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Low density polyethylene (LDPE) has been investigated with respect to the desorption/
evaporation of hindered phenol antioxidants added to the polymer matrix. In this study,
Fourier transform infrared and ultraviolet (FTIR and UV) spectroscopy without any ex-
traction or refining steps in the analysis were used to measure the desorption constants.
The UV spectrophotometer was equipped with an integrating sphere. The desorption con-
stants, «, of five phenols containing the same 3,5-di-tert-butyl-4-hydroxyphenyl structure,
but differing by the length of the hydrocarbon tails, were obtained in the temperature range
of 40-100°C. The number of methylene groups in the tail varied between 0 and 17. The
temperature-dependence of the phenols could be described by an Arrhenius type relationship.
Very large differences in desorption rates were found due to differences in size of the
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antioxidants. © 1996 John Wiley & Sons, Inc.
INTRODUCTION

To protect polymers from different kinds of degra-
dation, various additives, such as antioxidants, must
often be added to the system. In most cases, the
antioxidants are mobile to some extent. Excessive
mobility, however, can lead to a serious physical loss
of antioxidants from the polymeric material to the
surrounding environment, e.g., indoor environment,
food, etc., causing undesired implications. As a con-
sequence, knowledge of the nature of the transport
phenomena is very important in many respects. The
same phenomenon may also have an impact on re-
cycling of polymeric materials. It will probably be
necessary to upgrade many recyclates, due to chem-
ical degradation and physical loss of antioxidants,
before they can be utilized in new recycled products.
It is also very important to consider physical trans-
port processes in accelerated aging tests and lifetime
predictions. Reliable predictions will only be derived
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from tests in which the different degradation mech-
anisms of a specific polymeric material are accel-
erated by the same acceleration factor. For these
and other reasons, a large number of investigations
concerning transport properties of small molecules
in polymers have been undertaken in different areas
of science.!®

In a previous paper,® we have presented the results
from an investigation concerning diffusion of an-
tioxidants in low density polyethylene (LDPE). The
antioxidants were hindered phenols, all containing
the same 3,5-di-tert-butyl-phenyl structure:

(CHj3),C
O
V4
HO CH,CH,C ~
O —(CH2)n_ CH3
(CH;3),C

where n, the number of methylene groups, is 0, 2, 5,
11, and 17.

The same five hindered phenols have been used
in this investigation, which is focused on the de-
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sorption/evaporation of the antioxidants from the
surface of polymer films.

The antioxidant with 17 methylene groups is
available commercially under the trade name Irga-
nox 1076 and is manufactured by Ciba-Geigy AG,
Switzerland. The antioxidants with n = 0, 2, 5, and
11 have all been synthesized in our laboratory.

In this study, direct spectroscopic methods were
used to measure the desorption constants, i.e., FTIR
and UV spectroscopy on solid-state films to avoid
any extraction or refining steps in the analysis. The
temperature range used in the investigation was 40—
100°C.

We have also made an attempt to elucidate the
theoretical treatment of the desorption phenomenon
and to make a comparison with the findings from
the diffusion investigation executed earlier.® Thus,
a comparison between the importance of diffusion
and desorption to the overall loss of antioxidants is
presented.

THEORY

The experimental results obtained have been eval-
uated according to Crank.’

2L%xp(—B2Dt/12)
Br(Br+ L*+ L)

M,
M.

=1-2 (1)

n=1

where M, is the amount of desorbing species which
has left the film after time ¢; M_ , the corresponding
quantity after infinite time, which in this case is
also equal to the initial amount; and D, the diffusion
coefficient. The 3,:s are the positive roots of

Btan 8 =L (2)
where L is defined as
L=1la/D (3)

2l is the film thickness; and «, the desorption or
evaporation constant. Desorption /evaporation, as
well as sorption processes, obey eq. (1).

Equation (1) is the solution to the coupled dif-
ferential equations

dc d%c
—=D— 4
ot dx? (4)
and
0
—-D = = aleo — ) (5)
ox

where ¢, is the concentration just below the surface
of the film, and ¢, the concentration just below the
surface required to maintain equilibrium with the
surrounding atmosphere, which in this case is flow-
ing nitrogen. The variable ¢; can therefore be re-
garded as equal to zero.

Equation (4), which is Fick’s second law of dif-
fusion, describes the diffusion within the film, while
eq. (5) describes the evaporation /desorption of an-
tioxidants from the surface of the film to the sur-
roundings. It should perhaps be pointed out that
this problem from a mathematical point of view is
analogous to heat transport within a solid, with the
same geometry, coupled with radiative heat loss at
the surface. Carslaw and Jaeger® have given the so-
lution to this problem.

Equation (1) is used in the literature®'® in the
interpretation of desorption experiments and is al-
most always approximated by the first term. The
justification is based on numerical evaluations; see,
for example, Calvert and Billingham.? However, a
theoretical examination, as presented below, clearly
demonstrates under which conditions the approxi-
mation is true.

