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remove natural organic matter in samples freeing MPs for subsequent 
analyses, with Fenton’s reagent shortening the treatment time and 
improving the effectiveness of the digestion protocol [16–18]. As the 
types of MPs in the environment is so varied, it is of importance to 
systematically assess the effects of different digestion schemes on a wide 
range of polymers. 

Once extracted from the matrix, MPs can be detected and charac
terized by a number of analytical methods, including microscopy [19], 
spectroscopy [10], and thermal-based techniques [20], with vibrational 
spectroscopy (IR and Raman), most commonly used to identify the type 
of polymer. Reviews on MPs in WWTP have detailed such analytical 
approaches [21]. A low-cost method for detection of MPs involves 
fluorescence measurements after staining with dyes, such as Nile red 
[22]. The staining increases the degree of automation and quantification 
efficiency, but can lead to over estimation if non-plastic particles also 
bind the dye. Thus, matrix digestion and density separation, along 
careful inspection of fluorescing objects to not count items that are 
clearly not plastic or that have biological features such as spines or 
striations, is required [23]. 

Regardless of the technique employed it is critical to recover and 
isolate the MPs from complex environmental and biological matrices. 
MP extraction efficiency has been assessed through determining recov
ery rates of homemade or commercially available polymers spiked into 
samples [5,19,24,25]. However, spiked MPs are typically larger than the 
majority of those found in the environmental samples. Fluorescent MPs 
are also employed in recovery experiments because they are relatively 
easy to detect, but only certain morphologies (e.g., beads) and types of 
polymers (e.g., polyethylene) are commercially available. To increase 
the availability of different types and morphologies of fluorescent 
polymers, we previously optimized labelling a diverse group of home
made MPs with fluorescent dyes for detection, recovery, and degrada
tion experiments [26]. However, the durability of Nile red-stained MPs 
in digestions to remove natural organic matter is unknown, and if the 
digestion process diminishes the intensity of the Nile red fluorescence it 
would limit its application. 

In this study, we employed Nile red to stain polymers of different 
types and shapes, and investigated the influence of different digestion 
schemes, including one acid digestion protocol [(1:1 (v:v) H2O2 (30 wt 
%) + H2SO4 (96 wt%)), two alkaline digestion protocols (1 M NaOH and 
10 % KOH), and two H2O2 based digestion protocols (30 % H2O2 and 
Fenton’s reagent), on the fluorescence intensities of the stained MPs. The 
purpose was to assess whether such Nile red stained MPs can be widely 
used as labeled standards in experiments involving digestion of samples 
rich in organic matter. We also examined the alterations of physical and 
chemical characteristics of the stained MPs after the digestions to further 
assess their applicability. We then applied Fenton’s reagent, which had 
the least impact on the MPs and effectively removed the matrix, to 
extract and assess the MP profiles in sludge from a modern (closed loop 
reactor) WWTP at University of Mississippi. Thus, this report also in
cludes information on the sizes, shapes, abundances, and types of MPs in 
the sludge which was obtained between November 2019 and September 
2021 under different flow regimes. 

2. Materials and methods 

2.1. Method validation 

2.1.1. Polymer samples and characterization 
Eighteen polymers were selected for analysis based on their global 

production, frequency of occurrence in the environment, and their use in 
previous studies (Table S1), including acrylonitrile-butadiene-styrene 
(ABS), cellulose acetate (CA), crumb rubber (CR), ethylene-vinyl ace
tate (EVA), expanded polystyrene foam (EPS), high-density poly
ethylene (HDPE), medium-density polyethylene (MDPE), low-density 
polyethylene (LDPE), linear low-density polyethylene (LLDPE), nylon 
6,6 (PA66), polycarbonate (PC), polyester (PEST), polyethylene 

terephthalate (weathered PETE and PET), polylactic acid (PLA), poly
propylene (PP), polystyrene (PS), and polyvinyl chloride (PVC). PC 
particles were cryogenically ground from large plastic debris. PLA par
ticles and PETE films were cut with a scissor from a 3D printer PLA 
filament and a water bottle, respectively. The remaining plastics were 
obtained from Hawaii Pacific University’s Polymer Kit 1.0 marketed to 
“harmonize plastic pollution research”. These standardized MPs tend to 
be larger MPs (>500 µm) which improves size and mass measurements 
and affords great visibility of surface changes. 

