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Abstract
The widespread presence of microplastics (MPs) in biosolids raises significant concerns, primarily because biosolids are 
commonly used as fertilizers in soil, where MPs can accumulate, disrupt soil health and microbial activity, and potentially 
enter the food chain. Accurate quantification of MPs in biosolids and soil remains challenging due to their low concentra-
tions, aging-induced property variations, and complex biosolid matrices. To address these challenges, modulated differ-
ential scanning calorimetry (MDSC), a high-sensitivity, low-detection limit, and cost-effective thermal analysis approach, 
was employed to quantify MPs in complex biosolid matrices. Using micron-sized polyethylene (PE), polypropylene (PP), 
polyamide 6 (PA6), and polyethylene terephthalate (PET) spiked into biosolid matrices, MPs were quantified based on the 
enthalpies generated from the melting peaks. MDSC exhibited 1.4–2.5 times higher sensitivity than conventional DSC, with 
a theoretical limit of quantification (LOQ) as low as 7 μg/g. An averaged recovery of 93 ± 20% for four micron-sized plastics 
from three different sources using MDSC demonstrated good accuracy, confirming its reliability. To highlight its applicability 
to real-world samples, a tiered workflow incorporating MDSC, Raman spectroscopy, and thermogravimetric analysis (TGA) 
was employed to identify and quantify MPs in biosolids. These findings indicate that MDSC, especially when combined with 
complementary techniques, is a sensitive and accurate method for identifying and quantifying MPs in complex matrices.

Keywords  Microplastics (MPs) · Modulated differential scanning calorimetry (MDSC) · Thermal analysis · Quantification · 
Biosolid matrix · Wastewater treatment plant (WWTP)

Introduction

Microplastics (MPs), typically defined as plastic particles 
smaller than 5 mm, have become a primary environmental 
concern due to their widespread distribution and potential to 
disrupt both marine and terrestrial ecosystems [1, 2]. Their 
presence in soil and water has raised alarms as MPs can 
accumulate in the food chain, potentially affecting human 
health and biodiversity. As MP research progresses, there is 
a growing focus on identifying, quantifying and understand-
ing the environmental abundance and implications of MPs. 
The quantification of MPs remains particularly challenging 
due to their broad size distributions, diverse compositions, 
and complex matrices [3, 4]. Biosolids, the by-products of 
wastewater treatment plants (WWTPs), are major accu-
mulators of MPs [5–7], and it has been reported that there 
are as many as 12,000 MP particles per kg of biosolids [8]. 
In North America, approximately 50% of biosolids is pro-
cessed and applied as fertilizer in agriculture [9], which 
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inadvertently makes biosolids one of the primary routes for 
microplastics to be released into the environment [10, 11].

As global plastic production and consumption increase, 
unmanaged discharges into WWTPs will likely result in 
more MPs entering the environment [10, 12]. Although 
research on microplastic pollution is advancing rapidly, 
identifying and quantifying MPs in biosolids remains chal-
lenging [13]. This is due to (1) difficulties in extracting MPs, 
(2) instrumental limitations in detecting small-sized parti-
cles, and (3) the presence of organic materials and other 
contaminants in matrices that complicate the quantification 
process [14–16]. Therefore, there is a pressing need for reli-
able and efficient methods to identify and quantify MPs in 
complex matrices, such as biosolids, to better assess their 
environmental risks.

Existing analytical methods, such as Fourier-transform 
infrared (FTIR) and Raman spectroscopies, are commonly 
used to identify MPs based on their chemical structures 
[17, 18]. While both can effectively determine the chemi-
cal characteristics of the MP samples of interest, they are 
often limited in quantitative measurements. While quantifi-
cations are possible through labor-intensive visual sorting or 
by integrating machine learning techniques, these methods 
frequently face challenges associated with sample heteroge-
neity in complex sample matrices, including biosolids [19]. 
Useful as they are, other techniques, such as pyrolysis gas 
chromatography-mass spectrometry (py-GC/MS) [20–22], 
are limited by high costs and interference from organic mat-
ter in the matrices, which are known to increase background 
noise [23]. Alternatively, thermogravimetric analysis (TGA) 
has also been used to quantify MPs [24, 25]. However, the 
TGA technique generally fails when thermal transitions 
overlap [26].

Differential scanning calorimetry (DSC) is a widely used 
technique for analyzing polymers, measuring the enthalpy 
changes associated with thermal transitions, primarily melt-
ing and crystallization [24, 27]. This technique allows for 
quantification based on the amount of heat absorbed or 
released [28–31]. While conventional DSC can be used 
to quantify polymer content in biosolids, it is limited in 
resolving overlapping thermal events, especially in com-
plex samples, thus hindering its wide application in MPs 
analysis [28]. To address this issue, modulated differential 
scanning calorimetry (MDSC) has emerged as a technique 
that enhances detection resolution and sensitivity [32, 33]. 
The MDSC technique integrates conventional DSC with 
periodic temperature modulation, enabling simultaneous 
measurement responses to multiple heating rates within the 
same experimental setup, thereby eliminating the need for 
compromises between resolution and sensitivity [34]. The 
MDSC has been shown to enhance the analysis of MPs by 
separating reversible and irreversible thermal events via 
temperature modulation, allowing the method to distinguish 

overlapping thermal signals and providing a clearer under-
standing of complex materials [35]. This not only enhances 
sensitivity and resolution but also facilitates the detection of 
weak transitions and the separation of overlapping thermal 
events [33, 34, 36], making the MDSC highly effective for 
identifying different polymer types in complex samples and 
distinguishing their crystalline and amorphous phases.

In this study, we develop and validate an MDSC-based 
method to both identify and quantify MPs in biosolid matri-
ces with high detection sensitivity and low LOQ. Further-
more, a tiered workflow combining MDSC, TGA, and 
Raman spectroscopy is proposed to enable the characteriza-
tion of trace amounts of MPs, such as PE, PP, PA6, and PET, 
in complex matrices, including biosolids, with enhanced effi-
ciency and sensitivity.

Materials and methods

Microplastics preparation and characterization

Three types of microplastics were used in this study (Table 1). 
Commercial microplastic powders (CMP) included PE 
(10 μm) and PP (42 μm) from Polysciences (Warrington, PA, 
USA), PET (20 μm) from Chemazone (Leduc, AB, Canada), 
and PA6 produced by blending Sigma PA6 pellets (Oakville, 
ON, Canada) and sieving through a 125 μm mesh. Product-
derived microplastics (PMP) were sourced to reflect common 
consumer plastic waste: PE from laboratory wash bottles, PP 
from food containers, PET from disposable water bottles, and 
PA6 from umbrella straps. PE, PP, and PET were blended and 
sieved to < 125 μm, while PA6 straps were cut into 1–2 mm 
pieces and manually pulled into ~ 50 μm fibers. Aged-CMPs 
were prepared by suspending 50 mg of CMPs in 150 mL of 
0.01% polyvinyl alcohol (PVA) solution, followed by thermal 
aging in an autoclave and probe sonication [37], after which 
the suspension was filtered through 5 μm PTFE membranes 
(Sartorius, Aubagne, France) and dried at 50 °C.

Microplastics extraction from biosolids

In this study, raw biosolids from a secondary-level wastewater 
treatment facility with anaerobic digestion were used; they 
were collected from various locations across Canada [5, 6]. To 
ensure laboratory biosafety, the collected biosolids were auto-
claved before any further processing. For the pre-treatment, 
5 g of raw biosolid were reacted with 150 mL of 30% H2O2 
(Fisher Scientific, Ottawa, ON, Canada) at room temperature 
until bubbling ceased, which takes up to 7 days, indicating 
complete digestion. Subsequently, the mixture was filtered 
through a Sartorius 1.2 µm PTFE filter (Aubagne, France), 
and the collected solid was then transferred to a saturated 
CaCl2 solution (density of 1.42 g/cm 3) in a custom-made 
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glass separator [38] for density separation after the mixture 
was allowed to settle overnight. The CaCl2 solution was used 
because it had a higher density than most common polymers, 
and is considered safe and environmentally friendly. Subse-
quently, the supernatant– the fraction with a density < 1.42 g/
cm3– was filtered through a 1.2 µm PTFE filter. The retained 
solids were collected, dried at 50 °C, and then manually 
ground in a ceramic mortar and pestle for 10–20 s, to de-
agglomerate dried clumps prior to further analysis.

MDSC measurement and analysis

A DSC Q2000 (TA Instruments, New Castle, DE, USA) 
equipped with a refrigerated cooling system (RCS90, TA 
Instruments, New Castle, DE, USA) was used for the MDSC 
measurements. Briefly, dry samples (5–15 mg) were placed 
into Tzero aluminum pans (TA Instruments, New Castle, 
DE, USA), sealed with Tzero lids (TA Instruments, New 
Castle, DE, USA), and then encapsulated using a Tzero 
DSC sample encapsulation press (TA Instruments, New 
Castle, DE, USA). All crucibles and sample masses were 
measured using a Mettler-Toledo XPE-205 analytical bal-
ance (Oakland, CA, USA) with a readability of 0.01 mg. 
The DSC equipment was calibrated periodically during the 
measurements using indium standards. Measurements were 
performed under MDSC mode from 50 °C to 300 °C. Spe-
cifically, during MDSC measurements, a modulated heating 
rate of 0.796 °C every 60 s was superimposed on a constant 
average heating rate, yielding total heat flow data equivalent 
to those obtained from conventional DSC [33]. A heat-cool-
heat cycle was used to erase the thermal history and water 
effects and to maximize the uniformity of the crystallinity 
of the samples [28]. Thermograms obtained from the second 

heating ramp were analyzed. Samples were subjected to a 
heating/cooling rate of 5 °C/min to enhance the resolution 
of thermal transitions [39]. A nitrogen purge gas flow of 
50 mL/min was maintained throughout the process.

To identify plastics in the MDSC samples, the “peak maxi-
mum” feature in the Universal Analysis 2000 (version 4.7.0.2, 
TA Instruments, New Castle, DE, USA) was employed to 
locate the peaks of melting temperatures (Tm). This was fol-
lowed by comparisons with a library of standard plastic melt-
ing peaks (Table S2) to identify potential plastic candidates.

