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Abstract :

Ocean pollution by microplastics, i.e. small pieces of plastic of less than 5mm, is one of the major
concerns for the future of our planet. Secondary microplastics formation is due to fragmentation of
macroplastic waste. This fragmentation can be attributed to environmental loadings such as waves,
winds and tides, coupled with a change in mechanical properties of polymers induced by UV and
seawater ageing. This study aims to characterize and understand changes in the mechanical behaviour
of Polyethylene Terephthalate (PET) induced by hydrolysis, especially for high degradation levels. Thin
films (200 microns) of PET were aged in water at temperatures from 110 °C to 80 °C for up to 150 days.
Embrittlement occurs with chain scission during hydrolysis when molar mass of the polymer falls below
17 kg/mol. When the polymer is brittle, i.e. for high levels of degradation, the stress at break decreases
linearly with the molar mass, and can be described by a simple mathematical expression.
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1.Introduction

The presence of plastics in the oceans, from tHacito sea floor sediment, from coastal zonexpn sea, has
been presented in the literature since 1972 andirgtepapers on the subject [1-3]. The consequemdehis
invasion of the oceans by plastics are currentipdpénvestigated by the scientific community. Masdtthe
questions are related to the impact of small pie¢gdastics on marine life and on the food chdifb] and their
identification in a marine environment [6-8]. Wheansidering microplastics, defined as plasticsestIthan
5mm [9], two types exists. Primary microsplastios @efined as unaged plastics, such as plastietpeWhereas
secondary microsplastics are based on macroplastics as plastic bottles or bags that are agedttzem

fragmented into smaller pieces.



We will focus here on this second case, with a g@robjective to understand the formation of midasgics and
the influence of ageing on their behaviour. Frompalymer degradation point of view, the understagdird
microplastic formation needs to consider new opggstions related to fracture mechanisms in polyrdaesto
extended ageing. Usually the study of polymer ddgfian is focused on a specific application [40f limited

to a decrease of design properties such as elongatibreak for rubber [11]. Here, as there is efindd end of
life for these polymers, large degradations wiltwcso we have to consider the impact of extendegradation
on their fracture behaviour.

The present study is focused on Polyethylene Tdhefate (PET) because this kind of polymer is wideded in
industry [12],especially for plastic bottle production [13,14nd has been found as microplastics in the ocean
[15]. Degradation of PET has been widely studiedhia past and it was one of the first polymers istidn
terms of ageing in 1959 [16]. It is well know tHAET undergoes both oxidation [17,18] and hydroly$8,
both of which lead to chain scission in the polyniehas been chosen to focus this study mainhymrolysis
of the polymer because the chemical reactions amvik [20], the main influencing parameters havenbee
studied, and prediction of this degradation is fssusing a kinetic model [21,22]. Considering imecical
property change during degradation, it is well knailvat semi crystalline polymers undergo a tramsifrom
ductile behaviour (i.e. when plasticity occurs)hnttle behaviour (i.e. purely elastic behaviourithwchain
scission. This transition occurs when the molarsmesreases below a critical molar mass value (ysuemed
M) [23]. The MY value for PET is not clearly defined in the liter@. Even if it is known that M'is about 5 to
20 times the M value (M, entanglement molar mass) a clear critical valuend hydrolysis has not been
determined. However, this MValue is necessary for life time prediction ofysoér in industrial applications.
Because here we are focussed on microplastic fawmat is necessary to consider property changes &hen
the molar mass is lower than Mi.e. for high degradation. This requires firstaaturate determination of M’
Then, a special attention will be paid to the daseein fracture properties for high levels of ddgten which
has not been documented previously, and needed spetific development in terms of testing to becabl
characterize very brittle samples. Several agangerature (all aboveyTwill be considered here in order to be
able to determine a general behaviour and avoidgbspecific to one ageing condition. The origiryabf this
study is to consider the mechanical behaviour ebmmonly used polymer at very high degradation Ikve
whereas previous studies have not considered mieeth@noperties after embrittlement. This studysiaet aim

to estimate an embrittlement time in natural oceanditions (i.e. temperature below 30°C) but rather



consider in detail the mechanical behaviour of lyiglegraded PET. It should be noted that extrajmiab low
temperatures can only be done with an accurate\aflactivation energy belowgTwhich is not available yet.
In this paper we will first present the PET useaat] @axperimental considerations such as ageing tonsliand
characterization. Then ageing results will be dbsedr in terms of molar mass change, crystallindgior and
tensile behaviour during ageing in water at 105°The effect of ageing temperature will then be @sr®d.

