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Abstract 

Migration of styrene monomer from expanded polystyrene (EPS) at various time intervals (3 hr, 1, 2, 3, 5, 7, 9, 

12, 18 days at 51OC) into nine different simulants (water, 8% ethanol in water, 3% acetic acid, and 3 and 10% of 

food-grade citric, malic and tartaric acid) was determined using a modified FDA migration cell. Exposure to 8% 

ethanol resulted in the greatest average migration of styrene (147.6 µg/L) during 18 days of storage compared to 

all other simulants tested. The concentration for styrene in 8% ethanol ranged from 49.3 to 228.5 µg/L over all 

exposure times. For all simulants tested, styrene concentrations were greater than or equal to 22 µg/L after 3 

hours of exposure. EPS exposed to malic (3 and 10%) and 10% tartaric acids had greater styrene migration than 

styrene exposed to all other acidic simulants tested.  

Keywords: styrene migration, food simulants, food acids, polystyrene 

1. Introduction 

1.1 Polystyrene Used in Food Contact 

Polymeric materials (plastic) play a major role in food processing, preservation, marketing, and in the 

microwave cooking applications. Plastics offer advantages including being relatively inexpensive, versatility in 

manufacture, lightweight, stable and durable (Achilias, Giannoulis, & Papageorgiou, 2009). While plastic 

packaging is popular, the use of plastic materials is not without risk to human health and/or loss of quality to the 

packaged food. Food products may also encounter a loss in quality due to product-package interaction (migration, 

scalping and reaction). This concern centers on the migration of low molecular weight compounds in the 

package such as residual monomers and additives into the food.  

1.2 Styrene Migration Quality and Safety 

The migration of styrene from packaging into food (Jensen, 1972, Davies & Dunn, 1973, Withey & Collins, 

1978) and uptake by animals (Withey, 1976) have been studied since the 1970s. Polystyrene contains detectable 

amounts of residual styrene monomer, which is one source of off-flavors in packaged food (Linssen, Janssens, 

Reitsma, & Roozen, 1991a). Whereas styrene monomer migration into food products changes sensory quality 

(Durst & Laperle, 1990), it also has possible toxicologic and carcinogenic health effects (Loprieno et al., 1976, 

Arvanitoyannis & Bosnea, 2004). An increase in the rate of chromosomal aberrations has been observed in 

humans exposed to styrene (Meretoja, Vainio, Sorsa, & Härkönen, 1977). Although there is no evidence that 

styrene is mutagenic, it was found that styrene can be metabolized through a metabolic process into styrene 

oxide, which is mutagenic in some test systems. Daily styrene exposure is estimated to be between 18.2 and 55.2 

ug/person resulting in an annual exposure of 6.7 to 20.2 mg/person (Paraskevopoulou, Achilias, & 

Paraskevopoulou, 2011). Styrene can have a toxic effect on the liver and acts as a central nervous system 

depressant resulting in neurological impairment (Arvanitoyannis & Bosnea, 2004). The National Institutes of 

Health’s National Toxicology Program (NTP) labeled styrene monomer as “reasonably anticipated to be a human 

carcinogen” in 2011 (Genualdi, Nyman, & Begley, 2013). Conversely, Gelbke et al. (2019) concluded that 
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styrene migration into food present a low risk for consumers except for food with a high ethanol content. The 

World Health Organization, Health Canada and US Environmental Protection Agency have established Tolerable 

Daily Intake levels for styrene, ranging from 7.7 mg/kg of body weight/day to 200 mg/kg of body weight/day 

(WHO, 2003; Health Canada, 1993; US EPA, 1990). The tolerable daily intake for children was set at 1 mg/kg of 

body weight/day and the estimated daily intake for Irish children was 0.023 mg/kg of body weight/day (Duffy 

and Gibney, 2007). The US FDA permits the use of polystyrene as an indirect additive (food contact) with the 

condition that there is not more than 1% (w/w) residual styrene monomer (USFDA CFR, 2019).  

1.3 Styrene Migration Studies 

Tawfik & Huyghebaert (1997) conducted a comprehensive study of styrene migration of retail packaging in 

Belgium, Germany and the Netherlands. These researchers sampled 60 polystyrene cups packaged in different 

foods including: water, milk (0.5, 1.55 and 3.6% fat), cold beverages (apple juice, orange juice, carbonated water, 

cola, beer and chocolate drink), hot beverages (tea, coffee, chocolate and soup (0.0, 0.5, 1, 2, and 3.6% fat), take 

away foods (yogurt, jelly, pudding and ice‐cream), as well as aqueous food simulants (3% acetic acid, 15, 50, 

and 100% ethanol) and olive oil. Styrene migration was found to be strongly dependent upon the fat content and 

storage temperature with drinking water having migration values considerably lower than all fatty foods. One 

hundred % ethanol had a 0.37% styrene migration of the total styrene in the cup while 15% ethanol showed a 

migration level equivalent to milk or soup containing 3.6% fat. Maximum observed migration for cold or hot 

beverages and take‐away foods was 0.025% of the total styrene in the cup. In a separate study out of Australia, 

Fanjak & Sharrad (1984) sampled 146 foods packaged in polystyrene including yogurt, cream, cheese, ice cream 

egg white, onion dip and margarine. These researchers found the highest level of styrene in yogurt at 0.1 mg/kg 

with 85% of the yogurt samples having values less than 0.5 mg/kg. The lowest values were found in margarine 

with more than 90% of these samples containing less than 0.01 mg/kg.  

