product was cooled to room temperature, then the product was washed with acetone and
distilled water and then air-dried. The content of the MEA groups in the fiber was calculated as follows:

EA= (W1–W0)M0/(M1W0)            (1)

where EA is the content of MEA groups in the fiber(mol/g),W1 is the weight of the dry fiber after reaction
(g), W0 is the weight of the dry fiber before reaction (g),M0 is the molecular weight chain unit CH2CHCN(53),
AND M1 is the molecular weight of NH2(CH2)2OH (Tabarzadi et al., 2010).

Activation of surface Modified polyacrylonitrile fiber (PANF) was filtered, washed with toluene, ethanol
and diethyl ether and dried in an oven at 70°C for 6 h. An amount of 20.0 g of dry Modified polyacrylonitrile
fiber (PANF). The resulting phase was filtered, washed with toluene, ethanol and finally with water several
times. The phase was then dried in an oven at 60°C for 7 h. 

2.3 Electro Spinning:
The formation of a thin fiber via electrospinning is based on the uniaxial stretching (or elongation) of a

viscoelastic jet derived from a polymer solution or melt Stevenson, et al., (2001). PAN is solved in common
organic solvent. The solubility of raw acrylic fibers (RAF) in dimethylformamide (DMF) was (17:83 w/w) but
it was observed that the solubility of PANF-MEA was (19:81 w/w) and this is because of modification. The
whole solutions were prepared by being dissolved in DMF (14:86 w/w) under stirring for several hours at room
temperature. The aluminum plate were used as collector and prepared at 20630 cm2. The polymer suspension
was delivered to capillary nozzle via a feed line from a syringe pump. 

The spinneret protruded through the center of the plate. A power supply provided upto 20 KV to the plate
and the distance between the capillary nozzle and the plate was adjusted at 20 cm to obtain a stable and
continuous jet.

2.4. Stability Studies:
The stability of Modified polyacrylonitrile fiber phases in different buffer solutions (pH 1–6) and

concentrated hydrochloric and nitric acids was studied by batch equilibration. In this procedure, 500 mg of the
phase was mixed with 50 ml of the selected solution in 100 ml measuring flask and automatically shaken for
5 h. The mixture was filtered, washed with 500 ml water and dried in an oven at 80°C. Around 100 mg of
the treated phase was added to 1.0 ml of 0.1M phenolic antioxidants and 9.0 ml of 0.1M sodium acetate and
the mixture was shaken for 30 min by an automatic shaker. The percentage of hydrolysis of polyacrylonitrile
from the surface of modified polyacrylonitrile fiber phases in different acidic solutions was calculated from
the determined µmol g!1 value of each treated phase.

2.5. Sorption Studies:
2.5.1. Determination of the Distribution Coefficient:

About 100 mg of the Modified polyacrylonitrile fiber phase was mixed with 50 ml of the phenolic
antioxidants (1 mgml!1) in a 100 ml measuring flask and shaken for 3 h by an automatic shaker. The mixture
was filtered, washed with water and diluted with methanol and THF solution in order to fit in the linear
dynamic range of each antioxidants. 

2.5.2. Percentage Removal of Phenolic Antioxidants from Aqueous Solutions:
One liter of phenolic antioxidants solution, containing 10, 50 and 100 ng ml!1 was passed over a column

Mazlum et al., (2003) packed with 500 and 1000 mg each of Modified polyacrylonitrile fiber. The flow rate
was adjusted to 2.0 ml min!1. The eluents were collected and 5ml was diluted with 20 ml of methanol and
THF solution and subjected to liquid chromatography (LC).
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2.5.3. Pre-concentration of Phenolic Antioxidants from Aqueous and Natural Tap Water:
Two liters sample solution spiked with 20 pg ml!1 phenolic antioxidants in both double destilled water

DDW and natural tap water were prepared and passed over a column packed with 1000 mg of Modified
polyacrylonitrile fiber with a flow rate of 2ml min!1. Then 10 ml concentrated methanol and THF was then
passed over the phase and adsorbed phenolic antioxidants to desorb the phenolic antioxidants. Both solvents
were passed sequentially and collected together.The desorbed phenolic antioxidants was directly determined
by liquid chromatography (LC). 

RESULTS AND DISCUSSION

According to Rodr´ıguez et al. Mahmoud and Soliman, (1997) derivatisation reactions of phenols can be
used to improve efficiency of SPE procedures by enhancing reversed-phase interactions. Phenol acetylation with
acetic anhydride in presence of carbonate (Bao et al., 1996) or hydrogencarbonate (Boyd and Chromatogr,
1994; Tong, 1990) is one of the most studied derivatisation procedures. Therefore, in our first assays, the
acetylation of antioxidants previous to its SPE with Modified polyacrylonitrile fiber was proved. The aqueous
sample spiked with antioxi-dants was acidified with acetic acid until 3% (p/v) (simulant B), then the phenolic
antioxidants were derivatisated with acetic anhydride in presence of sodium carbonate. Sample was passed
through the Modified polyacrylonitrile fiber. The studied antioxidants were eluted with methanol, solvent used
to desorb retained phenols in silica sorbents Mahmoud and Soliman, (1997) and THF because all the
considered antioxidants show high solubility in it. The obtained recoveries were not good enough (69–88%)
and the variability was too much large. The reason of these low recoveries may be that the derivatisation
reaction was unfinished. Some compounds have high molecular mass and this may have a negative effect in
the derivatisation reaction. 