Equation (1) can be written as

— Mt
M,

1 = 2 A.B.(¢) (6)
n=1

where A,, and B,, are defined by eq. (1) as

2L’
ST EEIT D) )
B,(t) = exp(—B%Dt/1?) (8)

For reasons which will be obvious later, the func-
tion

B2 =f(L) (9)

is of interest to obtain (numerically) and examine
more closely. One can, for example, notice that the
exponential factor in eq. (1), B,(t), contains
B2D/1?%, ie., both 8% and D/I2. L is, according to
eq. (3), proportional to I/ D.
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Figure 1 Log-log plot of eq. (9) showing the three dif-
ferent regions. The straight lines represent eq. (10) and
eq. (11), respectively. Region I is shown in linear scales
in the insert.

Equation (9) is found by solving eq. (2) numer-
ically, i.e., obtaining the inverse (8 = f(L)) of eq.
(2), and then squaring the 8 values. In Figure 1, §*
= f(L) is shown for n equal to 1. As is seen in the
figure, three different regions can be identified. At
small values of L (L < 0.1), (region I), the function
asymptotically approaches the straight line

B2=1L (10)

while at large values (L > 50), (region III), the
function asymptotically approaches the straight line

2 ?
B8 =—4—:2.4674 (11)

In Region II (0.1 < L < 50), the function cannot,
of course, be approximated by a straight line as is
seen in Figure 1.

Region |

As stated above, eq. (10) is obtained by a numerical
solution of eq. (2). It can, however, easily be ob-
tained from a more ‘“mathematical” point of view.
tan 3 can be expanded as

63 265 1767
tan 8= B + — + —— 4
anf=g+r+ ot o

+ .- (12)
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For small values of 3, one gets
tan 3 = 83 (13)

Equation (13) inserted into eq. (2) gives eq. (10).
By combining egs. (3), (8), and (10), one gets
forn=1

B,(t) = exp(—B3iDt/1*) = exp(—at/l) (14)

At small values of L, the preexponential factor of
the first term, A;, in eq. (1) or (7) becomes

2L*

A, = =
YUBRBI+ LA+ L) 2+L

~1 (15)

after insertion of eq. (10) for L < 1.

The preexponential factor in the first term equals,
for example, 0.95 for L = 0.1 and 0.99 for L = 0.03.
Since the sum in eq. (1) must, of course, be equal
to unity at time zero, the preexponentials in higher
terms must be very small for small values of L. In
Figure 2, the first four preexponential factors (4,
— A,) are shown as a function of L. As the value
of n increases in the sum [eq. (1)], the values of
the corresponding exponential factors [B,(t)
= exp(—pB2Dt/1?)] as a function of time rapidly de-
creases, since (3,41 > 8,. Consequently, only the first
term in eq. (1) is needed for small values of L.

For small values of L, eq. (1) can be written

/
4 2=/
28 +
< a/ ]
§
S 46 +
% a905
§ =3
g 294 +
N n=4
4
al 7 9 100 1000
22 +
=4
e
=3
J t t t -5 t
74 ad/ a7/ !/ 10 19 1900

A

Figure 2 The first four preexponential factors A, as a
function of L.
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M o
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o
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1-—|=1 ——t=—— 7
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M
since A, is close to unity. If ln( 1- M—t) is plotted

oo

as a function of exposure time, t, the slope of the
o
straight line [eq. (17)] is equal to 7

At sufficient small values of L, the loss rate is
completely determined, according to eq. (14), by the
desorption from the surface of the film and not by
the diffusion inside the film. As a consequence, only
« can be determined in this region.

Region Il

In region II (0.1 < L < 50), the function is markedly
curved (see Fig. 1). In this region, the value of the
first preexponential factor, A,, decreases from 1 to
8/72 = 0.81. At the same time, the values of higher
preexponentials increase (see Fig. 2). At the least,
the second term can contribute significantly to the
sum in this region. However, since the exponentials,
B, (t), from higher terms decrease much more rap-
idly as a function of time compared to the first term
(B,+1 > B,), the contribution from higher terms to
the sum decreases rapidly as a function of time. In
Figure 3, eq. (6) is shown for an L value equal to 6,
i.e., a value in the middle of Region II. In the same
figure, the contribution from the first four terms is
also shown. As is seen, the contribution from higher
terms can be neglected when the quantity of de-
sorbing species remaining in the film has decreased
to about 75% of the initial amount. For lower values
or corresponding longer periods of exposure, the sum
and the first term coincide, so the contribution
from higher terms can be neglected. In Figure 4,

o

M
ln(l - M—t) is plotted versus exposure time. The

first term as well as the sum [eq. (6)] is shown in
the figure. The slope of the straight line part of the
sum is equal to the slope of the logarithm of the first
term, which is equal to —82D /2. The intercept of

