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ARTICLE INFO ABSTRACT

Keywords: The degradation of a HDPE geomembrane in heap leaching environments is evaluated using immersion tests at
Geosynthetics five temperatures. The incubation solutions had a pH of 9.5, 11.5, and 13.5, relevant to gold and silver pregnant
G‘?"fnembra“e liquor solutions. After 9.3 years, the geomembrane’s mechanical properties had reached nominal failure at 95,
Mining R 85, and 75 °C in all three solutions. It is shown that the pH 13.5 solution had the greatest effect on the anti-
Heap leaching . . . . s

Degradation oxidant depletion (Stage I) and polymer degradation (Stage III), but was the least aggressive to initiate the
Nominal failure degradation (Stage II) compared to the pH 11.5 and 9.5 solutions. Overall, the time to nominal failure (time to
Arrhenius 50% of the initial or specified property value) in pH 13.5 was slightly shorter than the pH 9.5 and 11.5 solutions.

Based purely on immsersion tests, the time to nominal failure of this specific geeomembrane at 30°C is predicted
to be 150 years in the pH 9.5 and 11.5 solutions, and 140 years in the pH 13.5 solution. Assuming a good liner
design that limits the tensile strains in the GMB, nominal failure in a composite liner configuration is predicted to

exceed 260 years at 30 °C and the expected value could exceed 1000 years at 10 °C.

1. Introduction and background

Heap leaching is one of several hydrometallurgical technologies for
treating precious-metal ores, and is often selected due to its low capital
cost relative to alternative approaches such as gravity concentration,
flotation and agitated tank-leaching (Pyper et al., 2019). The process
involves stacking metal-bearing ore into heaps on an impermeable liner
and irrigating it with a lixiviant (generally known as the raffinate) that
percolates through the ore (Petersen 2016; Robertson et al., 2022). The
metal-rich ‘pregnant’ leach solution (PLS) is then collected at the bottom
of the heap and the target metals are subsequently recovered.

Various types of heap leach pads are available, including permanent
single-lift and multi-lift heaps, dynamic heaps (also known as on-off
heaps), and valley-fill heaps (Thiel and Smith 2004). A common
feature across these configurations is the liner system that is typically
designed using geosynthetic materials to preserve the PLS and to mini-
mize its release to the environment. Single or occasionally double
composite liner systems are used (Lupo 2010). A single composite liner
consists of a geomembrane (GMB) layer placed over compacted liner
bedding soil (Rowe et al., 2004). This configuration may be suitable for
areas with low hydraulic heads or where the subgrade has relatively low
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permeability, such as in single-lift heaps (Lupo and Morrison 2007).
Double composite liners include two GMB layers separated by a leak
collection/drainage layer (Rowe et al., 2004). These are more suitable
for high hydraulic heads, as is generally the case with valley leach fa-
cilities (Lupo 2010; Pries et al., 2014). For leach pads, solution ponds or
runoff channels, high-density polyethylene (HDPE) is among the most
commonly used GMB materials (Thiel and Smith 2004; Breitenbach and
Smith 2006; Rowe et al., 2013; Ghorbani et al., 2016; Thenepalli et al.,
2019; Lavoie et al., 2021; Abdelaal and Rowe 2023).

The GMB encounters harsh conditions during its service life, espe-
cially in the pad under the heaps. In addition to the significantly high
overburden stresses, heap leaching involves exposure of the GMB to
corrosive solutions. Particularly for gold and silver extraction, the HDPE
GMBs are exposed to extremely high pH. This is because a dilute solution
of sodium cyanide (pH of ~ 9.5-11) is used to dissolve gold/silver
without dissolving other ore components such as copper, zinc and iron
(Manning and Kappes 2016). Sodium hydroxide (NaOH) is typically
added to maintain the desired alkalinity of the cyanide leaching system
(Asamoah et al., 2018), as well as a pre-leaching step to enhance metal
recovery (Espitia and Lapidus 2015; Snyders et al., 2018; Yang et al.,
2021). Leaching at pH 12-13 to increase the rate of gold dissolution has
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also been reported as a common practice (Melashvili et al., 2016; Oraby
and Eksteen 2016). When dealing with such a corrosive PLS, a primary
concern is the potential chemical degradation of the GMB. Excessive
degradation may lead to a shorter service life of the GMB liner, poten-
tially compromising the desired design life of the heap leach facility.

HDPE GMB degradation has been conceptually divided into (Hsuan
and Koerner 1998; Rowe and Sangam 2002): (a) the loss of antioxidants
due to chemical consumption or physical extraction (Stage I); (b) in-
duction time in which degradation in the polymer is initiated but is not
sufficiently propagated to lead to a measurable degradation in proper-
ties such as stress-crack resistance (SCR), high-load melt flow index
(HLMI) and tensile strength (Stage II); and (c) degradation to nominal
failure (Stage III). Based on changes in tensile properties, nominal fail-
ure is reached when a particular property (e.g., break strength or elon-
gation) decreases to 50% of its initial value (Hsuan and Koerner 1998),
or 50% of the specified GRI-GM13 value (GRI 2021). For a GMB
exhibiting physical ageing (Ewais and Rowe 2014; Rowe et al., 2019;
Morsy and Rowe 2020), nominal failure based on SCR is typically
defined as the point at which SCR decreases to 50% of the stabilized
value after physical ageing (i.e., 50% of the so-called SCRy, value). The
assessment of GMB degradation behaviour and chemical compatibility
with liquids in the field can be investigated in the laboratory using oven
immersion tests at various elevated temperatures, followed by Arrhenius
modelling to extrapolate the degradation at specific field temperatures
(ASTM D5322, 2023; Sangam and Rowe 2002; Jeon et al., 2008; Rowe
et al., 2010; Abdelaal and Rowe 2014a; Abdelaal et al., 2015; Ewais
etal., 2018; Abdelaal et al., 2019; Morsy and Rowe 2020; Li et al., 2021;
Morsy et al., 2021; Clinton and Rowe 2023).

The assessment of the performance of GMBs in different mining ap-
plications using oven ageing has been considered in the archive litera-
ture (Gulec et al., 2004, 2005; Jeon et al., 2008; Rowe and Abdelaal
2016; Abdelaal and Rowe 2017, 2023; Abdelaal et al., 2023, E Silva
et al., 2021; 2022, 2023). Abdelaal and Rowe (2017) immersed a HDPE
GMB in three high pH synthetic solutions at five different temperatures
and reported antioxidant depletion results (Stage I) after a 3-year im-
mersion period. The immersion solutions had pHs of 9.5, 11.5 and 13.5,
and metal concentrations that simulated those found in gold and silver
PLS (excluding the cyanide for safety reasons). It was shown that anti-
oxidants detected by the standard oxidative induction time test
(Std-OIT) fully depleted at 95, 85 and 75 °C, reaching a residual value of
approximately 3 min. The most rapid reductions occurred at pH 13.5,
followed by pH 11.5 and 9.5 and at greater rates at higher temperatures.
For antioxidants detected by the high-pressure OIT test (HP-OIT),
increasing the pH from 9.5 to 13.5 greatly increased both the antioxi-
dant depletion rates and the residual HP-OIT; values. For instance, at
85 °C, there was a very fast depletion in pH 13.5 but only to HP-OIT, >
0.9 HP-OIT, (i.e., 90% of the initial HP-OIT value, HP-OIT,). In pH 11.5
and 9.5, the HP-OIT depletion was slower compared to pH 13.5 but to
lower residual values of 0.67 HP-OIT, at pH 13.5, and 0.25 HP-OIT, at
pH 9.5. Thus, pH 13.5 was the most aggressive solution for the antiox-
idant depletion of the GMB (based on both Std- and HP-OIT tests), fol-
lowed by pH 11.5 and 9.5.

The degradation in physical and mechanical properties of the same
GMB in the high pH solutions was reported by Abdelaal and Rowe
(2023). There was a decrease in HLMI values due to degradation in all
three solutions at 95 °C and 85 °C, suggesting that cross-linking was the
dominant degradation mechanism. The rate of degradation was fastest
at pH 13.5, followed by 11.5 and 9.5. Tensile break strength also showed
degradation at these two temperatures following the same pH de-
pendency. However, nominal failure to 50% of the initial value was only
reached at 95 °C in the pH 13.5 solution. For the variation in SCR at
85 °C, there was an early reduction to about 58, 54 and 45% of the initial
value (i.e., SCRy,) after 7.5, 6 and 2 months of incubation at pH 9.5, 11.5
and 13.5, respectively. After being retained at these values for the
subsequent two years, SCR further decreased to reach 21, 19 and 9% of
the initial SCR value at pH 9.5, 11.5 and 13.5, respectively, by the end of
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three years.

