Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY
PPN OF CHEMISTRY

Analytical
Methods

View Article Online
View Journal | View Issue

CRITICAL REVIEW

Analysing micro- and nanoplastics with cutting-
edge infrared spectroscopy techniques: a critical
review

i '.) Check for updates ‘

Cite this: Anal. Methods, 2024, 16, 2177

Junhao Xie, ©*2 Aoife Gowen,® Wei XuP and Junli Xu®

The escalating prominence of micro- and nanoplastics (MNPs) as emerging anthropogenic pollutants has
sparked widespread scientific and public interest. These minuscule particles pervade the global
environment, permeating drinking water and food sources, prompting concerns regarding their
environmental impacts and potential risks to human health. In recent years, the field of MNP research
has witnessed the development and application of cutting-edge infrared (IR) spectroscopic instruments.
This review focuses on the recent application of advanced IR spectroscopic techniques and relevant
instrumentation to analyse MNPs. A comprehensive literature search was conducted, encompassing
articles published within the past three years. The findings revealed that Fourier transform infrared (FTIR)
spectroscopy stands as the most used technique, with focal plane array FTIR (FPA-FTIR) representing the
cutting edge in FTIR spectroscopy. The second most popular technique is quantum cascade laser
infrared (QCL-IR) spectroscopy, which has facilitated rapid analysis of plastic particles. Following closely
is optical photothermal infrared (O-PTIR) spectroscopy, which can furnish submicron spatial resolution.
Subsequently, there is atomic force microscopy-based infrared (AFM-IR) spectroscopy, which has made
it feasible to analyse MNPs at the nanoscale level. The most advanced IR instruments identified in articles
covered in this review were compared. Comparison metrics encompass substrates/filters, data quality,

spatial resolution, data acquisition speed, data processing and cost. The limitations of these IR
Received 12th October 2023 inst t identified d dati to add th limitati d. Th
Accepted 15th March 2024 instruments were identified, and recommendations to address these limitations were proposed. The
findings of this review offer valuable guidance to MNP researchers in selecting suitable instrumentation
DOI: 10.1039/d3ay01808¢ for their research experiments, thereby facilitating advancements in research aimed at enhancing our

rsc.li/methods understanding of the environmental and human health risks associated with MNPs.
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1. Introduction

Microplastics (MPs) are commonly defined as plastics with the
largest dimension of <5 mm. In contrast, there is no consensus
on the definition of nanoplastics (NPs). Several studies define
NPs as particles with a diameter of <1 pm."* In this review, we
will adopt this definition for NPs, and collectively refer to MPs
and NPs as MNPs. MNPs, as emerging pollutants, are ubiqui-
tously present in marine environments,® terrestrial ecosystems,*
drinking water,” and even human bodies.® With the rapid
growth of research on MNPs in recent years, the global distri-
bution of them has become evident. While some studies have
indicated that these minuscule plastic particles can have
adverse effects on organisms,” the knowledge regarding the
impact on human health is still limited. To accurately assess the
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hazards posed by these emerging pollutants, reliable analysis of
them is critical.

Early analysis of plastic particles was often based on visual
inspection (with the naked eye or a microscope), a method that
is no longer accepted mainly due to its subjectivity in particle
selection, lack of chemical specificity (or low chemical speci-
ficity when hot needles or Nile red dye was used), time-
consuming and laborious nature, and inability to provide
information on the chemical composition of particles.® Conse-
quently, this strategy has been largely replaced by methods that
are convenient and could identify the chemical composition.
Infrared (IR) spectroscopy is one of such methods and is
advantageous compared to several other methods that could
identify the polymer type. For instance, unlike pyrolysis-gas
chromatography coupled to mass spectrometry, IR spectros-
copy is non-destructive, hence the morphological information
of plastic particles is not lost.® Furthermore, in comparison to
Raman spectroscopy, IR spectroscopy is rarely associated with
fluorescence interference - a crucial attribute, especially when
analysing weathered plastic particles or plastic particles with
pigment additives.®
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In recent years, with advancements in technology, IR spec-
troscopy has evolved into a broader category, encompassing not
only the well-established Fourier transform infrared (FTIR)
spectroscopy but also emerging techniques like quantum
cascade laser infrared (QCL-IR) spectroscopy, atomic force
microscopy-based infrared (AFM-IR) spectroscopy, and optical
photothermal infrared (O-PTIR) spectroscopy. Among these IR
spectroscopic techniques, FTIR spectroscopy was the earliest
technique applied to the analysis of MPs. While standalone
FTIR spectrometers might suffice for the analysis of large MPs
(e.g.,>500 um), when dealing with small MPs (e.g., <500 pm), the
use of a microscope, in addition to an FTIR spectrometer,
becomes necessary. This combined approach involving both
a microscope and an FTIR spectrometer is commonly referred
to as micro-FTIR (u-FTIR). With the application of focal plane
array FTIR (FPA-FTIR), the data collection speed for MP analysis
is significantly improved, and unbiased analysis could be ach-
ieved, since no manual presorting of particles is needed. Hence,
FPA-FTIR has been considered to have tremendous potential in
the automated analysis of MPs.’ Subsequently, advanced IR
spectroscopy techniques, namely, QCL-IR spectroscopy, AFM-IR
spectroscopy, and O-PTIR spectroscopy were applied for MNPs
analysis,"* " with each demonstrating great potentials. These IR
spectroscopic techniques are based on distinct principles. A
comprehensive understanding of the principles, advantages,
and limitations of these IR spectroscopic techniques is crucial
for conducting reliable MNP research with them. Therefore,
a paper summarising the application of these IR spectroscopic
techniques and their relevant instruments in MNP analysis
would be of great interest to readers.

To this end, the objectives of this review article are (1) to
investigate the application of the state-of-the-art IR techniques
in MNP research over the past three years, (2) to compare
instruments built from different IR spectroscopic techniques in
terms of substrates/filters, data quality, spatial resolution/
detection limit, analysis speed, data processing, cost, and etc.,
and (3) to identify limitations of certain IR instruments and
provide recommendations for future applications.

1.1. Fundamentals of IR spectroscopic techniques

1.1.1. FTIR spectroscopy. FTIR spectroscopy studies the
interaction between matter and IR radiation. Following this
interaction, the residual IR radiation is recorded to generate
a spectrum, which reveals the specific chemical bonds present
in the sample. The source of IR photons in an FTIR instrument
is typically a thermal Globar. The interferometer is a key
component of an FTIR instrument, and it creates an interfero-
gram as the raw signal. This signal is then “Fourier trans-
formed” into an actual spectrum, revealing the chemical
composition of the sample. In MP analysis with FTIR spec-
troscopy, three modes are commonly employed: transmission,
reflection (i.e., transflectance and diffuse reflection), and
attenuated total-reflectance (ATR), each having different appli-
cable situations. In transmission mode, the IR radiation that
passes through the sample is measured by the detector. Hence,
the transmission mode is suitable for relatively thin samples or
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samples with weak IR absorption, and, in the case of MP
detection, an IR transparent substrate/filter is needed. In
transflectance mode, IR radiation is passed through the sample,
reflected off an IR reflective substrate and back though the
sample a second time and onto the detector. This mode is
suitable for thin samples as well and requires an IR reflective
substrate or filter, but its suitability also depends on the
morphology of the sample, which could cause light scattering
and disturb the reflected signal. In diffuse reflection (DRIFTS)
mode, IR radiation interacts with the MP particles and reflects
off their surfaces, causing the light to diffuse or scatter as it
travels through the sample. The scattered energy is then
directed to the detector through an output mirror to generate
a spectrum. DRIFTS mode is commonly used for analysing
powdered MPs and requires a DRIFTS accessory.™ In ATR mode,
the generation of spectra relies on contact between an ATR
crystal and the sample. When the ATR crystal and the sample
are in close contact, IR light is sent in and bounces through the
crystal, creating evanescent waves before it is collected on the
other side. Information about the sample is gathered through
the interaction of the evanescent waves and the sample. ATR
mode is commonly used for analysing thick or strong-IR-
absorbent samples.” While ATR mode minimises sample
preparation, there are concerns of it: first, the crystal itself is
expensive and degrades over time. Secondly, since the ATR
crystal needs to come into contact with the sample, it may cause
cross-contamination and sample loss. Finally, analysing
samples smaller than the ATR crystal may result in low quality
spectra.'®

