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Evaluating the Eﬀect of Chemical Digestion Treatments on
Polystyrene Microplastics: Recommended Updates to
Chemical Digestion Protocols
Alexandra M. Gulizia, Eve Brodie, Renee Daumuller, Sarah B. Bloom, Tayla Corbett,
Marina M. F. Santana, Cherie A. Motti, and George Vamvounis*

Establishing the toxicity and exposure consequences of microplastics (MPs)
on marine organisms relies on the nondestructive isolation of plastics from
biological matrices. MPs are commonly extracted from these matrices by
chemical digestion using alkali (e.g., potassium hydroxide (KOH) and sodium
hydroxide (NaOH)), oxidative (e.g., hydrogen peroxide (H2 O2 )) and/or acidic
(e.g., nitric acid (HNO3 )) reagents. Although these digestion conditions can
be highly eﬀective for MP extraction, they can also react with the plastics. This
can attribute an inaccurate representation of plastic contamination by altering
MP visual characteristics (size, shape, color), thereby impeding identiﬁcation
and potentially returning erroneous numbers of ingested particles. In this
study, the degradative impacts are assessed of the routinely applied digestion
reagents (i) KOH, (ii) NaOH, (iii) H2 O2 , and (iv) HNO3 on polystyrene (PS)
based MPs sized between 200 μm and 5 mm. Degradation of the PS MPs is
evaluated using FT-IR, gel permeation chromatography, NMR,
photoluminescence spectroscopy, and microscopy. These studies reveal
HNO3 to be the most destructive for PS MPs, while the alkali and oxidative
reagents result in negligible changes in plastic properties. These results are
recommended to be used as a guideline to update current protocols to ensure
the nondestructive treatment of MPs.
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1. Introduction

The cost eﬀectiveness and easy manufacturing of synthetic polymers has seen disposable plastic products permeate every aspect
of our daily lives. Because of this, plastic
pollution is fast becoming one of the most
degradative anthropogenic processes of all
time, and is continuing at an alarming rate
due to the catastrophic, global mismanagement of plastic materials.[1–4] Polypropylene
(PP), polyethylene (PE), and polystyrene
(PS) account for an estimated 42% of all
plastic products ever made, and unsurprisingly, these materials are the most prevalent plastic pollution worldwide.[5,6] The impacts of plastic pollution in the marine environment has been apparent for decades
(e.g., entanglement and ingestion),[7] however, research is yet to reveal the full scope of
environmental impacts caused by smaller
plastic fragments less than 5 mm in diameter, referred to as microplastics (MPs).
MPs can now be found in almost every environmental matrix worldwide, sparking a
plethora of studies investigating the impact
of their long-term exposure and toxicity towards marine
life.[1–5,8,9] A critical aspect of these studies relates to the separation and isolation protocols used to retrieve the MPs from
biological matrices.[10,11] Protocol performance, including the
accurate quantiﬁcation of MP loadings in marine organisms,
hinges on the nondestructive retrieval of MPs from biological
matrices.
Existing methods for isolating MPs from biological materials
include manual visual sorting, density ﬂoatation in supersaturated saline solutions, elutriation, and chemical digestion
treatments.[12,13] Although manual visual sorting and density
ﬂoatation techniques are widely applicable for most polymer and
environmental sample types, they do not oﬀer the same recovery
eﬃciency as chemical digestion treatments, particularly for complex tissue matrices (e.g., fatty ﬁsh tissue).[11] For this reason,
chemical digestions in combination with high temperatures and
prolonged treatment times are commonly utilized to achieve
more robust and eﬃcient MP recovery.[11,14–22] However, these digestion treatments often use alkali (e.g., alkali hydroxides including potassium hydroxide (KOH) and sodium hydroxide (NaOH)),
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oxidative (e.g., hydrogen peroxide (H2 O2 )) and/or acidic (e.g., nitric acid (HNO3 )) reagents which can react with, deform and/or
completely deteriorate the MP.[15,18–20,23] The use of particularly
harsh conditions, e.g., full immersion in 69% HNO3 at high
temperatures (>80 °C) and/or for prolonged exposure times (>1
month), to digest tissues such as mussels, whole juvenile ﬁsh as
well as tissue and stomach samples from invertebrates has been
reported.[12,21,23,24] Furthermore, the choice of digestion methodology (e.g., reagent type and concentration, digestion temperature, and time) is often at the discretion of the researcher, and
thus can vary signiﬁcantly between studies.[11] Allowing for such
variability in treatment methodology can lead to inconsistent
comparisons between studies and an inaccurate determination
of the level of contamination within a sample (e.g., number of
ingested MPs).[11] Despite the importance of these MP studies,
a standardized digestion method that prescribes a suitable and
nondestructive, chemical treatment remains elusive and is an
area that needs critical evaluation to prevent further inconsistent
reporting.
To establish the extent of degradation of MPs recovered after
chemical digestion, visual assessment of the item’s morphology
(e.g., size, shape, and color) is commonly done by microscopy,
however, this analysis is qualitative, and often inconclusive or
even misleading.[11] Quantitative spectroscopic methods oﬀer a
more accurate means of measuring MP reactivity (e.g., degradation), the most common being Fourier transform infrared
spectroscopy (FT-IR) and photoluminescence spectroscopy
(PL).[25–28] FT-IR captures the spectral proﬁle of the isolated
plastic, which can then be compared against a database of reference spectra to identify changes in the functional groups on the
polymer chain, i.e., oxidation and/or polymeric chain scission.[28]
Similarly, PL has been used to infer polymer degradation by
measuring ﬂuorescence quenching of the incorporated dye.[17]
Another lesser used quantitative method, often employed by
polymer scientists and engineers, is gel permeation chromatography (GPC), which analyses the average molecular weight
distribution. This technique provides direct evidence of polymer
chain degradation. The application of such methods in combination should be considered when developing a nondestructive
chemical digestion method to recover MPs from biological
materials.
This study will evaluate the impacts of routinely applied
chemical digestion reagents (i) KOH, (ii) NaOH, (iii) H2 O2 ,
and (iv) HNO3 as a function of digestion temperature and
time,[11] on Nile red (NR)-stained PS MPs. PS products contribute signiﬁcantly to aquatic plastic pollution and are one of
the three most prevalent marine plastic contaminants.[29–31] PS
frequently interacts with wildlife and ecotoxicity studies have revealed they adversely impact many marine species.[32–35] Additionally, PS is highly susceptible to chemical reaction. Treated
PS MPs will be analyzed using both qualitative (microscopy)
and quantitative (FT-IR, PL, NMR, and GPC) methods to accurately evaluate the eﬀect these digestion methods have on the
physical and chemical properties of the MP, which may impact accurate characterization and recovery. The results from
this study will guide recommendations for the chemical digestion of biological materials to minimize MP degradation during
processing.
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2. Experimental Section
2.1. Materials
PS (Sigma Aldrich, average molecular weight = 192K g mol−1 ,
batch number MKCL2807), NR (Sigma Aldrich), tetrahydrofuran (THF) (Unichrom, HPLC grade), deuterated chloroform
(CDCl3 ) (Sigma Aldrich, 99.99 atom%), KOH (AnalaR; 85%
grade), NaOH (Univar; 97% grade), HNO3 (RCI Labscan Limited; 32% grade), and H2 O2 (Univar; 32% grade) were used as
received. Dichloromethane (DCM) (Univar, ACS grade) was distilled prior to use.

