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ABSTRACT: In part III of this series of articles, we present
the analysis of transient permeation through two-layer re-
active-passive (RP) film designs, the analysis extension to
multilayer structures, and optimized design solutions for
multilayer barriers incorporating immobile noncatalytic ox-
ygen scavenger within one of the layers. The reduction of
oxygen ingress into a package within a certain timeframe
depends on two factors: extension of the scavenger exhaus-
tion time and reduction of the transient transmission rate
through the film during that time. The optimal design for the
scavenger exhaustion time involves exposure of the reactive
layer to the package contents and its protection from high
levels of environmental oxygen by the best possible passive
barrier layer. The film barrier properties can be further op-
timized by the selection of the matrix material to place the
scavenger in. Reducing the initial transmission rate requires
the placement of the scavenger within a layer with the
lowest diffusivity of the matrix polymer. When one chooses

between two layers with different material transport prop-
erties in which to put the scavenger, the optimal solution for
the ingress depends on the desired time to provide an im-
proved barrier. The lifetime of the scavenger in the RP film
is shortened for design 1, when the diffusivity of the reactive
layer is smaller than that of the passive layer, compared to
RP design 2, with the layer matrix sequence reversed, but
the transient transmission rate is greatly reduced on average
for the former. If the desired time to provide a barrier does
not exceed the scavenger exhaustion time for RP design 1,
the lowest diffusivity material should be used as a matrix for
the innermost layer loaded with the scavenger. Otherwise,
the highest possible passive barrier should be placed into the
film external layer to minimize the total ingress during
longer times. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 100:
1966-1977, 2006
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INTRODUCTION

In parts I and II' of this series, we introduced the
extension of the Solovyov-Goldman (SG) model of
transient permeation through the noncatalytic reactive
membrane’ ™ to two-layer reactive—passive (RP) struc-
tures [hereafter, known as the extended Solovyov—
Goldman (ESG) model]. The model was applied to the
analysis of environmental oxygen ingress dynamics
into a sealed package with zero initial partial oxygen
pressure inside (p;,, = 0), positive partial pressure
outside (pou; > Pin), and the noncatalytic (consumable)
oxygen scavenger dispersed in one layer of the pack-
aging film. The choice of the boundary conditions
allowed us to focus on the unidirectional ingress into
the package only and to avoid considering the com-
plicated effects of potential oxygen reduction in the
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package headspace due to the scavenging reaction in
the film.

Figure 1 demonstrates typical partial pressure pro-
files of the permeating solute in the RP and passive-
reactive (PR) films at the moment of uniform scaven-
ger activation throughout the reactive layer at t = 0
(dashed lines) and at t = « (solid lines) when the
capacity of the film to scavenge dissolved oxygen is
completely depleted by the reaction [the passive-pas-
sive (PP) film]. The solute ingress dynamics with cor-
responding lag times is shown in Figure 2 for the
single-layer noncatalytic reactive and passive films at
reference and steady-state initial conditions. The solid
lines represent actual ingress at the steady-state initial
conditions, and the SG model is a combination of
transient ingress through the reactive film before the
scavenger exhaustion time (fz) estimate and the in-
gress through the passive film after that time (dotted
lines). #7% is the steady-state reactive lag time for initial
Thiele modulus (¢,) values greater than zero, and ¢, is
the corresponding SG model steady-state lag time for
intermediate values of ¢, > 2 and serves as an engi-
neering barrier performance estimate, at times compa-
rable to ty.
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Figure 1 Typical solute partial pressure profiles in the (a)
RP and (b) PR films at (- - -) the moment of the scavenger
activation and (—) after complete exhaustion of the scaven-
ger reactive capacity (for steady-state permeation across the
PP film).

In the following text, the terminology and notation
continue from parts I and II of this series.

CASE ANALYSIS

We reproduce the scaling parameters [eq. (12) from
part I] corresponding to ¢, = 1 in the reactive layer
and the solute partial pressure difference of 0.2 atm,
representing oxygen in ambient air outside and no
free oxygen inside the package (maintained):

Layer thickness: L = 10™*m
Oxygen diffusivity in the layer: D = 107”m?/s

Oxygen solubility in the layer:
S =10"*m*STP)m *Pa™"

Apparent initial reaction rate: k, = uKR, = 10*s™"

Scavenging capacity of the film material:

wRy = 1 m*STP)/m’

Oxygen flux (note negative flux scaling):

J=—=10""m*STP)m *s™"

These values do not represent any particular polymer
film properties or scavenger chemistry. They were
selected for convenience purposes only, although they
do reflect some typical polymer properties found in
commercial packaging films. The scavenging capacity
of the film material loaded with the scavenger was
chosen to be relatively low compared to currently
available systems. As a result, the actual barrier im-
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provement with higher capacity scavengers may last
for months rather than days, as reported in the tables
and figures for methodology demonstration purposes
only.

All variables reported in the tables and figures in-
clude dimensionless parameter values normalized to
values in eq. (12) of part I. First, we analyze two-layer
laminates from different polymeric materials where
one layer contains an oxygen scavenger and observe
the effects of material properties and scavenger place-
ment on the initial barrier improvement (when the
scavenger capacity is at its maximum immediately on
activation throughout the reactive layer). Then, we
apply egs. (16) and (25) from part I of the series to
calculate the total oxygen ingress through the struc-
ture during any time ¢ < t. All ingress after that time
can be assumed to occur through a purely passive
barrier, and it is easily found from eq. (24) of part 1.

