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A B S T R A C T

Microplastics (MPs) are widespread emerging contaminants for which routine, in situ detection remains a sig
nificant analytical challenge, especially in realistic, biologically active aquatic environments. Existing methods 
(e.g., FTIR, Raman) are labor-intensive, require extensive pre-processing, and often lack sensitivity to mixed or 
biofilm-coated MPs. This study addresses these limitations by implementing a direct, submersible electrical 
impedance spectroscopy (EIS) approach, systematically evaluating the impact of polymer type, particle size 
distribution, and E. coli biofilm formation on the electrical properties of MP suspensions. Results reveal that MP 
surface charge, size heterogeneity, and biological coatings all modulate impedance relaxation behavior in 
mechanistically distinct ways, enabling the discrimination of mixed polymers and realistic contamination sce
narios. These mechanistic insights advance the development of rapid, minimally invasive EIS-based platforms for 
environmental microplastics monitoring and foster future integration with ecotoxicological risk assessment.

Besides the under-development strategy, in opposition to the few found in the literature, does not require the 
collection of samples and can be directly used on-site. However, even if the results demonstrate strong mech
anistic differentiation under controlled conditions, further validation is needed at environmentally relevant 
concentrations and in real-world water matrices.

1. Introduction

Plastic production and usage have expanded during the last decades, 
and this unrestrained growth has led to making it one of the most serious 
environmental contamination problems. Microplastics, MPs (particles 
that are less than 5 mm in diameter) result mainly from the fragmen
tation of large plastic materials [1], and spread in nature due to envi
ronmental factors and their inherent properties, such as density, 
hydrophobicity, and recalcitrance, and consequently plastic accumula
tion in nature, particularly in waters, has risen drastically in recent 
years. Typically, MPs that sink and accumulate as sediments possess 
higher densities, whereas the low-density one’s float, making their 
removal from water extremely complex. Conventional wastewater 
treatment systems are based on sedimentation, filtration, and biological 
treatments. They are clearly inefficient to minimize MPs’ dissemination, 
once wastewater treatment plants only trap larger-sized particles, while 
smaller ones remain in oxidation ponds or sewage sludges or are even 

released into water streams. Meanwhile, to evaluate the efficiency of the 
removal procedures, the detection and estimation of MPs in wastewater 
is crucial [2]. In recent years, the scientific community has tried to 
handle the complexity of MP detection and estimation problems. Due to 
the lack of comprehensive and validated processes, a variety of analyt
ical approaches emerged, which compromised the large-scale interpre
tation of results. Currently, researchers and practitioners may also 
struggle with selecting the right methods for sampling microplastics due 
to the lack of a standard procedure.

Among the most common MPs contributing to environmental 
pollution are Polyethylene, PE and Polyvinyl Chloride, PVC. Once they 
make up the largest percentage of contaminants in the environment, in 
this study they were chosen as representative of MPs in the environment, 
possessing different densities and surface properties, all conditioning 
their behavior in water.

The existing methods for MPs detection and quantification are still 
quite laborious and usually involve several steps and expensive 
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equipment. Hence, systems that can quickly evaluate the existence/ 
estimation of MPs in wastewater are vital.

Electrical Impedance Spectroscopy, EIS, can be used to assess how 
charges are bound or are transferred along a suspension and existing 
interfaces (for instance, solid-liquid ones) [3], once the electrical 
response of heterogeneous systems depends on the system composition, 
and the charge of the species present. Besides, it allows identifying the 
individual electrical phenomenon present in a system once each one 
reaches its maximum contribution at different frequencies of the applied 
excitation signal.

EIS utilization for assessing microplastic presence and quantification 
is still scarcely mentioned in the literature. Meiler et al. [4], combined 
EIS with machine learning for detecting microplastics. They performed 
the electrical measurements in resting water samples containing 
different plastic concentrations (samples contained varying plastic mass 
fractions of polypropylene, PP, polyolefin, PO, and of mixtures of 
different plastics), in the frequency range from 20 Hz to 2 MHz. They 
could distinguish different plastic materials and particle sizes, with a 
success accuracy of over 98 %. Colson and Michel [5] conducted a dy
namic approach of EIS in a rectangular channel with a pair of measuring 
electrodes for microplastics identification in water flows. They were able 
to reliably differentiate and quantify polyethylene particles from bio
logical materials (size ranges varied from 212–250 to 850–1000 μm), 
with a false positive rate of misidentifying the biological material as 
plastic of 1 %.

Recently, the authors of the present work tested a new measuring 
methodology for which they developed a submersible device that they 
combined with EIS [6] which demonstrated a huge potential for esti
mating MPs. They evaluated mono-suspensions of PVC and PE particles 
in water (suspensions pH level was adjusted to 6, a value close to the one 
typically found in wastewater treatment plants), with varying concen
trations, and they could successfully differentiate between suspensions 
containing particles with different concentrations of identical plastic- 
type and suspensions with particles of different types of plastic with 
similar concentrations. Besides, they mimicked some of the conditions 
found in wastewater treatment plants, especially in treated effluent 
release zones, by agitating the tested suspensions before electrically 
characterizing them. The findings confirmed the initial hypothesis 
regarding the newly tested approach, that the main factor determining 
the differentiation capacity between microplastic types and concentra
tions was MPs superficial charge. Additionally, the measurements 
involved directly introducing the sensor into the medium, eliminating 
the need for any pre-processing, in comparison with the mandatory 
multistep procedures needed for laboratory analysis of samples using 
FTIR or RAMAN, overall, highly time-consuming and expensive pro
cedures/techniques.

