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Summary

A new bleeding process of additives in a polypropylene film under atmospheric pressure was investigated.
Solubility and diffusion were found to be important for explaining this bleeding process. The experimental
results were explained more precisely by assuming two-step transport model between the amorphous regions
and the crystalline ones. The solubilities and diffusion coefficients of higher fatty acid amides such as
erucamide (13-cis-docosenamide) and behenamide (docosanamide) were determined between 40°C and 70°C.
The difference between the solubilities and the diffusion coefficients was discussed with the size of these
additives. The solubilities and diffusion coefficients of UV-stabilizers such as 2-(2H-Benzotriazol-2-yl)-4-
methylphenol and 2-(2H-Benzotriazol-2-y1)-4-(1,1,3,3-tetramethylbutyl)phenol were determined at 40°C. The
difference between the solubilities and the diffusion coefficients were discussed with the solubility parameters
and the self diffusion coefficients calculated by using molecular dynamics (MD) simulation. The diffusion
coefficient of a higher fatty acid such as behenic acid (docosanoic acid) was determined at 50°C. The
difference between the diffusion coefficients of slip agents in an isotactic polypropylene film at 50°C was
discussed with the size of these additives providing self-association b'y hydrogen bonding using molecular
dynamics (MD) simulation. The bleeding profile of erucamide in the ethylene copolymerized polypropylene
film was compared with the case in the isotactic polypropylene film at 40°C.
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Figure 1 Internal structure of isotactic polypropylene:

(i) spherulites (S) and amorphous regions (A) among spherulites in iPP film

(ii) internal structure of a spherulite(S)

(iii) the chain folded crystalline regions (C) and amorphous regions (A’) among the chainfolded

crystalline regions
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Figure 2 Bleeding profiles of erucamide
(13-cis-docosenamide) at 40°C.

Initial amount (Co;) : Co1 = 500ppm (} ); Co2 =
1,000ppm (A); Co3 = 1,500ppm (). The full lines
were calculated by using the two-step transport

model.
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Figure 3 Bleeding profiles of behenamide
(docosanamide) at S0°C.

Initial amount (Cy;) : Co1 = 1,000ppm (M); Co, =
2,000ppm (A). The full lines were calculated by
using the two-step transport model.

Table 1 Parameters Obtained from Two-step Transport Model

Constant of

Additive = Temperature Satura.tl-on lefl‘ls%on first-order Diffusion ratio
Solubility coefficient .
kinetics

°C Cs, ppm D, m?%/s k, 1/s a; a, as
Erucamide 40 250 52x 10" 1.6 x 10°® 0.96° 0.92° 0.58°

50 1,900 1.6 x 10 3.3 x 107 1.00° 0.79°

60 3,600 5.7x 10™ 0 0.99° 0.82°
Behenamide 50 0 4.5% 107 8.7x10% 0.48° 0.35¢

60 0 23 x 10 8.9 x 107 0.41° 0.33°

70 0 6.4 x 10 42 %107 0478  0.44f
Behenic acid 50 4,200 9.1 x 10 7.2 x 107 0.948  0.59¢

The initial amounts of additives (Co;)

? Co1: 500ppm, Gyt 1,000ppm, Cos: 1,500ppm
b Co,1: 3,000ppm, Cy,: 4,000ppm

¢ Co1: 6,000ppm, Co: 8,000ppm

4 Cy.1: 1,000ppm, Cy,: 2,000ppm

¢ Co,1: 3,000ppm, Coz: 4,000ppm
£ Co1: 5,000ppm, Cy2: 6,000ppm
£ Co,1: 5,000ppm, Coy: 7,000ppm
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EFENEN O R R0.11 Lipotz, ZOZEiE, UVA-1 DT RTOSF 0 EREBOFEEZITHDIIT L,
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UVA-1 & UVA-2 DTSR LT BUREDEWVIZHOW T, S FEINZE (MD) v 3alb—ar OfE R

LB AI LTI EE L,

180 ° 100
160 /F— : 90 ,’,_.-———'—.'— °
80

B .
g 8 60
= 100 s El
R D A g s ;
~— —~ A
S el g WO
= 60 // 30 A

40 4 o 20 A

/F-———'__'
20 - n 10 ‘
O 1 1 i 1 1 0
0 200 400 600 800 1000 1200

0 200 400 600 800 1000 1200
t (hour)

Figure 4 Bleeding profiles of UVA-1 at 40°C.

Initial amount (Cy;) : Co1 = 15,000ppm (M); Co2 =
17,500ppm (A); Co3 =20,000ppm (@). The full
lines are calculated by using the two-step transport
model. model.