W-FTIR can effectively analyse single MP particles smaller
than 500 um, a task that could be challenging to achieve using
standalone FTIR spectrometers. Therefore, with the current
trend of analysing smaller MPs, p-FTIR might be preferred. In
early (from 2004 to around 2012) detection of MPs, the p-FTIR
systems used were equipped with a single-element (IR) detector
only, this means that only one FTIR spectrum could be obtained
at a single point on the sample at a time. While using a single-
element detector in combination with a motorised stage allows
for the collection of spatial and spectral information (ie.,
chemical imaging) of MP samples, the imaging speed is
significantly slow. Subsequently, the introduction of line array
detectors, where several single-element detectors are arranged
in a line, has enabled the simultaneous collection of multiple
spectra within a single line. By employing a line array detector
and a motorised stage to collect data from multiple rows,
chemical images could be rapidly generated. The most
advanced detector for u-FTIR is the FPA detector, consisting of
an array of IR detectors arranged in a square pattern (e.g., 64 x
64 detectors, 128 x 128 detectors). An FPA detector allows for
the simultaneous collection of spectral data from multiple
points on a single plane. Consequently, when coupled with
a motorised stage, the imaging speed is greatly enhanced. The
amount of data that can be collected simultaneously depends
on the size of the FPA. For instance, an FPA with a size of 64 x
64 can acquire 4096 (64 x 64 = 4096) spatially resolved spectra
in a single acquisition. FPA-FTIR has demonstrated tremendous
potential in the field of automated MP analysis."”

This journal is © The Royal Society of Chemistry 2024
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1.1.2. QCL-IR spectroscopy. Similar to FTIR, QCL-IR spec-
troscopy also measures the residual IR radiation produced from
the interaction of IR light with the sample to generate a spec-
trum; however, in contrast to the thermal sources commonly
used in FTIR spectroscopy, QCL-IR spectroscopy employs a QCL
as the IR radiation source. Unlike thermal IR sources, which
emit diffused IR radiation over a broad spectral range (typically
between 4000-400 cm™ ' in MP research), QCLs can produce
coherent IR radiation at specific and selectable wavelengths.
The high brilliance of QCL radiation allows for a more focused
and intense beam, leading to improved signal-to-noise ratios
(SNR). The greater spectral power density of QCLs is however,
accompanied by a trade-off - a reduced spectral range, which
posed significant limitations for early QCLs. Fortunately,
advancements in technology have led to the development of
QCLs capable of covering the full molecular fingerprint spectral
region today. In quantum cascade structures, electrons undergo
intersubband transitions, leading to the emission of photons.
The electrons tunnel to the next period of the structure, and this
process repeats. As a result, unlike IR interferometers, QCLs
generate the mid-IR signal wavelength-by-wavelength in abso-
lute values, eliminating the need for Fourier transform for
spectrum reconstruction.’® QCL-IR instruments can operate in
transmission, reflection, and ATR modes, and the applicability
of each mode is similar to that of FTIR.

In MP analysis, the feature of tunability (of the IR frequency)
of the QCL-IR technique allows the IR light to solely focus on the
specific and optimal IR range and hence allows rapid identifi-
cation of known types of MPs. Furthermore, this feature enables
the direct generation of single frequency images. This is in stark
contrast to FTIR spectroscopy, where the IR range cannot be
manually adjusted, and therefore, acquiring single frequency
images requires a significant amount of time to first acquire
hyperspectral images.

Currently, two QCL-IR spectroscopy-based approaches have
been employed in the field of MP research. One utilises a single-
element detector in conjunction with a fully automated MP
detection workflow, while the other employs a large FPA (480 x
480) detector.” While the combination of an FPA detector and
a QCL significantly improves the efficiency (due to super-fast
imaging speed) in data collection," using an FPA detector in
a QCL system may pose a risk of laser coherence artefacts in the
acquired images or spectra.”®

1.1.3. O-PTIR spectroscopy. O-PTIR spectroscopy is an
advanced spectroscopic technique that allows spectral infor-
mation at a submicron scale to be obtained.*® Unlike FTIR
spectroscopy or QCL-IR spectroscopy, O-PTIR spectroscopy does
not measure residual IR radiation. Instead, it measures the
sample's intrinsic IR absorption. The O-PTIR technique
acquires spectral information through an innovative “pump-
probe” architecture (Fig. 1). During operation, the tunable IR
laser (e.g., a QCL), acts as the pump, while the visible laser
(532 nm or 785 nm) serves as the probe, both co-linearly illu-
minating the sample. The pump, by adjusting its own IR
frequency, excites the sample and induces a photothermal IR
effect, resulting in transient thermal expansion and changes in

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The "“pump-probe” structure of the O-PTIR technique. The
sample is illuminated by both the pump (red light) and the probe (green
light). The pump, by modulating its IR frequency, induces a photo-
thermal IR effect in the sample, which is then detected by the probe.

the sample's refractive index. These changes in refractive index
are then detected by the probe. The probed information, varying
with the IR frequency, is used to generate an O-PTIR spectrum.
O-PTIR spectra closely resemble conventional FTIR spectra,*
allowing for comparisons with FTIR spectral libraries. However,
the quality of O-PTIR spectra is superior because the O-PTIR
technique is immune to dispersive scatter artefacts,” which
can often compromise the quality of FTIR or QCL-IR spectra.
Regarding the spectral range, the spectral coverage of the O-
PTIR technique depends on the IR laser(s) it is paired with.
When a standard QCL is used, a spectral range of ~1800 to
~800 cm ' is covered. If the laser source is a dual-range (C-H/
FP) QCL, not only ~1800 to ~800 cm ', but also the C-H
stretch range —3000 to 2700 cm ', are covered. When use
a combination of a standard QCL and an optical parametric
oscillator (OPO), the covered ranges are 3600-2700 cm ™" and
1850-800 cm™ " in a single unit.

Currently, commercially available O-PTIR microscopes offer
the capability to collect optical images (Fig. 2a), single
frequency images (Fig. 2b), visible-laser images (Fig. 2c), point
spectra (Fig. 2d) and hyperspectral images for MNP analysis,
providing morphological and chemical information. However,
a significant limitation exists in current O-PTIR microscopes, as
they are equipped with a single-element detector only, which
means that the imaging speed is greatly restricted.

It is worth mentioning that with the O-PTIR technique, it is
possible to collect both O-PTIR spectra and Raman spectra at
the same point and time. This feature can provide more reliable
identification results for MNP research compared to obtaining
IR or Raman spectra alone.*® But this review only focuses on IR
techniques, so the capability of O-PTIR spectroscopy to acquire
Raman spectra is not further discussed.

