Timothy H Begley 
  
Johannes Brandsch 
  
William Limm 
  
Hartmut Siebert 
  
Otto Götz Piringer 
  
Piringer 
  
The diffusion behaviour of additives in polypropylene in correlation with polymer properties

teaching and research institutions in France or abroad, or from public or private research centers.  

The global consumption of polypropylene (PP) steadily increased during the last years to 26 reach 44 million tons in 2006. The improvement in the PP properties stems from a wide 27 into three categories: monophasic homopolymer (h-PP), monophasic random copolymer 32 (r-PP) and heterophasic copolymer (heco-PP). The h-PP can be either isotactic, 33 syndiotactic or atactic; but the isotactic h-PP is particularly useful. Its stereoregularity 34 and the resulting high crystallinity endow isotactic h-PP its outstanding characteristics. 35

Therefore, commercially produced h-PP is up to 95 % isotactic. 36 37

The h-PP is also one of the lightest thermoplastics, having a density ranging from 0.85 to 38 0.91 g/cm 3 . Pure isotactic h-PP has a melting temperature of 176°C. However, the 39 melting temperature of commercial h-PP materials is around 160-165°C with melting 40 beginning around 140°C, which is much higher than PE. The linear polymer chains of r-PP 41 contain copolymers such as ethylene, propylene and butene in a random manner. This 42 structure reduces crystallinity and thus improves the optical clarity. This is the main 43 commercial advantage of r-PP over h-PP. In addition, the wide availability of nucleating 44 agents, known as "clarifiers," further reduce the "haze" by nucleating small spherulites 45 on the surface, thereby reducing surface irregularities. (Duca and Moore, 1996) Another 46 commercial advantage of r-PP over h-PP is its lower melting point. This facilitates, for 47 example, heat-sealing of films. 48 49 Lastly, the heco-PP is a block copolymer made up of h-PP phases and, usually, ethylene-50 propylene rubber (EPR) phases. This combination leads to superior impact strength at 51 low temperatures. The "toughness" of heco-PP is due to many small crazes formed by 52 rubber particles that absorb and, therefore, interrupt the propagation of fracture in the 53 PP matrix. (Duca and Moore, 1996) 54 55 Due to the variety of PP formulations mentioned above along with their variety of 56 applications in food packaging, a wide range of the diffusion behaviour is observed in PP. 57 In this paper, the migration behaviour of polymer additives in seventeen industrial PP 58 samples is described. The seventeen PP samples cover all the major types of PP used in 59 food packaging. In order to cover a broad range of M r -values, the diffusion of small 60 The xylene-soluble component is the amount of material which remains dissolved at 20°C 94 after being refluxed in xylene. The analysis of xylene-soluble component provides 95 information about the amorphous, non-crystalline and atactic portion of a h-PP and r-PP 96 sample. For heco-PP samples, the amount of dissolved material indicates the rubber 97 content. Briefly, 500 ml of distilled xylene are introduced into a 3 -necked round-98 bottom flask, which is equipped with stirrer, reflux condenser and thermometer. After 99 heating the flask with the xylene to about 100°C for about 15 min, 5 g of PP are added to 100 the hot agitated solvent. Under vigorous agitation, the temperature is raised to the 101 boiling point of the xylene (ca. 135°C). To dissolve the PP sample completely the flask is 102 heated for an additional 60 min. Then, the heating mantle is removed and, after 2-3 min, 103 is replaced by an ice-water bath. Under vigorous agitation, the solution cools down to 5°C 104 within 20 min while the bulk of the PP sample precipitates as gel. Then, the ice-water 105 bath is replaced by a bath containing 25°C ~ 30°C water. This brings contents of the flask 106 to 20°C within 30 min. The mixture is then filtered at 20°C through a fluted paper filter 107 (ca. 10 min). 108 109The filtrate is subjected to the following analysis in duplicate: 110 Exactly 100.0 ml of the filtrate are pipetted into an aluminium dish, previously weighed 111 to the nearest 0.1 mg (after dried to a constant mass). Under a slight vacuum at 110°C, 112 most of the xylene is removed in two hours. The weight of the dish stabilizes after two 113 additional hours under a full vacuum (< 100 mbar). The aluminium dish is allowed to cool 114 at room temperature for one hour in a desiccator before its weight is measured with an 115 analytical balance. 116 117