In the following tables, [4(0) is the initial effective
flux through the RP film (determined at the down-
stream boundary x = 0), ] is the steady-state flux
through the reference two-layer PP film without the
scavenger, y [= *¥/],(0)] is the initial barrier improve-
ment ratio for the film with the reactive layer upon
scavenger activation, and uR, is the material scaveng-
ing capacity and is equal to 1 m® (STP)/m?, except
where noted otherwise. Exhaustion and lag times are
reported in days rather than the usually reported di-
mensionless units normalized to the reference lag time
for passive barriers (f;) to provide a proper engineer-
ing perspective. The reasoning for this choice follows
from eq. (34) of part I, which shows the proper scaling
as a product of the relative scavenging capacity (¥) of
the film and ¢; rather than ¢, alone.

Table I is an expanded version of our earlier results*
for the homogeneous noncatalytic homogeneous reac-
tive layer. In the table, J,(0) denotes the initial effective
flux through the reactive film, J” is the steady-state
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Figure 2 Relationship between reference (Ref.), steady-
state (SS), and SG model lag times in the noncatalytic reac-
tive monolayer (R = reactive layer; P = passive layer).
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TABLE 1
Reactive Film with pR, = 1 m*(STP)/m?, Except for Case 7, for Which uR, = 0.5
Reactive layer
properties Performance properties
Iz Ip
Case D 5 Lk o v Jo (0) Jr Y tISJS{ te (tz) (tz) € t
1 1 1 1 10 3.162 50 536x10°! 2 3.729 2.894 4323 42.66 74.71 1.751 1.855
2 0.1 10 1 10 10 5 1.82x10°% 2 1101.3 2.894 3.432 15.19 59.31  3.905 2.553
3 10 01 1 10 1° 500 1.702 2 1.175 2.894 5404 60.89° 9338 15344 1.880
4 0.1 1 1 10 10 50 1.82x10"* 02 1101.3 28.94 3432 15.19 59.31 3.905 25.53
5 1 01 1 10 3.162 500 5.36x1072 0.2 3.729 2894 43.23 4266 7471  1.751 18.55
6 01 01 1 10 10 500 1.82x10°° 0.02 1101.3 289.4 343.2 15.19 59.31 3905 255.3
72 1 1 2 5 4472 25 1.02x10' 1 9.786 5.787 7.974 32.28 6890 2.134 4.238
8 1 1 2 10 6325 50 227x1072 1 4412 11.57 14.83 47.10 128.16 2.721 9.382
9 1 1 1 100 10 50 1.82x10°3% 2 1101.3 2.894 3432 15.19 59.31  3.905 2.553
10 1 1 1 1000 31.62 50 234x10°1 2 8.6 X 10 2.894 3.073 491 53.09 10.81 2.788

The total solute scavenging capacity of the film was the same constant uR,AL for all cases except 8, for which it was

doubled.

? u was the same, and R, was reduced by 50% to keep the total load constant. uR, = 0.5.

¢, < 2 is out of the validity range of the SG model.
¢ Ingress underpredicted by the SG model.

4 & overpredicted because of the error in the ingress estimate.

flux through the corresponding passive film (with k
=0), v [= J*/Jo(0)] is the initial barrier improvement
ratio for the reactive film versus passive film, #/3 is the
steady-state reaction lag time (the Yang-Nuxoll-Cus-
sler (YNC) lag time), t is the SG model exhaustion
time, Ix(ty) is the solute ingress through the reactive
film during fz [cm? (STP)/m?], I(t7) is the correspond-
ing solute ingress through the passive film, ¢ is the
cumulative barrier improvement ratio Ix(tz)/Ip(tr)
during t; due to the scavenging reaction, and t; is the
SG model steady-state lag time estimate defined with
the intersect of the passive ingress I(t) slope at t = f;
with the zero ingress axis, as in ref. 4, analogous to the
asymptotic definition of ¢;. Because . is an estimate of
the scavenger exhaustion time, #;” taken at t; does not
represent true asymptotic behavior. Following our
earlier analysis,” the true asymptote is always given
by 7% in eq. (31) of part L if ¢, is not very close to zero
and the film is not very thin. The point of introducing
t; for real-world packaging applications is to estimate
the barrier properties of RP structures on a timescale
comparable to the scavenger exhaustion times rather
than to be content with the asymptotic ingress analysis
at an infinite time.

Comparing cases 1, 2, and 3, we observe that per-
meability (P = DS) of the passive films and the corre-
sponding flux (J*) values are the same, whereas the D
and S values are varied. There is a large difference in
Jo(0) through reactive film, as demonstrated by . Ma-
terial 2, with the lowest D, provides the best initial and
transient barrier improvement (upon scavenger acti-
vation), whereas material 3, with the highest D, pro-
vides almost no improvement in terms of t,” and sig-
nificantly higher solute ingress I during a comparable

tr. t; is also improved for material 2 compared to
materials 1 and 3.

Cases 4-6 demonstrate the effects of separate
changes in material parameters D and S. We can see
that lowering D is again the preferred way of improv-
ing the transient performance of the noncatalytic re-
active barrier. Apparently, lower diffusion rates trans-
late into longer average passage times of the individ-
ual solute molecules across the reactive layer, which
results in a higher likelihood of reaction with the
scavenging sites. This effect far outweighs the nega-
tive effects of the increased oxygen solubility in the
matrix.

Comparing cases 2 and 9, we note that increasing k,
10-fold is equivalent to simultaneously reducing D
and increasing S 10-fold, whereas comparing case 9
with case 1, we see a large increase in the transient
barrier performance in case of a higher reaction rate
accompanied by some extension of #/ despite some
shortening of f.