To further quantify the amount of the identified plastics in 
the MDSC samples, each of the melting peak areas from the 
second heating cycle was integrated by applying linear peak 
integration at the onset and offset of the melting peaks of PE, 
PP, PA6, and PET at 79, 120, 168, 226, and 265 °C, respec-
tively, all with an error of ± 1 °C. To prepare calibration curves 
to establish melting peak areas vs. the corresponding plastic 
masses, individual and varying known amounts of PE, PP, 
PA6, and PET CMP were pre-mixed and subsequently spiked 
into a digested blank biosolids (dBB) matrix, designated as 
CMP-dBB mixtures from hereafter. It should be noted that 
the "dBB matrix" refers to the biosolids obtained after diges-
tion of the raw blank biosolid (rBB) to remove organic matter, 
and has been confirmed to be plastic-free via both MDSC and 
TGA analyses. The calibration curves were used to calculate 
the mass of the MP in the MDSC samples.

To evaluate potential matrix effects on polymer quan-
tification using thermal analysis, CMP mixtures contain-
ing PE, PP, PA6, and PET were spiked into two types of 
environmental matrices: (1) biosolid and (2) artificial soil 
(AS). The samples were subjected to both conventional 
DSC and MDSC analysis to assess differences in thermal 
signal clarity. The AS matrix was a gift from Environment 

Table 1   Sources and preparation of microplastic samples for calibration and validation of the MDSC method

Source Type Polymer Material Description Preparation/Size Supplier/Origin

Commercial 
Microplas-
tic Powders

(CMP)

PE Powder, ~ 10 μm Direct use Polysciences Inc. (Warrington, PA, USA)

PP Powder, ~ 42 μm Direct use Polysciences Inc. (Warrington, PA, USA)
PET Powder, ~ 20 μm Direct use Chemazone Inc. (Leduc, AB, Canada)
PA6 From PA6 pellets Blended, sieved < 125 μm Sigma (Oakville, ON, Canada)

Product-
derived 
Microplas-
tics (PMP)

PE Lab wash bottles Blended, sieved < 125 μm Consumer plastic waste

PP Food containers Blended, sieved < 125 μm Consumer plastic waste
PET Water bottles Blended, sieved < 125 μm Consumer plastic waste
PA6 Umbrella wrist straps Cut 1–2 mm, pulled to ~ 50 μm fibers Consumer plastic waste

Aged-CMP PE, PP, PET, 
PA6 (from 
CMPs)

Suspended in 0.01% PVA Autoclave + sonication, filtered (5 μm 
PTFE), dried at 50 °C

Prepared in lab
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and Climate Change Canada, prepared in-house according 
to OECD guidelines, by mixing 10% sphagnum peat, 20% 
kaolin clay, and 70% silica sand by dry weight [40], to result 
in an AS with a measured organic matter (OM) content of 
approximately 7%.

Determination of quantification errors 
in microplastics from three sources

To evaluate the accuracy and selectivity of MDSC quanti-
fication of MPs, mean absolute error (MAE) and analytical 

recovery were assessed using microplastic samples from 
three different sources –– CMP, MPP, and aged-CMP –– 
that were characterized using MDSC. Each sample con-
sisted of mixtures of PE, PP, PA6, and PET in varying 
proportions, with each plastic ranging from 0.03 mg to 
1.11 mg per sample. The resulting plastic mixtures were 
spiked with the dBB matrix so that the total sample mass 
(i.e., the plastic mix and the dBB matrix) was approxi-
mately 10 mg for the MDSC measurement. The MAE and 
analytical recovery were calculated using the equations 
below:

where mmeasure is the measured mass of a given species of 
the polymer in the spiked mixture determined by the MDSC, 
mblank is the averaged peak area of the dBB matrix measured 
at the onset and offset of the MPs’ melting peaks (79, 120, 
168, 226, and 265 °C for PE, PP, PA6, and PET, respec-
tively); mean of six blank runs, and mtrue is the correspond-
ing mass of the same polymer determined using an analytical 
balance (Mettler-Toledo, Oakland, CA, USA). Here, n is the 
total number of spiked samples that were measured, n = 10.

TGA analysis

To validate the MDSC results, TGA analysis was performed 
using a Netzsch TG 209F1 Iris system (Selb, Germany) from 
40 °C to 1000 °C at 5 °C/min under an argon atmosphere 
(50 mL/min). Briefly, samples (3–10 mg) were placed in an 
empty aluminum oxide crucible for measurement. The TGA 
data were processed using Proteus Analysis software (version 
8.0.2, Selb, Germany), with smoothing applied to the derived 
thermogravimetric (DTG) curves. The decomposition tem-
perature range of plastics (Td, 380–500 °C) was determined 
from the DTG curve, which was used to determine mass loss 
on the thermogravimetric (TG) curve. To assess the correla-
tion between MDSC and TGA, different CMP mixtures con-
taining equal amounts of PE, PP, PA6, and PET were spiked 
into the dBB matrix at 4%, 10% and 20% per polymer (16%, 
40%, and 80% total CMP), with the remaining fraction being 
dBB. In each sample, TGA provided the total polymer mass, 
determined by the total mass loss occurring within the tem-
perature range of 380 °C to 500 °C for the four plastics. The 
mass of each polymer was determined from MDSC, and the 
results were summed to obtain the total mass. The relative 
error was determined by comparing the total mass measured 

Mean Absolute Error (MAE,mg) =
1

n

n�

i=1

�(mmeasure,i−mblank) − mtrue,i�

Recovery (%) =
1

n

n�

i=1

(
mmeasure,i − mblank

mtrue,i

× 100%)
by the MDSC (mMDSC) with that by the TGA (mTGA​), normal-
ized to mTGA​ as the reference method.

Raman spectroscopy analysis

To prepare samples for Raman analysis, 0.5 mg of the extracted 
materials from the tested biosolid was suspended as-is in 1 mL 
Milli-Q water. Then, 20 µL of the suspension was drop-cast 
onto a double-sided polished silicon wafer and dried in a 50 °C 
oven to ensure adhesion. This process was repeated three times 
to accumulate sufficient samples for analysis. Subsequently, 
Raman spectra were acquired using an inVia™ confocal Raman 
microscope (Renishaw plc., UK) equipped with a 633 nm exci-
tation laser and a 1200/mm grating (50 W). Optical images 
were captured using a Leica 100 × objective (Concord, ON, 
Canada). Each Raman spectrum was recorded with a 10-s expo-
sure time over the spectral range of 950–3200 cm⁻1. A total of 
25 spectra were collected per sample from randomly selected 
different locations. The spectra were baseline corrected using a 
peak analyzer function in OriginPro 2021 (OriginLab, North-
ampton, MA, USA). For environmental samples, the obtained 
spectra were compared with an in-house Raman polymer spec-
tral library for qualitative analysis.

Results and discussion

Microplastics characterization using MDSC and its 
comparison with conventional DSC

It is known that MPs often exist in the environment as 
mixtures of various plastics and are typically embedded 

Relative error(%) =
mTGA − mMDSC

mTGA

× 100%
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within complex matrices [6]. These matrices can nega-
tively impact the accuracy of thermal analytical results, 
as organic and inorganic compounds within the matrices 
are known to lead to over- or underestimation of quanti-
fications [41]. In the current study, we demonstrate the 
use of MDSC as a feasible thermal analytical method for 
quantifying MPs in biosolid matrices. To enhance environ-
mental relevance and analytical accuracy, the composition 
of MPs in complex matrices was mimicked by spiking the 
dBB matrices with mixtures of CMP-PE, CMP-PP, CMP-
PA6, and CMP-PET. As shown in Fig. 1A, distinct melting 
peaks corresponding to the semicrystalline phases of PE, 
PP, PA6, and PET were identified, allowing clear differen-
tiation in both MDSC and conventional DSC.

Closer analysis of the thermograms revealed that at low 
plastic concentrations (i.e., 0.05 mg), MDSC exhibited a flatter 
baseline and more distinct peak shapes than conventional DSC, 
particularly for PA6 and PET. This observation is likely due to 
MDSC’s enhanced ability to detect weak thermal transitions 
by separating overlapping transitions from matrix decomposi-
tion and plastic melting [33, 42, 43], which provides a basis for 
quantifying MPs in complex biosolid matrices.

The thermal behaviors of individual CMPs (i.e., CMP-
PE, CMP-PP, CMP-PA6, and CMP-PET) were separately 
characterized using the MDSC. Distinct melting points 
were observed at approximately 110.5 ± 0.7 °C, 155.1 ± 0.6 
°C, 220.2 ± 0.4 °C, and 239.5 ± 0.3 °C for CMP-PE, -PP, 
-PA6, and -PET, respectively (Figure S1). It is interesting 
to note that for a given polymer, differences in melting 
point were observed when the polymer was characterized 
as a polymer mixture vs. individually by MDSC. This was 
particularly pronounced for PA6 and PET, with melting 
points shifting up to 7 °C and 8 °C, respectively (Fig -
ures S1C–D). A similar Tm shift in PA was also observed 
in a previous study [29]. Additionally, it is consistent with 
a recent TG study on mixed thermoplastics; PA6 and PET 
pairs exhibit interfacial interactions that accelerate degra-
dation and deviate from linear superposition, particularly 
when contact is high, indicating that phase interactions 
can alter thermal behavior in mixtures [44]. The shift in 
melting peaks, therefore, justifies the importance of using 
polymer mixtures — as opposed to individual polymers — 
in MPs studies to better understand polymer behavior and 
achieve more accurate analytical results.

It is noticeable that as the mass of polymers increased, 
the peak area observed in the MDSC thermograms increased 
proportionally. To achieve quantification, the reversed heat 
flow resulting from the plastics' melting behavior during the 
second heating ramp was utilized, as the melting of plastics 
is a reversible thermal behavior, to integrate the area under 
each peak. Additionally, the total heat flow from the sec-
ond heating ramp was generated and used as a comparative 
measure, equivalent to conventional DSC.

