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ARTICLE INFO ABSTRACT
Keywords: Cryomilling is a widely used method to generate microplastic test materials for environmental impact studies. To
Microplastics date, changes in physical, chemical and thermal properties, as well as potential contamination, in cryomilled
Test mlzla'te.rlals materials have been inadequately assessed. Here, six polymer samples, including fossil-fuel based polymers
grystta {mtt}f (LDPE and PP) and bio-based polymers (PLA, PBS and a PLA/PBAT blend), were cryomilled with their physi-
ontamination . . 11s . . . .
Cryomilling cochemical properties assessed before and after milling. Particle morphology was influenced by starting material

form; pellets produced microplastic fragments whereas films produced thin flakes. Particle size distribution was
polymer dependent but smaller size fractions were achieved by using a smaller milling chamber. Cryomilling
retained bulk polymer chemical characteristics, including weathering-induced changes, indicating its suitability
for generating microplastic test materials without significant alteration during processing. Contamination was
negligible from both plastic and metal components of the milling apparatus, validating the use of cryomilled
microplastics for leaching and ecotoxicological studies. While overall chemical integrity was preserved, cryo-
milling caused an increase in the degree of crystallinity in PP, PBS and PLA. These results provide crucial insight
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into material properties, beyond size and shape, to better understand the influence of physicochemical properties
on particle behaviour and draw meaningful associations between generated and environmental microplastics.

1. Introduction

Microplastics are recognised as globally important environmental
contaminants, and are highly variable in polymer type, size,
morphology, chemical composition and structural properties due to
their diverse sources and environmental fate [1]. These physicochemical
properties have a critical influence on the fate and impacts of micro-
plastics in the environment, including particle transport dynamics [2];
deposition [3]; uptake by organisms [4]; potential toxicity [5];
adsorption [6]; leaching [7] and microbial colonisation [8].

To investigate the behaviour and effects of microplastic in the
environment, appropriate test materials are required. Despite the
observed heterogeneity of environmental microplastics, recent reviews
have highlighted that the majority of microplastic effect studies rely on
homogeneous, monodisperse commercially sourced particles, which
potentially misrepresent the fate and impacts in the environment
[9-12]. Out of 715 studies conducted between 2016 and 2020 on the
impacts of microplastics, including toxicity, leaching, adsorption, and
degradation, 63 % used uniform, industrially manufactured particles
such as pellets or spheres [11]. Furthermore, over 89 % of studies
focused solely on polystyrene (PS) and/or polyethylene (PE), high-
lighting the gap in research on the full range of polymer types, including
bio-based and biodegradable plastics.

To address the need for more diverse test materials in experimental
studies, methods for generating microplastic test materials from bulk
plastics have been developed, including solubilisation and precipitation,
ultrasonication, oxidative degradation, laser ablation and milling [13].
A particularly well adopted method to produce particles within the 1
pm—1 mm range is cryogenic milling, or cryomilling [14]. In fact, in the
last year, several reference microplastics have become commercially
available which were generated using cryomilling [15].

Cryomilling refers to the rapid cooling, typically using liquid nitro-
gen, and subsequent mechanical breakdown of a material. The tech-
nique has several advantages for microplastic generation. First, sample
processing is relatively easy and there are a range of commercially
available cryogenic mills including centrifugal mills, blade mills and
impact driven mills. Secondly, the low temperatures embrittle the ma-
terial [16], which means even tough plastics (e.g. PE) or elastomers (e.g.
tyres), that are otherwise hard to grind, can be milled.

Given the growing adoption of cryomilling and cryomilled test ma-
terials in microplastic research, it is essential to understand whether the
process may alter the material. While recent studies have primarily
addressed size and shape changes induced by cryomilling, leading to the
widespread assumption that cryomilling preserves chemical composi-
tion [17-19], evidence from other domains such as material science
suggests that cryomilling may result in less apparent but potentially
consequential chemical alterations including changes to thermal and
structural properties (e.g. crystallinity) [20,21]. Additionally, the pro-
cess of milling may introduce organic and metal chemical and particu-
late contaminants to the microplastic test material, but to date this has
not been investigated. Substantial changes to material physicochemical
properties, or the introduction of contaminants, may alter the behaviour
of cryomilled microplastics in experimental studies. Without a
comprehensive characterisation and understanding of all potential
modifications, laboratory studies using cryomilled materials may
misrepresent environmental processes, limiting the applicability of
findings to real-world scenarios.

This study aimed to provide a comprehensive assessment of the
impact of cryomilling on the physicochemical properties of plastic
samples pre- and post-milling beyond size and shape. To achieve this,
particle size and morphology alongside chemical composition and

thermal properties were assessed. Microplastic test materials were
generated from several polymer samples, including virgin pellets of low-
density polyethylene (LDPE), polypropylene (PP), polylactic acid (PLA)
and polybutylene succinate (PBS), as well as a commercially available
agricultural mulch film. These samples represent conventional fossil-
fuel-based thermoplastics, accounting for a third of global plastic pro-
duction (PP: 19.0 %; LDPE: 14.0 % [22]), as well as bio-based and/or
biodegradable polymers gaining popularity as sustainable alternatives
to conventional plastics. Additionally, the mulch film represents a con-
sumer product which, given its agricultural use, is intended to break-
down in situ. The results provide vital data to accurately interpret
observations in environmental studies using microplastic test materials,
and can be used to draw realistic comparisons between generated and
environmental microplastics.