Finally, based on these results, a general inteafioe of decrease in stress at break will be psego

2.Materials and Methods

2.1. Material

The material of interest here is a polyethyleneghthalate (PET) manufactured by extrusion and |ggppy
CRITT Polymeres. This PET grade (Silar 874 C8®ammonly used in plastic bottles and was receivetthé
form of polymer films of 200 pm thickness. It hadensity of 1.37 g.cthand an initial crystallinity ratio of 7%.
Working with polymer films rather than bulk specimseallows us to obtain a more homogeneous degoeadati
through the thickness of the film. All specimensreveéecrystallized thermally before ageing at 11t
highest ageing temperature) for 30 minutes unsiiadle crystallinity ratio was reached£83%). Initial molar

mass and polydispersity index were measured tdlBeK)/mol and 2.4 respectively.

2.2. Method

2.2.1. Ageing

Two types of ageing conditions were considered ,Hestow and above 100°C. Those performed below @00°
(80°C and 90°C) were conducted in deionised watekd at atmospheric pressure. Those performedQ&C10
105°C and 110°C were conducted in pressure veasdlS bars in order to work with deionized watethe
liquid state during ageing. After each ageing ctiodj samples were dried in desiccators at 0% hitynahd
ambient temperature until the weight was stabiliZEte drying process is short (because of samjt&rtass)
and performed at low temperatures compared to thHusewere aged, so further hydrolysis can be mégde
Also, the dry T, was found to be 84 + 1°C and thg &t saturation, 70 = 1°C, which ensures that adlireg

conditions are abovegleven for water ageing at 80°C.



2.2.2. Size exclusion chromatography (SEC)

Molar mass was determined by SEC by the PeakEXparipany according to the Laun and al. method [24].
Samples of 10 mg were dissolved in 4 mL of hexafiismpropanol (HFiP). The dissolution was perforned

24h at room temperature. The solution was thearéit using a PTFE membrane of 0.2 pm thickness. The
separation was performed using a pre-column andcblamns packed with 7 um PFG particles, and 1000 A
and 100 A pore size, the dimension of columns wam8D x 300 mm length. The mobile phase was a méxtu

of HFiP + 0.05 mol/L potassium tri-fluoroacetateT({KAc), flow rate was 1 mL/mimand injection volume was

50 pL. The detection was performed using a Waté(s! 2ifferential refractive index detector and dasated
with PSS WinGPC unity v7.5 SEC software. The calion was performed using poly(methyl methacrylate)
standards supplied by PSS GmbH Mainz, Germany, milar mass ranging between 800 and 1,600,000 g/mol
and the calibration curve was adjusted with a Stteopolynomial. Calculations are conventional andrage

molecular weights are expressed as PMMA equivalents

2.2.3. Differential Scanning Calorimetry (DSC)

The degrees of crystallinity Jvere checked using DSC on Q200 equipment from Ag&ruiments at a heating

rate of 10°C/min from ambient temperature to 3008@mple mass was around 10 mg for all tests peefdrm

here. The degree of crystallinity is determinediodlsws:

X, = ! 100
*

WhereAH; is the enthalpy of fusion of the tested polymet AH|° the theoretical enthalpy of fusion for a 100%
crystalline material, taken equal to 118 J/g [2G].example of a DSC thermogram is shown in Figuferthe

unaged PET.
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Figure 1 : DSC thermogram of the unaged PET

2.2.5. Mechanical properties

Tensile tests were performed using a 10 kN capdasyron machine with a 500 N load cell. Tests were
performed at a crosshead speed of 1 mm/min uiitiréa at 21°C, using H3 dogbone specimens. Tlarstvas
measured by Digital Image Correlation (DIC) usihg tommercial software Aramis and a Basler canteoa.

each testing condition, four dry specimens weretesntil failure.