2.2. Microplastic Preparation
Additive free and virgin PS was chosen since it is commercially
available, allowing for easy reproduction and chemical manipulation. Virgin PS is representative of the variety of environmental
PS contamination and is a well-deﬁned control standard, thus
allowing for a comprehensive assessment of its reactive pathways and impacts of chemical digestion, decoupled from additive presence and/or weathering eﬀects. Additionally, previous
reports have shown that the degree of polymer degradation was
not molecular weight dependent,[12,20,21] therefore PS with an average molecular weight was chosen to represent both high and
low molecular weight PS.
PS was dissolved in DCM at ambient conditions with constant
stirring until homogenous. Once dissolved, a 4:1 solution of THF
and NR (0.5 μg mL−1 ) was added and allowed to stir until homogenous in color.[26] Staining of the PS MPs with NR was done
to monitor for polymer degradation using PL.[26,27] This solution
was casted on a watch glass, where the solvents were evaporated
to form a white plastic membrane. The dried membrane was then
processed into MPs using a Magic Bullet—Nutribullet 900 Series
blender and sieved over a stainless-steel screen sieve (Glenammer Sieves) to aﬀord MPs within the size range 300 μm to 1 mm.
For the size-dependent study, pure PS was processed using
a Magic Bullet—Nutribullet 900 Series blender and sieved over
stainless-steel screen sieves (Glenammer Sieves) to aﬀord 200 to
300 μm (small), 400 μm to 1 mm (medium), and 5 mm (large)
MPs. Particles were irregularly shaped with a smooth surface
(Figure S1, Supporting Information).