Determination of additive migration 118

The migration of I-1010, I-168 and I-P-EPQ into 95% ethanol at 40°C has been monitored 119 after 2, 4, 10 and 20 days and also at 80°C after 3, 6, 9 and 24 hours (Brandsch et al. 120 2002). 95% ethanol makes an excellent alternative fatty food simulant for this system due 121 to its high solubility for these additives and its negligible interaction with PP. 122 123 PP sample sheets with thickness of ca. 1 mm were fully immersed into 95% ethanol. After 124 the desired contact time, an aliquot of the migration solution was injected into a high 125 From the kinetic results obtained at both 40°C and 80°C for each antioxidant, the 138 corresponding diffusion coefficient, D P, has been calculated by curve fitting with the 139 FABES software MIGRATEST © Lite [START_REF] Brandsch | Migration modelling as a 387 tool for quality assurance of food packaging[END_REF]. 140 141 Determination of limonene uptake and diffusion 142 (R)-(+)-Limonene (Aldrich, 97%) has been chosen as a migrant mainly for its molecular 143 weight (136 g/mol), which is lower than most polymer additives. Therefore, limonene 144 migration may be close to the "worst-case migration" based on the current understanding 145 of how molecular weight of a migrant influences its diffusion in polyolefins. In addition, 146 limonene can be identified easily by smell, is readily available, and is a common 147 constituent of some foods. These properties make it easier to work with limonene. 148 149

The Hiden Analytical's (Warrington, UK) Intelligent Gravimetric Analyzer (IGA) is used to 150 monitor both absorption and desorption of limonene into and out of polymer samples. 151

The IGA can monitor changes in the mass of a polymer sample to 0.1 microgram. This 152 instrument is similar to modern research grade thermogravimetric analyzers (TGA) with 153 one major difference -experiments are conducted at low pressures to minimize any 154 interference due to sorption of water and other contaminants in the atmosphere. In 155 addition, the absence of air near the polymer sample minimizes potential errors 156 associated with an air barrier [START_REF] Crank | Diffusion in Polymer[END_REF]. 157 Briefly, a polymer disk is loaded onto a sample holder and placed in the IGA system. 159 Then, the system is pumped down to ca. 10 -9 atm with a turbomolecular pump backed up 160 with a diaphragm pump. After the sample weight, system pressure and temperature 161 stabilize, limonene vapor is introduced into the system. The IGA system uses 162 automatically controlled inlet and outlet valves to maintain the limonene pressure within 163 a specified range. For this work, limonene pressure was set at 2.0 mbar. During 164 desorption runs, the system is evacuated to facilitate the removal of limonene from the 165 polymer surface. 166 167 Typical sorption runs on PP samples, owing to their thickness of more than 1 mm, took 168 more than 14 days for an absorption and desorption cycle at 40°C. Such lengthy analysis 169 runs not only reduced productivity but also increased the effect of normally negligible 170 errors such as a slow leak in the system. In order to circumvent these problems, PP 171 samples have been heat-pressed to ca. 0.2mm thickness. The heat-pressing was 172 performed at 165ºC and 5000 psi for 1 min. By keeping the temperature close to the PP 173 melting point and limiting the heat exposure, this procedure intends to minimize change 174 in film morphology such as crystallization. Densities of original PP samples and heat-175 pressed PP films showed good agreement. Sorption runs on these samples are completed 176 in about 5 days. 177 178 Limonene uptake in heat-pressed PP films are tabulated in the third column in Table 1. 179 Limonene diffusion coefficients in heat pressed PP films are tabulated in the last column 180 in Table 2. Each diffusion coefficient was determined from the slope of sorption curve as 181 described in [START_REF] Limm | Diffusion of Limonene in 413 Polyethylene[END_REF] The diffusion coefficients for I-168 and I-P-EPQ at 40°C and 80°C are listed in Table 3 197 along with the corresponding apparent activation energies, E D. The apparent activation 198 energies in Table 2 and3 An additional point should be mentioned in this connection. Whereas the 17 PP samples 296 investigated in this work are all commercial products, many of the PP samples mentioned 297 in previous publications were compounded with additives at laboratory scales which are 298 likely to differ in morphological characteristics. That means, for example, that diffusion 299 coefficients in latter samples could be higher than those in commercial samples under 300 identical experimental conditions. 301