We characterized the polymers before and after administering the 
digestion protocols using microscopy, fluorescence, spectroscopy, mass 
measurements, and thermal methods. For fluorescence, we observed 
that staining the polymers by 2 µg/mL Nile red dye (prepared with DI 
water) at 70 ◦C for 3 h yielded strong fluorescent signals. These stained 
MPs were weighed and imaged before and after digestions using an 
analytical balance and a stereomicroscope (SteREO Discovery V12; Carl 
Zeiss Jena GmbH, Germany) equipped with a channel fluorescence 
(Cy3/Rhod/RFP) and an X-Cite 120Q fluorescence lamp illuminators. 
The fluorescence range was chosen: red (excitation at 545/25 nm, 
emission at 605/70 nm) with exposure time of 490.2 ms. The fluores
cence intensities and fluorescing areas of the stained MPs were obtained 
through ImageJ software. We assessed changes in surface characteristics 
using attenuated total Reflection-Fourier transform infrared spectros
copy (ATR-FTIR) with an Agilent Cary 600 (Agilent Technologies, CA, 
USA). Spectra were collected from 600 to 4000 cm-1 with 32 scans at a 
resolution of 4 cm-1. Thermal stability was measured by thermal gravi
metric analysis using a TGA 550 (TA Instruments, DE, USA). Thermo
grams were collected between 30 and 900 ◦C at 20 ◦C/min under 
nitrogen. 

2.1.2. Digestion tests 
Nile red (Technical grade, Sigma-Aldrich) stained MPs were exposed 

to five different digestion schemes (Table 1). The mixture of 1:1 (v:v) 
H2O2 (30 wt%, 97 % purity, Fisher Scientific, Hampton, NH, USA): 
H2SO4 (93–98 wt%, trace metal grade, Fisher Scientific) was used after it 
cooled down to room temperature (22 ◦C). 1 M NaOH (Pellets pure, 
MilliporeSigma), 10 % KOH (pellets/certified ACS, Fisher Scientific), 30 
% H2O2 and Fenton’s reagent were directly mixed with sludge samples. 

Samples were subjected to 10 mL 30 % H2O2 and 5 mL of Fenton’s 
reagent consisting of 0.05 M Fe(II) solution (ACS reagent, Sigma- 
Aldrich) containing 0.6 % of concentrated sulfuric acid. After diges
tion, MPs were removed from 15 mL centrifuge tubes, thoroughly rinsed 
with DI water, and dried in Petrislide dish at laminar hood for analysis. 
Three replicates consisting of three particles for each polymer were 
subjected to each digestion protocol, except for CA and PEST that were 
weighed (~10 mg and ~1 mg, respectively) due to their small sizes. 

2.2. Sludge sampling and analysis 

2.2.1. Sludge sampling 
Primary sludge, dewatered sludge, and surface scums were sampled 

Table 1 
Reagents and conditions for the selected five digestion protocols.  

Digestion 
Scheme 

Reagents Conditions References 

I 30 %H2O2:96 %H2SO4 at 1:1 (v: 
v) 

22 ◦C for 24 
h 

[9] 

II 1 M NaOH 60 ◦C for 24 
h 

[4,10,16] 

III 10 % KOH 60 ◦C for 24 
h 

[4,16] 

IV 30 % H2O2 60 ◦C for 24 
h 

[6,11,13] 

V Fenton’s reagent (H2O2:Fe(II) =
2:1(v:v)) 