On the other hand, this method only could be applied to the simulants A and B because poorer recoveries
were achieved for the simulant C (11–69%). So that, a different procedure without derivatisation was carried
out, the sample spiked with antiox-idants (simulant A, B or C) is modified by adding acetic acid and/or ethanol
until afinal concentration 3%atacetic acid and 10% at ethanol and this modified sample is passed through the
Modified polyacrylonitrile fiber. Finally, the retained antioxidants are eluted with methanol and tetrahydrofuran.

3.1. Determination of Elution Volume:
A volumeof100mLof water Milli-RO spiked with antiox-idants until 0.5 mg L-1 with acetic acid until 3%

and ethanol until 10% were employed for all analysis.
Antioxidants elution was carried out passing two solvents, methanol and THF through the column. The

elution volume of the two solvents, methanol and tetrahydrofuran was modified between 2 and 10mL to
determine the minimum volume necessary that guarantee the complete elution of all antioxi-dants. Equal
volumes of methanol and THF were employed in each test. In this way, 10 mL of methanol and 10 mL of
THF were used in the first assay and 2mL of methanol and 2 mL of THF in the last.

The plot of Fig. 1 shows that recovery results are approximately constant (between 70 and 100 %) when
the total volume is higher or equal than 8mL (4mL of methanol+4mL of THF). The individual effect of
methanol and THF in the recovery of the analytes was studied injecting their eluents separately. A minimum
methanol elution volume of 4mL achieves the best recoveries for most antioxidants (Fig. 2). When the total
volumeis lower than 8mL the achieved recoveries with methanol decrease from a range of 55–99% until
29–89% (Fig. 2) while the recoveries with THF (Fig. 3) increase from a range between 0 and 20% until
0–46% (Fig. 3), because this last solvent is eluting analytes that insufficient methanol was not able to recover.

On the other hand, it can be seen that there are compounds that are better eluted with methanol than with
THF, as BHA and Irganox 1010. Both antioxidants are not recovered with THF (Fig. 3) even when only 2
or 3mL of methanol are used in the first elution and significant amounts of BHA and Irganox 1010 remain
in the SPE cartridge (Fig. 2).

Irganox 1076 was the best eluted analyte by THF, as can be seen in Fig. 3 where 2 mL of THF recovers
46% of this antioxidant when 2 mL of methanol only desorbs 29% of Irganox 1076 (Fig. 2).

So, the methanol volume was fixed in 5 mL in order to guarantee the total elution of BHA and Irganox
1010 and to complete the elution of all antioxidants the volume elution was increased until 8 mL of total
solvent with 3 mL of THF.

A new assay with the final volumes of elution, 5 mL of methanol and 3 mL of THF was performed. After
their pass through the column independently, they were collected together and mixed by shaking. Then, the
final solution was analysed by LC. The obtained recoveries were similar to the maximum achieved recoveries
for the previous assays with higher elution volume, (4 + 4), (5 + 5) and (10 + 10) mL.
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Fig. 1: Achieved recoveries for the total elution volume assays by SPE Modified polyacrylonitrile fiber from
samples of 100mL with 10% ethanol and 3% acetic acid spiked until 0.5 mg L-1 for each antioxidant

Fig. 2: Achieved recoveries with methanol in the elution volume assays by SPE Modified polyacrylonitrile
fiber.

Fig. 3: Achieved recoveries with THF in the elution volume assays by SPE Modified polyacrylonitrile fiber.

3.2. Determination of Breakthrough Volume:
An assay for the determination of breakthrough volume was performed according to the procedure

described by He-nion (Gennaro et al., 1983). It consists of preconcentrating samples of increasing volumes,
each containing the same amount of analytes. As the sample volume increases, the analyte concentration
decreases. While breakthrough does not occur, the amount preconcentrated remains constant but when
breakthrough occurs, the amount extracted is reduced.

The assay was performed for samples spiked with 0.05 mg of each antioxidant, acetic acid until 3% and
ethanol until 10%. The sample volume was modified to determine the breakthrough volume of each compound
from 25 until 500 mL. The achieved results are showed in the Fig. 4. The obtained recoveries for the assays
between 25and 180mL are in the range of 78–105%, they can be considered constant for all antioxidants
except for BHT whose recovery decreases for the 180mL assay until 47%. For the other antioxidants, recovery
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decreases in the 250 and 500 mL assays and it keeps constant for DBP. According to this, 100 mL can be
fixed as a suitable sample volume for SPE by C18 for all considered antioxidants, because breakthrough does
not occur at this value.

