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In recent years, microplastics, especially marine microplastic pollution, have received
global attention as a new type of environmental problem. The establishment of
accurate and efficient methods for the detection of microplastics is the basis for
in-depth research on the transport, transformation, fate, and ecotoxicological effects
of microplastics in the environment. Microplastics in seawater frequently mix with
biological tissues, resulting in challenges when identifying samples. However,
commonly used pretreatment protocols for microplastics often suffer from long
digestion times, inadequate digestion, and the risk of potentially damaging
microplastics. This study compared the digestion efficiencies of five digestion
reagents and provided further insights into two advanced oxidation methods
involving Fenton's reagent and an innovative alkaline K,S;Og protocol based on
sulfate and hydroxyl radicals. Using Raman spectroscopy, scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS), and carbonyl index (Cl)
analyses, the status of microplastics after pretreatment was evaluated. The results
revealed that the alkaline K,S,Og method could enhance the reaction efficiency
while reducing the potential for functional group damage during microplastic
pretreatment. Moreover, the proposed K,S,Og method was applied to the
pretreatment of field seawater samples, and field microplastics were effectively
separated from biologically rich samples. Thus, a digestion protocol based on
alkaline K;S,0g provides an effective way to isolate seawater microplastics from
biologically rich samples. This study contributes to the development of efficiently
microplastic monitoring and provides valuable insights into access to reliable data for
fate and inventory of oceanic microplastics.
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1 Introduction

Microplastics, commonly defined as plastic particles, filaments,
films, and fragments smaller than 5 mm, have garnered significant
research attention in marine environmental monitoring studies (Auta
et al, 2017; Prabhu et al,, 2022; Medina et al., 2024). Polystyrene (PS)
pellets were initially reported in British coastal waters during the 1970s
(Carpenter et al., 1972). Numerous studies (Andrady, 2011; Enders
et al, 2015; Zhou et al, 2022) have demonstrated the widespread
presence of microplastics measuring less than 5 mm in the ocean. Due
to their small particle size, microplastics can be ingested by marine
organisms, including zooplankton, shellfish, fish, seabirds, and
mammals, and subsequently, they can traverse the food chain,
posing a potential health hazard to humans (Cole et al., 2015; Zurub
et al,, 2024). Marine microplastic pollution not only threatens marine
biological ecosystems, the safety of the food chain and human health
but also involves the impact of climate change (Li et al, 2024),
transboundary cross-border pollution (Ramesh et al., 2024),
industrial restructuring (Guerranti et al., 2019) and international
governance (Thacharodi et al., 2024). Accurate and efficient
monitoring and analysis of microplastics in the marine environment
is an important basis for assessing the ecological risk of microplastics,
evaluating the state of marine health, and regulating and managing
microplastic pollution (Belioka and Achilias, 2023).

Microplastics in the marine environment have diverse
compositions, complex chemical structures, and different
appearances and morphologies, and under the constraints of
different research objectives and experimental environments,
there is no uniform analytical and identification standard at
present. Spectroscopic methods have been developed as the most
convenient and effective approaches for detecting microplastics in
the environment (Lenz et al., 2015). However, microplastics in the
environment often coexist with a large number of impurities that
are far in excess of their own levels. The samples collected in the
field are contaminated with biological impurities; hence, they
cannot be directly analyzed by spectrum instruments. The quality
of sample pretreatment significantly influences subsequent
detection by the instrument (Zheng et al,, 2024). Furthermore,
there is a pressing need for the purification of microplastics,
especially for methods of qualitative analysis performed on
surfaces, such as Fourier transform infrared (FTIR) spectroscopy
and Raman spectrometry (Adhikari et al., 2022). However, there is a
particular lack of methods for purifying microplastics to prevent the
interference of biological impurities during determination.