In a review of styrene migration studies, Genualdi et al., (2013) reported that styrene monomer concentrations in 

foods have not significantly changed since the 1980s and monomer concentrations in food packaging quantified 

were all below USFDA limits. Styrene dimers and trimers are present in higher concentrations in PS food contact 

materials than the monomer however their migration to food is limited because of their high K values (4 × 102 to 

2 × 106) and their low diffusion coefficients in PS products. Conversely, Khaksar & Ghazi-Khansari (2009) 

reported that the migration of styrene from GPPS (general purpose polystyrene and HIPS (high impact 

polystyrene) cups to hot drinks was above the EPA (Environmental protection agency) recommended level, 

especially in MCLG (Maximum contaminant level goal) standard (Table 1). 

Table 1. Monomer styrene content in hot beverages exposed to general-purpose polystyrene (GPPS) and high 

impact polystyrene (HIPS). Adapted from Khaksar & Ghazi-Khansari, (2009) 

 Monomer styrene content (µg/L)3 

Time GPPS1 HIPS2 

Hot tea 0.61-8.15 0.48-6.85 

Hot milk 0.65-8.30 0.61-7.65 

Hot chocolate milk 0.71-8.65 0.72-7.78 
1GPPS = general-purpose polystyrene. 2HIPS = high impact polystyrene. 

3Data were compiled from 162 samples of each hot beverage content using high performance liquid 

chromatography 

 

Like other studies, styrene monomer migration from polystyrene disposable into hot and fat-containing 

beverages was greater with higher fat content and higher temperature. Ehret-Henry, J., Ducruet, Luciani, & 

Feigenbaum (1994) also used HPLC to measure styrene migration into yogurt, cream and chocolate desserts and 

found migration was less than 5 ug/kg (µg/L). 

Choi, Jitsunari, Asakawa, & Lee, (2007) investigated temperature effects on migration with polystyrene in 

two-sided contact with n-heptane and distilled water as food simulants at temperatures of 10, 24 and 40, and 40, 

60 and 90°C. Heptane fully extracted the styrene monomer and the oligomers from the polystyrene sheet, 

whereas in the distilled water only styrene trimer migration could be detected. Based on Fick’s Law, the apparent 

diffusion coefficient followed an increased migration due to temperature and the higher the molecular weight of 

the oligomers, the more significant the reduction in the diffusion coefficient. The diffusion coefficient of the 

trimers was also higher for heptane contact than for water. Lin, Song, Fang, Wu, & Wang (2017) compared the 

migration of virgin and recycled EPS using the same methodology as with the current study (gas 
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chromatography-mass spectrometry) in two-sided contact with isooctane at 25 and 40°C and found recycled EPS 

gave greater migration ratios than virgin EPS, indicating that styrene and ethylbenzene migrated more easily 

from recycled EPS. O’Neill & Tuohy, (1994) compared food simulants of 0. 15, 50 and 100% ethanol to 0.5, 3.5 

and 10% fat milk and found that styrene monomer migration into 3.5% milk correlated most closely with the 50% 

ethanol simulant. While there is significant database published for styrene migration from solid polystyrene into 

food or food simulating liquids, less information is available concerning the migration of styrene from foamed 

polystyrene into aqueous acidic solutions. The purpose of this study was to determine the effect of acid 

concentration on the migration of styrene from foam polystyrene cups (EPS). 

2. Methods 

2.1 Materials and Sample Preparation 

Two packs of polystyrene foam (EPS) cups (Solo®, Dart Container Company, Michigan) with an internal cup 

volume of 251.4 ml (8.5oz.) and 51 cups of each pack were purchased from the local supermarket. After 

receiving, the samples were placed in Zip-Lock® bags (First Brand Corporation. Danbury, CT, 06813) and stored 

in a freezer until the initiation of the experiment. Nine different aqueous food simulants were used for testing; 

distilled/deionized water (ddH2O) (Barnstead Ultrapure Water System Barnstead Corporation. Dubuque, IA), 8% 

ethanol in water, 3% acetic acid (Mallinckrodt, Paris, KY 40361), 3% and 10% solutions of food-grade citric 

acid (ADM, Decatur, IL 62525), malic acid (Spectrum, Gardena, CA 90248), tartaric acid (ADM, Decatur, IL 

62525). Beer and wine generally range from 3 to 11% alcohol while fruit juices range from <1.0 to >8.0 % acid 

so the alcohol and acid levels chosen for testing were in the range of these types of foods. 

2.2 Migration Cell 

The migration cell (Figure 1) (Till et al., 1982 b) was modified to test styrene migration from EPS into aqueous 

food simulants. Cups were taken from frozen storage immediately before each analysis. Circular discs were cut 

from the cup wall with cork corer (#6) to an average diameter and thickness of 1.18 cm and 0.23 cm, respectively. 

Five discs were carefully stacked on a stainless-steel wire with glass beads (3.5mm diameter) used as spacers, 

then placed in a 22 ml headspace vial (Tekmar Corp., Cincinnati, OH 45249) and filled with 10 ml of the desired 

test simulant. Each sample vial was crimped with Teflon® faced silicon-rubber septa (Thelco Model 130DM, 

Precision Scientific, Chicago, IL 60610). 