An investigation of the same GMB in pH 13.5 for a period of up to 6.3
years was then reported by Abdelaal et al. (2023) but only at 85 °C. The
primary differences from the findings presented by Abdelaal and Rowe
(2023) were the reaching of nominal failure based on tensile break
strength at 4.3 years and a continued reduction in HLMI to about 30% of
its initial value. While these studies provided the estimates of the GMB
degradation stages in alkaline PLS at elevated temperatures, the incu-
bation duration reported (even up to 6.3 years) was not sufficient to
establish the degradation rates at temperatures below 85°C required to
predict the time to nominal failure (tyr) of the GMB at specific field
temperatures.

The current study provides an additional 6.3 years of ageing data
after Abdelaal and Rowe (2017, 2023), presenting a total of 9.3 years of
data in the three high pH solutions at different temperatures. The ob-
jectives of this paper are to (a) improve Stage I predictions reported by
Abdelaal and Rowe (2017) by providing updated depletion rates at 65
and 40 °C; (b) examine the degradation in HLMI, tensile, and SCR at
different temperatures and establish the durations of Stages II and III
using Arrhenius modelling at field-specific temperatures; and (c) pro-
vide the time to nominal failure of the GMB in high pH solutions under
field conditions.

2. Experimental investigation
2.1. Oven ageing and immersion solutions

Double-sided immersion tests (ASTM D5322, 2023) were used to
examine the change in the GMB properties with ageing. This method
involves placing 200 x 95 mm coupons in 4 L glass containers filled with
synthetic chemical solutions that replicate the effluents in field condi-
tions. The glass containers were incubated in forced air ovens at various
temperatures (95, 85, 75, 65 and 40 °C in the current study) to accel-
erate GMB ageing, with coupons separated by glass rods to ensure that
the chemical solution is in full contact with the GMBs. Samples were
then periodically extracted at different incubation durations to assess
changes in GMB properties over time.

The three synthetic gold/silver PLS solutions investigated by Abde-
laal and Rowe (2017, 2023) (Solutions 6-8; Table 1) were used. The
solutions were titrated with a 15-mol NaOH solution to achieve the
target pH values of 9.5, 11.5 and 13.5. The immersion fluids were
replaced every 3 months to prevent the accumulation of depleted anti-
oxidants in the solution and to ensure a consistent pH throughout the
entire incubation period.

2.2. Geomembrane examined

The GMB used in this study (Table 2), generically denotated as
MxC15, was the same 1.5 mm black smooth HDPE GMB with hindered
amine light stabilizers (HALS) examined by Abdelaal and Rowe (2017,
2023) and Abdelaal et al. (2023). The GMB was manufactured in 2008
using the blown film process and met all the minimum requirements
specified by GRI-GM 13 (2021).

2.3. Index testing

Std-OIT (35 kPa/200 °C; ASTM D3895, 20195) and HP-OIT (3500
kPa/150 °C; ASTM D5885, 2020) were conducted in parallel to assess
the depletion of antioxidants (Stage I) with different functioning tem-
perature ranges stabilizing the GMB. Degradation of physical and me-
chanical properties (Stages II and III) was assessed by monitoring: (a)
HLMI (21.6 kg/190 °C; ASTM D1238, 2020), primarily used to investi-
gate the onset of measurable degradation and the possible degradation
mechanism, i.e., cross-linking or chain scission (b) SCR using the
single-point notched constant tensile load test (SP-NCTL at a load equal
30% of the GMB yield stress; ASTM D5397, 2019 Appendix), and (c)
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Table 1
Laboratory analyzed composition of different solutions used (mg/L unless
noted).

Component” L6 (pH 9.5) L7 (pH 11.5) L8 (pH 13.5)
Nominal pH 9.5 11.5 13.5
NaOH titration (ml/L) 0.17 0.4 80
Average pH” 9.8+0.3 11.4+0.2 13.4+0.2
Ag" 0.3 0.3 0.3
AR <1.0 <1.0 <1.0
As®* 0.9 0.9 0.9
Ba?* <0.05 <0.05 <0.05
cd** <0.025 <0.025 <0.025
Ca?* 0.42 0.64 0.86
Co** 0.03 0.03 0.03
Cu** 9 9 9

Fe** <0.05 <0.05 <0.05
Lit <0.05 <0.05 <0.05
K"+ 173 181 198
Mg+ 4 2.8 0.13
Mo®" 0.68 0.56 0.74
Mn?* <0.05 <0.05 <0.05
Na™ 60 138 27,500
NiZt <0.3 <0.3 <0.3
pb** <0.03 <0.03 <0.03
s+ 99.5 91.6 124
Zn** 0.02 0.02 0.02
Cl™ <0.5 <0.5 <0.5
0% 0.59 0.59 0.59
OH™* 43 9440 20,410
S0 300 300 300
Surfactant® (ml/1) 0 0 0

# Metal ions were analyzed using inductively coupled plasma-mass spec-
trometer (ICP-MS), while the anions were analyzed using Ion chromatography
(I0).

b Average pH (average of 18 values) measured at the times of incubation so-
lution replacement every 1.5 months during the first 3 years of incubation
(Abdelaal and Rowe 2017).

tensile break strength and elongation (Type V; ASTM D6693, 2020).
Tensile specimens taken from both the machine direction (MD) and
cross-machine direction (XD) of the GMB were tested. However, since
the results were similar, only the XD values are reported herein. The SCR
specimens were taken in the cross-machine direction, as per ASTM
D6693, 2020.

3. Results and discussion
3.1. Effect of pH and temperature on geomembrane properties

3.1.1. Antioxidant depletion

For the three solutions examined, Std-OIT exhibited a rapid early-
time depletion followed by a notably slower later-time depletion
(Fig. 1). Thus, depletion patterns were described using a double expo-
nential decay function at two different rates, i.e., a four-parameter
model (Abdelaal and Rowe 2014b) given by:

OIT, / OIT, = ae ™' + be % (€8]
where t refers to the incubation time (months); OIT;/OIT, is the
normalized Std-OIT value at any time t after ageing (unitless); s; is the
early-time depletion rate (month™'); s, is the later-time depletion rate
(rnonth’l); and a and b are constants determining the initial amplitudes
of the decay function, such that a + b = 1.0.

The additional 6.3 years beyond the time reported by Abdelaal and
Rowe (2017) resulted in complete depletion at 65 °C and improved es-
timates of both the early- and later-time depletion rates at 40 °C. At
65 °C, the later-time depletion rates at pH 9.5 and 11.5 were only
slightly slower compared to Abdelaal and Rowe (2017), while the rate at
pH 13.5 exhibited no change (Table 3). Based on these rates, the
calculated time to reach Std-OIT; of 3 min at 65 °C was 64, 54 and 38
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Table 2
Geomembrane properties.
Properties Method Unit Mean +
SD
Nominal thickness ASTM D5199  mm 1.5
GMB designator - - MxC15
Manufacturing date - - May 2008
GMB Density ASTM D1505 g/cc 0.946
Standard oxidative induction time (Std- ASTM min 160 +
OIT; 200 °C/35 kPa) D3895, 2019 1.5"
High-pressure oxidative induction Time ASTM min 960 + 17
(HP-OIT; 150 °C/3500 kPa) D5885, 2020
Suspected HALS” - - Yes
Crystallinity ASTM D3418 % 50.5+ 0.7
HLMI (21.6 kg/190 °C)" ASTM D1238 g/ 129+ 0.4
10min
LLMI (2.16 kg/190 °c)¢ 0.115 +
0.001
HLMI/LLMI ratio - - 111
Single point stress-crack resistance ASTM hours 800 + 90
(NCTL-SCR) D5397, 2019
Tensile properties (machine direction)
Strength at yield ASTM kN/m 27.8+1.2
D6693, 2020
Strength at break Type (IV) kN/m 49.8 +£2.7
Strain at yield % 20.6 + 0.7
Strain at break % 818 + 18
Tensile properties (cross-machine
direction)
Strength at yield ASTM kN/m 29.1+1.0
D6693, 2020
Strength at break Type (IV) kN/m 50.7 £ 2.7
Strain at yield % 18.3 +£ 0.7
Strain at break % 857 4 23

% GMB initial properties are subjected to small changes with time due to
storage of the roll in room temperature for long period, variability of the ma-
terial within the same roll (e.g., distribution of additives; resin imperfections),
and periodic calibration of the testing equipment.

b Trace nitrogen analysis was conducted and reported by Ewais et al. (2014)
inferring the presence of HALS.

¢ High load Melt Index.

