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a b s t r a c t 

Peroxide crosslinked high-density polyethylene (PEX-a) is increasingly being used to replace traditional 

metal and concrete pipes in applications such as water, gas, and sewage transport. Stabilizing additives 

play important roles in enhancing the long-term stability of PEX-a pipes and understanding changes to 

these additives under in-service conditions is critical to further improvements in pipe lifetimes. We used 

infrared (IR) microscopy to measure spectra within the central portion of the walls of PEX-a pipe sub- 

jected to two different types of ageing: exposure to high temperature ( 85 ◦C ) air and exposure to high 

temperature ( 85 ◦C ) water. To analyze these data, we used principal component analysis (PCA) to im- 

plement an unsupervised multivariate analytical approach. This allowed us to identify distinct ageing 

pathways for the two types of ageing in the two-dimensional space defined by the first two principal 

components PC1 and PC2, which together account for 88% of the variance in the data. This representa- 

tion of the data allowed us to associate each PC with different ageing processes in the pipes: changes in 

PC1 were due primarily to hydrolysis of stabilizing additive ester linkages, whereas changes in PC2 were 

due primarily to elevated temperature. The PCA showed that ageing in high temperature water produced 

spectral changes consistent with those measured for an in-service pipe and that water is the key compo- 

nent driving the changes. The results provide important information for PEX-a pipe ageing and stabilizing 

additive formulation design. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Crosslinking of high-density polyethylene using peroxides (PEX- 

) results in favorable properties such as high melting temper- 

ture and tensile strength. These physical properties, combined 

ith flexibility, ease of installation and resistance to environmental 

eathering, make PEX-a pipe attractive for use in both indoor and 

utdoor domestic and industrial applications. PEX-a pipes are cer- 

ified to withstand exposure to chlorinated water at elevated tem- 

erature and pressure [1] so that they resist oxidative degradation 

uring both manufacturing and in-service use. During the man- 

facturing process, the polyethylene is exposed to high tempera- 

ure in the presence of oxygen, which can lead to thermo-oxidative 

egradation such as chain scission [2–4] that makes the pipe sus- 

eptible to premature failure [ 5 , 6 ]. During in-service use, PEX-a 

ipe can be exposed to factors such as oxygen, chlorine, elevated 
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emperature, and UV light, which can induce thermo-oxidative and 

hoto-oxidative degradation reactions [ 2–5 , 7 ]. 

To enhance the long-term stability of PEX-a pipe, manufacturers 

dd stabilizing agents, such as primary antioxidants, secondary an- 

ioxidants, UV absorbers or hindered amine light stabilizers (HALS). 

hese compounds act either as H-donors that preferentially react 

ith backbone peroxyl radicals, or as free-radical scavengers that 

erminate the pipe degradation by forming stable radical species. 

owever, stabilizing additives can also undergo degradation reac- 

ions that reduce their efficacy, and hydrolysis and photodegra- 

ation of ester linkages in the amorphous regions of the pipes 

an lead to leaching of the additives from the pipes into the sur- 

ounding water [ 4 , 7–10 ]. The diffusion of oxygen and stabilizing 

gents within the amorphous regions of the pipe play a funda- 

ental role in these processes, which makes the degree of crys- 

allinity an important factor in degradation kinetics [ 6 , 7 , 9 ]. Al-

hough PEX pipe lifetimes have been established by rigorous stress 

esting and in-service follow-up, little attention has been paid to 

he fate of additives under various environmental conditions. Im- 

roving the robustness of additives may provide even longer in- 

https://doi.org/10.1016/j.polymdegradstab.2022.109963
http://www.ScienceDirect.com
http://www.elsevier.com/locate/polymdegradstab
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymdegradstab.2022.109963&domain=pdf
mailto:dutcher@uoguelph.ca
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ervice life and enable a broader range of permissible operating 

arameters. 

Infrared (IR) spectroscopy is a powerful tool for the study 

f polyolefins and PEX-a pipe structure, morphology, and age- 

ng. For transmission IR measurements, the strongly absorbing C- 

 stretching, bending, and rocking IR absorptions of the polyethy- 

ene chains are often saturated depending on sample thickness, 

ut weaker IR absorptions contain information on polyethylene 

rystallinity, polyethylene chain unsaturations, stabilizing additives, 

nd thermo-oxidative degradation products [10] . The IR spectro- 

copic analysis of polyolefins has often focused on univariate mea- 

ures of specific absorption bands to quantify different functional 

roup content, for example, carbonyl or vinyl groups [10–16] . The 

esponse of these peak intensities to a perturbation of interest, 

uch as elevated temperature or UV exposure, is often tracked as a 

unction of time, temperature or radial position [38–44] . However, 

EX-a pipe spectra can be complex, with different correlations be- 

ween spectral regions and multiple contributions to functional 

roup absorptions. For example, the carbonyl region can contain 

verlapping contributions from protective stabilizing additives and 

ompounds resulting from oxidative damage. Because of the con- 

oluted nature of the spectra, the interpretation of univariate de- 

criptors can be challenging and potentially misleading. 