M
the ln( 1- M——t) -axis of the straight line is equal to

In A,. If the value of A, is known egs. (2) and (7)
can be used to calculate the values of 8, and L. The
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Figure 3 A plot of eq. (6) for L equal to 6 (D = 1.0
X 107" m?/s and [ = 0.1 mm).

slope of the straight line and the value of 3, give, of
course, the value of D if [, the thickness of the film,
i1s known. Knowing the values of D and L, « can be
calculated according to eq. (3). Thus, in region II,
a and D can be simultaneously determined. How-
ever, a serious problem arises. A, can only have a
value between 1 and 0.81. At the same time, L varies
between zero and infinity, so that small changes in
A, correspond to large changes in L. A, must there-
fore be determined with an extremely high degree
of accuracy, which is very difficult to achieve. Only
the product 8,D can be determined with high ac-
curacy. However, if one of the parameters D or « is
known, the other can be calculated.

Region Il

The value of § for the first root of eq. (2) varies
between 0 and 7 /2. As 3, goes to w/2, tan 3, goes
to infinity. This means that for large values of L, 3,
is close to 7w /2 and, consequently, 82 is close to w2/
4 = 2.4674, 1.e., eq. (11).

By combining eqs. (8) and (11), one gets

B, (t) = exp(—BiDt/1?)
=exp(—w2Dt/41%) (18)

This means that at sufficiently large values of L,
the loss rate is determined, according to eq. (18),
by the diffusion inside the film and not by the evap-
oration from the surface.

The same arguments used concerning region II
can be used concerning Region III. One difference,
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however, is that the slope is now equal to eq. (18).
Another difference is that the intercept is equal to
or very close to A, (8/72 = 0.81). In region III, only
D can be determined.

As discussed, three different regions can be iden-
tified. In the first region, the loss of additive is con-
trolled by desorption from the surface of the sample.
In an intermediate region, both desorption and dif-
fusion are of importance. Finally, in the third region,
the loss is controlled by diffusion inside the sample.
Calvert and Billingham® have also identified the dif-
ferent regions discussed above. However, their ap-
proach was based on the approximation that deg-
radation and failure of polymeric materials proceeds
rapidly when the average concentration of additive
falls below 10% of the initial value.

EXPERIMENTAL

Materials

The low density polyethylene used was the same as
used in a previous study.® It was produced by Bo-
realis Polyeten AB, Sweden (grade NCPE 6600).
The weight average molecular weight M,, was 1.03
X 10° g/mol, and the number average M, was 2.22
X 10* g/mol. The density, p, was 922 kg/m?. This
value corresponds to the volume crystallinity o, = (p
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— pa)/ (pe — po) equal to 0.47 or to the mass crys-
talllmty Uy = pc(p - pa)/p(pc - pa) = aupc/p equal
to 0.51. The values!! of p, and p, are equal to 853
and 1000 kg /m?3, respectively. Borealis has reported
the polyethylene to be free from additives. However,
the infrared spectrum of this material does contain
aband at 1720 cm™!, which most probably originates
from ketone used as a chain transferring agent in
the polymerization process.

The largest phenol used, Irganox 1076, was pur-
chased from Ciba-Geigy AG, Switzerland. The other
four were synthesized in-house. The syntheses of
the alkyl esters are briefly described elsewhere.®

In general, samples have to be conditioned before
exposure in aging experiments. For samples only
stored in a refrigerator prior to exposure in test cells,
we could initially observe a deviation from the ideal
exponential decay loss process. This deviation was,
however, quite short compared to the total duration
of exposure. In order to minimize this effect, the
films used throughout this investigation were placed
in a stack of similar films and heated in an oven for
at least five hours at the exposure temperature before
they were placed in a test cell. For these conditioned
films, we did not observe any deviation from the
theoretical exponential decay loss process.

Test Equipment

For the larger antioxidants, the evaporation rate is
very low. This means that the duration of a mea-
surement is quite long, on the order of 10° h. When
exposed to air for such a long period of time at high
temperatures, polyethylene films can suffer degra-
dation even if they contain antioxidants. Since we
wanted to investigate transport properties only, the
films had to be protected from oxidative degradation.
To achieve this, small test cells were constructed
through which pure nitrogen was passed. The di-
mensions of the cells were 100 X 100 X 10 mm. The
cells were made quite small to minimize the nitrogen
consumption. The linear flow rate of the nitrogen
gas was 10 mm/s. The purity of the nitrogen used
was better than 99.9999%. The test cells were placed
in ovens. The temperatures chosen were 40, 50, 70,
80, 90, and 100°C. The true oven temperatures were
measured with carefully calibrated Pt100 sensors.
The temperatures were also continuously recorded.
The deviation in temperature from the set values
given above was +0.3°C. Before the nitrogen gas
entered the test cells, the gas was heated in a heat
exchanger placed in the same oven as the test cell.
The temperatures of the inlet gas to the cells were
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also measured and compared with the oven temper-
atures. No significant deviations were found.