4 Low load Melt Index.

months for the pH 9.5, 11.5 and 13.5 solutions, respectively. The
Std-OIT data at 40 °C displayed a shallower curvature than initially
projected over the first three years, leading to faster early-time depletion
rates, but slower later-time rates than those reported in Abdelaal and
Rowe (2017) (Fig. 1; Table 3). Updated rates supported the conclusions
of Abdelaal and Rowe (2017) that increasing the pH from 9.5 to 13.5
decreased the early-time Std-OIT depletion rates but increased the
later-time depletion rates. This was attributed to the different effects of
alkaline media on the phosphite antioxidants captured by the early-time
depletion rates and the hindered phenols depletion predominantly
captured by the later-time depletion rates (Abdelaal and Rowe 2017).
Despite such change in pH effect on the different depletion rates, the
later-time depletion rates governed the time to depletion to the residual
values where pH 13.5 had the fastest time to depletion at different
temperatures, followed by pH 11.5 and then pH 9.5 (Table 3). The
change in the effect of pH on the early- and later-time depletion rates
may affect the predictions of the antioxidant depletion stage depending
on the duration of experimental data used to establish the depletion
rates. Further discussion of this point is presented in Section 3.2.2.

For the antioxidants detected by the HP-OIT test, there was a
depletion to very high residual values (see Fig. S1 in Supplementary
Material), a trend often observed in HDPE GMBs with suspected high
molecular weight HALS (Ewais et al., 2014; Rowe and Abdelaal 2016;
Abdelaal et al., 2019; Zafari et al., 2023a). Thus, depletion was modelled
using a first-order exponential decay function with a residual value, viz:
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Fig. 1. Variation with incubation time of normalized Std-OIT (OIT,/OIT,) in (a)
L6-pH = 9.5; (b) L7-pH = 11.5; and (c) L8-pH = 13.5. Red dotted line repre-
sents the depletion trend reported by Abdelaal and Rowe (2017) based on
3-years of data. Vertical bars represent the range of values.

OIT; / OIT, = ae* + OIT,/OIT, (2)
where s is the single antioxidant depletion rate; OIT,/OIT, is the
normalized residual OIT value; and a in this case equals (1 — OIT,/OITy).

At 85 °C (Fig. 2) and all other temperatures (Table S1), the HP-OIT,
and depletion rates at pH 13.5 obtained based on the 9.3-year data were
similar to the values obtained from Abdelaal and Rowe (2017) and
Abdelaal et al. (2023). However, at pH 9.5 and 11.5, longer incubation
revealed that the HP-OIT residual values were different from the values
estimated based on the 3-year study and stabilized at approximately
23% of HP-OIT, at pH 9.5, while at pH 11.5 it is estimated to reach 30%
of HP-OIT, based on the best fit of current data. Despite these changes in
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Table 3
Std-OIT depletion rates (s; and s,) estimated at the five laboratory incubation
temperatures.

Temp. Solution Early-time rate, s; Later-time rate, s, Time to
Q) pH Std-OIT,
Current 3-year Current 3-year b
N ) (months)
9.3-year study” 9.3-year study”
study study
95 9.5 2.4 2.4 0.12 0.12 21
11.5 1.4 1.4 0.13 0.13 17
13.5 1.1 1.1 0.22 0.22 6
85 9.5 1.45 1.45 0.098 0.098 27
11.5 1.03 1.03 0.10 0.10 23
13.5 0.6 0.6 0.15 0.15 12
75 9.5 1.1 1.1 0.085 0.085 34
11.5 0.79 0.79 0.09 0.09 28
13.5 0.55 0.55 0.12 0.12 18
65 9.5 0.45 0.45 0.047 0.055 64
11.5 0.35 0.35 0.050 0.065 54
13.5 0.25 0.25 0.070 0.070 38
40 9.5 0.06 0.05 0.007 0.010 NR
11.5 0.05 0.03 0.007 0.010 NR
13.5 0.04 0.02 0.008 0.014 NR

Note: NR = not reached after 9.3 years.

2 Abdelaal and Rowe (2017).

b Length of Stage I calculated using the 4-parameter exponential equation and
a residual Std-OIT (Std-OIT,) = 3min or 0.02 Std-OIT, for every solution.

12— 7
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Fig. 2. Variation with incubation time of normalized HP-OIT at 85 °C for the
three different high pH solutions. Dotted lines represent the depletion trends
reported by Abdelaal and Rowe (2017) based on 3-years of data.

the residual values at pH 9.5 and 11.5, the behaviour was still consistent
with the 3-year study since increasing the pH from 9.5 to 13.5 increased
the residual value. This implies that increasing the pH retarded the
depletion of the HALS which is typically reflected in the HP-OIT residual
values (Abdelaal and Rowe 2017). In terms of the depletion rates,
Abdelaal and Rowe (2017) reported that HP-OIT depletion rates were
consistent with later-time Std-OIT depletion rates during the initial three
years in which there was an increase in rates as pH increased from 9.5 to
13.5. However, the current data revealed that the HP-OIT depletion
rates (s) at pH 9.5 were higher than at pH 11.5 but were still lower than
at pH 13.5 at all temperatures. This inconsistency in the effect of pH on
HP-OIT and later-time Std-OIT depletion rates may be attributed to the
different effects of pH on the different antioxidants detected by the two
tests. Specifically, increasing the pH from 9.5 to 13.5 is expected to
reduce the depletion of the HALS (as inferred from the HP-OIT residual
values) detected solely by the HP-OIT and increase the hindered phenol
depletion detected by both tests (Scheirs 2009; Abdelaal and Rowe
2017). Consequently, the HP-OIT depletion rate is likely influenced by
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the pH effects on both antioxidants. This emphasizes the need for
extended immersion tests to accurately assess residual HP-OIT values,
and suggests that while depletion rates established over three years may
provide a conservative assessment of Stage I depletion, they may not
fully reflect long-term behaviour.

3.1.2. High load melt index (HLMD)

The present study extends the findings from Abdelaal and Rowe
(2023) and Abdelaal et al. (2023) to cover periods of up to 4.2 years at
95 °C (Fig. 3a), 7.5 years at 85 °C (Fig. 3b) and 9.3 years at 75 °C
(Fig. 3c). Results collected at 95 °C and 85 °C suggest consistent
cross-linking reactions in all three solutions, leading to an increase in the
polymer’s molecular weight and consequently to a decrease in the melt
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index value (Hsuan and Koerner 1998; Scheirs 2009; Grause et al.,
2020). At 95 °C, HLMI values reached a minimum of 10% HLMI, after
28, 36 and 51 months of incubation in pH 13.5, 11.5 and 9.5, respec-
tively. In addition, the time to the onset of measurable degradation
decreased with increasing pH. Similar trends were observed at 85 °C
with normalized values reaching less than 20% HLMI, after 90 months,
although in this case, the decrease occurred at a slower rate compared to
95 °C and with a less significant pH dependency.

At 75 °C, HLMI results in pH 9.5 and 11.5 were retained at the initial
value for 63 months before displaying a consistent increase to about
120% and 110% of HLMI,, respectively. The HLMI value then remained
constant at pH 9.5, while at pH 11.5 it further decreased to reach the
HLMI,, value at the end of incubation. At pH 13.5, there was retention at
HLMI,, for 88 months followed by a 15% decrease over the subsequent 6
months and then an increase back to the initial value. This suggests that
at 75 °C chain scission and cross-linking reactions were both taking
place simultaneously and counteracted each other (Abdelaal and Rowe
2014a; Abdelaal et al., 2015, 2019, 2023), after 63 months of
incubation.

The HLMI data suggest that there might be a critical temperature
threshold between 85 and 75 °C where the kinetics of cross-linking/
chain-scission reactions change (Celina et al., 1998; Likozar and
Krajnc 2011; Abdelaal et al., 2015). Below this temperature, the relative
rates of these mechanisms could be similar, therefore masking GMB
degradation. The chemical solutions also have the potential to affect the
balance between these reactions (McDonnell et al., 2017), altering their
relative rates and leading to divergent patterns such as those depicted in
Fig. 3c. For this reason, HLMI results were not used to estimate the
duration of Stages II and III and, thus, tyr of the GMB in this study.
Rather, the assessment of degradation stages was based on tensile and
SCR properties, discussed in the next sections.

3.1.3. Tensile properties

Among the various tensile properties, only break strength and
percent elongation were used to assess GMB degradation. This is due to
their consistent decrease in values irrespective of degradation mecha-
nisms, in contrast to the behaviour observed with HLML. Yield properties
were not relied upon because they generally show insignificant changes
due to ageing (Schrauwen et al., 2004; Rowe et al., 2010; Ewais and
Rowe 2014; Rowe and Shoaib 2017).