302

The measurement of diffusion coefficients for migrants of very different relative 303 molecular masses, such as I-1010 with M r = 1178 and limonene with M r = 136, allows 304 another comparison of molecular transport behaviour between the h-PP and heco-PP. 305

Helpful tools for this comparison are theoretical models for estimation of the diffusion 306 coefficients. Generally, there have been two approaches for estimating diffusion 307 coefficients for additives in food packaging systems, one by Limm and Hollifield 1996, and 308 the other by Baner and Piringer (1996) and [START_REF] Brandsch | Migration modelling as a 387 tool for quality assurance of food packaging[END_REF] In the approach by 309 [START_REF] Limm | Modeling of additive diffusion in polyolefins[END_REF], the diffusion coefficients for the three additives I-1010, I-168, 310 I-P-EPQ and limonene can be estimated in PP at 40°C with the equation ( 1), 311 312

D P = D 0 exp (α ▪ M r 1/2 -K ▪ M r 1/3 / T) (cm²/s). 313
(1) 314 315 With K = 1335.7; α = 0.597 and lnD 0 = -2.10 for PP. 316 317 With these values an upper limit can be calculated for all types of PP-samples. The upper 318 limit can highly over estimate the experimental values. From the PP-samples investigated 319 in this study, only the estimated diffusion value for limonene is practically identical to 320 the highest experimentally measured value for test sample 17 heco-PP (Table 2), with D P 321 = 3.10 ▪ 10 -8 . These results strongly suggest that very different diffusion values can result 322 among PP-products. Additionally, high limonene diffusion coefficients in PP samples are 323 likely due to high uptake of limonene in PP samples (see Table 1). Limonene is known to 324 interact mildly with polyolefins so that its diffusion coefficient increases as limonene 325 concentration in the polymer increases [START_REF] Mohney | Permeability and solubility of d-limonene vapor in cereal package liners[END_REF]. We have also observed high 326 limonene diffusion coefficients in our polyethylene works due to high limonene uptake 327 [START_REF] Limm | Diffusion of Limonene in 413 Polyethylene[END_REF]. 328 Due to the big difference in the migration behaviour of different types of PP-matrices, a 331 subdivision of the 17 samples is necessary, where a lower, pre-exponential factor, lnD 0 = -332 5.0 is used for the h-PP in Eq. ( 1). In this way, a better estimate of the diffusion 333 coefficients for h-PP is possible. The calculated D P -values from Table 4 are also upper 334 limits for h-PP, but much closer to the experimental values. Polypropylene is a typical 335 polymer in which different phases exhibit different diffusion properties and, therefore, a 336 subdivision into corresponding groups is highly recommended. 337 338 (Table 4) 339 340

The diffusion coefficients in PP can also be predicted using the second approach by using 341 equation ( 2) [START_REF] Brandsch | Migration modelling as a 387 tool for quality assurance of food packaging[END_REF]: 342 D P = 10 4 exp ( A P -0.1351 M r 2/3 + 0.003 M r -10454/T) (cm 2 /s) (2) 344 with 345

A P = A P ' -τ /T
(3) 346 347 where A P represents a polymer specific parameter which may be a function of the 348 temperature T. 349

From the diffusion coefficients of the three antioxidants measured at 40°C in the 17 350 samples, the corresponding A P -values have been calculated with equation (2). These 351 values are tabulated in Table 5. A graphical presentation of all 20 A P -values for the h-PP 352 and r-PP samples ( As mentioned above, one can correlate the diffusion behaviour and the XL amounts for 362 the homophasic h-PP and r-PP, but not for the heterophasic heco-PP. 363 364 A major objective of modelling diffusion in plastics is to develop an additional tool for the 365 quality assurance of food contact materials. Modelling of potential migration is already 366 used by the US Food and Drug Administration (FDA) and in the European Union (EU). To 367 ensure that a proposed migration model offers the safety margin required by the 368 consumer protection laws, upper limits of diffusion in each plastics food contact material 369 must be calculated. Different approaches can be used to achieve this objective. One such 370 procedure has been recently described [START_REF] Begley | Evaluation of migration models that 383 might be used in support of regulations for food-contact plastics[END_REF]. As shown in equation ( 2 

