
∫∑§«“¡«‘®—¬

°“√ °—¥√–¥—∫®ÿ≈¿“§¥â«¬«—Ø¿“§¢Õß‡À≈«‚¥¬„™â‡¡¡‡∫√π
™π‘¥‡ âπ„¬°≈«ß ‡æ◊ËÕ«‘‡§√“–Àåª√‘¡“≥ “√

°≈ÿà¡æÕ≈‘‰´§≈‘°Õ–‚√¡“µ‘°‰Œ‚¥√§“√å∫Õπ„πµ—«Õ¬à“ßπÈ”™“

«‘™ÿ¥“ ∑Õß¿Ÿ «√√§å ·≈– π¿“ µ—Èß‡µ√’¬¡®‘µ¡—Ëπ*

∫∑§—¥¬àÕ

ß“π«‘®—¬π’È‰¥âæ—≤π“«‘∏’°“√«‘‡§√“–Àå “√æÕ≈‘‰´§≈‘°Õ–‚√¡“µ‘°‰Œ‚¥√§“√å∫Õπ (PAH) 9 ™π‘¥
„ππÈ”™“‚¥¬„™â°“√ °—¥√–¥—∫®ÿ≈¿“§¥â«¬«—Ø¿“§¢Õß‡À≈«·≈–„™â‡¡¡‡∫√π™π‘¥‡ âπ„¬°≈«ß‡ªìπµ—«æ¬ÿß ·≈â«
π”‰ª«‘‡§√“–Àå¥â«¬‡§√◊ËÕß·°ä ‚§√¡“‚∑°√“øï-·¡  ‡ª°‚∑√‡¡∑√’ ‚¥¬‡¡¡‡∫√π™π‘¥‡ âπ„¬°≈«ß∑’Ë„™â∑”®“°
æÕ≈‘æ√Õæ‘≈’π∑’Ë¡’√Ÿæ√ÿπ¿“¬„π∫√√®ÿµ—«∑”≈–≈“¬Õ‘π∑√’¬å 25 ‰¡‚§√≈‘µ√ „π°“√ °—¥ “√≈–≈“¬µ—«Õ¬à“ß 15
¡‘≈≈‘≈‘µ√ ®“°°“√»÷°…“ ¿“«–∑’Ë‡À¡“– ¡æ∫«à“ÕÕ°‡∑π‡ªìπµ—«∑”≈–≈“¬∑’Ë‡À¡“– ¡„π°“√ °—¥¥â«¬
‡¡¡‡∫√π™π‘¥‡ âπ„¬°≈«ßπ’È ‚¥¬„™âÕ—µ√“‡√Á«„π°“√ªíòπ°«π∑’Ë 700 √Õ∫µàÕπ“∑’ ‡ªìπ‡«≈“ 20 π“∑’  “¡“√∂
«‘‡§√“–Àåª√‘¡“≥ PAH ∑—Èß 9 ™π‘¥ ‰¥â¢’¥®”°—¥°“√µ√«®«—¥„π√–¥—∫π“‚π°√—¡µàÕ≈‘µ√ §à“ —¡ª√– ‘∑∏‘Ï¢Õß
°√“ø¡“µ√∞“π (coefficient of determination, R2) Õ¬Ÿà„π™à«ß 0.9852-1 §à“‡∫’Ë¬ß‡∫π¡“µ√∞“π —¡æ—∑∏å
πâÕ¬°«à“ 15 ‡ªÕ√å‡´Áπµå ‡¡◊ËÕπ”«‘∏’ °—¥π’È¡“À“§à“√âÕ¬≈–°“√‰¥â°≈—∫§◊π¢Õß PAH ∑—Èß 9 ™π‘¥„πµ—«Õ¬à“ß
πÈ”™“æ∫«à“Õ¬Ÿà„π™à«ß 25-100 ‡ªÕ√å‡´Áπµå ®÷ß‰¥â„™â«‘∏’ ·µπ¥“√å¥·Õ¥¥‘™—π„π°“√«‘‡§√“–ÀåÀ“ª√‘¡“≥ “√
æÕ≈‘‰´§≈‘° Õ–‚√¡“µ‘°‰Œ‚¥√§“√å∫Õπ„πµ—«Õ¬à“ßπÈ”™“ 11 µ—«Õ¬à“ß æ∫«à“¡’ª√‘¡“≥¢Õß PAH Õ¬Ÿà„π™à«ß
§«“¡‡¢â¡¢âπ 5.0-199.8 π“‚π°√—¡µàÕ≈‘µ√ ́ ÷Ëß‡ªìπª√‘¡“≥∑’Ëª≈Õ¥¿—¬µ“¡¡“µ√∞“π USEPA ¢âÕ¥’¢Õß«‘∏’°“√
 °—¥π’È §◊Õ „™âª√‘¡“≥µ—«∑”≈–≈“¬Õ‘π∑√’¬åπâÕ¬„π√–¥—∫‰¡‚§√≈‘µ√®—¥‡ªìπ‡§¡’ –Õ“¥ (Green Chemistry) ‡ªìπ
°“√‡µ√’¬¡µ—«Õ¬à“ß∑’Ëßà“¬ √«¥‡√Á«  “¡“√∂ °—¥·≈–‡æ‘Ë¡§«“¡‡¢â¡¢âπ‰¥â„π¢—ÈπµÕπ‡¥’¬« Õÿª°√≥å‰¡à ≈—∫´—∫´âÕπ
·≈–√“§“‰¡à Ÿß