Increasing the film thickness twofold, as shown in
cases 7 and 8, with the same total amount of loaded
scavenger per film (7 vs 1) and the same scavenger
concentration in film (8 vs 1), respectively, leads to
different results. In case 8, doubling the reactive film
thickness reduces the initial solute flux by a factor
sinh(2¢y)/sinh(¢,) according to our findings in ref. 4
and dramatically increases the scavenger exhaustion
time and the barrier improvement ratio. Here, ¢, is the
initial Thiele modulus of the reference film with L = 1.
In case 7, dispersing the same amount of the scavenger
as in case 1 in a film twice as thick lowers ¢, and
results in a less dramatic but still substantial barrier
improvement.
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TABLE 1I
RP Film with the Reactive Layer Exposed to the package Contents and the Passive Layer Exposed to the Environment

Reactive layer  Passive layer Performance properties

Ig Ip
Case D, Sy Ly D, S, L by Jo (0) ]PP Y tfi t})s (t;:) (t%) € tZ
1 1 1 1 1 1 1 316 129x10°' 1.000 778 782 1169 4266  101.01 2.368 6.75
2 1 1 1 01 1 1 316 164x10°2%2 0.182 11.10 47.65 7119 4266 111.84 2.622 44.04
3 01 1 1 1 1 1 100 9.08x10°° 0.182 2002.4 41.07 4871 15.19 76.52 5.038  39.05
4 01 1 1 01 1 1 100 1.65%x10°° 0.100 60573 9793 116.16 1519 10037 6.608 98.58
5 1 01 1 1 1 1 316 407x10°2% 0.182 447 3469 51.83 4266 81.43 1909 24.68
6 1 1 1 1 01 1 316 164x10°2 0.182 11.10 47.65 7119 4266 111.84 2.622 44.04
7 1 01 1 1 01 1 316 129%x10°2 0.100 778 7825 11691 4266 101.01 2368 67.54
8 10 01 1 1 1 1 104 736x10"' 1.000 136 621 1159 60.89° 100.16 1.645°  4.55
9 0.1 10 1 1 1 1 100 1.65%X10°* 1.000 6057.3 9.79 1162 1519 100.37 6.608 9.86
10 0.1 10 1 01 10 1 100 1.65%x10°* 1.000 6057.3 979  11.62 1519 100.37 6.608 9.86
11 0.1 10 1 01 1 1 100 1.80x10°° 0.182 101122 5741 68.09 1519 10696 7.043 5842
12 10 01 1 01 1 1 104 120x10°' 0.182 151 3579  66.85 60.89° 105.01 1.725¢ 28.09
13 1 1 1 1 1 2 316 730%X1072 0.667 913 1233 1842 4266 106.10 2487 11.01
14* 1 1 2 1 1 1 447 316X10°2%2 0.667 2112 1186 1635 32.28 9416 2917 10.74
15% 1 1 2 1 1 2 447 187 x10°2 0.500 2678 1695 2336 3228 10092 3.126 15.89
16° 1 1 1 1 1 1 316 129x10°' 1.000 778 7825 11691 426.62 1010.13 2368  67.54
17¢ 1 1 1 1 1 1 100 1.65x10* 1.000 6057.3 979 1162 1519 100.37 6.608 9.86

k, =10, k, = 0, and uR, = 1, except as noted. The total scavenging capacity of the film was the same constant uR,AL, for

all cases except 16.

? u was the same; R, was reduced by 50% to keep the total load constant. uR, = 0.5.
® u was increased 10-fold, and the scavenger load was constant. uR, = 10.
¢ The scavenger reactivity was increased 10-fold, and the scavenger load was constant. k; = 100.

4 ¢, < 2 was out of the validity range of the SG model.
¢ Ingress underpredicted by the SG model.

f& overpredicted because of the error in the ingress estimate

Reducing S in the film material 10-fold (cf. cases 1
and 5) does not affect y but rather increases the scav-
enger lifetime proportionally to the solubility reduc-
tion factor to produce the same solute ingress.

Table II presents the performance of the RP film,
that is, a two-layer structure with its reactive layer
exposed to the package contents with p;, = 0 and a
fixed interfacial solute concentration (C;), found ac-
cording to eq. (38) of part II. Table III shows the PR
film results for comparison. Note that approximate
calculations of t; for the wavefront propagation in
Table III were performed with the assumption that the
interfacial solute concentration C, = 0 in the reactive
layer for the reaction wavefront dynamics and with
the dynamic ingress scalability approach represented
by the eq. (67) of part II.

Comparing the data in Tables II and III, we con-
clude that RP film design is superior to PR film in
extending the scavenger lifetime, whereas y does not
depend on the layer sequence. Another important re-
sult is that placing the scavenger into a layer with the
lowest diffusivity produces the best initial barrier
compared to placing it into high diffusivity material
and protecting it from environmental oxygen by a
high passive barrier layer (cf. cases 2 and 3 in Table II).

When case pairs 2-6 and 9-10 in both Tables II and
III are compared, it is easy to conclude that the nature
of the passive layer does not affect any performance

properties of the RP and PR films, provided the
steady-state transmission rate (TR = DS/L) of the
passive layer is the same. Thus, we can extend the
results of our analysis to structures containing arbi-
trary single-layer and multilayer passive barrier se-
quences before and after the active layer and charac-
terize them only by their respective overall transmis-
sion rate (permeance) of the particular solute at chosen
conditions.