2. Methods
2.1. Plastic materials

Five virgin polymer samples were acquired in the form of pre-
production pellets: PP (CAS #: 9003-07-0) and LDPE (CAS #:
9002-88-4) were obtained from Sigma-Aldrich, UK; PLA (CAS #:
26100-51-6) and a second LDPE sample (hereafter LDPE-STD) were
purchased from Goodfellow Cambridge Ltd, UK; and PBS (CAS #:
25777-14-4) was gifted by PTT MCC Biochem Company Ltd, Thailand.
Additionally, polyvinyl chloride (PVC, CAS #: 9002-86-2) was pro-
cured in granular form from Sigma-Aldrich, UK to serve as a reference
for commercially available microplastic samples, not prepared via
cryomilling. The granules were appropriate to use as a reference as they
were similar in shape and morphology to other commercially available
polymer materials used in microplastic studies [23-25]. A correspond-
ing PVC sample for cryomilling could not be sourced at the time. The
study focused on virgin products as these are primarily used as test
materials, and pre-production pellets represent the second largest source
of microplastics in the marine environment [26]. A final sample
included a commercially available agricultural mulch film, comprising a
polymer blend of PLA and polybutylene adipate terephthalate (PBAT).
The mulch film was staked out with bamboo skewers in a private field,
located in Cornwall (UK), and weathered for one month (June — July
2023), simulating the typical use case for the product. Regional weather
conditions during the weathering period are given in Table S1.

2.2. Sample preparation

Polymer samples were cryomilled using a high-capacity freezer mill
(Spex™ 6875 Freezer/Mill, UK) with liquid nitrogen. The accompanying
polycarbonate (PC) milling chambers, equipped with stainless-steel end
caps and impactor, were half-filled with plastic pellets and then milled
according to the programmes outlined in Table S2. Where multiple runs
were performed to mill a sample, the produced material was combined
to reflect common practice in microplastic generation [18]. For PLA, the
pellets resulted in the milling chambers cracking. Therefore, the pellets
were first pressed into a film, using a 40-tonne hydraulic press (Bipel,
Walsall, UK), which was then cut into ~1 cm? pieces to fill the milling
chamber. The cracked chambers were discarded and replaced with new
chambers. Polymers were milled in two different chamber sizes — large
(product #: 6801, ~250 mL) and small (product #: 6751, ~25 mL) —
with the exception of PLA and the mulch film which were milled in only
the small and large chamber, respectively. This was due to limited
sample amounts for PLA and the need to produce large quantities of the
mulch film for use in a separate study. The influence on the size
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distribution of microplastics produced by the different chamber sizes
was investigated. Other milling parameters such as pre-cool time and the
number of milling cycles were also tested, however these have been
investigated elsewhere [27-29], and it was found that chamber size had
the largest influence on particle size. Between each polymer sample, the
milling chambers were washed with warm tap water and a detergent
(Decon 90), as per the operating manual.

The microplastic samples generated from the virgin polymer samples
were taken forward for analysis without any further processing to ensure
a comprehensive analysis of the material. The mulch film was sieved,
and the < 500 pm fraction retained for analysis, as this was part of a
separate study. The samples were stored in dry, ambient conditions in
glass sample jars which were cleaned using the same protocol as for the
milling chambers.

2.3. Size, shape and morphology

2.3.1. Optical microscopy

Images of the original sample pellets and cryomilled particles were
taken at x 0.6 and x 1 magnification using a stereomicroscope (Nikon,
SMZ745T, Japan).

2.3.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to ascertain plastic
particle size, shape and surface morphology after cryomilling. This was
performed using a JEOL 7001 F (JEOL Ltd, Tokyo, Japan), in SE1 mode,
maintaining an acceleration voltage of 15 kV and a 9-11 mm working
distance. Samples were attached to stainless-steel stubs using double-
sided carbon tape and sputter coated with palladium (K550X Sputter
Coater, Quorum Technologies, UK). The sputter coating provides a
1-3 nm conductive layer on the non-conductive plastic sample, which
reduces charge build-up on the sample and results in a higher image
quality [30]. Images were taken for each sample at x 25, x 50 and x
150 magnification, with additional images at x 400 magnification for
PP and PVC as these particles were smaller.

2.3.3. Particle size analysis (PSA) using laser diffraction

Particle size analysis (PSA) was performed using a Malvern Master-
sizer (3000) laser diffraction instrument equipped with a Malvern Hydro
LV dispersion unit (Malvern Panalytical Ltd, Malvern, UK). Samples
were suspended in high purity water, with 5 % Terigtol added dropwise
to reduce agglomeration during measurement. The suspension was then
added to the dispersion unit until sufficient material was present to
within the set obscuration limits. Measurement parameters of each
polymer sample were optimised, after which five measurements for each
subsample (n = 3) were taken. Measurements were taken in manual
operation to allow for method optimisation and because manual
cleaning was required between samples. Equivalent sphere diameters
were measured, and the Mie theory was applied. The refractive index of
each polymer was specified in the instrument parameters. Global in-
strument parameters and the results of the optimisation process are
given in Tables S3-4.

2.4. Chemical analysis

2.4.1. Fourier-transform infrared spectroscopy (FTIR)

The polymers were analysed by Fourier-Transform Infrared spec-
troscopy (FTIR), using a Bruker Vertex 70 Spectrometer, with a diamond
attenuated total reflection (ATR) attachment (Bruker, Billerica, MA,
USA). Pellets and microplastic samples were measured in triplicate in
transmittance mode with 32 scans in wavenumber range 400 —
4000 cm L. Spectra were analysed using OPUS software and compared
to library matches.

2.4.2. Pyrolysis gas chromatography-mass spectrometry (Py-GC-MS)
Pyrolysis with gas chromatography coupled to mass spectrometry
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(Py-GC-MS) was performed with a Multi-Shot Pyrolyzer EGA/Py-3030D
micro-furnace (Frontier Laboratories Ltd. Fukushima, Japan) coupled to
a 7890 A Gas Chromatograph with a 5975 C Mass Detector (Agilent
Technologies, Palo Alto, USA). An Ultra-Alloy-5 column (30 m x
0.25 mm x 0.25 pm, Frontier Laboratories Ltd.) was fitted in the GC.

