
Removal of polycyclic aromatic hydrocarbons from water by
migration into polyethylene

P. SÏ imkoa,*, P. SÏ imonb, V. KhunovaÂ b

aFood Research Institute, PriemyselnaÂ 4, PO Box 25, 820 06 Bratislava, Slovak Republic
bFaculty of Chemical Technology, Slovak Technical University, RadlinskeÂho 9, 812 37 Bratislava, Slovak Republic

Received 27 February 1998; received in revised form and accepted 15 July 1998

Abstract

Water was spiked with three polycyclic aromatic hydrocarbons (PAHs) and ®lled into a steel di�usion chamber. Low-density
polyethylene sheet combined of ®ve polyethylene foils was used as a partition in the chamber. Depth of PAHs migration into the

sheet was followed for 143 h, using high performance liquid chromatography with selective ¯uorimetric detection after extraction of
PAHs from the foils peeled o�. On the basis of the results obtained, the process of PAHs migration into PE was characterised as a
one-dimensional di�usion into polyethylene bulk. The di�usion coe�cients were calculated for individual compounds using the
second Fick law. It was concluded that PAHs are primarily adsorbed on the polyethylene surface with subsequent migration into

bulk polymer. Transportation of PAHs through the bulk can be described satisfactorily by Fickian laws of di�usion and is con-
sistent with the theory of the depth adsorption of PAHs in polyethylene. # 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, research focus on plastic packaging/
food interactions has been mainly aimed at migration
processes of various compounds from plastics (e.g.
plasticizers, antioxidants, monomers, and oligomers)
into food products during storage or microwave cook-
ing, (Lickly, Bell, & Lehr, 1990; Benfenati, Natangelo,
Davoli, & Faneli, 1991; Begley & Holli®eld, 1990). Till,
Reid, Schwartz, Sidman, Valentine, and Whelan (1982)
proposed a simple predictive equation for the migration
of additives into food, and the same equation has
been used for calculation of di�usion coe�cients of
di-(2-ethylhexyl)adipate plasticizer for a migration rate
from PVC ®lm into Cheddar cheese (Mercer, Castle,
Comyn, & Gilbert, 1990). Kondyli, Demertzis, and
Kontominas (1992) found that the rate-determining step
in the migration process of plasticizers from PVC into
ground meat is the di�usion from the bulk of the PVC
®lm to its surface.
Ten years ago, initial studies on the sorption of com-

pounds by plastic materials were published. All these
studies deal with a selective sorption of sensory active

compounds from fruit juices packed aseptically into
polyethylene. Shimoda, Ikegami, and Yutaka (1988),
in model studies, and Linssen, Verheul, Roozen, and
Posthumus (1991), in arti®cially ¯avoured commercial
drink yoghurts, showed that sorption of ¯avour com-
ponents increased with increasing carbon chain length.
Charara, Williams, Schmidt, and Marshall (1992)
observed that a low-density polyethylene sorbed ¯avour
compounds more intensively than high density poly-
ethylene packaging materials. To depress the sorption
ability, Matsui, Mizumoto, Kotani, Imakura, Shimoda,
and Osajima (1990) treated ethylene-vinyl acetate copo-
lymer foils with electron beam irradiation. Fukamachi,
Matsui, Shimoda, Nakashima, and Osajima (1993)
depressed the sorption of hydrocarbons, ethyl octanoate
and decanal into ethylene±vinyl acetate copolymer by
surface hydrolysis using a methanolic solution of
NaOH. All these mentioned papers were aimed at a
study of formation as well as prevention of `o� ¯avour'
phenomena that arise in foods packed into plastic
polymers, mainly low-density polyethylene.
On the other hand, the high ability of plastics to sorb

some compounds is very interesting, because this could
be a very e�ective way for eliminating some con-
taminants from foods. In this way, a concentration of
polycyclic aromatic hydrocarbons (PAHs) in a liquid
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smoke ¯avour was lowered by two orders during 14
days (SÏ imko & BrunckovaÂ , 1993). The same principles
were used for removal of polychlorinated biphenyl con-
geners from water and peanut oil (Pascall, Zabik,
Zabik, & Hernandez, 1997). It was found (SÏ imko,
SÏ imon, KhunovaÂ , BrunckovaÂ , & DrdaÂ k, 1994) that the
rate-limiting step of the PAHs sorption from liquid
smoke ¯avours onto polyethylene packaging material
is the di�usion in liquid media.
The sorption of nonelectrolytes at the solid-solution

interface may be viewed in terms of two somewhat dif-
ferent physical pictures. The ®rst one is that adsorption
is essentially con®ned to a monolayer next to the solid
surface, with the implication that succeeding layers are
virtually normal bulk solution. The other is that of an
interfacial layer or region, multimolecular in depth, over
which a more slowly decaying interaction potential with
the solid is present. From this point of view, adsorption
from solution corresponds to a partition between a bulk
and an interfacial phase (Adamson, 1990).
On the basis of these facts, the aim of this study was

to elucidate the processes in the solid phase, i.e. the
mechanism of PAHs behaviour on polyethylene sur-
faces after leaving the liquid medium.