 
Figure 1. Drawing of the modified migration cell used for detection of styrene monomer from polystyrene using 

headspace gas chromatographic analysis 

 

2.3 Test Conditions 

The migration cells were incubated in a laboratory oven at 51°C ± 2°C without agitation. Samples were removed 

from the oven after 3 hours (0 day), 1, 2, 3, 5, 7, 9, 12, 15 and 18 days, vigorously shaken using a vortex and 

then analyzed for styrene content. Three hours was the minimum exposure time since all samples achieved the 

equilibration temperature (51°C ± 2°C) after this time period. Three replicate samples from 3 different migration 

cells were analyzed for each storage time and treatment. The FDA recommendation for time and temperature of 

migration studies is “Sponsors should conduct migration testing under the most severe conditions of temperature 

and time anticipated for the proposed use,” this includes 40°C for 10 days room temperature applications which 
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was previously recommended to be 49°C (FDA, 2007). The European Union Directive 82/711/EEC 

recommendations for contact temperature ranged from 5°C to 175°C depending upon the food simulant being 

tested. More specifically conventional test conditions recommendation were either at 40 or 60°C (Simmons, 

2009). The temperature used in the current study (51°C ± 2°C) fell within the range of the USFDA and EU 

guidelines while exposure times were much longer. The objective in the current study was to determine if 

differences existed between food acids in styrene migration thus the researchers believe longer exposure times 

were valid. 

Residual (initial) styrene monomer concentration in the polystyrene discs was determined by dissolving 0.1 

grams of EPS cup in 2 ml of N, N-dimethylacetamide (J.T. Baker, Pillsburg, NJ 08865) followed by an injection 

of 5µl into a sealed empty headspace vial. 

2.4 Styrene Analysis 

Prepared migration cells were heated at 91°C for 30 minutes using a headspace autosampler (HP Model 5890 

Series II Gas Chromatograph, Hewlett Packard Corp., Wilmington, DE 19808) that was interfaced to a gas 

chromatograph (DB-5, J&W Scientific, Folsom, CA 95630). Then, a sample of headspace from each vial was 

automatically injected onto the head of a 30 m fused silica capillary column (0.32 i.d.  30  1 µm) maintained 

at 40 °C. The column was temperature programmed from 40°C to 90°C at 5°C/min and from 90°C to 190°C at 

15°C/min with the helium (flow of 30 ml/min) as the carrier gas. The flame ionization detector signals were 

stored and integrated using a computer software program (DB-5, J&W Scientific, Folsom, CA 95630). 

Peak identification for volatiles was based on the retention times of authentic reference standards. Peak 

identification was also verified by manual injection of the headspace onto a gas chromatograph equipped with a 

mass spectrometric detector (Saturn II 3400 GC/MS equipped with 8100 autosampler, Varian Corp., Sugar Land, 

TX 77478). A representative sample was allowed to equilibrate for 30 minutes in a sealed headspace vial 

partially submerged in a water bath (90°C), then a 1ml aliquot of the headspace gas was transferred to the GC 

column using heated gas-tight syringe (Precision Sampling Corp., Baton Rouge, LA 70895). A 0.32mm (i.d.)  

30m  0.25µm fused silica column DB-5, J & W Scientific, Folsom, CA 95630) was used for separation with the 

identical chromatographic conditions described previously in this section. A full-range of mass selective 

detection was run in the ion-trap mode, monitoring m/z 104 for styrene or for one of the following associated 

products of styrene; o-xylene (1,2-diethylbenzene) (m/z 106), m-xylene (1,3-dimethylbenzene) (m/z 106) and 

-D-styrene (m/z 105). Integration of the peaks was performed using a computer (Compaq DeskPro II, Compaq 

Computer Corp., Houston, TX, 77070) and spectra were matched with the Wiley5 Mass Spectral Registry 

Library. The GC/MS analysis was for verification of peak identification only and not used in quantitation 

calculations.  

Quantitation of styrene in the experimental samples was accomplished from a standard curve prepared by 

spiking aliquots of pure simulants with styrene monomer (Aldrich, Milwaukee, WI 53233) and analyzed as 

described previously. 

2.5 Preparation of Standards 

The solubility of styrene was reported as 0.02% (200ppm) at room temperature (Brighton, Pritchard, & Skinner, 

1979), therefore, three sets of stock standard solution were prepared by injecting 30µl styrene in 15 ml of water 

(20ppm), 20 µl styrene in 10 ml water (20ppm) and 10µl styrene in 10 ml water (10ppm) respectively, in three 

headspace vials. Vials then wrapped with aluminum foil to protect from the light and stored in the refrigerator 

until preparing the working standard solutions. Working standard solutions were prepared by serial dilution with 

ddH2O to prepare from 25µg/L to 1000µg/L styrene test solutions. Since the partitioning in the headspace is 

uniform for all aqueous simulants (Varner & Breder, 1981a), the same standard curve was used for each 

simulant. 