To achieve efficient digestion for microplastic purification, prior
studies (Miller et al., 2017; Tagg et al., 2017; Prata et al., 2019) have
examined factors facilitating the thorough treatment of large-
volume microplastic samples in a short timeframe. Currently, the
primary purification methods include physical separation and
chemical digestion, which include stirring and rinsing with fresh
water (Mcdermid and Mcmullen, 2004), acid digestion (Andrady,
2011; Liebezeit and Dubaish, 2012), alkaline digestion (Claessens
et al,, 2013), oxidative agents (Tagg et al., 2017; Klaus et al., 2024),
enzyme digestion (Cole et al., 2014), ultrasonic cleaning (Cooper
and Corcoran, 2010), and the pressurized fluid extraction technique
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(Fuller and Gautam, 2016). Among these methods, chemical
digestion has proven to be the most effective, with Fenton’s
reagent (H,O, mixed with FeSO,) emerging as the superior
choice (Tagg et al, 2017). This method can effectively remove
biological impurities from a sample (chitin, lignin, etc.), especially
from amphipod carapaces, which may be difficult to digest (Shim
et al, 2016; Erni-Cassola et al,, 2017). Moreover, damage to
polymers caused by acid/alkaline-based methods can also be
avoided (Cole et al., 2014; Tagg et al,, 2015). However, the highly
reactive Fenton’s reagent method easily causes bumping and
danger, especially in the semi-closed system of an automatic
digestion device. Therefore, the quest for a digestion reagent with
a mild chemical reaction and a high reaction rate remains ongoing.

The aim of this work was to select an effective method that (1)
efficiently digests biological impurities while minimizing damage to
as many polymer types as possible and (2) has a simple operating
procedure that is less prone to staining, microplastic loss, and
operational hazards. The efficiency and potential risks of multiple
digestion methods were tested by setting different digestion
conditions and characterized by Raman spectroscopy, Fourier
transform infrared spectroscopy (FTIR) and scanning electron
microscopy-energy dispersive spectroscopy (SEM—EDS). The final
selected method was evaluated in field seawater samples.

2 Materials and methods
2.1 General conditions

The method validation protocols were tested on chitin
(CgH;1305N)n, which is considered a significant insoluble
polysaccharide-based biopolymer material present in the samples
(Cole et al., 2014). The digestion efficiency of five solutions, namely,
10% KOH, alkaline K,S,0g (original solution, 0.2 mol L' K,$,04
with 0.4 mol L™ NaOH), 30% H,0,, Fenton’s reagent, and 2 mol L
NaOH, was assessed using a known weight of chitin fragments. All
solutions were prepared in distilled water and used immediately after
preparation. The potential degradation risks of the method were
examined for a series of polymers derived from commonly used
chemical materials in daily human life: polycarbonate (PC) (<100
pm), polyamide-6/6 (PA6/6) (<250 pum), polybutylene terephthalate
(PBT) (<150 pm), PS (<250 um), polyvinyl chloride (PVC) (<250
um), polypropylene (PP) (<500 um), polyethylene (PE) (<1 mm),
and ethylene-vinyl acetate copolymer (EVA) (<5 mm). All
experiments carried out in this study were conducted using glass
flasks within a meticulously maintained laboratory environment.
Synthetic-free clothing and powder-free gloves were worn to
prevent contamination from clothing or the surrounding air.

2.2 Digestion efficiency of chitin
The initial test aimed to assess the digestion efficiency of the

chosen protocols. For comparison, 0.1 g of chitin (Aladdin,
Shanghai, China) was precisely weighed and deposited into 250
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mL conical flasks, which were covered with watch glass to prevent
contamination. For digestion, 40 mL of digestion reagent was added
to each sample, which was heated at 65°C for 6 h (except for
Fenton’s reagent). Fenton’s reagent was used in accordance with the
protocol of Tagg et al. (2017). Following digestion, the mixed
solution was promptly filtered. Two well-performing methods
were chosen for further comparison, involving an increase in the
volume of the digestion solution, with 60 mL of these solutions
added to 0.1 g of chitin and heated as previously described. After
assessing these methods, 0.1 g of chitin was subjected to testing with
various volumes of alkaline K,S,0g for screening purposes.
Additionally, different doses of alkaline K,S,0g, determined by
their proportions and concentrations, were evaluated by reducing
the concentration of alkaline K,S,0g by 0.75 times.