1.1.4. AFM-IR spectroscopy. AFM-IR spectroscopy, as the
name suggests, is a combination of AFM and IR spectroscopy.
Specifically, AFM-IR spectroscopy represents a remarkable
integration of AFM's exceptional spatial resolution and the
chemical analysis capabilities offered by IR spectroscopy.* The
spatial resolution of AFM-IR spectroscopy is approximately
20 nm, and the resolution is only limited by the radius of the
apex of the AFM probe tip. As a result, this technique has the
potential to identify plastic particles at the nanometre level. The
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Fig.2 An optical image (a), a single frequency image at 1453 cm ™ (b), a visible-laser image (c), and a spectrum of a polystyrene (PS) microbead
(d) placed on a glass slide acquired using our in-house mIRage O-PTIR microscope. A single frequency image obtained with the O-PTIR
technique is often referred to as an O-PTIR image. 1453 cm™is the band where PS shows one of its characteristic peaks. The white scale bar is 20

pum. The colour scales show the signal intensity.

working principle of the AFM-IR technique is very similar to that
of the O-PTIR technique, as both are based on the photothermal
effect induced by IR radiation on the sample. The main differ-
ence lies in the detection of the photothermal effect, where the
O-PTIR technique employs a laser beam as the probe, while the
AFM-IR technique uses an AFM cantilever as the detection

Photodiode

Deflection laser

Cantilever

Pulsed, tunable
IR source

Sample

Fig. 3 Schematic diagram of the AFM-IR technique. A pulsed tunable
laser is directed towards the part of the sample close to the tip of an
atomic force microscope. By tuning the laser to a specific absorbing
wavelength of the sample, the IR radiation gets absorbed, leading to
photothermal expansion in the absorbing regions of the sample. The
tip of the cantilever serves as a detector to measure local IR absorp-
tion. Adapted with permission from Dazzi and Prater.?®* Copyright 2023
American Chemical Society.
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probe. Fig. 3 is a schematic diagram of the AFM-IR technique,
which shows how spectral information is acquired using this
technique. A tunable IR laser (e.g., a QCL or an OPO) is focused
on a specific region of a sample near the tip of an AFM canti-
lever probe. When the tunable IR laser is set to a wavelength
that corresponds to an absorbing wavelength of the sample, the
sample's photothermal IR effect is induced, leading to transient
thermal expansion. This thermal expansion causes a force
impulse on the tip of the cantilever, resulting in an oscillation of
the AFM cantilever. By recording the AFM cantilever oscillation
amplitude as a function of wavelength (or wavenumber), a local
absorption spectrum of the sample can be generated.” Addi-
tionally, it is possible to lock the IR frequency at a pre-
determined wavelength to generate single frequency images.*
In MNP research, AFM-IR spectroscopy is not only used for
particle identification but also for the characterisation of the
microstructure/nanostructure of the MNP surface.

1.2. MNP analysis with IR spectroscopic techniques

MNP samples from the environment are complex cocktails that
not only contain MNPs but also various substances such as
tissues, cellulose, chitin, silica, minerals. The presence of such
organic and inorganic materials in the sample significantly
affects the MNP analysis as the signal of these materials might
overlay MNP spectra. Therefore, applying effective methods to

This journal is © The Royal Society of Chemistry 2024
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extract MNPs from the environmental matrix before IR spec-
troscopic analysis is essential. The extraction of MNPs typically
involves the digestion of organic materials and the removal of
inorganic materials (usually by density separation). Examples of
MNP extraction, as well as the major reagents/methods used are
detailed in Section 3.1.1 of this article.

The separation of MNPs from environmental matrices is
often considered a necessary step. However, some researchers
might apply an IR spectroscopic technique to directly image the
sample matrix for the purpose of identifying MNPs mixed in it.>®
In other words, depending on the research question of interest,
the extraction of MNPs from a matrix may not be necessary.

If the research question of interest is to explore the effects of
a treatment on MNPs, the MNPs might be intentionally treated
(e.g., oxidised) before IR spectroscopic analysis.

Subsequently, the extracted MNPs, or samples containing
MNPs, or treated MNPs are typically enriched on or transferred
to a substrate/filter, getting ready for IR spectroscopic analysis.

For the detection of MNPs using IR spectroscopy, there are
two widely adopted methods. The first one is hyperspectral
imaging (Fig. 4a), where a spectrum for every “pixel” in the
region of interest is collected. Individual pixels are then clas-
sified based on their spectral signatures. The second approach
is particle-based analysis (Fig. 4b), where all particles in a region
of interest are first located. Subsequently, the operator collects
spectra for each located particle. Then the collected spectra are
classified to distinguish which particles are MNPs and which
are not. Particle location/recognition can be based on visible
light (e.g., manually locating substances that appear as particles
to the naked eye or under a microscope); it can also be based on
single frequency IR light (see Section 3.1.6 for an example).

A diverse array of algorithms has been developed to classify
pixels or spectra, falling into two primary categories: instance-
based and model-based machine learning approaches.” In
instance-based methods, reference data (i.e., instances) are
directly employed to identify unknown spectra through
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similarity assessments. Various methods, such as Pearson
correlation analysis and spectral angle mapper (SAM), can be
used for similarity assessment. A notable advantage of instance-
based approaches lies in their adaptability, as the spectroscopic
reference data can be easily expanded or customised, for
instance, by incorporating pertinent spectra into the existing
spectral library.”” However, it should be noted that these
methods can result in a significant computational burden and
are time-consuming due to the necessity of computing simi-
larities between each collected spectrum and every reference
spectrum in the library. In contrast, model-based approaches
rely on statistical models trained from spectroscopic reference
data (e.g., partial least squares-discriminant analysis (PLS-DA)
models, support vector machine (SVM) models, and random
decision forest (RDF) classifiers), which are then applied to
unknown spectra. These unknown spectra are then classified
into predefined categories which may encompass polymer types
and substances associated with environmental MNP samples.
Notably, model-based techniques typically offer shorter analysis
times, enabling a higher analytical throughput.?® Nonetheless,
it is imperative to enhance the robustness of these models
before their practical application can be fully realised.
Hyperspectral imaging is associated with larger file sizes and
time demands (when an array detector is unavailable) since
every pixel within the region of interest undergoes spectral
acquisition, including pixels devoid of MNPs. Conversely,
particle-based analysis selectively gathers spectra from particles
only, resulting in reduced data storage space and time
requirements (when the number of particles in the region of
interest is relatively low). An inherent advantage of hyper-
spectral image analysis lies in its capacity to provide accurate
particle characterisation including both chemical composition
and physical properties such as size and shape. In contrast,
particle-based analysis often involves collecting one to several
spectra from a particle solely for identification purposes. If
precise information on particle size and shape is desired,
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Fig. 4 Detection of particles through hyperspectral imaging (a) and through particle-based analysis (b).
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complementary image analysis methods need to be employed.
Both approaches ensure the chemical identification of observed
particles, thereby providing reliable outcomes. Without the
utilisation of these two approaches (or other effective
approaches) for chemical identification, the quantification of
MNP particles would yield inaccurate results. For instance,
Hernandez et al.*® directly labelled particle-like substances
observed under a scanning electron microscope as MNPs,
without subjecting them to proper chemical identification. As
a consequence, their results have faced criticism.*®

2. Literature review methodology

A literature search on Scopus (https://www.scopus.com) was
conducted to gather information about the IR techniques and
instruments used in recent years in MNP research. The
keywords used for the search were “IR OR infrared” and
“microplastic*”, and these were searched within the Article
title, Abstract, and Keywords. The search was conducted on
April 13, 2023. The results obtained were first filtered on the
Scopus website using the following criteria: the year of
publication was limited to “2023”, “2022”, and “2021”; the
document type was limited to “Article”; the publication stage
was limited to “Final”; and the language was limited to
“English”. A database was then formed, containing the
retained articles, one paper published in 2020 that describes
the combination of QCL-IR spectroscopy with a large FPA
detector for MP monitoring, and three studies related to O-PTIR
spectroscopy for MNP research but unavailable on Scopus.
The published work in the database was then accessed one
by one. Through reading the titles, abstracts, and parts of the
text, the literature was further screened according to the
following exclusion criteria: articles that could not be accessed,
research that did not focused on MP (e.g., focused on bulk

FTIR First
spectroscopy commercial
was first FTIR
introduced3! microscope33

a
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plastics), research that did not use IR spectroscopy/instruments
and research that did not specify either the brand or the model
of the IR instrument used.

3. Results from the literature review

The literature search on Scopus initially yielded 1987 sources.
After the first round of screening, 1178 articles were deemed
relevant and retained. These 1178 retained articles, along with
an additional four relevant articles identified through other
sources, were amalgamated to form a database comprising
a total of 1182 articles. A second round of screening was then
conducted on the database, resulting in a final selection of 988
articles for further analysis.