The main purpose of the present work is to further evaluate the 
proposed combined strategy (EIS + submersible device) capacity to 
detect/estimate MPs’ concentration. So, they enlarged the study and 
evaluated 1) suspensions with varying concentration of PVC and with 
different particles’ average size; 2) the capacity of distinguishing sus
pensions containing mixtures of PVC and PE particles of different sizes 
and concentrations (does the interaction between electrical charges of 
mixed plastic particles in the suspensions influence the final measured 
impedance?); 3) the effect of the presence of microorganisms in the 
suspensions along the time (does the interaction between electrical 
charges of plastic particles and contaminants - in this case a suspension 
of cells from Escherichia coli - alter the final measured impedance along 
time?).

In summary, despite recent advances, current microplastic detection 
techniques such as visual microscopy, FTIR, and Raman spectroscopy 
suffer from limited resolution for smaller particles, high error rates for 
transparent or colored polymers, significant sample pre-processing, and 
labor-intensive data analysis [7]. These methods are often challenged by 
the heterogeneity, polydispersity, and biological contamination preva
lent in real environmental matrices. Furthermore, previous studies using 

EIS have focused mainly on mono-polymer suspensions under idealized 
conditions, lacking systematic evaluation of mixed samples, biofilm ef
fects, or field applicability [6], gaps addressed by the present work 
through which is demonstrated the possibility of in situ EIS monitoring 
of realistic, heterogeneous, and biologically active microplastic sus
pensions, bringing methodological innovation and improved environ
mental relevance to the analytical detection of microplastics.

2. Materials and methods

2.1. MPs used

The experimental work involved using polyvinyl chloride (PVC) 
particles sourced from Cires, Portugal; one batch with an average par
ticle size around 23 μm and a second one with an average particle size of 
approximately 180 μm. Polyethylene (PE) particles were also used with 
two distinct average particle sizes, about 542 and 194 μm, respectively, 
obtained from Goovean Fibres, Lda, in the United Kingdom.

The selected particle size range (23–542 μm) for PVC and PE was 
chosen to reflect microplastics frequently detected in environmental and 
wastewater treatment plant samples: indeed, literature sources report 
that most microplastics in treated effluent and retained sludge are 
within the 20–1000 μm interval, being sizes below 500 μm especially 
prevalent and of concern due to reduced retention in conventional 
treatment systems. Therefore, our batches with mean sizes of approxi
mately 23 μm, 180 μm, 194 μm, and 542 μm capture both fine and coarse 
fractions representative of real-world microplastic contamination, and 
align with data from surveys in municipal effluents and natural envi
ronments [1,2].

2.2. Laser diffraction spectroscopy MPs detection

Laser diffraction spectroscopy (LDS) was used in a Mastersizer 2000 
(Malvern Instruments, Malvern, UK) and a Hydro 2000 module to assess 
the size distribution of MPs. The device’s pump was set to 1500 rpm. MP 
samples were introduced into the dispersion unit until the obscuration 
level reached 7–8 %, ensuring an optimal signal-to-noise ratio. Laser 
Diffraction Spectroscopy is a technique widely used for micrometric 
particles characterization, including plastic particles [15]. Data analysis 
was conducted using the Mastersizer 2000 software, applying Mie 
Theory, to obtain particle size distribution from the scattering pattern. 
The particle size is reported as the volume-equivalent sphere diameter 
(Table 1).

2.3. Zeta potential of MP particles

The zeta potential of MP particles (PE and PVC) in suspension was 
measured using the Zetasizer NanoZS from Malvern Instruments, UK. 
Each sample was tested six times, with 15 sub-runs per measurement, 
across a pH range from 2 to 12. To prepare the samples, a dispersion was 
created by mixing 0.1 g of MPs into 30 mL of water, and the pH was 
adjusted to the desired level. The suspensions were then transferred to 
the capillary measuring cell, and zeta potential measurements were 
conducted at 25 ◦C, following a 60 s thermal equilibrium period.

Table 1 
Mean particle sizes of PVC and PE microplastics.

Plastic Batch nr. Mean size (μm)

PVC 1 22.55 (±1.29)
2 179.67 (±0.11)

PE 1 (35) 541.60 (±32.14)
2 (125) 194.37 (±23.85)
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2.4. FTIR assessment of MPs

The FTIR-ATR spectra of the microplastics, both before and after 
contact with E. coli, were recorded using a JASCO FT/IR-4200 spec
trometer (Jasco Corporation, Tokyo, Japan) equipped with a universal 
ATR (attenuated total reflectance) accessory. Spectra were collected 
over the range of 500–4000 cm− 1, with a resolution of 4 cm− 1, and 
averaged over 128 scans. FTIR samples preparation followed standard 
protocols for minimizing excess liquid and loose of microbiological 
material. Interpretation of the spectra relied on direct comparison of the 
signals before and after contact, with changes in peaks assigned to the 
development of a bacterial biofilm. Overlapping peaks of polymer and 
biological components were handled by referencing known positions of 
functional groups (e.g., amide, O–H, N–H).