22 ◦C for 24 
h 

[11,46]  
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from a WWTP that serves the University of Mississippi, home to 
~23,000 students. The WWTP, as well as the abundance and charac
teristics of MPs in the wastewater as it flows through the different 
treatment compartments during different flow regimes were previously 
described [27]. Briefly, the wastewater from the university community 
is processed by a grit chamber, closed loop reactors, secondary clarifiers, 
and UV light before discharge. Primary sludge from the grit chamber is 
collected and disposed separately. The scums floating in secondary 
clarifiers are removed using skimmers and are discharged to scum 
troughs. Waste activated sludge are aerobically digested before being 
dewatered by a filter press. Daily flow rate to this WWTP depends highly 
on the on-campus population, and ranged from 679 m3/d during a se
mester break to 2500 m3/d during major sporting event (Table S2). 
Sludge was collected with 1 L glass jars and stored at 4 ◦C until analysis. 
All glass jars were rinsed with deionized water and heated at 450 ◦C for 
3 h before being used. 

The moisture and organic matter content were measured at 105 ◦C 
for 24 h and 550 ◦C for 4 h, respectively, in a muffle furnace. 

2.2.2. Organic matter removal efficiency 
The five selected MP extraction protocols were examined for the 

removal efficiency of organic matter. 5 g (wet weight) of dewatered 
sludge collected on 7 September 2021 was weighed into 1 L glass jars 
and 45 mL solution (digestion scheme I-V, Table 1) was added. 
Following digestion for 24 h, the mixtures were filtered through 45 µm 
mesh sieve and the retentate was transferred to pre-weighed 50 mL 
centrifuge tubes and dried at 40 ◦C until weight did not change. The 
mass loss of samples before and after treatments were calculated 
gravimetrically and were wholly attributed to the reduction of organic 
matter. Wet sludge was used for digestion because dried sludge typically 
contains hardened and clumped clay-like material that are not readily 
digested [18]. 

2.2.3. Microplastic extraction 
Fenton’s reagent was determined to be applied to extract MPs from 

~5 g (wet weight) of sludge or surface scums. Weighed samples were 
digested with Fenton’s reagent. After digestion for 3 h, samples were 
filtered through 45 µm mesh sieve and retentates were transferred to 
250 mL glass jars with 1.6 g/cm3 ZnCl2 solution (>99 % purity, Fisher 
Scientific, Hampton, NH, USA) for density separation. 80 mL of ZnCl2 
solution was added. The mixture was stirred with a glass rod for 2 min 
and 20 mL was further used to rinse the MPs on the wall of glass jars 
down to the solution following by settling for 3 h. The top (floating) 
layer of debris was transferred into a glass vial using a 5 mL glass pipette. 
The procedure of density separation was repeated twice more. Collected 
floating debris were re-sieved through a 45 µm mesh screen and suc
cessively rinsed with 1 % of HCl solution and DI water. The particles on 
the screen were filtered through polycarbonate filters (47 mm diam
eter). The addition of several drops of HCl was to dissolve ZnCl2 floc 
which formed in the dilution process of ZnCl2 solution. 

Five positive and six negative controls were performed along with 
sludge samples. 100 mL DI water was used for procedural blanks. MPs 
used for positive control were chosen according to the occurrence of 
polymers in the analyzed sludge samples. Ten particles each of 
commercially available fluorescent PE microbeads (150–180 µm), Nile 
red stained polymers (PA fibers (250–500 µm), PC fragments (250–500 
µm), PETE films (500–1000 µm), PEST fibers (1–2 mm in length), green 
PS fragments (250–500 µm), and white PVC fragments (250–500 µm)), 
and non-fluorescent polymers (orange PLA fragments (250–500 µm), 
blue PP fragments (250–500 µm)) were spiked into 5 g of dewatered 
sludge collected on 7 September 2021 (Table S5). PA fibers, PC, PLA, PP, 
PS, and PVC fragments were cryogenically ground. PETE films and PEST 
fibers were cut with a scissor. Both positive and negative controls un
derwent identical digestion (Fenton’s reagent) and density separation 
processes. The recovery efficiency of each polymer (Eq. 1) was used to 
evaluate the selected method. 