2.3 Degradation effects on
common polymers

In the second stage, eight virgin microplastics were subjected to
the selected solution to evaluate the effects on polymer integrity.
The integrity of the microplastics was assessed by examining weight
loss and surface alterations and conducting qualitative tests on
polymers after exposure to alkaline K,S,05 (the original solution) at
65°C for 6 h. Each sample underwent weighing after overnight
drying and imaging at 4000x magnification using an SEM-EDS
system (Thermo Fisher Scientific Apreo 2, USA). The microplastics’
spectra were obtained using a Raman spectrometer (Horiba HR
Evolution, Japan) and an FTIR spectrometer (Thermo Fisher
Scientific Nicolet iS5, USA). The carbonyl index (CI) was used to
characterize the degree of aging of the microplastics. The CI is
obtained using the specified area under band method (Almond
et al.,, 2020) via Equation 1:

A
C = £}1650-1850 1)
A1420-1500

The integrated band absorbance area in the carbonyl (C=0)
region (1650-1850 cm™) was normalized by using the integrated
band absorbance area at wavenumbers from 1420 to 1500 cm’’,
which is the bending-extension vibration of methylene (CH,)
(Almond et al., 2020). Hence, it can be used as a reference since
it remains constant throughout the aging process. The area under
the band was calculated by Omnic 9 software (Thermo Fisher
Scientific Inc., USA) using the peak analysis tool.

2.4 Evaluation with field samples

To explore the potential application of the novel digestion
method, the digestion method was assessed using field seawater
samples collected at the Marine Experimental Station of the
Institute of Oceanographic Instrumentation in Qingdao, China
(120.30°E, 36.05°N). The site is situated on the east coast of
Qingdao, near the tourist resort area, making it susceptible to
microplastic contamination. Seawater samples (1 ton) were collected
using a sampling pump and filtered through metal filters (40 mm in
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diameter, 50 um). The samples on the metal filters were washed with
distilled water three to four times before being subjected to digestion.
These samples were immediately subjected to digestion with alkaline
K,S,05. The treatment of the field samples was the same as that for the
integrity test performed in section 2.3. The compositions of the
suspected microplastics were identified and photographed using a
Raman imaging spectrometer (Thermo Scientific DXRxi, USA).
Ultrapure water served as a negative control, while metal filters
without samples were used as the blank control.

2.5 Statistical analysis

Each treatment was executed on duplicate samples. Origin
2019b software (OriginLab, USA) was used for statistical
calculations. The standard deviation of the mean was used to
determine the precision of the mean.