2.6 Reporting Results 

Styrene migration into food and food simulants has been reported using different units including mass per mass 

of food simulant, µg/L and mass per surface area of styrene. Since the surface area was identical for all of our 

samples and the comparison between types of simulants was our objective in the current study, the results are 

expressed both as µg/L in the food simulant and based on the surface of styrene to simulant volume ratio (S/V). 

The styrene/surface area is reported as the quantity of styrene migrated per unit area (ng/cm2). Surface area of 

each cylinder was calculated using equation (1):  

A=2πrh + 2πr2                                     (1) 

where A is the area of contact with the test solvent, r is the radius of 1 disc, and h is the disc height. Using this 
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formula and the dimensions of one disc (0.59 cm radius and 0.23 cm height), the surface area of one disc was  

3.04 cm2, thus the total area of surface contact was 5 times that or 15.20 cm2. To convert µg/L to ng/cm2 units, 

µg/L were expressed as ng/l0 ml, which was the total volume of simulant exposed to styrene surfaces. This value 

was divided by the total surface area to express the results as mg styrene in the simulant per square cm of surface 

area exposed to the simulant. For example, the styrene concentration for 3% acetic acid after 3 hours of exposure 

to styrene was 28.1 µg/L. This is 28100 ng/l or 281 ng/10 ml. by dividing this by the total surface area 

(281ng/15.20 cm2) gives a styrene concentration based on surface area exposure of 18.5 ng/cm2. This way of 

reporting data may be useful for comparing different packaging that varies in exposure of food styrene surface 

areas. 

2.7 Diffusion Rate Calculation 

Crank and Park (1968) described the mathematical derivation of Fick’s diffusion laws. The rate of the diffusion 

process is related to the concentration gradient between the two phases in contact. This is known as Fick’s first 

law and mathematically described in the following equation (2): 

                                    (2) 

where q is the flux, the rate per unit area; C is the local concentration of the diffusing molecules; x is the 

coordinate measured in the direction of diffusion; D is the diffusion coefficient and (C/x) is the concentration 

gradient. 

The diffusion of a substance within the polymer, where the diffusion occurs only in the x direction, is described 

by Fick’s second law (3): 

                                   (3) 

where t is time. 

The rate of diffusion per unit area is equal to a constant (diffusion coefficient) multiplied by the rate of change in 

concentration of the diffusing substances (Briston & Katan, 1974; Miltz, & Mannheim 1987). 

Koros & Hopfenberg (1979) noted that the simplest model for the diffusion process can be observed when there 

is no interaction between food or food simulants and package which was supported by numerous other studies 

(Reid, Sidman, Schwope, & Till, 1980, Till et al.,1982a, Till et al. 1987, Chang, Guttman, Sanchez, & Smith, 

1988, Lickly, Markham, & McDonald, 1993, Murphy, MacDonald, & Lickly, 1992, Lehr et al. 1993, Pugh 1994, 

Castle, Honeybone, Jickells, Philo, & Sharman, 1994, Lickly, Breder, & Rainey, 1995). Lickly, Lehr, & Welsh, 

(1995b) pointed out that in order to follow Fickian diffusion model, certain criteria should be assumed: 

1. There is no resistance to mass transfer of the migrant between the polymer surface and the food or food 

simulant. 

2. There is no penetration of the food packaging by the food or food simulant. 

3. The migrant is homogeneously distributed in the polymer material. 

4. There is no equilibrium partitioning limiting the migration (well-mixed media). 

5. The packaging material was not depleted of the migrant during the experiment. 

In addition, Reid et al. (1980) explained that if the polymeric material to be tested is infinitely thick for the 

concentration of the residual monomer at the mid-plane, less than 50 % migration remains at its original value 

throughout the experiment, then, the following equation can be used to estimate the amount of migration for 

infinite and semi-infinite media: 

                               (4) 

where Mt is the mass transfer from the surface of the polymer in time t (µg/cm2), Cpo is the initial residual level 

in the polymer (µg/cm3), Dp is the diffusion coefficient (cm2/s), t is the time of exposure in seconds. This 

equation was used to determine Dp for styrene in each solvent.  

2.8 Statistical Analysis 

Data from the nine simulant treatments (TMT) of three replicates at ten different storage times (DAY) were 

analyzed using SAS (Statistical Analysis Software Institute, Cary, NC 27513). General linear model (GLM) 
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procedure and randomized complete block design were used to determine the significance of treatments, storage 

time and their interaction (TMT*DAY). Then, where significance was detected means were separated using the 

PDIFF command of SAS (P<0.05). 

3. Results 

3.1 Overall Styrene Migration 

There were significant effects due to simulant treatments (p≤0.0001), replications (p=0.026), storage time 

(p≤0.0001), and due to simulant treatment by storage time interaction (p=0.001) on styrene migration. The 

pooled means over all storage times revealed four groups of simulants with differences (p≤0.05) in styrene 

concentration (µg/L) (Figure 2). Exposure to 8% ethanol solution resulted in the greatest average concentration 

147.6 µg/L of styrene with all other acid and water simulants averaging under 60 µg/L. Expanded polystyrene 

styrene exposed to malic acid (3 and 10 %) and 10% tartaric acid resulted in higher styrene migration compared 

to water and all other acid types and concentrations tested. In addition, EPS exposure to water, 3% acidic acid 

and 10% citric acid resulted in higher styrene concentrations than 3% tartaric and citric acid.  