Approximately, 70 — 100 pg of each sample were weighed into a
stainless-steel ECO-cup and inserted into the microfurnace using an AS-
1020E Auto-Shot sampler (Frontier Laboratories Ltd., Fukushima,
Japan). Pellets and microplastic samples were measured in triplicate —
for the pellets, small pieces were cut off using a stainless-steel craft knife
to obtain the desired sample. Single-shot pyrolysis was performed at 600
°C for all samples as polymer breakage determined by evolved gas
analysis (EGA) occurred below this temperature for all polymers
[31-33].

The injection port operated at 300 °C, with a split ratio of 30:1, and
the interface was maintained at 300 °C. Helium was used as the carrier
gas, with a constant flow of 1 mL min~'. The temperature programme
was: 40 °C for 6 min; increasing to 310 °C at 20 °C min~}; and finally an
isothermal hold at 310 °C for 21 min. The detector operated in electron
ionisation (EI) mode at 70 eV, and scanned in positive mode between 35
and 550 m/z. The ion source and quadrupole were held at 230 °C and
150 °C, respectively. All data were processed using Chromspace®
(version 2.2, SepSolve) and the NIST Mass Spectral Search Program
(version 2.4).

2.5. Thermal analysis

2.5.1. Thermogravimetric analysis with differential scanning calorimetry
(TGA-DSC)

TGA-DSC was performed using a Mettler-Toledo TGA/DSC 1 with
autosampler and STARe software. Both TGA and DSC were performed
simultaneously on the same sample - TGA measures weight changes in a
sample over a temperature ramp, while DSC measures heat flow within a
sample as heat is applied. Considering the variability of DSC measure-
ments, and limited instrument time for extensive repeat measurements,
the measurements were made to capture key observable differences.
Approximately 4 — 30 mg of each sample was placed into a 40 pL
aluminium crucible (Mettler Toledo) and the temperature raised from
25 to 600 °C, at a heating rate of 10 °C min ™, under nitrogen gas (purge
and protective flows were both 100 mL min~?!). A 100 pL aluminium
pan blank was used as the reference. The thermal profiles were plotted
and interpreted using OriginPro® 2025 (OriginLab Corporation). The
degree of crystallinity (X.) was determined using Eq. 1, based on heat of
fusion [34], where each sample’s heat of fusion (AHyf, J g1 was
calculated using Eq. 2 and compared to literature values of the corre-
sponding 100 % crystalline polymer. See SI for literature values used for
each polymer.

AH;
AH{°

x 100 (@]

¢ =

_ Area under the melting peak (W/g .°C)

AH,
f Heatingrate  (°C/s)

(2)

2.6. Assessment of contamination

2.6.1. Plastic contamination

Fragments were observed to be coming off or stuck on to the inside of
the PC milling chamber and these were isolated using metal forceps
(referred to as ‘inner’ sample) and compared against samples of the
milling tube acquired from the outside of the tube (‘outer’ sample).
Fragments were analysed by ATR-FTIR and Py-GC-MS as described
above. Additionally, the FTIR spectra and chromatograms of the original
pellet and milled materials were analysed for indications of
contamination.
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2.6.2. Inductively coupled plasma mass spectrometry (ICP-MS)

The chamber caps and impactor in the freezer-mill were made of
440 C stainless-steel. Trace metal analysis was performed to assess
whether any metal contamination was imparted during the milling
procedure. It was expected that any metal contamination would be in
low concentrations, therefore, for this analysis, the virgin polymer
samples (LDPE, LDPE-STD, PP, PLA and PBS) and the corresponding
microplastics generated in the small milling chambers were used. PLA
samples included the film and pellet, and their corresponding milled
forms. The mulch film was excluded because as a consumer product, and
due to the additional weathering step the sample underwent, it was
thought to have much higher metal concentrations which would occlude
identification of small changes in metal concentrations caused by mill-
ing. PVC was also excluded as it was not milled.

A procedure adapted from Prunier et al. [35] was performed using a
CEM Mars5 Xpress system, in which 50 — 100 mg of each polymer
(n = 6) was solubilised in concentrated nitric acid (HNOs, >68 %, trace
metal grade, Fisher Scientific). Trace multi-elemental concentrations
were subsequently measured on an inductively coupled plasma mass
spectrometer (iCAP TQ ICP-MS, Thermo Fisher) which was checked for
conformance with the manufacturers specifications before use, whilst
EP-L certified reference material (CRM) was used to check the accuracy
of the calibration standards. The elements of interest to assess for
contamination were primarily iron (Fe) and chromium (Cr), given their
high proportions within 440 C stainless-steel, as well as manganese (Mn)
and molybdenum (Mo). Additionally, 17 other elements, shown in
Table S9, were screened for since many different inorganics can be
present in plastics [36]. Germanium, indium and iridium were used as
internal standards. The ERM-EC680m (low-level) CRM was used to
check the efficacy and repeatability of both the acid digestion and
ICP-MS analyses. Blank samples exhibited low levels of aluminium
contamination from the acid digestion procedure, but contamination
was negligible for all other elements measured. The low levels of Al
contamination were deemed to be acceptable, as it is not a component of
stainless-steel. The recoveries of Cr and lead (Pb) from the ERM-EC680m
were 97 % and 98 %, respectively, whereas the recovery of arsenic (As),
antimony (Sb), tin (Sn) and zinc (Zn) were 79 %, 69 %, 53 % and 63 %
respectively, suggesting the measured concentrations of the latter group

LDPE LDPE-STD

Large
chamber

Small
chamber

Milled
films
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of elements may be underestimated. The limit of detection (LOD) was
determined as the average element concentration plus 3 times the
standard deviation in measurements from the blank samples (n = 25).