2.5. Escherichia coli strain U5/41T suspension production and viability

E. coli strain U5/41T was obtained from the University of Coimbra 
Bacteria Cultures Collection (UCCCB 113), Coimbra, Portugal. Active 
culture was obtained by cultivating an aliquot of the cryopreserved 
culture on sterile Luria-Bertani (LB) medium with 1.5 % agar. LB agar 
was prepared by dissolving 10 g of tryptone, 5 g of yeast extract, 5 g of 
sodium chloride and 15 g of agar in 1 L of water and was used to grow 
the cells at 37 ◦C at 140 rpm.

The suspensions for the experiments containing E. coli UCCC13 were 
prepared using the cells grown on LB agar medium. LB without agar was 
used to prepare a 1.5 mL suspension of E. coli strain U5/41T with a 
concentration of cultivable cells (CFU) of 109 CFU/mL in an Eppendorf 
tube using an inoculation loop. This initial suspension was diluted in 
sterile deionized water 100×, resulting in a bacterial concentration of 
107 CFU/mL. Then, 0.2 mL of this suspension was inoculated into 19.8 
mL of sterile deionized water, resulting in suspensions with a microbial 
concentration of 105 CFU/mL to which 0.1 g of PVC particles of batch nr. 
1 were added (resulting in a PVC concentration per suspension of 0.05 g/ 
mL). These suspensions were aliquoted in 30 mL flasks, each with 10 mL 
suspension. Each flask was used to measure the OD and the number of 
CFU over 30 days. Samples were taken at time 0 (the initial day, a few 
minutes after the plastic particle introduction in the jars that contained 
E. coli suspension), 24 h, 72 h, and 30 days. The number of CFUs was 
determined by plating 0.1 mL of the sample on plates of LB agar me
dium. Plates were incubated and colonies counted after 24 h at 37 ◦C. To 
prevent contamination throughout the 30-day experiment, all materials 
including flasks, water, plastic particles and inoculation instruments 
were sterilized prior to use, and all procedures were performed under 
aseptic conditions. Negative controls, consisting of sterile suspensions 
containing only E. coli (without microplastics), were included in parallel 
to monitor natural variations in bacterial viability over time, having 
their respective CFU counts served to validate the specificity of any 
observed effects to the presence of microplastics, and to ensure the 
reliability and attribution of the experimental findings.

2.6. EIS experiments

The immersible device designed to carry the complex impedance 
evaluation is reproduced in Fig. 1; it possesses a U-shaped structure, and 
a part of the bottom of the structure was removed to facilitate the device 
displacement/placement in the suspensions, avoiding interfering as 
much as possible with the particle distribution in the suspension. A pair 
of gold circular electrodes was placed on opposite sides of the U-shaped 
structure. Gold wires allow connecting the device electrodes to the 
electrical impedance analyzer.

The impedance analyzer used during the experimental work was an 
Agilent 4294A. The frequency interval used for the evaluation ranged 
between 100 Hz and 40 MHz, with a voltage difference potential pos
sessing an amplitude of 500 mV (0 V bias). The electrical voltage signals 
possessing varying frequency generated by the impedance analyzer were 

applied through the gold wires to the electrodes. The equipment 
measured the developed electrical current flowing through the suspen
sion between the pair of electrodes, which was transmitted to the 
impedance analyzer through the gold wires. The electrical evaluation of 
the suspensions, except for the ones containing the bacteria, was carried 
out by placing the measuring device inside the vessels only near the 
suspensions’ surface, after intense agitation for 30 s, using an orbital 
shaker with a speed of 300 rotations per second (model S20, CAT GmbH, 
Germany). For the suspensions containing the bacteria culture the 
measurements were performed at the middle of the jars, once the overall 
volume of water used in the tests was smaller than the one used for the 
remaining suspensions. Nevertheless, for each evaluated suspension 
using the described conditions, three acquisition runs were conducted. 
The data depicted in the Nyquist/Bode plots are the average values of all 
three runs along the entire frequency sweep interval (between 100 Hz 
and 40 MHz).

3. Results and discussion

As mentioned, in a previous publication [6] tests performed using 
PVC and PE particles with varying concentrations allowed us to 
conclude that the pH level should be adjusted to 6 when assessing the 
electrical response of the suspensions. Table 2 summarizes the charac
teristics of the mono and mixed suspensions (with two polymers) tested.

3.1. Mono suspensions studies

As illustrated in Fig. 2, the adopted strategy that combines the 
designed prototype with EIS, allowed to successfully differentiate: sus
pensions containing PVC plastic particles (medium size of 22.55 ± 1.29 
μm) with varying concentration, see Fig. 2(a) and distinguish suspen
sions containing PVC from the ones containing PE plastic particles 
(medium size of 259.49 ± 25.63 μm) with similar contents, see Fig. 2(b). 
Before preparing the different suspensions, all PE and PVC particles size 
distribution was accessed by LDS.

In the present work, the first stage aimed at evaluating suspensions 
containing similar contents of a single type of plastic particles for 
comparison with information reported in the literature [6], but for 
different batches of PVC and PE, i.e., considering particles possessing an 
average mean size different from the ones studied before. The EIS 
measures were carried out as already described both at the top and 
bottom of the jars containing the suspensions, and always after a 30 s 
period of agitation of the jars (always adjusting their pH level to 6). This 
acquisition allowed several comparisons to be subsequently performed, 

Fig. 1. Immersible device developed.