Table 2 Parameters Obtained from Two-step Transport Model

t (hour)

Figure 5 Bleeding profiles of UVA-2 at 40°C.

Initial amount (Cy;) :Co; = 2,700ppm (M); Co =
4,300ppm (A) ; Cy3 = 6,300ppm (@). The full
lines are calculated by using the two-step transport

Constant of

Saturation Diffusion first-order
Additive Temperature Solubility coefficient kinetics Diffusion ratio
*C Cs, ppm D, m*/s k,1/s o O o3
UVA-1 40°C 13,000 2.4 x 107 8.1 x 107 0.0° 0.0 0.0°
UVA-2 40°C 3,000 7.4 x 107 1.4 x 107 0.11* 0.11°

The initial amounts of additives (Co;)
* Co1t 15,000ppm, Coa: 17,500ppm, Cps: 20,000ppm
®Co1: 4,300ppm, Copo: 6,300ppm
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Table 3 Comparison Between Diffusion Coefficients Obtained from Molecular Dynamics (MD)
and Two-stép Transport Model

Self diffusion coefficients by  Relative diffusion coefficients

Additive Density by MD MD by two-step transport model
d, kg/m’ Deor, m*/sec D, m*/sec
UVA-1 8.3 x 10 2.9%x 10™ 2.4 x10™
UVA-2 8.3 x 10° 9.1x 10" 7.4 x10™
5 -10
g -11
g
2
=)
g9 = '12
N .-:.r!‘.-rl-.-l-l-'.'.l’."‘.'r.:!,"‘;:".:.'..:."..’ - =
1 HEEE
0 ! ) 1 i | -13 1 L
0 50 100 150 200 250 300 -15 -14 -13 12
t(rs) log D from two step transport model
Figure 6 Mean square distribution of Figure 7 Comparison of the self diffusion
UV-stabilizers as a function of time; coefficients from MD with the relative
UVA-1: (g, | ); UVA-2: (o, ®). The straight lines diffusion coefficients from two-step transport
shows the least-squares fit by using data from 60 model.

to 200ps.
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2 B BERBATET Ve AV 50°CIZRBIT BV ERD T U — N T #5 R % Figure 8, Table 112777, 2
BRI TET NMCIONAVBEOT Y —NHED RFIZHI TEDHZ LM h o7, Figure 9 [Zfafns
FRE LT V—NBEDRE, Figure 10 |27V =07 X 7 aybeRd, 50°CIZRBITD R IS HIDORIFIE#R
ELILBAREE LB 28, N VBEORFERRE | BRI B REL _IAVEET IROED &
bhELAp T, AUy TR OAFIE IR E R CILBRBEOZ DL e K& ZRIT, =V BT7IFER T
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HIEDRHEETHD, T T, TINEDKFEELRBREF(C) DX ERBSICEEXHEZDELETT-
o
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Figure 8 Bleeding profiles of behenic acid at
50°C. Initial amount (Cy;) : Co; = 5,000ppm (] );
Coz2 = 7,000ppm (A). The full lines are calculated
by using the two-step transport model.
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Figure 11 model compounds for estimating the number of self associated fatty acid amides.

The hydrogen bonding by amide group was replaced by the covalent bond of carbon atom (C*).
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Table 4 Estimation of the Number of Self Associated Molecules from MD Simulation

Additive Diffusion Difference from The estimated number of self associated
coefficient at 50°C  log D of behenic ~ molecules from the linear relationship in
acid Figure 12
log D Alog D n
Behenic acid -13.04 0 1
Erucamide -13.79 -0.75 3.1
Behenamide -14.35 -1.31 7.3
-8 30
o
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-9 5
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o i ‘
2 11 S
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Figure 12 Relationship between the diffusion Figure 13 Bleeding profiles of erucamide
coefficients and the number of branched chains of (13-cis-docosenamide) in Et-co-PP film at 40°C.
model compounds on a double-logarithmic scale. Initial amount (Cy;) : Cp; = 500ppm (} ); Coz =
900ppm (A); Co3 = 1,400ppm (e). The full lines
were calculated by using the two-step transport

model.
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D5, R740 74NV LDV AER T INORRBRENME T LI20M, EatEl0b e L AT LV IEETI
FexF LU LB ELOMBHEDENDID THHEERL, —FH.,40CTIZBITD R740 7 4/L A
% TYH700 7 4V AR D)V BT INOJLEAR D)L ENZH 3.6x107° m?/s, 5.2x10Pm’s, &7

0. R740 74NV AFOZ)NAEETINOILRALEIT H700 74V AR LHFIIFRBE THAZ LN DA -
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