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Abstract

Microplastics are an increasing concern due to their widespread occurrence in aquatic
environments worldwide. The lack of a harmonised protocol for their reliable quantification
remains a major challenge in current scientific efforts. This study presents a comparative
evaluation of three protocols for the detection and quantification of microplastics in aqueous
samples. The protocols were assessed based on quantification efficiency, risk of particle
degradation, staining performance, operational complexity, and cost per sample. Protocol
A combined Rhodamine B and ethanol staining with NaCl-based density separation,
demonstrating strong isolation performance while maintaining minimal chemical hazards
and moderate cost (2.45€ per sample) that could be further reduced to 0.45€ per sample
by substituting reagent-grade NaCl with table salt. Protocol B offered moderate isolation
capacity and presented the highest risk of particle fragmentation, likely due to the use of
acetone and high-temperature digestion. Protocol C, based on the combined use of Nile
Red and ZnCly, also presented a risk of particle fragmentation, resulting in the highest MP
count for small and hydrophobic particles. In addition, its high cost (15.23€ per sample)
limits its suitability for routine application.

Keywords: microplastics; quantification; identification; urban wastewater; Rhodamine B;
Nile Red

1. Introduction

Microplastics (MPs) are increasingly detected in various aquatic environments, from
surface waters to wastewater treatment effluents, and even in bottled water [1]. The concern
about MPs goes beyond their widespread distribution. As porous contaminants, MPs can
adsorb other hazardous substances such as pharmaceuticals, potentially increasing human
exposure and associated health risks, including resistance and side effects [2]. This issue is
particularly relevant considering the bioaccumulation of MPs through the food chain, with
humans positioned as one of its final recipients [3].

One of the main challenges when addressing MP pollution monitoring is the lack of
harmonised methods for their isolation and quantification. Although several procedures
have been proposed in the literature, no consensus has yet been reached [4]. Some tech-
niques are more commonly used than others, but they are still far from being established as
standardised references [5].

Among the existing techniques for sample pre-treatment, density separation and
chemical digestion (using acids or oxidising agents such as H,O;) are some of the most
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widely applied. Density separation is a simple and low-cost method, although it may
be less effective in matrices with high organic load [6,7]. Chemical digestion using acids
or oxidising agents is effective in removing organic matter, but it may damage certain
polymers if not properly controlled [8].

On the other hand, staining is a widely studied technique used to facilitate MP
detection and quantification. Previous studies have reported the use of two main staining
solutions: Nile Red, which is commonly applied due to its strong affinity for non-polar
polymers such as polypropylene and polyethene, although its selectivity may be affected
by the presence of organic matter; and Rhodamine B, which is considered particularly
suitable for complex matrices such as wastewater [9,10] due to its improved stability in
matrices with high organic content [11,12]. The use of a single technique usually results in
incomplete treatment; thus, the combination of multiple methods is often recommended to
achieve optimal MP isolation and staining [13].

Given the methodological heterogeneity in MPs’ research, variations in sample pre-
treatment, staining procedures, and detection techniques can significantly influence the
results obtained, thus limiting the comparability of studies [14]. To address this issue, it is
necessary to standardise key procedural steps, ensuring that differences in performance are
attributable to the protocols themselves rather than to external variables. The comparison of
protocols under harmonised experimental conditions is therefore essential to evaluate their
actual performance [15]. Methodological comparisons conducted under unified conditions
are fundamental to advancing towards a more consistent and reliable framework for MPs’
analysis [16].

This study aims to compare the performance of three MP isolation and quantification
protocols under harmonised experimental conditions. A statistical analysis was conducted
to assess whether the results obtained by using the protocols are significantly different.
Moreover, protocols were evaluated by using an integrated approach considering their
effectiveness for the monitoring of MPs in a wastewater treatment plant (WWTP) effluent
in terms of particle quantification and isolation capacity, classified by morphology and
size; analytical cost; and operational and safety considerations. This integrated evalua-
tion aims to identify the most suitable and scalable protocol for routine MP monitoring,
thereby contributing to the effort towards methodological harmonisation in environmental
microplastic analysis.

2. Materials and Methods
2.1. Reagents & Equipment

Sulfuric acid (H»SO4), used for pH adjustment in the Fenton process, Rhodamine B,
zinc chloride (ZnCly), and glass fibre filters were supplied by Scharlab (Barcelona, Spain).
Ferrous sulphate heptahydrate (FeSO4-7H,0) and hydrogen peroxide (H,O,, 30% and
35%), for organic matter removal, sodium chloride (NaCl) for density separation, and Nile
Red stain were all obtained from Carlo Erba (Barcelona, Spain).