 

Figure 2. Effect of simulant (solution) on styrene migration from EPS 

a, b, c, d, Pooled means* with different superscripts are significantly different (P<0.05) n=3. 

* TA3 (3% Tartaric Acid); CA3 (3% Citric Acid); CA10 (10% Citric Acid);  

AA3 (3% Acetic Acid); MA10 (10% Malic Acid); TA10(10% Tartaric Acid); 

MA3 (3% Malic Acid); ETOH8 (8% Ethanol) 

 

3.2 Styrene Migration over Time 

When migration was broken down over the 18-day exposure, the higher migration into ethanol compared ranged 

from 49.3 µg/L (3 hours) to 228.51 µg/L (18 days) (Table 2).  

Eight % ethanol had greater styrene monomer migration on each day of sampling compared to all other 

simulants and none of the organic acids differed from distilled water in styrene migration until 5 days of 

polystyrene contact.  

Initial (3 hours exposure) values were not different 22.5 (10%) and 29 µg/L (3%), however, peak values were 

different after 12 days exposure with 76.2 µg/L (10%) and 57.0 µg/L (3%). The 10% levels of tartaric and malic 

acid did not differ in styrene migration after 18 days, but both were greater than the 18-day styrene values found 

for 10% citric acid. It is also interesting to note that water had greater styrene migration than 3% citric acid and 3% 

tartaric acid. Based on these results, weak acids may result in variation in styrene migration. 
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Table 2. Styrene monomer (surface area = 15.20 cm2) detected in different aqueous simulants (µg/L) over 18 

days of exposure at 51OC 

    µg/L     

time Acetic 

3% 

Citric 

10% 

Citric 

3% 

Malic 

10% 

Malic 

3% 

Tartaric 

10% 

Tartaric 

3% 

water Ethanol 

8% 

3h 28.1b* 24.7 b 23.0 b 29.3 b 27.9 b 22.6 b 29.1 b 30.1 b 49.3 a 

1d 34.5 b 37.8 b 35.0 b 37.7 b 38.6 b 37.5 b 38.4 b 41.0 b 58.8 a 

2d 35.6 b 43.1 b 42.9 b 45.0 b 52.5 b 47.4 b 41.4 b 45.6 b 102.5 a 

3d 45.6 b 38.5 b 47.1 b 49.0 b 56.1 b 52.9 b 41.8 b 39.8 b 112.5 a 

5d 49.9 bc 50.6bc 50.0 bc 58.2 b 62.8 b 61.7 b 41.3 c 52.2bc 149.2 a 

7d 59.0 b 57.1 b 49.3 c 60.0 b 66.0 b 67.7 b 49.3 c 53.2bc 203.6 a 

9d 57.0 bc 58.5bc 50.5 c 65.8 b 69.5 b 75.1 b 50.2 c 57.2bc 197.7 a 

12d 67.6 bc 58.1 c 50.3 c 75.0 b 73.8 b 76.2 b 57.0 c 61.2 c 204.3 a 

15d 66.4 bc 61.8 bc 52.1 c 80.0 b 76.1 b 68.1 b 49.7 c 62.0bc 199.5 a 

18d 70.4bc 63.9c 52.4d 78.7b 77.3b 76.1b 47.7d 67.7c 228.5a 
a-cMeans within rows with different superscripts are significantly different (p≤0.05). 

 

3.3 Migration Based On the Estimated Contact Area 

Based on the dimensions of the polystyrene discs used in the study the surface area of contact was calculated to 

be 15.20 cm2 as described in the methods section. Given the dimensions of a small polystyrene cup as 4.45 cm 

and 2.66 cm diameter for the bottom and top of the cup respectively, and the height of the cup as 11.18 cm, the 

surfaces area of the cup sides were calculated as 251.5 cm2 and the surface area of the bottom of the cup 

calculated a 22.23 cm2. 

Using the formula for the surface area of the curved portion of the cup by (5): 

π*h(r1 + r2)                                   (5) 

where h = cup height, r1 = the diameter at the top of the cup and r2 = the diameter at the bottom of the cup. The 

surface area of the cup bottom was calculated by: π(r2)
2. Total surface area a fluid could be exposed to in a small 

polystyrene cup would be approximately 273.74 cm2. The projected migration of styrene from a small 

polystyrene cup based on the results from the present study are shown in Table 3. The styrene migrating into the 

organic acids did not differ from the migration into water except for being lower than that for 10% tartaric, 10% 

malic acid and 3% malic acid on day 12. 

In the present study, values in excess of 25 µg/L migrated after 3 hours into 3% and 10% malic acid. These 

levels of malic acid are much higher than those found naturally in apples however, the small cup surface area is 

greater and the projected values of styrene migration from small cups is about 5 20 times higher than the values 

from our simulation cell (Table 3). Furthermore, styrene migration continued to increase to greater than 400 

1390 µg/L in both 3% and 10% malic acid during the 18 days of storage for the predicted migration in small 

polystyrene cups. 