Building on this proportional relationship, calibration 
curves were generated by integrating peak areas under the 
melting peaks and plotting them against the corresponding 
masses of each plastic, using CMP mixtures prepared with 
and without dBB matrices. Figure 1B–E present the calibra-
tion curves for PE, PP, PA6, and PET individually, obtained 
during the second heating ramp by both MDSC and conven-
tional DSC. All curves showed coefficients of determination 
(R2) greater than 0.99, except for PA6 in matrices and for 
PET (with or without matrices), analyzed by conventional 
DSC, which exhibited lower R2 values in both MDSC and 
DSC analyses. This is most likely attributed to the secondary 
reaction involving PA6 in the presence of PET during co-
heating, an observation well documented in previous studies 
[45]. Consistently, it has been reported that PET and PA6 
show the highest deviations in recovery and the most signifi-
cant relative standard deviations. Moreover, the calibration 
curve using PET alone spiked into dBB matrices yielded a 
good linear fit (R2 > 0.99; Figure S2) in the absence of PA6, 
further supporting the notion that such secondary reactions 
affect quantitative reliability when analyzing mixtures con-
taining these polymers.

A closer analysis of the calibration curves reveals that the 
dBB matrices did not affect the results from either MDSC 
or conventional DSC when the second heating ramp of the 
heat–cool–heat cycle was used, as evidenced by the similar 
slopes of curves with and without dBB matrices. However, 
as the compositions of matrices from different sources vary, 
potential matrix effects must still be carefully considered. 
Thus, calibration curves generated with biosolid matrices 
were used for all subsequent quantification.

Higher sensitivity and lower LOQs of MDSC

The sensitivity of MDSC and conventional DSC for plastic 
quantification was compared using the slopes of calibration 
curves [46]. MDSC exhibited consistently steeper calibration 
slopes across all polymers (Fig. 1B–E), suggesting a sensi-
tivity 1.4–2.5 times higher than that of the conventional DSC 
method for all polymer types investigated. This increased 
sensitivity arises primarily from MDSC’s ability to detect 
subtle enthalpy changes associated with metastable crystal-
lites that can form due to previous thermal or mechanical 
processing or other pre-treatments of the plastics [47]. Such 
enhanced detection is particularly beneficial for low-mass 
samples or those with weak thermal responses that might 
otherwise go undetected by conventional DSC.

The limit of quantification (LOQ) for each polymer was 
determined from the calibration curves using the standard 
approach: LOQ =

10×SD

S
 , where SD is the standard devia-

tion of the peak area of the blank (dBB matrix) measured 
at the onset and offset of the MPs’ melting peaks (79, 120, 
168, 226, and 265 °C for PE, PP, PA6, and PET), and S  is 
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the slope of the calibration curve [48]. Using this approach, 
MDSC achieved lower theoretical LOQs than conventional 
DSC for all polymers, reaching as low as 0.0001 mg per 
measurement, corresponding to ~ 7 μg/g in concentration for 
PA6 (Table S1), confirming its higher sensitivity.

For example, at a PET sample mass of 0.02 mg (Fig. 2A), 
the PET melting peak at 244 °C was clearly detectable in 
the MDSC thermogram. In contrast, no corresponding peak 
was observed in conventional DSC (Fig. 2A, ii) until the 
sample mass was increased to ≥ 0.05 mg (Fig. 2B, iv). It 
is noted that PA6 shows a higher melting enthalpy at the 
lower mass (Fig. 2A, i and B, i). This is because, with a fixed 
PA6:PET ratio (1:1), increased PET content enhances PET’s 
cold crystallization and the leading tail of its melt, which 
affects the baseline near the PA6 melting point. The lower 
detection threshold of MDSC is likely due to its slower 
underlying heating rate, which keeps the system closer to 
equilibrium and provides a more stable baseline for detecting 
weak thermal transitions [49]. In addition, MDSC can sepa-
rate reversible polymer melting from non-reversible signals 
arising from matrix decomposition [33, 43], allowing more 
sensitive detection of small amounts of plastics in complex 
matrices such as biosolids, where incomplete decomposition 
of inorganic matter may otherwise obscure weak melting 
peaks in conventional DSC.

It should be mentioned that although the LOQs of 
MDSC are higher than those achieved by mass spectrom-
etry-based methods, the lowest theoretical LOQ for PA6 at 
7 μg/g is comparable to that of the Py-GC/MS [50]. While 
MDSC measurements require larger sample sizes (gener-
ally > 0.1 mg of dried solids per measurement), the increased 
sample size reduces heterogeneity in sampling, thus lower-
ing variability in results from heterogeneous samples such 
as MPs in biosolids.

By isolating plastic melting signals and performing 
matrix decomposition, MDSC improves sensitivity for plas-
tic quantification. In the environmental-mimicked scenario 
with CMP mixtures in biosolid matrices, these low quanti-
fication limits enable the detection of MPs at trace levels. 

Compared to conventional DSC, MDSC provides more 
reliable measurements with smaller sample sizes, offering 
advantages for detecting increasingly pervasive MPs at min-
ute concentrations.

Factors affecting sensitivity and accuracy in MDSC 
quantification

Crystallinity and aging history

Quantifying low-crystallinity or amorphous plastics by 
conventional DSC is challenging because their thermal 
responses are weak or diffuse, lacking the sharp melting 
transitions and large enthalpy changes typical of highly crys-
talline polymers [51]. For instance, polystyrene (PS) under-
takes a glass transition rather than melting. As illustrated in 
Figure S3, MDSC can detect the presence of PS. Still, the 
signal-to-noise ratio is substantially reduced, particularly in 
multi-component mixtures with PE, where the melting of 
low-density PE (LDPE) overlaps with the PS glass transi-
tion [30]. Among the four micron-sized plastics analyzed, 
PE and PP displayed the highest thermal response (Fig. 1A), 
owing to their defined crystallinity [28, 52]. In contrast, PET 
exhibited the weakest signal, consistent with its lower crys-
tallinity fraction [28, 53].

Natural aging processes, such as UV radiation, mechani-
cal abrasion, and chemical oxidation, often result in reduced 
crystallinity [54, 55], thereby diminishing thermal signals 
[56]. Additionally, manufacturing conditions and the pres-
ence of additives can also modify polymer crystallinity 
structures and affect enthalpy, resulting in reduced accuracy 
and sensitivity [57].

To explore how different manufacturing and aging histo-
ries affect quantification sensitivity, calibration curves were 
generated using micron-sized mixtures of PE, PP, PA6, and 
PET from the two sources of microplastics introduced ear-
lier, PMP and aged-CMP, each spiked separately into the 
dBB matrix. As shown in Figure S4, the PMP set yielded the 
lowest calibration slopes, with PMP-PP being 59% less sen-
sitive than CMP-PP. This reduction likely originated from 
broader, weaker melting peaks arising from lower crystal-
linity after manufacturing [58, 59]. Although the heat-cool-
heat cycle (in non-isothermal crystallization) can partially 
restore crystallinity through recrystallization during cooling, 
this effect depends on polymer-specific kinetics that are dif-
ficult to control uniformly in mixed-plastic samples [28, 60]. 
Despite these challenges, MDSC retained good sensitivity in 
quantifying trace micron-sized plastics with varying aging 
and manufacturing history, by capturing weak transitions 
more effectively.

To evaluate the accuracy of MDSC for microplastics 
quantification, the measured mass from MDSC (mmeasure) 
was compared with the actual weighed mass (mtrue). Three 

Fig. 1   Identification and quantification of MPs by MDSC and con-
ventional DSC. (A) MDSC and conventional DSC measurements of 
quadruple polymer mixtures spiked in biosolids. Melting peaks of 
polymer mixtures are shown for mixtures spiked in biosolid matrices 
with total masses of 0.05 ± 0.01, 0.26 ± 0.02, 0.51 ± 0.02, 0.80 ± 0.04, 
1.01 ± 0.03 mg, at equal mass proportions of 25% each. Calibration 
curves for PE (B), PP (C), PA6 (D), and PET (E) in mixtures were 
obtained using MDSC and conventional DSC, with solid lines rep-
resenting mixtures spiked into matrices and dashed lines represent-
ing mixtures without matrices, respectively. Calibration curves were 
derived from the melting peak areas (enthalpy). Fitting equations and 
R2 values are provided in each plot. Error bars indicate the standard 
deviation (SD) of enthalpy measurements (n = 3). Shaded confidence 
bands correspond to ± 2 SD, an approximate 95% confidence interval 
of measurement variability

◂
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mixtures—CMP, PMP, and aged-CMP (Table 1)—are each 
spiked into the dBB matrix at concentrations ranging from 
0.03 to 1.11 mg per plastic, with 10 replicates per mixture 
(n = 10). Specifically, the mtrue values are obtained gravi-
metrically, while mmeasure values are determined by MDSC 
from melting peak areas and converted to mass using cali-
bration curves. Comparisons between MDSC and gravimet-
ric values are shown in Figure S5, and the mean absolute 
errors (MAE) are summarized in Table 2. The analytical 
recovery of MDSC quantification for PE, PP, PA6, and PET 
is presented in Fig. 3.

Among the four plastics, PE exhibited the closest agreement 
across all sources (Figure S5A), with MAE consistently below 
0.03 mg, and recovery averaged at 102% (Table 2, Fig. 3). This 
likely reflects its favorable crystallization kinetics, resulting from 
a higher molecular weight and fewer branching points, which 
support the formation of a stable lattice structure and a better-
defined thermal transition [61, 62]. Conversely, PP showed 
underestimations at higher masses (Figure S5B)––when PP was 
spiked more than 0.4 mg in the matrices––particularly notable 

in PMP-PP, with an MAE of 0.18 mg, and recovery of 72%. A 
similar underestimation trend was observed in PA6 and PET 
(Fig. 3 and Figure S5 C-D), which consistently exhibited under-
estimations across the entire mass range in PMP, with recovery 
of 76% and 59%, respectively.