In this work we use principal component analysis (PCA) to im- 

lement a multivariate analytical approach to studying PEX-a IR 

pectra. PCA can be used to identify and explain the main contri- 

utions to the variance in the spectra while also reducing the di- 

ensionality of the dataset. PCA has been shown to be valuable in 

nalyzing many different types of problems and data structures, in- 

luding spectroscopic studies, in which hundreds of variables cor- 

esponding to a variety of physical and chemical properties can be 

easured with high resolution and are often correlated [17–26] . 

ecently, we have shown that PCA of IR spectroscopic data of dif- 

erent formulations of PEX-a pipes can be used to characterize and 

lassify different pipe formulations [10] . 

In the present study, we performed PCA on a dataset contain- 

ng IR microscopy spectra of axial slices of virgin pipes and pipes 

ubjected to two different ageing protocols – immersion in either 

ot air ( 85 ◦C ) or hot water ( 85 ◦C ) for extended periods of time –

nd tracked changes to their IR absorption signatures in the 1800–

520 cm 

−1 and 1200–895 cm 

−1 frequency domains. The 1800–

520 cm 

−1 region contains IR absorptions from carbonyl groups. In 

EX-a pipe, IR absorptions in this spectral region can arise from 

arbonyl-containing ester groups in commonly used commercial 

olyolefin stabilizing additives (such as Irganox 1010, Irganox 1076, 

inuvin 622, and Tinuvin 700) and from the products of oxida- 

ive damage [ 4 , 10 , 27 ]. This can lead to complex IR band shape

ith overlapping contributions from beneficial (stabilizing addi- 

ives) and detrimental (oxidative damage) molecular species. The 

200–895 cm 

−1 frequency range lies in what is commonly referred 

o as the fingerprint region of the IR spectrum. In PEX-a pipe, 

his region contains IR absorption from polyethylene, including 

hose arising from vinyl unsaturations in the polyethylene chain, 

s well as contributions from stabilizing additives. The C-O vibra- 

ions of stabilizing additive ester groups also absorb in this region 

 4 , 10 , 27 ]. 

For in-service potable hot water PEX-a pipes, the inner surface 

s exposed to chlorinated water at elevated temperature, with test- 

ng and certification at 60 ◦C for domestic hot water lines and 82 ◦C

or commercial hot water lines [28] , while the outer surface is ex- 

osed to air. In contrast, our hot air and hot water immersion age- 

ng protocols act at both the inner and outer surface of the PEX-a 

ipe wall. This allows us to isolate the effect of the presence of 

ot water from that of hot air on our samples (with no contribu- 

ions from chlorine or pressure). To avoid contributions from the 

nner and outer surfaces, we restrict our present analysis to spec- 
2 
ra collected from the central portions (25% –75%) of the pipe wall 

hickness. 

PCA of the ageing data allowed us to track trajectories for 

he two different ageing protocols in the two-dimensional space 

efined by the two leading PCs, PC1 and PC2, which together 

ccounted for 88% of the spectral variance. We found that the 

pectral changes induced by ageing in hot water at 85 ◦C closely 

atched those experienced by a potable hot water pipe that 

ad been in-service for longer times. This suggests that hot wa- 

er specifically, as opposed to hot air, chlorine, or pressure, was 

he driving force behind the spectral changes observed in the in- 

ervice pipe. In addition, we find that PC1, which accounts for 

7% of the spectral variance, primarily describes the hydrolysis 

f an ester linkage associated with a stabilizing additive. We fit 

he hot water ageing time dependence of PC1 to a simple sig- 

oidal/logistic function, which allowed us to characterize the time 

ependence of the hydrolysis reaction. The results of the present 

tudy demonstrate the power of PCA of IR microscopy data to iden- 

ify and track changes to stabilizing additives in PEX-a pipe during 

geing at elevated temperature, providing important information to 

valuate the long-term stability of PEX-a pipes. 