Measuring Procedures

The additive content was determined by FTIR and
UV spectroscopy directly on the films; i.e., no ex-
traction was used. The advantage is that the films
can be put into the testing cells again, and the test
can continue.

Films containing antioxidants were prepared
from additive-free PE-pellets by a moulding pro-
cedure described elsewhere.® By moulding films in-
stead of using film-blowing techniques, we believe
that orientation effects in the polymer matrix may
be avoided. It has been shown'? that orientation of
the polymer chains can affect the diffusivity of ad-
ditives.

The concentration of the antioxidant in the film
was determined from absorbance spectra obtained
by an FTIR spectrophotometer (Mattson Cygnus
100) and by an UV-VIS-NIR spectrophotometer
(Perkin-Elmer Lambda 9) equipped with an inte-
grating sphere.

The ester band at 1740 cm™! in the FTIR spectra
was used as a measure of the antioxidant concen-
tration. We also used a spectral subtraction tech-
nique, which is described in detail elsewhere.®

A serious problem did arise, however, in using
FTIR spectroscopy. Although the polyethylene films
were exposed to pure nitrogen, tracer amounts of
oxygen caused a slight oxidation of the samples at
high temperatures and long exposure times (>1500
h). The oxidation products gave rise to absorption
bands in the IR region at almost the same wave
number as the antioxidants, thus causing a severe
interference. To overcome this problem, we also used
UV spectroscopy with an integrating sphere attach-
ment.

In UV spectroscopy on solid materials, especially
semicrystalline materials like polyethylene, prob-
lems caused by light scattering and reflection occur,
which have limited its use. Luongo'? has, however,
demonstrated the feasibility of UV spectroscopy di-
rectly on polymer films. He was able to determine
additive levels ranging from 0.002 to 1.00% in poly-
ethylene for a number of additives.

If problems with scattering and reflection can be
avoided, UV spectroscopy has great advantages in
quantitative analysis of additives in polyolefines due
to high sensitivity and lack of interference from the
polymer matrix. Albarino!* has successfully dem-
onstrated that the problems arising from scattering
can be effectively reduced by melting the sample,

thus eliminating the scattering crystallites. He was
investigating an antioxidant, Irganox 1010, in poly-
ethylene.

An alternative method in eliminating the neg-
ative effects of light scattering is to use an inte-
grating sphere attachment, which collects all
transmitted light. Reflected light can also be col-
lected (see below).

In absorption spectroscopy transmittance 7 is
defined as

_ o)

A
T =

(19)

where ¢y(\) = intensity of incident radiant flux
®(A) = intensity of transmitted radiant flux
A = wavelength

In ordinary IR and UV-VIS spectroscopy, ¢(}) is
the transmitted radiant flux detected in the direction
of incidence. In UV-VIS spectroscopy, light scat-
tering during transmission through semicrystalline
polymeric materials, such as polyethylene, is very
pronounced as pointed out above.

We can redefine the quantity ¢(\) as

d(A) = dr(N) + Prs(A) + Pr(N) (20)

where ¢7;(A) = intensity of transmitted radiant flux
in the direction of incidence (regular
transmittance)
¢rs(A) = intensity of transmitted radiant flux
which is scattered when passing the
sample (diffuse transmittance)
¢r(A\) = intensity of reflected (specular and
diffuse) radiant flux

We now define 7;(A), 75()), and p()) as

or(A)
A) =—— 21
7'1( ) ¢‘0(>\) (21)
drs(A)
A) = ——r 22
75(A) S0V (22)
or(N)
A) = —— 23
p(A) o) (23)

71(A), 75(A), and p()\) are transmittance in incident
direction (regular transmittance), scattered (diffuse)
transmittance, and (total) reflectance, respectively.

Often, in spectroscopy, only 7,()\) is obtained. The
contribution from 75(A) and p(}A) is neglected. The
neglection of 75(A\) and p()\) results in a background,



Figure 5 Schematic drawing of an integrating sphere.
The sample is placed at the entrance port A, when ob-
taining a transmission spectrum. At the same time, a re-
flector is placed at the exit port B. When a reflectance
spectrum is obtained, the sample is placed at the exit port
together with the radiant trap C. a denotes incident ra-
diation; b and e denote reflected radiation; ¢ is regular
transmittance; d and f are scattered transmission radia-
tion.

which differs from the 100% transmittance level,
but also in a decrease in obtained absorption bands
intensities. These effects are of minor importance
when working with, for example, nonturbid solu-
tions.

In Figure 5, the schematic drawing shows the ba-
sic principles of an integrating sphere. In order to
obtain a transmittance spectrum, the sample (LDPE
film) is placed at the entrance port of the sphere. In
principle, all radiation passing the sample is col-
lected by the sphere.

