npj | clean water

Article

Published in partnership with King Fahd University of Petroleum & Minerals

https://doi.org/10.1038/s41545-024-00397-4

Quantitative Raman analysis of
microplastics in water using peak area
ratios for concentration determination
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This study presents a novel analytical method for the quantitative and qualitative analysis of
microplastics (MPs) in deionized (DI) water using Raman spectroscopy. Raman peak area ratios of
1295 cm ™" for polyethylene (PE) and 637 cm ™ for polyvinylchloride (PVC) to the broad H,O peak
were utilized to establish a calibration model for the concentration of MPs dispersed in DI water at
0.1 wt% to 1.0 wt%. The calibration model demonstrated R? values of 0.98537 for PE and 0.99511
for PVC, indicating high linearity between the peak area ratio and concentration. The calibration
model was validated using mixed PE and PVC samples to confirm its applicability to real-world
water bodies, where multiple types of MPs are present. The calculated standard error of calibration
(SEC) and relative standard error of calibration (% RSEC) values further confirmed the accuracy of
the predictions, providing a robust approach for detecting and quantifying MPs in aquatic

environments.

Microplastics (MPs) were defined by Thompson in 2004 as plastic
particles ranging in size from 1pm to 5mm'. These MP particles
originate from plastic products discarded in nature through the
continuous disintegration by light or heat or via biodegradation’.
Since the first report of MPs detected on the sea surface in 1972°,
research has increasingly focused on detecting MPs across a range of
aquatic environments, including marine’, freshwater’, and river
systems®, as well as aquatic organisms such as zooplankton’* and fish’.
Over time, this research has expanded to include terrestrial
ecosystems'®'" within the human food chain, along with everyday
consumables like tap/drinking water'’, honey, and milk"”. Recent
studies have detected MPs in the digestive'*"” and respiratory
systems'®'® through ingestion and inhalation. Moreover, the
increasing detection of MPs in placenta”, blood®, and urine”, which
are not directly related to inhalation or ingestion, has amplified con-
cerns regarding the accumulation of MPs, their circulation within the
body, and associated adverse health effects™.

Water bodies serve as a major source of MPs because they are
closely linked to the human food chain and daily life”***. Therefore,
numerous analytical techniques are used to detect MPs within water
bodies. Current studies on the quantitative and qualitative analysis of
MPs in water include optical analysis®, thermal analysis®™™*, and
spectroscopic analysis®*’. Optical methods enable rapid, cost-
effective analysis through visual sorting and particle counting.
However, these methods cannot accurately distinguish between MPs

and other particles, such as algae or clay, since identification relies
solely on visual distinction”. Thermal analysis methods, such as TGA-
MS and pyrolysis-GC/MS, thermally degrade the sample and trap the
resulting gaseous compounds for mass spectrometric analysis. Qua-
litative and quantitative analysis are then made by comparing the
mass spectra with reference data®®”’. Majewsky et al. analyzed the
concentrations of polyethylene (PE) and polypropylene (PP) in was-
tewater using TGA-DSC™. After pre-determining the calibration
curves for 1 mg ~ 20 mg of PE and PP particles, the concentration of
PE and PP in the wastewater samples were analyzed by comparing the
TGA-DSC peak areas of the samples with those of the calibration
curves. While thermal analysis provides highly sensitive and accurate
measurements, it is limited to particles larger than 500 pm, and the
sample undergoes deformation through heating which prevents fur-
ther analysis™.

Among the various techniques used to identify MPs in aqueous
sample, vibrational spectroscopy, such as Fourier transform infrared
(FT-IR) and Raman spectroscopy, is the most widely employed™. It
works by exciting and detecting molecular vibrations within a sample,
generating unique spectral fingerprints in FT-IR or Raman spectra.
These spectra provide specific information about chemical bonding
and polymer composition, and are used for both quantitative and
qualitative analysis™. For FT-IR spectroscopy, the sample is exposed
to infrared light within the mid-IR range (400 cm™' ~4000 cm™'). IR
absorption requires a change in the dipole moment of a chemical
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bonds, making it effective for the analysis of polar functional groups.
Specific wavelengths of IR radiation are absorbed based on the
molecular structure of the sample, and the resulting signal is measured
in either transmission or reflection mode’*”. Tagg et al. identified five
types of MPs — PE, PP, polyethylene terephthalate (PET), polyvinyl
chloride (PVC), and polystyrene (PS) - in wastewater using focal
plane array (FPA)-based reflectance FT-IR imaging”. This technique
captured thousands of spectra simultaneously from MPs on the filter
paper, offering a comprehensive chemical analysis of the entire sur-
face. FT-IR enables rapid analysis and is unaffected by MP particle
size. Moreover, its combination of spectral and imaging capabilities
allows for the analysis of large areas, acquiring thousands of spectra in
a single measurement™.