. Materials and methods 

.1. Protocols for sample preparation and ageing at elevated 

emperature 

For the ageing experiments at elevated temperature in both 

ir and water, we used segments of extruded PEX-a pipes (21.9 

m inner diameter, 3.2 mm wall thickness, approximately 6 cm 

n length). The segments were placed in glass beakers and either 

xposed to air at 85 ◦C or Milli-Q water (resistivity of 18.2 M � cm) 

t 85 ◦C . Samples were aged in their respective conditions for a to- 

al of 21 days. We chose the conditions for ageing in high temper- 

ture air and water to expose the pipe samples to environmental 

tresses that are similar to those experienced by the outer and in- 

er surfaces of the pipe wall in in-service use. We monitored the 

rogression of the ageing of the pipes at the following time points: 

, 6, 8, 10, 14 and 21 days. At each time point, the samples were

emoved from the oven and allowed to cool for a minimum of 20 

in under room temperature conditions. The samples used in the 

TIR microscopy measurements were prepared by slicing the PEX- 

 pipe samples perpendicular to the extrusion direction using an 

merican Optical model 820 rotary microtome, resulting in thin 

 ∼100 μm thick) axial slices, as shown schematically in Fig. 1 . To

nsure that the measured radial changes to pipe properties were 

ue to ageing of the outer and inner pipe walls, and not the ends 

f the pipe samples, we used the microtome to remove thick slices 

rom the ends of the pipe samples until the combined thickness of 

he removed slices was ∼4 mm ( > pipe wall thickness). The mi- 

rotome was then used to produce the thin axial slices used in 

he FTIR microscopy experiments. In addition, we measured and 

nalyzed data from axial slices of PEX-a pipe of the same formula- 

ion that was either unused (virgin) or used in-service to transport 

ommercial hot water (hot water temperature of 82 ◦C ). 

.2. FTIR microscopy 

Transmission IR absorption spectra were collected for axial 

lices using a Thermo/Nicolet Continu μm Infrared Microscope 

quipped with an MCT detector at a resolution of 4 cm 

−1 . Approx- 

mately 30 spectra were collected, in 100 μm increments, across 

he wall thickness of each axial slice to obtain a radial profile of 

ach sample as shown schematically in Fig. 1 . Each spectrum rep- 

esents the average IR absorption over a 50 × 50 μm area (at a 
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Fig. 1. Sample preparation and experimental geometry used for the FTIR-microscopy experiments performed on axial slices of PEX-a pipe. 
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iven radial depth), expressed in absorbance units: 

 = − log ( I/ I 0 ) (1) 

here I and I 0 are the single beam intensities transmitted through 

he pipe slice and air respectively. 

.3. IR data analysis 

Preprocessing of IR spectra was performed in Quasar [29] . Spec- 

ra were baseline corrected and normalized by the 2019 cm 

−1 

and, which arises from both amorphous and crystalline regions 

f polyethylene, to correct for variations in sample thickness [10] . 

pectra were mean centered by subtracting the mean spectrum 

rom all spectra in the dataset and principal component analy- 

is (PCA) was performed in Python using the scikit-learn library’s 

klearn.decomposition.PCA [30] . PCA transforms the data into a 

ew feature space of orthogonal PCs defined along the directions 

f maximum variance in the original data. The PCs are linear com- 

inations of the original features that, in this case, correspond to 

he detailed dependence of the absorbance on frequency in the 

R spectra. Two-dimensional correlation spectroscopy [ 33 , 34 ] was 

erformed using the 2Dpy Jupyter notebook from Shigeaki Morita, 

wansei-Gakuin University [35] . 

. Results and discussion 

We used PCA as an unsupervised learning approach to identify 

he internal structure of our spectroscopic dataset in a way that 

est explains the variance in the spectra. In our dataset, the spec- 

ral variance was induced in an experimentally controlled fashion 

hrough the application of our ageing protocols – immersion in ei- 

her hot air ( 85 ◦C ) or hot water ( 85 ◦C ) for extended times – to

irgin pipes. As the elevated temperature was the same for both 

rotocols, spectral variance induced solely by the increased tem- 

erature should be present in the spectra of samples subjected to 

oth protocols. In contrast, spectral variance that depended on the 

pecific ageing medium should result in differences for the two 

geing protocols. We note that these ageing protocols mimic, in 

 limited fashion, the environments experienced by the inner (hot 

ater) and outer (hot air) surfaces of an in-service potable hot wa- 

er PEX-a pipe. The effects of chlorine and elevated pressure were 

xcluded from the present work to isolate the roles of tempera- 

ure and the ageing medium. We have also measured spectra from 

n in-service potable hot water pipe, allowing us to compare the 

pectral changes induced by our procedures for ageing at elevated 

emperature to those experienced by the in-service pipe. 

In Fig. 2 a, we show the results of the PCA of 718 spectra of

irgin and aged PEX-a pipe collected from the central portion (25–

5% depth) of the pipe wall, where each point represents a single 

R spectrum. The PCA model was constructed from the virgin and 

ged pipe spectra, with the first two PCs accounting for 88% of the 

pectral variance (PC1 77%, PC2 11%). In Fig. 2 a, we also show the

C scores for the in-service potable hot water pipe that were cal- 

ulated from this model. 
d

3 
In Fig. 2 b and c, we show the loading vectors of PC1 and

C2. These loading vectors describe the correlated spectral variance 

hat underpins each PC and can be interpreted as spectra [ 25 , 26 ].

ithin each PC loading spectrum, peaks pointing in the same di- 

ection are positively correlated whereas peaks pointing in oppo- 

ite directions are negatively correlated. The physical significance 

f the PCs can be understood by examining the PC scores in con- 

unction with the underlying loading spectra. 