2.3. Digestion Conditions
MPs (0.5 g, 5–200 fragments depending on size) were exposed
to nine diﬀerent digestions conditions using KOH (10% w/w),
NaOH (40% w/w), and H2 O2 (30% w/v), and six diﬀerent digestion conditions using HNO3 (69% w/v) (Table 1). Due to HNO3
being a potent oxidizer and unstable at high temperatures (boiling point of 83 °C), HNO3 digestions at 90 °C were not conducted. Samples were maintained at constant temperature using a controlled water bath (Grant JB Instruments). Following
chemical digestion, MPs were washed with deionized water to
remove excess reagent and air dried overnight under ambient
conditions.
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Table 1. Digestion conditions used in this study (reagent concentration,
digestion time and temperature).
Reagent

Digestion Time [h]

Digestion Temperature [°C]

KOH (1.8 m)

12, 24, 48

30, 60, 90

NaOH (10 m)

12, 24, 48

30, 60, 90

H2 O2 (9.8 m)

12, 24, 48

30, 60, 90

1, 2, 12

30, 60

HNO3 (15.8 m)

treatment was evaluated using GPC. MPs (2 mg) were dissolved
in THF (1.5 mL) and mixed until no solid remained. The solution (50 μL) was injected onto a 1260 Inﬁnity II Multi-Detector
GPC (Agilent Technologies) equipped with an ultraviolet (UV)
absorbance and refractive index detector. The two PLgel 5 μL
MIXED-C columns (300×7.5 mm) (Agilent Technologies) were
calibrated using PS narrow standards in THF at 35 °C.
2.5. Microscopy

2.4. Sample Analyses
2.4.1. Spectral Analyses
Infrared spectra of the neat samples were collected using a
Thermo Scientiﬁc Nicolet iS5 FT-IR spectrometer equipped with
an attenuated total reﬂectance crystal head attachment. Spectra
were analyzed using PerkinElmer Spectrum Software (V11.0).
Spectra were baseline corrected using default PerkinElmer parameters. The PerkinElmer COMPARE algorithm was run to establish the similarity between spectral proﬁles of fragments after digestion treatments. The following ﬁlters were applied to the
COMPARE mathematical correlation: resolution, intensity and
noise weighting; CO2 blanking and H2 O weighting. Infrared proﬁles were also systematically searched (SEARCH PerkinElmer)
using Euclidian distance against a commercially available NICDOCOM IR spectral library (Polymers and Additives; NICODOM
Ltd., Czech Republic) to evaluate whether fragments could be
conﬁdently identiﬁed as PS postdigestion. The search was conducted in the 3900–650 cm−1 region, however, the region between 2500 and 1900 cm−1 , with a −0.01 to 0.1 noise in baseline
was excluded since it may still be contaminated by small features
from atmospheric absorptions. A percent match ≥70% is considered acceptable for accurate polymer identiﬁcation.[36] 1 H-NMR
of the samples were recorded as solutes in deuterated chloroform
(CDCl3 ) at 298 K on a Bruker 400 MHz NMR spectrometer using standard Bruker pulse sequences and were referenced to the
residual solvent peak (CDCl3 , 𝛿 H 7.26). Only peaks diagnostic for
PS bonds susceptible and indicative of polymer reactivity (i.e.,
aromatic and aliphatic bonds) were monitored.[1,17,26,28] PL was
used to analyze the ﬂuorescence intensity of MPs pre- and postdigestion. MPs (n = 3) were dissolved in THF in a ratio such that
the optical density (OD) of the solution was 1 ± 0.01 at an absorbance wavelength 257 nm. The OD was measured on a Shimadzu UV-2600 spectrophotometer using Shimadzu UV probe
2.61 software. The PL intensity of NR in solution was measured
using a Shimadzu RF-6000 spectroﬂuorophotometer with an excitation wavelength of 530 nm, emission ranges between 545 and
800 nm and emission slit bandwidths of 10 nm. The emission
peak intensity at 677 nm was compared in all samples.
2.4.2. Molecular Weight Analysis
Weight-average molecular weight (Mw ) (i.e., the average molecular weight in g mol−1 ), and polydispersity index (PDI) (i.e., polymer length heterogeneity) gives information on the Mw distribution of a sample, and was used to estimate the extent of polymer
degradation. Changes to the Mw and PDI of PS before and after
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A Leica MZ26A microscope ﬁtted with a Leica DFC 600 camera
was used to assess any discoloration and/or changes to MP fragment morphology. Images were analyzed using the Leica Application Suite LAS 4.4.0 software. To further observe changes to the
surface morphology (i.e., cracking and porosity) MP fragments
were examined using a Jeol Superprobe JXA-8200 scanning electron microscope (SEM).
2.6. Statistical Analysis
The chemical and physical properties of treated MPs were compared to unprocessed, control MPs to reveal impacts. Standard
deviations for OD were calculated in Microsoft Excel. Standard
error margin for GPC was calculated in Microsoft Excel, as a sum
of the instrument and experimental error.