3. Results

First, only one ageing temperature, 105°C, wilkchesidered, in order to describe the different phheena that
are observed and linked to water ageing. The wdiffrsion process was not considered here, dubdddct
that the samples are thin (200 microns) and watapérature is high (up to 110°C). This means tiatsivity

is also high. Therefore, the time needed to reatlration within the different specimens is vergrsltompared
to the ageing times considered in this study. Tgpsu this, in reference [26], results from waterrpeation
data on PET can be found over a wide range of teatyres and humidity conditions. In particular, thehors
state that at 70°C and humidity conditions betw&@130% relative humidity, the diffusion coefficieist8.0.10
12 m2/s. For our study, this means that on polymersfi200pm thick, saturation will be reached af@mdinutes

of water exposure. So at the higher temperatured insthe study, water sorption will be even faster



3.1. Molar mass changes during ageing in water aD5°C

SEC results for PET aged in water at 105°C for isdvageing durations are presented in Figure 2.céfe
observe that ageing leads to a shift of the curwe thigher elution volume to smaller ones withaurgke change
in the curve shape. This is clear evidence of aigion of the molar mass during ageing, see Fidire

Moreover, it is worth noting that the width of cesy that is related to the polydispersity inde>o(dl2.4 here),

is not affected by ageing.
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Figure 2 : SEC elution behaviour as a functiongsiag
The initial molar mass M was measured to be equal to 31.4 kg/mol. Thés sihown in Figure 3 that the molar

mass decreases throughout ageing until a finakvad8.8 kg/mol after 14 days of ageing. This &aclevidence

of a chain scission process during ageing.
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Figure 3: Changes in molar mass as a function eihag

Based on SEC measurements, it can be concludedrthateversible degradation occurs when PET isensed

in water at high temperatures. This degradation emggected and is attributed to the hydrolysis & th
amorphous phase of the polymer that leads to cbassion, i.e. a decrease in,.Mn addition to the water
ageing shown here, ageing in air and under vacuuti@ C has been performed for durations up to &thwo
and no evolution in the mechanical properties legenlobserved. These results indicated that, insthidy, the

main degradation mechanism is indeed hydrolyskerahan oxidation.

3.2. Crystallinity changes during ageing in water 8105°C

Crystallinity is plotted as a function of ageinmé in water at 105°C in Figure 4. A large increiaserystallinity

ratio is observed, asincreases from 33% for unaged samples to valug®ehithan 50% for samples aged for

14 days at 105°C.
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Figure 4: Changes in crystallinity as a functiomatter ageing

The increase in crystallinity during ageing is tethto the well-known chemi-crystallization progessen
chain scission occurs in the amorphous phase ofyamer the mobility of macromolecules is increased so
offers new possibilities for crystallites to be ffeed [27]. The chemi-crystallization process depeodshe
mobility of macromolecular chains meaning that thehaviour is specific to ageing above Tg; thisnpas
discussed in detail in the discussion section. Tgriecess has been highlighted during many previous
degradation studies of polymers aboyd19,21]. The relationship between chain scissioa erystallinity will

be considered in the discussion section, partilgufar high levels of degradation.

3.3. Mechanical Properties
The aim of the current study is to try to identifybrittle/ductile transition as a function of aggias well as a
change in mechanical properties for high levelslefradation. To do so, specimens were tested dadsion

until failure as a function of ageing time. Stressin plots as a function of ageing are showniguie 5.
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Figure 5: Change in Stress-Strain curves aged tarved 105°C at different ageing times

First, the unaged specimens all exhibited a dubibaviour followed by necking at approximately §#éld
strain, which is a behaviour commonly reported tmaged PET in the literature [28]. A yield streds o
approximately 75 MPa was measured, which is closeatues presented in the literature for specimeitis
crystallinity ratios close to 30% [28,29]. It mag hoted that as stated in [29], the yield stres®tsaffected by
the molecular weight in the range from 16.5 to g#ol, which is the case here. For these unagecirapas,
tests were not performed until failure, since teeknpropagated within the tabs, and did not allovalad strain
at failure to be obtained. However, it may be ndted this particular value is not the main purpokthe study,
since the aim is to identify a brittle-ductile teftion and not a ductile-necking transition, i.lee tconditions
when microplastics can be formed.

