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Abstract 
The kinetics of sorption and desorption of liquid propane in medium density 

polyethylene were studied by thermogravimetry as a function of temperature, 
pressure and time. Diffusion was mainly Fickian. Diffusion coefficients were of 
the order of 10-7 to 10-9 (cm2 s-1) and the Arrhenius temperature dependence 
was obeyed with an activation energy of 52.2 kJ mol-l in the temperature range 
between 0°C and 7O’C. At 0°C gradual plasticisation led to non-Fickian diffusion 
in the case of sorption. The saturation concentrations of propane were typically 8 
to 10% by mass in the temperature range O-40% calculated from boundary 
conditions fitted to a difIusion model. The sorption of propane led to an initial 
increase in oxidative induction time on exposure most probably due to solvation 
of precipitated antioxidant by the sorbed propane. 

1. INTRODUCTION 

Polyethylene pipes dominate the market for propane and natural gas 
distribution systems operating at internal absolute pressures lower than 
0.5 MPa. Figure 1 shows that propane is gaseous at the maximum pressure at 
temperatures above 0°C. However, there is always a possibility that the “ideal” 
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condition will not prevail and that liquid propane is formed. Polyethylene pipes 
may also be used in distribution systems for liquid propane. Relatively little 
research have been performed on the effects of liquid propane on polyethylene [l, 
21. This paper deal8 with the kinetic8 of sorption of liquid propane in medium 
density polyethylene (MDPE) pipes and the interaction of the solvent with 
antioxidants present. 
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Figure 1. Casol propan 95 phase diagram drawn after data in ref. 131. 

Dos Santos et al [ll measured the permeation flux with liquid propane 
through membrane8 of low density polyethylene (LDPE) and found that the 
permeability reached a maximum at the condensation point. In an earlier paper 
121, data were presented for the l?lory-Ruggins interaction parameter for gaseous 
propane and LDPE at pressures between 0.17 and 0.36 MPa. The interaction 
parameter, reported to be pressure-independent, increased with decreasing 
temperature to reach a constant value of 1.35 near the condensation point. It was 
suggested that the change in interaction parameter was due to a reduction in 
segmental mobility and cluster formation within the solvent, driven by the 
temperature decrease despite the potential plasticisation by the propane 121. A 
strong activity dependence of the solubility coefficient (S) was observed for 
gaseous propane close to the condensation point (higher S values with higher 
activities). Mutter 141 studied sorption in MDPE pipes exposed to liquefied 
natural gas and observed a mass increase of more than 6% at 20°C. 

2. EXPERIMENTAL 

Pipes (12x1.8 mm) of a cadmium-pigmented branched polyethylene grade 
produced by Neste Polyeten AR, Sweden were exposed to liquid propane (gas01 
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propan 95 with a propane content of 96 mol%) supplied by Statoil, Norway. C-13 
NMR measurement showed that the polyethylene contained 0.5 mol% of ethyl 
branches. The density of the polymer was 939.6 kg m-3 corresponding to a volume 
crystallinity of 58% [53. 

Sorption measurements were performed on lOf1 mg samples cut from the 
wall of pipes exposed to internal liquefied propane and external air-gaseous 
propane. The tests were performed at different constant internal absolute 
pressures between 0.47 MPa and 1.87 MPa at 0,20 and 40% for different periods 
of times up to almost 13 000 hours. The outer medium was held at atmospheric 
pressure by decompressing the autoclaves. The total amount of absorbed propane 
was obtained by thermogravimetry (TG) using a Perk&Elmer TGS-2 measuring 
the mass loss in a heating scan from 35°C to 600°C at a rate of 20°C min-1 in He 
atmosphere. 