Fig. 4: Achieved recoveries for the breakthrough volume assay by SPE C18 from samples with 10% ethanol
and 3% acetic acid spiked with 0.05 mg of each antioxidant.

3.3. Percentage Removal of BHA Phenolic Antioxidant  from Aqueous Solution:
The use of a column technique is a common procedure for extraction, separation and selective extraction

of BHA phenolic antioxidant from various aquatic systems (Unger, 1979). The column technique is
characterized by major advantages over the batch or static equilibration method that is the possible application
to large sample volumes (Mahmoud, 1997; Mahmoud and Soliman, 1997; 1997). This property enables the pre-
concentration of BHA phenolic antioxidant at very low trace levels. The percentage removal of BHA phenolic
antioxidant from aqueous solutions is essential for the evaluation of the method described and suggested here.
This is mainly dependent on several well known factors such as the type and amount of packing stationary
and mobile phases and the flow rate of the mobile phase (Leyden et al., 1976). In this study, we attempted
to evaluate the percentage recovery of phenolic antioxidants with different spiked concentrations, namely 10,
50 and 100 ng ml!1 from 1 l of 0.1M NaOAc solution by the application of two different amounts (500 and
1000 mg) of Modified polyacrylonitrile fiber phase packing. The results of the percentage removal of BHA
phenolic antioxidant  from aqueous solutions are presented in Table 2 which clearly demonstrate the suitability
and validity of Modified polyacrylonitrile fiber phase for removal and extraction of BHA phenolic antioxidant.
In addition, the effect of packing amount of silica gel phase is also evident in Table 3, where the near
completion of BHA phenolic antioxidant removal was accomplished by the use of 1000 mg phase.

Table 2: Percentage removal of BHA phenolic antioxidant from aqueous solutions by Modified polyacrylonitrile fiber phasea

BHA spiked (ng ml!1) Phase (mg) Percentage removal
10 500 94±1.5
50 500 96±3
100 500 94±6
10 1000 99±5
50 1000 98±2
100 1000 98±3
a Values are based on triplicate analysis.

Table 3: Preconcentration of BHA phenolic antioxidant spiked  from DDW and natural tap water samplesa

Phase (mg) Sample Volume(mL) BHA spiked Preconcentration Preconcentration BHA detecteda  Percentage
spiked (pg ml-1) reagent factor (ng ml-1) removal

1000 2000 20 10.0ml of methanol 200 3.96±2.0 99.6±1.7
Tap water (Saveh)

1000 2000 20 10.0ml of methanol 200 3.94±2.1 98.4±1.9
DDW

a Values are corrected for blank concentration of water samples and based on triplicate analysis.

3.4. SEM Investigations:
Scanning electron microscopy (SEM) was used to examine the external surface of the fiber before and

after modification. As can be seen from Fig. 5, original acrylic fiber comparatively surface (Fig. 5(a)), and with
modified fiber (PANF-MEA), obvious change comparing to that of the RAF fiber was observed (Fig.5(b)). It
is clear that changes have occurred in the morphology of the fiber but photographs demonstrated that the
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surface of PANF-MEA was approximately as smooth, swollen and homogeneous as that of the raw fiber. This
can be related to new functional groups that were bigger than (CN) groups.

Scanning electron microscopy (SEM) was so used to examine the morphology of the nano fiber before
and after modification. As can be seen from Fig. 6, original acrylic nano fiber comparatively morphology (Fig.
6(a)), and with modified nano fiber (PAN-MEA), obvious change compared to that of the raw fiber was
observed (Fig.6 (b)). T modified nano fiber was roundelay as that of raw acrylic nano fiber. This can be
related to modification treatment and incorporation of new functional groups into the iber structure.

Fig. 5: SEM image of (a) the raw fiber and (b) modified PAN fiber  

Fig. 6: SEM image of (a)(c) the raw nano fiber and (b)(d) modified PAN nano fiber

Conclusions:
The achieved recoveries with SPE Modified polyacrylonitrile fiber are better than the obtained results in

previous studies, where extraction of antioxidants in the simulant A was performed by liquid–liquid extraction
(LLE). The quantification limits of this analytical method SPE–LC–UV are smaller than 0.24 mg L-1 for all
studied antioxidants in 100 mL of sample. These values are quite lower than the SML established by Directive
2002/72/CE for Irganox 1076 and for BHT (classified as cresol).SPE Modified polyacrylonitrile fiber allows
achieving high recoveries with good precision for all phenolic antioxidants  from aqueous food simulants
without acetylation step previous SPE.
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