2.7. Data analysis

All statistical analyses and data visualisations were carried out in R
(R, version 4.2.2). A priori tests included Shapiro-Wilks and Levene’s to
determine normality and homogeneity of variance, respectively. All
tested data was found to be non-parametric. A two-sample Kolmogorov-
Smirnov test was applied to test for significant differences in particle size
distributions between large and small chambers, as well as polymer
specific responses to milling methods (as applicable). A directed Mann-
Whitney U test was applied to assess if metal concentrations increased
after milling for each polymer, with Holm’s correction for multiple
comparisons. All tests were carried out at 95 % significance level.

3. Results and discussion
3.1. Particle morphology influenced by starting material

Cryomilling produced heterogeneous particles for all polymer sam-
ples, as shown in the SEM and optical microscopy images (Fig. 1 and
Figures S2-4), consistent with previous studies [15,16,37]. The pellets
formed irregularly shaped fragments, whereas the PLA and mulch film
formed flakes reflecting the original form of the material [38]. SEM
analysis revealed that all the milled particles had a rough surface, with
frayed and serrated edges, distinct from the purchased PVC micro-
plastics, which were more homogeneous in size and shape with rounder
edges. The PVC sample in this study was morphologically similar the
100 pm PVC particles characterised by Moura et al. [39], although from
different suppliers.

Particle morphology affects microplastic transport through the
environment [2], adsorption and leaching capacity [40] as well as
toxicity [41,42]. Characterisation via SEM showed that starting material
form influences the final microplastic morphology, so should be
considered when creating microplastic test materials. It should also be
noted that other morphologies, such as pellets and fibres, are also found

PBS

Reference *
material

Fig. 1. SEM images of the cryomilled polymers, comparing the generated particles to a commercially available PVC reference material. Scale is the same for all
images. For the LDPE, LDPE-STD, PP and PBS samples, images illustrate particles produced from the large chamber (top row) and small chamber (bottom row), as
labelled. Note the different shapes produced from the pellets in comparison to the film samples, as well as the homogeneity of the commercially sourced PVC particles

in comparison to those generated by cryomilling.
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in the environment so test materials should be selected according to
study aims. Furthermore, while the heterogeneous morphology of
cryomilled particles is considered more representative of environmental
plastic, cryomilling was not shown to reproduce surface characteristics
such as pitting or pores which are generally observed in weathered
plastic particles as a result of oxidation [43] or from microbial activity
[44].

3.2. Polymer type and milling parameters influence particle size
distribution

PSA showed the cryomilling procedures created a wide range of
particle sizes; from < 10 pm (PP, small chamber) to over 1500 pm (LDPE
and LDPE-STD, large chamber), all of which are within the accepted
microplastic size range (<5 mm) observed in the environment (Fig. 2,
Table S5). The milled samples had a broader size distribution than the
PVC sample reflecting the homogeneity of the commercial particles. The
mulch film had the narrowest size distribution of the milled samples,
attributed to sieving the sample post-milling (Table S5). Sieving is often
used after cryomilling to isolate desired size range of the test material, as
required by the study.

There was a significant difference between the size of PP and LDPE
milled in the large chamber (Kolmogorov-Smirnov, D = 0.27,
p = 0.0014, Figure S5), demonstrating the influence of polymer type on
size distribution, when milling methods are kept consistent. Similarly,
Tewari et al. [45] found PP and PET produced distributions of 5-10 pm
and 10-15 pm, respectively, under the same milling conditions. For all
polymers, using a smaller milling chamber produced smaller particles,
and this was statistically significant for the LDPE-STD sample (Kolmo-
gorov-Smirnov, D = 0.2431, p = 0.0059, Figure S6). Previous work has
achieved smaller size distributions by increasing milling time [17,27] or
the number of milling cycles [28]. Interestingly, the LDPE-STD sample
produced slightly larger particles in both chambers compared to the
LDPE sample, despite having been milled for more cycles with a higher
impactor rate. This could be due to physicochemical differences between
the different LDPE samples or suggests cooling time has a greater in-
fluence on particle size than other milling parameters. Indeed, Eitzen
et al. [46] increased the percentage of particles < 100 pm from 25 % to
over 50 % by doubling the cooling time.

Particle size affects bioavailability [47,48], uptake and release of
contaminants [49,50] and toxicity [7,51] and therefore is an important
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consideration for microplastic test materials. Cryomilling produced
large quantities of test material, from a variety of polymers, within the
size range of microplastics: 1 pm — 5 mm [41,52-54]. Particle size was
influenced by polymer type as well as milling parameters, particularly
chamber size. Therefore it is recommended that milling parameters are
tailored to each polymer, as has been done in previous studies [55], and
optimised for the target size range. For example, if targeting smaller size
fractions, LDPE requires more milling cycles than PP and chamber size
should be kept to a minimum. For use in further studies, sieving is rec-
ommended to ensure full control over particle size, excluding larger size
fractions as needed and removing the smallest particles which may skew
results [29]. Importantly, particle size should be thoroughly charac-
terised to understand how size influences observed effects.

3.3. Polymer chemical properties are preserved during cryomilling

FTIR of each sample confirmed each polymer type. Despite the use of
liquid nitrogen, cryomilling can induce mechanical degradation. How-
ever, adsorption peaks relating to polymer type showed little-to-no
changes between the pellet and milled spectra (Figure S7-13). Further-
more, changes in polymer chemistry induced by weathering were pre-
served. Environmental exposure can lead to changes in polymer
chemistry, visible by FTIR, such as an increase in oxygen containing
functional groups [56]. This was seen in the mulch film sample, where a
peak appeared at 1759 cm ! in the weathered material, which was still
apparent after the sample was cryomilled (Fig. 3).