§” ”§—≠: PAH æÕ≈‘æ√Õæ‘≈’π‡¡¡‡∫√π ·°ä ‚§√¡“‚∑°√“øï-·¡  ‡ª°‚∑√‡¡∑√’

»Ÿπ¬å§«“¡‡ªìπ‡≈‘»¥â“ππ«—µ°√√¡∑“ß‡§¡’ ¿“§«‘™“‡§¡’ §≥–«‘∑¬“»“ µ√å ¡À“«‘∑¬“≈—¬∫Ÿ√æ“
*ºŸâπ‘æπ∏åª√– “πß“π, e-mail: napa@buu.ac.th



SWU Sci. J. Vol. 28 No. 1 (2012)106

Hollow Fiber Membrane Liquid-Phase
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ABSTRACT

The determination of nine polycyclic aromatic hydrocarbons (PAH) in tea samples
has been developed using hollow fiber membrane liquid-phase microextraction and detected by
gas chromatography with mass spectrometer. PAH were extracted from 15 mL of aqueous
samples through the immobilized organic solvent in the pores of polypropylene hollow fiber
membrane and finally into 25 µL of the same organic solvent. The optimum conditions were
studied and found that octane was a good extraction solvent at the stirring rate of 700 rpm for
20 min. The detection limit of this method can be achieved at nanograms per litre level.
The calibration curves with the coefficient of determination (R2) in the range of 0.9852-1 were
obtained. The relative standard deviations were below 15% and recoveries were in the range of
25-100%. Thus, a standard addition method has been applied to determine 9 PAH in 11 tea
samples. The determined PAH in all tea samples were in a range of 5.0-199.8 nanograms
per litre. All tea samples contained safe levels of PAH when compared to USEPA criteria.
The advantage of using micro-litre volume of organic solvent for extraction leads to the
extremely low consumption of toxic solvents. The method can thus be considered as a green
chemistry initiative. In addition, the extraction and pre-concentration process are combined
into a single step. Thus, the technique requires minimal sample preparation time.
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Introduction
The history of tea began in China almost five thousand years ago. Nowadays billions

of people around the world drink tea as a beverage regularly in everyday life. The health
benefits of tea make it the most widely consumed beverage after water. However, some
pollutants found in tea leaves may cause a health threat to tea drinkers. The main pollutants in
tea leaves include metal ions [1] fluoride ions [2,3] pesticides [4,5] and PAH [6,7]. In a tropical
climate country like Thailand, hot tea infusion is not consumed as much as iced tea. The first
ready to drink iced tea was a black tea, which came in a can. Five years ago ice green tea in a
bottle was produced and became very popular among Thai people. All types of tea have been
made and marketed in a bottle or in a box with foil liners and sold throughout the country.