Break strength (Fg) and percent elongation at break (¢g) in the cross-
machine direction of the GMB decreased to reach nominal failure in all
three solutions at 95, 85, and 75 °C (Fig. 4). Both properties showed a
scatter around the initial values before they significantly decreased,
introducing some uncertainties in defining the onset of measurable
degradation and, thus, the length of Stages II and III. Nevertheless, Fg
and ez were estimated to reach nominal failure between 30 and 45
months of incubation at 95 °C (the lower bound indicating the behaviour
in pH 13.5) (Fig. 4a and b); between 47 and 60 months at 85 °C (Fig. 4c
and d); and between 80 and 96 months at 75 °C (Fig. 4e and f). Although
the differences between the estimated tyr values based on break strength
and break elongation were small at a given pH and temperature, the
values were slightly greater for break elongation. After 9.3 years from
the onset of incubation, there was no degradation in tensile properties at
and below 65 °C (Fig. S2).

3.1.4. Stress-crack resistance

SCR data are presented for durations of up to 83 months at 85 °C and
75 °C, and 112 months at 65 °C and 40 °C (Fig. 5). Results at 95 °C are
included in the Supplementary Material (Fig. S3).

The additional data at 85 °C resulted in the SCR specimens failing in
less than 3 h (<1% SCR,) for all three solutions (Fig. 5a). At 75 °C, SCR
decreased to SCRy, values of 34, 35, and 27% of SCR, at pH 9.5, 11.5,
and 13.5, respectively. After 36 months of incubation, SCR further
decreased to reach less than 5% of SCR, by the end of 83 months
(Fig. 5b). At 65 °C, SCR stabilized at values between 28 and 32% of SCR,,
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Fig. 4. Variation with incubation time of cross-direction break strength (a, c, €) and elongation (b, d, f) at 95 °C, 85 °C and 75 °C. Vertical bars represent the range of
measured values. 'Results beyond 48 months at pH 9.5 encountered limitations; thus, an attempt was made to find the best possible fit for the data available up to
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in all three solutions until the end of the incubation period examined
(Fig. 5¢). At 65 °C, the SCRy, values were the lowest, since at 40 °C the
values increased to 49-66% of SCR, (Fig. 5¢). This agrees with Ewais
and Rowe (2014), who found a decrease in SCRy, as the immersion
temperatures decreased from 95 to 55 °C, owing to the dominance of the
annealing effect (which enhances SCR; Lu et al., 1992) over chain
disentanglement (which decreases SCR; Brown et al., 1991) at higher
temperatures. The difference between the mean values of the normal-
ized SCRy, for the three high pH solutions was statistically significant
(ANOVA one-way analysis; 95% confidence level) at 85 °C. Neverthe-
less, the ANOVA test showed no statistically significant difference be-
tween the mean values of SCRy, at 75, 65 and 40 °C. Although it is
possible that the pH affected the SCRy, at 85 °C, the difference could also
be attributed to the random variability of samples (e.g., crystallinity or
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the magnitude of residual stresses across the GMB roll; Rowe et al.,
2019).

At 85 °C, tyr based on SCR was around 35, 34 and 31 months at pH
9.5,11.5 and 13.5, respectively, as shown by Abdelaal and Rowe (2023).
At 75 °C, tyr was about 58, 57 and 56 months at pH 9.5, 11.5 and 13.5,
respectively. Thus, temperature had a greater effect on the tyr compared
to pH. The results at 95 °C were significantly affected by morphological
changes in the polymer due to annealing (Abdelaal et al., 2015), leading
to a slower degradation rate compared to 85 °C. For instance, at 95 °C,
after SCR stabilized at approximately 100, 78 and 75% of SCR,, it
further decreased to reach nominal failure at 80, 56 and 52 months of
incubation at pH 9.5, 11.5 and 13.5, respectively (Fig. S3). Therefore,
the SCR degradation results at 95 °C could not be used as part of the
Arrhenius relationship involving the data at and below 85°C.
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Fig. 5. Variation with incubation time of SCR at (a) 85 °C, (b) 75 °C, (c¢) 65 °C and (d) 40 °C. Vertical bars represent the range of measured values.

3.1.5. Discussion of the GMB degradation in high pH solutions at elevated
temperatures

The duration of Stages I, II and III based on cross-machine break
strength/elongation and SCR, are provided at 95, 85 and 75 °C in
Table 4. Due to the inconsistent pH dependency observed in HP-OIT
depletion, and the more conservative results obtained from Std-OIT (i.
e., full depletion between 95 and 65 °C in all three solutions), the Std-
OIT test will be solely used to characterize Stage I of the three stage
conceptual degradation model. The duration of Stage III was obtained by
subtracting tyr (i.e., time to reach 50% of Fpy and epp; or 50% SCRy,)
from the estimated onset of measurable degradation, marked by the
endpoint of horizontal lines in Fig. 4, and the endpoint of plateau regions

in Fig. 5. The duration of Stage II was then calculated by subtracting the
durations of Stages I and III from tyr. Plots depicting the variation of
different index properties at 75 °C at pH 9.5, 11.5 and 13.5 are provided
in the Supplementary Material (Fig. S4).

The data collected over 9.3 years at 95, 85, and 75 °C indicate that
the duration of Stage III and tyr based on tensile break properties and
SCR correlates well with Stage I durations based on Std-OIT in the three
solutions: both Stage III and tyr decreased as the pH of the immersion
solution increased. This is consistent with the degradation trends
observed in SCR and machine-direction break strength at 95 °C and
85 °C over the first three years investigated by Abdelaal and Rowe
(2023). Furthermore, SCR at 85 °C and 75 °C degraded much earlier

Table 4
Comparison of GMB degradation stages and time to nominal failure for the three high pH solutions.
Index Property Units 95 °C 85°C 75°C
L6 L7 L8 L6 L7 L8 L6 L7 L8
Length of Stage I Std-OIT* month 21 17 6 24 23 12 34 28 18
Length of Stage II XD-Fp month 2 6 4 6 8 10 13 20
XD-¢p 4 5 7 7 8 14 14 17 23
SCR NU b 1 12 2 8 18
Length of Stage III XD-Fp month 22 20 18 27 24 32 47 45 42
XD-ep 20 18 17 26 25 23 48 46 42
SCR NU 11 10 7 22 21 20
Time to nominal failure XD-Fg** month 45 40 30 55 53 52 91 86 80
XD-gg** 45 40 30 57 56 49 96 91 83
SCR*" NU 35 34 31 58 57 56

Note: NU = not used in the current investigation; NR = not reached.
* Depletion time to Std-OITr = 3 min.

** Time to nominal failure when defined based on the property reducing to 50% of the initial value.
# Time to nominal failure when defined based on SCR being reduced to 50% of the stabilized SCR value (SCRy,).

b No Stage II since the degradation in SCR started before full depletion of Std-OIT.
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than tensile break properties (Table 4; Fig. S4), as reported by previous
research (Rowe et al., 2009; Ewais et al., 2018; Abdelaal et al., 2023;
Zafari et al. 2023b, 2023c). Also, Fig. S4 confirms that the changes
observed in HLMI data at 75°C (particularly after 63 months of incu-
bation) were not just a scatter in the data around the initial values but
due to simultaneous chain scission and crosslinking degradation, since
break strength and SCR were showing degradation at the same time.

After the depletion of antioxidants detected by Std-OIT to the re-
sidual value, the time for the onset of measurable degradation (Stage II)
also varied with pH and temperature for both tensile and SCR. However,
unlike the behaviour observed in Stages I and III, the length of Stage II
was longer at pH 13.5 than 11.5 and 9.5. Abdelaal and Rowe (2023)
proposed two hypotheses to explain this atypical pH dependency of
Stage II. The first hypothesis suggested a link to the residual antioxidants
detected by the HP-OIT test, given that the HP-OIT, values also consis-
tently increased with increasing pH (Fig. 2; Table S1). If the residual
HP-OIT values were not influencing the delay in degradation, the second
hypothesis proposed that the immersion solutions interacted differently
with the GMB resin, leading to the longer retention of properties at pH
13.5 compared to pH 11.5 and pH 9.5.

The high HP-OIT, values observed for all three solutions are gener-
ally a result of the entrapment of HALS molecules within the GMB
thickness, whether by their absorption to carbon black (Miiller et al.,
2016), or reductions in the polymer free volume (i.e., openings between
chains in the amorphous zone; Zeiner and Fischlschweiger 2023). The
latter can be further augmented by cross-linking reactions inferred from
the HLMI data (Fig. 3), with large molecular size HALS molecules
becoming integrated into this narrower, cross-linked network, rendering
them immobile (Schlotter and Furlan 1992; Koontz et al., 2010).
Regardless of their remaining chemical efficacy, trapped HALS may
hinder oxidative attack and degradation reactions through their physical
presence, creating a diffusion barrier that can limit the movement of
oxygen and other reactive species into the polymer matrix (Roe et al.,
1974; Peterlin 1975; Schmidt and Malwitz 2003). This ‘physical hin-
drance effect’ corroborates the first hypothesis of the duration of Stage II
at increasing pH levels.