3 Results and discussion

3.1 Digestion efficiency of chitin exposed
to the method

In the exploratory test conducted to assess the digestion efficiency
of chitin, the removal rate for each solution is shown in Figure 1A,
with Fenton’s reagent and the alkaline K,S,0g method presenting
higher digestion efficiencies than the other methods. Although the
10% KOH, 30% H,0, and 1-10 mol L' NaOH methods have been
widely employed in various surveys involving seawater, sediments,
and biota (Cole et al,, 2014; Bellas et al., 2016; Prata et al., 2019;
Ghayebzadeh et al., 2021), the digestion efficiencies exhibited a low
rate with insignificant changes throughout the entire incubation
duration in this experiment. In comparison to previous studies, the
relatively short incubation period (6 h) in this experiment may
explain the lower digestion efficiency, as previous research utilized
incubation periods of at least 24 h and, in some cases, up to a week
(Dehaut et al, 2016). The ability of Fenton’s reagent to rapidly
degrade organic compounds through oxidation (Tagg et al., 2017)
has made it effective for isolating microplastics from biological tissue,
sediments, and wastewater. Similarly, the alkaline K,S,05 method
operates based on the advanced scavenging effect of free radicals
generated by chemical reactions (Wang and Wang, 2018). Persulfate
(PS) can be activated by thermal activation (> 50°C) and alkaline
activation. For heat activation, the energy input due to the rising
temperature can cause the fission of O-O bonds to form sulfate
radicals, but the degradation efficiency might decrease when the
temperature is greater than 60°C (Wang and Wang, 2018). During
alkaline activation, PS can decompose into sulfate radicals, and sulfate
radicals can further transform into hydroxyl radicals (Liang and Su,
2009). The sulfate radical has a higher oxidation reduction potential
(2.5-3.1 eV) than the hydroxyl radical produced by Fenton’s reagent,
which may account for the higher efficiency of digestion in the
alkaline K,S,0g system (Qin et al, 2016). The production of free
radicals by PS activation is highly important for removing biological
impurities from microplastics.
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Building upon the findings of previous experiments, the two well-
performing methods were further assessed by increasing the solution
volume to 60 mL (Figure 1B). During digestion, an increasing trend
in digestion efficiency was observed for the alkaline K,S,04 solution.
The digestion efficiency of the alkaline K,S,0g treatment significantly
improved with increasing amounts of reagent (40 mL: 0.5 h: 19.32%,
6 h: 60.83%; 60 mL: 0.5 h: 22.12%, 6 h: 74.26%). With respect to the
increase in volume, Fenton’s reagent maintained a constant digestion
efficiency (approximately 20%) during the incubation, with the
digestion endpoint occurring immediately at the beginning of the
reaction. Considering digestion efficiency, weight loss, and spectral
variations, Prata et al. (2019) regarded Fenton’s reagent as an effective
and suitable protocol for removing organic matter from microplastic
samples, successfully achieving 100% removal of algae. Notably, the
completeness of digestibility varied depending on the organic matter
composition. Similar to the PS activation mechanism, Wang et al.
(2024) investigated an oxidation system using Co>" to activate
peroxymonosulfate. The time required to isolate micro/nanoplastics
from organic pollutants was only 30 min, much shorter than in this
study. However, the effectiveness of the peroxymonosulfate system in
eliminating chitin remains unknown. Kallenbach et al. (2021) also
evaluated four protocols for dissolving organisms with chitin
exoskeletons. The combination of H,0, and chitinase enzyme was
highly effective, but required an incubation period exceeding 24 h.

Frontiers in Marine Science

As demonstrated in the present study, alkaline K,S,0g exhibited
greater digestion efficiency than Fenton’s reagent throughout the
entire incubation period, particularly for the most insoluble organic
matter, chitin. The volume test revealed that the digestion efficiency
increased with increasing volume. Moderate resolution efficiency was
achieved with 40 mL of digestion solution, while nearly the same high
digestion efficiency was maintained when the volume was increased
to 60 mL and 80 mL (Figure 1C). The optimal concentration of the
digestion solution was found to be 0.2 mol L' saturated K,S,04 at
room temperature (20°C) with 0.4 mol L™ NaOH, which resulted in
higher digestion efficiencies than those of the diluted groups
(Figure 1D). Therefore, the ratio of K,S,05 to NaOH was
controlled at 1:2, with the goal of achieving better efficiency.

3.2 Assessment of microplastic weight loss

Prior to conducting quantitative or qualitative detection of
microplastic samples, it is essential to eliminate the interference of
biological impurities while ensuring that the sample itself remains
undamaged. During digestion, samples are transferred, filtered, and
exposed to air or the environment, resulting in sample loss. On the
other hand, digestion reagents should be able to remove biological
matter without damaging microplastics. Thus, after evaluating the
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digestion efficiency of several protocols, we proceeded to evaluate the
effect of the selected digestion method on the weight loss of the
microplastics. The effect of the preferred digestion reagents on the
mass loss of microplastics was evaluated. The weight loss experiment,
as depicted in Figure 2, revealed changes in the weight of various
microplastics and the average recoveries. The microplastics exhibited
a recovery rate of more than 95%. This observation can be attributed
to two factors. First, it underscores the mild nature of the digestion
agent, which does not substantially dissolve microplastics. Second,
the findings were made on standard microplastic samples that had
not undergone weathering or corrosion in the environment.
Consequently, the functional groups on the surface of the
microplastics remained relatively stable without alteration. Notably,
the PC sample exhibited the lowest recovery rate. This could be
attributed to the following factor: the particle size of PC is the
smallest, making it more susceptible to significant sample
contamination loss during the experiment compared to other
microplastics. Kithn et al. (2017) reported that a mass loss of 7%
occurred in PE after 48 h of treatment in KOH, whereas the loss was
smaller in the research of Prata et al. (2019) and may be related to the
limited exposure time. Prata et al. (2019) considered that some of the
loss of microplastics may be related to surface heterogeneity of
weathered microplastics. This result agrees with the present study.
Nevertheless, Zheng et al. (2024) reported that the mass of PE
decreased by approximately 4% after 30% H,O, digestion and
approximately 8% after 10% KOH digestion. This mass loss of PE
was related only to the digestion reagent but not to the particle size.