All of the techniques mentioned above are unable to directly analyze
liquid samples, making filtration or separation necessary as part of the
sample preparation process. In particular, FT-IR is significantly affected by
water (H,O), which is highly IR-active and produces broad peak that cause
spectral overlap, hindering analysis and reducing sensitivity”’. Due to these
limitations, this study adopted Raman spectroscopy, which experiences less
interference from water, making it more suitable for analyzing aqueous
samples.

Raman spectroscopy provides data on molecular vibrations within a
material based on the inelastic scattering of photons interacting with the
sample™. When exposed to monochromatic light (laser), most of the light
is elastically scattered at different frequencies, a phenomenon known as
Raman scattering. This scattered light generates a spectral fingerprint
unique to the molecular composition of the sample’”. Beyond offering
quantitative and qualitative information, Raman spectroscopy provides
detailed data on particle size, variety, and distribution within a sample,
making it widely applicable across various fields””. Its rapid, non-
destructive, along with the low scattering intensity from water molecules
that minimally impacts the overall spectrum, has made it useful for
detecting MPs in drinking water, sea water, and various other research
applications.

Rytelewska et al. analyzed PE from various environmental sites,
including riverbanks and forest areas using Raman spectroscopy”.
They examined the ratio between symmetric and asymmetric -CH,
stretching bands at 2848 cm ™' and 2882 cm ™, to determine crystallinity
and density. Also, the appearance of a carbonyl peak at 1643 cm™
indicated oxidative weathering of PE. Additionally, multiple studies
have applied Raman spectroscopy to investigate the effects of water
quality and hardness, further demonstrating its potential for optical
evaluation of water hardness and detection of microplastics in tap and
wastewater'"*.

To analyze the concentration of chemicals, Raman spectroscopy
typically examines the intensity or area of specific peaks, with
increasing proportionally to the sample concentration. Ma et al. ** and

Moreno et al. ** utilized Raman peak intensity and area to quantify
pharmaceutical mixtures and the concentration of H,O, in CMP
slurry. However, quantitative analysis of MPs in water using Raman
spectroscopy remains underexplored. Additionally, since peak
intensities fluctuate depending on measurement conditions, it allows
for relative comparison between samples but does not provide abso-
lute concentration values.

In this study, a novel method is proposed to predict the con-
centration of MPs in aqueous samples using Raman spectroscopy by
introducing the area ratio between the characteristic peaks of MPs and
the water peak. Calibration data, set as the predicted values, were
developed by analyzing PE and PVC samples at various concentra-
tions. The calibration model was then validated by comparing the
predicted values with the true concentrations of mixture of PE and
PVC solutions. These findings are expected to enable precise real-time
monitoring and analysis of MPs in various water bodies such as sea-
water and drinking water, providing a benchmark for accurate con-
centration measurements.

Methods

Preparation of MP samples

In this study, concentration-based detection of polyethylene (PE) and
polyvinyl chloride (PVC) was conducted. Both PE and PVC were composed
of spherical white particles, with PE particle sizes ranging from
40 pm ~ 48 um and PVC particle sizes ranging from 40 um ~ 100 um. Both
materials were purchased from Sigma-Aldrich.

Figure 1 shows the samples used for calibration model (Fig. 1a) and
the true concentration (Fig. 1b). For calibration purposes, separate
sample of PE with deionized (DI) water and PVC with DI water were
prepared at varying concentrations (0.1 wt% ~ 1.0 wt%). To determine
the true value, PE, PVC, and DI water were mixed together at the sample
concentration range (0.1 wt% ~ 1.0 wt%). The concentration (wt%) of
each sample was adjusted to 10 mL of DI water (density of DI water set
to 1.0) based on the weight. Since PE and PVC particles are not soluble,
the mixtures were stirred at 600 rpm for 30 minutes at room tempera-
ture to ensure dispersion.