The isothermal desorption measurements were performed by TG on propane- 
saturated sheet samples of thickness 150-240 pm under isothermal conditions 
from 30 to 70°C (atmospheric pressure, He atmosphere). The samples were 
originally exposed to liquid propane for several weeks. The diffusion coefficient 
(D) was calculated from the equation given in ref. 161: 

2 

(1) 

where Mt is the mass of desorbed propane at time t, M, is the mass of desorbed 
propane aRer infinite time and 1 is the sample thickness. Supplementary 
isothermal desorption measurements were performed at three temperatures (0, 
20 and 40°C) on samples cut from a pipe with 3.42 kg sorbate (100 kg polymer)-1, 
the mass loss being recorded in a Mettler AR 163 balance with air as 
surrounding medium at atmospheric pressure. The diffision coefficent values, 
considered constant, were derived from the time to reach 50% mass loss (t4~.5) 

assuming infinite sheet sample configuration 171: 

(2) 

Non-isothermal desorption experiments were performed in the TG apparatus 
by heating the sheet samples from 30 to 115°C at rates of 7 and 10°C min-1. The 
other experimental conditions were the same as those of the isothermal 
desorption experiment. The mass loss data were then treated according to the 
procedure of Miller and Wildnauer 181 and the diffusion coefficient, assumed 
constant, was calculated from the equation: 
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Oxidative induction time (OIT) measurements on 5.OkO.3 mg samples cut 
from the propane-exposed pipes were made between 155 and 215’C in an oxygen 
atmosphere in a temperature-calibrated Perk&Elmer DSC-2. The purge gas flow 
was 50 ml min-1 and the induction time was obtained from the intersection of the 
isothermal base line with the tangent at 1 mW exothermal deviation from the 
scanning baseline. 

3. THE EVALUATION OF SORPTION KINIWICS DATA 

It is assumed that the propane concentrations at the inner (r=a) and the 
outer walls (r=b) were constant at Cl and C!x respectively and that D was 
independent of propane concentration. The concentration profile for an infinitely 
long cylinder with an initial concentration of propane of zero in the pipe wall 
(Co=O) can be expressed by [lo]: 

c(r t) _+J++iJ _ x i* , - 
ink 0 

n 
Uo(mn)e-D+ 

n=l 

where 

(4) 

(5) 

UO(ITX,)= Jo(mn)Yo(ban)-Jo(bn)Yo(“n) (6) 

Jo and Yo are first and second kind Bessel functions of order zero. The ccn:s are 
the positive roots of: 

Uo(aa,) = 0 

Observe also that: 

(7) 

uO(hn)=o (8) 

The mass of propane entering the wall at r=a and at time t per unit length is 
(according to Pick’s first law of diffusion): 



M. Heclenqvsst et al.lThermochtm. Actu 214 11993) Ill-122 115 

ma z-24) ac ( 1 h r=a 

The ma88 of propane leaving the wall at r=b arks at time t per unit length is: 

mb 
r==b 

(9) 

(10) 

The actuate mass of propane per unit length of pipe during a time period of 
t becomes: 

Mt =d (ma-mb)dt (111 

To obtain the derivatives in eqs. (9) and (IO), eq. (4) is first rewritten in the form: 

C(r,t)=H(r)-T(r,t) (12) 

where T(r,t) is the series part of the right-hand-side. Differentiation with respect 
to I gives: 

ac(r,t) = aH(r) n(O) 
ar ar ar 

When this equation is introduced into eq. (II), the H-terms disappear since: 

with 

The total amount of propane absorbed in the pipe wall theu becomes: 

(13) 

(14) 

(15) 

where 
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(17) 

According to Carslaw and Jaeger [lo]: 

2 
Jotz)yb(z)-Yo(z)Jb(z)=rrz 

Hence 

G)(ba,)=-$ 
n 

Combination of eqs. (61, (7) and (19) for z=acL, lead to: 

2 Joban) Ub(aan) = -- 
na% Jo (a% 1 

Insertion of eq. (17) in eq. (16) gives: 

aUo’(aa,) - bUo’(ban)) An(L,emDait 
I 

dt 

which after combination with eqs. (20) and (21) and rearrangement yields: 

Mt = 4rcD 2 C2JO(a~n)-C1JO(b~n) 

n=l Jo(aan)+Jo(ban) 

(18) 

(19) 

cm 

(21) 

Gm 

(23) 

The mean concentration of propane in the pipe (e (t)> can be calculated from the 
following expression: 

E(t) = 
n(bTa ) 2 

With eq. (23) integrated and inserted into eq. (241, c(t) becomes: 
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The an values can be evaluated according to the following polynomial [ 111 
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(25) 

(26) 

C-27) 

where p=Wa. 
Jo values were extrapolated from tabulated data [12]. Jo values of over 

twenty were calculated from 1131. An alternative way to obtain the roots of Uo 
and the Bessel functions satisfying them were performed by Euler iteration. This 
method was however less suitable since it appeared to be very sensitive to the 
actual choice of initial values. 