Figure 3 exemplifies the oxygen ingress through the
reactive and passive homogeneous films found ac-
cording to eq. (28) of part I for the reactive film with
noncatalytic scavenger turning into the passive film
during f7 as a function of the initial Thiele modulus
and eq. (24) of part I for passive film. At each value of
¢y, the ingress during a fixed f; is compared for the
passive and reactive films. For the reactive film, the f7
represents the approximate scavenger exhaustion
time, whereas for the passive film, the same time is
used as a baseline for comparison purposes. t; itself
depends on ¢, of the reactive film as noted; hence, the
ingress through passive film is seen as a nonlinear
function of ¢, even though the passive film obviously
exhibits linear dependence of the ingress on time
when the steady-state initial conditions [eq. (7) of part
I] are used. We note that the SG model solution for the
reactive film provides excellent agreement with nu-
merical simulation results only for ¢, > 2 because of
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TABLE III
PR Film with the Passive Layer Exposed to the Package Contents and the Reactive Layer Exposed to the Environment
Reactive
Passive layer layer Performance properties
Iy Ip
Case D, S Ly Dy S L, ¢ Jo (0) 7 Y R te (tg) (tz) € t
1 1 1 1 1 1 1 316 129x10°' 1.0000 7.78 2.89 462 19.00 399198 2.102 242
2 01 1 1 1 1 1 316 1.64x1072 0.1818 1110  2.89 471 334 740 2217 2.59
3 1 1 1 01 1 1 100 9.08x107° 0.1818 20024 2894 3432 13.80 53.92 3907 2554
4 01 1 1 01 1 1 10.0 1.65 X 107>  0.1000 6057.3  28.94 34.32 7.59 29.66 3908 25.54
5 1 1 1 1 01 1 316 4.07x107% 0.1818 447 2894 4413 3746 69.33 1.851  20.29
6 1 01 1 1 1 1 316 164x1072 0.1818 11.10  2.89 471 334 740 2217 2.59
7 1 01 1 1 01 1 316 129x10°2 0.1000 778 2894 4620 19.00 39.92 2102 24.22
8 1 1 1 10 01 1 104 736x10"" 1.0000 136 289 855 3206° 7386  2304"  4.84
9 1 1 1 01 10 1 100 1.65 X 107*  1.0000 6057.3 2.89 3.43 7.59  29.66 3.908 2.55
10 0.1 10 1 01 10 1 10.0 1.65 X 107*  1.0000 6057.3 2.89 3.43 7.59 29.66 3.908 2.55
11 01 1 1 01 10 1 100 1.80 X 107> 0.1818 10112.2 2.89 3.43 1.38  5.39 3.908 2.55
12 01 1 1 10 01 1 104 120x10°' 0.1818 1.51 2.89 13.58 5.58¢ 21.34 3.822f  10.03
13 1 1 2 1 1 1 316 730x10°2 0.6667 9.13 2.89 4.66 1245 26.86 2.158 2.50
14* 1 1 1 1 1 2 447 3.16x107% 0.6667 21.12  5.79 8.10 2045 46.67 2282 4.55
15 1 1 2 1 1 2 447 187x107% 0.5000 26.78  5.79 813 1519 35.10 2.311 4.61
16° 1 1 1 1 1 1 316 129x10°' 1.0000 778 2894 46.20 189.96 399.20 2102 24.22
17¢ 1 1 1 1 1 1 100 1.65x10"* 1.0000 6057.3 289 343 759 29.66 3.908 255

ky =0, k; = 10 and pR, = 1, except as noted. The total scavenging capacity of the film was the same constant wR,AL, for

all cases except 16.

? u was the same, and R, was reduced by 50% to keep the total load constant. uR, = 0.5.

P u was increased 10-fold, and the scavenger load was constant. R, = 10.

€ The scavenger reactivity was increased 10-fold, and the scavenger load was constant. k, = 100.
4 ¢, < 2 was out of the validity range of the SG model for ingress.

¢ The ingress underpredicted by the SG model.

f& overpredicted because of the error in the ingress estimate.

the reasons discussed in ref. 1. The numerical solution
for the ingress (R-Num line, Fig. 3) also demonstrates
the convergence of the reactive film and passive film
solutions as ¢, — 0. Figure 3 clarifies what kind of
transient barrier performance during f we can expect
from the reactive film depending on the initial scav-
enger concentration (R,) and the rate constant of its
reaction with oxygen (K) through the initial Thiele
modulus:

-
«@
e

Ingress I(t°s)/ ¥, cma(STP) m>
=3
> -

0.1 1 10

100

1000

$o

Figure 3 Oxygen ingress during fr.

wKR,
(bO =L D

After that the passive barrier performance is deter-
mined from eq. (24) of part I. Note that the initial
Thiele modulus in eq. (10) of part I refers to the
initial L of the reactive layer: as the reaction wave-
front propagates downstream, the reactive layer
thickness [L4(t)] is reduced, whereas R, in the reac-
tive sublayer remains constant according to the SG
model.

Figure 4 demonstrates the time dependence of the
total oxygen ingress through the RP film found from
egs. (16) and (28) of part I for cases 1-4 in Table II
and an additional case 5 with high diffusivity of the
passive layer. These results were obtained with the
fixed interfacial solute concentration approximation
[eq. (38) of part II]. The longest t; for the reference
PP film is much shorter than 1 day, and its effect is
negligible compared to tz, as shown in Table III for
Pin = 0 and pyoe = 0.2 atm [cf. corresponding V¥
values for the reactive layer calculated with C; in-
stead of the equilibrium concentration of the solute
outside the package (C.,) with 1 to verify that
statement]. The RP film parameters for Figure 4 are
listed in Table IV.
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Figure 4 The (a) ingress and (b) ], dependence on time for
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in the legend is the case number from Table IV (¢,), where
¢, is the initial Thiele modulus for the reactive layer 1.
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In TableIVL, =L, =1and S; = S, = 1. t; for the
PP film was calculated according to a formula re-
ported by Siegel® that was originally derived by Barrie
et al.’”

L, (LT L3 L, (L; L}
51D1<6D1 * 2D) " 52D2<6D2 " 2D)

L (1)
D, " 5,D,

12)
t? =

Recall that t; is defined as the approximate time of
complete exhaustion of the scavenger reactive capac-
ity rather than the time axis intercept of asymptotic
solute concentration growth downstream (as is the
case for f;) at steady-state initial conditions for the
solute dissolved in the film (vs initially solute free film
for t;). In the YNC model,® t;3 (which is a limiting case
of the steady-state t; at ¢, — *) was erroneously
compared with t; rather than #;° without distinction
between the reference and steady-state lag times. The
YNC model also assumed zero oxygen ingress (an
impermeable reaction wavefront) until the scavenger
capacity was completely exhausted by the propagat-
ing wavefront. In the SG model, the reaction wave-
front is semipermeable; hence, we see the nonzero
permeant ingress before the scavenger capacity is ex-
hausted. The following section clarifies the differences
in lag time definitions.