3. Results
Microscopy of the untreated MPs revealed the particles to be of
irregular shape within the size range of 300 μm to 1 mm, with
pitting of the surface (Figure 1). The FT-IR and 1 H-NMR spectra
of the untreated, control fragments were consistent with those
of pure PS,[26,28] (Figures S2 and S3, Supporting Information, respectively). The Mw of the MPs particles was the same as the virgin PS (Mw = 174K g mol−1 , PDI = 2.5).
3.1. Alkaline Digestion
Chemical analyses and microscopy of MPs exposed to KOH
(1.8 m) and NaOH (10 m) at 30, 60 and 90 °C for 12, 24, and
48 h, revealed these digestion protocols did not alter any of the
physical or chemical properties of the MPs compared to control. FT-IR revealed spectral similarities of 95% (KOH, 48 h and
90 °C) and 97% (NaOH, 48 h and 90 °C) to PS in the infrared spectral library (Polymers and Additives; NICODOM Ltd., Czech Republic) (Table S1, Supporting Information). Similarly, 1 H-NMR
and PL spectral proﬁles were consistent with control MPs (Figure 2; Figure S3, Supporting Information). Lastly, no diﬀerences
were observed in the appearance of MPs treated with KOH and
NaOH reagents at 30 and 60 °C even under extended exposure
times. At 90 °C, the particles expanded in size after treatment for
48 h (Figure 1c,d).
3.2. Oxidative Digestion
No signiﬁcant diﬀerences in the 1 H-NMR spectra and PL intensities were observed for MPs treated with H2 O2 (9.8 m) at 30, 60,
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Figure 1. Microscope images of the untreated polystyrene (PS) microplastics (MPs) a) 2.5× and b) 500×; PS treated at 90 °C for 48 h with 1.8 m
potassium hydroxide at c) 2.5× and d) 500×; PS treated at 90 °C for 48 h with 10 m sodium hydroxide at e) 2.5× and f) 500×; PS treated at 90 °C for 48 h
with 9.8 m hydrogen peroxide at g) 2.5× and h) 500×; and PS treated with 15.8 m nitric acid for 60 °C for 12 h at i) 2.5× and j) 500×.
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Figure 2. Relative photoluminescence spectra for untreated polystyrene
(PS) (control), and PS treated under the following digestion conditions:
90 °C for 48 h with 1.8 m potassium hydroxide (KOH) solution, 10 m
sodium hydroxide (NaOH) solution, 9.8 m hydrogen peroxide (H2 O2 ), and
60 °C for 12 h with 15.8 m nitric acid (HNO3 ).

Figure 4. Infrared proﬁles of untreated polystyrene (PS) (control), and PS
under the following digestion treatments: 90 °C for 48 h with 1.8 m potassium hydroxide (KOH) solution, 10 m sodium hydroxide (NaOH) solution
9.8 m hydrogen peroxide (H2 O2 ), and 60 °C for 12 h with 15.8 m nitric acid
(HNO3 ).
Table 2. The degree of aromatic nitration (Ar-NO2 ) of polystyrene (PS)
treated under 15.8 m nitric acid digestion conditions. Ar-NO2 (%) was
calculated by comparing the integrated resonances from 7.30 to 6.25 ppm
and 1.95 to 1.15 ppm.[28]
HNO3 treatment

Figure 3. Gel permeation chromatography traces for untreated
polystyrene (PS) (control), and PS treated under the following digestion conditions: 90 °C for 48 h with 1.8 m potassium hydroxide (KOH)
solution, 10 m sodium hydroxide (NaOH) solution 9.8 m hydrogen
peroxide (H2 O2 ), and 60 °C for 12 h with 15.8 m nitric acid (HNO3 ).

and 90 °C for 12, 24, and 48 h, as compared to controls (Figure 2;
Figure S3, Supporting Information). However, GPC showed a
small decrease in the Mw from 174K to 171K g mol−1 after exposure to the most extreme digestion condition (48 h and 90 °C)
(p > 0.05) (Figure 3). Likewise, FT-IR revealed structural changes
under this extreme condition, with the formation of broad hydroxyl (–OH) bands at 3364 cm−1 (Figure 4; Figures S4 and S5,
Supporting Information), although, there was a spectral similarity of >86% to control PS (Table S1, Supporting Information).
Finally, for this extreme condition, optical microscopy revealed a
signiﬁcant expansion in particle size (up to 5 mm) (Figure 1g).