Determining whether the high residual HP-OIT values or the
inherent resistance of the resin itself had a greater impact on increasing
Stage II as pH increased from 9.5 to 13.5 would require further experi-
mental investigation. It is possible that the two factors both played a role
in explaining the observed Stage II durations in the different pH solu-
tions, with their effects reinforcing or counteracting each other
depending on pH conditions.

3.2. Predicting GMB degradation

3.2.1. The Arrhenius relationship

One of the most relevant approaches for extrapolating material
performance from thermal ageing to field conditions is the Arrhenius
relationship (Laidler 1984; Ancheyta 2017; Kutz 2018). An Arrhenius
equation can be expressed as follows:

,(&)
k=Ae o

where k is the rate of the reaction or degradation process; A is the pre-
exponential factor associated with the frequency of collisions between
molecules and with the probability that these collisions result in a re-
action (i.e., collision factor); E, is the activation energy that must be
overcome for the reaction to occur (kJ/mol); R is the universal gas
constant (8.314 J mol ! K’l); and T is the temperature in Kelvin.

A log-plot of Equation (3) results in a linear relationship between the
reaction rate and the reciprocal absolute temperature, where the slope is
(-Eq/R) and the y-intercept is In(A). This allows for extrapolations
beyond the experimental temperature range, and, when the slope is
known, the activation energy can be directly calculated. In this section,

3
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Arrhenius extrapolations of the rates of antioxidant depletion (Stage I)
and degradation of mechanical properties (Stages II and III) are used to
estimate the duration of degradation stages for the GMB in the different
high pH solutions at different temperatures.

3.2.2. Antioxidant depletion based on Std-OIT and HP-OIT
The Arrhenius equation in terms of antioxidant depletion based on
OIT can be written as (Hsuan and Koerner 1998):

,(&)
s=Ae K

where s could be the early- or later-time antioxidant depletion rate
(month™), if Std-OIT is considered, or the single depletion rate based on
HP-OIT (month™).

The Std-OIT depletion rates derived from the four-parameter model
at different incubation temperatures (s; and sp; Table 3) were used to
establish Arrhenius plots of antioxidant depletion in the three high pH
solutions (Fig. 6). Even after many years of ageing, the Arrhenius
equations for both early- and later-time depletion rates could still be
described by a single E, (Hsuan and Koerner 1998; Rowe et al. 2008,
2020; Rowe and Ewais 2014; Abdelaal et al., 2019; Zafari et al., 2023b).
Due to the observed changes at 40 °C, the energies decreased for s; but
increased for s, relative to Abdelaal and Rowe (2017).

Once the early- and later-time depletion rates were extrapolated
using the equations in Fig. 6, the next step involved estimating the
values of the exponential fit parameters a and b (unitless) from Equation
(1) at the predicted temperatures. The values of the parameter a, esti-
mated from the Std-OIT depletion curves presented in Fig. 1, were

C)
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Fig. 6. Arrhenius plots of: (a) early-time and (b) later-time Std-OIT depletion
rates from the 4-parameter model.
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plotted against the test temperature for each of the high pH solutions. A
linear relationship was found, as reported in previous studies (Abdelaal
and Rowe, 2014a, 2017). The equations were given by:

pH 95 = 0.007T +0.13 (5)
Gpr 115 =0.008T +0.11 ©)
apy 135 =0.01T 4- 0.05 %)

where T is the immersion temperature in degrees Celsius.

Parameter b was calculated by subtracting a from the normalized
initial Std-OIT value, i.e., (b = 1.0 — a). Then, taking 3 min as the re-
sidual Std-OIT value (~ 2% of Std-OIT,), Equation (1) was used to
calculate the predicted time for depletion (i.e., t;) for the three high pH
solutions at different extrapolated temperatures (Table 5). To account
for variability in experimental results and uncertainties linked to pre-
dictions, particularly at temperatures significantly lower than the in-
cubation temperatures, a range of Std-OIT depletion rates was predicted
for each temperature (Abdelaal and Rowe 2017; Zafari et al., 2023c).
These predictions were based on different slopes (activation energies) of
the Arrhenius plots depicted in Fig. 6, and included the expected, as well
as the maximum and minimum activation energies at a 95% confidence
level. The expected activation energy is derived from the best-fit slope of
the Arrhenius plot, suggesting a 50% probability that the true activation
energy is above or below this value. The minimum value represents the
slope above which there is a 95% probability that the true activation
energy will fall. Conversely, the maximum value represents the slope
below which there is a 95% probability that the true activation energy
will fall.

In terms of the early-time depletion rate, the activation energies had
a 95% confidence band range of 50 < E, < 78 kJ/mol for pH 9.5, 43
< Eq <75 kJ/mol for pH 11.5, and 42 < E, < 77 kJ/mol for pH 13.5. In
terms of the later-time rate, activation energies had a range of 30 < E, <
72 kJ/mol for pH 9.5, 29 < E, < 74 kJ/mol for pH 11.5, and 34 < E, <
82 kJ/mol for pH 13.5. To help illustrate, the slopes for s; at pH 9.5 are
provided in Fig. S5. The depletion times at high temperatures (95-70 °C)
align reasonably well with predictions presented by Abdelaal and Rowe
(2017), as the ratio between them is close to unity (Table 6). As

Table 5
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Table 6
Ratio of depletion times (t;) between current 9.3-year study and the 3-year study
by Abdelaal and Rowe (2017).

T(O) (Current t4)/(3-yr study tq)
pH 9.5 pH115 pH13.5

95 0.9 0.9 1.0
90 0.8 0.9 0.8
85 1.0 1.0 1.0
80 0.9 0.9 0.9
75 1.1 1.1 1.1
70 1.1 1.1 1.1
65 1.2 1.1 1.2
60 1.2 1.3 1.2
55 1.3 1.3 1.2
50 1.2 1.3 1.2
45 1.3 1.3 1.3
40 1.4 15 1.4
35 1.5 1.5 1.4
30 1.5 1.6 2.0
25 1.6 1.7 1.5
20 1.6 1.7 1.4
10 1.9 1.8 1.6
5 21 2.0 1.4

expected, a significant difference in predictions emerges at lower tem-
peratures given the changes captured at 65 °C and, most importantly,
40 °C.

To further investigate the effect of the incubation duration on Std-
OIT depletion predictions, data based on 3 and 12 months of ageing
were considered (Table 7). The best-fit (expected) activation energy was
used in the Arrhenius plots for each solution. Results show that the 3-
month dataset fitted with a two-parameter exponential decay model
(i.e., using a single depletion rate) would be misleading, suggesting that
the pH 13.5 solution is the least aggressive in terms of antioxidant
depletion. This was essentially due to the slower early depletion rates at
pH 13.5 than the pH 11.5 and 9.5 solutions. Only after extending the
incubation period to at least one year to capture the change in the
relative depletion of the different high pH solutions, the Std-OIT pre-
dictions were the shortest at pH 13.5, followed by 11.5 and then 9.5.
This again was confirmed by the 3-year testing performed by Abdelaal

Predicted antioxidant depletion times (years) based on Std-OIT at different extrapolated temperatures.

T (°C) tq based on current 9.3-year study*,” tq based on 3-year study”
pH 9.5 pH11.5 pH 13.5 pH 9.5 pH11.5 pH 13.5
Eapin Eaeyp Eamax Eamin Elexp Eamax Eapin Eaeyp Eamax Edexp

95 2.0 1.2 0.8 1.4 0.9 0.4 0.4 0.3 0.2 1.3 1.0 0.3
90 2.5 1.6 1.1 1.9 1.2 0.7 0.6 0.5 0.3 2.0 1.3 0.6
85 3.0 2.2 1.6 2.4 1.8 1.1 1.0 0.9 0.5 2.2 1.8 0.9
80 3.6 2.6 2.4 29 2.1 1.7 1.4 1.3 0.7 2.8 2.3 1.4
75 4.3 4.0 3.6 3.7 3.4 2.6 1.8 2.0 1.2 3.7 3.2 1.9
70 5.2 5.2 5.2 4.3 4.5 4.0 2.3 2.9 1.9 4.7 4.0 2.6
65 6.2 7.0 7.9 5.5 6.2 6.0 3.0 4.1 3.0 6.0 5.4 3.5
60 7.6 9.4 12 6.7 8.7 9.4 3.7 5.7 4.9 8.0 6.8 4.9
55 9.0 13 18 8.0 12 14 4.7 8.1 8.0 10 9.0 6.7
50 11 17 28 10 16 23 6.0 11 13 14 12 9.1
45 13 24 43 12 22 36 7.5 16 22 18 17 12
40 16 33 68 15 32 57 10 23 37 24 21 17
35 20 47 110 18 45 92 12 34 64 31 30 24
30 24 66 170 21 63 150 15 49 110 43 39 25
25 30 94 270 27 91 250 19 70 190 57 55 47
20 37 130 500 32 130 430 25 100 340 81 75 72
10 59 290 >1000 52 280 >1000 43 240 >1000 150 160 150
5 75 450 >2000 65 450 >2000 56 360 >2000 210 230 250

Note: Predictions have been rounded to no more than two significant digits.