Table 3. Styrene monomer migration predicted in different aqueous simulants exposed to a small polystyrene cup 

(surface area=273.7cm2) over 18 days at 51OC 

    µg/L     

time Acetic 

3% 

Citric 

10% 

Citric 

3% 

Malic 

10% 

Malic 

3% 

Tartaric 

10% 

Tartaric 

3% 

water Ethanol 

8% 

3h 505.8 444.3 414.3 527.1 501.9 406.6 524.9 550.3 887.9 

1d 621.8 680.7 629.8 679.2 694.9 675.1 690.9 737.5 1058.9 

2d 640.8 777.4 771.2 810.4 945.2 853.9 745.0 820.4 1845.2 

3d 821.4 692.8 848.5 878.2 1009.7 952.6 752.2 716.3 2026.0 

5d 898.0 911.1 893.1 1048.7 1131.7 1110.7 743.2 940.9 2686.9 

7d 1062.0 1028.7 887.0 1079.6 1188.8 1219.2 888.1 958.5 3666.9 

9d 1025.0 1053.2 908.7 1185.3 1251.0 1351.7 903.6 1029.5 3560.5 

12d 1218.1 1046.6 905.5 1349.8 1329.1 1372.7 1025.8 1102.4 3679.0 

15d 1016.5 1112.8 938.8 1440.5 1369.9 1226.1 895.2 1117.3 3593.0 

18d 1267.7 1150.2 944.5 1416.5 1392.9 1370.3 858.9 1219.8 4115.3 
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Based on the total surface area for 5 polystyrene discs of 15.20 cm2 in the simulation cell then calculating 

potential migration if food simulants were exposed to a small polystyrene cup with a surface area of 273.74 cm2. 

3.4 Diffusion Coefficients 

Diffusion coefficients for styrene from polystyrene foam into oil during 1 to 10 days exposure ranged from 2.5 x 

10-9 (foam plate) to 8.8 x 10-11 (foam cup) (Lickly et al., 1995b) which were in the same range for those found in 

the present study (Table 4). Paraskevopoulou, Achilias & Paraskevopoulou (2011) reported diffusion coefficients 

for polystyrene of 9.8 x 10-11 at 25°C to 3.8 x 10-12 at 60°C which also fall in the range of diffusion coefficients 

in the current study conducted at 51°C. The migration data from the present study indicated that migration of 

styrene monomer from the EPS followed the Class II migration. The amount styrene migrating into 3% citric 

acid and water reached equilibrium in 5 days while the 3% levels of tartaric and acetic acid and 10% citric acid 

attained equilibrium in 7 days. In addition, the styrene migrated into 3 and 10% malic acid reached equilibrium 

between 9 and 12 days. During 18 days of storage, styrene migration into 8% ethanol increased linearly.   

Table 4. The Diffusion Coefficients of Styrene Monomer Migrated into Aqueous Food Simulants (cm2/s) 

    cm2/s     

time Acetic 

3% 

Citric  

10% 

Citric  

3% 

Malic  

10% 

Malic  

3% 

Tartaric  

10% 

Tartaric  

3% 

water Ethanol  

8% 

3h 1.28E-11* 9.96E-12 8.66E-12 1.39E-11 1.27E-11 8.28E-12 1.38E-11 1.52E-11 3.96E-11 

1d 2.41E-12 2.9E-12 2.48E-12 2.9E-12 3.03E-12 2.85E-12 2.98E-12 3.41E-12 7.04E-12 

2d 1.29E-12 1.89E-12 1.86E-12 2.06E-12 2.8E-12 2.29E-12 1.73E-12 2.1E-12 1.07E-11 

3d 1.41E-12 1E-12 1.51E-12 1.61E-12 2.13E-12 1.89E-12 1.18E-12 1.07E-12 8.58E-12 

5d 1.01E-12 1.04E-12 1.0E-12 1.38E-12 1.61E-12 1.55E-12 6.93E-13 1.11E-12 9.04E-12 

7d 1.01E-12 9.49E-13 7.06E-13 1.05E-12 1.27E-12 1.33E-12 7.06E-13 8.21E-13 1.2E-11 

9d 7.3E-13 7.73E-13 5.76E-13 9.8E-13 1.09E-12 1.27E-12 5.68E-13 7.38E-13 6.35E-12 

12d 7.73E-13 5.73E-13 4.29E-13 9.5E-13 9.21E-13 9.84E-13 5.51E-13 6.34E-13 7.07E-12 

15d 4.33E-13 5.19E-13 3.69E-13 8.65E-13 7.84E-13 6.27E-13 3.34E-13 5.21E-13 5.39E-12 

18d 5.59E-13 4.61E-13 3.11E-13 6.97E-13 6.77E-13 6.53E-13 2.56E-13 5.18E-13 5.9E-12 

ave 1.07E-12 1.12E-12 1.03E-12 1.39E-12 1.59E-12 1.49E-12 1.00E-12 1.21E-12 8.01E-12 

* where;
 
 

 

Mt = 0.0206 (µg/cm2), Cpo = 40.11 (µg/cm3), t = 86400 s then, Dp = 2.41E-12 (cm2/s) 

 

4. Discussion 

The discrepancies in some migration values (8% ethanol in 5-9 days, 10% tartaric acid in 12-18 days, 10% citric 

acid in 2-5 days, 3% acetic acid in 9-15 days and 3 % tartaric acid in 12-18 days) would result in inconsistencies 

with the assumptions previously stated by Reid et al. (1980), Till et al. (1982a), Till et al. (1987), Lickly et al. 