The mean concentration after infinite time is (since lim T (r, t) = 0): 
t+- 

which after integration gives: 

The mean concentration can now be written: 

(28) 

(29) 

(30) 
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which converges faster than eq. (26). Because of approximation effects (rounding 
off the values of Jo and a,), eq. (25) describes the sorption best at short times, 
whereas eq. (30) is a better descriptor for the sorption at longer times. Either of 
these two lotions could in principle be used in the fitting of the experimental 
data. The majority of the data were however derived from short time exposures 
and hence eq. (25) was selected. The concentration terms in eq. (26) have the 
unit: kg propane (100 kg polymerF1. 

4. RESULTS AND DIS~~I~~ 

Figure 2 presents the experimental sorption data together with data obtained 
by fitting equation (25). The effect of the hydrostatic pressure on the propane 
sorption was insignificant compared with the scatter in the experimental data. 
The observed press~-~de~nden~ is in agreement with earlier data by DOS 
Santos and Leitao El]. Castro et al El41 report that the sorption of liquid n- 
pentane and n-hexane in polyethylene was not dependent on pressure at 
pressures lower than those used in this study. 

40 60 80 

TinmU (hu2) 

Figure 2. Sorption data obtained at different temperatures and different 
hydrostatic absolute pressures for internal liquefied propane and external air- 
gaseous propane: 0°C: A 0.47 MPa, 0 1.39 MPa; 2O’C: 0 0.83 MPa, Ct 1.39 MPa, 
A 1.87 MPa; 40°C:a 1.39 MPa. The solids lines are from best fits of eq. (25) at 
1.39 MPa: OX!: D = 3.2 x 10-g cm2s-1 (initial part), D = 6.8 x 10-g cm2s-l 
k.nydiate concentrations); 20°C: D =2.1 x 10-s cm%-1; 4O’C: D = 8.6 x 10-a 

. 
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The fitting of eq. (25) to experimental data at 1.39 MPa absolute pressure 
was done by minimizing the sum of the squares of the differences @SD) between 
experimental and predicted values. The adjustable parameters were D, Cl and 
C2. As a first step the range of possible outer boundary concentrations (C2) were 
considered to be between 0 kg propane (100 kg polymer)-1 and the equilibrium 
concentration in the polymer in contact with propane gas of 1 atm pressure. 

Solubility data presented in ref. [21 were modified considering differences in 
crystallinity and were used to calculate the upper value of C2. Eq. (29) then 
allowed upper and lower values of Cl to be calculated. Stepwise and independent 
variation of the adjustable parameters Cl, Cp (within upper and lower bound 
values) and D allowed the SSD to be minimized and eq. (25) to be fitted to the 
experimental data. The results of the fittings were as follows: 40°C: D = 8.6~10~~ 
cmgs-1, Cl = 9.6 kg propane (100 kg polymer)-1 and Cp = 0 kg propane (100 kg 
polymer)-1. 2OOC: D = 2.1x10-8 cmzs-1, Cl = 8.5 kg propane (100 kg polymer)-1 
and C2 = 0.2 kg propane (100 kg polymer)-1. The 0°C sigmoidal-shaped 
experimental curve could be described by an initial D value equal to 3.2x10-9 
cmas-1 and a D value of 6.8x10-9 cmss-1 at intermediate propane concentrations, 
both having boundary conditions equal to 7.5 kg propane (100 kg polymer)-1 on 
the inside and 0.2 kg propane (100 kg polymer>-1 on the outside. 