Recovery efficiency =
Number of each polymer recovered

Number of each polymer spiked
× 100% (1)  

2.2.4. Microplastic observation and identification 
Each extract was visually inspected at 40 × magnification using the 

stereomicroscope described earlier. The MP profile was documented, 
including morphology and major dimension. Putative MP particles were 
categorized as either fibers, fragments, microbeads, films or glitter. 
Fluorescent particles in negative controls were observed under the red 
fluorescence range as discussed. 

To identify polymer compositions, MPs on the polycarbonate filters 
were transferred to 5 mL 50 % ethanol via sonication. 1 mL aliquot was 
filtered through 25 mm gold-coated polycarbonate track-etched filters 
(25 mm diameter, 0.4 µm pore size; Sterlitech Corp., Kent, WA, USA). 
Eight 1 mm × 1 mm sections were randomly selected on each filter and 
analyzed by µ-FTIR using a Perkin Elmer Spotlight 200i (Perkin Elmer, 
Waltham, MA, USA). Measurements were conducted in the reflectance 
mode using a mercury cadmium telluride (MCT) detector. Spectra were 
taken at 24 scans with wavelengths between 600 and 4000 cm-1 and a 
spectral resolution of 4 cm-1. Sample spectra were compared to the 
spectra library supplied by Perkin Elmer; matches were deemed positive 
with > 70 % similarity between samples and library spectra [6]. Large 
plastic debris extracted from secondary clarifier scums were identified 
with µ-ATR-FTIR using a Bruker LUMOS II microscope with a liquid 
nitrogen cooled MCT detector (Bruker Corporation, Billerica, MA, USA). 
ATR spectra were obtained at the scan number of 12 scans and the 
spectral resolution was 4 cm-1. Sample spectra were compared to the 
spectra library supplied by Bruker. 

To minimize MP contamination, we wore bright orange-dyed cotton 
laboratory coats and covered samples and associated assemblies with 
aluminum foil when not being actively processed. The entire MP 
extraction process was conducted in a clean laminar flow hood. 

2.3. Data analysis 

All the data were the mean values (± standard deviation, SD) of 
replicas. Significant differences of physical and chemical changes of 
stained MPs were analyzed through independent-samples T test. One- 
way analysis of variance (ANOVA) followed by Fisher’s last significant 
different test (LSD) was used to evaluate the difference of MP abun
dances in the sludge samples collected from different compartments. All 
statistics were calculated using SPSS version 27.0 software. 

3. Results and discussion 

3.1. Method optimization 

3.1.1. Influence of digestion protocols on Nile red stained polymers 
The red fluorescence intensities of LDPE, LLDPE, MDPE, HDPE, PP 

and PLA were slightly affected by acid digestion. However, PEST that 
was typically found in the environment showed much weaker fluores
cence after acid digestion (Fig. S1). For the alkaline digestions (1 M 
NaOH and 10 % KOH), red fluorescence intensities of CA, PC, PETE, 
PEST, and PET decreased sharply, appearing dim after treatment; PE, PS, 
PP and PA66 were only slightly affected; and there was no effect on EVA, 
ABS, EPS and PVC (Fig. S1). Karakolis et al. [28] (2019) also found the 
decrease of red fluorescence intensity when MPs exposed to 4 M KOH 
solution. Polymers show variable fluorescence intensities at different pH 
values, which can be associated with changing charge density on the 
polymer surface since Nile red is protonated only in very acidic envi
ronments (pH <4.0) [29–31]. 

Apart from fluorescent signals, digestion protocols had other effects 
on certain polymers, although most of them were not substantially 
affected. PA66, CA and CR were seriously to completely degraded in the 
mixture of 1:1 (v:v) H2O2 (30 wt%) + H2SO4 (96 wt%) solution, 
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impacted primarily by the H2SO4. Apparently changes in mass and 
surface area for other polymers subjected to acid digestion were not 
observed (Table S3, S4). After treatments with 1 M NaOH and 10 % 
KOH, the surfaces of PET pellets were flatter and smoother, and their 
mass decreased by 5.1 % and 6.4 %, respectively (Table S3). This 
degradation may be attributed to the saponification of ester bonds. A 
decrease in surface area of 5.6 % was found on PET pellets after 10 % 
KOH treatment (Table S4). Smaller PET particles (~130 µm) were more 
sensitive to alkaline digestions [18]. For PC MPs, we observed little to no 
changes in mass or surface area with alkaline digestion. However, the 
development of a matte texture and weight loss was observed for PC due 
to hydrolytic degradation by Hurley et al. [16], and a more pronounced 
degradation of PC was found while using higher concentrations of NaOH 
solutions [14,16,32]. 