Raman measurement

Raman spectra of MP samples were obtained using a confocal Raman
spectrometer (XperRam C series, Nanobase Inc., Korea). A 5 X mag-
nification lens and a 30 mW, 532 nm laser were used to irradiate the
sample, with a scanning area of 800 x 800 um. Each spectrum was
collected with a measurement time of 25 s, and 20 spectra were analyzed
per sample. For linear plotting, each data point was generated by
averaging the 20 measured spectra using the Gaussian method. Figure 2
provides a schematic illustration of the confocal Raman spectroscopy
detecting MP samples.

Fig. 1 | Schematic illustration of calibration and
true concentration samples. a Sample used for
calibration (predicted) data; PE particles and PVC
particles are each mixed with DI water at con-
centrations ranging from 0.1 wt% to 1.0 wt%.

b Sample used for true concentration data; both PE
and PVC particles are mixed together in DI water at
concentrations ranging from 0.1 wt% to 1.0 wt%.
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Data analysis

For the calibration of concentration analysis using peak area ratios,
solutions of PE and PVC were prepared in concentrations ranging from
0.1 wt% to 1.0 wt% and analyzed via Raman spectroscopy. Table 1
presents the properties of PVC and PE used in this study, along with the
Raman peak information obtained using 532 nm excitation'**. The
bolded peaks are the ones used to identify the two substances in the
Raman spectrum of the PE and PVC mixture sample for validation (Fig.
5). The most intense peaks, at 1295 cm ™" for PE and 637 cm ™' for PVC,
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Fig. 2 | Schematic diagram of confocal Raman spectroscopy. The following
schematic illustrates the operating principle of the confocal Raman spectroscopy
used in this study.

along with the peak area ratio relative to H,O, were plotted. These data
were then subjected to linear fitting using the Origin software (Fig. 4).
The results of the linear fitting were expressed in terms of the slope,
intercept, and the coefficient of determination (R?), which represents
the proportion of variance in the dependent variable that can be
explained by the independent variables (Eq. 1)*°. In Equation 1, X;
denotes the peak area ratio obtained from the analysis, while Y;
represents the reference data derived from the linear fitted graph. The
variable n represents the number of data points analyzed.

2 i XYy
RP=1 SNTER?% 1

The validation of the calibration data was conducted by com-
paring the detection results of PE and PVC in the mixture, with the
true concentration and calibration data as the predicted values. The
prediction ability was evaluated using the standard error of calibration
(SEC) (Eq. 2) and the relative standard error of calibration (RSEC%)
(Eq. 3)*. SEC quantifies the average deviation between the predicted
values from the calibration model and the true values. A lower SEC
value indicates a better fit of the calibration model, meaning that the
predicted values closely align with the true data. This metric reflects
the model’s effectiveness in predicting concentrations within the
calibration dataset. RSEC% expresses the SEC as a percentage of the
mean true concentration, providing a relative measure of the error.
This allows for a comparison of the calibration error across con-
centration ranges. A lower RSEC% indicates higher accuracy in pre-
dicting concentrations relative to the magnitude of the true values.
The variable n represents the number of samples. Cr,man corresponds
to the peak area ratio obtained from the true concentration, while Cge¢
represents the predicted data derived from the calibration.

2
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n
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Table 1 | Polymer sample properties and Raman peaks of each polymer

Polymer Size Shape (Color) Raman peaks (cm™)
Polyvinyl chloride (PVC) 40~100pum  Sphere (White) 310, 345, 363, 420, 496, 544, 571, 599, 615, 637, 682, 694, 752, 838, 930, 964, 972, 1066, 1101, 1119, 1172,
1187, 1216, 1257, 1316, 1335, 1379, 1430, 1437, 1498, 2914, 2935, 2969, 2994
Polyethylene (PE) 40~48pm  Sphere (White) 1062, 1129, 1170, 1295, 1417, 1440, 1460, 2850, 2883
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Fig. 3 | Raman spectra analysis of PE and PVC at varying concentrations for calibration. Raman spectra of a PE, b PVC particles in DI water at different concentrations

(0.2, 0.4, 0.6, and 0.8 wt%).
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Fig. 4 | Calibration model of PE and PVC based on peak area ratios. Calibration model of a PE plotted by peak area ratio (Area;9s/Areay,o) and b PVC plotted by peak
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Fig. 5 | Raman spectrum of PE and PVC at 1.0 wt% for validation. Raman
spectrum of mixture of PE 1.0 wt% and PVC 1.0 wt% with DI water. In the Raman
spectrum of the mixture, the Raman bands of PE at 363 cm ™, 637 cm ™, 695 cm ™,

and 1432 cm ™, as well as the Raman bands of PVC at 1062 cm ™!, 1129 cm ™, and
1295 cm™', were all observed.
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Quality assurance (QA)/quality control (QC)

Prior to preparing samples by mixing PE and PVC particles, Raman analysis
of deionized water confirmed the absence of MP fibers and particles. All
laboratory equipment used in the sample preparation process was made of
glass, ensuring no contamination from plastic materials.