For MP identification and quantification, samples were observed using an Axioplan 2
optical microscope (Zeiss, Barcelona, Spain) equipped with a UV light lamp.

Statistical analyses were carried out using one-way ANOVA in Minitab Statistical
Software 22.3.0 (Minitab, State College, PA, USA).

2.2. Description of Evaluated Protocols

Wastewater samples were collected after secondary treatment from the Terrassa mu-
nicipal WWTP (Barcelona, Spain). This matrix was selected as representative of complex
effluents containing a wide range of organic matter and potential microplastic sources.
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Protocol A

Protocol B

Protocol C

In this study, three different protocols are assessed. To facilitate direct comparison
between protocols, all filtration steps in this study were carried out using glass fibre filters
with a pore size of 1.2 um and the analysis was performed in triplicate. In addition,
blank filters were prepared to avoid interference from staining or MPs’ release from filters
themselves, and no false positives coming from the filters were found. In Figure 1, the three
protocols are presented:

Fenton NaCl Vacuum Rhodamine B Vacuum Detection &
oxidation flotation filtration staining filtration quantification
ot H,0, Mot Nile red Vacuum Detection &
Filtration digestion Filtration staining filtration quantification
ZnCl, Vacuum Nile Red Detection &
flotation filtration staining quantification

Figure 1. Sample preparation procedures for protocols A, B and C [17-19].

It is important to note that, for the purpose of this study, particles were considered MPs
if they were sized between 5 mm and 1.2 um, consistent with widely accepted definitions in
the literature [5]. This size range was used as the standard for particle classification during
analysis.

2.2.1. Protocol A: Rhodamine B Staining Detection with NaCl Flotation and Fenton
Oxidation

A 500 mL of WWTP effluent sample is treated by the Fenton process, adding
FeSO4-7H,0O and H;O, (30%) in variable concentrations according to the organic car-
bon demand of the sample, following a fixed proportion of HyO,:COD = 1:0.5 (w/w)
and H,O,:Fe?* = 1:10 (molar ratio) [20]. The sample is then stirred at room temperature
(20 4 0.5 °C). NaCl is added to the solution up to saturation (120 g L !, with a density
of 1.10 g mL~! and 1.21 mPa-s of viscosity), and after 1 h of settling, the supernatant is
vacuum-filtered using a glass fibre filter with a pore size of 1.2 um, which is then air-dried.
To enable selective quantification of MPs, filters are stained with Rhodamine B (200 mg L)
and left in the dark for 30 min. The filters are then examined under a fluorescence optical
microscope (567 nm). The whole protocol is detailed elsewhere [17].

2.2.2. Protocol B: Nile Red Staining Detection with HyO, Digestion

A 500 mL sample was first filtered to retain suspended solids, which were then rinsed
and digested with 20 mL of H,O, (35%) and a small amount (3-5 grains) of FeSO4-7H,0.
The suspension was brought to boiling point and then kept at 80 &= 0.5 °C for 4 h, followed
by 20 h at room temperature (20 £ 0.5 °C) to ensure degradation of natural organic matter.
After digestion, the sample was filtered using a 1.2 pm filter and stained with a Nile Red
solution in acetone (0.1 g L~!). The filter was subsequently examined under a fluorescence
microscope (485 nm). This protocol follows the approach described by Sturm et al. [18],
with minor adjustments.

2.2.3. Protocol C: Nile Red Staining Detection with ZnCl, Flotation

ZnCl, is initially added to a WWTP effluent sample (500 mL) at a concentration of
1.3 g L~! for MPs flotation (density of 1.66 g mL~! and 1.82 mPa-s). The supernatant is
then filtered through a glass fibre filter with a pore size of 1 um using a vacuum filtration
unit. Following filtration, the filters were stained with 5 mL of Nile Red solution (1 g L™!
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in acetone) and kept in the dark for 30 min to facilitate dye adsorption onto plastic surfaces.
The filters were subsequently examined under a fluorescence microscope with an excitation
wavelength of 485 nm. MPs were manually identified and counted based on fluorescence
and morphology. The protocol was first presented by Maes et al. [19].

2.3. Statistical Analysis

To determine if the methods are statistically comparable, a one-way analysis of vari-
ance (ANOVA) of the MPs detection among the explored protocols is performed. The
dependent variable was the number of microplastic particles detected in each 500 mL of
WWTP effluent sample (in triplicate), based on visual counting under optical microscopy
coupled with a UV lamp. The independent variable was the protocol applied (A, B or C).
On the other hand, the same analysis is used for MP morphology. In this case, the inde-
pendent variable was the morphology of MPs (fragments, fibres or films). The significance
level was set at a p-value of 0.1 for both analyses, considering that the null hypothesis is
that protocols show no significant differences in MPs counting, thus statistical significance
regarding lower and upper values was taken into account.