3.3. Acidic Digestion
HNO3 , a strong oxidizing acid that facilitates eﬃcient digestion of biological materials,[11,14] signiﬁcantly altered the chemical and physical properties of the PS MPs. Processing the samples at 30 °C for 12 h, or 60 °C for more than 2 h, resulted in
the formation of new peaks in the FT-IR spectra at 1680, 1650,
and 1330 cm−1 (Figure 4; Figures S4 and S5, Supporting Information), indicating the formation of aromatic-N═O and C–N
bonds. These peaks became more prominent when MPs were
treated at higher temperatures, exposed for longer treatment
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Ar-NO2 inclusion [%]

30 °C for 1 h

No nitration

30 °C for 2 h

No nitration

30 °C for 12 h

2.5

60 °C for 1 h

No nitration

60 °C for 2 h

1.5

60 °C for 12 h

6

times and/or as particle size decreased. These changes were supported by a decrease in spectral similarity to control PS (75%
at 12 h and 60 °C) (Table S1, Supporting Information). The 1 HNMR spectra also revealed a downﬁeld shift of characteristic aromatic peaks at ≈7.70 ppm (Figures S6 and S7, Supporting Information), with the shift increasing with temperature and time, as
evidenced by the integration of the relevant regions; 7.30–6.25
and 1.95–1.15 ppm (Table 2; Table S2, Supporting Information).
GPC traces showed a signiﬁcant decrease in the Mw from 174K
to 48K g mol−1 and an increase in PDI from 2.5 to 5.7 (12 h
and 60 °C) (Figure 3; Figures S8 and S9, Supporting Information). The PL intensity did not change signiﬁcantly at 30 °C;
however, at 60 °C it decreased with extended exposure time (Figure 5). Moreover, signiﬁcant physical deteriorations were evident
by microscopy and is consistent with the aforementioned chemical properties of the MPs: deep surface cracking, embrittlement,
and an intense yellowing discoloration was visible after 12 h at
30 °C and increased in severity with temperature (Figure 6). The
deterioration of the particles was also more pronounced as the
size of the particles decreased (Figure S10, Supporting Information).

4. Discussion
This study tested the suitability of four routinely used digestion
reagents, KOH, NaOH, H2 O2 , and HNO3 for the nondestructive
isolation of PS MPs. Table 3 summarizes our ﬁndings. HNO3 was
found to be destructive to PS, causing swelling, degradation, and
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temperature regimes with no thermal expansion observed, conﬁrming the blowing agent (NaOH or KOH solution) could not
enter the MP (Figure S1, Supporting Information). When plastics are recovered from the environment, they often contain pits
and aberrations due to weathering,[1] therefore we recommend
high temperatures be avoided when recovering soft plastics using chemical digestion.

4.2. Oxidative Digestion using H2 O2
Figure 5. The weight-average molecular weight (Mw ) of polystyrene (PS)
samples after treatment under 15.8 m nitric acid digestion conditions (bar
graph). The average photoluminescence (PL) intensity (dashed red line)
is graphed for comparison.

nitration of the polymer. H2 O2 was found to cause mild eﬀects,
speciﬁcally swelling and minor changes in the infrared spectral
proﬁle. Exposure of PS to KOH and NaOH under the most extreme conditions tested (90 °C and 48 h) proved nondestructive.
Caustic reagents should therefore be considered in preference to
oxidative and acidic reagents to digest biological materials for the
recovery of MPs.
4.1. Caustic Digestion using NaOH and KOH
Of the four digestion reagents investigated, KOH and NaOH exacted the least eﬀect on the chemical and physical properties
of PS. Based on our detailed studies, these caustic digestion
reagents are ideal as there was no polymer degradation regardless of treatment time or temperature. This lack of degradation is
evidenced through the minimal change in the molecular weight
distribution (GPC), minimal change in the spectral proﬁles (FTIR, PL, 1 H-NMR) and no change in the morphology up to 60 °C.
While the spectral properties of the PS were not altered after
heating at 90 °C, particles were noticeably swollen (Figure 1),
which could be attributed to the polymer’s thermal properties.
For PS, the glass transition temperature is ≈90 °C,[37] and coupled with the porous nature of the particles, has been shown
to result in thermal expansion (blowing).[38] To support this theory, non-porous (smooth) PS MPs were analyzed under the same