The findings from the studies covered in this review indicate
that FTIR spectroscopy is the most extensively utilised tech-
nique in MP research, with 953 studies employing it. Following
FTIR spectroscopy, QCL-IR spectroscopy was used in 35 studies,
and O-PTIR spectroscopy in six studies. AFM-IR spectroscopy
was the least used technique, with only three publications
incorporating it. Among these IR techniques, FTIR spectroscopy
stands as the oldest technique and has been continuously
developed since its introduction in the 1950s.**** The prevalent
use of FTIR spectroscopy in MP research can be attributed to its
capability to deliver reliable qualitative and quantitative results
(and some surface characterisation results through hyper-
spectral imaging). Additionally, its low costs (compared to
instruments based on the newer IR spectroscopic techniques)
and early commercial availability (the first commercial FTIR
instrument introduced as early as 1969),*> might have contrib-
uted to its widespread adoption. The developmental timeline of
FTIR spectroscopy and the introduction of instruments based
on the newer IR techniques can be observed in Fig. 5. As seen,
instruments based on newer IR spectroscopic techniques have

First commercial First
AFM-IR commercial
instrument2* O-PTIR
A microscope?!

First commercial v First commercial
FTIR FPA-FTIR was QCL-IR
spectrometer32 introduced3* microscope!®

Fig.5 The developmental timeline of FTIR spectroscopy and the introduction of instruments based on the new IR spectroscopic techniques (O-

PTIR spectroscopy, QCL-IR spectroscopy, and AFM-IR spectroscopy).
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become commercially available only in the last decade. Despite
these new IR spectroscopic techniques having demonstrated
greater potential than FTIR spectroscopy in MP research, ™
they might not have had sufficient time to become as popular as
FTIR spectroscopy. Among the newer IR spectroscopic tech-
niques, O-PTIR spectroscopy and QCL-IR spectroscopy seem to
be more favoured by MNP researchers, despite their relevant
instrumentation becoming commercially available later than
AFM-IR spectroscopy-based instrumentation.

FTIR spectroscopy is widely employed for the analysis of
MPs, and it can be implemented using either FTIR spectrome-
ters or u-FTIR systems. FTIR spectrometers employing ATR have
been commonly used for the identification of MPs >500 um,
while p-FTIR systems are more suitable for identifying MPs <500
pum. Currently, there are numerous models of FTIR instruments
used in MP research. The most frequently utilised FTIR
instruments in the last three years are listed in Table 1.
Instruments that have been used in fewer than 8 studies are not

View Article Online
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included in this table. Additionally, it is indicated in the table
that whether the listed instrument is equipped with a line array
detector or an FPA detector, and the number of times these
array detectors were used for imaging (instruments equipped
with an array detector is also equipped with a single-element
detector, allowing users to collect point spectra when ana-
lysing MPs, rather than necessarily performing imaging). As
evident from Table 1, the most popular FTIR spectrometer is the
Nicolet 6700 (Thermo Scientific), used in 44 studies, while the
Nicolet iN10 (Thermo Scientific) is the preferred p-FTIR system,
employed in 70 studies. FTIR spectrometers have been used in
508 studies, while p-FTIR has been used in 255 studies. This
observation might suggest that in the past three years, research
on MPs >500 um has been approximately twice as prevalent as
research on MPs <500 um. In addition, the ownership rate of IR
instruments equipped with an array detector among MP
research teams seems to be low, possibly because instruments
with an array detector are more expensive than those with

Table 1 Summary of the usage frequency of FTIR instruments based on studies covered in this review”

Instrument and brand Is u-FTIR? Frequency”

Nicolet iN10, Thermo Scientific Yes 70

Nicolet iN10 MX, Thermo Scientific Yes 45, in which 8 used
the line array detector

Nicolet 6700, Thermo Scientific No 44

Spotlight 400 microscope coupled to a FTIR spectrometer, PerkinElmer Yes 43, in which 15 used
the line array detector

Nicolet iS50, Thermo Scientific No 42

Spotlight 200 microscope coupled to a FTIR spectrometer, PerkinElmer Yes 40

Spectrum Two, PerkinElmer No 40

Vertex70, Bruker No 39

Cary 630, Agilent No 39

Nicolet iS5, Thermo Scientific No 37

Nicolet iS10, Thermo Scientific No 37

ALPHA, Bruker No 36

Tensor 27, Bruker No 29

Spectrum 100, PerkinElmer No 24

Cary 620 microscope coupled to a FTIR spectrometer, Agilent Yes 21, in which 17 used the
64 x 64 FPA detector

FT/IR 6000, JASCO No 19

IRTracer-100, Shimadzu No 18

IRAffinity-1/S, Shimadzu No 16

IR Prestige-21, Shimadzu No 14

Frontier, PerkinElmer No 14

HYPERION 3000, Bruker Yes 14, in which 7 used the
64 x 64 FPA detector

HYPERION 2000, Bruker Yes 14

ALPHA II, Bruker No 10

Nexus 670, Thermo Scientific No 9

TENSOR II, Bruker No 9

Nicolet iS20, Thermo Scientific No 8

FT/IR 4000, JASCO No 8

Spectrum ONE, PerkinElmer No 8

VERTEX 70v, Bruker No 8

LUMOS II, Bruker Yes 8, in which 5 used the

32 x 32 FPA detector

“ The FTIR microscopes listed in this table may be coupled to the FTIR spectrometers also listed in this table. In such cases, the FTIR microscope,
when coupled to the FTIR spectrometer, is considered as a single entity of the of FTIR microscope, and its usage is not counted again as the FTIR
spectrometer. ? In this column, if the frequency (number) listed is followed by a sentence, it indicates the instrument is equipped with an FPA
detector or a line array detector, and the number of studies (specified in the sentence) these array detectors were used in.
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a single-element detector only. Furthermore, even one has an
FTIR instrument equipped with an array detector, it does not
necessarily mean they need to use the array detector for
chemical imaging, as revealed by the data, the usage rate for
line array detectors is only 8%, and for FPA detectors, it is 67%.
Indeed, if a single-element detector can quickly complete an MP
detection task, chemical imaging may not be necessary. For
instance, when the number of particles in a region of interest is
low, the operator can directly click on each particle and collect
spectra without the need for imaging the entire region of
interest, which produces a huge amount of data that requires
significant computing power and time to process.*

In comparison to the numerous models of FTIR instruments
used in MP research, there are relatively fewer instrument
models available for the other three IR techniques. This review
identified two QCL-IR instruments used for MP analysis: the
8700 LDIR (Agilent), employed in 34 studies, and the SPERO
microscope (Daylight Solutions), used in one study. The 8700
LDIR is equipped with a single-element detector and comes
with specialised software Clarity (Agilent) designed for auto-
mated MP analysis. The SPERO microscope is equipped with
a large 480 x 480 FPA detector. Under low magnification (4 x), it
covers a field of view of 2000 pum x 2000 pm and produces
a projected pixel size of 4.25 um. Under high magnification
(12.5x%), it covers a field of view of 650 um x 650 um and
generates a projected pixel size of 1.36 pm. For O-PTIR instru-
ments, we found two models: the mIRage microscope (Photo-
thermal Spectroscopy Corp) and the mIRage+R microscope
(Photothermal Spectroscopy Corp). These were used in four and
two studies, respectively, and both have a single-element
detector. For AFM-IR instruments, we identified the Nano IR2
(Anasys Instruments Inc), which was used in three studies.

3.1. Comparisons of IR instruments

In the following section, we will conduct a comprehensive
comparison of several cutting-edge IR instruments that have
been identified in the studies covered by this review. FPA-FTIR
stands out as the most advanced form within the FTIR category,
thereby warranting the inclusion of all FPA-FTIR models,
namely the Cary 620, the HYPERION 3000, and the LUMOS I, in
our comparison. Additionally, the 8700 LDIR and the SPERO
microscope, both QCL-IR instruments, as well as the mIRage
microscope and the mIRage+ R microscope, which are O-PTIR
microscopes, and the Nano IR2, an AFM-IR instrument, will
also be included in the comparison.