Figure 6 shows the effect of light scattering. As
can be seen, the major contribution to the total
transmittance originates from the regular transmit-
tance. However, the contribution from regular
transmittance decreases as a function of film thick-
ness. Normally, the concentration of antioxidants
in polyolefines is quite low, about 0.1 wt %. To in-
crease the signal, i.e., the band intensity in an UV
spectrum, the path length or film thickness can be
increased, for example, by folding the film.

By using an integrating sphere, the reflected part
of the incident radiation can also be obtained. In
fact, integrating spheres are usually used to obtain
reflectance spectra.'®!® The sample is placed at the
exit port, also called reflectance port. Behind the
sample, a radiation trap is placed, see (Fig. 5). A
radiation trap is often a cavity having black internal
surfaces which absorb all radiation entering the trap.
In that way, only radiation reflected by the sample
is collected by the sphere, i.e., p(A) [eq. (23)] is ob-
tained.
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Figure 6 Transmittance UV spectra obtained with an
integrating sphere for Irganox 1076 (0.1 wt %). Total
transmittance, as well as scattered and regular transmit-
tance, are shown.

Spectra from samples at the entrance and exit
ports can now be added. In the resulting spectrum,
essentially all effects of scattering and reflection are
removed (see Fig. 7). This spectrum is then trans-
formed to an absorbance spectrum. In Figure 8, an
example of such a spectrum is shown. As can be
seen, the baseline is very close to zero, and the spec-
trum has a very good signal to noise ratio. By ob-
taining the second derivative of the absorbance
spectrum, the resolution can be increased (see Fig.

90 +
Added spectra

4 A

Transmitlance spectrum
60 1

40 1

Transmitlance/ Relfleclance

2 | Reflectance spectrum
g + + + } + + + + —+
a0 0 H0 60 280 0 I MO J60 80 40
Havelenpth fnm/

Figure 7 Transmittance and reflectance spectra for Ir-
ganox 1076 (0.1 wt %). The added spectrum is also shown.
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Figure 8 Absorbance spectrum for Irganox 1076 (0.1
wt %). The second derivative spectrum is also shown.

8). Two distinct bands can now be identified (274
and 282 nm), as is seen in Figure 8. These bands
originate from the substituted phenolic group!” in
the antioxidant molecule. The peak height at 282
nm was used as a measure of the antioxidant content
in the films.

Figure 9 shows a plot of absorbance versus known
film concentration, i.e., a calibration curve, for Ir-
ganox 1076 with a film thickness of 200 um. As can
be seen, the plot can be represented by a straight
line with an intercept very close to the origin, dem-
onstrating that the Beer-Lambert law is obeyed.
Similar calibration curves were obtained for all the
five antioxidants, and the various film thicknesses
used.

The initial mole concentration in the films was
the same for all five antioxidants. The weight con-
centration for the octadecylester (Irganox 1076) was
0.1%, which corresponds to the concentration com-
monly used in practical applications.

RESULTS AND DISCUSSION

Figure 10 exemplifies the loss of antioxidants as a
function of time. The experimental conditions (film
thickness) were chosen in such a way that eq. (17)
(region I) could be used in the evaluation of the
desorption constant, a. The solid line represents the
best fit according to eq. (17).

As can be seen in Figure 10, there are no signif-
icant differences in the results obtained by IR and
UV spectroscopy for exposure times of about 1500
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Figure9 Absorbance versus known film concentration,
i.e., a calibration curve, for Irganox 1076 with a film thick-
ness of 200 um.

h or less at 100°C for the loss of the dodecylester
(n = 11). However, after 1500 h, there is a deviation.
In fact, IR spectroscopy indicates an increase in the
antioxidant content (see Fig. 10). A reasonable ex-
planation to the increase in intensity of the 1740
cm~! band is oxidation of the polymer caused by
tracer amounts of oxygen. The oxidation does not,
however, cause any interference with the UV mea-

! g
4
8 F-spectroscopy
268 +
o mﬁ_
i spectroseopy
Best fit, eq. 17
a6 +
XY
L
24 +
422 +
7 +—————
7 0 1000 1500 2000 2000

Zime, ¢ fhours]

M
Figure 10 1 — M—' plotted versus exposure time t for

the dodecylester (n = 11). The symbols are explained in
the figure.
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Figure 11 ln(l - Xl—t) plotted versus exposure time ¢

for the methylester (n = 0). Exposure temperatures are
given in the figure. The straight lines represent the best
least linear square fits according to eq. (17).

surements since the absorption of UV radiation is
caused by the aromatic part of the antioxidant.

In Figures 11-14, all results are plotted according
to eq. (17). As can be seen, the data points can be
fitted nicely to straight lines.