Oxidative reagents are often used for the digestion of bivalves
and ﬁsh.[11] The spectroscopic signatures of the polymer structure was found to vary when exposed to heated oxidative digestion (H2 O2 , 9.8 m). No change in the polymer structure was observed at 30 °C for 12, 24, and 48 h, however, upon increasing
the temperature to 60 °C, the appearance of a –OH band in the
FT-IR spectra emerged, and its increasing intensity correlated
with longer treatment time. 1 H-NMR, PL, GPC, and microscopy
found no change in the polymer structure, molecular weight, or
physical structure, so it is unlikely the appearance of the –OH
band is related to degradation, but rather to the degradation products of H2 O2 (i.e., water).[39] These observations are consistent
with polymer properties observed upon increasing the processing temperature to 90 °C, whereby an increase in the intensity
of the –OH band and a more pronounced blowing eﬀect were
observed. The GPC, 1 H-NMR, and PL data revealed only minor
changes in the molecular weight and spectral proﬁles. This H2 O2
digestion methodology is therefore nondestructive (chemically
and physically) when using temperatures 60 °C or lower.

4.3. Acidic Digestion using HNO3
Many studies that employ chemical digestion techniques use
HNO3 owing to its strong acidic and oxidizing power that accelerates the decomposition of the organic material.[11,20,21,23] Despite its popularity, the physical and chemical data suggests this
reagent can also have a dramatic eﬀect on the plastics, and hence
HNO3 should be used with caution. Microscopic analysis indicated a change in the physical properties (yellowing and cracking) of the MP particles exposed for 12 h at 30 °C, which was

Figure 6. Microscopic analysis of PS treated with 15.8 m nitric acid at 30 °C for a) 1, b) 2, and c) 12 h, and at 60 °C for d) 1, e) 2, and f) 12 h.
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Table 3. Suitability of potassium hydroxide (KOH, 1.8 m), sodium hydroxide (NaOH, 10 m), hydrogen peroxide (H2 O2, 9.8 m), and nitric acid (HNO3
15.8 m) as digestive reagents for the nondestructive recovery of polystyrene microplastics at 30, 60, and 90 °C.
KOH

NaOH

H2 O2

HNO3

30 °C

Good
No polymer reactivity or
fragment deterioration.

Good
No polymer reactivity or
fragment deterioration.

Good
No polymer reactivity or fragment
deterioration.

Fair
Signiﬁcant polymer and reagent reactivity
(i.e., aromatic nitration and polymer
degradation), decreased infrared spectral
similarity and mechanical damage after
extended treatment – particularly of small
MPs.

60 °C

Good

Good
No polymer reactivity or
fragment deterioration.

Good
No polymer reactivity, however, reagent
degradation was linked to the introduction
of –OH bands in the FT-IR spectra. No
fragment deterioration.

Bad
Signiﬁcant polymer and reagent reactivity
(i.e., aromatic nitration and degradation),
infrared spectral dissimilarity. Fragment
morphology was signiﬁcantly deteriorated
(i.e., surface cracking) and discolored.

Fair
No polymer reactivity, but
signiﬁcant morphological
changes (i.e., swelling and
pitting)

Fair
No polymer reactivity, however, reagent
degradation was linked to changes in
FT-IR spectra. Signiﬁcant morphological
changes (i.e., swelling and pitting).

-

No polymer reactivity or
fragment deterioration.

90 °C

Fair
No polymer reactivity, but
signiﬁcant morphological
changes (i.e., swelling and
pitting)

Figure 7. Microscope analysis of small (200–300 μm), medium (400 μm – 1 mm), and large (5 mm) polystyrene (PS) microplastics (MPs) treated with
15.8 m nitric acid for 24-h at a–c) 30 °C and d–f) 60 °C.

exacerbated by increasing the temperature to 60 °C (Figure 6).
Heating of PS in the presence of HNO3 has been associated with
the production of the colorless gas, dinitrogen tetroxide (N2 O4 ),
and/or the formation of C–N bonds due to electrophilic aromatic
substitution.[40] The change in the chemical structure of the polymer is evidenced by the appearance of new bands in the infrared
spectra, as well as a downﬁeld shift of protons in the 1 H-NMR
spectra. The GPC analysis found a signiﬁcant decrease in Mw ,
meaning that the polymer’s hydrodynamic radii had changed due
to the new bond formation and/or the breaking of the polymer
chains. The PL intensity changed slightly, however, these changes
were not as obvious even though there was a signiﬁcant change
in the polymer’s structure after 1 hour exposure at 60 °C. The decrease in the PL intensity of the NR-stained MPs is likely due to
the nitration of the PS or the NR itself.[41,42] Overall, while HNO3
is considered the reagent of choice for digesting biological materials, it should be used with caution when attempting to recover
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MPs. Furthermore, prolonged use of this reagent at ambient temperature will degrade plastic polymers, and this degradation is
more prevalent in smaller sized MPs (Figure 7; Figure S10, Supporting Information).