A previous assessment of cryomilled PS by FTIR concluded cryo-
milling induced no change in surface chemistry [17]. However, FTIR
analysis here of an expanded range of polymer materials, did reveal the
presence and redistribution of surface additives. In both the large and
small LDPE and LDPE-STD samples, and the PLA sample, additional
peaks were observed in the spectra of the pellets which were not present
in the corresponding milled material. In LDPE, peaks were observed at
3394 cm’l, 3186 cm ! and 1646 cm ™! (Fig. 4), characteristic of a pri-
mary amide group [57], and have been previously attributed to
amine-based UV stabilisers present in LDPE [58]. Here, the observed
signals were likely due to the presence of erucamide (reference spectra
in Figure S14), a commonly used slip and anti-block agent in PE pro-
duction [59], which the manufacturer reported the sample to contain.
Erucamide is designed to migrate to the surface of polymers, where it is
needed to reduce friction (slip agent) and prevent adhesion between

LDPE LDPE-STD PP PBS
25
20
15
,.,.‘
n\? ./' \
; ~
= 001 04 1 10 100 1,00010,000
5]
(=]
“E’ PLA Mulch Film PVC
% 25
2 Milling Chamber Size
20
— Large
15 += Small
“ ... Sieved (Mulch Film),
10 o Not milled (PVC)
F
5 ;o
e \
0 == =c=u =" - T ..
001 01 1 10 100 1,00010000 001 01 1 10 100 1,00010,000 001 01 1 10 100 1,00010,000

Size Class (um)

Fig. 2. Particle size analysis of the polymers milled compared to the commercially available PVC reference material. Note the logarithmic scale on the x-axis. The
PVC sample has a much narrower size distribution compared to the cryomilled samples. For LDPE, LDPE-STD, PP and PBS, smaller size distributions were obtained by

using a smaller milling chamber.
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—

80%
60%
40%
Weathered mulch film
100%

80%

60%

Transmittance

40%
Weathered mulch film (Milled)
100%

80%

60%

40%

3,500 3,000 2,500

2,000 1,500 1,000 500

Wavenumber (cm™")

Fig. 3. FTIR spectra of as-received mulch film (top), weathered mulch film (middle) and milled weathered mulch film (bottom). Note the peak highlighted in the
shaded area which appears after the mulch film was weathered and is still present in the milled sample.

LDPE (Pellet)
100% 1

90%
80%
70%
60%
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100%
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PLA (Milled)
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Fig. 4. FTIR spectra of pellet (top) and milled (bottom) samples of LDPE (left) and PLA (right). Additional peaks due to additive accumulation on the pellet surface

are highlighted by shaded areas.

polymer layers (anti-block agent) and has been shown to crystallize
there [60,61]. Therefore, once the pellet is milled and the internal
polymer exposed, surface fragments which have accumulated eruca-
mide are distributed throughout the milled sample, lowering the addi-
tive concentration below detectable limits. Similarly, the spectra for the
PLA pellets had additional peaks at 3297 emt, 2919 cm’l, 2850 crn’l,
1637 cm ™! and 1564 cm™! (Fig. 4), attributed to the presence of a sur-
face additive such as EFKA 5244, a nitrogen based wetting agent, or
phosphoric acid trimethyl ester, a flame retardant (see Figures S15-16
for related FTIR spectra). The remaining samples had no observable
difference between the pellet and milled spectra, either because they did
not contain additive compounds, or any additives present were more
evenly distributed throughout the material.

Py-GC-MS was used to analyse the bulk polymer sample, confirming
polymer identity and supporting the FTIR analysis. Characteristic com-
pounds used as markers for each of the polymers were identified (e.g. D,

L-lactide dimer for PLA, and succinic anhydride for PBS) and the chro-
matograms reported (Figures S17-24). Comparison of chromatograms of
the original material with that of the milled particles was performed
using a pairwise probability-based subtraction (Smart Subtract,
Chromspace®). The smart subtract tool is more powerful in identifying
unique compounds in a sample over simple subtraction, as small relative
differences in high intensity peaks are suppressed [62]. None of the
samples showed any loss or gain of peaks in the milled samples
compared to the original form.

Environmental microplastics often have complex chemical charac-
teristics due to the presence of chemical additives, surface contaminants
and environmental degradation [63]. Particle transport [64], chemical
release [65,66] and toxicity [67,68] are influenced by particle chemis-
try, which includes bulk polymer composition as well as additional
chemicals present. Particle chemistry also influences other physico-
chemical properties. For example, the introduction of
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oxygen-containing functional groups enhances the hydrophilicity of
microplastic particles, leading to increased adsorption of metals [69]
and pharmaceuticals [70,71]. These chemical modifications also extend
beyond simple adsorption processes. Liu et al. [72] demonstrated that
surface-modified anionic nanoplastics form stable complexes with
a-synuclein, whereas equivalent neutral and cationic surface-modified
nanoplastics do not, highlighting how surface chemistry can govern
specific molecular interactions. Therefore, it is important to understand
the chemical properties of microplastic test materials before use in
environmental studies.