Polycyclic aromatic hydrocarbons (PAH) are chemical species with two to six fused
benzene rings. PAH are well known toxic pollutants and are highly potent carcinogens.
The analysis of trace PAH in tea samples has been accomplished by two main chromato-
graphic methods; liquid chromatography and gas chromatography. These methods require
preliminary extraction for enrichment of the analytes. Traditionally, these processes are
performed by solid-phase [8,9] and liquid-liquid extraction [6,7,10,11]. Liquid-liquid extraction
is applicable to the determination of certain PAH which are partitioned into an organic solvent
and analyzed by gas chromatography. This classical liquid-liquid extraction method was
time-consuming and used a large amount of toxic organic solvent. Therefore, a novel method
of liquid-phase microextraction (LPME) using a hollow fiber membrane was first introduced
by Pederson-Bjergaard and Rasmussen [12]. A short piece of porous hollow fiber membrane
was filled with solvent. This fiber was immersed in the aqueous sample and the extraction of
PAH occurred by mass transfer of analyte between the aqueous sample and the solvent inside the
fiber. The method was adapted to many application as reviewed by Pederson-Bjergaard and
Rasmussen [13]. This study will investigate the applicability of hollow fiber liquid-phase
microextraction for determination of PAH in tea infusions and bottled tea samples. The selected
nine PAH for this work were acenaphthylene (ACY), acenaphthene (ACE), fluorene (FL),
phenanthrene (PHEN), anthracene (AN), fluoranthene (FLUR), pyrene (PY), benzo[a]anthracene
(BaA) and chrysene (CHRY). These 3-4 aromatic ring PAH were reported to be the predominant
PAH found in tea infusions [6].
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Materials and methods
1. Tea samples
Two types of tea samples; tea infusion samples and bottled tea beverage samples were

analyzed in this work. Both tea samples were obtained from local supermarkets in Thailand.
The tea infusions were prepared by weighing 20 grams of tea leaves into 500 mL hot water,
covering the container with aluminum foil and heating it at 90-95°C for 60 min. The tea infusion
was then decanted into a closed container and cooled to room temperature before analysis.
Bottled tea beverage samples were sampled directly from the bottle without any preparation.

2. Standards and reagents
The 9 PAH standards were purchased from Supelco (Bellefonte, PA, USA). HPLC

grade acetonitrile and octane were purchased from Merck (Darmstadt, Germany). Individual
200 mg/L PAH stock solutions; acenaphthylene (ACY), acenaphthene (ACE), fluorene (FL),
phenanthrene (PHEN), anthracene (AN), fluoranthene (FLUR), pyrene (PY), benzo[a]anthracene
(BaA) and chrysene (CHRY) were dissolved separately in acetonitrile. The individual or
mixed standard working solutions of each PAH were prepared from these stock solutions by
appropriately dilution with acetonitrile. All standards and working solution were stored at 4°C
in amber glass bottles.

3. Hollow fiber LPME procedure
Hollow fiber polypropylene membrane (Accurel PP Q3/2 with 0.2 µm pore size,

600 µm internal diameter and 200 µm wall thickness) was purchased from Membrana GmbH,
Wuppertal, Germany. It was cut into 5 cm. lengths and sonicated in acetone for 2-3 min to
clean the membrane and left to dry before use. The membrane was then soaked in a solvent
for 2-3 min to impregnate the solvent into the pores of membrane. Excess solvent in the
hollow fiber was blown out with air using a syringe. The impregnated membrane was
immediately connected to the extraction unit shown in Figure 1. The hollow fiber was used only
once for each extraction and was discarded after use.
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Figure 1 The unit used for PAH extraction by hollow fiber membrane.

The extraction unit was similar to that used by others [12]. The needle of two 100 µL
micro syringes (Hamilton Bonaduz AG, Bonaduz, Switzerland) were pushed through a septum.
One end of the fiber was attached to syringe 1 containing 25 µL of solvent. The other end of
fiber was attached to syringe 2 to complete the fiber loop. The syringe 1 was raised about 1 cm.
higher than syringe 2 and the solvent was injected into the fiber. 15 mL of sample was added
into a 20 mL vial containing a small magnetic bar (2 Ó 7 mm). The septum was placed on top of
the vial with the fiber loop immersed in the sample solution as in Figure 1. The extraction vial
was then placed onto a magnetic stirrer. When the extraction was finished, the septum unit was
removed from the vial. One end of the fiber was removed from the syringe 1. The extracted
solvent in the membrane was withdrawn from the other end of membrane through the syringe 2
and was delivered into an insert vial for direct GC-MS analysis.

