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Abstract In this project, a simple, low-cost and rapid proce-
dure based on dispersive liquid–liquid microextraction
(DLLME) technique coupled with high performance liquid
chromatography-ultraviolet detector (HPLC-UV) has been
used for the extraction and determination of styrene in aque-
ous solutions. Several factors, such as type of extraction and
dispersive solvents and their volumes, salt addition, and pH
were optimized. Under optimal conditions, the recoveries of
styrene for tea and water samples spiked with 10 and
15 ng mL−1 were in the range of 91.4–97.8 %, whereas the
temperature was set at 0, 4, 20, 70 and 91 °C for 15, 30, 60,
1440, and 14,400 min. The linear range was obtained in the
interval of 1.86–50 ng mL−1. The limits of detection (S/N = 3)
and quantitation (S/N = 10) were 0.6 and 1.86 ng mL−1, re-
spectively. The relative standard deviations (RSDs) for three
replicated analysis of styrene in aqueous samples ranged from
0.01 to 0.3 %.
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Introduction

Plastics are defined as processable material based on a
wide range of organic polymer which can be reshaped
while soft by heating and then set into rigid or slightly
elastic form and have many applications including pack-
aging of foods, pharmaceutics, etc. Polystyrene (PS) oc-
cupies the fourth place behind polyethylene (PE), poly-
propylene (PP), and polyvinylchloride (PVC) on the bulk
polymer with an annual production of over 12 × 106 tons.
Products formed from PS are hard and transparent, with
high brilliance and resistance to many chemicals. Its dis-
advantages are its brittleness, sensitivity to stress crack-
ing, and migration of its additives and monomers into
food contact with polymer (Piringer and Baner 2008).
Styrene, a monomer used in the manufacture of numerous
types of plastics such as polystyrene and acrylenenitrile–
butadiene–styrene, can be in direct contact with food
when polymers such as polystyrene are used as packaging
materials (Arab-Tehrany and Gonzalez 2015; Silva et al.
2000). The migration of undesirable substances such as
additive and styrene as a residual unreactive monomer
which may be present in the polystyrene matrix can cause
various problems for food quality. Evaluation of potential
health risks of exposure to styrene indicating that it can
adversely affect humans in some ways raises public health
and safety (Cohen et al. 2002). Long-term exposure to
small amounts of styrene can cause neurotoxic (fatigue,
nervousness, sleeplessness), hematological (low platelet
and hemoglobin values), cytogenetic (chromosomal and
lymphatic abnormalities), and carcinogenic effects
(Dowty et al. 1976). The international agency for research
on cancer (IRAC) in 1978 reclassified styrene from a non-
carcinogenic group to possibly carcinogenic to humans
(ASTDR, 1992). Sensitive and reliable analytical methods
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are therefore necessary for determination of styrene resi-
dues in water, milk, juice, and other food products which
may be in contact with polystyrene. The most widely used
methods for the determination of styrene in the polymer ma-
trix and foodstuff include gas chromatography (Gennari et al.
2012; Lau et al. 1995; Paraskevopoulou et al. 2012) and high
performance liquid chromatography (Gawell and Larsson
1980; Khaksar and Ghazi-Khansari 2009). Various
preconcentration and pre-treatment techniques have been
studied before final analysis. Liquid–Liquid extraction
(Carrillo-Carrión et al. 2007; Garrigós et al. 2004) has been
widely used for extraction of styrene and gave satisfactory
efficiency but can be replaced by greener and low-cost meth-
od. Solid-phase extraction (Szűcs et al. 2002)and solid-phase
microextraction (Chiesa et al. 2010; Kusch and Knupp 2002;
Verzera et al. 2010)have been used to the preconcentration of
styrene in food stuff and drinking water. Rezaee and co-
workers (Rezaee et al. 2006) have reported a new technique
in 2006 based on liquid-phase microextraction which was
named dispersive liquid–liquid microextraction (DLLME)
for determination of polycyclic aromatic hydrocarbons in wa-
ter samples. The technique is based on the formation of tiny
droplets of the extraction solvent (water-immiscible organic

solvent) in the sample solution using dispersive solvent (wa-
ter-miscible organic solvent). This microextraction technique
has been applied for analysis of different organic (Farajzadeh
et al. 2009; Pena et al. 2009; Xiong et al. 2009) and inorganic
(Moghadam et al. 2011; Taher et al. 2014) compounds in
various materials. In our previous works (Kiarostami et al.
2014; Maham et al. 2013a; Maham et al. 2013b; Maham et
al. 2013c; Maham et al. 2014), DLLME has been developed
for preconcentration of some organic compounds in several
samples. In this work, the technique was applied as a low-cost,
rapid, and safe extraction method for extraction of styrene in
drinking water and tea which was in direct contact with poly-
styrene cups in several temperatures using high performance
liquid chromatography with UV–Vis detection.