Regarding the aging effect, oxidative aging treatment 
induced chemical changes in the aged-CMP-PE, PP, and 
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Fig. 2   MDSC and conventional DSC thermograms of polymer mix-
tures spiked in digested blank biosolid (dBB). PA6 and PET were 
added in equal amounts at two total masses: (A) 0.02 mg and (B) 

0.05 mg. Insets (i–iv) show enlarged views of the PA6 and PET melt-
ing regions from the conventional DSC thermograms

Table 2   Deviation of MDSC-measured microplastic mass from 
theoretical values for CMP, PMP, and aged-CMP. Values are 
mean ± standard deviation over n = 10 independent spiked samples 
per mixture

Plastic types Mean absolute errors (mg)

CMP PMP aged-CMP

PE 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.01
PP 0.04 ± 0.02 0.18 ± 0.13 0.05 ± 0.03
PA6 0.02 ± 0.02 0.06 ± 0.04 0.03 ± 0.02
PET 0.04 ± 0.03 0.13 ± 0.08 0.06 ± 0.05
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PA6 compared to CMP, as presented in the Fourier-trans-
form infrared spectroscopy with attenuated total reflectance 
(FTIR-ATR) spectra in Figure S6. In aged CMP-PP and 
-PA6, a carbonyl peak around 1720 cm−1 emerged, corre-
sponding to C = O stretching and serving as a typical indica-
tor of MPs oxidative aging [63, 64]. The spectral changes 
in aged-CMP-PE were more pronounced, with a new peak 
around 1200 cm−1 suggesting the formation of new inter-
chain interactions among PE chains due to thermal aging 
[65]. Although the chemical characteristics changes have 
been observed in PE, PP, and PA6 in aged-CMP, the meas-
urement errors of aged-CMP did not parallel the error incre-
ment seen in PMP, especially for PP and PET. Slight overes-
timations were noted for PP (MAE of 0.05 mg, recovery of 
110%) and PA6 (MAE of 0.03 mg, recovery of 116%), which 
may be due to increased crystallinity after oxidation. Since 
the calibration is based on the reversing melting enthalpy, 
which is proportional to crystallinity, the higher crystal-
linity of aged plastics could explain the overestimation of 
quantification. This observation also aligns with previous 
reports that oxidized PP exhibits higher crystallinity than 
the unoxidized ones because chemical crystallization occurs 
during oxidation [66, 67]. Similarly, for PA6, the oxidation 
enhances crystallinity, as low-molecular-weight oxidation 
products promote crystallization at elevated temperatures 
[68].

Overall, CMP mixtures consistently achieved the highest 
accuracy, as determined by both MAE and recovery, fol-
lowed by aged-CMP, with PMP showing the largest devia-
tions. These discrepancies may arise from additives or con-
taminants introduced during manufacturing, which interfere 
with chain mobility and disrupt crystallization [69–72]. This 
trend suggests that both manufacturing and post-consumer 
modifications can complicate crystallinity and, in turn, the 

precision of MDSC quantification. While PMP was con-
sistently underestimated, variations introduced by additives 
and contaminants are inevitable factors that could be present 
during the manufacturing process. Despite these challenges, 
this study establishes a foundation for applying MDSC in 
quantifying MPs and successfully demonstrates its efficacy 
and potential for more precise quantification across diverse 
types of plastics and sources.

Matrix interference in environmental samples

Although the second heating ramp is commonly used to 
minimize matrix interference [28, 29], this approach is not 
always suitable for measuring plastic mixtures within com-
plex matrices. In some cases, matrix–polymer interactions 
prevent recrystallization, leading to inaccurate quantifica-
tion or missing signals of plastics during the second heating. 
For example, PA6 in a CMP mixture spiked into artificial 
soil (AS) failed to show a melting peak during the second 
heating. In contrast, the same polymer in digested biosolid 
did (Figure S7), suggesting that the AS matrix suppresses 
recrystallization. A possible cause is interfacial interactions 
between kaolinite and PA6 (e.g., hydrogen bonding between 
kaolinite surface -OH groups and PA6 amide groups), 
which restrict chain mobility and thereby inhibit second-
heat recrystallization of PA6 [73]. Such cases highlight the 
importance of evaluating the first heating profile. Consider-
ing matrix variability, understanding the matrix and incor-
porating it as a background when establishing calibration 
curves is essential.

Because matrix effects can influence thermal behavior dur-
ing the second heating, ensuring a flat baseline during the first 
heating ramp is critical. To assess the impact of the matrix on 
MDSC quantification, CMP mixtures of PE, PP, PA6, and PET 

Fig. 3   Validation of quantifica-
tion accuracy using CMP, PMP, 
and aged-CMP. Spike recover-
ies (%) of PE, PP, PA6, and 
PET measured by MDSC. Bars 
show mean recovery and error 
bars denote standard deviation 
(SD) of 10 independent spiked 
samples (n = 10).
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were spiked into raw biosolid and AS, and the samples were 
analyzed using both MDSC and conventional DSC. As shown 
in Fig. 4, the MDSC thermograms of the first heating ramp 
displayed smooth baselines and clearly identifiable peaks, 
compared with those of conventional DSC. This improvement 
stems from MDSC’s ability to distinguish between reversible 
polymer melting and irreversible matrix degradation, thereby 
minimizing matrix effects. With this capability, extensive 
sample pre-treatment can be reduced, streamlining process-
ing while maintaining analytical accuracy.

Taken together, these findings underscore MDSC's capac-
ity to address two persistent obstacles in the thermal analysis 
of MPs: weak transitions in low-crystallinity plastics and 
matrix interference in environmental samples. The tech-
nique provides a streamlined, robust approach for quanti-
fying microplastics with diverse thermal properties across 
diverse matrices.

Practical strategy for MP identification 
and quantification: a tiered approach

When analyzing environmental samples, the diverse and 
complex nature of MPs necessitates combining multiple ana-
lytical techniques for accurate characterization. Due to their 
varying sizes, shapes, and chemical compositions, relying on 
a single method often falls short of providing a comprehen-
sive assessment [4, 74]. Recognizing these challenges, we 
propose a tiered approach to analyze MPs in environmental 
samples, integrating Raman and TGA as complementary 
techniques for MDSC identification and quantification.

Figure 5 illustrates the proposed workflow for MPs analy-
sis in biosolids or soils. This approach begins with sample 
collection and separation of MPs. Initially, the presence of 
plastics in the samples is determined by TGA, which ana-
lyzes the degradation behavior within the typical polymer 
degradation temperature range (380–500 °C). Once the 
presence of polymers is confirmed, Raman spectroscopy is 
used to identify polymer types via characteristic vibrational 
modes that thermal methods alone cannot provide.

To determine which polymers are suitable for MDSC 
quantification, crystalline identity is assessed either through 
crystallinity-sensitive peaks in Raman spectra [75, 76], 
where applicable, or inferred from established material prop-
erties, since many common MPs such as PE, PP, and PET 
are semicrystalline under ambient conditions. Crystalline 
plastics can then be quantified individually using MDSC, 
which provides polymer-specific measurements even in the 
presence of complex matrix residues.

It is important to note that MDSC cannot reliably quan-
tify amorphous plastics, such as polystyrene (PS), due to 
the overlap of glass transition signals with other thermal 
events and the lack of a sharp melting peak. In such cases, 
TGA and Raman are particularly valuable: TGA provides 
total polymer mass, including amorphous MPs [24, 30, 77], 
while Raman confirms their identity. This combination of 
MDSC and TGA could enhance understanding of MP analy-
sis and address challenges in using MDSC to quantify non-
crystalline plastics, particularly in multi-component MPs 
embedded in complex environmental matrices. Thus, the 
tiered approach leverages the strengths of each technique: 
MDSC resolves trace amounts of crystalline MPs with high 
sensitivity, Raman provides molecular specificity, and TGA 
complements the workflow by detecting amorphous or oth-
erwise indistinguishable plastics.

Correlation experiments were conducted to assess the con-
sistency and complementarity of TGA and MDSC in quantify-
ing crystalline plastics. The CMP-dBB mixtures with PE, PP, 
PA6, and PET, in equal proportions of 4%, 10%, and 20% per 
polymer (16%, 40%, and 80% total CMP), demonstrated the 
complementarity of MDSC and TGA across the low–high con-
centration range. A 1:1 reference line was used as a benchmark 
to evaluate the correlation between the methods (Figure S8). 
At a higher mass ratio, MDSC and TGA agreed within 7% 
relative error. In contrast, at lower masses, the relative error 
increased to − 31% to − 55%, due to a broader thermal degra-
dation range captured by TGA, which accounts for all types 
of polymer decompositions within 380–500 °C. At the same 
time, MDSC primarily resolves well-defined thermal transi-
tions. Additionally, matrix interference could contribute to the 

Fig. 4   Comparison of DSC 
and MDSC thermograms 
for microplastic mixtures in 
matrices. Thermograms from 
the first heating ramp are shown 
for mixtures spiked into (A) 
artificial soil (AS) and (B) raw 
biosolids. Dashed lines indicate 
the baseline levels in MDSC, 
highlighting improved resolu-
tion and separation of polymer 
melting transitions compared 
with conventional DSC
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overestimation of TGA, potentially amplifying the discrepancy 
between MDSC and TGA results. Overall, this validates the 
use of TGA as a complementary technique to MDSC for com-
prehensive analysis of MPs.

By explicitly combining MDSC, Raman, and TGA, this 
tiered approach accounts for both crystalline and amorphous 
plastics, compensates for matrix and aging effects, and pro-
vides a more robust and reliable workflow for quantifying 
MPs in complex environmental matrices [78, 79].

Application of MDSC quantifying microplastics 
in biosolids

To advance the quantification of MPs in real-world biosol-
ids, a tiered approach incorporated with MDSC was applied 
to analyze MPs extracted from three raw biosolids collected 
from different WWTPs. While MDSC is inherently less sen-
sitive to matrix interferences than spectroscopic methods, 
extraction by digestion (to remove large amounts of cellulose 
that can hinder polymer identification) and density separa-
tion (to eliminate higher-density matter) further simplify 
the sample and provide a more consistent basis for accurate 
quantification.