  , M r = 136) as well as the migration of large additives, up to M r = 1178 61 (IRGANOX 1010), have been measured at different temperatures. 6263The aim of this paper is to correlate migration properties with the structure of PP. 64In addition, the diffusion data and the percentages of xylene-soluble fractions have been 65 correlated in order to find a short cut which enables one to predict the migration 66 behaviour of a PP-sample by testing its "isotactic index" with xylene. 67 68 Materials and Methods 69 Seventeen PP samples were obtained from a leading European PP producer, which could 70 be classified into 3 categories: 71 72 samples 1 through 8 are monophasic homopolymers (h-PP); 73 samples 9, 10 and 11 are monophasic random copolymers (r-PP); and 74 samples 12 through 17 are heterophasic copolymers (heco-PP). 75 76 These samples are a representative selection of products actually used as food contact 77 materials. The following polymer additives were present in the PP samples: 78 79 IRGANOX 1010 (I-1010) (CAS 6683-19-8) at initial concentration of ca. 500 mg/kg, 80 IRGAFOS 168 (I-168) (CAS No. 31570-04-4) and/or IRGAFOS P-EPQ (I-P-EPQ) (CAS No. 81 36613-773) at initial concentrations of 300~400 mg/kg. 82 83 In addition, slip-agents and different nucleating agents were included in some of the 84 samples. None of the 17 samples was synthesized via metallocene catalysis. The 85 percentages of the xylene-soluble portions in all samples have been measured. These 86 percentages represent the sums of extractable additives and the xylene-soluble oligomers 87 in the PP. The percentages of xylene-soluble compounds (XL %) and the total 88 percentages of additives are listed in

  initial concentration, C P , O , of additives, a PP sample was dissolved in 129 toluene under reflux and then precipitated with ethanol. After filtering out the polymer, 130 the solution was analysed with an HPLC. 131 132 For a given antioxidant (I-168 and I-P-EPQ) the sum of the active additive and the 133 oxidised substance was used for the evaluation of the results. Quantification was 134 performed by external calibration. The calibration curve was based on linear regression 135 analysis of standards. 136 137