In Fig. 2 a, we show the hot air aged (red), hot water aged (blue)

nd virgin (gray) PC scores, together with the projected PC scores 

or the in-service pipe. For a given ageing condition (ageing type 

nd time), the PC scores were clustered together, indicating their 

lose similarity. As the ageing time was increased, the PC scores 

or the hot air and hot water aged pipes migrated in PC1-PC2 space 

way from the virgin PC scores, forming distinct ageing trajectories 

or the hot air and hot water aged pipes. The hot water aged data 

rimarily migrated away from the virgin data along the PC1 axis 

rom negative to positive PC1 values with increased ageing time, 

ith the separation between ageing clusters decreasing as the age- 

ng time increased. In contrast, the hot air aged data primarily mi- 

rated along the PC2 axis with increased ageing time, with the 

eparation between ageing clusters much less than in the hot wa- 

er case, reaching an apparent plateau with substantial overlap of 

he data for ageing times greater than 8 days. Finally, we can see 

n Fig. 2 a that the projected in-service pipe PC scores coincided 

losely with those for the 14- and 21-day hot water aged samples, 

howing that the spectral variance captured by PC1 and PC2 was 

ery similar for these samples. 

The physical significance of the hot water ageing trajectory can 

e understood by examining the PC1 loading spectrum, which 

s dominated by negative peaks in the carbonyl region between 

800 and 1680 cm 

−1 ( Fig. 2 b) and in the fingerprint region be-

ween 1180 and 1130 cm 

−1 ( Fig. 2 c). The negative loading val- 

es indicate that the IR absorbance in these regions was decreas- 

ng as the PC1 scores increased from negative to positive values 

left to right in Fig. 2 a). The negative carbonyl peak is centered at 

737 cm 

−1 and the negative 1180–1130 cm 

−1 feature has a mini- 

um at 1160 cm 

−1 and a shoulder at 1175 cm 

−1 . The IR spectra

f common ester-containing stabilizing additives exhibit strong ab- 

orption peaks in these frequency domains [ 4 , 10 , 27 ], and these fre-

uencies are consistent with carbonyl and C-O absorptions of ester 

unctional groups [31] . Therefore, we attribute the changes cap- 

ured by PC1 to the loss of ester moieties associated with a stabi- 

izing additive. Furthermore, we note that the extended migration 

f the PC scores along PC1 occurred only for the hot water aged 

amples. In contrast, the hot air aged samples experienced a small 

nitial increase in PC1 and then the value of PC1 remained essen- 

ially constant for longer ageing times. This behaviour suggests that 

ater is the key component driving the observed spectral changes. 

herefore, we propose that the loss of additive-associated ester ab- 

orbance was largely due to the water-facilitated hydrolysis of sta- 

ilizing additive ester linkages. 

The susceptibility of stabilizing additive ester linkages to hy- 

rolysis is well established [ 9 , 45–50 ] and yields a carboxylic 
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Fig. 2. (a) PC score plot for the first two components accounting for 88% of the spectral variance. The PCA model is constructed from virgin (gray), hot air aged (red), and 

hot water aged (blue) pipe spectra. The PCA model is then applied to the in-service pipe spectra (black) and the spectra are projected onto the PC score plot. The progression 

to larger ageing times is represented by increasingly darker colours, as indicated in the legends within the plot. (b) Carbonyl region loading spectra for PC1 and PC2. (c) 

Fingerprint region loading spectra for PC1 and PC2. 
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cid functional group. Deprotonation of a carboxylic acid COOH 

ields a carboxylate COO 

− functional group. This deprotonation 

auses a very large shift in the associated absorbance band from 

1700 cm 

−1 (COOH) to ∼1570 cm 

−1 (COO 

−). The protonation state 

f the carboxylic group will be defined by its pKa (at pH = pKa, the

roup will be 50% deprotonated). We can roughly estimate the pKa 

f the COOH hydrolysis product to be ∼4.75 (the pKa acetic acid) 

51] . We note that the small positive band at 1570 cm 

−1 in the

C1 loading spectrum is consistent with an absorption from a car- 

oxylate COO 

− functional group. However, we did not observe any 

ignificant absorbance from a COOH functional group. This may be 

ecause the pH environment within the pipe wall is sufficiently 

reater than ∼4.75 such that the deprotonated COO 

− form is dom- 

nant or because the COOH group undergoes further reaction (as 

iscussed below). Furthermore, because the carboxylate peak re- 

ained relatively weak during the ageing process, it is likely that 

here was rapid diffusive loss of small fragments of the hydrolyzed 

dditive to the surrounding water. 

