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Abstract

Microplastic quantification in marine vegetated ecosystems remains analytically demanding, yet
little is known about the environmental footprint of the laboratory procedures required to isolate and
measure these particles. This study applies Life Cycle Assessment (LCA) to laboratory analytical
workflows for microplastics quantification, focusing exclusively on sample preparation and
analytical procedures rather than natural environmental absorption or fate processes, in two
ecologically relevant matrices: (i) pelagic algae (Sargassum) and (ii) seagrass biomass. Using openLCA
2.5 and the ReCiPe Midpoint (H) v1.13 method, the analysis integrates foreground inventories of
digestion, filtration, drying, and spectroscopic identification, combined with background datasets
from OzLCI2019, ELCD 3.2 and USDA. Results show substantially higher impacts for the algae
scenario, particularly in climate change, human toxicity, ionising radiation and particulate matter
formation, largely driven by longer digestion times, increased reagent use and higher energy demand
during sample pre-treatment. Conversely, the seagrass scenario exhibited lower burdens per
functional unit due to reduced organic complexity and shorter laboratory processing requirements.
These findings highlight the importance of matrix-specific methodological choices and the influence
of background datasets on impact profiles. The study provides a first benchmark for the
environmental performance of microplastic analytical workflows and underscores the need for
harmonised, low-impact laboratory protocols to support sustainable monitoring of microplastic
pollution in marine ecosystems.

Keywords: contribution analysis; environmental footprint; laboratory-scale processes; organic
matrices; process-based environmental assessment

1. Introduction

Today, with industrialisation firmly embedded in modern societies, global plastic production
has reached approximately 413.8 million metric tonnes per year, resulting in a growing
environmental crisis associated with plastic waste mismanagement [1]. An estimated 23 million
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tonnes of plastics enter aquatic environments annually through maritime activities, urban runoff and
inadequate waste management practices. Due to their resistance to biodegradation, plastics
progressively fragment into microplastics —synthetic hydrocarbon particles smaller than 5 mm—
which persist in marine and freshwater systems and accumulate across environmental compartments
[2,3]. These particles can act as vectors for toxic contaminants and are associated with ecological and
human health concerns, including biochemical interactions and disruptions in organisms and
humans [4,5].

While a substantial body of literature addresses the environmental fate, transport and ecological
impacts of microplastics, the present study does not investigate natural processes such as
environmental uptake, sequestration or degradation. Instead, it focuses exclusively on the
environmental performance of laboratory-based analytical workflows required for the quantification
of microplastics in environmental matrices.

Seagrass meadows and marine macroalgae are frequently described as temporary sinks for
microplastics due to their structural complexity, reduced hydrodynamic flow and biofilm
development. In seagrass ecosystems, dense leaf canopies slow water movement and promote
sedimentation, resulting in elevated microplastic concentrations in sediments compared to adjacent
non-vegetated areas [6-8]. Similarly, marine macroalgae species, particularly filamentous species,
exhibit high microplastic retention capacity through adhesion and physical entanglement, often
reaching concentrations substantially higher than those observed in surrounding seawater [9,10].

The retention of microplastics by marine vegetation is influenced by physical trapping,
extracellular polymeric substances (EPS) secretion and biofilm development, which can enhance
particle aggregation and sedimentation [11,12]. Biofilms associated with microplastics consist of
diverse microbial communities embedded in an EPS matrix, facilitating adhesion on plastic surfaces
and contributing to their vertical transport in marine environments [10,12]. Although these microbial
interactions can alter microplastic properties and, under specific conditions, initiate partial
degradation pathways, most synthetic polymers remain highly persistent in aquatic systems.

Despite the ecological relevance of these natural retention mechanisms, their investigation relies
on complex laboratory workflows involving sample collection, pre-treatment, chemical digestion,
density separation and instrumental detection. These analytical procedures typically require the use
of energy-intensive equipment, chemical reagents and consumables, generating secondary waste
streams whose environmental implications are rarely considered beyond analytical performance
metrics.

To date, most studies comparing microplastics quantification methods focus on recovery rates,
detection limits and reproducibility, while the environmental burdens associated with alternative
analytical workflows remain largely unexplored. This lack of methodological assessment limits the
ability to select analytical approaches that are not only robust and reproducible, but also
environmentally efficient, particularly as microplastics monitoring expands in scope and frequency.