(1991), Murphy et al. (1992), Lehr et al. (1993), Pugh (1994), Lickly et al. (1995a) and Lickly et al. (1995b). 

These discrepancies include: (1) lack of resistance to mass transfer of the migrant between the polymer surface 

and the food or food simulant; (2) no penetration by the food or food simulant into the food packaging; (3) the 

migrant is homogeneously distributed in the polymer material; (4) no partitioning equilibrium limiting the 

migration; and (5) the packaging material was not depleted of the migrant into the simulant during the 

experiment.  

Higher rates of styrene migration for 8% ethanol were also reported compared to other liquid simulants (Till et 

al., 1982b; Snyder & Breder, 1985; Varner & Breder, 1981). The greater styrene migration into 8% ethanol is not 

surprising due to the greater degree of solubility of styrene in ethanol. The final amount of styrene migration into 

8% ethanol was over three times that of water. Paraskevopoulou, Achilias and Paraskevopoulou (2011) reported 

from 0.897 to 1.49 mg/g migration of styrene into 75% ethanol held 30 days at 25, 40 or 60°C. These values are 

several log values higher than the values from the current study that used 8% ethanol after exposure for 18 days 

which may be understandable given the high ethanol concentration and longer exposure time used in the 

Paraskevopoulou study. In the same study these researchers did not detect styrene migration into water until after 

14 days for samples held at 60°C and the minimum levels of styrene appear to be higher than other reports thus 

migration in the µg/L range were reported as not detectable. 

Khaksar and Ghazi-Khansari (2009) reported 7.8, 8.3 and 8.7 µg/L styrene migration into milk, cocoa and tea, 
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respectively at 100°C after 1 hour of exposure which are approximately 10 times less than the values obtained in 

the current study after 3 hours of contact.  

In addition, the values reported in the current study reflect a range of 28.4 (0 day) to 70.1. (18 days) µg/L styrene 

migration. Varner & Breder (1981b) reported 32.0-38.0 µg/cm2 styrene migration into 8% ethanol after 24 hours 

exposure at 49°C. In fact, in the present study after one-day exposure, 34.5 µg/L of styrene was detected in 8% 

ethanol (51°C±2°). However, when water was the simulant 30.1 (0 day) to 67.7 (18 days) and 41.0 (1 day) µg/L 

styrene was detected (51°C±2°), while Varner & Breder (1981b) found 7.7 µg/cm2 styrene was detected by 

simulating hot filling. These researchers found identical styrene migration values for boiling tea and coffee 

poured into EPS cups after cooling to 38°C at room temperature (1.25 hours). The difference in methodology (i.e. 

hot filling vs. constant exposure at 51°C±2°) could account for the different styrene migration values for water 

from the present study compared to those found by Varner & Breder (1981b).  

This brings to light the significance of the units used to report styrene migration. As stated earlier, reporting 

based on surface area may be useful to predict migration in different size containers or packages. Residual 

styrene monomer will both vary between EPS samples and affect migration values. Varner & Breder (1981b) 

reported an average residual of 70.8 µg/L compared to 40.1 µg/L styrene monomer for the present study. Linssen, 

Janssens, Reitsma, Bredie, & Roozen (1993) reported that the average threshold level of styrene for yogurts with 

3% fat was 171 µg/L. Linssen, Legger-Huysman, & Roozen (1990) also determined a threshold concentration of 

22 µg/L styrene for water. Malic acid is the primary acid in apples (Binnig & Possmann, 1993), cherries, 

cranberries, and is also contained in bananas, grapes and pears (Sadler, 1993). Durst & Laperle (1990) found that 

panelist detected a styrene monomer flavor difference in apple juice spiked with 25 µg/L styrene.  

For acetic acid, Khaksar & Khansari (2009) reported 88 µg/L of styrene in 3% acetic acid after 24-hour exposure 

to polystyrene cups having 120 cm2 surface area while in the current study found 79.2 µg/L when the 34.5 µg/L 

for 52.27 cm2 was converted to 120 cm2 surface area. For all simulants tested styrene concentrations were 22 

µg/L or greater after 3 hours exposure in the migration cell with 52.27 cm2 EPS surface area.  

Foods containing citric acid (citrus fruits, tomatoes, pineapples, raspberries, strawberries and peaches) range in 

acid levels from 0.2% (tomatoes) to 8.33% (lemons) (Sadler, 1993). Citric acid displayed migration ranging from 

23.0 µg/L (3%) and 24.7 µg/L (10%) after three hours to 52.41 (3%) and 63.9 µg/L (10%) after 18 days exposure. 

Gilbert & Startin (1983) detected 17, 47, 35 µg/L styrene in cold lemon drink, orange drink and lime drink, 

respectively, in polystyrene cups from retail dispensers (30 min. contacting time). Although exact acid 

concentrations in these samples was not reported, these drinks typically have acid levels from <1% to 2% 

(Tressler & Woodroof, 1976) based on the previous threshold levels reported (Durst & Laperle, 1990), the values 

detected in the present study in the range of human sensory detection. Sensory changes were detected in citrus 

juices stored in polyethylene-laminated aseptic packaging after 14 days (Mannheim, Miltz, & Letzter, 1987; 

Mannheim, Miltz, & Passy, 1988). 