3.1.1. Application to environmental samples. Table 2
summaries the sample types (in which MNPs were detected)
analysed in studies included in the comparison, the IR instru-
ments used, the reagents/methods used for MNP extraction,
along with associated recovery rates. It can be seen that MNPs
have been detected in a very wide range of environmental
matrices. Through further investigation of the sample types
listed in Table 2, one might find that the FPA-FTIR microscopes,
i.e., the Cary 620, the HYPERION 3000, the LUMOS II and a QCL-
IR microscope - the 8700 LDIR have been used for analysing
a broader range of sample types, including treated water, sea
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water, sand, sediment, soil, sludge, slurry, biological samples,
and etc.; while the SPERO microscope, the O-PTIR microscopes,
and the Nano IR2 have been used for fewer sample types.
However, it should be noted that there is no evidence suggest-
ing that the FPA-FTIR microscopes and the 8700 LDIR can deal
with more sample types while the other instruments listed
could not. For analysing a specific sample, the instrument that
would be used is likely dependent on the availability of instru-
mentation in the researcher's laboratory. As discussed, since
FPA-FTIR is the earliest developed technique among the IR
techniques discussed in this article, it is not surprising that
FPA-FTIR microscopes have been acquired by a decent number
of laboratories, hence the number of sample types associated
with FPA-FTIR is higher. The fact that the 8700 LDIR has been
used to analyse a wide range of sample types within just a few
years since its release (in 2018) might be attributed to its
automated MP analysis software, and its low price (see Section
3.1.7 for instrument cost/price).

3.1.2. Pretreatments, filters/substrates. In the extraction of
MNPs from environmental matrices, organic materials were
typically digested using strong acidic solutions (e.g., nitric acid),
strong alkaline solutions (e.g., potassium hydroxide), oxidation
agents (e.g., Fenton's reagent, hydrogen peroxide), enzymes, or
a combination of these chemicals. Notably, acidic solutions,
alkaline solutions and some oxidation agents have been re-
ported to cause particle losses, for example, certain acids can
dissolve some PS, PA, PE and PP,” while enzymes are consid-
ered mild and, therefore, plastic-conserving.'® The removal of
inorganic materials was typically realised by density separation
with solutions of high density, e.g., sodium chloride (NaCl), zinc
chloride (ZnCl,), sodium polytungstate (SPT) solutions, etc. A
good extraction/purification method should have a high
recovery rate and low time and labour costs. An example of an
effective purification method is the Universal Enzymatic Puri-
fication Protocol (UEPP) developed by Loder et al.'® According
to UEPP, samples are first incubated with sodium dodecyl
sulfate (SDS) to increase the contact surface for enzymatic
treatments. Subsequently, enzymatic treatments are carried out
sequentially in the optimal environment (created by using
buffers and pH adjustment), starting with a protease treatment,
followed by a lipase treatment, a cellulase treatment, an
amylase treatment, and a chitinase treatment. Before the chi-
tinase treatment, hydrogen peroxide is added to facilitate better
contact between the chitinase and chitin. After applying all
enzymatic treatments, hydrogen peroxide is used to degrade the
remaining organics. The enzymatic treatments are dependent
on the chemical composition of the sample matrix (e.g., if the
sample matrix does not have chitin in it then a chitinase
treatment is not needed). Finally, ZnCl, is used for density
separation to remove inorganic materials. UEPP, due to its high
recovery rate and cost-effectiveness,'® were adopted in multiple
studies covered in this review. The cobalt salts(i)/
peroxymonosulfate (Co/PMS) system for MNP flotation
proposed by Wang, Tan et al.*** is also a noteworthy state-of-the-
art approach for MNP extraction or purification. PMS can be
effectively activated by cobalt(n) salts,'”* and once activated, it
generates reactive species capable of removing a variety of

This journal is © The Royal Society of Chemistry 2024
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organic materials. Compared to the widely used MNP extraction
methods based on Fenton's reagent or enzymes (Table 2), the
Co/PMS system is much less dependent on pH or temperature,
and can remove organic matter in a much shorter time.'*
Specifically, to effectively remove organic matter from a MNP
sample using Fenton's reagent or enzymes, the operating
temperature and pH need to be adjusted to the range where
Fenton's reagent or enzymes work best, and, even under
optimal conditions, the removal process generally takes one to
several days. In contrast, the Co/PMS system can rapidly (<1 h)
remove organic matter from a MNP sample at room tempera-
ture and can do it within a wide pH range (2-8). Other advan-
tages of the Co/PMS system include that it does not damage
MNPs or cause particle losses, it does not alter the physical or
chemical properties of MNPs, and etc. It can be expected that
the Co/PMS system will be adopted by more studies and insti-
tutions for MNP extraction/purification in future due to its
advantages, meeting the need for routine monitoring of MNPs.

In a study using near-field molecular spectral imaging to
detect MPs in corn flour, the corn flour was intentionally spiked
with MPs and the MPs were not subsequently extracted.> This is
because the primary research objective of this study was to
directly detect MPs in corn flour. To explore the self-assembly of
extracellular polymeric substances (EPS) on the surface of MPs,
MPs were deliberately immersed in an EPS solution and then
were lyophilised.” To study the changes in the microstructure
of the MP surface, the MPs were artificially oxidised,”® or
coated.”

As the last step before IR spectroscopic analysis, the extrac-
ted or intentionally treated MNPs or samples spiked with MNPs
were typically deposited on or transferred to a substrate.

For FTIR microscopes, the working mode (i.e., transmission,
reflection/transflectance) decides the type of substrates/filters
needed. In transmission mode, IR radiation that passes
through the sample is detected. Therefore, IR-transparent/
weak-IR-absorbent substrates/filters are required for this
mode. Commonly used IR-transparent/weak-IR-absorbent
substrates/filters include zinc selenide windows, aluminium
oxide filters, polycarbonate filters, calcium fluoride windows,
and barium fluoride windows. In reflection mode, the IR beam
that passes through the sample, reflects off a substrate/filter,
and travels back through the sample a second time is
measured. Hence, IR-refractive substrates/filters are required.
Examples of IR-refractive substrates/filters include the MirrIR
Low-E slides, silver membranes, and gold-coated filters.

For the SPERO microscope, the choice of substrate/filter also
depends on whether the transmission or reflection mode is
employed. In transmission mode, IR transparent substrates/
filters are required, while in reflection mode, IR reflective
substrates/filters are needed. In the only identified article that
used the SPERO microscope for MP analysis, the researchers
analysed MPs placed on barium fluoride windows and on
aluminium oxide filters (placed on barium fluoride windows) in
transmission mode." The 8700 LDIR typical works in trans-
flectance mode for MP analysis and only accepts IR reflective
glass slides for loading samples. Among the 34 publications
that utilised the 8700 LDIR, 11 of them used Kevley/MirrIR IR
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reflective slides, and 16 used highly refractive slides (although
the slide manufacturer was not explicitly specified), while the
remaining publications did not specify what slides were used.
For those users of the 8700 LDIR using filters to concentrate
MPs, they needed to transfer the MPs from the filters to IR
refractive glass slides. To achieve this, the filter containing MPs
was shaken and sonicated in an ethanol solution to dislodge the
MPs. The ethanol solution was then concentrated and dripped
onto the slide. After the ethanol evaporated, the MPs on the
glass slide were ready for analysis. However, the practice of
transferring MPs from filters to IR reflective slides has faced
criticism as it might cause particle loss/aggregation. As an
alternative, the direct placement of an IR transparent filter
containing MPs onto an IR reflective slide has been proposed.®

Rather than measuring residual IR radiation, O-PTIR
microscopes measure the sample's intrinsic IR absorption by
monitoring changes in the intensity of the visible laser probe. In
principle, in the reflection mode, as long as the visible light (the
probe) can escape from the sample surface and reach the
detector, O-PTIR spectra can be obtained. This process is not
significantly influenced by the IR transmissivity or reflectivity of
the substrate/filter. Therefore, both IR transparent and IR
reflective substrate/filters have been used in MNP studies
employing O-PTIR microscopes (in the reflection mode). It is
noteworthy that the mIRage microscope operates in reflection
mode only, while the mIRage+R microscope can work in
transmission mode, where the intensity of the transmitted
probe beam is monitored. Currently, the transmission mode of
the mIRage+R microscope has not been used in MNP research.
Suitable substrates/filters for the transmission mode should
allow the probe beam to pass through without altering its
intensity. A calcium fluoride window is one of the suitable
substrates for transmission O-PTIR spectroscopy;'® however,
transferring MPs from filters remains problematic.