Life Cycle Assessment (LCA) has been extensively applied to evaluate energy-intensive process
systems, demonstrating their suitability for comparing alternative configurations and identifying
environmental hotspots driven by energy consumption. Such applications underscore the relevance
of LCA for analysing laboratory-based workflows, where electricity demand and processing duration
can dominate environmental impact profiles [13]. By applying LCA to microplastics quantification
methods, this study addresses a methodological gap by comparing the environmental performance
of alternative laboratory workflows under controlled conditions, without assessing natural
microplastics absorption, transport or fate processes. The results aim to support more sustainable
decision-making in analytical method selection and laboratory practice. Previous process-based
environmental assessments have demonstrated the applicability of LCA to complex systems
characterised by multiple operational stages and heterogeneous inputs. These studies provide a
methodological precedent for applying LCA beyond conventional industrial systems, extending its
use to analytical and laboratory-scale processes that require systematic comparison of alternative
scenarios [14]. From a broader sustainability perspective, LCA has been increasingly used as a
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decision-support tool to inform environmentally responsible practices within the context of circular
economy strategies. Incorporating LCA into the evaluation of analytical and monitoring activities
allows environmental impacts to be considered alongside data quality and scientific reliability,
supporting the development of more sustainable approaches to environmental monitoring and
assessment [15].

e  Thus, the objective of this study was to quantify the environmental impacts associated with
laboratory-based microplastic analysis in two contrasting marine vegetated matrices—pelagic
algae and seagrass—using a gate-to-gate LCA. By evaluating digestion, filtration, concentration
and analytical detection as interconnected subsystems, this work aims to provide the first
systematic assessment of the environmental performance of microplastic quantification
workflows and to identify matrix-specific drivers influencing their life cycle burdens. The
system boundaries are strictly limited to laboratory operations and analytical inputs, excluding
environmental microplastics dynamics or natural absorption processes.

2. Materials and Methods

2.1. Goal and Scope

The objective of the LCA was to determine the environmental impact of quantifying the
microplastic absorption process of biofilms in two aquatic ecosystems: Scenario 1. Seagrass beds; and
Scenario 2. Sargassum. The methodological design of this study is informed by recent critical analyses
of LCA applications, which highlight functional unit definition, system boundary selection and
impact category choice as major sources of uncertainty, particularly in laboratory-scale and process-
oriented assessments. To ensure methodological consistency and transparency, a gate-to-gate
approach was therefore adopted, focusing exclusively on the technosphere processes associated with
microplastic quantification while excluding natural processes beyond direct human control [16]. The
functional unit for this analysis was 1 kg of biomass (sargassum or seagrass) that has the capacity to
absorb microplastics.

2.1.1. Limitations

Several limitations inherent to the scope and methodological design of this LCA must be
acknowledged.

e  The study adopts a gate-to-gate approach focused exclusively on the processes associated with
quantifying microplastic retention by biofilms. As recommended by the ILCD Handbook, such
a restricted boundary may omit upstream or downstream environmental burdens that could be
relevant in a broader assessment [17]. Consequently, the results should not be interpreted as the
total environmental impact of microplastic pollution, nor as the environmental performance of
the ecosystems studied, but solely as the impact of the analytical quantification process.

e  The natural process of microplastic absorption by seagrass meadows and sargassum is not
modelled in terms of environmental impact, as it is an uncontrolled and non-anthropogenic
phenomenon. Only the mass of microplastics retained —used as the functional output—is
considered. According to ISO 14040 and ISO 14044, excluding biological processes beyond
human control is acceptable when they are not part of the technosphere; however, this
introduces uncertainty regarding comparability across different environmental conditions
[18,19].

e  The quantification of microplastics depends on laboratory methods that may vary in recovery
efficiency, detection limits, analytical sensitivity, and accuracy. Studies have shown that FTIR
and Raman spectroscopy may under-detect small particles (<20 um), while digestion protocols
can partially degrade certain polymers, leading to underestimation (e.g., [20,21]). Although
standard quality-control measures (blanks, replicates, calibration) reduce these uncertainties,
they cannot be eliminated.
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e Data availability for some inventory flows—particularly energy consumption of analytical
equipment and specific emission factors for laboratory reagents—may require the use of
secondary datasets. As emphasised by the ILCD data quality guidelines, reliance on secondary
data introduces uncertainty related to technological, geographical, and temporal
representativeness [17]. Sensitivity analysis is recommended to evaluate the robustness of
results to these uncertainties.