Due to experimental demands, the thickness of
the films had to be varied, depending on the size of
the antioxidant and the temperature of the experi-
ment. At high temperatures and with the smallest
antioxidants, the loss rates were very high. To keep
overall exposure times long enough that the time
required for thermal equilibration was not signifi-
cant, the films had to be quite thick, about 200 ym.
The shortest exposure time was about 10 h. On the
other hand, for larger antioxidants and lower tem-
peratures, the loss rate was so low that we had to
use thinner films in order to achieve reasonable ex-
posure times. The maximum exposure times were
about 2600 h. The thinnest films used were 50 um
thick.

Our goal was to follow the desorption loss process
down to very low concentrations so that we could
determine not only the loss rate but also the shape
of the desorption loss rate curve. This was, however,
not possible for the largest antioxidants. As a matter
of fact, only the initial part of the loss curve at 100°C
could be determined for Irganox 1076.

In Table II, the determined values of o are given.
By using eq. (3), the L values can be obtained using
the values of the diffusion coefficient, D, given in
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Figure 12 ln(l - I—VI_‘) plotted versus exposure time ¢

for the propylester (n = 2). Exposure temperatures are
given in the figure. The straight lines represent the best
least linear square fits according to eq. (17).

Table I. The values of L are also given in Table II.
As can be seen from Table 11, the L values are small,
indicating a more or less pure desorption regime;
i.e., the loss rate is dominated by desorption from
the surfaces and not by diffusion within the films
(i.e., region I).

" 4 i 4 n n 3 1
+ +—————t—————+ +—+
4 500 1000 1500 000
Time, ¢ fhours/

M
Figure 13 ln(l - -54—5-) plotted versus exposure time ¢

for the hexylester (n = 5). Exposure temperatures are given
in the figure. The straight lines represent the best least
linear square fits according to eq. (17).
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Figure 14 ln( 1- M_t) plotted versus exposure time ¢

for the dodecylester and the octadecylester (n = 11 and
17, respectively). Exposure temperatures are given in the
figure. The solid straight lines represent the best least
linear square fits according to eq. (17) for the dodecylester.
The broken line represents the best fit for the octade-
cylester, which was investigated at 100°C only.

In Figure 15, the obtained values of the logarithm
of o are plotted as a function of reciprocal absolute
temperatures, 1/ T, for the five antioxidants. As can
be seen from Figure 15, all plots can be represented
by straight lines (in the case of Irganox 1076, it is
of course self evident since there is only one point).
The results indicate that the temperature depen-
dence of the desorption can be represented by an
Arrhenius type relation

o = apexp(—E,/RT) (24)

where « is the preexponential factor; E,, the acti-
vation energy; R, the universal gas constant; and 7T,
the temperature.

The activation energies, E,, and preexponential
factors, oy, for all antioxidants, except for the largest
one (Irganox 1076), are calculated from best-fitted
straight lines. The obtained values of oy and E, are
given in Table III.

In Figure 16, the activation energy, E,,, is plotted
versus the number of methylene groups, n, in the
tail of the four lightest antioxidants. As can be seen
in Figure 16, the correlation can be well approxi-
mated by a straight line. The activation energy for
the largest antioxidant can now be obtained by ex-
trapolation. The extrapolated value is included in
Table II1. As is also seen from Table III, the values
of the preexponential factors are almost the same
for the five antioxidants. This is in contrast to the
findings for the diffusion coefficients reported in our
previous work,® where we found an exponential cor-
relation between the preexponential factors and the
size of the antioxidants. The mean value of the four
obtained preexponential factors are given as the
preexponential for the largest antioxidant in Table
ITI. It is often dangerous to extrapolate values as we
have done for the desorption parameters of Irganox
1076. We are, however, in a position in which we
can check the extrapolation since we have obtained
a measured value of « for Irganox 1076 at 100°C.
The calculated a-value at 100°C is 1.35 X 1072 m/
s, which should be compared with the corresponding
value given in Table II (1.57 X 1072 m/s). The
deviation is quite small, which supports the extrap-
olation done above.

Table I Diffusion Coefficients D of Hindered Phenols® in LDPE

D X 10" m?/s

No.
Methylene Molar (Temperature, °C)
Groups Mass (M)

Diffusant® (n) (g/mol) 40° 50° 70° 801 90¢ 1004
Methylester 0 292 21.7 51.2 367 708 1360 2320
Propylester 2 320 19.1 44.8 326 657 1220 2260
Hexylester 5 362 16.1 41.9 295 685 1030 1780
Dodecylester 11 446 11.6 34.3 241 532 868 1460
Octadecylester® 17 530 8.57 19.0 170 371 690 1180

& Alkyl esters of 3,5-di-tert-butyl-4-hydroxyl-phenyl propionic acid.

b Irganox 1076.
¢ From Msller and Gevert.®

9 The values of D are obtained according to the method used in Moller and Gevert®.



Table II Desorption Constants « of Hindered Phenols® from LDPE Films and Corresponding L Values (200 pym Thick Films)

lo
= 5)

a X 10" m/s and (L

No.
Methylene

oC)