4. GC-MS Analysis
The GC-MS used in this work was a Hewlett-Packard 6890 GC system equipped

with HP 5972 A MS and split/splitless autoinjector. PAH were separated on a fused silica
HP-5 MS capillary column (30 m length Ó 0.25 mm internal diameter, 0.25 µm film thickness).
Ultra pure helium (99.9995%) was used as carrier gas.
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The GC conditions were optimized by a scan mode MS (m/z 40-400) for the
simultaneous separation of the selected 9 PAH. The optimized conditions were as follows; 1 mL/
min flow rate of helium carrier gas, 1 µL injection volume of a mixed 9 PAH standard with
splitless mode at 30 second split delay and the injector temperature was maintained at 250°C.
The temperature program was: 80°C (1 min) to 180°C at 20°C/min, to 240°C at 10°C/min,
to 243°C (3 min) at 1°C/min. The total run time was 18 min. The identification of each PAH
mass spectra was achieved by comparing the mass spectra at each peak to the data base of
each standard spectra in a NIST library (National Institute of Standards and Technology).
For quantification of the PAH in samples, the selected ion monitoring mode MS (SIM mode)
was performed using the quantification ion and confirmation ion as reported by Rodil and
coworkers [14].

Results and discussion
1. PAH extraction by hollow fiber LPME

There were four parameters to be optimized for hollow fiber LPME analysis of
PAH; type of solvent, stirring rate, stirring time and salt effect. This 5 mL of a mixed standard
working solution (1 mg/L of each PAH) was diluted to 50 mL with deionized water in a
volumetric flask to make a 100 µg/L per PAH spiked water sample. This spiked water sample
was used to perform optimization for all parameters in the extraction except for the salt effect.
Three replicate trials were performed in each variation for every parameter.

1.1 Type of solvent
The PAH were all non-polar compounds, thus non-polar solvents should be

used for extraction. Octane and toluene were claimed to be suitable solvents used for PAH
extraction using hollow fiber membrane [15-17]. Thus, octane and toluene were compared for
the extraction of 9 PAH from the spiked water samples preparing in the laboratory. The stirring
rate was fixed at 1000 rpm and the extraction time was 15 min [15]. The extraction efficiency
was reported in terms of peak area of each PAH as given in Figure 2. Octane had almost 50%
higher peak area than toluene of all extracted PAH. The solubility of toluene in water is 0.47
g/L but octane is much less soluble in water. Therefore some toluene in the hollow fiber was
lost into the water sample resulting in a lower peak area of extracted PAH. As a result, Octane
was selected as the extraction solvent in this work.
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Figure 2 Peak areas of each PAH standard with two different extraction solvents (n=3).

1.2 Stirring rate
The stirring rate was varied from 0, 300, 500, 700, 1000 and 1200 rpm

using a 15 min extraction time. Figure 3 showed that a 700 rpm produced the highest peak
area. This is due to the fact that initially greater stirring helps enhance mass transfer but after 700
rpm the peak area decreased as the shear was too high resulting in solvent loss through the
pores of the membrane into the water sample. Furthermore, a high stirring rate could produce
bubbles which reduce the interface area between the membrane and the water sample thus
obstructing extraction. On the basis of the results obtained, a stirring rate of 700 rpm was used
for the extraction.
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Figure 3 Peak areas of each PAH standard with different stirring rate (n=3).
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1.3 Extraction time
The efficiency of extraction was evaluated using different extraction times

(stirring time) of 5, 10, 15, 20, 30 and 50 min. As can be seen in Figure 4, the higher the
extraction time, the higher the peak area of extracted PAH. The extraction process involves
steady state mass transfer between the aqueous sample phase and the organic solvent phase [13].
The results showed that it would take much more than 50 min to reach the equilibrium for
this extraction. In quantitative analysis, equilibrium does not need to be reached as it is enough
just to allow sufficient mass transfer into the solvent in the hollow fiber membrane as long as
an exact reproducible extraction time is used. Thus, 20 min extraction time was chosen in
combination with the GC-MS analysis procedure (18 min for one injection) in order to obtain
the required sensitivity. The optimized conditions for extraction, 20 min extraction time at
700 rpm stirring rate were used throughout this analysis with octane as the extraction solvent.