S. Magalhães et al.                                                                                                                                                                                                                             Journal of Water Process Engineering 80 (2025) 109107 

3 



between the PVC batches and the PE batches.
During data curation, among the diverse features that can be 

extracted from the EIS spectrum the relaxation frequency of the visible 
semicircle was found to be a key one: so, for the discussion of the EIS 
data, bode plots of the reactance were used, except for the suspension 
containing only plastic particles of batch nr. 2 of PVC (which serves as 
transition from the previous analysis mode to the new one allowing 
comparison between the two representations).

Suspensions of a second batch of PVC particles, batch nr. 2, were 
prepared by dispersing the desired concentrations (see Table 2) in 30 mL 
of water, while adjusting the pH level to around 6. The EIS spectra ob
tained near the jar surface and bottom respectively, are presented in 
Fig. 3(a) and (b), respectively. An analysis of the Nyquist plots allows to 
state that when increasing the PVC mean particles size (batch nr. 2 
possess a mean particle size of 179.67 ± 0.11 μm), the adopted strategy 

still allows to differentiate between suspensions with varying concen
tration, particularly near the jars surface. In the bottom, due to their 
higher dimension and, and consequently higher mass, the full differen
tiation with varying concentration is not attained. This fact is most 
probably due to the higher sedimentation velocity of the larger PVC 
particles, which increases the presence of larger quantities of particles, 
even after agitation, at the bottom of the jars. However, near the surface, 
a change in the trend is found for PVC particles of batch nr. 2, when 
compared with the one seen for PVC particles batch nr. 1 (Fig. 2). Instead 
of a steady decrease in the overall impedance with increasing particle 
concentration, an increase is now observed. The reason must relate to 
the higher particle size and sedimentation velocity of batch nr. 2 par
ticles. Indeed, for higher mass PVC particles, sedimentation must be 
even faster, reducing the number of existing particles near the surface 
(even after agitation), with a consequent decrease in the number of 
possible ion conduction paths, resulting in the decrease in the conduc
tivity of the suspension (thus, overall impedance increases). A compar
ison between the electrical response of the suspensions containing 
varying concentrations of both PVC particle batches was also done and 
presented in Fig. 3(c) and (d) (top and bottom of the jar, respectively). It 
is again possible to observe that the adopted methodology allows dis
tinguishing between suspensions containing PVC particles with identical 
concentration but of different mean sizes, when the measures are taken 
near the jars’ surface.

Near the jars’ bottom, it was also possible to distinguish among 
suspensions with identical concentrations; however, and for the reasons 
already pointed out, near the bottom, the efficiency is lower, since there 
is not a visible tendency regarding electrical impedance amplitudes 
variation, with increasing concentration for PVC particles of batch nr. 2.

Reactant Bode plots of the suspensions containing PVC particles of 
both baches with varying concentration, were also plotted and 
compared, see Fig. 3(e) and (f). As stated previously, this type of plot, 
easily allows to estimate and compare processes relaxation frequency, 
one of the features that can be extracted from EIS experimental data. A 
close inspection of how relaxation frequencies change with varying 
concentration of the suspensions, and between the two batches, con
firms the conclusions withdrawn previously from the Nyquist plots: 1) 
near the surface, for both PVC batches, it is possible to differentiate 
changes in the concentration (for batch nr. 1, the relaxation frequency 
increases with increasing concentration while for batch nr. 2 the 
opposite trend is found); 2) it is possible to distinguish suspensions of 
batches nr. 1 and 2, once the relaxation frequencies for batch nr. 1 are 
always lower than the ones for batch nr. 2, for identical concentrations.

Following the possibility of discriminating PVC plastic particles’ 
suspensions with different particle size and concentration, a similar 
assessment was conducted for PE particles. So, PE plastic particles 
possessing two different sizes were used, named also batches number 1 
and 2, possessing mean diameters of 541.60 (±32.14) and 194.37 
(±23.85), respectively (as depicted in Table 2). However, the concen
trations tested for both batches were not the same as the ones used for 
the PVC plastic particles, due to the lower amount available of batch nr. 
2. The obtained EIS reactance data are plotted in Fig. 4(a) and (b) for 
suspensions containing PE particles of batch nr. 1 with varying con
centration, and in Fig. 4(c) and (d) for suspensions containing PE par
ticles of batch nr. 2 with varying concentration. An important feature 
that must be mentioned is the lower density of PE when compared with 
PVC. This has a significant impact on the obtained EIS measurements, 
particularly the ones for batch nr. 2, which corresponds to the smaller 
mean size of PE plastic particles. Indeed, when assessing the suspensions 
containing PE particles of batch nr. 1, a trend is found regarding the 
relaxation frequency variation, which decreases with increasing parti
cles concentration. Besides, and as expected, due to their lower density, 
that variation is larger when the measures are made near the jars surface 
than near the bottom, respectively 2.15 to 1.61 × 105 Hz and 2.01 to 
1.61 × 105 Hz, when concentration varies from 0.002 to 0.0066 g/mL. 
However, when looking at the measured data for suspensions containing 

Table 2 
Plastic particles mono and mixed suspensions properties.