e  The study does not include a cradle-to-grave assessment of the microplastics themselves. Their
production, release into the ocean, environmental transport, fragmentation, and fate are
excluded. Reviews on LCA of plastics and microplastic pollution highlight that excluding life-
cycle emissions of polymers prevents capturing the full environmental burden associated with
the presence of microplastics in marine environments [22]. This limitation is consistent with the
study’s objective but restricts interpretability.

e The spatial and temporal representativeness is constrained to the sampling locations and
experimental conditions selected. Microplastic concentrations, hydrodynamics, biofilm
structure, and vegetation density can vary substantially across regions and seasons [23].
Therefore, extrapolation of the results to other ecosystems should be performed with caution.

2.1.2. System Boundary

The system includes the processes of sampling and collection of biomass in the field, transport
of samples to the laboratory, preparation and separation of the biofilm, chemical digestion when
applicable, filtration, concentration, drying or preservation, analytical analysis (FTIR, u-FTIR/Raman,
microscopy), data recording, as well as the handling of reagents, waste, and consumables. Energy
consumption is also considered associated with drying, filtration, and analysis, as well as material
inputs (filters, membranes, reagents, containers).

The production of the vegetation (seagrass or sargassum), its natural cycle in the ecosystem, the
original production of microplastics, their previous use in the marine environment, and subsequent
management stages (use, final disposal outside the laboratory) are intentionally excluded, except for
the immediate treatment of waste generated during the analysis. The “cradle-to-grave” phase of the
microplastic as a pollutant is also not included, given that the objective is the quantification of
retention.

The spatial boundary is limited to the coordinates and conditions of the sampling sites defined
for each scenario (vegetation density, hydrodynamics, depth, etc.). The temporal horizon considers
the time of sampling, transport, processing, and analysis. If the environmental fate of the retained
microplastics is estimated (sedimentation, remobilisation, etc.), the fate horizon and the associated
assumptions must be clearly defined. The input flows considered include reagents, energy, sampling
and filtration materials. The outputs are solid and liquid laboratory waste, retained microplastics,
possible remobilised ones, and emissions or discharges derived from the use of energy or reagents.

2.2. LCA Inventory

Tables 1 and 2 show the inventories considered for both scenarios. These inventories were taken
from various sources and were used to determine the environmental impact of quantifying the
microplastics retained by these two biomasses.

Table 1. LCA inventory for Scenario 1. Data based on [24] process description.

Inputs Outputs
Seagrass biomass 1 kg Seagrass biomass 1 g
Microplastics in seawater 0.016 kg Microplastics retained by biomass 0.016 kg
HCL 001 kg HCL* 001 kg
‘ H,0, 002 kg H,0,* 002 kg
Ethanol 0.005 kg Ethanol** 0.005 kg
Energy derived from equipment 0.072 M]
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* Emissions to water; ** Emissions to air.
Table 2. LCA inventory for Scenario 2. Data base on [25] process description.
Inputs Outputs
Algae biomass 1 kg Algae biomass 1 kg
Microplastics in seawater 0.022 kg Microplastics retained by biomass 0.022 kg
H,0, 0.09 kg H,0,* 0.09 kg
FeS0, - 7H,0 0.02 kg FeS0, - 7H,0* 0.02 kg
H,0 1 kg H,0% 1 kg
Energy derived from equipment 6.84 M]J

* Emissions to water.

The equipment considered for those scenarios were: Drying oven Stereomicroscope FT-IR
Spectrometer, Incubator/Shaker, Filtration, and Microscopy.