GENERALIZED REFERENCE AND STEADY-
STATE LAG TIMES

We can define the reference lag time for the reactive
film through its exhaustion lag time the same way as
it is done for passive barriers (i.e., as the time axis
intercept of downstream concentration {[C];,(#)}
growth asymptotic outside the initially solute free
film). It is convenient, however, to consider the
steady-state lag time first, that is, the lag time defined
for the reactive film where steady-state permeation
across initially passive (inactivated) layer is already

TABLE IV
RP Film Parameters for Figure 4
PP SG RP
Reactive Passive t; RP average t° "
No. Dl D2 ]PP (days) Cl/Cout Cl(o)/cout Cl*/cout (days) (days)
1 1 1 1.0000 0.0772 0.5000 0.2396 0.3698 11.69 6.75
2 1 0.1 0.1818 0.2823 0.0909 0.0305 0.0607 71.19 44.04
3 0.1 1 0.1818 0.2823 0.9091 0.5000 0.7045 48.71 39.05
4 0.1 0.1 0.1000 0.7716 0.5000 0.0909 0.2955 116.16 98.58
5 0.1 10 0.1980 0.2025 0.9901 0.9091 0.9496 36.14 27.27

C, = steady-state solute concentration on the layer 1 boundary of the PP interface; C;(0) = initial solute concentration in
the reactive layer boundary of the RP interface obtained from the SG model for the catalytic scavenger; C;* = SG model solute
concentration on the R side of the RP interface, which was assumed to be constant throughout the reaction.
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established by t = 0. At t = 0, the scavenger is in-
stantly activated throughout the layer, and the layer
starts to consume the diffusing solute in addition to
the solute initially present in the film.

The slope of the linear part of [C];,(f) inside the
package adjusted by the downstream chamber vol-
ume over the barrier area is the value of the flux (J,)
across passive film found according to eq. (23) of part
I, where TR is the steady-state transmission rate
through the homogeneous single-layer membrane:

P DS )
LT @)

For the laminate with N passive layers, the steady-
state transmission rate is found as in refs. 9 and 10:

1
TR, " TR, = T TR,

The ;" estimate for the noncatalytic reactive film has to
asymptotically satisfy the equation of [C];,, growth for
t > t;, that is, for t — o:

Vv
[Cla() 4 = 1(t) = |1LI(t = t) 4)

provided [C];, < [Cl,y and V is large so that [C];,(t)
growth with time does not significantly affect the con-
centration difference AC = [C],,, — [C];, that is a
driving force for permeation and is assumed to be
constant. Here, V is the volume of the downstream
chamber, [C];, is the solute concentration in the cham-
ber, A is the area of the barrier, and J, is the steady-
state solute flux across the passive (completely ex-
hausted) barrier, which is the same at any position x
= [0 ... L]. We use the absolute value of |, to avoid
carrying the negative sign in the equations, which is
always the case when the p;, < p, condition is im-
posed. Figure 5 demonstrates the relationship be-
tween steady-state lag times and exhaustion lag times
for the monolayer homogeneous film with the same
thickness and matrix material properties D and S but
different k, values for the initial scavenger loading.
Case k, = 0 corresponds to the passive film with t;° =
0, whereas case k, = % corresponds to the YNC model
for the reactive film with a finite reactive capacity and
an instantaneous reaction.

Substituting ¢ = t into eq. (4) we obtain an engi-
neering estimate for ¢, assuming that t rather than ¢
= = represents the time frame of interest for taking the
lag time asymptote:
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Figure 5 Relationship between steady-state lag times for
the passive and reactive monolayer membranes and exhaus-
tion lag times for reactive film: L (SS) = 75 = 0 for the
passive membrane; LR (S5) = YNC lag tlme tLR for the
noncatalytic reactive monolayer; oE = t;; +L = tL for the
noncatalytic reactive monolayer. (- - -) Projected t,” behavior
as ¢, — 0.

For the monolayer reactive film, we substitute egs.
(17), (22), and eq. (29) of part I into eq. (5) to obtain
results for the case of p;, = 0:

t=

1R, [d)o

kSl 2 — + In(cosh(¢y)) — (arctan(e“s”)

26
a+d)
T e 1
T et 2¢>ﬂ ©)

For the two-layer RP film, the approximate expression
is

= ?[‘M ln(cosh(d>1))]

2I‘LROL1

T e 1
(1 + b)Pou 1T paren wl)

Lo, L),
“\sp, Tsp,) @

Although C; does evolve in time, a good engineering
approximation for it is the fixed C; value that can be
found from eq. (38) of part II with egs. (2) and (9) of
part IL

Assuming C, = 0, with eq. (67) of part II to find
Ir(tr) and substituting it into eq. (5) we obtain for the
PR film

(arctan(e‘i”) -

KR d’
kZCout

2 + In(cosh(e,))

t =

IPR(tE / Ly L, )
+ 8
Pout \S D, S,D, ®)
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¢, in eq. (7) and ¢, in eq. (8) are the initial Thiele
moduli for reactive layer 1 in the RP film and reactive
layer 2 in PR film, respectively, and k; and k, are the
corresponding initial apparent reaction rates in reac-
tive layers 1 (RP film) and 2 (PR film), respectively.
These apparent initial reaction rates correspond to k,
= KR, for the reactive monolayer.