Once the specimens were aged, even for a shoddpehiey did not exhibit the same behaviour aneheéxking
was observed. From 1 to 4 days of ageing, the sms failed in a ductile manner and a yield stwgas
identified. On the other hand, after 5 days of ageall the specimens failed within the purely #tagart of the
stress-strain curve, i.e. in a brittle manner. Qthé® brittle behaviour was identified and for aggetimes longer
than 5 days, the maximum stress decreases, fromMR&Bdown to 22 MPa after 14 days of ageing, Figuee
which represents a significant drop. It may be ddkat testing such brittle polymer films is noteasy task and
great care must be employed when performing suathamécal tests, particularly during handling of @peens.
Concerning the strain at failure as a function gdiag, Figure 6.b, it also decreases, from apprateiy 9 %

after one day of ageing down to values below 1 #4rdf4 days.
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Figure 6: Changes in mechanical properties asiftmof ageing at 105°C in water (a) Maximum sirés)

Strain at failure

As a conclusion on the tensile behaviour, it cleappears that the fracture of PET is stronglycaéfe by the
degradation in water at 105°C. During hydrolysis,embrittlement of the polymer is observed thati$eto a
large decrease in both strain and stress at breakeas Young's modulus remains almost constant.

Because this study aims to consider the relatipnisatween mechanical properties and the extenydrolysis

in a general manner ageing was also performed hatr demperatures; 80, 90, 100 and 110°C. Resudts ar

presented in the next section.

3.4. Influence of ageing temperature

The results presented in the previous section witained after ageing at 105°C. Here, all the tealbtained
after ageing at 80, 90, 100 and 110°C will be camgpaFor the two following figures and to simplifize
presentation, the x-axis has been plotted on ast@de in order to compare different properties iferent
ageing times and temperatures on the same figing, Ehe changes of molar mass and crystallirgtyor at

different temperatures are shown in Figure 7.aFigdre 7.b respectively.
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Figure 7: Changes in (a) molar mass and (b) ctistsiratio as a function of ageing time at difert

temperatures

For all the ageing temperatures considered heees#ime behaviour is observed; a decrease raid an
increase in the crystallinity ratio. However, Figuf.a clearly shows that the hydrolysis rate isdased with
ageing temperature. This behaviour can be destribimg an Arrhenius law and an activation energgfE.15
kJ/mol is obtained, which is in agreement with &mis literature results [16,30,31]. Activation egeris
calculated with a shift factorrausing 105°C as the reference temperature indepégdien all properties
considered here. Similar results are obtained coirgg the crystallinity ratio, Figure 7.b, i.e. awrease in the
ageing temperature results in an accelerationethemi-crystallization process and crystallindgiags close to
50% are reached. It may be noted that the activainergy determined here cannot be used to exéatpasults

to lower temperatures, i.e. temperatures aroun@€2@°has been stated in the literature [32] thatactivation
energy below T (glassy state) is different to that abovg (fubbery state), which makes an extrapolation using
an activation energy determined abovygirivalid. In [32], the activation energy is appnmetely half of that
above T, (around 1.8, these tests were performed on PE@dfiat a pH of 14). To illustrate these resultgufeé

8 shows an extrapolation using an Arrhenius appraeic20°C using both JEvalues. First, we consider an
extrapolation at 20°C using the activation energyedmined above jTand second using the same activation

energy divided by 1.8 because the activation enisripwer below T,

11
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Figure 8: Extrapolation at 20°C (i.e. beloy) Th water of M, decrease as a function of aging time in two cases.
First using an activation energy determined abqoygubbery state) in this study and secondly comsidgethat

the activation energy is different in the glasstes{1.8 ratio [32]).