Suspension content Zeta potential

Component nr. 1 
Type and concentration g/mL 
(w/v)

Component nr. 2 
Type and concentration g/ 
mL (w/v)

PVC batch 1 0.001 – – − 46.57 (±1.09)
0.002 – –
0.0033 – –
0.0066 – –
0.01 – –
0.0166 – –

PVC batch 2 0.001 – − 13.60 (±2.44)
0.002 –
0.0033 –
0.0066 –
0.01 –
0.0166 –

PE batch 1 0.03/0.001 – – − 21.05 (±0.78)
0.0066 –
0.01 –
0.0166 –

PE batch 2 0.001 – – − 13.00 (±0.42)
0.0066 –
0.01 –
0.0166 –

PVC batch 1 0.001 PE batch 1 0.002 − 32.80 (±1.05)
0.001 0.0066 − 24.57 (±2.78)
0.002 0.002 − 34.93 (±0.93)
0.002 0.0066 − 30.47 (±2.97)
0.0033 0.002 − 32.87 (±1.72)
0.0033 0.0066 − 34.20 (±3.04)
0.0033 0.002 − 33.47 (±2.91)
0.0033 0.0066 − 24.30 (±2.23)
0.001 PE batch 2 0.002 − 22.13 (±1.05)
0.001 0.0066 − 24.83 (±2.78)
0.002 0.002 − 29.10 (±0.93)
0.002 0.0066 − 32.13 (±2.97)
0.0033 0.002 − 35.07 (±1.72)
0.0033 0.0066 − 32.93 (±3.04)
0.0033 0.002 − 25.83 (±2.91)
0.0033 0.0066 − 33.17 (±2.23)

PVC batch 2 0.001 PE batch 1 0.002 − 8.28 (±1.11)
0.001 0.0066 − 5.42 (±1.61)
0.002 0.002 − 4.26 (±10.69)
0.002 0.0066 − 2.61 (±3.86)
0.0033 0.002 − 9.16 (±5.94)
0.0033 0.0066 − 5.71 (±4.30)
0.0033 0.002 − 1.59 (±0.82)
0.0033 0.0066 − 9.4 (±1.67)
0.001 PE batch 2 0.002 − 7.90 (±3.82)
0.001 0.0066 − 8.69 (±4.09)
0.002 0.002 − 8.80 (±5.55)
0.002 0.0066 − 6.72 (±1.30)
0.0033 0.002 − 11.24 (±3.26)
0.0033 0.0066 − 12.80 (±2.55)
0.0033 0.002 − 12.06 (±2.92)
0.0033 0.0066 − 14.50 (±0.42)
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PE particles of batch nr. 2, lower particle size, a totally different 
behavior is found, due to the combination of the lower material density 
with the lower particle mean size. Indeed, for both positions, near the 
jars’ surface and bottom, for small concentration variations, i.e. from 
0.001 to 0.002 g/mL, the relaxation frequency diminishes considerably; 
however, when the concentration raises from 0.066 to 0.01 g/mL and up 
to 0.0166 g/ml, the relaxation frequency increases instead. Neverthe
less, the obtained relaxation frequency changes are more significant for 
the EIS data obtained near the jars surface than obtained near the bot
tom, in-line with the results obtained for batch nr. 2. In Fig. 4(e) and (f), 
a comparison of the data obtained for all suspensions containing PE 
particles of batches nr. 1 and 2 is made. It allows to state, that despite the 
mentioned limitations, it is still possible to distinguish between sus
pensions containing similar concentrations of different PE particles’ 
batches, even if the differences in the relaxation frequencies for similar 
concentrations are lower than the ones found when comparing suspen
sions containing PVC particles of different batches. For instance, near 
the jars surface, for a PVC concentration of 0.002 g/mL, the relaxation 
frequency shifted from 3.38 × 105 to 1.83 × 105 Hz, considering 
respectively batch nr. 1 and 2, while for a PVC concentration of 0.0166 
g/mL, it shifted from 1.59 × 106 to 1.56 × 105 Hz, comparing again 
batch nr. 1 and 2. For similar concentrations of batches 1 and 2 of PE 
particles, the observed shifts found near the jars’ surface were always 
smaller: from 2.15 × 106 to 1.29 × 105 Hz and from 1.61 × 106 to 2.37 
× 105 Hz, respectively, for 0.002 and 0.0166 g/mL concentrations. Near 
the jars bottom, the relaxation frequency shifts observed for similar 
concentrations of PE batches when compared with the ones found for the 
PVC batches is similar: for a PVC concentration of 0.002 g/mL, the 
relaxation frequency shifted from 3.49 × 105 to 1.72 × 105 Hz, 
considering respectively batch nr. 1 and 2, while for a PVC concentra
tion of 0.0166 g/mL, it shifted from 1.64 × 106 to 1.66 × 105 Hz. 
Comparing batches nr. 1 and 2 of the PE particles for a concentration of 
0.002 g/mL, the relaxation frequency shifted from 2.02 × 105 to 1.37 ×
105 Hz, considering batch nr. 1 and 2, whereas for a PE concentration of 
0.0166 g/mL, it shifted from 1.61 × 106 to 2.30 × 105 Hz, comparing 
again batches nr. 1 and 2. The differences are, as previously mentioned, 
due to the higher density of the PVC particles, and even more important 
due to the differences in the electrical surface charge, as determined by 
the Zeta potential evaluation, with PE particles presenting a lower sur
face charge, for similar concentrations of the PVC ones (in this case the 
comparison was done by the Zeta potentials measured for the lower 

concentrations of all mono suspensions tested).