Biodegradable PLA pellets subjected to alkaline digestion were 
severely depolymerized (Fig. S2; Table S3, S4). Due to the small size of 
CA used in this study, the influence of five digestion protocols was 
assessed through the changes of size distribution. Before digestion, the 
size of CA was 399.02 ± 122.44 µm and significantly decreased to 
239.60 ± 76.32 µm and 281.622 ± 99.41 µm following 1 M NaOH and 
10 % KOH digestion, respectively (p = 0.002, p = 0.005, Table S4). The 
reason was that alkaline solutions caused hydrolysis of the acetate ester 
to hydroxyl groups, especially at high temperatures. 

For 30 % H2O2 digestion, we did not observe significant changes in 
the intensity of fluorescence of the polymers, except for MDPE, HDPE, 
CA and PLA. The quantum yield for Nile red in 30 % H2O2 (pH= 4.7) is 
expected to be relatively constant between pH 4 and 9 [29]. However, 
the oxidation of both Nile red and the polymers themselves by 30 % 
H2O2 as well as the modification of surface charges of the polymers, 
primarily caused the changed adsorption kinetics of Nile red, can result 
in the decrease of fluorescence intensities. For example, the carbonyl 
index of stained HDPE was 0.0224, but changed to 0.0308, 0.0282, 
0.0637 and 0.0451 following 1 M NaOH, 10 % KOH, 30 % H2O2, and 
Fenton’s reagent treatments. Only CA was observed to undergo a 
decrease of fluorescent signal after being treated by Fenton’s reagent, 
but the decrease was modest and the particles were still visible. 

In the 30 % H2O2 digestion treatment, all PA66 particles showed 
cracks but otherwise no mass related changes (Fig. S3; Table S3, S4). The 
diffusion of oxygen radicals may facilitate the thermo-oxidative degra
dation of PA66 [33,34]. CR particles were severely degraded by 30 % 
H2O2, with around 25 % of mass loss (Fig. S3; Table S3, S4). Belone et al. 
[35] observed surface changes and modifications of physical charac
teristics (e.g., tensile and thermal properties) of styrene butadiene rub
ber after 30 % H2O2 digestion at 30–40 ◦C for a couple of days. CR is 
susceptible to attack by oxidants due to the double bonds in the struc
ture. Therefore, thermo-oxidation is the likely degradation mechanism 
for CR. We did not find any noticeable morphological and mass changes 
on other tested polymers. Fenton’s reagent consisted of 30 % H2O2 and 
Fe(II) but no degradation was observed (Table S3, S4). However, this 
exothermic reaction may cause aggregation of polymers with low glass 
transition temperatures. 

FTIR spectra of few treated polymers were altered compared to 
reference spectra (Fig. S4). The 1750 cm-1 band of virgin CA spectrum, 
assigned to C––O groups, has the highest intensity, which is highly 
diminished after treatments, especially for 1 M NaOH digestion. In 
addition, substantial decreases of band intensity at 1250 cm-1 and 
1040 cm-1 assigned to C-O stretching were observed [36]. This is 
explained by the partial hydrolysis of acetyl groups, but it can be also 
due to the hydrolysis of the polymer chains [37]. Consistent with FTIR 
results, TGA curves of treated CA particles deviated from reference 
material and the initial degradations of treated CA particles started at 
lower temperatures (263–323 ◦C) compared to untreated particles 
(336 ◦C) (Fig. S5). 