*tq = time to Std-OIT depletion assessed based on reaching a residual value of 3 min.

@ Predictions are based on: (i) expected activation energies using the ’best-fit’ lines in the Arrhenius plots, indicating a 50% probability that the depletion times are
above or below these values; (ii) minimum activation energies, with a 95% probability that the predictions will be greater than these values; and (iii) maximum
activation energies, with a 95% probability that the predictions will fall below these values.
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Table 7
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Expected antioxidant depletion times at different temperatures based on different immersion periods.

Antioxidant depletion times (years)

9.3-year immersion* 3-year immersion*,”

1-year immersion* 3-month immersion**

T (°C) pH 9.5 pH11.5 pH 13.5 pH 9.5 pH11.5 pH 13.5 pH 9.5 pH11.5 pH 13.5 pH 9.5 pH11.5 pH 13.5
95 1.2 0.9 0.3 1.3 1.0 0.3 1.9 1.2 0.4 0.3 0.3 0.3
90 1.6 1.2 0.5 2.0 1.3 0.6 2.1 1.5 0.7 0.4 0.4 0.5
85 2.2 1.8 0.9 2.2 1.8 0.9 2.5 1.8 1.0 0.5 0.5 0.6
80 2.6 2.1 1.3 2.8 2.3 1.4 2.9 2.2 1.4 0.6 0.7 0.9
75 4.0 3.4 2.0 3.7 3.2 1.9 3.3 2.6 1.8 0.8 0.9 1.2
70 5.2 4.5 2.9 4.7 4.0 2.6 3.9 3.1 2.3 1.1 1.2 1.7
65 7.0 6.2 4.1 6.0 5.4 35 4.5 3.7 2.9 1.5 1.6 2.4
60 9.4 8.7 5.7 8.0 6.8 4.9 5.2 4.4 3.6 2.0 2.1 3.4
55 13 12 8.1 10 9.0 6.7 6.0 5.3 4.5 2.7 2.9 4.9
50 17 16 11 14 12 9.1 7.0 6.4 5.7 3.6 3.9 7.2
45 24 22 16 18 17 12 8.2 7.7 7.3 5.0 5.4 11
40 33 32 23 24 21 17 9.8 9.4 9.4 7.1 7.6 16
35 47 45 34 31 30 24 12 12 12 10 11 24
30 66 63 49 43 39 25 15 15 16 14 15 37
25 94 91 70 57 55 47 21 20 22 21 22 58
20 130 130 100 81 75 72 29 27 30 30 33 93

Note: Predictions greater than 10 years have been rounded to no more than two significant digits.
* Length of Stage I calculated using a 4-parameter exponential equation and a residual Std-OIT (Std-OITr) = 3min or 0.02 Std-OITo for every solution.
** Length of Stage I calculated using a 2-parameter exponential equation and a residual Std-OIT (Std-OITr) = 3min or 0.02 Std-OITo for every solution.

@ Based on Abdelaal and Rowe (2017).

and Rowe (2017) as well as the present study. Extending the incubation
period also resulted in longer depletion times, showing that longer term
data collection could greatly improve Std-OIT predictions. While the
short term Std-OIT data may conservatively capture the long term
relative depletion of the same GMB in different solutions or for different
GMBs in the same solution, the incubation in the three high pH solutions
discussed herein shows that this does not apply for cases in which the
relative depletion changes with time. As such, longer incubation is
needed until such change in the depletion behaviour is observed to
ensure consistent predictions with long term data.

Depletion rates and residual values based on HP-OIT (Table S1) were
also used to establish Arrhenius plots for the three solutions (Fig. S6).
Table S2 shows the predicted times to depletion based on HP-OIT data
and the corresponding HP-OIT; values. At pH 9.5, the depletion based on
current data was sufficient to allow the evaluation of the residual values
at any test temperature. This improved the predictions made by Abde-
laal and Rowe (2017), who assumed a constant HP-OIT; of 80 min across
all temperatures. Due to significantly slower depletion rates at pH 11.5
compared to pH 9.5 and 13.5, the depletion time (t;) was consequently
longer for that particular solution.

3.2.3. Stages II and III based on tensile properties

The estimated lengths of Stages I and III (i.e., Aty and Atyy) based on
cross-direction break strength and elongation at 95, 85 and 75 °C
(Table 4) were used in Arrhenius plots for extrapolating mechanical
property changes at lower temperatures. By definingn =1/ Aty and y =
1/Aty; as the degradation rates of tensile properties of the GMB during
Stages I and III, respectively, Equation (4) can be rewritten as (Abdelaal
et al., 2014b; Ewais et al., 2018):

n= ®
and
y=Ae \\" ©

The Arrhenius relationships for 7 and y are presented in Figs. 7 and 8,
respectively, for the three high pH solutions. Despite the uncertainty in
defining when Stage II ended and Stage III began, current tensile data
allowed for extrapolations of property changes using single linear
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Fig. 7. Arrhenius plots for Stage II based on: (a) cross-machine tensile break
strength (Fp) and (b) break elongation (ep) for the three high pH solutions.

Arrhenius equations. The estimated At; and Aty from these equations,
along with the length of Stage I based on Std-OIT, were compiled to
calculate tyr at a range of different temperatures (Tables 8-10). The
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Fig. 8. Arrhenius plots for Stage III based on: (a) cross-machine tensile break
strength (Fg) and (b) break elongation (ep) for the three high pH solutions.

observed tyr values exceeded predictions by up to 22% (e.g., at 95 °C),
and were lower by up to 12% at lower temperatures (e.g., 75 °C).

The Arrhenius plots of Stage II degradation rates (Fig. 7) yielded a
decreasing E, and pre-exponential factors A as pH increased. While
decreasing E, values imply lower energy barriers for reactions to occur
(Menzinger and Wolfgang 1969; Laidler 1984), the simultaneous

Table 8
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decrease in A suggests that the probability of reactants colliding and
forming products is also decreasing (Ancheyta 2017). One could then
conjecture that although the degradation beyond the full Std-OIT
depletion was easier to initiate at pH 13.5 (due to lower E,), the rate
of degradation once initiated was slower (due to lower A) compared to
pH11.5and 9.5 (Laidler 1987; Ancheyta 2017). This may have led to the
increase in the lengths of Stage II (Tables 8-10) at pH 13.5 than at pH
11.5 and 9.5. For Stage III, both E, and A exhibited a subtle increase with
increasing pH degradation rates (Fig. 8). Thus, there was a marginally
higher energy barrier for the degradation reactions to occur as pH
increased, and once that barrier was overcome, the degradation prop-
agated at slightly faster rates at higher pHs. This is reflected in the
decreasing trend of predicted Stage III durations (Tables 8-10) with
increasing pH, although differences were small.

The extended incubation suggests that while the pH 13.5 solution
was the most aggressive environment in terms of Std-OIT depletion, it
was the least aggressive in initiating degradation in Stage II compared to
pH 11.5 and 9.5, as was also observed by Abdelaal and Rowe (2023)
after 3 years of incubation. In the context of thermo-oxidative degra-
dation of polyethylene, Stage II involves the formation of hydroperoxide
(ROOH) molecules up to a critical level (Hsuan and Koerner 1998;
Abdelaal et al., 2015). Meanwhile, Stage III comprises the decomposi-
tion of ROOH into more reactive free radicals, which subsequently lead
to an accelerated chain reaction and auto-oxidation of the polymer
(Al-Malaika 2004; Miiller 2010). In this case, it is plausible to argue that
at pH 13.5, the rate of ROOH formation was slower than at pH 11.5 and
9.5, with a slightly faster rate of decomposition at pH 13.5.

3.2.4. Time to nominal failure based on current SCR data

Since the SCR data at 95 °C was masked by the annealing effect and
the incubation duration was not sufficient to observe Stage III degra-
dation at 65 °C, only the 85 and 75 °C SCR data were used to establish
Arrhenius plots beyond Stage I. In addition, no Stage II was observed for
pH 9.5 at 85 °C (see Table 4) and hence it was not possible to consis-
tently establish the predictions of the durations of Stages II and III for all
three solutions. However, the current SCR data was used to predict the
degradation of the GMB by directly plotting the Arrhenius relations of
the tyr at 85 and 75 °C. In this case, the Arrhenius equation can be
rewritten as:

W
— —Ae RT (10)

AtNF

Expected degradation stages and time to nominal failure (years) based on tensile break strength and elongation in L6 (pH = 9.5) at different temperatures.