Thermal decomposition profiles of the extracted biosolid, 
as determined by TGA measurements (Figure S9), revealed 
contributions from organic matter (200–400 °C), cellulose 

(300–400 °C), polymer decomposition (380–500 °C), and 
inorganics (> 500 °C). In Sample 1, a broad degradation 
peak spanning 250 °C to 550 °C, including a strong feature 
at 455 °C, suggested plastic degradation but overlapped with 
other components (Table S2), making it difficult to distinguish 
individual plastic types. Additionally, the shoulder peak around 
355 °C was likely due to residual cellulose from H2O2 diges-
tion or plastics that have undergone processing or environmen-
tal weathering [80, 81], which reduced their thermal stability, 
leading to lower decomposition temperatures. However, con-
firming the precise origin of this peak by TGA is challenging. 
Similar degradation patterns were noted in Samples 2 and 3, 
which displayed similar behaviors, with a cellulose-related peak 
at ~ 345 °C and broad polymer signals between 380 and 500 °C. 
Overall, the TGA confirmed the presence of polymer(s) but 
lacked the resolution to distinguish specific plastic types.

Following the tiered approach workflow (Fig. 5), Raman 
spectroscopy was used to determine the chemical structures 
and identify specific polymer types. By comparison with a 
reference library of Raman spectra previously established 
from standard plastics, the presence of PS, PE, PP, and PET 
was confirmed in all three samples. Additionally, cellulose 
was observed in Sample 1, and PA was observed in Sample 
2. A heatmap of the spectral counts (Fig. 6A) provided a 
qualitative and semi-quantitative overview of the polymer 
distributions across samples.

Fig. 5   Tiered analytical workflow for microplastic (MP) analysis in 
biosolids. Samples are screened for polymer presence using TGA, 
followed by polymer type identification with Raman spectroscopy. 

Crystalline MPs are quantified by MDSC, while TGA provides total 
polymer content, enabling complementary and comprehensive char-
acterization
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For crystalline plastics—PE, PP, PA6, and PET—MDSC 
provided quantitative results (Fig. 6B). As shown in Fig. 6B, 
Samples 1 and 2 showed comparable total concentrations of 
MPs, at 125 ± 48 μg/g and 130 ± 72 μg/g, respectively, sug-
gesting a similar overall level of MPs contamination in these 
biosolid sources. Their compositions, however, differed. In 
Sample 1, PE, PP, and PET were present at concentrations 
of 44 ± 30 μg/g, 31 ± 11 μg/g, and 50 ± 41 μg/g, with PET 
contributing the largest share. Sample 2 contained a broader 
mix, with PA6 detected exclusively at 15 ± 5 μg/g, followed 
by PET (42 ± 18 μg/g), PE (35 ± 15 μg/g), and PP (39 ± 55 
μg/g) together accounted for most of the MPs. By contrast, 
Sample 3 exhibited markedly lower levels of MP presence, 
with only PE and PP quantified at 4 ± 2 μg/g and 2 ± 2 μg/g, 
giving a total of 12 ± 4 μg/g. The relatively larger standard 
deviations (15–55 μg/g) observed in Samples 1 and 2 likely 
stem from the intrinsic heterogeneity of biosolids, which 
results in uneven MP distribution. Despite this variability, 
the MDSC results followed the same trends as the Raman 
identifications, as shown in Fig. 6A, reinforcing the reli-
ability of MDSC quantification in complex matrices. As for 
PS, although it is consistently detected by Raman, it cannot 
be quantified by MDSC due to its amorphous nature and the 
overlap with PE melting, which prevents clear resolution 
under current conditions.

TGA-based estimates, obtained from mass loss within the 
380–500 °C temperature range (Figure S9), were consist-
ently higher than those from MDSC (Table S3). The dis-
crepancy was most pronounced in Sample 3, where TGA 
values were nearly 75-fold higher, likely indicating substan-
tial amounts of amorphous plastics not captured by MDSC, 
as well as possible effects of uneven polymer distribution in 
the heterogeneous biosolids.

Overall, the combined application of TGA, Raman spec-
troscopy, and MDSC provided complementary insights into 

microplastic characterization: TGA confirmed the presence 
of polymers and overall polymer content, Raman spectros-
copy identified polymer types, and MDSC quantified the 
crystalline fractions. The consistency between Raman and 
MDSC enhanced confidence in the quantification, while 
comparison with TGA underscored the additional con-
tribution of amorphous plastics. Together, this integrated 
approach establishes a comprehensive framework for the 
analysis of microplastics in complex biosolid matrices.

Conclusions

This study established a method for quantifying MPs using 
MDSC in complex biosolids. By incorporating periodic tem-
perature modulation, MDSC enhances conventional DSC by 
increasing sensitivity, reducing detection limits, and facili-
tating the separation of weak plastic melting transitions from 
matrix degradation. The capability provides a smooth base-
line during the first heating cycle, enabling accurate differ-
entiation of polymer signals from complex biosolid matrices. 
A key observation was that PA6 recrystallization could be 
suppressed by the matrix, potentially leading to no detect-
able signal during the second heating, thereby necessitating 
characterization during the first heating via MDSC.

Calibration curves for PE, PP, PA6, and PET were estab-
lished by integrating melting peak areas relative to mass, 
each showing strong linearity. Potential sources of quantifi-
cation error were investigated by using three different types 
of MPs—CMP, MPP, and aged-CMP—and all confirmed 
the accuracy of MDSC measurements. The method was then 
employed to analyze MP concentrations in biosolids, where, 
within the proposed tiered workflow, Raman spectroscopy 
identified polymer types and TGA verified polymer signals 
in the thermal range. These complementary techniques 

Fig. 6   Integrated spectroscopic and calorimetric analysis of micro-
plastics in biosolids. (A) Heat map showing the frequency of occur-
rence of polymers (or cellulose) across three biosolid samples. Occur-
rence frequency is defined as the number of Raman spectra in which 

characteristic peaks of polymers were identified. The color scale 
(0–21) represents the Raman spectral counts assigned to each poly-
mer type. (B) Concentration of MPs extracted from real-world biosol-
ids quantified by MDSC
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supported the MDSC quantification, and the results were 
consistent across all three biosolid samples, successfully 
confirming their MP concentrations.

This study demonstrated that MDSC provides high sen-
sitivity, low detection limits, and reliable quantification of 
trace and low-crystallinity MPs in biosolids. Its application 
is currently limited to crystalline and semicrystalline plas-
tics, and further research is required to reduce signal-to-
noise ratios and resolve glass transition and peak overlaps 
to allow quantification of amorphous polymers.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00216-​025-​06212-4.

Acknowledgements  The authors appreciate the financial support of 
the Ocean Program at the National Research Council Canada (NRC) 
and the Advancing a Circular Plastics Economy for Canada Program, 
funded by the Government of Canada. We would also like to extend our 
gratitude to Carleton University for generously providing the biosolid 
samples and to Environment and Climate Change Canada (ECCC) for 
supplying the artificial soil used in this study.

Author contributions  Yingshu Leng: conceptualization, methodology, 
validation, formal analysis, investigation, data curation, writing—origi-
nal draft, visualization. Liliana Gaburici: investigation, data curation. 
Xudong Cao: conceptualization, methodology, writing—review and 
editing, supervision, project administration, funding acquisition. Shan 
Zou: conceptualization, methodology, resources, writing—review and 
editing, supervision, project administration, funding acquisition.

Funding  Open access funding provided by National Research Council 
Canada library.

Data availability  All data generated or analyzed during this study is 
included in the paper and will be available upon request.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Jiang JQ. Occurrence of microplastics and its pollution in the 
environment: a review. Sustain Prod Consump. 2018;13:16–23. 
https://​doi.​org/​10.​1016/j.​spc.​2017.​11.​003.

	 2.	 Lambert S, Wagner M. Microplastics are contaminants of emerg-
ing concern in freshwater environments: an overview. In: Lam-
bert S, Wagner M, editors. Freshwater Microplastics: Emerging 

Environmental Contaminants. Cham: Springer. 2018. p. 1–23. 
https://​doi.​org/​10.​1007/​978-3-​319-​61615-5_1.

	 3.	 Hidalgo-Ruz V, Gutow L, Thompson RC, Thiel M. Microplas-
tics in the marine environment: a review of the methods used 
for identification and quantification. Environ Sci Technol. 
2012;46(6):3060–75. https://​doi.​org/​10.​1021/​es203​1505.

	 4.	 Ivleva NP. Chemical analysis of microplastics and nanoplastics: 
challenges, advanced methods, and perspectives. Chem Rev. 
2021;121(19):11886–936. https://​doi.​org/​10.​1021/​acs.​chemr​ev.​
1c001​78.

	 5.	 Sivarajah B, Lapen DR, Gewurtz SB, Smyth SA, Provencher JF, 
Vermaire JC. How many microplastic particles are present in 
Canadian biosolids? J Environ Qual. 2023;52(5):1037–48. https://​
doi.​org/​10.​1002/​jeq2.​20497.

	 6.	 Chen M, Coleman B, Gaburici L, Prezgot D, Jakubek ZJ, Sivara-
jah B, et al. Identification of microplastics extracted from field 
soils amended with municipal biosolids. Sci Total Environ. 
2024;907: 168007. https://​doi.​org/​10.​1016/j.​scito​tenv.​2023.​
168007.

	 7.	 Walker H, Aherne J. Microplastic fate in a chronosequence of 
biosolid-amended agricultural soil in Southern Ontario, Canada. 
Eur J Soil Sci. 2024;75(5): e13592. https://​doi.​org/​10.​1111/​ejss.​
13592.

	 8.	 Adhikari K, Pearce CI, Sanguinet KA, Bary AI, Chowdhury I, 
Eggleston I, et al. Accumulation of microplastics in soil after 
long-term application of biosolids and atmospheric deposition. 
Sci Total Environ. 2024;912: 168883. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2023.​168883.