Chemical analysis by FTIR and Py-GC-MS demonstrated that bulk
polymer chemistry is preserved in cryomilling, including chemical
changes induced by weathering. These results indicate that milling does
not impact bulk composition, and that pre-processing steps, such as
weathering, can be used to mimic environmental processes as the
chemical features are preserved during milling. However, it should be
noted that the weathered material used here was a thin mulch film, and
cryomilling of larger, thicker, weathered materials may result in the
distribution of weathering-induced surface changes as observed for
surface additives. High concentrations of additives on the surface of the
LDPE and PLA pellet samples were identified, but cryomilling appeared
to redistribute surface-specific compounds. This suggests that surface
characteristics are sensitive to cryomilling which should be considered
when preparing microplastic test materials. This finding is relevant for
leaching, bioavailability or toxicity studies. First, cryomilling may in-
crease bioavailability of surface chemicals due to their redistribution
throughout the sample, as well as the reduction in particle size. How-
ever, the results show that these chemicals were present at much lower
concentrations in the milled material and therefore may not cause a
toxicological effect. Second, it is important to understand what chemical
compounds are present in the test material. This result shows it is
necessary to characterise the test material after cryomilling, as results
from characterisation of the pellet may lead to false assumptions that
high levels of additive are present throughout the material. It is also
recommended that a multi-technique approach is used for characteri-
sation; here, FTIR exhibited good selectivity for detecting surface ad-
ditives, whereas Py-GC-MS provided insight on the bulk polymer
properties. Both methods herein were qualitative, however, when
assessing the leaching or toxicity of additives where it is important to
determine the exact amount of additional chemicals present, further
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quantitative characterisation using chemical extraction techniques may
be necessary.

3.4. Cryomilling causes changes in crystallinity

TGA-DSC was used to identify changes in bulk material properties as
aresult of cryomilling. Thermal properties, such as melting temperature
(Tm) and glass transition temperature (Tg), provide insight into struc-
tural properties such as crystallinity (X.). The DSC profiles, as well as the
TGA curve with the first weight derivative, for each polymer pre- and
post-milling are shown in Fig. 5 and in the SI (Figures 525-30), respec-
tively. Table S7 and S8 also denote values calculated from the TGA-DSC
analysis.

Most dramatically, the DSC curves revealed the inversion of the ex-
pected endothermic degradation peaks for both LDPE pellet samples
(Fig. 5). Chemical analysis identified the pellet surface as a hotspot for
surface-migrating additives, which introduce sites facilitating oxidative
degradation (exothermic process) of the polymer. The migration and
degradation of erucamide at low temperatures (55 °C) or during storage
can form carbonyl- and amide- containing species, has been shown to
influence thermal behaviour of LDPE [73,74]. The exothermic peaks in
the LDPE pellet samples corroborate the FTIR results and show the
presence of high concentrations of additives at the pellet surface which
is then dispersed throughout the cryomilled sample. Interestingly,
exothermic degradation was also observed in the PP pellet sample.
Similarly to LDPE, this indicates the presence of an additive or
contaminant such as adsorbed or absorbed solvent, or moisture within
the PP sample. This is supported by the TGA analysis, where a smaller
peak is observed before the complete degradation of PP (Figure S27).
However, the presence of an additive or contaminant was not observed
in the FT-IR or Py-GC-MS of the PP sample, highlighting the importance
of a multi-technique approach to analysis.

PLA in pellet, film and milled forms displayed similar TGA and DSC
profiles, but the degree of crystallinity (X.) was considerably different
(Table S8). The PLA pellet’s relatively high X. (35 %) reflects well-
developed crystalline domains typical of unprocessed material, while
the film’s lower crystallinity (11 %) suggests limited crystal growth
during cooling, resulting in a more amorphous, flexible structure. The
cryomilled PLA, produced from the film, exhibited an intermediate
crystallinity of 25 %, potentially indicating that milling either
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Fig. 5. DSC plots of the original and milled samples. Endothermic is down. Note the exothermic peaks in the LDPE, LDPE-STD and PP pellet samples - likely due to

the presence of surface additives or contamination.
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homogenised the film’s non-uniform crystalline distribution or exposed
pre-existing localised crystalline regions through mechanical disruption
and enhanced chain mobility, as observed in similar studies [75,76].

The mulch film presented the most complex DSC and TGA profiles,
showing a two-step degradation profile (Fig. 5 and Figure S30), corre-
sponding to the blend of PLA and PBAT. At 500 °C, the mulch film had a
37.5 % weight residue, compared to < 2 % in the virgin samples, likely
due to inorganic ash, metal oxides or other thermally stable components
used to enhance material properties and reduce production costs [77],
typical of consumer products. Comparison of the film and milled sample
identifies a shift in the first degradation peak, attributed to PLA, while
the PBAT-associated peak remains unchanged. This suggests the milling
process selectively influenced the PLA component, possibly due to its
greater susceptibility to mechanical disruption compared to the more
ductile PBAT [78]. Alternatively, the shift in PLA degradation behaviour
may be attributed to morphological changes within the blend. Cryo-
milling has likely disrupted the PLA and PBAT phase domains, resulting
in a finer, more uniform dispersion of the polymers [79]. The increased
interfacial area between PLA and PBAT can enhance heat transfer and
potentially alter the local degradation environment of PLA, leading to
the earlier onset of thermal degradation observed in the TGA [80].

The TGA-DSC analysis revealed substantial changes between pre-
and post-milled samples, underscoring the impact of milling on polymer
structure. Ducoli et al. [81] also reported milling-induced changes to the
crystallinity of nano-sized PET and PA, using TGA and FTIR. Lionetto
et al. [82] similarly reported increased amorphous content in PET
nanoparticles during mechanical grinding, as confirmed by x-ray
diffraction (XRD) and DSC. The extent of crystallinity change has been
shown to depend not only on polymer type but also on the milling
method. Ducoli et al. [83] found that ball milling induced the most
pronounced changes to crystallinity, compared to centrifugal milling
and immersion blending. Cuthbertson et al. [84] further demonstrated
that cryomilling altered crystallinity across different polymers using
TGA and DSC, with small-angle and wide-angle X-ray scattering (SAXS,
WAXS).

Collectively, these results challenge the assumption that cryogenic
milling of polymers at temperatures below their glass transition tem-
perature preserves all material properties. While chemical integrity may
remain largely unaffected, these studies demonstrate that crystallinity is
highly susceptible to mechanical processing. The degree of crystallinity
(Table S8) for PP was found to decrease after milling, whereas PLA
appeared to regain crystallinity. This variability underscores the
importance of considering polymer type and milling conditions when
preparing laboratory-generated microplastics used to mimic environ-
mental processes.