Figure 4 Peak areas of each PAH standard with different extraction time (n=3)
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1.4 Salt effect
There have been different trends reported for the effect of addition of salt

to aqueous samples for extraction with hollow fiber LPME. The effect seems to depend on
the polarity of the analyte. For decreasing polarity, extraction usually increases when salt added.
Some polar analytes such as nitroaromatics or organochlorine pesticides (OCPs) were reported
to have a negative effect from salt addition [5,18]. However, 20% of salt was needed for
the efficient extraction of aromatic amines in water samples [19] and 30% of salt was needed
for extraction of OCPs [16]. Nonpolar compounds were also reported to have a negative
effect from salt addition [20]. Thus the effect of salt in this extraction was studied using
100 µg/L per PAH spiked water samples with different amounts of sodium chloride added.
The concentration of sodium chloride solution was 0, 5, 10, 15, 20 and 30 (%w/v). The effect
of sodium chloride addition is shown in Figure 5. It appears that the presence of salt decreases
the peak area of extracted PAH often by more than a factor of 2. So, it was decided not to add
any salt in extraction of further experiments.

Figure 5 Peak areas of each PAH standard with different sodium chloride concentrations (n=3)

2. Analytical figures of merit
Each 15 mL of mixed PAH standard was extracted using the procedure

described in section 3 (in Materials and methods) with the optimized parameters; octane as a
solvent, stirring rate of 700 rpm and 20 min extraction time without salt addition. The extracted
solvent was followed by GC-MS analysis as in section 4 (in Materials and methods). A calibration
curve was obtained from triplicate injections of each extracted PAH standard in the concentration
range 10-2000 ng/L. The linear regression equation and coefficient of determination for each
PAH calibration curve is shown in Table 1.
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Table 1 A linear regression equation, coefficient of determination (R2), LOD (S/N = 3) and
LOQ (S/N = 10) of each PAH.

PAH A linear regression R2 LOD LOQ
equation (ng/L) (ng/L)

ACY y = 57.629x + 178.27 0.9985 6.0 20.0

ACE y = 69.266x + 675.00 0.9955 5.5 15.5

FL y = 60.243x + 802.97 0.9852 4.5 14.5

PHEN y = 34.375x + 1643.00 0.9921 3.0 10.0

AN y = 29.951x + 215.67 1.0000 4.0 9.0

FLUR y = 34.728x + 531.27 0.9978 3.0 10.0

PY y = 40.109x + 570.06 0.9898 4.0 13.5

BaA y = 133.600x - 774.06 0.9989 4.0 12.0

CHRY y = 13.590x - 99.63 0.9923 30.0 90.0

The intra-day precision and inter-day precision were determined at three levels of
concentrations of each PAH in water. Six replicates were performed for each PAH at
each concentration for inter-day precision. One trial at each concentration was run on 6
consecutive days for inter-day precision. The results in Table 2 indicate a good precision of
the method for both intra-day precision and inter-day precision according to the Association
of Official Analytical Chemists International [21].
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Table 2 The relative standard deviation (% RSD) of intra-day and inter-day precision (n=6)

% RSD
PAH 25 ng/L 60 ng/L 90 ng/L

intra-day inter-day intra-day inter-day intra-day inter-day

ACY 6 5 6 9 12 10

ACE 5 5 5 9 12 13

FL 7 7 5 8 7 9

PHEN 10 8 11 13 8 10

AN 3 12 15 10 11 10

FLUR 13 14 13 11 14 10

PY 2 4 5 8 4 8

BaA 6 8 10 7 7 3

CHRY* 14 12 8 11 12 10

Note: *concentrations of CHRY were 125, 250 and 475 ng/L

3. Analysis of PAH in tea samples
Matrix interferences in tea sample analysis with this procedure were studied

first by recovery experiments. One leaf tea sample and one bottled tea beverage sample were
selected for this recovery experiment. The spiked samples were extracted using the optimized
parameters. Three replicate extractions were performed and followed by GC-MS analysis.
The recovery for the tea infusion sample and tea beverage sample at each concentration level
of each PAH is shown in Table 3.
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Table 3 The recovery determined from a tea infusion sample and a tea beverage sample at
three concentration levels of each PAH (n=3).