Material and Methods

Reagent and Materials

Standard of styrene with 99.7 % purity was purchased from
Merck (Darmstadt, Germany). Methanol and acetonitrile with
HPLC grade and all other chemicals such as acetone,

Fig. 1 Effect of type of the
extraction solvent on the
extraction efficiency. Extraction
conditions: styrene concentration
10 ng mL−1; volume of extraction
solvent, 70 μl; dispersive solvent
and its volume, 500 μl acetone;
no salt addition.*No droplet was
formed with dichloromethane

Fig. 2 Effect of type of the
dispersive solvent on the
extraction efficiency. Extraction
conditions: styrene concentration
10 ng mL−1; extraction solvent
and their volume, 70 μl of
chloroform; dispersive solvent
volume, 500 μl acetone; no salt
addition
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dichloromethane, chloroform, carbon tetrachloride, and di-
chloroethane used in this study were of analytical grade from
Merck (Darmstadt, Germany). Food-grade, rigid, and open
polystyrene cups (100 mL), which are commonly used for
drinking of water and tea, and Cylon black tea (Golestan
Co., Iran) were purchased from a local market. A stock stan-
dard solution of styrene was prepared in methanol with a
concentration level of 1000 µg mL−1 and stored at 4 °C in a
refrigerator. Working standard solutions were prepared daily
by appropriate dilution of the stock solution.

Instrumentation

A high-performance liquid chromatography system (Agilent
1200) equipped with a rotary injection valve with 20 μl loop,
quaternary HPLC pump (G1311 A), degasser (G1322 A) and
absorbance UV–Vis detector (G1314B) were used. Azorbax
eclips XDB C18 column (150 × 4.6 mm, 5 μm, Agilent) was
used for separation at ambient temperature. AMetrohm digital
pHmeter model 827 was employed for pHmeasurements. For
sedimentation of tiny droplets of the extractant, a Hettich cen-
trifuge model Universal 320R was used.

DLLME Procedure

An aliquot of 5 mL of an aqueous solution containing
10 ng mL−1 of styrene was placed in a 10-mL screw cap glass
tube test tube with conical bottom. 0.5 mL of acetone (as a
dispersive solvent) and 70 μl of chloroform (as an extraction
solvent) were mixed and injected rapidly into the aqueous
sample. After injection, the cloudy solution was formed in
the test tube and styrene was extracted to tiny droplets of
extraction solvent. The solution was then centrifuged for
3 min at 8000 rpm and the extraction solvent sedimented in
the bottom of the tube. The sedimented phase was completely
transferred to another test tube with conical bottom using
100 μl HPLC syringe (Hamilton) and desolvated with mild
stream of nitrogen gas. Afterwards, the residue was dissolved
in mobile phase solvent system (acetonitrile–water, 75/25)
and 20 μl was injected into the HPLC system.

Chromatographic Separation

An isocratic mode was performed for mobile phase binary
solvent system made of acetonitrile–water (75/25, v/v) for

Fig. 3 Effect of the volume of
chloroform on the extraction
efficiency. Extraction conditions:
styrene concentration,
10 ng mL−1; dispersive solvent
and its volume, 500 μl acetone;
no salt addition

Fig. 4 Effect of the volume of
acetone on the extraction
efficiency. Extraction conditions:
styrene concentration,
10 ng mL−1; extraction solvent
and its volume, 100 μl
chloroform; no salt addition
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chromatographic separation at flow rate of 1 ml min−1 on
Agilent C18 column. UV–Vis detection was performed at a
wavelength of 245 nm.