Till et al. (1987) reported that the rate of migration is controlled by the diffusion of the migrant within the 

polymer and the external phase is a sink for any migrant lost. Since diffusional processes in polymers are notably 

slow (at least several orders of magnitude below those in liquids) the rate-controlling physical step in migration 

is the diffusion of the substance from the interior of the polymer to the surface. Crank & Park (1968); Briston & 

Katan (1974) also recorded that the external phase is not a passive sink, but penetrates the polymer and modifies 

the local environment to increase the mobility of the migrant and it may also influence the rate of loss. 

The relative solubility of the migrant in the polymer and the external phase and relative volumes of each are 

important parameters in interpreting migration data. As the external phase approaches its equilibrium migrant 

concentration, the rate of migration approaches zero. Till et al. (1987) explained if a large excess of external 

phase were used, then equilibrium saturation effects would be less likely. Therefore, Miltz & Rosen-Doody 

(1984) pointed out that an increase in the simulant volume would intensify the driving force for migration of 

styrene migration. Thus, this would prevent the formation of an equilibrium partitioning (the styrene content in 

the external phase until it reached an equilibrium with the styrene in the polystyrene). Lickly (1996) also 

supported that the increase in the simulant volume may change the equilibrium formation in the external phase. 

To test this theory, the surface to volume ratio was increased by exposing the EPS samples to higher volumes of 

simulants. In the present study this ratio was 1.52 cm²/ cm³. There was a linear relationship found between the 

square root of time and styrene migration except for 3% citric acid and 3% tartaric acid. 

The migration of styrene from EPS samples followed the concept of Fick’s diffusion theory because the total 

migration increased with the contact time and was proportional to the square root of time at a given exposure 

temperature. This result was in agreement with other researchers (Reid et al., 1980; Till et al., 1982a; Till et al., 
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1982b; Snyder & Breder, 1985; Till et al., 1987; Durst & Laperle, 1990; Murphy et al., 1992; Philo et al., 1994; 

Pugh, 1994; Lickly, Markham, & McDonald, (1993). Lickly et al., 1995a; Lickly et al., 1995b). However, Reid 

et al. (1980), Till et al. (1982a), Till et al. (1982b), Till et al. (1987) considered that the migration of styrene into 

3% acetic acid, 8% ethanol and water is strongly affected by the partitioning equilibrium at an exposure 

temperature of 40°C. The exposure surface to volume ratio in these studies ranged from 2.1 to 3.5 (cm²/cm³), and 

accordingly the linear relationship is not observed for these simulants. The different exposure temperatures along 

with the higher surface area to simulant volume ratio can explain the difference in these results compared to 

those from the present study. Davies (1974) supported this conclusion finding that an increased surface to 

volume ratio would eliminate the equilibrium partitioning. 

4.1 Conclusions 

In the current study, the migration of styrene monomer from EPS cups into nine different aqueous food simulants 

(water, 8% ethanol, 3% acetic acid, and 3 and 10% solutions of food-grade citric, malic, and tartaric acid) was 

determined using a migration cell. The migration of styrene from EPS into all food simulants tested followed 

Fickian behavior. Exposure to 8 % ethanol solution resulted in higher migration values than acidic solutions 

tested. The final amount of styrene migration into 8% ethanol was over 3 times that of water. The effect of acid 

type and acid concentration on the migration of styrene from EPS packaging was observed. The 10% levels of 

tartaric and malic acid and 3% malic acid did not differ in styrene migration after 18 days, but all three were 

greater than the 18-day styrene values found for 10% citric acid, water, 3% levels of acetic, citric and tartaric 

acid. Styrene migration was greater for water than for 3% citric acid and 3% tartaric acid. The amount of styrene 

migrated into food simulants reached an equilibrium point in 5 to 12 days for all simulants tested except for 8% 

ethanol. During the storage period, styrene migration into 8% ethanol increased linearly. During the storage time, 

the total migration increased with the contact time, and was found to be proportional to the square root of time at 

the given exposure temperature. The minimum detection limit for styrene with this method was found to be 

approximately 5 µg/L. Exposure to a higher temperature in the headspace autosampler increased the sensitivity 

of the method compared to other studies. In addition, the increase in the simulant volume changed the formation 

of partitioning due to the increase in solubility in the external phase.  

In addition to toxic effects on the liver and neurological effects at high levels of exposure, lower migrations 

levels can result in negative sensory impacts. Science-based safe exposure levels based on health protection 

criteria (animal and human toxicity) were reported to be 90-120 mg/person/day and assuming the consumption 

of 1kg of food/day for adults, this would set the limit of styrene migration at 90 mg/kg of food or 90 ppm 

(Gelbke et al., 2013). Since the maximum estimated styrene intake is in the µg/day range and the safe exposure 

levels are in the mg/day range, the health risk from consuming food exposed to styrene packaging is minimal. 

However, Durst & Laperle (1990) reported 50 µg/L of styrene in apple juice was detected as a taint, the projected 

levels of styrene migration into food acids found in this study (~ 406-527 µg/L for 3% acid after 3 hours) would 

be detectable by humans. Therefore, packaging and exposing different acid types to EPS would have minimal to 

no health-risk but would likely affect the sensory quality of certain fruit and vegetable juices.  
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