3. Results and Discussion
3.1. Protocols Testing

The distribution of MPs by size and morphology across the three protocols is presented
in Table 1:

Table 1. Quantification of MPs by size range and morphology for the three tested protocols.

Unit Fragments Fibres Films
Protocol 50-100 >100 100-500 500-1000 >1000 <100 100-500 500-1000 >1000
<50 pm <100 pm
pum pm pm pm pm pm pm pm pm
A sarlfgle’l 1819 4+ 1557 135+ 57 25+5 13+2 89 +29 47 £28 43+19 1+1 15+1 1+2 00+ 00
% 83.09 6.15 1.16 0.61 4.05 2.16 1.98 0.03 0.70 0.06 0.00
B sarl\rg)le’l 499 + 301 26 + 28 13+3 3+1 36+ 12 5+1 4+3 00 + 00 11+3 1+1 1+1
% 83.44 4.35 2.12 0.45 6.02 0.89 0.67 0.00 1.78 0.17 0.11
C sarll\fgle” 3335 + 1332 75+ 15 73 +41 15+9 58 + 38 13+6 13+17 242 9+4 1+1 1+1
% 92.75 2.09 2.02 0.43 1.61 0.37 0.37 0.06 0.24 0.04 0.02

The results indicate a higher presence of fragments across all three protocols evaluated.
These fragments are mainly distributed within the smaller size ranges (<100 um), with
protocol C reporting the highest number of MPs, mainly in those with the smaller sizes
(58%), followed by protocol A (33%) and, finally, protocol B (9%). However, this trend
changes when considering fibres (in all the size ranges studied). In this case, protocol A
demonstrates higher efficiency in the identification of this morphology (57%). A similar
pattern is observed for films, where protocol A also achieves the highest quantification
among the three protocols (41%) (as can be seen in Figure 2).

The higher number of small particles observed in some protocols may be partially
explained by microplastic alteration during sample processing. These results support
previous findings related to MPs’ alteration during sample processing. Munno et al. [21]
evaluated the impact of temperature on MPs’ integrity during chemical digestion pro-
cedures, particularly at temperatures exceeding 70 °C. The authors reported partial or
complete degradation of MPs (such as PET, PS or PVC) under these conditions, especially
during wet peroxide oxidation. In this regard, recent studies have highlighted the presence
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of PET, PS, PP, PVC, PA, and PES as the most abundant in WWTPs, demonstrating the
possibility of degrading a high fraction of MPs normally found in wastewater [22-24].

B Protocol A
M Protocol B
M Protocol C

Figure 2. Distribution of microplastic morphology—fragments (a), fibres (b) and films (c)—for each
protocol, expressed as relative abundance.

The use of acetone in MPs’ processing was also investigated in previous studies, such
as that of Garcia-Sobrino et al. [25], which reported structural degradation and fragmen-
tation of some plastic polymers when they are put into contact with this solvent. In this
context, using less aggressive organic solvents, such as ethanol, may reduce the risk of
unintended MP degradation.

In this study, the suspension of MPs by density separation was explored using NaCl
and ZnCl,. The amount of reagent required to saturate the solution differs between the two
salts. While NaCl reaches saturation at approximately 1.20 g mL.~!, ZnCl, allows higher
density solutions (up to 1.37 g mL~!), which enhances separation efficiency, although the
increase on solution viscosity (1.82 mPa-s in the case of ZnCl, compared with 1.21 mPa-s in
the case of NaCl) could slightly mitigate the effect of density separation. Moreover, from a
safety perspective, ZnCl, could lead to several risks due to its toxicity to both human health
and the environment and should require additional efforts for its appropriate disposal.

Regarding staining performance, Rhodamine B showed improved effectiveness in
detecting fibres and film particles. This dye also proved particularly useful in samples
containing high organic load, which could interfere with quantification. Moreover, its
stability under oxidative conditions, such as those involving hydrogen peroxide, makes it
suitable for protocols that include chemical digestion [10]. On the other hand, Nile Red
combined with acetone is frequently reported to enhance the visualisation of smaller and
more hydrophobic particles [26].