Results in Figure 8 show that depending on thevaiitin energy used in the calculation, degraddiioes are
quite different. While considering an activationeegy equal to that determined abovg &mbrittlement (see
later in the paper for its definition) would ocafter 500 years of immersion whereas using an @i energy

in the glassy state, it will take approximately 6ars. These two approaches show that the time to
embrittlement is clearly overestimated when usimgaativation energy determined in the rubbery state
extrapolate to immersion temperatures belgwTherefore, aging tests belovy dre necessary when an accurate
extrapolation is needed, but this type of studesatkme, as shown in Figure 8."

Then, the maximum stress values obtained fromhalltésts performed in this study are compared gargi 9,
again using the log scale x-axis at the differemeratures of interest. The maximum stress wderped as a

criterion to follow degradation rather than theastrat failure, as it was considered to be the rpestinent

parameter here.

12



80_ T T T
et N ]
: ‘f‘;g S8y
= R
% 60 A
Pe + R4 ‘\
g L }
= 40 i T " ;
2] . \ \
c -m--g0'c ' § % \ |
S 90°C ] Thg \
£ 20l ~4-100°C D {
é -4--105°C ?0 1
= --@--110°C
O 1 1 1
1 10 100

Ageing Time (days)

Figure 9: Changes in maximum stress as a funcfiageing time at different temperatures

Results show that for each temperature studied tieresame behaviour is observed. The maximumsstieps
slightly initially, and the embrittlement of the lgmer then leads to a large reduction. A critidade can be
identified at each ageing temperature when the mmaxi stress drops significantly, and this correspotud
brittle failures. It may be noted that this emlbgittent of PET during hydrolysis has already beeseoked by
Pickett and Coyle [33] at different temperatured anmidity conditions using a bending test. Howe\&EC
measurements were not performed and no tensile anax criterion was proposed. The aim of this gtisd
therefore to extend that work, as the aim is torattarize the mechanical properties of PET aft¢eresive

degradation and embrittlement, and to relate ptaseto SEC results.

4. Discussion

This section will discuss the results presentedipusly in order to understand the mechanical priypkess

during PET hydrolysis. First, the chemi-crystallina process will be considered and then focus béllplaced

on the establishment of a relationship between ar@ichl behaviour and the hydrolysis process.

4.1. Chemi-crystallization

In section 3.1, it was shown that the predominagrddation mechanism observed here is hydrolydighw

leads to a significant drop in the molar mass amaetion of ageing. This induces a chemi-crystatiian process
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which has an effect on the crystallinity ratio thatreases during ageing. This change is now mlosi® a

function of molar mass for all the ageing tempeaediconsidered here, Figure 10.
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Figure 10: Changes in crystallinity ratio as a timt of molar mass at different ageing temperatures

Results plotted in Figure 8 show that the evolutidrthe crystallinity ratio as a function of molarass is
independent of the ageing temperature. These sesluitw that a master curve exists betwegarli M, when
ageing is performed above, TThis behaviour cannot be extrapolated for agindeu Ty. In fact, due to low

mobility chemicrystallization will probably not oar when the amorphous phase is in the glassy state

4.2. Identification of a critical molar mass M. based of the maximum stress criterion

Tensile tests were then performed until failure dowide range of ageing temperatures aboyard a wide

range of ageing times (Figure 11). For each agwingperature of interest here, a ductile-brittlensiaion was

identified at a given ageing time.
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Figure 11 : Determination of critical molar masséxh on the maximum stress criterion

Based on Figure 11, it is shown that the relatigndetween the maximal stress ang islindependent of the
ageing temperature (within the temperature rangesidered here). When the molar mass is above Ivdtg/
the maximum stress is constant for the temperatfregerest and the polymer exhibits a ductiledaébur. For
M, values below 17 kg/mol, the maximum stress deeea@and a brittle behaviour is observed for all the
specimens studied here. The transition from duttilerittle behaviour is related to a critical valof M, that is
commonly named M' For PET, and in tensile conditions here, thgiMequal to 17 kg/mol; to the knowledge
of the authors, this value has never been detetha@neurately during hydrolysis of PET. This valsedmpared
with existing results from the literature for othplymers in Table 1.