OPTIMIZED DESIGN OF MULTILAYER FILMS

The steady-state lag time for the reactive films with
consumable scavenger in egs. (6)—(8), along with trans-
mission rates from eqs. (57) or (60) of part II, through
a purely passive barrier determine the total oxygen
ingress at t — %. When time frames of interest are
finite and comparable to tz, the optimal barrier design
corresponds to a structure with the longest t; . Figure
4 shows, however, that the film with the longest ;" is
not necessarily the best barrier solution when the de-
sired duration of the barrier performance is shorter
than t7. In that case, a better transient barrier perfor-
mance translates into smaller cumulative ingress val-
ues during that time. Comparing cases 2 and 3, we
observe that they provide the same passive barrier at
t — o, as evidenced by the same line slope. Placing the
scavenger into the inner layer material with smaller
diffusivity (case 3) results in a shorter t;, but the
ingress during that time is much smaller than in case
2 because of the passive layer with low diffusivity
protecting the reactive layer from environmental oxy-
gen impact. Moreover, case 5, with poor barrier prop-
erties of the passive layer and a higher steady-state
transmission rate through the PP film (cf. J*” in Table
IV), may still be preferable to case 2, with better over-
all passive barrier properties, if the expected barrier
time (t5) does not exceed its f; (ca. 36 days for case 5).
This advantage is due to the placement of the scaven-
ger into the first layer with lower solute diffusivity,
which results in a much lower transient flux. Obvi-
ously, on the longer timescale after scavenger capacity
exhaustion in the reactive layer, structure 2 provides a
better barrier than structure 5. Thus, we found that the
matrix material selection for the layer containing the
scavenger largely depends on the relationship be-
tween the diffusivities of the reactive and passive
layers, the desired time to provide a barrier, and its
relation to the steady-state scavenger exhaustion time
of the multilayer structure.

Two critical factors determining the optimal design
of the RP multilayer film from a practical standpoint
are thus identified: the maximum allowed cumulative
oxygen ingress into the package and the desired time
to reach that maximum. The optimal design of the
multilayer structure incorporating a single reactive
layer is found to be an RP,, film where all n passive
layers can be counted as a single layer with the steady-
state transmission rate (TR} ) found from eq. (3).
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Depending on the specific values of two control fac-
tors, the choice of the matrix material for reactive layer
1 results from the solution of the modified equation
[eq. (7)] for the steady-state SG model lag time

t

Ro[ &7
= ]ch[d; + ln(cosh(qbl))]

ZMROLI ( t ( o ar Ed)l + 1 )
-,  |a an\eé” — o — a5~ ~
(1 + )P \ € 4 g1+ 24,

1 1 ) 9
“\rretrre ) ©)

approximately valid for ¢; > 2 and analysis of the
total ingress during the desired t; and its relationship
to t;. Here TRY is the steady-state transmission rate
through the passive matrix of the (inactive) reactive
layer 1. C; at the reactive side of the RP interface in eq.
(9) can be determined approximately from eq. (38) of
part II for the RP film with Henry’s law. In general, for
the case of the heterogeneous passive multilayer struc-
ture (P,) protecting reactive layer 1, the initial Cj,
which is the equivalent of C{¥ in eq. (38) of part II,
may be found from the initial partial pressure p; at the
RP interface by the solution of the following system of
linear equations for the unknowns B;, B,, and pj,
following the steady—unsteady solution matching
method described in ref. 3.:

B+ B2 = Sipi (10)

Bie” + By " = Sip (11)

\/lel(Bled’I — B ") = TR? c(Pout — Pll) (12)
where B; and B, are the coefficients in the steady-state
solution of the reaction—diffusion equations for per-
meant concentration in the catalytic reactive layer (de-
termined from the boundary conditions). The solution

of the system [egs. (10)-(12)] has the form:

Cll . Zslpined’1 + /\pout(ezd)1 - ]-)

P17 7 5. + 1) + A(e* — 1) (13)

where the parameter A has the dimensions of S:
= TR} .., 14
= kD, (14)

The final C}, which is the equivalent of C}” in eq. (38)
of part II, is found from p) with the equality of fluxes
across any plane (x = constant) in the purely passive
n + 1 layer film

].‘( = TRf(pfl - pin) = TR{) . 411(pout - P{) (15)
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Figure 6 Potential options for scavenger placement in the

homogeneous film matrix.

as

pf _ Cj _ TR? . »npout + TRIlzpm
s, TRV ,+TRE

(16)

With egs. (13) and (16), the arithmetic mean solute
concentration C] at the reactive side of the RP interface
is found analogously to eq. (38) of part II as

cr = Si(py + Pfl) (17)
2

Equations (2), (3), (9), (13), (14), (16), and (17) provide
a complete toolset for the evaluation of the ESG model
t; of any RP, film. For the ingress through the RP,
film during t- that includes t;", egs. (28) and (29) of
part I for the monolayer reactive film should be used
without modification because they do not explicitly
include time and interfacial concentrations; hence, the
substitution of p; is not necessary. Thus, a complete set
of equations is developed for analysis of the SG model
lag time and the ingress through practically important
RP, film structures shown to be the optimum multi-
layer designs for achieving the minimum ingress and
maximum useful life of the scavenger.

SCAVENGER PLACEMENT IN A
HOMOGENEOUS MATRIX

One of the options currently explored for the improve-
ment of barrier performance of packaging structures
involves a single-matrix material for multilayer de-
signs with the only difference between the layers be-
ing the scavenger placement. More precisely, the same
amount of scavenger can be dispersed through the
entire film thickness or it can be contained within one
of thinner sublayers created during melt processing,
as shown in Figure 6. In all cases, the membrane is
placed the same way relative to the separated envi-
ronments with the left side exposed to p;, = 0 and the
right side exposed to p,. > 0, as shown in the case in
Figure 6(a). The cases in Figure 6(b—d) show different
potential placement options of the reactive sublayer
relative to separated environments versus homoge-
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neous scavenger dispersion in the case in Figure 6(a).
The case in Figure 6(e), on the other hand, demon-
strates the potential for the placement of higher scav-
enger concentrations into thinner sublayers compared
to the cases in Figure 6(a,b), whereas the total scaven-
ger molar (weight) loading RyALy is the same in all
cases (where Ly is the initial thickness of the reactive
layer).