5. Conclusions
This work applies a molecular approach to analyze the eﬀects
of chemical digestion conditions on MPs. PL spectroscopy was
found suitable for identifying polymer degradation in NR-stained
PS MPs, however, due to the diﬀerences of the ﬂuorophore reactivity and the polymer reactivity, this technique may be less
reliable as a chemometric method of polymer degradation. As
this study investigates the polymer on the molecular level, it
can direct researchers towards a chemical digestion protocol
which will nondestructively recover MPs from their biological
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sample matrices. We recommend using caustic reagents (NaOH
and KOH) and oxidative conditions (H2 O2 ) in the recovery of
MPs from biological materials as they have been found to be
nondestructive (chemically and physically) up to 60 ˚C. At 90 ˚C,
these reagents can be used with minimal degradation; however,
blowing can occur in porous particles, thus giving a false indication of particle size. HNO3 can degrade plastics even after
1 h exposure at 60 °C. If this reagent is to be used, we suggest
minimizing the time the plastics are exposed to the HNO3 at
high temperatures as they are likely to experience some level of
degradation that may impact their characterization. Finally, these
digestion properties can be polymer speciﬁc,[43] therefore we recommend further investigation of polymer types speciﬁc to each
study.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported by James Cook University, the Australian Government Research Training Program Scholarship and AIMS@JCU. The authors would like to thank JCU’s Advanced Analytical Centre for access to
their SEM. The authors would also like to acknowledge the Wulgurukaba
and Bindal people as the traditional Owners of the lands on which they
are located and where they conducted this research. The authors pay their
respects to ancestors and Elders, past and present.
Open access publishing facilitated by James Cook University, as part of
the Wiley - James Cook University agreement via the Council of Australian
University Librarians.

Conﬂict of Interest
The authors declare no conﬂict of interest.

Data Availability Statement
The data that support the ﬁndings of this study are available in the supplementary material of this article.

Keywords
marine plastics, microplastics, plastic degradation, plastic digestion, polymer analyses
Received: December 12, 2021
Revised: February 14, 2022
Published online:

[1] A. L. Andrady, Mar. Pollut. Bull. 2017, 119, 12.
[2] A. L. Andrady, Mar. Pollut. Bull. 2011, 62, 1596.
[3] M. Cole, P. Lindeque, C. Halsband, T. S. Galloway, Mar. Pollut. Bull.
2011, 62, 2588.

Macromol. Chem. Phys. 2022, 2100485

2100485 (8 of 9)