Modifications of CR spectrum intensities at 2850–2950 cm-1 (-CH2 
stretching) and 1560 cm-1 for acid digestion and 30 % H2O2 treatment 
were observed (Fig. S4). Relative weak intensities of –CH bending at 

1426 and 1370 may suggest the breakage of polymer chains. Generally, 
it is challenging to identify CR undergone acid and 30 % H2O2 treat
ments as characteristic peaks were almost disappeared. Besides, distinct 
TGA curve was observed on CR subjected to these two treatments. 
Although surface morphological modification was observed on PA66 
particles that were subjected to 30 % H2O2, we did not find significant IR 
spectrum deviation (Fig. S4). The intensity of C––O stretching of PC 
particles at 1766 cm-1 increased following acid and 30 % H2O2 treat
ments, but this minor change would not affect the identification of PC. 

PET subjected to acid digestion showed weak stretching of -CH2 at 
2960 cm-1 and 2910 cm-1 (Fig. S4). Part of C––O bond at 1720 cm-1 and 
C––C bond at 1560 cm-1 were broken by the oxidation of H2SO4. These 
modifications on PET could affect its identification. Due to the presence 
of ester bonds leading to chain scission, hydrolysis degradation slightly 
occurred after alkaline digestion as the peak in the region of 3430 cm-1 

related to OH end groups slightly increased compared to untreated PET 
pellets. Additionally, the band at 1716 cm-1, a C––O bending, was much 
broader in PET pellets. Nevertheless, those spectral changes were not 
suspected to hamper polymer identification. TGA curves did not show 
remarkable differences between the reference and treated PET pellets, 
except for acid digestion. The oxidations of PLA subjected to acid and 30 
% H2O2 digestions were evident from the increased intensity of the band 
for the stretching of C––O at 1741 cm-1. More obvious difference was 
found on TGA curves for PLA pellets. The onset temperatures for treated 
PLA pellets were lower than 350 ◦C, but it was approximately 370 ◦C for 
the reference. 

3.1.2. Organic matter removal efficiency 
As discussed in the methods section, we applied a filtration step using 

a 45 µm sieve after each digestion protocol which allowed some small 
undigested particles to be removed, but retain our targeted MPs 
(>45 µm). Thus, the total mass loss of sludge is somewhat higher than 
reported in previous studies [16,18]. The highest weight loss was 
observed by applying 30 % H2O2 at 60 ◦C for 24 h, followed by Fenton’s 
reagent, 1:1 (v:v) H2O2 (30 wt%) + H2SO4 (96 wt%), 10 % KOH, and 
1 M NaOH (Table 2). Alkaline digestions yielded some residual 
agglomerated sludge that although softened did not separate into par
ticles < 45 µm, which could be a reason for their slightly lower removal 
efficiencies. While alkaline conditions can be effective at destroying 
proteins in the sludge, cellulose, chitinous materials, and humins are 
resistant to alkaline digestion [38,39]. Regarding that the weight loss 
was attributed to the removal of organic matter, we obtained > 90 % of 
organic matter reduction after acid, 30 % H2O2 and Fenton’s reagent 
treatments. 

In combination with the observed damages of the tested polymers 
subjected to five treatments, Fenton’s reagent was the best overall 
protocol effectively removing organic matter, freeing the MPs without 
damaging them. Thus, we chose Fenton’s reagent for our study of MPs in 
sludge from the University of Mississippi WWTP. 

3.1.3. Method validation 
We spiked Nile red stained plastic particles, commercially available 

microbeads and colored MPs to sludge collected from the University of 
Mississippi WWTP. Samples were processed with Fenton’s reagent for 
removal organic matter and 1.6 g/cm3 ZnCl2 solution for density 

Table 2 
Total weight loss and corresponding organic matter removal efficiency for each 
digestion protocol.  

Protocols Total weight removal (%) Organic matter removal 
(%) 

1 M NaOH 84.4 ± 1.6 78.2 ± 2.2 
10 % KOH 85.0 ± 2.2 79.1 ± 3.1 
30 % H2O2 99.1 ± 0.4 98.8 ± 0.5 
Fenton’s reagent 95.1 ± 0.6 93.1 ± 0.8 
H2O2:H2SO4 (v/v = 1:1) 93.0 ± 3.4 90.2 ± 4.7  
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