In the environment, secondary microplastics often exhibit increased
crystallinity, as amorphous regions of plastics are more susceptible to
oxidation, UV degradation and hydrolysis, leading to the reduction in
those domains [85,86]. A study comparing raw polymers to weathered
plastics collected from the North Atlantic sub-tropical gyre, reported
that raw PE samples exhibited an average crystallinity of 42 %, while
weathered microplastics showed an average of 54 % crystallinity [87].
The determined crystallinities of the cryomilled microplastics generated
in this study (25-68 %) are consistent with environmentally weathered
microplastics. The degree of crystallinity has a direct influence on
microplastic behaviour and impact. For example, lower crystallinity
enhances the adsorption capacity for hydrophobic pollutants [88] and
increases additive and residual monomer mobility, thereby, increasing
leaching potential [89], and bioavailability of potentially harmful sub-
stances. For example, a study reported that the leaching of Irganox 1010,
a food additive, was inversely influenced by the crystallinity of the
high-density polyethylene (HDPE) packaging. The lowest crystallinity
material (51.6 %) demonstrated a partition coeffient (K) of 0.26,
whereas the highest crystallinity sample (70 %) had a K value of 0.85.
Therefore, as crystallinity increases, the K value or the amount of ad-
ditive that remains in the material also increases and therefore leaching
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decreases [90]. Furthermore, studies have demonstrated that as the
degree of crystallinity increases, enzymatic and hydrolytic degradation
rates of polylactic acid decrease. Mechanistically, amorphous regions
are more accessible to water and enzymes, while more crystalline
samples prove more resistant to attack, retaining their integrity and
consequently exhibiting lower degradation rates [91,92]. Therefore,
comprehensive characterisation of thermal and structural properties of
microplastic test materials, and consideration of how processing steps
may alter these characteristics, is essential for future environmental
impact studies.

3.5. Minimal contamination from cryomilling

3.5.1. Plastic contamination

Polycarbonate (PC) tubes make up part of the milling chambers used
in the SPEX Freezer/Mill. PC is formed from the polymerization of
bisphenol-A (BPA), a known endocrine disruptor [93,94]. After several
rounds of cryomilling, wear and tear was visible on the inside of the PC
milling chambers, with small plastic fragments detaching from the tube
wall (see Figure S1-E). Therefore, it is important to assure that
contamination from milling equipment is negligible before test materials
are taken forward for toxicological or other studies.

The FTIR spectrum of two samples from the polycarbonate tube are
given in Fig. 6. Interestingly, the inner tube sample spectrum matched
the PLA library spectrum, as well as the PLA samples in this study. The
outer tube sample showed characteristic peaks of PC, and a strong match
to the PC library spectrum. The results identified the presence of poly-
mer residues left after cryomilling and therefore the potential for cross-
contamination of and between samples. Further analysis of the bulk
material was performed using Py-GC-MS to determine if the inner tube
sample was consistent with PLA or originated from the tube wall itself.

The chromatograms of the polycarbonate tube samples are given in
Fig. 6. Again, the inner and outer sample do not match. The inner sample
resembles the PLA chromatogram, and contains specific markers for
PLA, while the outer sample chromatogram contains polycarbonate
thermal degradation products: phenol; substituted phenols and the BPA
monomer [95].

Extracted ion chromatograms (EICs) of the higher molecular weight
degradation products, 4-(1-methyl-1phenylethyl)-phenol (m/z 197,
212) and BPA (m/z 213, 228) revealed no evidence of the polycarbonate
markers. Further EICs were performed to assess for contamination from
PC or PLA in all the milled samples, except PLA. Markers used for PLA
were 2,3-pentanedione (m/z 43, 100) and 3,6-dimethyl-1,4-dioxane-
2,5-dione (DL-Lactide, m/z 56, 144) (Figure S32-33). The EICs showed
no evidence of contamination by neither PC nor PLA markers in the
milled samples.

FTIR and Py-GC-MS analysis indicated no evidence of PC contami-
nation from the milling tube. PLA was shown to adhere to the inner wall
of the milling chamber, but was not detected in any of the other milled
polymer samples. Similarly, comparative analysis of the FTIR spectra
and Py-GC-MS chromatograms between non-milled and milled samples
do not identify the introduction of contamination from other polymers.
However, the abrasion on the inside of the tube means that cross-
contamination from previously milled samples remains a concern. It is
recommended that dedicated tubes are used for each sample or polymer
type to mitigate this issue.

3.5.2. Metal contamination

The metal components of the milling chamber are made of 440 C
stainless-steel — the elemental composition of which is given in Table S9.
For use in cryomilling, 440 C has several desirable characteristics: it has
high strength and hardness; it is magnetic (so can perform the oscilla-
tions necessary to break up the material) and is resistant to corrosion.
However, it is possible that small amounts of metal are transferred to the
milled plastics which could then influence subsequent experiments, such
as ecotoxicological testing.
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Fig. 6. Chemical analysis of the inner and outer portions of the milling tube. FTIR spectra (left) and Py-GC-MS chromatograms (right).

Elemental analysis revealed that three of the plastic samples con-
tained trace levels of metals in both the pellets and milled material
(Table S10): PBS contained titanium (Ti, 53.04 +5.81 pg g’l), PP
contained aluminium (Al) and Ti (55.18 = 1.87 and 3.22 + 0.31 pg g},
respectively), and PLA contained tin (Sn, 47.83 + 6.09 pg g~1). These
elements are likely catalyst residue left over from polymerisation pro-
cesses; titanium oxides are used to catalyse PBS formation [96-98], Ti
and Al based Ziegler-Natta catalyst systems are often used in the syn-
thesis of polyolefins such as polypropylene [99], and tin octoate (II) is a
popular catalyst in PLA production [100]. Similar metal concentrations
have been found in other studies. Peng et al. [101] reported 20.2 —
42.1 pg g~ Sn in virgin PLA samples, and Eriksen et al. [102] reported
46 — 183 g g~ ! of Al and 2.5 — 5.5 g g~ Ti in virgin PP samples.
However, this is the first report of trace metal concentrations in virgin
PBS.