2.3. LCA Assessment

The LCA was carried out using the open-source software openLCA v2.5 [26], following the ISO
14040/14044 framework for impact assessment characterisation, normalisation, and interpretation
[18,19]. All foreground inventory data derived from the sampling, preparation, digestion, filtration,
and analytical quantification stages were modelled as independent processes within openLCA, while
background data—such as electricity supply, chemical production, transport, and waste treatment—
were sourced from the OzLCI2019 data base combined with
eled_3_2_greendata_v2_18_correction_20220908 and USDA_1901009 databases. Impact characterisation
was performed using the ReCiPe Midpoint (H) V1.13 method, selected due to its comprehensive
coverage of environmental impact categories relevant to laboratory-intensive processes, including
climate change, freshwater ecotoxicity, human toxicity, and resource use [27]. All characterisation
factors were applied as provided in the original method without modification. Data quality
assessment followed ILCD recommendations for representativeness, completeness, and
methodological appropriateness [17]. Sensitivity analysis was conducted for key parameters
(electricity use, reagent consumption, filtration efficiency) to evaluate the robustness of results and to
account for uncertainty inherent in laboratory-scale microplastic quantification. The overall LCIA
results represent the environmental impacts associated exclusively with the technosphere processes
required to quantify one gram of microplastic retained by biofilm, in accordance with the defined
goal, scope, and system boundary of this study.

2.4. LCA Interpretation

The interpretation of results will be conducted following the methodological requirements
established in ISO 14040 and ISO 14044, ensuring that the findings are consistent with the goal and
scope of the study and that conclusions are technically justified and transparent [18,19]. The
interpretation will comprise four structured components: (i) identification of significant issues, (ii)
evaluation, (iii) consistency and completeness checks, and (iv) conclusions and recommendations.

Significant issues will be identified by examining the relative contributions of each process
within the technosphere—such as digestion, filtration, and analytical procedures—to the midpoint
impact categories assessed. Contribution analysis, normalised results, and hotspot identification will
be used to determine which processes dominate the environmental burden. This step follows
internationally recognised interpretation practices as outlined in the ILCD Handbook [17].

An evaluation step will be performed, including a completeness check, sensitivity analysis, and
uncertainty assessment. Completeness checks will verify that all relevant foreground and
background processes defined in the system boundary were included. Sensitivity analysis will assess
the influence of key parameters such as electricity consumption, reagent use, and microplastic
recovery rates on overall impact results. Parameters showing high sensitivity will be highlighted as
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potential contributors to uncertainty. Where applicable, uncertainty will be addressed by comparing
variations across alternative datasets (e.g., electricity mixes) and by examining methodological
choices, following guidelines from ILCD and recent literature on analytical variability in microplastic
quantification [20]. Then, a consistency check will ensure that assumptions, data sources, allocation
rules, and characterisation methods have been applied uniformly across scenarios and system
processes. This assessment will verify that modelling decisions in openLCA—such as database
selection, impact method, and process connections—align with the goal and scope, maintaining
methodological coherence throughout the study.

Conclusions and recommendations will be formulated based on identified hotspots and
sensitivity outcomes, focusing on opportunities to reduce environmental burdens within laboratory
protocols and supporting best practices for microplastic quantification. All interpretation findings
will explicitly reflect the uncertainties and constraints identified during the evaluation process, in

accordance with ISO standards and ILCD guidance. The impact categories evaluated can be seen in
Table 3.

Table 3. Twelve impact categories evaluated in both LCA scenarios [26].

Impact category keywords Reference unit

Greenhouse gases (GHG), CO:2 equivalent, emissions, global
warming, radiative forcing (100 years).
freshwater ecotoxicity Toxic substances, chemical spills, damage to aquatic organisms,
(FETPinf) alteration of freshwater ecosystems.

climate change (GWP100) kg CO2-Eq

kg 1,4-DCB-Eq

freshwater eutrophication Excessive nutrients (phosphorus), water enrichment, algae growth,
(FEP) decomposition, oxygen depletion.
Toxic substances in air, water or soil. Industrial emissions. Risk of
cancer, chronic diseases, risk to human health.
Radioactive isotopes (U235), X-rays/Gamma/Alpha/Beta rays, DNA