Results and Discussion

Optimization of DLLME Procedure

In order to obtain high extraction efficiency of styrene in
aqueous solutions, several factors that influence the efficiency
of DLLME such as the type and volume of extraction solvent,
type and volume of dispersive solvent, salt addition, and pH
were evaluated and optimized. Analysis was carried out on
water samples spiked with styrene at a concentration of
10 ng mL−1.

Selection of Extraction Solvent

The type of extraction solvent is one of the most important
factors affecting the extraction efficiency with conical test

tube and should be heavier than water and immiscible in it.
Several chlorinated solvents including carbon tetrachloride
(CCl4), dichloromethane (CH2Cl2), 1, 2-dichloroethane
(C2H4Cl2), and chloroform (CHCl3) with higher density than
water, low solubility in water, and various polarities were
chosen as extraction solvents. The experiments were per-
formed by using 70 μl of each extraction solvent and 500 μl
of methanol as a dispersive solvent. No droplet was formed by
dichloromethane. As shown in Fig.1, the maximal value of
extraction efficiency and minimal error bar was obtained by
chloroform for styrene. Therefore, chloroformwas chosen as a
solvent extraction for subsequent experiments.

Selection of Dispersive Solvent

High solubility of a dispersive solvent in the organic and
aqueous phases is the important factor for the selection of a
dispersive solvent. Hence, acetone, methanol, isopropyl alco-
hol, and acetonitrile were tested. A series of sample solutions
were studied using 70 μl chloroform (as an extraction solvent)
and 500 μl of each dispersive solvent. As shown in Fig. 2,

Fig. 5 Effect of salt addition
(NaCl concentration) on the
extraction efficiency. Extraction
conditions: styrene concentration,
10 ng mL−1; extraction solvent
and its volume, 100 μl
chloroform; dispersive solvent
and its volume, 750 μl acetone;
no salt addition

Fig. 6 Effect of pH on the
extraction efficiency. Extraction
conditions: styrene concentration,
10 ng mL−1; solvent extraction
and its volume, 100 μl
chloroform; dispersive solvent
and its volume, 750 μl acetone,
no salt addition
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acetone as a dispersive solvent offered the best extraction ef-
ficiency. Acetone also has the lowest price and toxicity than
other dispersive solvents.

Effect of Extraction Solvent Volume

Variation of extraction and dispersive solvent volumes can
change the extraction efficiency because of variation in vol-
ume of the sedimented phase. To study the effect of the ex-
traction solvent volume, different volumes of chloroform (as
an extraction solvent) in the range of 50–200 μl were mixed
with 500 μl acetone (as a dispersive solvent). As indicated in
Fig.3, with increasing the extraction solvent volume to 100 μl,
the extraction efficiency increased, then decreased by increas-
ing the solvent volume since the sedimented droplet volume
also decreased. Thus, 100 μl of extraction solvent volume was
selected as an optimal value in the subsequent experiments.

Effect of Dispersive Solvent Volume

For obtaining optimal volume of acetone, different experi-
ments were performed by using various volumes of dispersive
solvent in the range of 300–1000 μl. Figure 4 shows that by
increasing the volume of dispersive solvent from 300 to
750 μl the extraction efficiency of styrene increased, then
decreased by increasing of its volume from 750 to 1000 μl.
According to the results, a volume of 750 μl was chosen as the
optimal volume value for the dispersive solvent.

Effect of Salt Addition

The effect of ionic strength on the extraction efficiency is
important since it can be effected on the mass transfer of target
analytes. The results (Fig. 5) show that by addition of salt
concentration from 0 to 5 %, the extraction efficiency of

Table 1 Figures of merit of the
DLLME method for styrene
under the optimum conditions

Analyte Regression line R2 RSD LOD(ng mL−1) LOQ(ng mL−1) DR

Styrene Y = 0.332X-0.1807 0.9998 0.01–0.3 0.6 1.8 1.8–50

Extraction conditions: Styrene concentration, 10 ngmL−1 ; Solvent extraction and its volume, 100 μl chloroform;
Dispersive solvent and its volume, 750 μl acetone; pH value, 7, no salt addition. R2 -determination coefficient,
RSD relative standard deviation, LOD limit of detection(S/N = 3), LOQ limit of quantitation(S/N = 10), DR
dynamic range