The hot air aged trajectory occurred primarily along the PC2 

xis, with a small initial jump in the PC1 direction. The PC2 load- 

ng spectrum shows a small negative (carbonyl) feature above 

725 cm 

−1 and a small positive feature below 1725 cm 

−1 . In 

he fingerprint region, we observed prominent positive bands 

t 1170 cm 

−1 (with a shoulder at 1145 cm 

−1 ), 965 cm 

−1 , and

30 cm 

−1 . The positive peaks indicate that the IR absorbance in 

hese frequency domains was decreasing as the hot air aged PC 

cores migrated down the PC2 axis to more negative values. A sim- 

lar decrease in PC2 with ageing time was exhibited by the hot 

ater aged samples. While interpretation of the IR fingerprint re- 

ion is difficult, we suggest that the changes captured by PC2 were 

rimarily the result of the elevated temperature, as it is the com- 

onality between the air and water aged samples. The physical 

rigin of the IR absorptions described by the PC2 loading spectrum 

ay result from changes to a stabilizing additive or from the loss 

f trace volatile or reactive compounds after exposure to elevated 

emperature. 

To provide further insight and understanding, we grouped the 

ata points in Fig. 2 a into ageing clusters defined by their ageing 
4 
onditions (ageing type and time). We calculated the average PC 

cores for each ageing cluster and show them in Fig. 3 a. This aver-

ged representation makes the ageing time dependence of PC1 and 

C2 clearer. In Fig. 3 b–d we show the averaged spectra for each 

orresponding ageing cluster, and each point in the PC score plot 

orresponds to one of the averaged spectra. 

The results of the PCA indicate that the averaged hot water and 

ot air spectra are significantly different. The correlated decrease 

n IR absorbance in the ester carbonyl and C-O regions in the hot 

ater aged samples is clearly evident in Fig. 3 b and c. In contrast, 

or the hot air aged spectra, little change occurred in the carbonyl 

egion ( Fig. 3 d) and only an initial decrease was observed in the 

180–1130 cm 

−1 region ( Fig. 3 e). These differences in the averaged 

ot water aged and hot air aged spectra are essentially the cor- 

elated changes that are captured by PC1 and are clearly related 

o the presence of hot water. Similarly, immediate decreases (and 

mall subsequent decreases) in the 1180–1130, 965, 930 cm 

−1 re- 

ions are evident in both the hot water aged ( Fig. 3 c) and the hot

ir aged ( Fig. 3 e) spectra. In essence, these decreases are the cor- 

elated changes that are captured by PC2. Finally, the averaged in- 

ervice pipe spectrum corresponds closely with the 14- and 21- 

ays hot water aged spectra in Fig. 3 b–c, but differs significantly 

rom all hot air aged spectra in Fig. 3 d–e. 

We note that oxidation of the pipe samples would produce a 

ignificant increase in the carbonyl peak absorbance, which we did 

ot observe. In hot air, there was only a small increase in the car- 

onyl absorbance ( Fig. 3 d); and in hot water, we observed large 

ecreases in the carbonyl absorbance ( Fig. 3 b). These results show 

hat oxidation was not significant when the pipe was exposed to 

ur two ageing protocols within the time scale of the ageing ex- 

eriments. 

We further examine the spectral changes induced by hot wa- 

er ageing by performing two-dimensional correlation spectroscopy 

2DCOS) on the ageing time averaged hot water spectra from 

ig. 3 b and c. Fig. 4 shows the synchronous correlation spectrum, 

hich describes the simultaneous or coincidental changes in the 

pectra with ageing time [ 33 , 34 ]. The autopeaks that lie on the di-

gonal of the synchronous spectrum characterize the magnitude of 
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Fig. 3. (a) Average PC score plot for virgin (gray), hot air aged (red), and hot water aged (blue) and in-service (black) pipe spectra. The PCA model is constructed from virgin, 

hot air aged, and hot water aged pipe spectra and applied to the in-service pipe spectra. (b)–(e): Ageing time averaged spectra for the hot water aged samples (carbonyl (b) 

and fingerprint (c) regions), and hot air aged samples (carbonyl (d) and fingerprint (e) regions). The average virgin (gray) and in-service (black) pipe spectra are also shown 

in (b)–(e). The progression to larger ageing times is represented by increasingly darker colours, as indicated in the legends within the plots. 

Fig. 4. Synchronous 2D correlation spectrum for the hot water aged samples. Red 

corresponds to positive correlations and blue corresponds to negative correlations. 