kg P-Eq

human toxicity (HTPinf) kg 1,4-DCB-Eq

ionising radiation (IRP_HE) damage, cell mutations, cancer. kg U235-Eq
marine ecotoxicity (METPinf) Release of chemic'als into the ocean, biorflccgmul.ation, marine kg 1,4-DB-Eq
mortality, damage to ocean biodiversity.
marine eutrophication (MEP) Excessive nutrients (nitrogen), agricultural/re.sidentie.il runoff, algal ke N-Eq
blooms (red tide), areas of hypoxia/anoxia.
ozone depletion (ODPinf) (ChlOTOfEJQ(gl‘;Ct:Ef’L‘ZK?S‘{;};(;gzri‘;:igifmlcals’ O7ONe kg CFC-11-Eq
particulate matter formation Precursor gases (502, NOx, NHs), particulate matter, kg PM10-Eq
(PMEP) respiratory/cardiovascular diseases, mortality/morbidity.
photochemical oxidant NOx + VOCs + Sunlight, vehicle emissions, photochemical smog, kg NMVOC-Eq
formation (POFP) tropospheric ozone, respiratory irritation.
terrestrial acidification Sulphur and nitrogen oxides, acid deposition, soil pH decrease, kg SO2-Eq
(TAP100) aluminium leaching, root damage.
terrestrial ecotoxicity Soil contaminants, persistent chemicals, damage to soil organisms kg 1,4-DCB-Eq
(TETPinf) (microorganisms, plants, fungi), loss of biological fertility. ’

It should be noted that, for some impact categories such as marine ecotoxicity (METPinf),
negative values may arise due to the modelling approach adopted. These values result from the
application of an avoided burden perspective; whereby environmental credits are assigned when
upstream processes—such as the production of chemical reagents or the management of hazardous
laboratory waste—are partially substituted or avoided within the analytical workflows. Such credits
reflect impacts avoided in the background system and do not represent direct environmental benefits
occurring during laboratory operations.
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3. Results

In both scenarios, as biomass represents natural carbon reservoirs and seagrass represents
microplastic reservoirs, both cases are related to the climate change category. When evaluating this
impact category, focusing on the laboratory process and performing a comparative analysis between
the scenarios, scenario 2, with 8.65 kg CO2-Eq had a greater impact than scenario 1 with 0.25 kg CO»-
Eq, as shown in Figure 1. This relationship is directly proportional to energy consumption in both
scenarios, since scenario 2 has higher consumption, as the shaker was used for around 52 h
continuously, the impact is greater.

climate change (GWP100)

0.000 2.000 4.000 6.000 8.000 10.000
climate change (GWP100)

H Result seagrass 0.254
M Result Algae 8.647
kg CO2-eq

Figure 1. Climate change impact category. Orange colour corresponding to scenario 1 (Seagrass) and blue colour

corresponding to scenario 2 (Algae/sargassum). Source: Authors.

To analyse the assessment of the different impact categories in relation to natural resources, the
different categories were classified into three main groups: water impacts, soil impacts, and air
impacts.

3.1. Water Impacts

The impact categories classified in this group were FETPinf and METPinf. It was evident that in
the case of FETPinf, scenario 2 was higher than scenario 1. METPinf showed different behaviour, as
scenario 1 had an environmental credit or avoided impact load. This behaviour may indicate that
there is a subprocess that has reduced pollution in a system, as shown in Figure 2. The negative values
obtained for METPinf should therefore be interpreted as relative environmental credits rather than
net environmental benefits. They reflect the avoidance of marine ecotoxicity impacts associated with
upstream chemical production or waste management processes, and do not imply a direct reduction
of marine pollution during the analytical procedures themselves.
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Result Algae Result seagrass
-0.010
-0.012
-0.020
M freshwater ecotoxicity (FETPinf) marine ecotoxicity (METPinf)

Figure 2. Water impacts of both scenarios. Reference units: FETPinf: kg 1,4-DCB-Eq; METPinf: kg 1,4-DB-Eq.
Source: Authors.

3.2. Soil Impacts

When evaluating terrestrial ecotoxicity (TETPinf) and terrestrial acidification (TAP100), the
trend of greater intensity in the treatment of sargassum in scenario 2 is confirmed (see Figure 3).
Furthermore, regarding TETPinf, scenario 2 is significantly higher than scenario 1. In TAP100,
scenario 2 also has a significantly higher value than scenario 1.