3.2. Poli suspensions studies

Suspensions containing mixtures of PVC and PE particles of both 
batches were also prepared (see Table 2) and characterized using EIS, 
whose reactance data can be seen in Fig. 5(a) through (h), always using 
the same methodology and acquired at both near the jars surface and 
bottom. Regarding the comparison between suspensions containing only 
one type of plastic and mixtures of PVC and PE particles, both from 
batches nr. 1, the results of the measures taken near the jars surface 
allow us to state that it is possible to distinguish between the mixtures 
and single particles suspensions. Nevertheless, what seems to be the 
focal point is that PVC particles surface charge seems to be key factor, 
once when the PE particles are added to the suspensions, the shifts in the 
relaxation frequency are smaller than the ones observed when the PVC 
concentration varies: for instance, considering suspensions containing 
0.002 g/mL of PVC particles, single plastic suspensions and mixtures to 
which were added 0.002 g/mL and 0.066 of PE ones, the relaxation 
frequency shifts from 3.38 × 105 to 4.38 × 105 and then to 5.31 × 105 

Hz, while for suspensions containing 0.066 g/mL of PVC particles, for 
single plastic and mixtures to which were added the same amounts of 
PE, the relaxation frequency shifts from 7.34 × 105 to 8.08 × 105 and 
then to 8.62 × 105 Hz. Similar trend is found near the jars bottom, but 
due to the higher sedimentation velocity of PVC particles in comparison 
to PE ones, the shifts on the relaxation frequencies when PE particles are 
added to the mixtures are much less significant. Additionally, when 
suspensions containing single plastic particles and mixtures of particles 
of PVC batch nr. 1 and PE batch nr. 2 were evaluated (Fig. 5c) and d)) 
near the jars surface and bottom, the conclusions are quite the same to 
the ones discussed for mixtures of PVC and PE of batches nr. 1; the major 
difference being that the relaxation shifts, when PE particles of batch nr. 
2 are present in the mixtures, are quite smaller (for suspensions con
taining 0.002 g/mL of PVC particles, for the single plastic suspensions, 
and for the mixtures to which were added the same amounts of PE batch 
nr. 2 (the relaxation frequency shifts from 3.38 × 105 to 3.97 × 105 and 
then to 3.85 × 105 Hz) and is even almost insignificant for suspensions 
containing 0.066 g/mL of PVC particles, for the single plastic suspen
sions and for the mixtures to which were added the same amounts of PE 
batch nr. 2 (the relaxation frequency shifts from 7.34 × 105 to 9.49 ×
105 and then to 9.48 × 105 Hz). So, when PVC particles from batch nr. 2 

Fig. 2. Nyquist plots for suspensions containing PVC particles of batch nr. 1 with varying quantity (in this representation, the quantities of 0.03, 0.06, 0.1, 0.2, 0.3 
and 0.5 g, correspond to the concentrations of 0.001, 0.002, 0.0033, 0.0066, 0.01 and 0.0166 g/mL, respectively), acquired near the jar surface, (a), and Nyquist plots 
comparing three different PE and PVC suspension concentrations obtained near the jar surface, both of batches nr. 1, (b), having all suspensions the pH level adjusted 
to 6 [6].
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replace those from batch nr. 1 in identical suspensions, the overall trend 
of relaxation frequency shifts remains unchanged, regardless of the PE 
batch or measurement location. However, the absolute relaxation fre
quencies and corresponding shifts tend to be even smaller with PVC 
batch nr. 2, especially compared to the effects observed when PE batch 
nr. 2 is added to PVC batch nr. 1 suspensions. The reason for the smaller 

shifts observed is probably connected with particle size (the medium 
size of PE particles o batch nr. 2 is around 3 times smaller than the ones 
of batch nr.1), which determines the amplitude of the formed double 
charged layer that conditions electrical current paths along the 
suspension.

When assessing identical suspensions with PVC particles of batch nr. 

Fig. 3. Nyquist plots for suspensions containing PVC particles of batch nr. 2 with varying concentration, acquired near the jar surface and bottom, respectively (a) 
and (b); Nyquist plots comparison between suspensions containing PVC particles of batch nr. 1 and 2, with varying concentration, acquired near the jar surface and 
bottom respectively (c) and (d); reactance Bode plots comparison between suspensions containing PVC particles of batch nr. 1 and 2 with varying concentration, 
acquired near the jar surface and bottom, respectively (e) and (f).
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2 replaced the ones of batch nr. 1, the shift trend, independently of the 
batch of PE particles used, as well as the local of the measurement 
acquisition (surface or bottom), does not change. What changes is the 
relaxation frequency and respective shifts for a certain PVC concentra
tion, which tend to be even smaller than when PE particles of batch nr. 2 
were added to PVC particles of batch nr. 1. For instance, near the jars 
surface, considering suspensions containing 0.002 g/mL of PVC 

particles, single particles of PVC from batch nr. 1, and mixtures of PVC 
+ PE to which were added 0.002 g/mL and 0.066 of PE batch nr. 1: the 
relaxation frequency shifts from 1.83 × 105 to 1.72 × 105 and then to 
1.66 × 105 Hz, while for suspensions containing 0.066 g/mL of PVC 
particles of batch nr.2, for the single plastic suspensions and for the 
mixtures to which were added PE particles of batch nr. 1, the relaxation 
frequency shifts from 1.56 × 105 to 1.46 × 105 and then to 2.37 × 105 