Table 2 Relative recoveries of
styrene in the spiked water and tea
samples were in direct with
polystyrene cups in different
temperatures and storage times

Sample Temperature
°C

Storage
time min

Initial
concentration
ng mL−1

Spiking
ng mL−1

Found ng mL−1

mean ± SD
Relative
recovery%

Tea 20 15 N.D. 15 14.3 ± 0.3 93.4

Tea 20 30 3. 9 15 18.0 ± 0.8 93.9

Tea 20 60 4. 8 15 18.7 ± 0.5 93.1

Tea 70 15 6.5 15 20.3 ± 0.6 91.8

Tea 70 30 8.1 15 22.0 ± 0.7 92.2

Tea 70 60 8.4 15 22.2 ± 0.6 92.4

Tea 91 15 9.0 15 22.9 ± 0.8 92.5

Tea 91 30 9.8 15 23.6 ± 0.6 91.4

Tea 91 60 10.2 15 24.1 ± 0.6 92.6

Water 0 60 N.D. 10 9.3 ± 0.7 93.0

Water 0 1440 N.D. 10 9.4 ± 0.9 94.2

Water 0 14,400 4.3 10 13.9 ± 0.3 96.7

Water 4 60 N.D. 10 9. 6 ± 0.6 95.6

Water 4 1440 4.0 10 13.5 ± 0. 6 95.5

Water 4 14,400 5.2 10 15.0 ± 0.1 97.8

Water 91 15 8.6 10 18.2 ± 0.1 96.8

Water 91 30 11.2 10 20.8 ± 0.4 96.1

Water 91 60 18.0 10 27.7 ± 0.3 97.5

Extraction conditions: Extraction solvent and its volume, 100 μl chloroform; Dispersive solvent and its volume,
750 μl acetone; pH value, 7, no salt addition, N.D-Not detected, SD-Standard deviation (N = 3)
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styrene decreased due to increasing the ionic strength and
decreasing the mass transfer of styrene with high hydropho-
bicity to the extraction solvent. Thus, the all subsequent ex-
periments performed without adding salt.

Effect of Sample pH

The influence of pH was studied by addition of strong acid
and base in the sample solution. Various DLLME experiments
were performed by different pH in the range of 3 to13. As
indicated in Fig. 6, by increasing of pH from 3 to 7, the ex-
traction efficiency increased, but with increasing pH from 7 to
13, the efficiency decreased. The reason for this variation may
be related to increase of ionic strength in the acidic and basic
solutions due to increase of hydronium or hydroxide ion con-
centrations. Therefore, pH 7 was selected as the optimal pH in
the subsequent experiments.

Figures of Merit

The analytical figures of merit of the DLLME method includ-
ing the calibration curve, limits of detection (S/N = 3) and
quantitation (S/N = 10) and repeatability were studied under
the optimized condition (Table 1.). Quantitative analysis was
carried out by the external standard method. External standard
calibration curve was prepared for the styrene after the extrac-
tion of a standard series of spiked water samples in the range
of 5–50 ng mL−1. Repeatability was expressed as relative
standard deviation (RSD) and calculated on three replicate
experiments at a concentration of 0.01–0.3 %.

Validity of the Method

To assess the applicability and evaluation of accuracy of the
proposed method, water and tea samples which were in direct

Fig. 7 Typical HPLC after
employing DLLLME
chromatograms of (a) blank water
sample and (b) water sample
spiked with styrene at
concentration level of 10 ng mL−1

after performing DLLME under
optimum conditions (Solvent
extraction and its volume, 100 μl
chloroform; dispersive solvent
and its volume, 750 μl acetone;
pH value, 7, no salt addition)

Table 3 Comparison of the proposed method with other methods for the extraction of styrene

Method LOD
(ng mL−1)

LOQ
(ng mL−1)

DR
(ng mL−1)

R2 RSD
(%)

R (%) Extraction
time(min)

Extraction solvent-
Sample amount

Reference

SDME(HS-
GC-FID)

5 100 5–750 0.9914 3 – 20 – (Hansson and
Hakkarainen 2006)

LSE(SPE-LC-
DAD)

- 10 10–1000 0.9992 2.1–
3.3

98.2–
99.1

– 9 mL–3.5 mL (Cecair 2012)