Break strength (Fg)

Break Elongation (eg)

T (°C) Stage I" Stage II Stage III Predicted tyr Observed tyr Stage I" Stage IT Stage III Predicted tyr Observed typ
95 1.2 0.2 1.7 3.1 3.8 1.2 0.3 1.6 3.1 3.8
90 1.6 0.2 2.1 3.9 - 1.6 0.4 1.9 4.0 -
85 2.2 0.4 2.5 5.1 4.8 2.2 0.6 2.4 5.2 5.0
80 2.6 0.5 3.1 6.2 - 2.6 0.9 3.0 6.5 -
75 4.0 0.8 3.8 8.5 7.6 4.0 1.3 3.8 9.0 8.0
70 5.2 1.2 4.6 11 - 5.2 1.8 4.8 12 -
65 7.0 1.8 5.8 15 - 7.0 2.7 6.1 16 -
60 9.4 2.7 7.2 19 - 9.4 3.9 7.9 21 -
55 13 4.2 9.1 26 - 13 5.9 10 29 -
50 17 6.7 12 35 - 17 9.0 13 39 -
45 24 11 15 49 - 24 14 17 55 -
40 33 17 19 69 - 33 22 23 78 -
35 47 29 25 100 - 47 34 31 110 -
30 66 49 32 150 - 66 55 42 160 -
25 94 83 42 220 - 94 89 57 240 -
20 130 150 60 340 - 130 150 79 360 -
10 290 470 100 860 - 290 430 150 870 -
5 450 870 140 >1000 - 450 760 220 >1000 -

Note: Numbers rounded to no more than two significant digits. Hence, numbers may not add up exactly due to rounding.
# Estimated from the Arrhenius equations presented in Fig. 6 (i.e., best-fit activation energies).
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Table 9
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Expected degradation stages and time to nominal failure (years) based on tensile break strength and elongation in L7 (pH = 11.5) at different temperatures.

Break strength (Fg)

Break Elongation (ep)

T (°C) Stage I" Stage 11 Stage 111 Predicted typ Observed typ Stage I Stage II Stage III Predicted tyr Observed typ
95 0.9 0.3 1.6 2.7 3.3 0.9 0.4 1.5 2.8 3.3
90 1.2 0.4 1.9 3.4 - 1.2 0.5 1.8 3.6 -
85 1.8 0.5 2.3 4.6 4.4 1.8 0.7 2.3 4.8 4.7
80 2.1 0.7 2.8 5.6 - 2.1 1.0 2.8 6.0 -
75 3.4 1.1 3.5 7.9 7.2 3.4 1.5 3.6 8.5 7.6
70 4.5 1.6 4.3 10 - 4.5 2.1 4.6 11 -
65 6.2 2.3 5.3 14 - 6.2 3.1 5.8 15 -
60 8.7 3.5 6.7 19 - 8.7 4.5 7.5 21 -
55 12 5.3 8.5 26 - 12 7 10 28 -
50 16 8.2 11 35 - 16 10 13 39 -
45 22 13 14 49 - 22 15 17 54 -
40 32 20 18 70 - 32 23 22 78 -
35 45 33 23 100 - 45 37 30 110 -
30 63 54 31 150 - 63 58 41 160 -
25 91 89 41 220 - 91 94 56 240 -
20 130 150 55 340 - 130 150 77 360 -
10 280 460 100 840 - 280 430 150 870 -
5 450 820 140 >1000 - 450 750 220 >1000 -

Note: Numbers rounded to no more than two significant digits. Hence, numbers may not add up exactly due to rounding.
@ Estimated from the Arrhenius equations presented in Fig. 6 (i.e., best-fit activation energies).

Table 10

Expected degradation stages and time to nominal failure (years) based on tensile break strength and elongation in L8 (pH = 13.5) at different temperatures.

Break strength (Fg)

Break Elongation (eg)

T (°C) Stage I Stage II Stage III Predicted tyr Observed tyr Stage I Stage IT Stage III Predicted tyr Observed tyr
95 0.3 0.4 1.4 2.3 2.5 0.3 0.6 1.4 2.2 2.5
90 0.5 0.6 1.8 2.9 - 0.5 0.8 1.7 3.0 -
85 0.9 0.8 2.1 4.0 3.9 0.9 1.1 2.1 4.1 4.1
80 1.3 1.1 2.6 5.2 - 1.3 1.5 2.6 5.4 -
75 2.0 1.6 3.3 7.0 6.7 2.0 2.1 3.3 7.4 6.9
70 2.9 2.3 4.1 9.4 - 2.9 29 4.2 10.1 -
65 4.1 3.3 5.1 13 - 4.1 4.2 5.4 14 -
60 5.7 4.7 6.4 17 - 5.7 6.0 7.0 19 -
55 8.1 7.0 8.1 23 - 8.1 8.8 9.1 26 -
50 11 10 10 32 - 11 13 12 36 -
45 16 16 13 45 - 16 19 16 51 -
40 23 24 17 65 - 23 29 21 73 -
35 34 37 23 94 - 34 45 28 110 -
30 49 58 30 140 - 49 69 38 160 -
25 70 92 40 200 - 70 110 52 230 -
20 100 150 50 310 - 100 170 70 350 -
10 240 410 100 750 - 240 470 150 850 -
5 360 700 140 >1000 - 360 790 210 >1000 -

Note: Numbers rounded to no more than two significant digits. Hence, numbers may not add up exactly due to rounding.
# Estimated from the Arrhenius equations presented in Fig. 6 (i.e., best-fit activation energies).

where Atyr is the estimated time to nominal failure, in months.

Since tyr values at 85 and 75 °C were not significantly different
among the different high pH solutions, a single E, representing the
average E, among the three high pH solutions was used. The resulting
Arrhenius equation is presented in Fig. 9, while tyr extrapolated at
various temperatures is presented in Table 11. As previously indicated,
SCR at 85 and 75 °C started to degrade much earlier than tensile,
resulting in relatively greater degradation rates and, thus, shorter tyr
predictions. This shows that of the GMB’s mechanical properties
examined herein, SCR was the most sensitive to degradation (Rowe
et al., 2014; Ewais et al., 2018; Zafari et al., 2023c).

3.3. Practical implications

The predicted tyr presented herein was established using immersion
tests in which the GMB is exposed to the solution from all sides. In re-
ality, except for a single primary GMB in double lined ponds where there
is fluid above and in the drainage layer below the GMB near the sump,
the GMB in the field is exposed to the solution from the top surface only
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and the bottom surface is exposed to the low hydraulic conductivity
layer of the composite liner system. As such, the degradation times re-
ported in the current study are considered conservative estimates of the
GMB longevity (i.e., shorter than the field estimations). An approach for
estimating Stage I (antioxidant depletion time) in a composite liner
configuration was proposed by Rowe et al. (2020) in which the depletion
times listed in Table 5 can be conservatively multiplied by a factor of 3.4
at a specific temperature. These adjusted times can then be added to the
available durations of Stages II and III based on tensile properties to
provide a first estimation of the tyr under field conditions considering
the three high pH environments (Table 12). Tables S3-S5 show a
breakdown of tyr into Stages I, II and III for every solution.

The temperature of a GMB liner in a gold/silver heap leaching
operation can vary depending on a number of factors including
geographic location, weather conditions, the ore type, the lixiviant
chemistry and the heap height, and it is common for the pregnant liquor
to be in the range of 30-50 °C (Thiel and Smith 2004; Ghorbani et al.,
2016; Manning and Kappes 2016). Considering a heat-generating
operation with the buried liner temperature of 30-50 °C, the tyr based



R.A. e Silva et al.

-3'2 | L |3 L) ] T L L . L) T L] b = o T L k. L3 LS ]

[ iNF-SCR ]

= 36f .
s ¥ ]
S ol ]
é o L ]
/Tz" L ]
g Har ]
= [ Arthenius Equation  Ea (kJ/mol) ]
£ gl ]
F in(1at,)=152-6690T 556 ]

ol ey

275 2.80 2.85 2.90 2.95

1/Temperature (1/°K) x 10

Fig. 9. Arrhenius plot for the time to nominal failure based on SCR for
all solutions.

Table 11

Expected time to nominal failure (years) based on SCR at different temperatures
immersed in all three solutions (pH 9.5, 11.5 & 13.5).

T (°C) tnr at 50% SCR, Observed
95 1.7 -

90 2.1 -

85 2.8 2.8
80 3.6 -

75 4.8 4.8
70 6.3 -

65 8.4 >9.3
60 11 -

55 15 -

50 21 -

45 29 -

40 41 -

35 58 -

30 82 -

25 120 -

20 180 -

10 390 -

5 600 -

Note: numbers rounded to no more than two significant digits.

Table 12

Expected time to nominal failure (years) based on tensile break strength and
elongation for the three high pH solutions in a composite liner configuration.