L0 0.815
0.8

0.6

0.4

02 0.003 0.0065

00 e 0.0003

terrestrial acidification
(TAP100) terrestrial ecotoxicity
(TETPinf)

M Result Algae M Result seagrass

Figure 3. Soil impacts: Reference units: TETPinf: kg 1,4-DCB-Eq and TAP100 kg SOz-Eq. Source: Authors.
3.3. Air Impacts

The air-related impact categories include photochemical oxidant formation (POFP), particulate
matter formation (PMFP) and ozone depletion (ODPinf). Regarding ODPinf, very low values close to
zero are evident in both scenarios, with scenario 2 being higher than scenario 1 (see Figure 4). In terms
of PMFP and POFP, scenario 2 has a greater impact than scenario 1. This may be due to the burning
of fossil fuels for energy generation or transport of supplies.
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0.527
6.00E-01

5.00E-01
4.00E-01
3.00E-01
2 00E-01 1.12E-05 0.124
1.00E-01 1.11E-07 0.001

0.00E+00 < 0.001
| 4

ozone depletion i
(ODPinf) particulate matter
formation (PMFP) ~ photochemical
oxidant formation
(POFP)

M Result Algae M Result seagrass

Figure 4. Soil impacts: Orange colour corresponding to scenario 1 (Seagrass) and blue colour corresponding to

scenario 2 (Algae/sargassum). Reference units: POFP kg NMVOC-Eq; PMFP: kg PM10-Eq, of ODPinf kg CFC-
11-Eq. Source: Authors.

3.4. Other impact Categories

On the other hand, within the other impact categories, it was found that these categories have a
similar trend, as shown in Figure 5. Here, in the case of IRP, scenario 2 accounts for a higher impact

than scenario 1. The same behaviour was evidenced for HTPinf, although the magnitudes were
greater.

0.001
2 9.343
ionising radiation (IRP_HE)
0.145
human toxicity (HTPinf) 25.489

4

climate change (GWP100) &8.647
00 5p

10.0
: 30.0

M Result seagrass M Result Algae

Figure 5. Other impact categories. Reference units IRP_HE kg U235-Eq, HTPinf: kg 1,4-DCB-Eq.
4. Discussion

Methodological uncertainties observed in this study are consistent with challenges reported in
recent critical reviews of LCA applications to complex environmental systems. In particular, the
definition of the functional unit, the selection of background databases and the allocation of energy-
intensive laboratory processes can significantly influence the magnitude and distribution of impact
categories [16]. Acknowledging these sources of uncertainty is essential for a transparent
interpretation of results and for ensuring comparability across LCA studies addressing analytical
workflows. The substantial differences observed between the algae and seagrass scenarios across
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multiple impact categories reflect the interplay between analytical method intensity and ecosystem
matrix complexity rather than fundamental ecological differences alone. Several lines of evidence
from the microplastic and life cycle literature support this interpretation.

Laboratory workflows that involve energy-intensive instruments such as FTIR spectrometers,
ovens for drying and prolonged filtration steps can contribute substantially to energy use and related
environmental impacts in analytical procedures. Although few life cycle assessments focus
specifically on microplastic quantification, reviews of analytical methods note that energy
consumption from instrument operation and solvent production are important contributors to the
overall environmental profile of analytical chemistry workflows [28].

Methodological reviews underscore the high variability in extraction and detection protocols for
microplastics, noting that the choice of reagents, digestion methods, and analytical detection (FTIR,
Raman, microscopy) can lead to significant differences in recovery rates and resource requirements
[20]. This heterogeneity in protocols can translate into differing life cycle burdens even when
addressing the same environmental sample. For example, aggressive oxidative digestion, often
necessary to remove organic matrices from algal samples, requires greater energy input and chemical
usage, which elevates impacts in categories such as human toxicity and freshwater ecotoxicity.
Indeed, chemical reagents and their upstream production pathways contribute substantially to
toxicity-related indicators when included in life cycle inventories.