The major cross-peaks and their coordinates are labeled. 
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he absorbance changes at that frequency [ 33 , 34 ]. The cross-peaks 

hat lie off the diagonal (mirrored on both sides of the diagonal) 

epresent coincidental changes in absorbance at a given frequency 

oordinate ( ν1 , ν2 ) [ 33 , 34 ]. A positive cross-peak indicates positive 

orrelation between the coordinate frequencies (and vice versa) 

 33 , 34 ]. The presence of a cross-peak in the synchronous spec- 

rum suggests that a common cause is responsible for the variation 

n the individual bands [33] . The synchronous spectrum contains 

trong positive cross-peaks centered at the (1163, 1737) wavenum- 

er coordinates. This means that changes to these spectral regions 

ccur in a simultaneous and coincidental fashion with ageing time. 

he cross-peak position agreed closely with the major bands in the 

C1 loading spectrum. This suggests that the hot water ageing in- 

uced changes captured by PC1 occur in coincidental fashion. The 

ynchronous spectrum also contains weaker negative cross-peaks 

entered at the (1570, 1737) and (1163, 1570) wavenumber coordi- 
5 
ates. This means that the carboxylate peak at 1570 cm 

−1 is neg- 

tively correlated with the ester linkage bands and that it grows 

imultaneously with the decreases in ester absorbance. This is con- 

istent with attributing changes to PC1 with ageing time to ester 

ydrolysis because the loss of absorbance in the carbonyl and C- 

 regions and the increase in absorbance of the carboxylate peak 

ust occur simultaneously upon hydrolysis of the ester functional 

roup. 

In Fig. 5 a and b we show the PC1 and PC2 scores for virgin, hot

ir aged and hot water aged pipe spectra as a function of ageing 

ime. The corresponding average scores for the in-service pipe are 

lotted as horizontal black lines. For ageing times of 14–21 days, 

he PC1 and PC2 scores of the in-service pipe agreed closely with 

hose of the hot water aged pipe. This suggests that hot water age- 

ng closely reproduced changes observed in the central region of 

he in-service pipe, with respect to phenomena described by PC1 

nd PC2, which account for 88% of the spectral variance. 

PC1 describes the correlated and coincidental changes to the 

arbonyl and C-O regions that result from the hot water facilitated 

ydrolysis of stabilizing additive ester linkages. To examine the ki- 

etics of this process we plot PC1 as a function of ageing time in 

ig. 6 . We also plot the best fit of the PC1 (t) data to a sigmoidal

unction of the form: 

 0 + 

[ 
a 1 

1 + e ( t 0 −t ) /τ

] 
(2) 

here t is the ageing time in days, a 0 is the lower asymptote, a 1 
s the difference between the lower and upper asymptotes, t 0 is 

he center or inflection point of the curve, and τ characterizes the 

idth of the curve. S-shaped sigmoidal or logistic functions, such 

s Eq. (2), are often used to describe the kinetics of second-order 

utocatalytic reactions such as ester hydrolysis [32] . 

In Eq. (2), the width of the sigmoidal function is charac- 

erized by the time τ over which the sigmoidal function in- 

reases significantly, e.g., an increase by ( 1 / 2 )( e − 1 ) / ( e + 1 ) ×
00% = 23% for �t = 2 τ about the midpoint of the transition. We 

xtract the best-fit characteristic time constant τ = 2 . 7 days from 

he PC1 (t) data. We note that this timescale, which describes 

he kinetics of the stabilizing additive ester hydrolysis, is orders 

f magnitude shorter than the desired service lifetimes of PEX-a 

ipe. We also note that the S-shaped sigmoidal behaviour exhib- 
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Fig. 5. (a) PC1 (77% explained variance) vs days aged, and (b) PC2 (11% explained variance) vs days aged. The progression to larger ageing times is represented by increasingly 

darker colours. The average scores for the in-service pipe are plotted as horizontal black lines. 
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ted by PC1 (t) is characteristic of the expected second-order au- 

ocatalytic hydrolysis of esters in PEX-a and further supports the 

ttribution of PC1 to stabilizing additive ester hydrolysis. This au- 

ocatalytic behaviour may also provide an explanation for the ab- 

ence of COOH peak in the PC1 additive hydrolysis loading spec- 

rum: the COOH peak may not be observed because it may par- 

icipate in this autocatalytic hydrolysis. The COOH group and the 

issociated hydrogen cation can both act as catalysts for ester 

ydrolysis [32] . 