  are significantly higher than the activation energy of 100 kJ/mol 199 used in the diffusion model for PP. , one can make the following observations. First, the D P -values for the 204 h-PP samples and those for r-PP samples are significantly different. The D P -values for r-PP 205 are in all cases at least one order of magnitude higher than those for h-PP. These results 206 are in agreement with O'Brien and Cooper's finding (2001) that migration from r-PP is 207 much higher than that from h-PP. The D P -values for heco-PP are generally somewhat 208 lower but more comparable to the values for r-PP. The degree of crystallinity and the 209 structure of the crystallites, as evidenced by the xylene-extractable fractions, seem to be 210 responsible for this large difference in the D P -values. As will be shown below, a 211 correlation equation can be established between the diffusivity and the XL-values in the 212 series of h-PP and r-PP. 213 214 Second, we narrow our focus to the I-1010 and limonene results in eight h-PP samples in 215 Table 2. The samples 6 and 7, with the lowest XL-values, the highest densities and 216 melting temperatures, have the smallest D P -values at 40°C for the antioxidants and for 217 limonene. Sample 6 is the most nucleated among the 7 h-PP samples. 218 219 From these results, an increase in the diffusion coefficient values with the increase in XL 220 amounts is indicated. The concentration of nucleating agents in PP samples seems to have 221 an effect on the diffusion coefficient values, which is relatively small for I-1010 in h-PP 222 but larger for limonene. 223 224 Third, the influence of the crystalline structure on the diffusion in h-PP is most 225 pronounced for limonene. Its diffusion coefficient in the nucleated sample 8 remains 226 corresponding values in the non-nucleated samples 3 to 5, despite 227 the comparable XL-values. To account for this data, we refer to an additional result 228 obtained in our laboratory with an h-PP produced from the same company but with a 229 metallocene catalyst. Despite a very low XL amount in this sample, relatively high 230 diffusion coefficients, comparable with the non-nucleated h-PP samples, have been 231 measured with the antioxidants. An imperfect isotactic structure resulting from the 232 metallocene catalysis seems to be responsible for this behaviour. 233 234 Fourth, the melting temperatures are significantly lower in the 3 r-PP samples compared 235 with the h-PP`s. The XL-amounts in the r-PP's are highest in the series of the 11 236 homophasic samples. This behaviour correlates well with the diffusivity of all additives 237 and limonene. 238 239 Fifth, no correlation has been observed between the XL-amounts in the 6 heco-PP 240 samples and the corresponding diffusion coefficients of the antioxidants. But an unusually 241 high relative diffusivity has been found for limonene. The small non-polar limonene 242 molecules are mainly diffusing through the rubbery phase in the heterophasic samples 243 and in the atactic phase of the r-PP due to their good solubility in these phases. With the 244 more polar antioxidants no such extreme preference for the rubbery and atactic phase is 245 observed. The limonene absorption values were also higher for heco-PP samples than for 246 the h-PP samples. Still, limonene diffusion is slowest in the strongly nucleated sample 15 247 among all heco-PP samples. 248 249 Sixth, the 15 apparent activation energies of the three additives I-1010, I-168 and I-P-EPQ 250 are in the range of 139 < E D < 216 kJ/mol for h-PP with a mean value at E D = 190 kJ/mol. 251 The 5 values for the random-PP are between 151 < E D < 188 with a mean value at E D = 176 252 kJ mol, and for the 6 heterophasic heco-PP samples the range is 144 < E D < 188 with a 253 mean value E D = 164 kJ/mol. Despite the scatter in these results, the mean value of E D = 254 164 kJ/mol for heco-PP is significantly lower than the mean E D = 190 kJ/mol for h-(1995) determined the diffusion coefficients of I-1010 based on its 258 migration from h-PP into corn oil and water between 50 °C and 135 °C, taking into 259 account the role of mixing in the liquid phase. From their data for h-PP/corn oil system 260

  ), the 371 A P -values are polymer specific parameters along with the lnD 0 -values in equation (1). For 372 example, upper limit values of A P ' = 13.1 and τ = 1577 for equation (3) have been 373 proposed for polypropylene. With these values, upper limits for the diffusion coefficients 374 of additives in PP can be calculated with equation (2), where a mean activation energy of 375 diffusion, E D = 100 kJ/mol is assumed.The results obtained in this work clearly indicate 376 that polypropylene can be further subdivided into h-PP, r-PP and heco-PP and that there 377 is a correlation between XL-values and diffusion and migration values. The XL-values 378 appears to be a precise indicator in the variation of diffusion within the groups of PP. 379
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 1 Xylene-soluble (XL) and total additive amounts in the 17 PP-samples 433 investigated; densities and limonene equilibrium absorption at 2.0 mbar for 11 samples. 434 [X = Melting points of isotactic-PP phases in all heco-PP's are 165°C. Melting points of 435

	436	rubbery phases are much lower.]
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	438	Table 2.	Diffusion coefficients and activation energies measured for I-1010 at 40°C
	439	and 80°C and diffusion coefficients measured for limonene at 40 °C.
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	441	Table 3.	Diffusion coefficients and activation energies measured for I-168 and I-P-
	442	EPQ at 40°C and 80°C.
	443		
	444	Table 4.	Diffusion coefficients calculated with Eq. (1) with an adjusted pre-
	445	exponential factor lnD 0 = -5.0 for monophasic homopolymers, h-PP
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	447	Table 5.	Polymer specific A P -Values for the 17 investigated PP-samples obtained with
	448	I-1010, I-168 and IP-EPQ at 40 °C.
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Table 1 .