(Temperature,

Molar

Mass (M)

Groups

Desorbing®

100

90

80

70

40 50

(g/mol)

(n)

Species

1410 (0.10)
472 (0.04)

756 (0.11)

361 (0.10)
121 (0.04)

64.5 (0.13)

36.2 (0.17)

292

Methylester

828 (0.04)

217 (0.03)

19.1 (0.04)

9.94 (0.05)

320
362

Propylester
Hexylester

24.0 (0.003) 46.5 (0.005) 94.5 (0.005)

10.6 (0.004)

1.75° (0.002)

0.690° (0.002)

0.1799 (2 X 107%)

2.48 (2 X 107%)

0.970° (6 X 107%)

0.427° (2 X 107°)

446
530

11

Dodecylester

0.157¢4 (3 X 1078)

Octadecylester®

EFFECT OF MOLECULAR SIZE ON DESORPTION

* Alkyl esters of 3, 5-di-tert-butyl-4-hydroxy-phenyl propionic acid.

b Irganox 1076.
4 The film thickness is 50 pm (I = 25 um).

¢ The film thickness is 100 um (I = 50 um).
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The so-called compensation effect that we found
in the case of diffusion is not present in desorption /
evaporation. This means that the desorption con-
stants vary much more as a function of molecular
size than the corresponding diffusion coefficients.

We think it is of great importance to compare
diffusion and desorption processes. The results of
this investigation and the one reported in our pre-
vious work® show that diffusion within the polymer
is a relatively rapid process and not very dependent
on molecular size. The ratio in diffusivity between
the smallest and largest antioxidant is about 4 at
40°C and only about 2 at 80°C. The desorption, on
the other hand, is very dependent on molecular size,
and it is very slow for the largest molecules. The
ratio in desorption constant between the smallest
and largest antioxidant is about 3000 at 80°C and
is estimated to be on the order of 10° at 40°C.

In Figure 17, the amount of antioxidants still left,
in a 0.2 mm thick LDPE film surrounded by pure
LDPE at a temperature of 100°C, is plotted as a
function of exposure time. The curves represent cal-
culated values according to eq. (1) in our previous
work.®

1 h—x h+x
C-—‘é‘co erf WwLerf W (25)

lna

i
+—t
/
’

a00285 000305

2°/rlx/

Figure 15 Plots of In a vs. 1/T for the five antioxidants.
The broken lines represent extrapolated or estimated val-
ues.
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Table III Activation Energies E, and Preexponential Factors ag for Desorption

of Hindered Phenols® in LDPE

No. Molar Activation Preexponential
Desorbing® Methylene Mass (M) Energy, (E,) Factor (ay)

Species Groups (n) (g/mol) (kJ/mol) (m/s)
Methylester 0 292 70.9 216
Propylester 2 320 74.2 218
Hexylester 5 362 78.9 106
Dodecylester 11 446 92.0 136
Octadecylester-Irganox 1076 17 530 103b 169¢

® Alkyl esters of 3,5-di-tert-butyl-4-hydroxy-phenyl propionic acid.

> Estimated value from Figure 16.

¢ Estimated value. It is the mean value of the four other values given in the table.

where ¢ is the concentration, ¢, is the initial con-
centration, D is the diffusion coefficient, 2A is the
total thickness of the doped films, x is the distance,
t is the time, and erf is the error function.

The values of the diffusion coefficients are taken
from Table I. The corresponding results are shown
in Figure 18 for the case in which the film is sur-
rounded by flowing nitrogen (10 mm/s). The curves
represent calculated values according to eq. (16).
The values of the desorption constants are taken
from Table 11 or calculated according to eq. (24).
The values of the parameters in eq. (24) are taken
from Table III.

170

1w

&

Activalion fhergy, £, [h/mol]

7

4 4 4 6 g 10 12 Ve 16 V4
Number of Hellylene Croups, n

Figure 16 The activation energy E, as a function of
the number of methylene groups n in the hydrocarbon tail
of the antioxidants. The straight line represents the best
least square fit. The extrapolated value for n equal to 17
(Irganox 1076) is 103.2 kJ/mol.

Two features are obvious when comparing Figures
17 and 18. First, in the case of diffusion, the differ-
ence in behavior is quite small between the antiox-
idants (see Fig. 17). This is in contrast to the be-
havior in Figure 18, where the differences are very
pronounced. In order to plot all five curves in the
same figure, we have to use a logarithmic scale on
the x-axis. Second, the time needed to reach low
antioxidant concentrations is very short only when
controlled by diffusion. When desorption is limiting,
the time needed to reach a comparatively low con-
centration is much longer, except for the smallest
antioxidant.