Fig. 4. Reactance Bode plots for suspensions containing PE particles of batch nr. 1 with varying concentration, acquired near the jar surface and bottom, respectively 
(a) and (b); Reactance Bode plots for suspensions containing PE particles of batch nr. 2 with varying concentration, acquired near the jar surface and bottom, 
respectively (c) and (d); Reactance Bode plots comparing suspensions containing PE particles of batch nr. 1 and 2 with varying concentration, acquired near the jar 
surface and bottom respectively (e) and (f).
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Hz. Near the jars bottom, considering the same suspensions containing 
0.002 g/mL of PVC particles of batch nr. 2, and for the mixtures to which 
were added 0.002 and 0.066 g/mL of PE batch nr. 1 (Fig. 5f), the 
relaxation frequency shifts from 1.72 × 105 to 1.77 × 105 and then to 
1.83 × 105 Hz, while for suspensions containing 0.066 g/mL of PVC 
particles of batch nr. 2, for the single plastic suspensions and for the 
mixtures to which were added the of PE ones, the relaxation frequency 
shifts from 1.89 × 105 to 1.66 × 105 and then to 2.79 × 105 Hz. Overall, 
these results highlight that the intrinsic properties of PVC particles from 
different batches — likely involving morphology, size, or surface char
acteristics — significantly influence dielectric interactions in suspen
sions. Also, the observed variation in relaxation shifts depending on 
measurement location could reflect suspension heterogeneity due to 
sedimentation or uneven spatial particle distribution. Besides, as seen 
from the estimated Zeta potential for the mono particle’s suspensions, 
the PVC ones are quite higher in terms of amplitude, consequently they 
are dominant in the formations of the charged double layer formed. 
Additionally, the comparison between the lowest concentrations of 
prepared mono suspensions of both PVC batches, with the lowest poli 
suspensions containing the same amounts of PVC to which are added 
particles of both PE batches, permits to see that its electrical the surface 
charge is always closer to the ones estimated for PVC suspensions than 
the found for the PE ones.

As observed for suspensions where PVC particles of batch nr. 1 were 
used, the relaxation shifts between the plots for single plastic type sus
pensions and plastic mixtures when PE batch nr. 2 particles were added, 
both near the jars surface and bottom, are even smaller. As can be seen, 
for suspensions containing 0.002 g/mL of PVC particles of batch nr. 1, 
for the single particle’s suspensions and for the mixtures to which the 
same amounts of PE were added, near the jars surface, the relaxation 
frequency shifts from 1.83 × 105 to 1.96 × 105 and then to 1.33 × 105 

Hz, while for suspensions containing 0.066 g/mL of PVC particles of 
batch nr. 2, for the single plastic suspensions and for the mixtures to 
which were added the same amounts of PE batch nr. 2, the relaxation 
frequency shifts from 1.56 × 105 to 1.29 × 105 and then to 1.42 × 105 

Hz). Near the jars bottom, considering suspensions containing 0.002 g/ 
mL of PVC particles batch nr.1, for the single plastic suspensions and for 
the mixtures to which were added 0.002 g/mL and 0.066 of PE batch nr. 
2, the relaxation frequency shifts from 1.72 × 105 to 2.09 × 105 and then 
to 1.51 × 105 Hz, while for suspensions containing 0.066 g/mL of PVC 
particles batch nr. 2, for the single PVC particles suspensions and for the 
mixtures to which were added the particles of PE batch nr. 2, the 
relaxation frequency shifts from 1.89 × 105 to 1.66 × 105 and then to 
1.61 × 105 Hz.

What seems to be clear is that the influence of the addition of PE 
particles diminishes with the increase of PVC concentration, confirming 
their dominance, i.e., the key factor regarding the modification of the 
suspension’s conductivity is particles’ surface charge, and in this case, 
PVC, which displays higher Zeta Potentials. In fact, when looking at the 
estimated Zeta potentials of the mixtures containing PVC particles of 
batch nr. 1, the introduction of PE particles, independently of their 
batch, creates a slight decrease in the suspensions measured zeta po
tentials with increasing PVC concentration, originating always a shift in 
the direction of the highest relaxation frequencies for the mixture sus
pensions when comparing them to the suspension containing only PVC 
particles with the same concentration. For the case of the mixtures in 
which PVC particles of batch nr. 2 were used, the overall behavior is 
inverse to what was found for the ones based on PVC particles of batch 

nr. 1. Indeed, the introduction of PE particles, independently of their 
batch, creates a slight increase in the suspensions’ estimated zeta po
tential with increasing PVC concentration, always originating a shift in 
the direction of the lowest relaxation frequencies for the mixed sus
pensions when comparing with the suspensions containing only PVC 
particles of batch nr. 2 with the same concentration. The probable cause 
for this inverse behavior is probably due to the differences in electrical 
surface charge of PVC particles of batches nr. 1 and 2, which originates 
quite significant alterations in the dynamics of the interaction between 
surface charges of particles of batches nr. 1 and 2 and PE ones, and 
respective double layer charge.

The respective shifts in relaxation frequencies when compared with 
the respective reference single plastic suspension is aligned to what is 
found for the remaining concentrations of PVC particles in the suspen
sions, exhibiting always the same patterns of shifting. Nevertheless, the 
behavior described is more evident near the surface, due to the differ
ences in density and corresponding deposition velocities between PVC 
and PE particles.

For easy comparison, a summary of the estimated relaxation fre
quencies is presented in Table 3 for the evaluated suspensions contain
ing PVC and PE plastic particles mixtures. A brief look at the data 
reported in Table 3 allows further reinforcement of the combination of 
the lower sedimentation velocity and mass of PE plastic particles of 
batch nr. 2. Indeed, the estimated relaxation frequency presents only 
slight changes, confirming the existence of very low quantities of PE in 
that evaluation volume, i.e. near the surface of the jars.