	 9.	 Nizzetto L, Futter M, Langaas S. Are agricultural soils dumps 
for microplastics of urban origin? Environ Sci Technol. 
2016;50(20):10777–9. https://​doi.​org/​10.​1021/​acs.​est.​6b041​40.

	10.	 Okoffo ED, Donner E, McGrath SP, Tscharke BJ, O’Brien JW, 
O’Brien S, et al. Plastics in biosolids from 1950 to 2016: a func-
tion of global plastic production and consumption. Water Res. 
2021;201: 117367. https://​doi.​org/​10.​1016/j.​watres.​2021.​117367.

	11.	 Crossman J, Hurley RR, Futter M, Nizzetto L. Transfer and trans-
port of microplastics from biosolids to agricultural soils and the 
wider environment. Sci Total Environ. 2020;724: 138334. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2020.​138334.

	12.	 Corradini F, Meza P, Eguiluz R, Casado F, Huerta-Lwanga E, Geis-
sen V. Evidence of microplastic accumulation in agricultural soils 
from sewage sludge disposal. Sci Total Environ. 2019;671:411–20. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​03.​368.

	13.	 Christian AE, Köper I. Microplastics in biosolids: a review of 
ecological implications and methods for identification, enumera-
tion, and characterization. Sci Total Environ. 2023;864: 161083. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​161083.

	14.	 Wang Z, Taylor SE, Sharma P, Flury M. Poor extraction efficien-
cies of polystyrene nano- and microplastics from biosolids and 
soil. PLoS ONE. 2018;13(11): e0208009. https://​doi.​org/​10.​1371/​
journ​al.​pone.​02080​09.

	15.	 Adhikari S, Kelkar V, Kumar R, Halden RU. Methods and challenges 
in the detection of microplastics and nanoplastics: a mini-review. 
Polym Int. 2022;71(5):543–51. https://​doi.​org/​10.​1002/​pi.​6348.

	16.	 Ziajahromi S, Slynkova N, Dwyer J, Griffith M, Fernandes M, 
Jaeger JE, et al. Comprehensive assessment of microplastics in 
Australian biosolids: abundance, seasonal variation and poten-
tial transport to agroecosystems. Water Res. 2024;250: 121071. 
https://​doi.​org/​10.​1016/j.​watres.​2023.​121071.

	17.	 Xu J-L, Thomas KV, Luo Z, Gowen AA. FTIR and raman imaging 
for microplastics analysis: state of the art, challenges and pros-
pects. TrAC Trends Anal Chem. 2019;119: 115629. https://​doi.​
org/​10.​1016/j.​trac.​2019.​115629.

	18.	 Käppler A, Fischer D, Oberbeckmann S, Schernewski G, Labrenz 
M, Eichhorn K-J, et al. Analysis of environmental microplastics 
by vibrational microspectroscopy: FTIR, Raman or both? Anal 

https://doi.org/10.1007/s00216-025-06212-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.spc.2017.11.003
https://doi.org/10.1007/978-3-319-61615-5_1
https://doi.org/10.1021/es2031505
https://doi.org/10.1021/acs.chemrev.1c00178
https://doi.org/10.1021/acs.chemrev.1c00178
https://doi.org/10.1002/jeq2.20497
https://doi.org/10.1002/jeq2.20497
https://doi.org/10.1016/j.scitotenv.2023.168007
https://doi.org/10.1016/j.scitotenv.2023.168007
https://doi.org/10.1111/ejss.13592
https://doi.org/10.1111/ejss.13592
https://doi.org/10.1016/j.scitotenv.2023.168883
https://doi.org/10.1016/j.scitotenv.2023.168883
https://doi.org/10.1021/acs.est.6b04140
https://doi.org/10.1016/j.watres.2021.117367
https://doi.org/10.1016/j.scitotenv.2020.138334
https://doi.org/10.1016/j.scitotenv.2020.138334
https://doi.org/10.1016/j.scitotenv.2019.03.368
https://doi.org/10.1016/j.scitotenv.2022.161083
https://doi.org/10.1371/journal.pone.0208009
https://doi.org/10.1371/journal.pone.0208009
https://doi.org/10.1002/pi.6348
https://doi.org/10.1016/j.watres.2023.121071
https://doi.org/10.1016/j.trac.2019.115629
https://doi.org/10.1016/j.trac.2019.115629


216	 Y. Leng et al.

Bioanal Chem. 2016;408(29):8377–91. https://​doi.​org/​10.​1007/​
s00216-​016-​9956-3.

	19.	 Araujo CF, Nolasco MM, Ribeiro AMP, Ribeiro-Claro PJA. 
Identification of microplastics using Raman spectroscopy: Lat-
est developments and prospects. Water Res. 2018;142:426–40. 
https://​doi.​org/​10.​1016/j.​watres.​2018.​05.​060.

	20.	 Hermabessiere L, Himber C, Boricaud B, Kazour M, Amara R, 
Cassone A-L, et al. Optimization, performance, and application of 
a pyrolysis-GC/MS method for the identification of microplastics. 
Anal Bioanal Chem. 2018;410:6663–76. https://​doi.​org/​10.​1007/​
s00216-​018-​1279-0.

	21.	 Gomiero A, Øysæd KB, Palmas L, Skogerbø G. Application 
of GCMS-pyrolysis to estimate the levels of microplastics in a 
drinking water supply system. J Hazard Mater. 2021;416: 125708. 
https://​doi.​org/​10.​1016/j.​jhazm​at.​2021.​125708.

	22.	 Liu Y, Li R, Yu J, Ni F, Sheng Y, Scircle A, et al. Separation and 
identification of microplastics in marine organisms by TGA-FTIR-
GC/MS: a case study of mussels from coastal China. Environ 
Pollut. 2021;272: 115946. https://​doi.​org/​10.​1016/j.​envpol.​2020.​
115946.

	23.	 Silva AB, Bastos AS, Justino CI, da Costa JP, Duarte AC, Rocha-
Santos TA. Microplastics in the environment: Challenges in ana-
lytical chemistry-a review. Anal Chim Acta. 2018;1017:1–19. 
https://​doi.​org/​10.​1016/j.​aca.​2018.​02.​043.

	24.	 Mansa R, Zou S. Thermogravimetric analysis of microplastics: 
a mini review. Environ Adv. 2021;5: 100117. https://​doi.​org/​10.​
1016/j.​envadv.​2021.​100117.

	25.	 Becker R, Altmann K, Sommerfeld T, Braun U. Quantification of 
microplastics in a freshwater suspended organic matter using dif-
ferent thermoanalytical methods – outcome of an interlaboratory 
comparison. J Anal Appl Pyrolysis. 2020;148: 104829. https://​doi.​
org/​10.​1016/j.​jaap.​2020.​104829.

	26.	 David J, Weissmannová HD, Steinmetz Z, Kabelíková L, Demyan 
MS, Šimečková J, et al. Introducing a soil universal model method 
(SUMM) and its application for qualitative and quantitative deter-
mination of poly(ethylene), poly(styrene), poly(vinyl chloride) and 
poly(ethylene terephthalate) microplastics in a model soil. Chem-
osphere. 2019;225:810–9. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2019.​03.​078.

	27.	 Lynch JM, Corniuk RN, Brignac KC, Jung MR, Sellona K, Mar-
chiani J, et al. Differential scanning calorimetry (DSC): an impor-
tant tool for polymer identification and characterization of plastic 
marine debris. Environ Pollut. 2024;346: 123607. https://​doi.​org/​
10.​1016/j.​envpol.​2024.​123607.

	28.	 Bitter H, Lackner S. Fast and easy quantification of semi-crystal-
line microplastics in exemplary environmental matrices by dif-
ferential scanning calorimetry (DSC). Chem Eng J. 2021;423: 
129941. https://​doi.​org/​10.​1016/j.​cej.​2021.​129941.

	29.	 Lee J, Yoon S, Jang T, Choi J-H, Kim N, Kim H-O, et al. A facile 
approach to microplastic identification and quantification using 
differential scanning calorimetry. Sci Total Environ. 2024;957: 
177456. https://​doi.​org/​10.​1016/j.​scito​tenv.​2024.​177456.

	30.	 Sorolla-Rosario D, Llorca-Porcel J, Pérez-Martínez M, Lozano-
Castelló D, Bueno-López A. Study of microplastics with sem-
icrystalline and amorphous structure identification by TGA and 
DSC. J Environ Chem Eng. 2022;10(1): 106886. https://​doi.​org/​
10.​1016/j.​jece.​2021.​106886.

	31.	 Majewsky M, Bitter H, Eiche E, Horn H. Determination of micro-
plastic polyethylene (PE) and polypropylene (PP) in environmental 
samples using thermal analysis (TGA-DSC). Sci Total Environ. 
2016;568:507–11. https://​doi.​org/​10.​1016/j.​scito​tenv.​2016.​06.​017.

	32.	 De Meuter P, Rahier H, Van Mele B. The use of modulated tem-
perature differential scanning calorimetry for the characterisation 
of food systems. Int J Pharm. 1999;192(1):77–84. https://​doi.​org/​
10.​1016/​S0378-​5173(99)​00274-4.

	33.	 Knopp MM, Löbmann K, Elder DP, Rades T, Holm R. Recent 
advances and potential applications of modulated differen-
tial scanning calorimetry (mDSC) in drug development. Eur 
J Pharm Sci. 2016;87:164–73. https://​doi.​org/​10.​1016/j.​ejps.​
2015.​12.​024.

	34.	 Verdonck E, Schaap K, Thomas LC. A discussion of the princi-
ples and applications of modulated temperature DSC (MTDSC). 
Int J Pharm. 1999;192(1):3–20. https://​doi.​org/​10.​1016/​S0378-​
5173(99)​00267-7.

	35.	 Blaine R. An introduction to lifetime testing by thermogravimetry. J 
Test Eval. 2014;42(6):1360–5. https://​doi.​org/​10.​1520/​jte20​140108.