Calvert and Billingham® have proposed as an ap-
proximation that degradation starts when the con-

Time, ¢ [bours]

Figure 17 Estimated loss of antioxidants from a 0.2
mm thick LDPE film by diffusion to surrounding pure
LDPE at 100°C. Only curves for n equal to 0, 11, and 17
are shown.
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Figure 18 Estimated loss of antioxidants from a 0.2
mm thick LDPE film by desorption (and diffusion) to sur-
rounding flowing nitrogen at 100°C.

centration of antioxidant has dropped below a crit-
ical value of about 10% of the initial value. We fur-
ther assume that, when started, the degradation
proceeds very rapidly, so that the life time of a poly-
ethylene film containing antioxidant is completely
determined by the physical loss of antioxidant. In
reality, this is not true, of course. Antioxidants are
consumed by their protective action. If we, in this
hypothetical discussion, assume that the service life
of a film is only due to physical loss of the antioxi-
dant and apply the 10% limit suggested by Calvert
and Billingham, Table III contains all the infor-
mation needed for estimating service life times for
all temperatures and all film thicknesses.

A commonly used accelerated aging qualification
test for LDPE film used in buildings as barrier layers
is to expose the film to circulating air at 100°C for
4000 h.*® To be qualified, mechanical properties like
elongation at break should not decrease below a
critical value. As stated above, degradation of me-
chanical properties starts and proceeds very rapidly
when the antioxidant concentration has reached the
critical value.

As is seen in Figure 18, showing the calculated
physical loss at 100°C, the concentration of antiox-
idants with n equal to 0-11 has reached the critical
value long before the completion of the qualification
test. Films protected by these antioxidants might
therefore fail to qualify in such a test.

On the other hand, calculated physical loss at
25°C, which corresponds to natural aging conditions
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(25°C) is shown in Figure 19. According to this fig-
ure, the dodecylester antioxidant (n = 11) concen-
tration has dropped to about 70% of the initial value
after about 100 years. The film would thus still be
protected if physical loss were the only process con-
suming antioxidants. The life time, therefore, ex-
ceeds 100 years, which must be regarded as very ac-
ceptable. There is, consequently, a contradiction
between the natural aging (25°C) and the qualifi-
cation test (100°C, 4000 h).

It should perhaps be noted that dodecylester
antioxidant is not a commercial product, so the
discussion above is hypothetical. Moreover, the
critical antioxidant level above can be discussed,
as previous studies have shown that very low con-
centrations of antioxidant can give protection.!®
The discussion does, however, demonstrate the
importance of considering all important factors
affecting the life time of a product when perform-
ing accelerated aging tests. Application of a spe-
cific lower critical value of antioxidant only
changes the focus of interest to more easily de-
sorbing antioxidants. It does not change the sub-
stance of the argument.

Finally, we have investigated loss of antioxidants
to surrounding flowing nitrogen. The gas velocity
was 10 mm/s. We do not, however, suggest that the
loss rate or « are independent of the gas velocity.
On the contrary, it is likely that there is a correlation
between loss rate and gas velocity. Elucidation of
such a correlation, however, was outside the scope
of this investigation. Our main objective was to

78

a2

o 1
200/ a9/ a7/ / ¥ 100 1000
Time, ¢ [pears/

Figure 19 Estimated loss of antioxidants from a 0.2
mm thick LDPE film by desorption (and diffusion) to sur-
rounding flowing nitrogen at 25°C.
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demonstrate the influence of molecular size on the
loss rate.

CONCLUSIONS

1. It is very difficult, not to say impossible, to
determine both a and D in a single experi-
ment.

2. The desorption process is very dependent on
molecular size, and it is very slow for the
largest molecules. The ratio in desorption
constant between the smallest and largest
antioxidant in this investigation is about 3000
at 80°C and is estimated to be on the order
of 10° at 40°C. This result can be compared
with the ratio in diffusivity between the
smallest and largest antioxidant, which is
about 4 at 40°C and only about 2 at 80°C.

3. The results of the investigation show that the
temperature dependence of the desorption
process can be represented by an Arrhenius
type relation.

4. A linear relationship was found between the
activation energy, E,, and the number, n, of
methylene (— CH,—) groups in the hydro-
carbon tail of the antioxidants.

5. The values of the preexponential factors seem
to be more or less the same for the five an-
tioxidants. This finding is contrary to the re-
sults obtained for the corresponding preex-
ponential factors for diffusion, where a strong
so-called “compensation effect” was found.

6. The lack of ‘“compensation effects” leads to
a very pronounced decrease in the values of
the desorption constants as a function of the
size of the antioxidants. This is contrary to
the results obtained for diffusion.

7. At least for thin polyethylene films (<0.1
mm), the loss of antioxidants is controlled
by desorption from the surface of the films
and not by the diffusion inside the polymeric
material.

The authors thank Dr. A. Holmstrém, Swedish National
Testing and Research Institute, for valuable discussions
concerning degradation and stabilization of polymers. This
work was supported with grants from BFR (the Council
for Building Research, Sweden).
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