For PET, some results can be found in the liteeatunere brittle failures have been identified aodpded with
M, values. In 1969, Stearne and Ward [29] worked withged PETs with different initial molar masses, (2
18.5, 18, 16.5 and 11 kg/mol) and stated thatlrittilures were identified on the specimens hawngnitial
molar mass of 11 kg/mol. Their results represeatéicst step towards an identification of an.Malue for PET
between 16.5 and 11 kg/mol, however without takirtg account hydrolysis degradation. In 1996, Wahgl
[14] have worked on the degradation of PET using taddiation and identified brittle failures at,Malues
below 11 kg/mol. Since then, we have not found stglies coupling brittles failures with Malues during
hydrolysis. Finally, it is usually admitted thatN& proportional to Mwith a factor from 5 to 10 [33]; For PET

Me is equal to 1450 g/mol [34] meaning that the prtipoality factor here is around 10.

Table 1 : M¢ values identified for various semi-crystalline yrakrs in the literature
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Material M'c(kg/mol) X (%)  Taging (°C) Degradation Specimen Criteria  Reference

PE 25 42-50 80-90 Oxidation H2,t=70um o <og [34]
PP 35 / 90 Oxidation H2, t=100pum / [36]
PTFE 200 3-70 / Radiation H4, t=1mm  e=gy/2 [37]
PAl11 13 / 90-140 Hydrolysis t=3mm / [38]
PA11 10 20-30 25-110 Oxidation t=1mm g=go/2 [39]

Because secondary microplastics are subjectedriohigh degradation levels, it is important to ddes the
decrease of fracture properties when the polymbriide. A linear behaviour is observed between tiaximal
stress and IMwhen the PET is brittle. Here the stress at bdsaireases with Mand can be described using an
empirical relationship, Eq.3:

Omax = A+ B X M, (for M,<M,) Eq.3
Whereo . is the maximal stress in MPa,,i4 the molar mass in kg/mol, A and B are constat@stified with
experimental data. Here A is equal to 0.9 MPa ansldgjual to 3.7 MPa/mol/kg.
This means that using existing kinetic models faiTfhydrolysis [21,22,33] coupled with the new riglaship
established here, we are able to predict the ethelonint time of PET during degradation as wellreesdecrease
in fracture properties when the polymer exhibitdrétle behaviour. Although this relationship haseb
established under ageing conditions where the cleeystallization process occurs, this kind of potidn will
provide the first step in understanding the forovatind the behaviour of PET microplastics in theans.
However, the results presented here are based eingagonditions above 4T which induces chemi
crystallization during ageing. This raises thedwling question: Can we identify a ductile-brittlansition of
the PET during water ageing when ageing is perfdrimelow T, i.e. with no chemi-crystallization process?
This is currently being studied by a series of Ipteenperature aging studies, but the kinetics fae.sThe high
water temperatures required to promote embrittlérirethis material underline the need to integretepling
with the other environmental factors, UV exposumnd enechanical loading, into this study, in ordedévelop a

general fragmentation prediction model.
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5. Conclusion

Two hundred micron thick films of PET have beendagewater at temperatures from 110°C to 80°C ujpito
150 days. These were characterized in terms of mméess, crystallinity ratio and tensile behaviouthvihe
particularity of considering very high degrees egrhadation.

When immersed in water at high temperature, PETergues hydrolysis that leads to chain scissiorhé t
amorphous phase and so a decrease of molar mabs. imeantime, because the ageing temperatureve ag,
an increase of crystallinity is observed duringaygbsis due to the chemi-crystallization procedsede changes
in the PET microstructure lead to a modificatiorttod tensile properties of the polymer. WhepiMabove 17
kg/mol a ductile behaviour is observed whereas wWgiis below 17 kg/mol a brittle behaviour is observied
addition, the results clearly confirm that SEC meement is a very useful experimental technique to
characterize the degradation level of microplastieend in the oceans, provided that the unagederte is
known.

Moreover, for higher levels of degradation, i.ee ttomain of interest when considering microplaftienation,
the maximum stress at break decreases linearly tivehmolar mass and can be described using an ieaipir
equation. This result provides a first step towdh#gsunderstanding of how PET microplastic fragradatm in

the oceans. Work is underway to couple this with &posure and mechanical loading parameters.
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