LSE(GC-FID) 49 147 220–17,020 0.9990 5.27 117.6 12 – (Gennari et al. 2012)

Reversed Phase
HPLC

10 – – – 1.9 33.2–
96.2

20 50 g–25 mL (Flanjak and Sharrad,
1984)

DLLME 0. 6 1.8 1.8–50 0.9998 0.1–
0.3

91.4–
97.8

10 10 μL–100 mL The work

LOD limit of detection(S/N = 3), LOQ limit of quantitation(S/N = 10),DR dynamic range, R2 determination coefficient, RSD relative standard deviation
for three replicated of analysis, R% Percentage relative recovery, HS head space

46 Food Anal. Methods (2017) 10:41–48



contact with rigid polystyrene cups were investigated and an-
alyzed in different temperatures and storage times by pro-
posed DLLME method with UV–Vis detection. All samples
were spiked with 10 and 15 ng mL−1 of styrene. The mean
recoveries of styrene from water and tea samples at spiking
levels of 10 and 15 ng mL−1 were in the range of 91.8–97.8 %
(Table 2.). Thus, the proposed method can be applied for the
determination of the styrene in the aqueous solutions with
good accuracy. For analyzing the samples at 0 and 4 °C, first
the samples were placed in a special laboratory refrigerator at
pre-set temperature. After a specific period of time, the sam-
ples were taken out and allowed to reach the ambient temper-
ature. Then the DLLME method was performed. Keeping the
samples at higher temperatures (20, 70 and 91 °C) for various
periods of time were carried out using benmary bath with an
adjustable temperature system. The rigid polystyrene cups
were covered with parafilm and after a period of time, samples
were then taken out and let to reach the ambient temperature,
and after which, the DLLME procedure was carried out. The
experiments were replicated three times for the mentioned low
and high temperatures. The results for initial concentrations
due to migration of styrene from the rigid polystyrene cup to
liquid has shown some interesting facts. After maintaining the
drinkingwater (as frozen liquid) at 0 °C for a period of 10 days
(14,400 min), the concentration of styrene reached to
4.3 ng mL−1, whereas no styrene was detected for the water
sample at 4 °C after a period of 60min and tea sample at 20 °C
after period of 15 min, and also, low concentrations of styrene
were detected for drinking water and tea samples at various
temperature higher than 0 °C. This can be due to maintaining
the frozen drinking water at 0 °C after a long period of
time(14,400 min or 10 days) and also a phase change to liquid
in ambient temperature which caused internal stress in the
rigid polystyrene cups, consequently accelerated the migra-
tion of styrene. The initial concentrations for the drinking
water samples in comparison to tea samples indicated that
the lower migration occurred in tea samples which is due to
the presence of some constituents which can act as attenuator
for the styrene migration. Representative chromatograms with
good resolution obtained for styrene from a blank water sam-
ple and spiked water sample (10 ng mL−1) which were ex-
tracted by DLLME method under the optimal conditions
(Fig.7.).

Comparison of DLLME with Other Methods

The important figures of merits of the proposed DLLME
method for analysis of styrene in drinking water and tea sam-
ples have been compared with earlier reported methods. As
shown in Table 3, the proposed method has the lowest LOQs
and LODs, good linear range, and acceptable relative recov-
eries in comparison with other methods. Since solvents are
generally hazardous materials, the use of lesser solvent in

any experimental work is much safer in comparison to the
larger amounts in other experiments. In over study, only a
small drop (100 μL) of the extraction solvent and a small
volume of the sample (10 mL) was used; therefore, it was
considered as the safe method to be applied. In addition, this
experiment was carried out with a cheap and simple apparatus
and with a small amount of expensive solvent in a very short
period of time; consequently, it can be accounted as a fast and
low-cost method and does not involve any labor-intensive and
time-consuming steps.

Conclusions

The present study has proposed a simple, low-cost and rapid
method with easy operation for determination of styrene in
drinking water and tea samples followed by HPLC with
UV–Vis detection as a low-cost detector which is available
for most research laboratories. Compared with the previously
published methods, the proposed DLLME method shows ad-
equately low limits of detection and quantitation, good repeat-
ability, and low consumption of solvent and sample volumes.
Therefore, the presented method can be considered as a labo-
ratory routine method for analysis of styrene in aqueous
samples.
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