Result and discussion

Quantitative and qualitative analysis of MP by Raman
spectroscopy

Figure 3 shows the plotted Raman spectra for MP solution samples at
various concentrations. Figure 3a shows the Raman peaks for PE and Fig. 3b
for PVC, with each figure demonstrating that the intensity of the peaks
increases as the concentration rises.

Figure 3a shows the Raman spectra of the samples with different
concentrations of PE particles in deionized water. The Raman peaks of
the PE particles appeared at 1062cm™', 1129cm™', 1295cm™,
1416cm™!, 1440cm™', 1460cm™!, 2727cm™', 2856cm™ !, and
2892cm ™. 1062 cm ™' and 1129 cm™' correspond to the asymmetric
and symmetric stretching vibrations of the C-C bond, respectively.
1295 cm ™" and 1416 cm ™" peaks correspond to the twisting and wag-
ging vibrations of the CH, bond, respectively. The peaks between
1400 cm™" and 1440 cm™ correspond to the overtones of the CH,
bonds. The peaks at 2856 cm ™" and 2892 cm™' correspond to the
symmetric and asymmetric stretching vibrations of the CH, group,
respectively’. The broad peak around 3400 cm™ is attributed to the
OH stretching of H,O.

Figure 3b represents the Raman spectra for the PVC particles at dif-
ferent concentrations in deionized water. The PVC peaks appear at
363cm™!, 637cm™, 694cm !, 1119cm™!, 1334cm™, 1430cm™' and
2935 cm ™. The 637 cm ™" and 694 cm™" peaks correspond to the stretching
vibrations of the C-Cl bond. The peaks at 363 cm ™', 1119 cm ™, 1334 cm ™,
1430 cm ™', and 2935 cm ™" also correspond to PVCY.

Figure 4 shows the result of the calibration model as an internal
standard. The data were plotted based on the area ratio values of the
1295 cm ™' peak of PE and the 637 cm ™ peak of PVC to the H,O peak. These
values were then linearly fitted to generate the calibration graphs. Figure 4a
presents the calibration model for PE, resulting in a linear equation of
y=0.25539-0.02187 with an R*=0.98537, while Fig. 4b shows the PVC
calibration model with a linear equation of y =0.37139-0.01717 with an
R*=0.99511.

Validation of data

To validate the calibration model, PE and PVC were mixed with DI water at
concentrations ranging from 0.1 wt% to 1.0 wt%, and the resulting samples
were analyzed using Raman spectroscopy. The results were ten compared
with the calibration model. Figure 5 illustrates the Raman spectrum of a
mixture sample containing 1.0 wt% PE and 1.0 wt% PVC. Peaks for both PE
and PVC were detected within the same spectrum, and these peaks were
marked as the bolded peaks in Table 1.

The area ratio values of the intense peaks selected for calibration
and the H,O peak were plotted on the linear fitting results of the
calibration model in Fig. 6. Figure 6a shows the result of plotting the
true values of the 1295 cm™" (PE) and H,O peak area ratio from Fig. 5
on the red linear graph representing the calibration data. The SEC for
this resultis 0.07232114 and the %RSECis 0.48052 (Table 2). Figure 6b
shows the result of plotting the 637 cm™" (PVC) and H,O peak area
ratio from Fig. 5 onto the blue linear graph. The SEC and %RSEC data
from Table 2 are 0.0985576 and 0.52645, respectively. The SEC and %
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Fig. 6 | Validation results by plotting true data with calibration data (predicted values). Linear plot of the calibration data was created as shown in Fig. 4, a red graph for PE

and b blue graph for PVC, with the true value results overlaid as dotted data points.

Table 2 | Prediction results of polyethylene (PE) and polyvinyl
chloride (PVC) in DI water

Component SEC %RSEC
Polyethylene (PE) 0.0723214 0.48052
Polyvinyl chloride (PVC) 0.0985576 0.52645

RSEC values for PE and PVC align closely with the calibration data
and true concentration results, demonstrating the validity of the
method proposed in this study.

Data availability

All data are available upon request.
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