2. Materials and methods

2.1. Materials

2.1.1. Polyethylene
Polyethylene sheets used in the experiment were made

of a low-density polyethylene (LDPE), type Bralen
RA2-19, with a density of 922 kg mÿ3 (Slovnaft, Bra-
tislava, Slovak Republic). As a liquid medium, water
twice-distilled in a glass apparatus was used.

2.1.2. PAHs

Three compounds with di�erent numbers of con-
densed benzene nuclei in a molecule were used in the
experiment: ¯uoranthene (Fl), pyrene (Py), and ben-
zo(a)pyrene (BaP). All compounds were of analytical
grade, purchased from Supelco (Gland, Switzerland),
and Fluka (Buchs, Switzerland).

2.1.3. Solvents

All organic solvents (acetonitrile was HPLC grade
purchased from Fluka, Buchs, Switzerland, hexane and
methanol of analytical grade purchased from Lachema
Brno, Czech Republic) were recti®ed before use in a
distillation apparatus.

2.2. PE sheets

PE sheet (thickness 1 mm), composed of ®ve layers
(thickness 200 mm), was prepared from LDPE using a

hydraulic press under the following conditions:
preheating period 5 min, pressing temperature 200�C,
period of pressing 4 min, and period of cooling 10 min.
Cooled PE foil (thickness 2 mm) was then pressed again
to obtain a foil with the thickness of 200 mm under these
conditions: preheating period 3 min, period of pressing
3 min, temperature of pressing 200�C. Finally, after
cooling, ®ve pieces of this foil were pressed together
using a preheating period 1.25 min, period of pressing
0.75 min, temperature of pressing 102�C. PE sheets
prepared in this way were free of air bubbles and
compact, but it was easily possible to peel o� the

Table 2

Concentration of PAHs (mg kgÿ1) in individual layers of PE sheet at

various time intervals

Time (h) Compound Layer no.

1 2 3 4 5

Fl ND ND ND ND ND

0.00 Py ND ND ND ND ND

BaP ND ND ND ND ND

Fl 523 ND ND ND ND

0.75 Py 244 ND ND ND ND

BaP 86 ND ND ND ND

Fl 647 43 ND ND ND

1.50 Py 268 25 ND ND ND

BaP 98 11 ND ND ND

Fl 894 57 39 ND ND

2.50 Py 395 26 15 ND ND

BaP 146 6 3 ND ND

Fl 1087 101 77 62 ND

3.00 Py 458 42 22 14 ND

BaP 193 16 10 7 ND

Fl 6614 1861 319 86 57

69.00 Py 2275 632 122 31 22

BaP 1242 129 27 17 5

Fl 7709 2154 1493 459 182

143.00 Py 4009 1060 626 142 79

BaP 2083 376 109 42 27

ND, not detectable.

Table 1

Decrease of PAHs concentration (mg kgÿ1) in water at various time

intervals

Time (h) Fl Py BaP

0.00 1350 537 191

0.75 1348 536 190

1.50 1344 534 190

2.50 1337 531 189

3.00 1324 525 188

69.0 1153 455 169

143.0 1054 417 165

Fl, Fluoranthene; Py, Pyrene; BaP, Benzo(a)pyrene.
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individual foils from the sheets after ®nishing the
experiment.

2.3. Experimental

First, all organic solvents, water, and PE sheet were
analysed for the presence of PAHs in order to eliminate

the e�ect of accidental contamination on the measured
values. Then, water was spiked with a methanolic solu-
tion of PAHs at a level of total concentration 2077 mg
kgÿ1, and 200 g of this water was ®lled into the di�usion
chamber constructed of stainless steel according to
Moisan, 1985 and MalõÂ k, HrivõÂ k, and Tuan (1993). The
chamber was divided into two parts that were separated

Fig. 1. Amounts of PAHs in: water before the experiment,& PE during the experiment, water during the experiment.

Fig. 2. Dependence of PAHs concentration on the depth of migration in time 69 h: . . . measured values; Ð calculated values. Fl, ¯uoranthene; Py,

pyrene; BaP, Benzo(a)pyrene.
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by PE sheet. The size of the sheet was 8�4 cm. After
water-tight connection, 200 g of contaminated water
was ®lled into one part of the cell, and the interaction of
PAHs with PE sheets was monitored at 0.75, 1.5, 2.5,
3.0, 69.0 and 143.0 h. At each time interval, the water
was poured out, the chamber dissassembled, and indi-
vidual PE foils peeled o� immediately and put into
Erlenmeyer ¯asks. During the experiment, temperature
of the chamber was kept at 24�C.