An ideal substrate/filter for the AFM-IR technique to detect
MNPs should meet the criteria of both AFM and IR: the surface
of the substrate/filter should be smooth, and the IR background
should be low. Additionally, substrate metallisation has been
suggested to play a role in improving the quality of AFM-IR
spectra.’® These features of a substrate/filter have a signifi-
cant impact on the analysis of thin objects; however, their
effects would be minimised when analysing relatively thick
(>500 nm) objects.’® Among the three studies that used the
AFM-IR technique for MNP analysis, Xu et al.**> investigated
a 3 mm x 3 mm plastic film, but the thickness of the film and
the type of substrate used were not reported; Luo et al.®® studied
MPs captured on a filter with a pore size of 0.45 pm, but the
filter type was not specified; in another study by Luo et al.,”
plastic films with an equivalent diameter of 3-5 mm and
a thickness of about 1 mm were analysed using a silicon wafer
as the substrate. However, the effects of substrates/filters were
not reported in any of these studies.

3.1.3. Data quality. The spectral range and quality play
a crucial role in MNP analysis. Insufficient range and/or poor
spectral quality can lead to incorrect identification results, such
as misidentifying non-MNPs as MNPs. The results summarised
in this review indicate that the commonly used spectral ranges
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for the FPA-FTIR instruments are as follows: 3800-800 cm " for
the Cary 620, 3600-1250 cm ™" for the HYPERION 3000 and
4000-800 cm ™" for the LUMOS II. These ranges cover both the
IR functional group region and the fingerprint region. In
contrast, the SPERO microscope and the 8700 LDIR have
a limited spectral range of around 1800-800 cm ™', covering the
full fingerprint region and part of the functional group region.
The O-PTIR microscopes also have a spectral range of ~1800 to
800 cm ™, owing to the use of a standard QCL (however, the
spectral range of the O-PTIR microscopes could be extended, as
discussed in Section 1.1.3). The Nano IR2 covers a spectral
range of ~3600 to ~900 cm ™.

Spectral resolution is an important metric for evaluating
spectral quality and refers to the ability of an IR instrument to
distinguish between bands that are in close proximity. Typi-
cally, the spectral resolution can be set to values such as
16ecm ', 8cm ', 4ecm ™, or 2 em ™. Generally, a higher spectral
resolution allows for better representation of small IR bands.
However, acquiring high-resolution spectra may lead to longer
data acquisition time and larger file sizes. Studies have sug-
gested that a resolution of 8 cm ™" is optimal for MP research
using FTIR spectroscopy,'®® as it provides the best balance
between spectral quality and data acquisition time. Engaging in
instrument comparison based on the spectral resolution of
spectra generated by different instruments is not applicable.
This is because spectral resolution is typically user-defined
rather than an inherent instrument attribute.

SNR is also an important metric for evaluating spectral
quality. High SNR spectra have clear signals and are easier to
interpret. Increasing the number of co-added scans (e.g., 6
scans) has been reported to significantly improve the SNR of the
spectrum,’®® but this also increases the data collection time.
Under equivalent scan numbers, instruments equipped with
QCLs exhibit higher SNR compared to the FTIR microscopes.
This advantage can be attributed to the inherent high photon
flux of QCLs.*® For users of O-PTIR microscopes, the improve-
ment of SNR can be achieved not only by increasing the number
of co-added scans but also by elevating the power of the pump
(IR) laser and/or the power of the probe laser. However, it is
important to be careful when increasing the power of the lasers,
as excessive power levels may risk damaging the sample. The
SNR of the Nano IR2, which employs an OPO laser as the IR
source, is comparatively subdued due to the low repetition rate
of the OPO laser.”®

The presence of spectral artefacts has been considered a key
indicator for evaluating the quality of spectra. When investi-
gating minute substances such as MP particles using the FTIR
or QCL-IR technique, the acquired spectra often encompass
a diverse range of spectral artefacts. Among these, the most
prominent and challenging artefact is the so-called dispersion
artefact, primarily associated with resonant Mie scattering.'®’
This dispersion artefact arises when the size of the sample is
comparable to the wavelength of the incident IR light. It
compromises the quality of spectra and has two main mani-
festations: firstly, it results in a broad sinusoidal oscillation in
the spectrum's baseline, leading to distortions in both the
position and intensity of absorption bands. Secondly, it induces
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considerable distortions in the shape of spectral bands, notably
a derivative-like distortion on the high-wavenumber side of the
amide I band. To mitigate the impact of resonant Mie scattering
or dispersion artefact, several computational algorithms have
been proposed.’®”'*® Other notable spectral artefacts associated
with FTIR spectroscopy or QCL-IR spectroscopy include arte-
facts arising from the morphology of the sample. Briefly, when
analysing samples with rough surfaces in transflectance mode,
strong light scattering (due to the rough surface) would occur
and disrupt the reflected signal, ultimately resulting in
compromised spectra.

The fundamental cause of these spectral artefacts is the
measurement of residual IR radiation by FTIR and QCL-IR
instruments, and the residual IR radiation can be interfered
with by phenomena such as resonant Mie scattering. On the
contrary, the O-PTIR technique and the AFM-IR technique do
not measure residual IR radiation, making them immune to
such spectral artefacts. Fig. 6 presents an O-PTIR spectrum and
a SPERO transmission spectrum (i.e., one collected using the
SPERO microscope in transmission mode) of a 10 pm nylon
particle. It can be seen that the SPERO spectrum exhibits traces
of dispersion artefact, indicated by the presence of a first
derivative-like line shape in the vicinity of the carbonyl
stretching mode (as indicated by the black arrow in the figure).
Additionally, a subtle oscillation of the baseline is discernible.
In contrast, the region of the carbonyl stretching mode in the O-
PTIR spectrum remains unaffected, and the baseline of the
spectrum appears comparatively flat, indicating the immunity
of the O-PTIR technique against dispersion artefact.

3.1.4. Spatial resolution and detection limit. Currently,
there is a requirement to analyse smaller MNPs, in which the
spatial detection limit of the instrument becomes particularly
important. The lower the spatial detection limit of an instru-
ment, the more reliable results it can provide for analysing tiny
MNP particles. Generally, the spatial detection limit of an
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Fig.6 A spectrum of a 10 pm nylon particle obtained using the SPERO
microscope in transmission mode and an O-PTIR spectrum of another
10 um nylon particle. The spectral range of the SPERO spectrum is
1900-948 cm™*. The spectral range of the O-PTIR spectrum is 1801—
769 cm™t. The black arrow indicates where a first derivative-like line
shape could be seen in the SPERO spectrum.
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the IR source, the spatial resolution curve is limited to the typical working range of the QCL (~1800 to ~800 cm™Y). The vertical black dashed line

and arrows in the graph indicate the theoretical spatial resolution of each instrument at 800 cm

instrument is closely related to its theoretical spatial resolution,
the higher the theoretical spatial resolution, the lower the
spatial detection limit. Fig. 7 displays the spatial resolution of
the IR instruments compared in this review (except for the Nano
IR2), based on the Rayleigh criterion (theoretical spatial reso-
lution = 0.614/NA, where 2 is the wavelength of the IR light of
FTIR or QCL-IR instruments, or the wavelength of the probe
laser of O-PTIR microscopes, NA is the numerical aperture). The
vertical dashed line in the figure indicates the theoretical spatial
resolutions of the compared instruments at 800 cm . It can be
observed that the FTIR and QCL-IR instruments have similar
spatial resolutions, and both change with the IR wavelength.
The resolution of the O-PTIR microscopes is determined by the
wavelength of the probe laser and remains constant at 0.42 pm
(when a 532 nm probe laser is used). The Nano IR2's spatial
resolution is influenced by the size of its probe tip, generally
around 20 nm. It is worth noting that for FPA-FTIR, if the pro-
jected pixel size of the FPA is larger than the theoretical spatial
resolution (e.g., due to binning by the user), the projected pixel
size, rather than the wavenumber of light, becomes the limiting
factor for spatial resolution and subsequently, the spatial
detection limit.