The ESG model described in part Il is able to solve
the cases depicted in Figure 6(ab,d,e). The case
shown in Figure 6(c) can also be resolved if we
combine methodologies developed for the PR and
RP films into PRP film analysis. In fact, the cases in
Figure 6(a,b,d) have been quantitatively analyzed
earlier, and they correspond to case 7 from Table I,
case 1 from Table II, and case 1 from Table III,
respectively. Comparing the ESG model t;” values
for these cases, we observe that whereas the design
in Figure 6(a) provides a better transient barrier
than that in Figure 6(d), the design in Figure 6(b) is
clearly superior to both of them. The design in
Figure 6(c) provides intermediate barrier improve-
ment compared to the designs in Figure 6(b,d). Rig-
orous derivation of this result in terms of steady-
state lag times is described in ref. 11 for the case of
the fast reaction ¢, > 1 and with modified method
of Frisch for the calculation of lag times. Although
interested readers may analyze the PRP film case
themselves with the presented methodology, our
numerical simulations have also supported this con-
clusion. Thus, in terms of scavenger placement into
the homogeneous matrix material, we have proven
that the RP design provides the best reactive barrier
improvement versus the corresponding PP film. The
numerical and ESG model analyses of the case
shown in Figure 6(e) show that it provides better
transient barrier improvement than cases shown in
Figure 6(b), and the case in Figure 6(b) is better than
that in Figure 6(a). Thus, the reduction of the reac-
tive layer thickness in the RP film with the corre-
sponding increase in the scavenger concentration in
it to keep the total scavenger load constant results in
improved transient barrier performance. This im-
provement is in line with asymptotic lag time in-
crease, as immediately follows from eq. (36) in part
I. This conclusion is based on the assumption that
the increased scavenger concentration does not af-
fect its capacity or reactivity. In real-world systems,
scavenger particle agglomeration and limited oxy-
gen access to the reactive sites are likely to limit the
benefits of the RP film design as the reactive layer
thickness is reduced (L; — 0). In practice, high
scavenger concentrations are unlikely to be homo-
geneously dispersed in thin polymer layers. More-
over, the overall transport properties of the polymer
matrix may be significantly affected by the presence
of large amounts of dispersed species or a high
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degree of matrix polymer backbone functionaliza-
tion.

PROCEDURE FOR SELECTING MATERIAL
PROPERTIES OF THE REACTIVE LAYER

The layer sequence in multilayer packaging film is
determined by many factors unrelated to the minimi-
zation of oxygen ingress, such as film mechanical
properties, tear and puncture resistance, moisture sen-
sitivity of the materials involved, regulatory limita-
tions on food contact layer, gloss, and the printability
of the skin layer. Most of these requirements apply to
film skin layers exposed to the environment and the
package contents. To simplify the task, we exclude
noninterchangeable skin layers from consideration
and formulate the selection procedure only for those
layers that allow arbitrary sequencing within a lay-
ered laminate/coextrudate structure. The reactive
layer is assumed to be one of these layers. The design
goal is to achieve the minimal cumulative oxygen
ingress into the package during predetermined tp,
which can also be chosen to be infinite.

As discussed earlier, the RP, film design provides
the best transient barrier performance for the case of
Pin = 0. The outlined procedure allows us to determine
which material to use as a matrix for the first layer
loaded with the scavenger particulate. Of course, the
matrix material question does not arise for function-
alized polymers acting as scavengers; such polymers
should always be used as the first layer (exposed to
the package contents to be protected from oxygen
ingress) within the material selection constraints for
the food contact layer. It was shown that when layer
transport properties do not depend on the presence of
copermeants in the case of multicomponent diffusion,
the film barrier performance (transient and steady
state) is not affected by the sequence of passive layers.
Hence, there are only n + 1 distinct design possibili-
ties, where any of n + 1 layers can be used as the first
layer (a matrix for the scavenger placement) and the
sequencing of the other n layers is arbitrarily chosen.
Each of these n + 1 designs should be analyzed as
follows:

1. Determine the individual transmission rates
(TR/s) of the n proposed passive layers experi-
mentally or from literature data according to eq.
(2) at the intended conditions of use (tempera-
ture and relative humidity).

2. Calculate TR}, for n passive layers from eq. (3)
with their individual transmission rates.

3. Calculate the average solute concentration C; at
the reactive side of the RP interface from eq. (17)
assuming p;, = 0 (the case p;, > 0 is much more
complex, as it may involve the scavenging of
headspace oxygen).
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4. Replace C,,, with C] in eq. (17) of part I and find
t; with it.
5. Compare t; with the desired tg:

If t; < tg, substitute t into eq. (16) of part I, replace
Cout With Cj, and solve eq. (16) of part I for L.
From a numerical standpoint, it may be more
convenient to calculate a set of corresponding
times for an array of several equally spaced L,
values [0 ... L;] and then interpolate the resulting
times to obtain L,(tg). Then, let the dimensionless
wavefront position & = L,(tz)/L; and use the
analytical result [eq. (28) of part I] or numerically
solve eq. (25) of part I to calculate the total in-
gress I (tp).