These findings reported an overestimation of quantification for smaller fragments
using protocol C, as the use of acetone increases the fragmentation in smaller particles.
Even when used at low concentrations, acetone can affect certain types of plastics. Materials
like polystyrene or acrylics are particularly sensitive and may partially dissolve, weaken or
become more brittle after contact, even at room temperature. Several studies have shown
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that this kind of chemical exposure can lead to fragmentation or surface changes that are not
always visible but still affect particle size and shape. In the case of this study, this explains
the higher number of small particles observed in Protocol C, which exceeds what would be
expected from the actual microplastic abundance [23]. In protocol B, the quantification of
MPs was lower than with the other two protocols, as the fragmentation of smaller MPs due
to high temperature and acetone reduces the size, entering the definition of nanoplastics,
which are out of the scope of this study. Protocol A, by contrast, appears to offer a more
balanced and reliable quantification across MP types and size ranges.

3.2. Protocols Statistical Comparison

The performance of the three protocols was compared using a one-way ANOVA (n =9,
p = 0.1) to assess the statistical significance of the results. The analysis revealed significant
overall differences among the protocols (F(2, 6) = 5.54; p = 0.043). However, post-hoc
analysis using Tukey’s method at a 95% confidence level showed that the difference was
only statistically significant between Protocols B and C (Figure 3). No significant differences
were found between Protocol A and either of the other two.

5500

4500
3500 [ I °

2500 |

1500

500 | - ®

MPs counting (MPs sample™")

-500 |

-1500
Protocol A Protocol B Protocol C

Figure 3. Total microplastic counts per sample obtained using each protocol, expressed as
mean + standard deviation (1 =9).

These findings demonstrate that protocols B and C differ in their quantification effi-
ciency due to their different pre-treatment strategies. While protocol C detects a higher
number of particles, this is partly due to the fragmentation of bigger MPs. At the same time,
protocol B presented lower MP counts since the degradation of smaller MPs results in the
obtaining of particles with a size range lower than 1 um, which is out of the scope of this
study since the definition chosen for considering a plastic particle an MP was from 5 mm
to 1 pm. The lack of significant difference between protocol A and the others suggests an
intermediate performance, balancing detection efficiency and pre-treatment aggressiveness.

When evaluating statistical differences based on particle morphology (significance
level = 0.1), no significant differences were found among the protocols. However, both
fragments and fibres showed p-values close to the significance threshold (F(2, 6) = 4.83;
p = 0.056), while no difference was observed for films (F(2, 6) = 2.01; p = 0.215).

3.3. Implementation Cost Estimation

To assess the economic feasibility of the protocols, the cost per sample was estimated
based on the amount of reagents and materials required for each procedure. Prices were
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obtained from current commercial products (Carlo Erba and Sharlab, Barcelona, Spain) and
refer to standard laboratory-grade reagents. Table 2 summarises the quantities used, unit
prices, and resulting cost per sample for each protocol. The quantities used in this study
(“Needed”) were standardised to be able to compare the costs of each protocol.

Table 2. Cost estimation for the protocols explored in this study.

Reagent Quantity Unit Price Unit Needed Unit Total Unit
Protocol A
NaCl (99%) 1000 g 37.50 € 60.00 g 2.250 €
Glass fibre filter 100 u 20.46 € 1.00 u 0.205 €
H,0, (30%) 1000 mL 24.59 € 3.00 mL 0.074 €
Rhodamine B 100,000 mg 80.68 € 1.00 mg 0.001 €
Ethanol 1000 mL 25.01 € 5.00 mL 0.125 €
FeSO,-7H,0 1000 g 45.50 € 0.27 g 0.012 €
Total 2.667 € sample !
Protocol B
Glass fibre filter 100 u 20.46 € 1.00 u 0.205 €
H,0; (35%) 1000 mL 60.90 € 20.00 mL 0.006 €
Red Nile 250 mg 164.63 € 0.50 mg 0.329 €
Acetone 1000 mL 34.77 € 5.00 mL 0.174 €
FeSO4-7H,0 1000 g 45.50 € 0.32 g 0.015 €
Total 0.728 € sample ™!
Protocol C
Glass fibre filter 100 u 20.46 € 1.00 u 0.205 €
Red Nile 250 mg 164.63 € 5.00 mg 3.293 €
Acetone 1000 mL 34.77 € 5.00 mL 0.174 €
ZnClp 1000 g 62.48 € 185.00 g 11.559 €
Total 15.230 € sample !

Protocol B was the most affordable, with an estimated cost of 0.73€ per sample. Proto-
col A was the second one with a lower cost of 2.67€ per sample due to the use of reagent
grade NaCl. However, the use of lower quality (table salt) could yield similar results but
reducing the cost to up to 0.45€ per sample. Protocol C was by far the most expensive, with
a cost of 15.23€ per sample, largely due to the high quantity of ZnCl, required to reach the
necessary density for particle separation and the larger amount of Nile Red used.