 1 

	Sample	XL	Additives	ρ P	Limonene	Tm	Comments
		%	%	g/cm³	absorption	°C	
					%		
	1 h-PP	3.0 1.00			163	
	2 h-PP	3.0 1.00			163 Nucleated (0.35) 1
	3 h-PP	3.0 0.20	0.896 3.02	163	
	4 h-PP	3.0 0.19	0.892 3.08	163	
	5 h-PP	3.0 0.19	0.899 2.94	163	
	6 h-PP	1.0 0.90	0.906 2.55	165 strong nucleated (0.7)
	7 h-PP	1.5 0.67	0.904 2.73	165 Nucleated (0.4)
	8 h-PP	3.0 0.87	0.903 2.86	163 Nucleated (0.22)
	9 r-PP	3.5 0.67			150 Nucleated (0.2)
	10 r-PP	6.0 0.20	0.890 4.58	139	
	11 r-PP	4.5 0.66	0.897 4.09	150 Nucleated (0.2)
	12 heco-PP 4.7 2.10			X	strong nucleated (1.7)
	13 heco-PP 11.0 1.09			X	Nucleated (0.35)
	14 heco-PP 17.0 0.55			X	Nucleated (0.35)
	15 heco-PP 12.0 2.10	0.906 3.70	X	strong nucleated (1.7)
	16 heco-PP 22.5 0.55	0.894 5.79	X	Nucleated (0.35)
	17 heco-PP 30.0 0.70	0.883 6.45	X	Nucleated (0.5)
	1. Values represent the concentrations of the nucleating agents in % (w/w).

Table 2 .

 2 

	Sample	D P -10 14	D P -10 11	E D	D P -10 10
		cm 2 /s	cm 2 /s	KJ/mol	cm 2 /s
		40 °C	80 °C		40 °C
		IRGANOX 1010	IRGANOX 1010		Limonene
	1 h-PP	0.27	1.1	191	
	2 h-PP	0.70	0.30	139	
	3 h-PP	0.32	1.4	193	12.1
	4 h-PP	0.39	2.9	205	7.24
	5 h-PP	0.42	4.7	216	11.7
	6 h-PP	0.13	0.45	187	0.95
	7 h-PP	0.10	0.39	190	1.95
	8 h-PP	1.5	2.3	168	2.92
	9 r-PP	7.2	22	184	
	10 r-PP	51	98	174	44.9
	11 r-PP	13	46	188	39
	12 heco-PP 0.91	3.3	188	
	13 heco-PP 1.1	1.8	170	
	14 heco-PP 2.0	1.5	152	
	15 heco-PP 3.8	6.5	171	35.0
	16 heco-PP 38	28	152	183
	17 heco-PP 4.0	6.8	171	310

Table 3 .

 3 

	Sample	D P -10 13	D P -10 10	E D
		cm 2 /s	cm 2 /s	KJ/mol
		40 °C	80 °C	
		IRGAFOS 168	IRGAFOS 168	
	1 h-PP	1.9	2.6	166
	3 h-PP	0.43	1.7	190
	6 h-PP	0.11	0.94	208
	7 h-PP	0.16	0.85	197
	10 r-PP	34	24	151
	12 heco-PP 1.7	2.1	164
	13 heco-PP 2.2	2.9	165
	14 heco-PP 1.4	1.8	164
	15 heco-PP 3.9	3.2	154
	16 heco-PP 13	6.9	144
	17 heco-PP 2.0	3.4	171
	Sample	D P -10 15	D P -10 11	E D
		cm 2 /s	cm 2 /s	KJ/mol
		40 °C	80 °C	
		IRGAFOS P-EPQ	IRGAFOS P-EPQ	
	4 h-PP	2.1	1.6	205
	5 h-PP	3.0	2.5	207
	8 h-PP	5.0	1.3	181

Table 4 .

 4 
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	Migrant	D P (cm²/s) T( °C)
	IRGANOX 1010 2.4 -10 -11 80
	IRGAFOS 168	1.6 -10 -10 80
	IRGAFOS P-EPQ 3.5 -10 -11 80
	Limonene	2.1-10 -9	40
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Table 5 .

 5 

	Sample	IRGANOX 1010 IRGAFOS 168 IRGAFOS P-EPQ
	1 h-PP	2.2	3.1
	2 h-PP	3.1	
	3 h-PP	2.3	1.6
	4 h-PP	2.5	1.1
	5 h-PP	2.6	1.5
	6 h-PP	1.4	0.2
	7 h-PP	1.2	0.6
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