2.4. Sample preparation

2.4.1. Polyethylene foils
To obtain PAHs from PE foils, 100 ml of hexane

was added into each Erlenmeyer ¯ask and the ¯asks
were placed into a shaker for 1 h, then sonicated for 5
min. After ®ltering, the PE foils were extracted again
twice with 50 ml of hexane; combined hexane layers
were evaporated to near dryness using a vacuum rotary
evaporator, and the residue dissolved in 1 ml of
methanol.

2.4.2. Water

One hundred g of water were extracted three times
with 50 ml of hexane. Combined hexane layers were
dried with anhydrous Na2SO4, evaporated to near dry-
ness and dissolved in 1 ml of methanol.

2.4.3. HPLC analysis

HPLC analyses were carried out as described earlier
(SÏ imko et al., 1994). All determinations in both, water
and PE, were performed in triplicate.

3. Results and discussion

Before the main part of the work, a `blank' experi-
ment was carried out substituting PE sheet with an alu-
minium foil in order to detect eventual sorption onto
cell walls. Analysing the PAHs concentration in the
water, no statistically signi®cant di�erences were found
in the PAHs concentrations before and after 168 h of
the experiment.
As can be seen from Table 1, the PAHs concentra-

tions in water started to decrease immediately after
beginning the experiment. Table 2 shows that the pre-
sence of PAHs in the ®rst layer of PE sheet was possible
to determine as early as after 0.75 h. With the extension
of experimental time, the presence of PAHs was deter-
mined also in further layers and, after 69 h, PAHs were
determined in all layers of PE sheet. In all these cases,
the standard deviation s of parallel determinations did
not exceed the value of 2.6. The total amounts of PAHs
in water before the experiment, as well as water and PE
during the experiment, can be seen in Fig. 1.
The solution of the second Fick law for the di�usion

of PAHs in polymer in the di�usion cell (Crank, 1975;
Moisan, 1985) gives the equation

c � Serfc
x

2
������
Dt
p

� �
�1�

where c is the concentration of PAHs in the polymer at
time t and at the distance x, D is the di�usion coe�cient

Fig. 3. Dependence of PAHs concentration on the depth of migration in time 143 h: . . . measured values; Ð calculated values. Fl, ¯uoranthene; Py,

pyrene; BaP, Benzo(a)pyrene.

Table 3

Solubilities and di�usion coe�cients of individual PAHs in LDPE

Compound S (mg kgÿ1) D � 1010 (cm2 sÿ1)

Fl 10 430 7.05

Py 5030 5.47

BaP 3360 2.53

Fl, ¯uoranthene; Py, pyrene; BaP, Benzo(a)pyrene.

160 P. SÏimko et al./Food Chemistry 64 (1999) 157±161



and S is the solubility of PAHs in the polymer. From
Eq. (1) it can be simply derived that the amount of dif-
fusant in the region xÿh to x is given by formula (2)

Q � A�

�x
xÿh

c�x; t�dx �2�

where A is the area, r is the density of polyethylene and
h is the thickness of the polymer layer. It can be derived
from Eqs. (1) and (2) that the amount of PAHs in the
nth polymer layer expressed as a weight of PAHs per a
weight of polymer, w, is

w � S

�n
nÿ1

erfc
hn

2
������
Dt
p

� �
dn �3�

where n is the number of the layer.
The experimental data have been treated using Eq. (3).

The solubilities of individual PAHs in LDPE and the
related di�usion coe�cients have been obtained from a
comparison of the theoretical values given by Eq. (3) and
the experimental values listed in Table 2 using the non-
linear least-squares method. The minimisation of the
sum of squares between theoretical and experimental
values has been done by the simplex method. Integration
in Eq. (3) has been performed using the Simpson for-
mula. For example, the courses of experimentally
obtained and calculated values are shown in Figs. 2 and 3
for 69, or 143 h of experiment, respectively. The rela-
tionships between measured and calculated values are
fairly good. The solubilities and di�usion coe�cients
decrease in the order Fl>Py>BaP (Table 3), which is
obviously a consequence of increasing the molar mass
and size of the compounds. These calculated values of
di�usion coe�cients are more precise than similar values
only estimated for the same material in previous work
(SÏ imko, KhunovaÂ , SÏ imon, & HrubaÂ , 1995).
On the basis of the results obtained, it can be con-

cluded that, after leaving the liquid media, PAHs are
primarily adsorbed on the polyethylene surface, with
subsequent migration into bulk polymer. Transport of
PAHs through the bulk can be described satisfactorily
by the Fickian laws of di�usion this and this also com-
plies with the theory about depth of adsorption of solid
phase from solution mentioned by Adamson.