Recovery from tea samples (%)
PAH 25 ng/L 60 ng/L 90 ng/L

Infusion Beverage Infusion Beverage Infusion Beverage

ACY 79 56 83 66 80 69

ACE 53 61 67 71 71 77

FL 75 85 71 71 66 69

PHEN 44 29 49 57 52 64

AN 29 38 47 58 53 61

FLUR 100 37 59 55 50 54

PY 67 47 41 47 35 46

BaA 79 53 50 37 44 35

CHRY* 45 40 31 37 25 33

Note: *Spiked concentrations at 125, 250 and 475 ng/L

The results show a wide range of recoveries from 25-100% indicating a negative
interference of the tea sample matrixes in this procedure. The matrixes of the tea samples
contain some components with large molecule structure similar in some ways to PAH.
Polyphenol such as catechin, theaflavin and other large structures of pectin, flavones and
polysaccharide are examples of those components in tea matrix [22,23]. It is possible these
natural compounds can form association complexes with PAH molecules which could reduce
the extraction from water by various amounts. This is analogous to the known solubilisation
of nonpolar molecules by humic substances in organismic natural waters [24,25]. Therefore, a
method of standard addition was used for PAH analysis from the tea samples.

Table 4 reports the PAH concentrations (ng/L) obtained in two tea infusion
samples and nine bottled tea beverage samples. Acenaphthylene (ACY) and acenaphthene (ACE)
were not detected in any of the tea samples, which included several brands. There were not any
PAH detected in two of the green tea beverage samples (2 and 5). The 2011 edition of the
Drinking water standards and health advisories by USEPA stated the maximum contaminated
level (MCL) of benzo(a)pyrene (the most toxic PAH) as 200 ng/L. The MCL of nine PAH
in this work can be calculated from the ratio of 200 ng/L to toxic equivalent factors of each
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PAH purposed by others [26]. The calculated MCL of benzo[a]anthracene (BaA) and anthracene
(AN) is 2 and 20 µg/L, respectively. The calculated MCL of the other seven PAH is 200 µg/L
each. Therefore, the amount of PAH found in all tea infusion and tea beverage samples were
under the maximum contaminated level.

Table 4 PAH concentration (ng/L) found in tea infusion and bottled tea beverage samples (n=3)

Tea samples PAH (ng/L)

ACY ACE FL PHEN AN FLUR PY BaA CHRY

Green tea infusion ND ND 30.1 177.0 ND 99.7 104.2 18.0 154.7

Oolong tea infusion ND ND 30.8 187.9 26.7 129.8 124.0 5.0 51.5

Green tea beverage 1 ND ND 23.1 ND ND 70.1 42.7 17.3 199.8

Green tea beverage 2 ND ND ND ND ND ND ND ND ND

Green tea beverage 3 ND ND 59.6 72.0 ND 20.1 24.2 110.0 38.2

Green tea beverage 4 ND ND 29.2 38.7 ND 5.0 10.7 ND ND

Green tea beverage 5 ND ND ND ND ND ND ND ND ND

Black tea beverage 1 ND ND 33.6 49.9 ND 16.8 31.5 ND ND

Black tea beverage 2 ND ND 31.7 38.1 ND 6.2 13.3 ND ND

Oolong tea beverage 1 ND ND 21.9 36.1 ND 4.3 9.1 ND ND

Oolong tea beverage 2 ND ND 51.0 60.1 ND 14.9 19.6 ND ND

ND = not detected

Conclusions
Hollow fiber LPME can be used to extract PAH from tea infusion and bottled

tea beverage samples. Even though, the extraction is interfered with some tea matrixes, a
standard addition can be performed for quantitation of PAH in tea samples to overcome problem
of matrix interferences. The method is rapid and low cost compared to solid-phase extraction
or liquid-liquid extraction procedures. The method performs a combination of extraction and
pre-concentration in one step. The total PAH contained in bottled tea beverage is less than the
tea infusion samples. However, both types of tea samples are safe to drink.
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