If t; = tg, use eq. (29) of part I to find I3 (tz) and use
the modified equation [eq. (24) of part I] to find
the ingress after tp:

Ip(ty — tg°) = TRfomzPour(tB — t£°) (18)

where TR, is the steady-state transmission rate
through all n + 1 layers, including inactive reactive
layer 1 (the transmission rate through its passive ma-
trix):

TRP ... = ! = ! 19
total — 1 1 - 1 Ll ( )

TR’ .. " TRE TR’ .. ' D,S,

Then, the total ingress " (t) is found as

F(ts) = IE(tEO) + Ip(tg — t£°) (20)

¢, for the reactive film in egs. (28) and (29) of part I is
the equivalent of ¢, for the RP film and now refers to
the initial Thiele modulus of the fully activated reac-
tive layer 1 in the RP, structure:

wKiRo
¢o =L, D, (21)

This procedure should be repeated for all n + 1
distinct barrier designs: the optimal design will cor-
respond to the lowest I"(t3). If one considers that
oxygen solubility varies only slightly in most rub-
bery and many semicrystalline polymers compared
to its diffusivity, the number of repeat steps can be
reduced with the following rule of thumb. The best
overall transient barrier performance (defined with-
out referring to a specific ¢z as the solute ingress
during the scavenger exhaustion time) is obtained
when the scavenger is placed into layer 1 and the
matrix material of layer 1 has the lowest oxygen
diffusivity of all materials considered for multilayer
structure. This design, called the primary design,
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however, will have the shortest scavenger exhaus-
tion time among the RP, films. By choosing the
primary design and evaluating its ¢z according to
the outlined procedure, one can get an idea how the
resulting t; compares with the required 5. Because
all other RP, film designs cannot significantly ex-
tend the obtained t; but they will result in reduced
barrier performance during that ¢ (taken as a fixed
parameter of the primary design), the evaluation of
the primary design f; immediately establishes
whether the choice of layer materials and their
thicknesses is appropriate for obtaining the desired
barrier performance. If the expected t; is signifi-
cantly longer than t; for the primary design, the
transient barrier improvement due to the scaveng-
ing reaction is unlikely to meet the design expecta-
tions. After all, the total amount of oxygen con-
sumed by the noncatalytic scavenger is always
equal to uRyALy or m,m, (where w, is the bulk
scavenger reactive capacity per unit mass of scav-
enger and m, is the mass of the scavenger loaded
into the layer matrix). This oxygen amount can be
prevented from entering the package or consumed
from the package contents (product and headspace)
or can undergo some combination of both. The RP,,
film design is shown to be the best for minimizing
the oxygen ingress. The significant presence of
headspace oxygen, resulting in a bidirectional flow
of oxygen into the scavenging layer and the change
of design goal from ingress reduction to scavenging
the most headspace oxygen, may drastically change
the optimal design. The point is easily demonstrated
if one of the layers is an absolute barrier to oxygen
permeation. Then, it obviously makes no sense to
place the scavenger into this layer: such a layer
should be made the outer layer exposed to the en-
vironment, whereas the scavenging layer could be
one of the internal layers. The scavenger will then
only consume the headspace oxygen, which will
result in the full utilization of the scavenger reactive
capacity and the highest efficiency of oxygen re-
moval (if the scavenging layer is exposed to the
package contents). Such a situation is beyond the
scope of this work, which is focused on improving
the transient barrier to oxygen permeation through
chemical reaction and multilayer film design when
none of the layers acts as an absolute barrier to
permeation.

To present a detailed account of transient perme-
ation, the presented discussion has been intentionally
limited to a single permeant, and the material trans-
port properties have been assumed to be independent
of solute concentrations. In reality, the presence of
copermeants, such as other atmospheric gases and
water vapor, can significantly affect the kinetic and
thermodynamic transport properties of the polymeric
materials. For example, if the materials used in some
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layers are moisture sensitive, the presented procedure
has to be modified to account for material transport
property dependence on relative humidity within
each layer. A simple approach may use the average
humidity within each layer obtained by the applica-
tion of the standard steady-state transmission rate
method for water vapor transport through a multi-
layer structure and determining the water vapor con-
centrations at all layer interfaces. Then, the average
humidity of the layer can be taken as an arithmetic
mean of the interfacial concentrations at the layer
boundaries. The average humidity of each layer in a
particular layer sequence can be used to determine the
TR/'s of the solute of interest across each layer. These
transmission rates are subsequently substituted into
Step 1 of the outlined procedure for the analysis of
each RP, film design.

CONCLUSIONS

In part III, we have presented specific cases of ingress
dynamics analysis through RP and PR films. Then, we
extended the SG model of transient permeation and
ingress to include arbitrary multilayer film designs
when one of the layers contained a noncatalytic im-
mobile solute scavenger. The novel methodology for
the analysis of the ingress dynamics and the opti-
mized designs of multilayer reactive barrier solutions
were presented to include layer sequencing, layer
property selection, and practical recommendations for
scavenger placement in the polymer matrix. The meth-
odology can be applied to the practical design of mul-
tilayer packaging films containing oxygen scavengers
within one of the layers and the comparative barrier
performance analysis of existing active packaging
structures.

NOMENCLATURE

Additional relevant nomenclature is included in parts
I and II of this series of articles.

Lg initial thickness of the reactive layer (m)
m, mass of scavenger loaded into the film layer (kg)
V' volume of downstream chamber or package (m°)

Greek symbols

vy  initial barrier improvement ratio in terms of ef-
fective flux [= J©/],(0)]

€  barrier improvement ratio in terms of cumulative
ingress [= Ix(tz)/Ip(tz)] during tz due to scav-
enging reaction

A coupling parameter in eq. (13) as defined in eq.
(14) for the determination of the partial inter-
facial pressure of the solute in a RP,, film [cm?
(STP) m 3 Pa']



DESIGN OF MULTILAYER BARRIER FILMS. III

W, bulk reactive capacity of the scavenger (moles of
solute scavenged per scavenger unit weight;
mol/kg)
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