Break strength (Fp)

Break Elongation (¢5)

TCC) pH95 pHI11L.5 pH13.5 pH95  pHI11L.5  pH135
95 6.0 4.9 3.0 6.0 4.9 3.0

90 7.8 6.3 4.1 7.8 6.4 4.2

85 10 8.9 6.1 1 9.1 6.3

80 12 1 8.4 13 11 8.6

75 18 16 12 19 17 12.2
70 23 21 17 24 22 17.0
65 31 29 23 33 30 24

60 42 40 31 44 42 32

55 58 55 44 60 57 45

50 76 73 60 80 77 62

45 110 100 85 110 110 89

40 150 150 120 160 160 130
35 210 210 180 220 220 190
30 310 300 260 320 310 270
25 450 440 380 470 460 400
20 650 650 580 680 670 600
10 1540 1510 1360 1560 1540 1410
5 >2000  >2000 >2000 >2000  >2000 >2000
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on tensile break strength in a composite liner can vary between 310 and
76 years at pH 9.5, 300-73 years at pH 11.5, and 260-60 years for at 13.5
(Table 12). If the liner temperature was consistently at or below 10°C (i.
e., for non-heat generating operations), tyr becomes greater than 1000
years for all the high pH solutions examined. An important practical
implication that can be drawn from these predictions is that a pH in-
crease in gold/silver PLS from 9.5 to 11.5 may not impact the longevity
of the GMB liner as much as an increase to above 13 (particularly
through a high dosage of NaOH). However, and irrespective of the pH of
the solution, the tyr (estimated considering only the chemical durability
component of the GMB service life) can meet the typical design life of a
heap leaching operation of 20 years if the liner temperature is main-
tained below 65°C.

The extrapolations presented here are estimated based on the GMB’s
degradation properties under stress-free conditions. Therefore, these
estimates assume that the liner design will maintain strains below
approximately 3% (Seeger and Miiller 2003; Rowe et al., 2019), and
certainly less than 5% (Abdelaal et al., 2014a), based on current
knowledge.

4. Conclusions

The degradation of a HDPE GMB (Std-OIT, = 160 min; HP-OIT, =
960 min; SCR, = 800 h) in synthetic pregnant liquor solutions from gold
and silver heap leaching was assessed using immersion tests at different
temperatures. Three solutions (L6-pH 9.5, L7-pH 11.5 and L8-pH 13.5)
with essentially the same concentration of metals were considered. The
first results of this investigation were reported by Abdelaal and Rowe
(2017), who provided predictions for Stage I after monitoring the
depletion of antioxidants for three years. Abdelaal and Rowe (2023) and
Abdelaal et al. (2023) reported results of high-load melt index (HLMI),
stress-crack resistance (SCR) and tensile properties, but further testing
was required to predict nominal failure at field temperatures. The pre-
sent study provides an additional 6.3 years of ageing data to improve
Stage I estimates since Abdelaal and Rowe (2017) and to examine the
degradation in Stages I and Il at 95, 85 and 75 °C, allowing establishing
the time to nominal failure (tyr) predictions using Arrhenius modelling.
For the specific GMB tested and the exposure conditions examined, the
following conclusions can be drawn:

e The assessment of Stage I based on Std-OIT was shown to be more
consistent with subsequent GMB degradation than the HP-OIT. At
85 °C, for instance, there was a 90% and 23% residual HP-OIT
detected at pH 13.5 and 9.5, respectively, while the HP-OIT was
still depleting at pH 11.5, despite the initiation of degradation in the
physical and mechanical properties.

Complete Std-OIT depletion (i.e., depletion to a residual Std-OIT
value of 3 min) was achieved at 65 °C for all three solutions, with
no significant changes in depletion rates since Abdelaal and Rowe
(2017). At 40 °C, the early-time depletion rates only slightly
increased, whereas the later-time rates decreased. As such, the pre-
dicted times to depletion aligned well with Abdelaal and Rowe
(2017) for high temperatures (>70 °C). At lower temperatures,
predictions increased by up to 110% due to the changes captured
with the additional ageing time. Improved estimates maintained the
pH dependency previously reported in which Stage I significantly
reduced with increasing pH.

The length of incubation period affected the rates used to extrapolate
Std-OIT depletion. Based on a 3-month dataset, for instance, the pH
13.5 solution exhibited the slowest rate compared to pH 11.5 and
9.5. However, only when extending incubation to at least one year
did the relative depletion rates of different solutions start to align
with both the 3-year study by Abdelaal and Rowe (2017) and the
current study. Longer incubation times resulted in more accurate
depletion rates and, thus, more accurate predictions of antioxidant
depletion times.
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e The high-load melt index (HLMI) results at 95 and 85 °C suggested
consistent degradation by cross-linking in all three solutions. How-
ever, data at 75 °C revealed that both chain scission and cross-linking
reactions occurred simultaneously and the results were scattered
around the initial values after 9.3 years of ageing. While this may
imply that the degradation mechanism can change over the range of
the experimental temperatures, the GMB exhibited a decrease in all
the mechanical properties at the three elevated temperatures in the
three high pH solutions. The tensile and SCR properties were more
reliable than HLMI in assessing the durations of Stages II and III, as
HLMI can be influenced by counteracting mechanisms.
The break strength and elongation data were used to establish the
Arrhenius plots for the duration of Stages II and III. As the pH
increased from 9.5 to 13.5, the predicted durations for Stage II
increased, while estimates for Stage III slightly decreased. Thus,
while pH 13.5 was the most aggressive environment for the GMB
based on Std-OIT depletion (Stage I), it was the least aggressive in
initiating degradation compared to pH 11.5 and 9.5.
The tyr predictions for tensile properties based purely on immersion
tests were:

a-In L6 (pH 9.5) and L7 (pH 11.5): >35 years at 50 °C, >70 years

at 40 °C, and >150 years at 30 °C.

b- In L8 (pH 13.5): >32 years at 50 °C, >65 years at 40 °C, and

>140 years at 30 °C.

Thus, increasing the pH up to 13.5 shortened the GMB’s time to
nominal failure based on tensile.

o The annealing effect at 95 °C masked the SCR degradation and hence
the time nominal failure was established based on 85 and 75 °C. The
predicted times to nominal failure ranged from about 8 years at
65 °C, 21 years at 50 °C and more than 80 years at 30 °C. Thus, the
predictions are deemed conservative since nominal failure was not
reached experimentally at 65 °C. They may be also considered as the
worst-case estimates of the time to nominal failure since they were
lower than those based on tensile failure.

Assuming a good liner design that limits the tensile strains in the
GMB, based on current knowledge, the time to nominal failure in a
composite liner configuration for the geomebrane and solution
chemistries examined was estimated to be > 60 years at 50 °C, >260
years at 30 °C, and >1000 years at 10 °C.
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Notation

Basic SI units are given in parentheses

A Pre-exponential factor in the Arrhenius equation (month’l)
a Amplitude of the exponential decay function (unitless)

b Amplitude of the exponential decay function (unitless)

E, Activation energy (kJ/mol)

ep Percent elongation at break (%)

€80 Initial percent elongation at break (%)

Fg Tensile strength at break (kN/m)

Fpo Initial tensile strength at break (kN/m)

HLMI, Initial High Load Melt Index value

k Rate of the reaction or degradation process (month™1)
SCRm Stabilized stress-crack resistance after physical ageing (hours)
s Single antioxidant depletion rate (month™1)

$1 Early-time depletion rate (rnonth’l)

S Later-time depletion rate (month™1)

OIT, Initial OIT value (min)


https://doi.org/10.1016/j.geotexmem.2024.09.012

R.A. e Silva et al.

OIT; Residual OIT value (min)

OIT; OIT value at any time t after ageing (min)

R Universal gas constant (8.314 J mol ' K1)

T Temperature (K in the Arrhenius equation)

t Incubation time (months)

tq Predicted time for depletion (months or years)

tyr (or Atyp) Time to nominal failure (months or years)
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Aty Length of Stage II

Aty Length of Stage III

n Degradation rate of the GMB tensile property of interest during Stage II
4 Degradation rate of the GMB tensile property of interest during Stage III
ABBREVIATIONS

ASTM  American Society for Testing and Materials

GMB Geomembrane

GRI Geosynthetic Research Institute

HALS Hindered Amines Stabilizers

HLMI High Load Melt Index

HDPE High-density Polyethylene

HP-OIT High-pressure Oxidative Induction Time

MSW Municipal Solid Waste

NaOH  Sodium Hydroxide

NCTL-SCR Notched Constant Tensile Load Stress-crack Resistance

OIT Oxidative Induction Time

PLS Pregnant Liquor Solution

SCR Stress-crack Resistance

Std-OIT  Standard Oxidative Induction Time

XD Cross-machine Direction
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