In Fig. 6 , we also plot the ageing time dependence of two other 

eatures in the IR spectra: the area under the carbonyl peak be- 

ween 1800 and 1680 cm 

−1 ( A C=O ), and the area under the 1180–

130 cm 

−1 feature ( A C −O ). This comparison allows us to interpret 

he results for the time evolution of the PCA in the context of 

he specific chemical bonds that characterize the ester functional 

roup. Both A C=O (t) and A C −O (t) decrease as ester hydrolysis pro- 

resses and they are well described by the sigmoidal function in 

q. (2), which is consistent with the heavy weighting of these 

eaks in the PC1 loading spectrum ( Fig. 2 ). The best-fit value of

= 2 . 2 days for A C= O (t) is similar to that of PC 1(t) , which is rea-

onable since the PC1 loading spectrum has a dominant contri- 

ution from A C=O , and PC2 (which does not describe hydrolysis) 

as only a minor contribution from A . In contrast, the best-fit 
C=O 

6 
alue of τ = 3 . 6 days for A C −O (t) is significantly larger than that 

or PC 1(t) . This can be understood by examining the PC1 and PC2 

oading spectra. 

The PC1 loading spectrum has a strong contribution from A C −O 

nd so A C −O (t) retains the sigmoidal character of ester hydroly- 

is. However, the PC2 loading spectrum also has a major contribu- 

ion from A C −O . This overlapping contribution from an uncorrelated 

rocess causes a significant change in τ for A C −O (t) compared 

o that for PC 1(t) . A key advantage of the PCA is the extraction, 

hrough PC 1 , of the correlated spectral variance between the A C=O 

nd A C −O frequency domains and its decoupling from overlapping 

ut uncorrelated spectral variance captured by PC 2 . This enables 

he characterization of stabilizing additive hydrolysis despite over- 

apping spectral contributions that would otherwise convolute an 

nalysis of univariate metrics (e.g., A C=O and A C −O ). 

In Fig. 6 we also plot the average PC 2 scores for hot water and

ot air aged pipes as a function of ageing time, as well as the best

t of the PC 2(t) data to an exponential function of the form: 

 0 + a 1 e 
−t 

/ τ (3) 

here t is the ageing time in days, a 0 and a 1 are constants, and τ
s the characteristic time constant. 
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Fig. 6. (a) The average hot water aged PC1 scores versus ageing time t in days. The solid red line was calculated using Eq. (2) and the best-fit ( r 2 = 0.999) parameter 

values: a 0 = -2.7, a 1 = 5.1, t 0 = 5.0 days, and τ = 2.7 days. (b) The average hot water and hot air aged PC2 scores versus ageing time t in days. The solid red lines were 

calculated using Eq. (3) and the best-fit ( r 2 = 0.998) parameter values for hot air a 0 = -0.79, a 1 = 1.9, and τ = 3.7 days, and hot water a 0 = -0.12, a 1 = 1.2, and τ = 7.0 

days. (c) The average hot water aged carbonyl area A C=O versus ageing time t in days. The solid red line was calculated using Eq. (2) and the best-fit ( r 2 = 0.992) parameter 

values: a 0 = 0.84, a 1 = 0.70, t 0 = 4.9 days, and τ = 2.2 days. (d) The average hot water aged 1180–1130 cm 

−1 area A C −O versus ageing time t in days. The solid red line was 

calculated using Eq. (2) and the best-fit ( r 2 = 0.998) parameter values: a 0 = 0.55, a 1 = 0.87, t 0 = 4.2 days, and τ = 3.6 days. For each plot, the progression to larger ageing 

times is represented by increasingly darker colours. 

c

W  

s  

g

v

v

t

s

 

r  

t

c

c

m

a

p

1

w

f

b

b

e

c

l

a

t

w

t

c

f

o

a

P

y

s

l

t

v

l

d

s

b

5

h

p

t  

T

p

t

For both the hot air and hot water aged samples, PC 2(t) is well 

haracterized by a simple first-order exponential function (Eq. (3)). 

e extract best-fit time constants τ = 3 . 7 days for the hot air aged

amples and τ = 7 . 0 days for the hot water aged samples. We sug-

est that PC 2 primarily captures the relatively small effect of ele- 

ated temperature on the spectra, perhaps due to the loss of trace 

olatile or reactive compounds. The smaller value of τ observed for 

he hot air aged samples compared to the hot water aged sample 

uggests that oxygen may play a role in these changes. 