Based on our findings, the reported detection limit for FPA-
FTIR is typically in the range of 10 to 20 pm. For FPA detectors
with a projected pixel size smaller than the detection limit,
“particles” smaller than the detection limit (ie., particles
occupying only one pixel) might be detected. Nevertheless, such
“particles” should be treated with caution or excluded from the
analysis since they could be false positives. To address this
issue, binning is commonly employed by FPA-FTIR users to

This journal is © The Royal Society of Chemistry 2024
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increase the pixel size to a value greater than the diffraction
limit, effectively eliminating these false positives. With the 8700
LDIR, users can set the detection limit themselves. Most users
set the detection limit at 20 pm, while a minority set it at 10 um.
The official documentation for the 8700 LDIR states that ana-
lysing MPs larger than 20 pm tends to yield relatively reliable
results, while the reliability decreases for MPs in the 10 to 20 um
range. However, a recent study has shown that the 8700 LDIR
might miss or overlook particles smaller than 60 pum.°
Regarding the SPERO microscope, Primpke et al.'* reported
detection of MPs with a size of 4.2 pm (at low magnification)
and 1.4 um (at high magnification), which corresponds to the
projected sizes of the FPA detector of the SPERO microscope.
However, it is important to note that such small-sized MPs
should not be considered reliable results unless tested against
binned measurements.’* This is because the fundamental
detection limit of the SPERO microscope is 10.9 pm (Fig. 7) due
to the diffraction limit of light. In studies using the O-PTIR
microscopes, the smallest detected MNP particle size was re-
ported to be 600 nm,** suggesting that the detection limit of the
mIRage/mIRage+R microscope with a 532 nm probe laser is at
least 600 nm. As for the Nano IR2, though the theoretical
detection limit can reach around 20 nm, the actual detection
limit was not explored in the studies covered in this review, as
the focus of these studies was on the surface/physical charac-
teristics of relatively large MNPs.

3.1.5. Data acquisition speed. For the routine monitoring
of environmental MNPs, instruments with fast data acquisition
speeds are advantageous. When comparing the data acquisition
speeds of different instruments, it is essential to consider the
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time taken to acquire a single spectrum and imaging speed.
However, the time taken to acquire a single spectrum is rarely
reported. Scattered pieces of evidence suggest that the 8700
LDIR takes approximately 6-9 seconds to analyse a single
particle.® Our in-house mIRage O-PTIR microscope takes 15
seconds to acquire a spectrum from a single particle (3 scans).
The speed of collecting spectra from individual particles using
the FPA-FTIR instruments is not available in the published work
covered in this review. However, it is well-documented that
instruments that use QCLs as the light source have a signifi-
cantly faster data collection rate compared to (FPA-)FTIR
instruments," even up to 150 times faster at an equivalent
SNR." The speed for the Nano IR2 to collect a spectrum is not
available in the articles evaluated in this review.

Imaging speed is defined here as the time required to
perform hyperspectral imaging on a certain area. The imaging
speed of instruments equipped with an FPA detector primarily
depends on factors such as spatial resolution, FPA size (e.g., 32
X 32, 64 X 64, 128 x 128), number of scans, and the IR source
used. The SPERO microscope benefits from having a large FPA
detector (480 x 480) and a QCL, making it the fastest in terms of
imaging. It has been reported that the SPERO microscope could
image a 144 mm?” area in just 36 minutes with a pixel resolution
of 4.2 um." The imaging speeds of the Cary 620 and HYPERION
3000 are slower than the SPERO microscope because they use
thermal Globar as the IR radiation source, and their FPA size is
only 64 x 64. Following them is the LUMOS II, which has an
FPA size of 32 x 32. Dong et al.® reported that the LUMOS II
achieved an imaging speed of 9 minutes per mm?* (spectral
resolution of 8 cm™", no binning, 2 scans). For instruments
without an FPA detector, imaging relies on a single-element
detector and a motorised stage, resulting in significantly slow
speeds. For example, our in-house mIRage O-PTIR microscope
requires approximately two full weeks to perform hyperspectral
imaging on a 480 pm x 640 um area (spectral range: 1801-
769 cm™ ', spectral resolution: 2 cm ™', spatial resolution: 2 pm,
number of scans: 5).

3.1.6. Data processing. Depending on the method used to
analyse MNPs, IR instruments usually produce two types of
data: hyperspectral data and point spectra. Typically, the pro-
cessing of hyperspectral data includes three main steps: (1)
spectral preprocessing, which aims to reduce instrumental
artefacts or differences caused by factors unrelated to the
sample's chemical composition. Chemometric methods such as
multiplicative scatter correction (MSC) and standard normal
variate (SNV) are commonly used for this purpose. (2) Pixel
classification, which is performed to classify the unknown
spectra in the hyperspectral data for identification purposes.
This can be achieved through instance-based or model-based
machine learning approaches. (3) Image analysis, which is
used to obtain information about the size, shape, and quantity
of MNP particles. Software tools such as siMPle'* and Purency
Microplastics Finder*® have been developed specifically for
processing hyperspectral data of MPs, and these tools have been
widely adopted by researchers in the field. As for the collected
point spectra, it is common to directly perform a library search
for identification (or apply preprocessing steps such as
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smoothing and baseline removal before performing a library
search).

Our findings reveal that over half of the FPA-FTIR users used
the software siMPle (available for free at https://simple-
plastics.eu/) for processing hyperspectral data and polymer
identification. siMPle is software designed for automated MP
analysis and it is an instance-based machine learning
approach.” This software uses Pearson's correlation coefficient
as a metric to gauge the degree of correlation between each
sample spectrum and reference spectra. Importantly, there exist
three distinct Pearson's correlation coefficients, to which the
user assigns global weights (weight raw/weight 1st/weight 2nd).
In addition, siMPle is capable of providing information con-
cerning the size of particles. Users could not only fine-tune the
global weights to suit their needs but also set thresholds for the
identification of particles. Furthermore, the software affords
users the flexibility to incorporate external reference spectra
into the built-in spectral library. FPA-FTIR users who did not use
siMPle for data analysis employed alternative software tools
such as ImageLab (Epina GmbH, Austria) in conjunction with
a non-commercial, custom-made software tool based on
random forest decision classifiers,”*** or Purency Micro-
plastics Finder.® A few users did not provide detailed descrip-
tions of how they processed the hyperspectral data. The
hyperspectral data generated by the SPERO microscope was
processed using a custom-written Python script.*

The 8700 LDIR mainly collects point spectra. Users of the
8700 LDIR typically employed the Clarity software (Agilent) for
MP identification and characterisation. Clarity is a software tool
tied to the 8700 LDIR, and it has an automated particle analysis
workflow specifically tailored for MP analysis. In this workflow,
a single frequency chemical image at 1800 cm™ ' is initially
generated, and Clarity counts and measures these particles.
Subsequently, the spectra of all particles in this chemical image
are obtained and compared to the spectral library automati-
cally. For the library search, Clarity utilises derivative spectral
treatment. The software comes with a built-in polymer reference
library, and users have the option to import external reference
spectra.