References

Adamson, A. W. (1990). Physical chemistry of surfaces. New York:

John Wiley & Sons.

Begley, T. H., & Holli®eld, H. C. (1990). Migration of dibenzoate

plasticizers and polyethylene terephthalate cyclic oligomers from

microwave susceptor packaging into food-simulating liquids and

food. Journal of Food Protect, 53, 1062±1066.

Benfenati, E., Natangelo, M., Davoli, E., & Faneli, R. (1991). Migra-

tion of vinyl chloride into PVC-bottled drinking water assessed by

gas chromatography±mass spectrometry. Food Chem. Toxic., 29,

131±134.

Charara, Z. N., Williams, J. W., Schmidt, R. H., & Marshall, M.R.

(1992). Orange ¯avor absorption into various polymeric packaging

materials. Journal of Food Science, 57, 963±972.

Crank, J. (1975). The mathematics of di�usion. Oxford: Clarendon

Press.

Fukamachi, M., Matsui, T., Shimoda, M., Nakashima, M., &

Osajima, Y. (1993). Sorption depression of ¯avors into modi®ed

EVA ®lm by lowering ®lm±¯avor a�nity. Journal of Agricultural

and Food Chemistry, 41, 929±932.

Kondyli, E., Demertzis, P. G., & Kontominas, M.G. (1992). Migra-

tion of dioctylphthalate and dioctyladipate plasticizers from food-

grade PVC ®lms into ground-meat products. Food Chemistry, 45,

163±168.

Lickly, T. D., Bell, C. D., & Lehr, K. M. (1990). The migration of

Irganox 1010 antioxidant from high-density polyethylene and poly-

propylene into a series of potential fatty-food simulants. Food Addit.

& Contam., 7, 805±814.

Linssen, J. P. H., Verheul, A., Roozen, J. P., & Posthumus, M. A.

(1991). Absorption of ¯avour compounds by packaging material:

Drink yoghurts in polyethylene bottles. International Dairy Journal,

1, 33±40.

MalõÂ k, J., HrivõÂ k, A., & Tuan, D. Q. (1993). Di�usion and solubility of

hindered amine light stabilizers in polyole®ns. Advances in Chem.

Series, 249, 459±465.

Matsui, T., Mizumoto, S., Kotani, A., Imakura, H., Shimoda, M., &

Osajima, Y. (1990). Depression of sorption of volatile compounds

into EVA ®lm by electron beam irradiation. Journal of the Science

of Food and Agriculture, 50, 507±515.

Mercer, A., Castle, L., Comyn, J., & Gilbert, J. (1990). Evaluation of a

predictive mathematical model of di-(2-ethylhexyl) adipate plastici-

zer migration from PVC ®lm into foods. Food Addit. and Contam.,

7, 497±507.

Moisan, J. Y. (1985). E�ects of oxygen permeation and stabiliser

migration on polymer degradation. In J. Comyn (Ed.), Polymer

permeability. Oxford: Elsevier.

Pascall, M. A., Zabik, M. E., Zabik, M. J., & Hernandez, R. J.

(1997). Reduction of congener speci®c PCBs in water and pea-

nut oil by polyethylene packaging ®lm. Food Chemistry, 60,

563±571.

Shimoda, M., Ikegami, T., & Yutaka, O. (1988). Sorption of ¯avour

compounds in aqueous solution into polyethylene ®lm. Journal of

the Science of Food and Agriculture, 42, 157±163.

SÏ imko, P., & BrunckovaÂ , B. (1993). Lowering of polycyclic

aromatic hydrocarbons in a liquid smoke ¯avour by sorption

into polyethylene packaging. Food Addit. and Contam., 10,

257±263.

SÏ imko, P., SÏ imon, P., KhunovaÂ , V., BrunckovaÂ , B., & DrdaÂ k, M.

(1994). Kinetics of polycyclic aromatic hydrocarbon sorption from

liquid smoke ¯avour into low density polyethylene packaging. Food

Chemistry, 50, 65±68.

SÏ imko, P., KhunovaÂ , V., SÏ imon, P., & HrubaÂ , M. (1995). Kinetics

of sun¯ower oil contamination with polycyclic aromatic hydro-

carbons from contaminated recycled low density polyethylene

®lm. Int. J. Food Sci and Technol., 30, 807±812.

Till, D. E., Reid, R. C., Schwartz, P. S., Sidman, K. R., Valentine, J.

R., & Whelan, R.H. (1982). Plasticizer migration from PVC ®lm to

solvents and foods. Food Chem. Toxic., 20, 95±104.

P. SÏimko et al./Food Chemistry 64 (1999) 157±161 161