[4] W. Wang, H. Gao, S. Jin, R. Li, G. Na, Ecotoxicol. Environ. Saf. 2019,
173, 110.
[5] R. Geyer, J. R. Jambeck, K. L. Law, Sci. Adv. 2017, 3, e170078.
[6] J. R. Jambeck, R. Geyer, C. Wilcox, T. R. Siegler, M. Perryman, A. Andrady, R. Narayan, K. L. Law, Science (80-.) 2015, 347, 768.
[7] D. W. Laist, in Marine Debris (Eds: J. M. Coe, D. B. Rogers), Springer,
New York, NY 1997, pp. 99–139.
[8] R. W. Obbard, S. Sadri, Y. Q.i Wong, A. A. Khitun, I. Baker, R. C.
Thompson, Earth’s Future 2014, 2, 315.
[9] L. Van Cauwenberghe, A. Vanreusel, J. Mees, C. R. Janssen, Environ.
Pollut. 2013, 182, 495.
[10] F. Wang, F. Wang, E. Y. Zeng, in Microplastic Contamination in Aquatic
Environments: An Emerging Matter of Environmental Urgency (Ed: E. Y.
Zeng), Elsevier 2018, pp. 225–247.
[11] M. E. Miller, F. J. Kroon, C. A. Motti, Mar. Pollut. Bull. 2017, 123, 6.
[12] M. Claessens, L. Van Cauwenberghe, M. B. Vandegehuchte, C. R.
Janssen, Mar. Pollut. Bull. 2013, 70, 227.
[13] M. Kedzierski, V. Le Tilly, P. Bourseau, G. César, O. Sire, S. Bruzaud,
Mar. Pollut. Bull. 2018, 133, 9.
[14] M. F. M. Santana, L. G. Ascer, M. R. Custódio, F. T. Moreira, A. Turra,
Mar. Pollut. Bull. 2016, 106, 183.
[15] M. Cole, H. Webb, P. K. Lindeque, E. S. Fileman, C. Halsband, T. S.
Galloway, Sci. Rep. 2014, 4, 4528.
[16] F. Collard, B. Gilbert, G. Eppe, E. Parmentier, K. Das, Arch. Environ.
Contam. Toxicol. 2015, 69, 331.
[17] F. Li, F. Li, X. Hou, X. Luo, H. Tu, Y. Zou, C. Sun, M. Shi, H. Zheng,
Mar. Pollut. Bull. 2018, 131, 515.
[18] C. G. Avio, S. Gorbi, F. Regoli, Mar. Environ. Res. 2015, 111, 18.
[19] S. Roch, A. Brinker, Environ. Sci. Technol. 2017, 51, 4522.
[20] A. Dehaut, A.-L. Cassone, L. Frère, L. Hermabessiere, C. Himber, E.
Rinnert, G. Rivière, C. Lambert, P. Soudant, A. Huvet, G. Duﬂos, I.
Paul-Pont, Environ. Pollut. 2016, 215, 223.
[21] A. I. Catarino, R. Thompson, W. Sanderson, T. B. Henry, Environ. Toxicol. Chem. 2017, 36, 947.
[22] M.-T. Nuelle, J. H. Dekiﬀ, D. Remy, E. Fries, Environ. Pollut. 2014, 184,
161.
[23] K. Enders, R. Lenz, S. Beer, C. A. Stedmon, ICES J. Mar. Sci. 2017, 74,
326.
[24] T. Naidoo, K. Goordiyal, D. Glassom, Water, Air, Soil Pollut. 2017, 228,
470.
[25] T. Maes, R. Jessop, N. Wellner, K. Haupt, A. G. Mayes, Sci. Rep. 2017,
7, 44501.
[26] W. J. Shim, Y. K. Song, S. H. Hong, M. Jang, Mar. Pollut. Bull. 2016,
113, 469.
[27] M. Tamminga, E. Hengstmann, E. K. Fischer, SDRP J. Earth Sci. Environ. Stud. 2017, 2, 165.
[28] J. Brandon, M. Goldstein, M. D. Ohman, Mar. Pollut. Bull. 2016, 110,
299.
[29] F. J. Kroon, C. E. Motti, L. H. Jensen, K. L. E. Berry, Sci. Rep. 2018, 8,
16422.
[30] Y. Jiang, F. Yang, S. S. U.l Hassan Kazmi, Y. Zhao, M. Chen, J. Wang,
Chemosphere 2022, 286, 131677.
[31] C. Ripken, D. G. Kotsifaki, S. Nic Chormaic, Sci. Total Environ. 2021,
760, 143927.
[32] M. I. Mccormick, D. P. Chivers, M. C. O. Ferrari, M. I. Blandford, G. B.
Nanninga, C. Richardson, E. P. Fakan, G. Vamvounis, A. M. Gulizia,
B. J. M. Allan, Proc. R. Soc. B 2020, 287, 20201947.
[33] S. Rist, A. Baun, N. B. Hartmann, Environ. Pollut. 2017, 228, 398.
[34] Y. Lu, Y. Zhang, Y. Deng, W. Jiang, Y. Zhao, J. Geng, L. Ding, H. Ren,
Environ. Sci. Technol. 2016, 50, 4054.
[35] M. F. M. Santana, A. L. Dawson, C. A. Motti, L. Van Herwerden, C.
Lefevre, F. J. Kroon, Front. Environ. Sci. 2021, 9, 641135.
[36] A. L. Lusher, M. Mchugh, R. C. Thompson, Mar. Pollut. Bull. 2013,
67, 94.

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.mcp-journal.de

[37] J. Rieger, J. Therm. Anal. 1996, 46, 965.
[38] G. Vamvounis, M. Jonsson, E. Malmström, A. Hult, Eur. Polym. J.
2013, 49, 1503.
[39] J. S. Mok, W. J. Helms, J. C. Sisco, W. E. Anderson, J. Propul. Power
2005, 21, 942.
[40] A. Philippides, P. M. Budd, C. Price, A. V. Cuncliﬀe, Polymer 1993, 34,
3509.

Macromol. Chem. Phys. 2022, 2100485

2100485 (9 of 9)

[41] Y. Li, G. Vamvounis, S. Holdcroft, Macromolecules 2002, 35,
6900.
[42] G. Vamvounis, M. Fuhrer, K. Keller, L. Willig, A. Koizumi, H.-M. Hu,
M. Gao, T. D. M. Bell, Eur. Polym. J. 2019, 119, 551.
[43] M. F. M. Santana, F. J. Kroon, L. van Herwerden, G. Vamvounis, C. A.
Motti, Marine Pollution Bulletin 2022.

© 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