	36.	 Coleman NJ, Craig DQM. Modulated temperature differential 
scanning calorimetry: a novel approach to pharmaceutical ther-
mal analysis. Int J Pharm. 1996;135(1):13–29. https://​doi.​org/​10.​
1016/​0378-​5173(95)​04463-9.

	37.	 Leng Y, Chen M, Cao X, Zou S. Laboratory simulated aging 
of polystyrene particles and characterization of the resulting 
nanoscale plastics. J Environ Chem Eng. 2023;11(5): 110967. 
https://​doi.​org/​10.​1016/j.​jece.​2023.​110967.

	38.	 Nakajima R, Tsuchiya M, Lindsay DJ, Kitahashi T, Fujikura K, 
Fukushima T. A new small device made of glass for separat-
ing microplastics from marine and freshwater sediments. PeerJ. 
2019;7: e7915. https://​doi.​org/​10.​7717/​peerj.​7915.

	39.	 Wunderlich B. Thermal analysis of polymeric materials. Berlin: 
Springer; 2005.

	40.	 OECD Guidelines for the Testing of Chemicals, Section " Materi-
als and methods ": Test No. 222: Earthworm Reproduction Test 
(Eisenia fetida/Eisenia andrei). Paris; 2016. https://​doi.​org/​10.​
1787/​97892​64264​496-​en.

	41.	 Wenzel M, Renner G, Pruin L, Wolf C, Kube C, Schram J, et al. 
Assessment of sample pre-treatment strategies to mitigate matrix 
effects for microplastics analysis using thermoanalytical tech-
niques. TrAC Trends Anal Chem. 2024;181: 117997. https://​doi.​
org/​10.​1016/j.​trac.​2024.​117997.

	42.	 Gill PS, Sauerbrunn SR, Reading M. Modulated differential scan-
ning calorimetry. J Therm Anal. 1993;40(3):931–9. https://​doi.​
org/​10.​1007/​BF025​46852.

	43.	 Righetti MC. Crystallization of polymers investigated by temper-
ature-modulated DSC. Materials. 2017;10(4):442. https://​doi.​org/​
10.​3390/​ma100​40442.

	44.	 Netsch N, Schröder L, Zeller M, Neugber I, Merz D, Klein CO, 
et al. Thermogravimetric study on thermal degradation kinet-
ics and polymer interactions in mixed thermoplastics. J Therm 
Anal Calorim. 2025;150(1):211–29. https://​doi.​org/​10.​1007/​
s10973-​024-​13630-6.

	45.	 Coralli I, Giorgi V, Vassura I, Rombolà AG, Fabbri D. Secondary 
reactions in the analysis of microplastics by analytical pyrolysis. J 
Anal Appl Pyrolysis. 2022;161: 105377. https://​doi.​org/​10.​1016/j.​
jaap.​2021.​105377.

	46.	 Sensitivity. International Union of Pure and Applied Chemistry 
(IUPAC) Gold Book. https://​doi.​org/​10.​1351/​goldb​ook.​S05606. 

	47.	 Chau J, Garlicka I, Wolf C, Teh J. Modulated DSC as a tool for 
polyethylene structure characterization. J Therm Anal Calorim. 
2007;90(3):713–9. https://​doi.​org/​10.​1007/​s10973-​007-​8527-4.

	48.	 Lister AS. 7 - Validation of HPLC Methods in Pharmaceutical 
Analysis. In: Ahuja S, Dong MW, editors. Separation Science and 
Technology. Academic Press; 2005; Vol. 6: p. 191–217. https://​
doi.​org/​10.​1016/​S0149-​6395(05)​80051-0.

	49.	 Gill P, Moghadam TT, Ranjbar B. Differential scanning calorime-
try techniques: applications in biology and nanoscience. J Biomol 
Tech. 2010;21(4):167–93.

	50.	 Dierkes G, Lauschke T, Becher S, Schumacher H, Földi C, Ternes 
T. Quantification of microplastics in environmental samples via 
pressurized liquid extraction and pyrolysis-gas chromatography. 
Anal Bioanal Chem. 2019;411(26):6959–68. https://​doi.​org/​10.​
1007/​s00216-​019-​02066-9.

https://doi.org/10.1007/s00216-016-9956-3
https://doi.org/10.1007/s00216-016-9956-3
https://doi.org/10.1016/j.watres.2018.05.060
https://doi.org/10.1007/s00216-018-1279-0
https://doi.org/10.1007/s00216-018-1279-0
https://doi.org/10.1016/j.jhazmat.2021.125708
https://doi.org/10.1016/j.envpol.2020.115946
https://doi.org/10.1016/j.envpol.2020.115946
https://doi.org/10.1016/j.aca.2018.02.043
https://doi.org/10.1016/j.envadv.2021.100117
https://doi.org/10.1016/j.envadv.2021.100117
https://doi.org/10.1016/j.jaap.2020.104829
https://doi.org/10.1016/j.jaap.2020.104829
https://doi.org/10.1016/j.chemosphere.2019.03.078
https://doi.org/10.1016/j.chemosphere.2019.03.078
https://doi.org/10.1016/j.envpol.2024.123607
https://doi.org/10.1016/j.envpol.2024.123607
https://doi.org/10.1016/j.cej.2021.129941
https://doi.org/10.1016/j.scitotenv.2024.177456
https://doi.org/10.1016/j.jece.2021.106886
https://doi.org/10.1016/j.jece.2021.106886
https://doi.org/10.1016/j.scitotenv.2016.06.017
https://doi.org/10.1016/S0378-5173(99)00274-4
https://doi.org/10.1016/S0378-5173(99)00274-4
https://doi.org/10.1016/j.ejps.2015.12.024
https://doi.org/10.1016/j.ejps.2015.12.024
https://doi.org/10.1016/S0378-5173(99)00267-7
https://doi.org/10.1016/S0378-5173(99)00267-7
https://doi.org/10.1520/jte20140108
https://doi.org/10.1016/0378-5173(95)04463-9
https://doi.org/10.1016/0378-5173(95)04463-9
https://doi.org/10.1016/j.jece.2023.110967
https://doi.org/10.7717/peerj.7915
https://doi.org/10.1787/9789264264496-en
https://doi.org/10.1787/9789264264496-en
https://doi.org/10.1016/j.trac.2024.117997
https://doi.org/10.1016/j.trac.2024.117997
https://doi.org/10.1007/BF02546852
https://doi.org/10.1007/BF02546852
https://doi.org/10.3390/ma10040442
https://doi.org/10.3390/ma10040442
https://doi.org/10.1007/s10973-024-13630-6
https://doi.org/10.1007/s10973-024-13630-6
https://doi.org/10.1016/j.jaap.2021.105377
https://doi.org/10.1016/j.jaap.2021.105377
https://doi.org/10.1351/goldbook.S05606
https://doi.org/10.1007/s10973-007-8527-4
https://doi.org/10.1016/S0149-6395(05)80051-0
https://doi.org/10.1016/S0149-6395(05)80051-0
https://doi.org/10.1007/s00216-019-02066-9
https://doi.org/10.1007/s00216-019-02066-9


217Quantification of microplastics in complex environmental matrices using a tiered approach…

	51.	 Wesolowski M. Chapter 5 - DSC of Low molecular mass organic 
materials and pharmaceuticals. In: Menczel JD, Grebowicz J, 
editors. The Handbook of differential scanning calorimetry: 
Butterworth-Heinemann; 2023:485–658. https://​doi.​org/​10.​
1016/​B978-0-​12-​811347-​9.​00004-7.

	52.	 Ronca S. Chapter 10 - Polyethylene. In: Gilbert M, editor. 
Brydson's plastics materials (Eighth Edition): Butterworth-
Heinemann. 2017:247–78. https://​doi.​org/​10.​1016/​B978-0-​323-​
35824-8.​00010-4.

	53.	 Di Lorenzo ML. Crystallization of poly(ethylene terephthalate): 
a review. Polymers. 2024;16(14):1975. https://​doi.​org/​10.​3390/​
polym​16141​975.

	54.	 Iñiguez ME, Conesa JA, Fullana A. Recyclability of four types 
of plastics exposed to UV irradiation in a marine environment. 
J Waste Manag. 2018;79:339–45. https://​doi.​org/​10.​1016/j.​was-
man.​2018.​08.​006.

	55.	 Liu P, Zhan X, Wu X, Li J, Wang H, Gao S. Effect of weathering 
on environmental behavior of microplastics: properties, sorption 
and potential risks. Chemosphere. 2020;242: 125193. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2019.​125193.

	56.	 Uheida A, Mejía HG, Abdel-Rehim M, Hamd W, Dutta J. Visible 
light photocatalytic degradation of polypropylene microplastics 
in a continuous water flow system. J Hazard Mater. 2021;406: 
124299. https://​doi.​org/​10.​1016/j.​jhazm​at.​2020.​124299.

	57.	 Martinho SD, Fernandes VC, Figueiredo SA, Vilarinho R, Moreira 
JA, Delerue-Matos C. Laboratory studies about microplastic 
aging and its effects on the adsorption of chlorpyrifos. Polymers. 
2023;15(16): 3468. https://​doi.​org/​10.​3390/​polym​15163​468.

	58.	 Murata T, Qiu JH, Sakai E, Wu XL, Kudo M. Morphology 
change of extrusion molded crystalline polymer by rolling pro-
cess. Adv Mater Res. 2012;391:595–9. https://​doi.​org/​10.​4028/​
www.​scien​tific.​net/​AMR.​391-​392.​595.

	59.	 Raharjo WP, Ariawan D, Diharjo K, Raharjo WW, Kusharjanta 
B. Weathering Degradation of Polyolefin. Techniques and Inno-
vation in Engineering Research. BP International; 2022. Vol. 1: 
p. 97–145. https://​doi.​org/​10.​9734/​bpi/​taier/​v1/​3742A.

	60.	 Ozawa T. Kinetics of non-isothermal crystallization. Polymer. 
1971;12(3):150–8. https://​doi.​org/​10.​1016/​0032-​3861(71)​90041-3.