The physical and biological characteristics of sample matrices further influence analytical
intensity. Marine macroalgae and pelagic biomass such as sargassum often contain high organic
loads and complex biofilms, making it more challenging to liberate bound microplastics without
extensive pre-treatment and repeated filtration. Field studies demonstrate that macroalgal
assemblages can accumulate significant quantities of microplastics embedded within biofilms or
mucilage, necessitating more exhaustive laboratory processing relative to more structurally
accessible matrices such as seagrass detritus [26,29]. These ecological patterns align with the observed
life cycle results: the algae scenario, representing more complex biomass, incurs higher impacts per
gram of microplastic quantified.

The influence of background datasets and regional electricity profiles also plays a role in several
impact categories. While the present study uses a combined database that includes datasets not
specific to the Colombian energy mix, the choice of electricity source and chemical production
pathways influences impacts such as ionising radiation and particulate matter formation. This
observation echoes broader LCA literature showing that differences in regional electricity mixes and
upstream supply chains can significantly alter impact profiles, particularly in categories sensitive to
energy source composition.

This contribution analysis aims to identify the main drivers of environmental impacts across the
evaluated laboratory workflows, focusing on energy use, chemical reagents and filtration-related
consumables. The analysis is intended to support the interpretation of the LCA results rather than to
provide a detailed inventory-level breakdown. Across all impact categories, energy consumption
associated with laboratory equipment (e.g., ovens, agitation and filtration systems) emerges as a
dominant contributor, particularly in categories related to climate change and cumulative energy
demand. The prominence of climate change and related impact categories in the present results
reflects patterns commonly observed in LCA studies of energy-intensive processes. Previous
assessments have shown that prolonged operating times of equipment and high electricity demand
can be decisive contributors to overall environmental burdens, a trend that is consistent with the
higher impacts observed in the more analytically demanding scenario evaluated here [13].

Workflows involving prolonged heating or repeated processing steps show consistently higher
impacts, highlighting the sensitivity of laboratory-scale analyses to electricity use. Chemical reagents
contribute significantly to toxicity-related categories, including freshwater and marine ecotoxicity, as
well as human toxicity indicators. The use of strong oxidants and high-purity chemicals increases
upstream impacts associated with chemical production, which partially explains the higher
environmental burdens observed in chemically intensive workflows. Filtration steps and single-use
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consumables contribute to material- and waste-related impacts, particularly when fine-pore filters
and disposable units are employed. Although their relative contribution is generally lower than that
of energy and reagents, their cumulative effect becomes relevant when workflows require multiple
filtration stages.

The comparative approach adopted in this study aligns with earlier process-oriented LCA
applications, where scenario-based analysis has proven effective in identifying trade-offs between
operational complexity and environmental performance. Such consistency reinforces the validity of
using LCA as a framework for evaluating alternative laboratory workflows for microplastic
quantification [14].

The need for methodological standardisation in microplastic quantification has been
emphasised in the literature. The absence of harmonised procedures contributes not only to
variability in ecological data but also limits comparability among studies [30,31]. Optimised protocols
that minimise reagent use and reduce instrument time could indirectly decrease the environmental
burdens associated with analytical routines, although dedicated life cycle assessments of such
strategies remain scarce.

5. Perspectives and Future Work Regarding LCA of Microplastic Quantification

Future research on the life cycle impacts of microplastic quantification should prioritise the
development of standardised, low-impact analytical protocols. As highlighted in methodological
reviews, the absence of harmonised procedures leads to limited comparability among ecological
datasets and analytical outcomes [20,32]. Standardisation efforts could target digestion conditions,
filter types, spectroscopic minimum detection thresholds and sample pre-treatment workflows.
Harmonised methods would also enable cross-laboratory comparisons of analytical performance and
environmental burdens, providing a clearer understanding of the trade-off between analytical
accuracy and environmental cost.

A second avenue for future work concerns the integration of energy-optimised laboratory
practices into microplastic research. Several studies examining sustainability in scientific laboratories
report that analytical instruments, particularly thermal and spectroscopic equipment, are frequently
operated under non-optimised conditions that elevate energy demand unnecessarily [33].
Implementing best practices such as batch processing, timed shutdown systems, and instrument
energy profiling could substantially reduce the life cycle impacts associated with routine microplastic
analysis. Future LCAs specifically quantifying the benefits of such optimisations would provide
valuable guidance to laboratories and research networks.