We can compare the averaged spectra ( Fig. 3 b and c) that cor-

espond to the plateau at long ageing times in Fig. 6 a. We note

hat the PC 1 loading spectrum exhibited a negative carbonyl peak 

entred at a frequency of 1737 cm 

−1 , which is consistent with the 

arbonyl frequency associated with ester carbonyl groups and com- 

on stabilizing additives. Despite the loss of this ester carbonyl 

ssociated absorbance that occurred during the hot water ageing 

rotocol, we note that a high frequency carbonyl absorbance at 

742 cm 

−1 peak remained prominent in the 14- and 21-day hot 

ater ageing spectra (and in the in-service pipe spectrum). This 

requency is also consistent with an ester carbonyl in common sta- 

ilizing additives. It may result from a second ester-containing sta- 

ilizing additive that has not undergone hydrolytic cleavage of its 

ster linkage, since multiple stabilizing additives are typically in- 

luded in commercial pipe formulations. Stabilizing additives with 

ong linear chain structures and sterically accessible ester link- 

ges, such as Tinuvin 622, will be more susceptible to hydrolysis 
7

han those with more compact structures, such as Irganox 1010, 

hich contains sterically sheltered ester linkages. It is possible 

hat we are observing the hydrolysis of one of two different ester- 

ontaining stabilizing additives. 

Our findings in the present study have important implications 

or PEX-a pipe formulation design, as the timescale over which we 

bserve significant hydrolysis (days) in our hot water immersion 

geing experiments is much shorter than the desired lifetimes of 

EX-a pipes (decades). This large discrepancy between the hydrol- 

sis timescale and the desired lifetime indicates that some of the 

tabilizing additives are short-lived in PEX-a pipe. The use of ester- 

inked oligomeric stabilizer additives (such as Tinuvin 622) is in- 

ended to reduce their migration within the pipe wall and surface 

olatility [ 36 , 37 ]. Cleavage of this linkage will reduce the molecu- 

ar weight of the stabilizing additive, which could lead to increased 

iffusion and decreased performance. It is important that the de- 

ign of stabilizing additives avoids these unwanted effects. 

The hydrolysis and extraction of ester-linkage containing sta- 

ilizing additives in polyolefin systems is well established [ 9 , 45–

0 ]. These studies often characterize the stabilizing additive and/or 

ydrolysis products via the analysis of water extractions from the 

olyolefin [ 9 , 45 ] and/or through organic solvent treatment and ex- 

raction protocols applied to the water-treated polyolefin [ 9 , 46 , 47 ].

he application of PCA to IR spectra of aged PEX-a pipe com- 

lements these focused approaches to studying stabilizing addi- 

ive hydrolysis. But more broadly, this work demonstrates how a 
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[

[

[  

[

[

imple unsupervised learning approach like PCA can result in the 

ata-driven discovery of informative features (which in this case 

orresponds to PC1 describing stabilizing additive hydrolysis) in a 

ataset of PEX-a pipe IR spectra. This approach is robust, broadly 

pplicable, and is not limited or tailored to stabilizing additive hy- 

rolysis or indeed any specific physicochemical process. 

Finally, we note that commercial formulations of PEX-a pipe 

ypically incorporate proprietary additive packages from third 

arty suppliers so that the details of the stabilizing additives 

re not known by the manufacturers of PEX-a pipe. Despite this 

ack of precise knowledge of the specific stabilizing additives, in 

he present study we have identified and quantified spectroscopic 

hanges that occurred during the ageing procedures and, in the 

ase of exposure to hot water, identified the underlying process –

he hydrolysis of ester linkages corresponding to changes in PC1. 

his speaks to the generality of our approach and its applicability 

o the analysis of ageing of commercial PEX-a pipes. 

. Summary and conclusions 

We have evaluated PEX-a pipes subjected to ageing by perform- 

ng PCA on IR microscopy measurements of the pipes. We found 

hat a large amount (88%) of the spectral variance was described 

y the two leading principal components, PC 1 and PC 2 . This al- 

owed us to focus on these two PCs and to identify distinctive age- 

ng pathways in PC 1 − PC 2 space for our two ageing protocols: im- 

ersion in hot air and immersion in hot water. By examining the 

ain IR signal contributions to PC 1 and PC 2 , we were able to as-

ociate distinctive physical changes with each PC: PC 1 (77%) was 

rimarily associated with the hydrolysis of stabilizing additive es- 

er linkages and PC 2 (11%) was primarily associated with the el- 

vated temperature. Using the PCA model, we calculated the PC 1 

nd PC 2 scores for the spectra of an in-service potable hot water 

ipe and found that they coincided closely with those immersed in 

ot water for 14–21 days. This suggests that hot water, as opposed 

o hot air, chlorine, or pressure, is the key component driving age- 

ng in the central portion of the in-service pipe wall. Furthermore, 

e found that the PC1 data for pipe aged in hot water at 85 ◦C

ncreased in a sigmoidal fashion with ageing time, with a charac- 

eristic time of τ = 2.7 days, which is consistent with the second- 

rder autocatalytic hydrolysis of ester linkages in a stabilizing ad- 

itive. Our results have revealed key information with respect to 

EX-a pipe ageing and have important implications for the design 

nd selection of stabilizing additives for PEX-a pipe formulations. 
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