	61.	 Wang L, Zhang R, Chen S, Yang Q. Influence of molecular struc-
ture on crystallization kinetics and performance of polyethylene 
of raised temperature resistance. J Macromol Sci Part B Phys. 
2024;63(10):877–88. https://​doi.​org/​10.​1080/​00222​348.​2023.​
22903​23.

	62.	 Khoshsefat M, Dechal A, Ahmadjo S, Mortazavi SMM, Zohuri 
G, Soares JBP. Amorphous to high crystalline PE made by mono 
and dinuclear Fe-based catalysts. Eur Polym J. 2019;119:229–38. 
https://​doi.​org/​10.​1016/j.​eurpo​lymj.​2019.​07.​042.

	63.	 Shi Y, Shi L, Huang H, Ye K, Yang L, Wang Z, et al. Analysis of 
aged microplastics: a review. Environ Chem Lett. 2024;22(4):1861–
88. https://​doi.​org/​10.​1007/​s10311-​024-​01731-5.

	64.	 Campanale C, Savino I, Massarelli C, Uricchio VF. Fourier trans-
form infrared spectroscopy to assess the degree of alteration of artifi-
cially aged and environmentally weathered microplastics. Polymers. 
2023;15(4): 911. https://​doi.​org/​10.​3390/​polym​15040​911.

	65.	 Bergeron C, Perrier E, Potier A, Delmas G. A study of the defor-
mation, network, and aging of polyethylene oxide films by infra-
red spectroscopy and calorimetric measurements. Int J Spectrosc. 
2012;2012(1):432046. https://​doi.​org/​10.​1155/​2012/​432046.

	66.	 Margolin AL, Vorontsov NV, Monakhova TV, Popov AA. Thermal 
oxidation of blends of polypropylene and polyamide 6/66. Effect of 
inhibition. Polym Degrad Stab. 2024;220: 110627. https://​doi.​org/​
10.​1016/j.​polym​degra​dstab.​2023.​110627.

	67.	 Yu F, Wu Z, Wang J, Li Y, Chu R, Pei Y, et al. Effect of landfill 
age on the physical and chemical characteristics of waste plastics/
microplastics in a waste landfill sites. Environ Pollut. 2022;306: 
119366. https://​doi.​org/​10.​1016/j.​envpol.​2022.​119366.

	68.	 Shu Y, Ye L, Yang T. Study on the long-term thermal-oxi-
dative aging behavior of polyamide 6. J Appl Polym Sci. 
2008;110(2):945–57. https://​doi.​org/​10.​1002/​app.​28647.

	69.	 Yao S, Cao H, Arp HPH, Li J, Bian Y, Xie Z, et al. The role of 
crystallinity and particle morphology on the sorption of dibu-
tyl phthalate on polyethylene microplastics: implications for the 
behavior of phthalate plastic additives. Environ Pollut. 2021;283: 
117393. https://​doi.​org/​10.​1016/j.​envpol.​2021.​117393.

	70.	 Fitaroni LB, de Oliveira ÉC, Marcomini AL, Paranhos CM, 
Freitas FL, Cruz SA. Reprocessing and solid state polymeriza-
tion on contaminated post-consumer PET: thermal and crystal-
lization behavior. J Polym Environ. 2020;28(1):91–9. https://​
doi.​org/​10.​1007/​s10924-​019-​01579-9.

	71.	 Veroneze IB, Onoue LA, Cruz SA. Thermal stability and crys-
tallization behavior of contaminated recycled polypropylene for 
food contact. J Polym Environ. 2022;30(8):3474–82. https://​doi.​
org/​10.​1007/​s10924-​022-​02447-9.

	72.	 Ma Y, Wang X, Tian M, Zhang L, Yang W, Xie P. Effect of pro-
cess parameters on the performance of PA6 products fabricated 
by rotational molding. Polym Eng Sci. 2023;63(11):3762–70. 
https://​doi.​org/​10.​1002/​pen.​26482.

	73.	 Raji M, Bouhfid R. Effects of bleaching and functionalization of 
kaolinite on the mechanical and thermal properties of polyamide 
6 nanocomposites. RSC Adv. 2020;10(9):4916–26. https://​doi.​
org/​10.​1039/​C9RA1​0579D.

	74.	 Yang L, Zhang Y, Kang S, Wang Z, Wu C. Microplastics in soil: 
a review on methods, occurrence, sources, and potential risk. 
Sci Total Environ. 2021;780: 146546. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2021.​146546.

	75.	 Stuart BH. Polymer crystallinity studied using raman spectros-
copy. Vib Spectrosc. 1996;10(2):79–87. https://​doi.​org/​10.​1016/​
0924-​2031(95)​00042-9.

	76.	 Doumeng M, Makhlouf L, Berthet F, Marsan O, Delbé K, 
Denape J, et al. A comparative study of the crystallinity of 
polyetheretherketone by using density, DSC, XRD, and Raman 
spectroscopy techniques. Polym Test. 2021;93: 106878. https://​
doi.​org/​10.​1016/j.​polym​ertes​ting.​2020.​106878.

	77.	 Procházková P, Kalčíková G, Maršálková E, Zlámalová 
Gargošová H, Kučerík J. Innovative approach for quantitative 
determination of ingested microplastics by Daphnia magna: 
use of differential scanning calorimetry and thermogravimetry. 
J Therm Anal Calorim. 2024;150:1303–10. https://​doi.​org/​10.​
1007/​s10973-​024-​12985-0.

	78.	 Ainali NM, Bikiaris DN, Lambropoulou DA. Aging effects on 
low- and high-density polyethylene, polypropylene and polystyrene 
under UV irradiation: an insight into decomposition mechanism 
by Py-GC/MS for microplastic analysis. J Anal Appl Pyrolysis. 
2021;158: 105207. https://​doi.​org/​10.​1016/j.​jaap.​2021.​105207.

	79.	 Madadian E, Simakov DSA. Thermal degradation of emerg-
ing contaminants in municipal biosolids: the case of pharma-
ceuticals and personal care products. Chemosphere. 2022;303: 
135008. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2022.​135008.

	80.	 Majder-Łopatka M, Węsierski T, Ankowski A, Ratajczak K, 
Duralski D, Piechota-Polanczyk A, et al. Thermal analysis of 
plastics used in the food industry. Materials. 2022;15(1):248. 
https://​doi.​org/​10.​3390/​ma150​10248.

	81.	 Luo H, Zhao Y, Li Y, Xiang Y, He D, Pan X. Aging of micro-
plastics affects their surface properties, thermal decomposition, 
additives leaching and interactions in simulated fluids. Sci Total 
Environ. 2020;714: 136862. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2020.​136862.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/B978-0-12-811347-9.00004-7
https://doi.org/10.1016/B978-0-12-811347-9.00004-7
https://doi.org/10.1016/B978-0-323-35824-8.00010-4
https://doi.org/10.1016/B978-0-323-35824-8.00010-4
https://doi.org/10.3390/polym16141975
https://doi.org/10.3390/polym16141975
https://doi.org/10.1016/j.wasman.2018.08.006
https://doi.org/10.1016/j.wasman.2018.08.006
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1016/j.chemosphere.2019.125193
https://doi.org/10.1016/j.jhazmat.2020.124299
https://doi.org/10.3390/polym15163468
https://doi.org/10.4028/www.scientific.net/AMR.391-392.595
https://doi.org/10.4028/www.scientific.net/AMR.391-392.595
https://doi.org/10.9734/bpi/taier/v1/3742A
https://doi.org/10.1016/0032-3861(71)90041-3
https://doi.org/10.1080/00222348.2023.2290323
https://doi.org/10.1080/00222348.2023.2290323
https://doi.org/10.1016/j.eurpolymj.2019.07.042
https://doi.org/10.1007/s10311-024-01731-5
https://doi.org/10.3390/polym15040911
https://doi.org/10.1155/2012/432046
https://doi.org/10.1016/j.polymdegradstab.2023.110627
https://doi.org/10.1016/j.polymdegradstab.2023.110627
https://doi.org/10.1016/j.envpol.2022.119366
https://doi.org/10.1002/app.28647
https://doi.org/10.1016/j.envpol.2021.117393
https://doi.org/10.1007/s10924-019-01579-9
https://doi.org/10.1007/s10924-019-01579-9
https://doi.org/10.1007/s10924-022-02447-9
https://doi.org/10.1007/s10924-022-02447-9
https://doi.org/10.1002/pen.26482
https://doi.org/10.1039/C9RA10579D
https://doi.org/10.1039/C9RA10579D
https://doi.org/10.1016/j.scitotenv.2021.146546
https://doi.org/10.1016/j.scitotenv.2021.146546
https://doi.org/10.1016/0924-2031(95)00042-9
https://doi.org/10.1016/0924-2031(95)00042-9
https://doi.org/10.1016/j.polymertesting.2020.106878
https://doi.org/10.1016/j.polymertesting.2020.106878
https://doi.org/10.1007/s10973-024-12985-0
https://doi.org/10.1007/s10973-024-12985-0
https://doi.org/10.1016/j.jaap.2021.105207
https://doi.org/10.1016/j.chemosphere.2022.135008
https://doi.org/10.3390/ma15010248
https://doi.org/10.1016/j.scitotenv.2020.136862
https://doi.org/10.1016/j.scitotenv.2020.136862

	Quantification of microplastics in complex environmental matrices using a tiered approach with modulated differential scanning calorimetry (MDSC)
	Abstract
	Introduction
	Materials and methods
	Microplastics preparation and characterization
	Microplastics extraction from biosolids
	MDSC measurement and analysis
	Determination of quantification errors in microplastics from three sources
	TGA analysis
	Raman spectroscopy analysis

	Results and discussion
	Microplastics characterization using MDSC and its comparison with conventional DSC
	Higher sensitivity and lower LOQs of MDSC
	Factors affecting sensitivity and accuracy in MDSC quantification
	Crystallinity and aging history
	Matrix interference in environmental samples

	Practical strategy for MP identification and quantification: a tiered approach
	Application of MDSC quantifying microplastics in biosolids

	Conclusions
	Acknowledgements 
	References