Another promising direction involves expanding LCA boundaries beyond the laboratory gate
to incorporate field sampling logistics, biosphere interactions, and long-term environmental
feedback. Research into the environmental behaviour of microplastics in vegetated coastal systems
shows complex retention and release dynamics depending on hydrodynamic exposure, biofilm
development, and vegetation density [34,35]. Incorporating these processes into hybrid LCA-
modelling frameworks—potentially coupled with ecological transport models—could yield richer
insights into how microplastics move through and persist within seagrass beds and macroalgal
assemblages.

Future assessments should also explore alternative extraction technologies that minimise
chemical reagents. Emerging techniques such as enzymatic digestion, density separation using
biodegradable media, and machine learning-assisted automated particle recognition are increasingly
being investigated as lower-impact alternatives to conventional oxidative digestion and manual
microscopy [32]. Comparative LCAs of these novel approaches could identify not only
environmentally preferable workflows but also those that improve particle recovery and reduce
analytical bias.

Another priority is to expand LCA comparisons across multiple types of matrices—including
sediments, biofilms, marine snow, atmospheric deposition, and biota. Evidence shows that
microplastic extraction efficiency and environmental burdens vary substantially depending on
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matrix organic content and particle entrapment levels [23]. Systematically evaluating and comparing
laboratory burdens across these matrices would help clarify whether certain ecosystems or sample
types disproportionately drive environmental impacts associated with scientific research. This would
also support the development of ecosystem-specific guidance for optimised sample processing.

Future work could benefit from integrating LCA with risk assessment and policy evaluation
frameworks. Emerging synthesis papers underscore that effective microplastic policy requires robust,
reproducible quantification and improved understanding of exposure pathways [36]. Linking life
cycle burdens of analytical protocols with policy needs—such as monitoring under regional marine
strategies or blue carbon accounting—could help decision-makers evaluate trade-offs between
scientific precision and environmental sustainability. In the long term, developing sustainable
monitoring frameworks that balance scientific quality with reduced laboratory impacts may be
critical for large-scale microplastic surveillance programs.

6. Conclusions

This study provides the first life cycle-based evaluation of microplastic quantification workflows
applied to two ecologically relevant marine matrices. The results demonstrate that laboratory
processing is highly sensitive to biomass characteristics, with the algae scenario consistently showing
greater environmental burdens across several impact categories due to longer digestion processes,
increased reagent demand and higher energy consumption. In contrast, the seagrass scenario
required fewer pre-treatment steps and exhibited substantially lower impacts per functional unit.

The findings highlight the importance of considering methodological choices, sample matrix
complexity and background dataset composition when interpreting microplastic analytical results.
They also underscore that laboratory protocols themselves carry measurable environmental
footprints which, although small relative to large-scale industrial processes, become relevant when
analytical workflows are repeated across extensive monitoring programmes.

Furthermore, the study identifies opportunities to reduce impacts by optimising digestion
conditions, refining energy-intensive stages and adopting harmonised procedures. Future research
should integrate alternative extraction methods, evaluate additional matrices and consider hybrid
LCA-ecological frameworks to better connect analytical sustainability with environmental
monitoring needs. Overall, this work establishes a foundational benchmark for improving the
environmental performance of microplastic quantification, contributing to more sustainable and
reliable assessments of marine pollution.
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Abbreviations

The following abbreviations are used in this manuscript:

LCA Life Cycle Assessment
0zLCI2019, ELCD and

Free databases for LCA and sustainability data

USDA
FTIR and p-FTIR Fourier Transform Infrared spectroscopy, and micro-FTIR
GWP Climate Change

FETPinf Freshwater Ecotoxicity

FEP Freshwater Eutrophication

HTPinf Human Toxicity

IRP_HE Ionising Radiation

METPinf Marine Ecotoxicity

MEP Marine Eutrophication

ODPinf Ozone Depletion

PMFP Particulate Matter Formation

POFP Photochemical Oxidant Formation

TAP100 Terrestrial Acidification

TETPinf Terrestrial Ecotoxicity

CFCs Chlorofluorocarbons

Uuv Ultraviolet

NOx The gases nitric oxide and nitrogen dioxide

VOCs Volatile Organic Compounds

DNA Deoxyribonucleic Acid

ILCD International Life Cycle Data

EPS Extracellular polymeric substances
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