However, it is important to note that the use of density separation with ZnCl, is not
recommended for samples with low organic matter content, as its contribution to separation
efficiency is limited. In such cases, the cost of protocol C can be significantly reduced to
3.67€ per sample, making it more economically viable.

These differences in cost must be considered in relation to the performance of each
protocol in terms of MP quantification, detection sensitivity, and operational complexity.
From this perspective, protocol A may offer the most balanced compromise between
affordability and analytical reliability.



Microplastics 2025, 4, 49

8of11

3.4. Integrated Evaluation of Protocol Performance

Based on the quantitative findings from MP quantification, statistical significance, and
economic assessment, a multicriteria evaluation was conducted to compare the overall
feasibility of each protocol.

To summarise the main differences between the evaluated protocols, a radar chart was
used based on five categories (Figure 4). It was assigned a score from 1 (least favourable) to
5 (most favourable) in five key categories for routine application: treatment cost, operational
complexity, risk of particle fragmentation, detection efficiency, and reagent toxicity.

Treatment cost

Reagent toxicity Operatlor_1al
complexity
MPs counting Fragmentation
==Protocol A Protocol B Protocol C

Figure 4. Multicriteria evaluation of the three protocols for microplastic analysis.

The scoring was based on a combination of experimental results and practical expe-
rience from running the tests. For instance, the “treatment cost” score reflects the actual
estimated cost per sample. “Operational complexity” took into account how easy the
procedure is to carry out in the lab, including steps, required equipment, and handling
of reagents. Fragmentation was evaluated based on the observed size distribution and
references reporting possible damage to MPs, especially under high temperatures or in
contact with solvents like acetone.

In terms of detection efficiency, we considered not just the total number of particles
detected but also how consistent and reliable those results were across replicates and
morphologies. Lastly, reagent toxicity was assessed by looking at the type and amount
of hazardous substances used (for example, ZnCl, in Protocol C). ZnCl, and acetone are
highly hazardous, and their use in the lab and disposal should be managed with caution.
Although Nile Red is commonly used for MP staining, it is also considered potentially toxic
and should be handled with care. It is not a fully benign alternative to dyes like Rhodamine
B, which also carries toxicological concerns.

While this kind of chart does not replace detailed data analysis, it helps highlight
which protocol strikes the best balance overall (especially in contexts where simplicity,
safety, and cost matter just as much as analytical sensitivity).

Protocol A shows a very balanced performance. It scores high in all categories, which
means it is not only effective in quantifying microplastics but also easy to apply, low-cost,
and safe to handle. This makes it a strong candidate for routine use, especially in settings
where resources or time are limited.
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Protocol B performs well in quantification, but it is less simple to carry out and involves
reagents that require more careful handling. These aspects might make it harder to use in
regular laboratory work, particularly where safety and time are important.

Protocol C stands out for different reasons. While it helps with visual detection of
particles thanks to fluorescence, it comes with several drawbacks. It uses acetone, which
increases both the cost and the chemical risk, and may also cause plastic fragmentation. This
could lead to an overestimation of small particles. For these reasons, Protocol C seems less
suitable for routine quantification, even if it might be useful in specific research contexts.

4. Conclusions

This study presents a comparative assessment of three protocols for MP detection,
combining quantification data, statistical analysis, cost estimation, and operational consid-
erations. Among the three, protocol A is reported as the most balanced among the other
two protocols explored in terms of overall feasibility for routine microplastic monitoring.

While protocol C appeared to yield more small and hydrophobic particles, this is
likely due to particle fragmentation caused by the chemical reagents used, rather than
enhanced sensitivity. Moreover, the higher cost (15.23€ per sample), greater operational
complexity, and the use of hazardous reagents such as ZnCl, reduce the feasibility of its
use as a routine analysis. Protocol B also presented limitations, including a higher risk of
microplastic fragmentation and lower cost-effectiveness compared to protocol A, although
its relatively low cost (0.73€ per sample) may be advantageous in certain contexts.

In contrast, protocol A proved to be the most balanced and robust approach, offering
reliable quantification performance, minimal chemical and physical alteration of particles,
and the lowest cost per sample (0.45€) when using table salt, which drastically reduces the
cost of the treatment without compromising the reliability of the results. Its use of ethanol
and Rhodamine B reduced both toxicity and background interference, while NaCl ensured
effective density separation without the risks associated with heavier salts.

Based on all the results presented in this study, protocol A is recommended as the
standard protocol for microplastic analysis in environmental samples, particularly where
complex matrices or high sample volumes are involved. Its adoption could significantly im-
prove comparability, reproducibility, and long-term monitoring efficiency across laboratories.
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