Unlike FPA-FTIR or 8700 LDIR users, O-PTIR microscope
users do not follow a fixed data processing approach. For point
spectra collected by O-PTIR microscopes, users might choose to
perform Savitzky-Golay smoothing using the software PTIR
studio (Photothermal Spectroscopy Corp)*® before comparing
the spectra with spectral libraries for identification purposes.
Hyperspectral data acquired using an O-PTIR microscope was
processed using an in-house script, which included SNV,
correlation coefficient calculation, and independent compo-
nent analysis, to visualise the distribution of MPs within the
sample matrix.>

Users of the Nano IR2 collected point spectra and single
frequency images of MPs before and after treatment to elucidate
the alterations in the nanoscale IR, thermal, and mechanical
properties of the MPs analysed. This process solely involved
examining the changes in spectra and single frequency images
before and after treatment. Therefore, only basic data process-
ing such as Savitzky-Golay smoothing might be employed.®®
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Table 3 Summary of the comparison of IR instruments in terms of their spectral range, spectral quality, imaging speed, theoretical detection
limit, size of the smallest MNP detected and cost

Imaging  Theoretical Size of the smallest
Technique  Instrument Spectral range®  Spectral quality speed® detection limit MNP detected Cost
FPA-FTIR Cary 620 Broad Low SNR, susceptible Fast 12.3 pm 10-20 um ~$300k
to spectral artefacts
HYPERION 3000 Broad Low SNR, susceptible Fast 19.1 pm 10-20 um ~$350k
to spectral artefacts
LUMOS 11 Broad Low SNR, susceptible Fast 15.3 pm 10-20 um ~$200k
to spectral artefacts
QCL-IR SPERO microscope Narrow High SNR, susceptible  Very fast  10.9 pm 1.4 pym ~$500k
to spectral artefacts
8700 LDIR Narrow High SNR, susceptible  Slow 10.6 pm 10-20 um ~$350k
to spectral artefacts
O-PTIR mIRage microscope Narrow” High SNR, immune Slow 0.42 pm? 0.6 pm ~$500k
to spectral artefacts
mIRage+R microscope  Narrow” High SNR, immune Slow 0.42 pm? ~0.6 pm ~$600k
to spectral artefacts
AFM-IR Nano IR2 Broad Low SNR, immune Slow ~20 nm° NA NA
to spectral artefacts
“ «“Broad” represents a spectral range of ~3800 cm ™' to ~900 cm ™!, while “Narrow” represents a range of ~1800 cm ™" to ~800 cm . ? The spectral

range of an O-PTIR microscope could be extended by either changing the IR source or adding an additional IR source. ¢ Imaging speed is the speed
of hyperspectral imaging. ¢ The theoretical detection limit depends on the wavelength of the probe. 0.42 um corresponds to the use of a 532 nm
probe. ¢ The theoretical detection limit depends on the size of the probe tip and is roughly the size of the probe tip. Including environmental
MNPs, and these results are based on the studies covered in this review.

3.1.7. Cost. When comparing different instruments, an
essential parameter that demands careful consideration is the
cost. However, cost is not available in all the studies covered in
this review. After consulting additional sources, limited infor-
mation was found, which revealed that the Cary 620, the
HYPERION 3000, the LUMOS 11, and the 8700 LDIR fall within
a similar price range, all priced below 500k USD. Conversely, the
SPERO microscope, the O-PTIR microscopes, and the Nano IR2
are associated with considerably higher prices.

The results of the comparison of the IR instruments con-
ducted in this section are summarised in Table 3. In MNP
analysis, the distinctive merits of the Cary 620, the HYPERION
3000, and the LUMOS II lie in their ability to accommodate an
FPA detector, coupled with their cost-effectiveness, albeit with
constraints in spectral quality (low SNR and susceptible to
spectral artefacts) and analysis of smaller MPs or NPs. The
SPERO microscope shines in its exceptional imaging speed, yet
it is associated with a higher price tag, a limited spectral range,
and compromises in imaging quality (for details see Section 4).
A standout feature of the 8700 LDIR is its intelligent software
Clarity, which empowers rapid and automated analysis of MPs.
Nonetheless, it is important to note its narrow spectral range,
and concerns have arisen regarding the accuracy of this
instrument when it is used to analyse MPs smaller than 60 pm.°
The notable feature of the O-PTIR microscopes is the capability
to analyse MNP sized down to around 0.5 um. However, it is
essential to recognise that these microscopes are paired with
a single-element detector, resulting in a sluggish imaging
speed, and they belong to a higher price range. The Nano IR2
can provide a nano-level imaging resolution. Nevertheless, its
SNR is low and imaging speed is limited.

This journal is © The Royal Society of Chemistry 2024

4. Challenges and recommendations

The monitoring of MNPs in environmental contexts, water
supplies, and food safety holds significant importance for both
consumers and governments.'" Initially, the analysis of MNPs
was inaccurate and labour-intensive. However, with advance-
ments in IR instruments (as well as in other kinds of instru-
ments such as Raman microscopes), MNP analysis has been
made easier and even automated. FPA-FTIR microscopes, the
SPERO microscope, and the 8700 LDIR are effective in the
automated analysis of MPs, with the SPERO microscope and the
8700 LDIR being faster than FPA-FTIR microscopes. Neverthe-
less, these instruments are affected by the diffraction of light,
which means they cannot reliably analyse MPs smaller than 20
pm or 10 pm. To address this challenge, increasing the NA of
the IR objective is one approach.

Undoubtedly, using a QCL as the IR source, and being
equipped with a large FPA detector, the SPERO microscope is
super-fast in imaging MP samples. However, it is essential to
recognise that the high degree of coherence of the QCL can
unavoidably lead to severe image distortions, such as fringes
and speckles,” hindering a meaningful interpretation of
hyperspectral images and thereby affecting the reliable analysis
of MPs. To mitigate the impact of spatial coherence
phenomena, Schonhals et al** proposed the use of both
a moving and a stationary scatterer/diffuser to reduce the time-
averaged spatiotemporal coherence properties of the
illumination.

An additional challenge concerning the image quality of the
SPERO microscope pertains to the noticeable artefacts at the
junctions of hyperspectral tiles, as illustrated in Fig. 8. This
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Fig. 8 Hyperspectral images composed of hyperspectral tiles that
were collected using our in-house SPERO microscope. The image
reveals a lack of harmony at the junction where the two hyperspectral
tiles are joined. The horizontal midline of the images marks the loca-
tion where the hyperspectral tiles meet.

figure is composed of the upper hyperspectral tile and the lower
hyperspectral tile, and the horizontal midline of the image is
where the two tiles meet. It can be seen that the upper hyper-
spectral tile and the lower hyperspectral tile are not aligned
correctly. This misalignment may be attributed to inaccuracies
in the motorised stage. This issue can be addressed by manually
adjusting the relative positions of the hyperspectral tiles or by
fine-tuning the motorised stage. Additionally, from Fig. 8, it is
evident that the brightness of the lower edge of the upper
hyperspectral tile and the upper edge of the lower hyperspectral
tile is inconsistent. The underlying cause of this occurrence
could be attributed to the uneven illumination of the FPA,
resulting in inconsistent spectral sensitivity across the entire
FPA. To rectify this artefact, it is imperative to ensure homo-
geneous illumination across the FPA.

The O-PTIR microscopes provide submicron-level resolution
in the analysis of MNPs, enabling the identification and char-
acterisation of smaller plastic particles. However, their potential
for automated analysis of MNPs is limited. Future improve-
ments could involve designing software for the O-PTIR micro-
scopes similar to Clarity.” Another opportunity for improvement
is the development of a large FPA detector for the O-PTIR
microscopes.

5. Conclusion

The globally widespread distribution of MNPs is well-
documented, encompassing their presence in the air, oceans,
organisms, flora, and even within the human body. To
comprehensively assess the hazards posed by these emerging
pollutants, reliable analytical tools are essential. FTIR spec-
troscopy, QCL-IR spectroscopy, O-PTIR spectroscopy, and AFM-
IR spectroscopy are such reliable analytical tools that can
provide precise identification and characterisation of MNP
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particles. The principles of these IR spectroscopic techniques,
the advantages, and disadvantages of relevant instruments in
MNP analysis, and recommendations for addressing the limi-
tations of some instruments have been discussed in this review
article.

It is imperative to acknowledge that the summation of the
most advanced IR instruments presented in this review is
predicated upon studies published between 2021 and 2023.
This snapshot may not holistically encapsulate the latest
advancements in the field, as some cutting-edge IR instruments
might not have been featured in studies during this specific
timeframe.

By gaining an in-depth understanding of the underlying
principles of various IR spectroscopic techniques expounded in
this review and delineating the merits and limitations of
instruments based on these techniques, researchers and prac-
titioners can derive invaluable insights to guide their selection
or procurement of IR instruments for MNP research.
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