Figure 2 shows that the model describes well the experimental sorption data 
obtained at 20 and 40°C up to concentration levels equal to 60-80% of the 
saturation concentration. Sorption data obtained at 0°C deviated from Fickian 
behavior and could therefore not be described by only one diffusion coefficient. 

The solubility data obtained for liquefied propane at 1.39 MPa exhibited an 
Arrhenius temperature dependence with an activation energy of 3.7 kJ mol-1 
which was very different indeed from data of Michael8 et al. [15] on gaseous 
propane and polyethylene showing a decreasing solubility with increasing 
temperature. 

The diffusion coefficient values determined from the desorption data under 
isothermal and non-isothermal conditions applying equations (l-3) are presented 
in Figure 3 together with the diffusion coefficient data from the sorption 
measurements. The fit to the Arrhenius equation is good with a mean activation 
energy of 52.2 kJ mol-1 calculated from the data obtained by the four different 
methods: 51.4 kJ mol-1 (sorption data), 50.3 kJ mol-l (isothermal desorption data, 
eq. (1)),48.7 kJ mol-l (isothermal desorption data, eq. (2)) and 58.3 kJ mol-1 (non- 
isothermal desorption data, eq. (3)). These data are in agreement with earlier 
data [16-183 on gaseous propane in the temperature range 5-6O”C, varying 
between 50.0 and 56.9 kJ mol-1 and depending partly on the crystallinity of the 
polymer. The sorption and desorption diffusion coefficients are of the same order. 
At 0°C the initial sorption diffusion coefficient is lower than that obtained from 
desorption data (Figure 3) whereas the opposite relation is seen at intermediate 
concentrations indicating an anomalous diffusion C191. The sum of the sorption 
diffusion and solubility activation energies, the activation energy of permeation, 
is 55.1 kJ mol-1 which is in agreement with earlier data [5]. 

The saturation concentration of propane , i.e. the concentration at the inner 
wall (Cl) was obtained from the fitting of eq. (25). The saturation concentration 
of propane in the amorphous component was temperature dependent and the 
following values were obtained considering that the volume crystallinity was 58% 
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and that the sorbate was confined to the amorphous component: 17.9% (w/w 
polymer) (O’C); 20.2% (w/w polymer) (2OOC); 22.9% (w/w polymer) (4OOC). 
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Figure 3. Arrhenius diagram of diffusion constant data: 0 sorption data; a 
isothermal desorption data (eq.(lN; l isothermal desorption data (eq. (2)); D 
non-isothermal desorption data. 

The concentration of effective antioxidant was determined indirectly by OIT 
measurements and the results are shown in Figure 4. The antioxidant 
concentration in the unexposed pipe was set to 100% and changes with reference 
to this level of stabilization are given in Figure 4. The data for the same pipe 
exposed to internal water and external air exhibited the “expected” behaviour 
with a signScant loss of antioxidant on exposure. It has been shown in earlier 
work [20,211 that the loss of the antioxidant is initially due to micro-blooming 
and early precipitation of the antioxidant of the super-saturated solution and 
later due to migration according to Fickian laws of the antioxidant to the 
surrounding media. The apparent increase in stability of the pipe exposed to 
liquid propane was indeed unexpected but may be due to solvation of precipitated 
antioxidant of the absorbed propane. It seems likely that propane is a better 
solvent for the antioxidant than polyethylene. The most marked solvation effect 
was observed at 40X!. 
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Figure 4. Relative OIT (mean value through the pipe wall cross-section) as a 
function of exposure time (t): A liquefied propane (internalYair (external) at 
4OOC; 0 water (internal)/air (external) at 8O’C; 0 water (internal)/water 
(external) at 80°C. 

Homogenisation of antioxidants was also confirmed by the reduction in scatter of 
OIT data for the exposed pipes (relative standard deviation = 21%) compared 
with that for the unexposed pipes (relative standard deviation = 41%). 

On prolonged propane exposure the antioxidant concentration decreased with 
increasing exposure time Wigure 4). This was particularly pronounced for the 
near-inner-wall material. The migration of the antioxidant was thus primarily 
directed towards the inner wall. 
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