Results of the analysis of stainless-steel components in the samples
are shown in Fig. 7. In the pre-milled samples concentrations of Cr were
below the LOD, but there were low levels of Fe in the LDPE-STD, PLA
and PP pellets as well as the PLA film, with a maximum concentration of
7.12pg g~} (PLA pellet). In comparison, the milled samples had
detectable levels of Fe in at least one sample and at much higher

concentrations, of up to 23.40 pg g~ * (PLA milled pellet). In most cases,
when Fe was present in milled samples, Cr was also present. Statistical
analysis found that metal concentrations between pre-milled and milled
samples were not significant for all elements across all polymer samples
(Mann-Whitney U, p > 0.05, Figure S35).

Other potential sources of contamination were also identified. The
PLA film and corresponding milled sample contained detectable levels of
lead (Pb) which were not found in the original PLA pellets and a sample
of milled pellet recovered from a cracked chamber - suggesting
contamination from the film making process. The presence of Fe
detected in some pre-milled samples may indicate contamination from
other metal equipment, such as metal spatulas used to transfer samples.

The concentration of stainless-steel elements in the samples
remained below 0.0001 % wt in pre- and post-milled samples. Analysis
of 59 milled virgin polymers using ICP-MS, by Cuthbertson et al. [84],
identified low levels of metals, including Cr in a PC and an acrylonitrile
butadiene styrene (ABS) sample at 0.005 % and 0.012 % wt, respec-
tively. Parker et al. [103] identified stainless-steel elements, as well as
zirconium (Zr) and yttrium (Y), by X-ray fluorescence (XRF) in milled PP
and PVC which they attributed to their two-stage milling procedure —
using a centrifugal mill with stainless-steel parts, followed by ball
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Fig. 7. Iron (top) and chromium (bottom) concentrations in non-milled and milled samples. The limit of detection (LOD) is shown by the grey dashed lines.
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milling with Y-stabilised ZrO5 balls. However, neither study reported the
metal concentrations in the original polymer material.

Elemental analysis demonstrated that metal contamination can
occur during milling. However, metal concentrations in the plastics
themselves were more substantial than any transfer from the metal
components of the milling apparatus, even in virgin polymer samples
(Figure S34). Therefore metals inherent to the polymer from the
manufacturing process are more likely to have greater influence over
impacts such as toxicity. This effect would be magnified in consumer or
post-consumer products which are likely to contain high concentrations
of metals, for example, tyre particles contain high levels of zinc (Zn)
[104,105]. Furthermore, environmental plastics are known to adsorb
metals from the environment [106]. Kiithn et al. [16] detected 31 ele-
ments in their marine litter mix, recording concentrations of Fe and Cr as
high as ~1835 pg g~ ! and ~179 pg g~ *, respectively. Therefore, it is
concluded that contamination from the milling procedure used in this
study will have negligible influence on further studies using the gener-
ated microplastics and validates the use of cryomilling to produce
microplastic test materials.

3.6. Conclusion

Given the increasing use of cryomilling for the generation of
microplastic test materials, this study aimed to characterise polymer
samples before and after milling to identify material changes which may
influence their behaviour in laboratory studies. SEM and PSA confirmed
that cryomilling generated microplastics with irregular shapes and a
broad size distribution. Particle shape was influenced by starting ma-
terial form, and particle size distribution was dependent on polymer
type but could be tailored by changing milling parameters such as
chamber size and milling and cooling time. Bulk chemical properties,
analysed by Py-GC-MS, were preserved in the cryomilling process, and
FTIR demonstrated that milling served to homogenise the sample by
redistributing additives which migrated to the surface of the initial
plastic pellets. Thermal analysis by TGA-DSC also showed minimal
changes in thermal properties, but indicated changes in crystallinity
occurred during cryomilling, which were polymer dependent. Although
few studies have explored the impact of structural properties on the
behaviour of microplastics in the environment, it is thought to influence
the formation of biofilm and is a key driver of chemical leaching.
Contamination from plastic and metal components of the milling
apparatus was negligible, however cross-contamination of plastic sam-
ples between milling is possible. A potential limitation of this study was
the focus on virgin polymers and a weathered consumer product. Future
studies incorporating marine-weathered and diverse post-consumer
plastics, as well as investigations examining how milling-induced al-
terations influence toxicity endpoints, will help to establish whether
cryomilled materials accurately represent the biological behaviour of
environmentally relevant microplastics. Overall, cryomilling is shown to
be a valid method for generating test materials, but the results identified
material properties which are altered in the process. The comprehensive
characterisation provides vital data of physicochemical properties,
beyond size and shape, which influence material behaviour and allow
for more realistic comparisons to be drawn between generated materials
and environmental microplastics.

Environmental implication

Microplastics are known environmental contaminants, however
their behaviour and impact are not fully understood. Cryomilling is used
to replicate environmental microplastics — often assuming milling does
not alter material properties or introduce contamination. This work tests
these assumptions showing that contamination from milling is negligible
and bulk polymer chemistry is preserved, but surface-specific charac-
teristics are redistributed throughout the milled material and polymer-
specific structural changes are induced by milling. These properties
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influence the behaviour and impact of microplastics. The data provided
facilitates comparison between generated and environmental micro-
plastics, making environmental studies which use cryomilled test ma-
terials more pertinent.
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