3.3 Assessment of the degradation effects
of microplastics

In addition to quality loss, microplastic degradation is generally
recognized as the most unfavorable effect following digestion,
resulting from violent reactions caused by highly oxidizing agents.

10.3389/fmars.2024.1450330

For example, sulfate radicals produced from the decomposition of
K,S,05 under heating and alkaline conditions might cause the
isolation of microplastics. Hence, it is important to test whether
alkaline K,S,0g will cause damage to the surface functional groups
of microplastics. Further microscopic analysis was conducted to
assess potential damage to the microplastics caused by the reagents.
Changes in characteristics indicated that the tested reagents did not
cause significant damage to the microplastics. Under magnification
at 4000x, images captured before and after digestion demonstrated
that the sample surface retained its smooth appearance without
displaying noticeable corrosion, cracks, depressions, aggregation
effects, and so on (Figure 3).

Nevertheless, surface examination alone cannot conclusively
establish the harmlessness of the digestion agent to microplastics.
Qualitative testing is essential to confirm whether chemical
treatment impacts the integrity of key absorbance bands in the
spectrum. Both virgin and digested microplastics were analyzed via
Raman spectroscopy and FTIR. As depicted in the Raman
identification results (Figure 4), no new characteristic peaks were
observed, and the changes in the spectrum before and after the
alkaline K,S,0Og4 treatment were not obvious. Furthermore, the
presence and positions of key absorbance bands in the functional
groups of the microplastics showed no significant misalignment.
Any slight intensity changes observed in the spectrum can primarily
be attributed to the displacement of the focused laser point, as
alterations in sample surface morphology and location can lead to
variations in intensity (Lenz et al.,, 2015). Zheng et al. (2024) also
reported varying degrees of enhancement and attenuation of the
characteristic peak intensity after digestion by HNO3;, KOH, and
H,O, solutions. The Raman spectroscopy results of PA and PVC
after H,O, and KOH digestion reported by Karami et al. (2017)
might be attributed to the longer exposure time.

According to the degradation mechanism of polymers, many
different chemical groups are formed during their degradation,
mainly producing different carbonyl and hydroxyl functional
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Weight loss of common microplastic types (PBT, PP, PE, PC, PA, PS, PVC and EVA) before and after alkaline K,S,Og treatment.
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Surface images of microplastics (PC, PE, EVA, PS, PBT, PA, PVC and PP) before and after alkaline K,S,0g treatment.
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groups. Among them, the carbonyl group is the one that causes the
most obvious changes in the infrared spectra and is ideal for
tracking its degradation process because of its fixed position, high
intensity and lack of interference. To determine the possible
degradation of the microplastics under alkaline K,S,0g treatment,
the CI of individual samples was calculated (Figure 5). However, the
calculation of the CI varied depending on the selection of the
reference peak and the calculation of the peak integral area.
Therefore, the C and O distributions on the surface of the
microplastics obtained from EDS elemental analysis were
combined to assess whether the microplastics underwent age-
related degradation after alkaline K,S,0g4 digestion (Figure 6).
Most studies have shown that the CI of microplastics after
prolonged advanced oxidation treatment generally increases
significantly compared to that of virgin microplastics (Liu et al.,
2019; Ren et al., 2021; Yang et al., 2024).
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The results of this experiment showed that the CI results of
most of the microplastics were consistent with the results of EDS
elemental analysis, and none of the changes were significant. The CI
and O distribution of PE, EVA, PA, and PVC slightly increased,
while a slight decrease was observed for PC. The O element
distribution of PS decreased, and the opposite trend of CI value
and O element distribution of PBT was observed with very little
variation. The decrease in the O distribution of PP was more
obvious, but the CI value decreased only slightly. Considering the
error of individual samples, we inferred that the reagents did not
significantly affect the chemical groups on the microplastic surfaces.
However, as indicated by previous studies, certain digestion
reagents, such as HNO; (Claessens et al., 2013) and NaOH
(Dehaut et al., 2016), have been shown to be detrimental to some
microplastics. Roch and Brinker (2017) disintegrated the
gastrointestinal tissue of fish using NaOH and HNO; and found
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Raman spectra of microplastics (PC, PE, EVA, PS, PBT, PA, PVC and PP) before and after the digestion procedure.

that PA is easily dissolved by HNO;. The reason may be that, first,
the samples used in our test are granular and standard, the surface
area is small, and the samples will not be cracked like environmental
samples due to weathering. Cracks and grooves on microplastics
will expose more adsorption sites on the surface, which is more
likely to cause further etching. Prata et al. (2019) reported that the
CI of fibrous PE but not that of ordinary PE increased after Fenton’s
reagent treatment. Second, a shorter incubation time (6 h) may
decrease the susceptibility of the microplastics to chemical
alteration during pretreatment. Liu et al. (2019) reported an
increase in the CI of PS and PE microplastics under heat-
activated K,S,0g4 treatment after 1 d of incubation, and the
results indicated a significant alteration in the CI of the
microplastics after 5 d of incubation. Overall, we concluded that
the spectra of the microplastics treated with alkaline K,S,0g did not

affect the identification results, while the impurities in the samples
were completely removed. Therefore, the method proposed in this
experiment appears to be relatively effective and reliable.

3.4 Application of the method to
field samples

To test the application of this method under real conditions,
microplastics collected from seawater samples were processed using
the alkaline K,S,0g method. The digested samples showed no
noticeable biological residue, and impurities were significantly
reduced after treatment with alkaline K,S,05. A total of 7
microplastics were detected on the metal filter, identified as PE,
EVA, PS, and PA particles. The size of the collected microplastics
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Changes in the Cl of microplastics (PC, PE, EVA, PS, PBT, PA, PVC and PP) exposed to alkaline K,S,0sg.
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EDS of microplastic surfaces (PC, PE, EVA, PS, PBT, PA, PVC and PP) before and after alkaline K,S,Og treatment

ranged from 85-600 pum and included irregular particles and

fragments. The detected microplastics exhibited translucent,

white, and yellow colors (Figure 7). The present method enabled

programmed treatment of biological impurities in microplastics,

achieving convenient and efficient separation (within 6 h), with the

isolated microplastics being easily identifiable. This study further

demonstrates the suitability and effectiveness of alkaline K,S,05 for

seawater microplastic samples.
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4 Conclusion

In summary, to identify an efficient method for digesting
biological impurities in microplastic samples, several adapted
methods as well as digestion conditions for impurities in
microplastics were compared in this study. Our laboratory tests
and experiments conducted under real conditions confirmed that
the alkaline K,S,05 method is an effective approach for purifying
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FIGURE 7

Several microplastics recovered from the seawater samples, using the described digestion method. (A) EVA, (B) PS and (C) PE.

microplastics, even though H,O, and Fenton’s reagents have long
been regarded as highly effective methods for removing impurities
from microplastics. This method is capable of meeting the demands
of digesting biological impurities in microplastics and addresses the
limitation of time consumption for achieving higher digestion
efficiency than H,0, (Prata et al, 2019). Moreover, compared
with Fenton’s reagent, this method does not cause bumping or
dissolution of microplastics (compared with the effects of HNO;,
etc.) (Claessens et al., 2013), which may cause danger or change the
properties of microplastics. This finding holds significant promise
for further automatic purification in equipment development.
Typically, 60 mL of digestion agent is adequate for removing
impurities from microplastics. To ensure effective digestion of
substantial impurities, it is advisable to extend the digestion time,
but the risk of microplastic degradation should be considered.

While achieving perfect digestion results can be challenging,
this method appears to offer a better compromise when considering
interference factors and achievable objectives. However, it is
important to acknowledge the limitations of this experiment,
including the feasibility of detecting fibrous microplastics, which
can be more challenging in the environment, and potential
interferences with microplastics of various colors. Considering the
time, cost, reagent dosage, and safety of the experimental operation,
the alkaline K,S,0g method is recommended.
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