In summary, the data discussion carried out allows confirming that 
the electrical surface charge of the plastic particles contained in the 
suspensions is the key factor determining their overall suspensions 
conductivity, once the conductions paths are majorly conditioned by the 
formed electrical double layer, highly dependent on the electrical charge 

Fig. 5. Reactance Bode plots for suspensions containing PVC and PE particles of batches nr. 1 with varying concentration, acquired near the jar surface and bottom, 
and comparison with plots for single plastic suspensions, respectively (a) and (b); Reactance Bode plots for suspensions containing PVC particles of batch nr. 1 and PE 
particles of batch nr. 2 with varying concentration, acquired near the jar surface and bottom, and comparison with individual acquired ones, respectively (c) and (d); 
Reactance Bode plots for suspensions containing PVC particles of batch nr. 2 and PE particles of batch nr. 1 with varying concentration, acquired near the jar surface 
and bottom, and comparison with plots for single plastic suspensions, respectively (e) and (f); Reactance Bode plots for suspensions containing PVC and PE particles 
of batches nr. 2 with varying concentration, acquired near the jar surface and bottom, and comparison with plots for single particle suspensions, respectively (g) 
and (h).

Table 3 
Relaxation frequencies comparison for the mixed suspensions.

Suspension content Relaxation 
frequency near the 
jars surface

Relaxation 
frequency near the 
jars bottomComponent nr. 1 

Type and 
concentration, g/ 
mL (w/v)

Component nr. 2 
Type and 
concentration, 
g/mL (w/v)

PVC 
batch 
1

0.002 – 3.38 × 105 3.49 × 105

0.066 – 7.34 × 105 7.82 × 105

PVC 
batch 
2

0.02 – 1.83 × 105 1.72 × 105

0.066 – 1.56 × 105 1.89 × 105

PVC 
batch 
1

0.002 PE 
batch 1

0.002 4.38 × 105 3.17 × 105

0.002 0.066 5.31 × 105 3.28 × 105

0.066 0.002 8.08 × 105 7.10 × 105

0.066 0.066 8.62 × 105 7.82 × 105

0.002 PE 
batch 2

0.002 3.97 × 105 3.49 × 105

0.002 0.066 3.85 × 105 2.70 × 105

0.066 0.002 9.49 × 105 7.82 × 105

0.066 0.066 9.48 × 105 7.34 × 105

PVC 
batch 
2

0.002 PE 
batch 1

0.002 1.72 × 105 1.77 × 105

0.002 0.066 1.66 × 105 1.83 × 105

0.066 0.002 1.46 × 105 1.66 × 105

0.066 0.066 2.37 × 105 2.79 × 105

0.002 PE 
batch 2

0.002 1.96 × 105 2.09 × 105

0.002 0.066 1.33 × 105 1.51 × 105

0.066 0.002 1.29 × 105 1.66 × 105

0.066 0.066 1.42 × 105 1.61 × 105
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interactions between particles contained in the suspensions. Besides, 
when suspensions contain mixtures of particles, the dominance is from 
the ones possessing higher superficial charge, playing the remaining 
ones a lower impact regarding the establishment of charge carrier’s 
paths along the surface, even considering that do not always possess 
similar concentrations in the poly suspension, but still allowing to 
differentiate between suspensions containing a single plastic type for a 
certain concentration and the ones containing mixtures of plastic par
ticles with similar concentration as the single plastic type suspensions.

3.3. PVC with E. coli culture studies

Last, the authors evaluated how the presence of bacteria would 
interfere with the estimation strategy. Microplastics have become one of 
the main vectors for the diffusion of antibiotic-resistant bacteria and 
antibiotic resistance genes [8] due to the ease of bacteria adhesion to 
their surface, being an ideal environment for horizontal gene transfer, 
and thus using microplastics as a “raft” to move around. The natural load 
of bacteria, the presence of extracellular polymeric substances (poly
saccharides, lipids, nucleic acids, proteins and other biomolecules that 
make up the biofilm matrix) [9] and the formation of a physical barrier 
in the form of a biofilm are factors that can alter conductivity and 
consequently lead to an incorrect reading of the concentration of 
microplastics based on the use of electrical impedance spectroscopy. 
Among the bacteria that can be considered, E. coli is a gram-negative, 
facultative anaerobic rod-shaped bacteria belonging to the phylum 
Pseudomonadota, one of the most common in wastewater [10]. In 
addition, it is present in the intestines of mammals and birds, where it is 
an essential element of the intestinal microbiota, and so it is also found 
in human and animal feces and, consequently, they are present in 
wastewater treatment plants, being relevant for the undergoing study. 
So as described in the materials and methods section, a set of suspen
sions containing both PVC particles and E. coli cells, were assessed along 
the time, with two purposes; observe the influence of bacteria in the 
measuring strategy, and if the electrical interactions between plastic 
particles and bacteria cells, would be also discernible by the designed 
measuring strategy.

Nyquist and reactance bode plots of the obtained EIS data can be 
seen in Fig. 6(a) and (b), respectively.

As can be seen, the bacteria’s interaction with the microplastics re
sults in the growth of a coating on MPs surface, which increases as 
evaluation evolves, influences both the Nyquist and the Reactance Bode 
plots. That superficial coating possesses, due to the natural electrical 
charge of the plastic particles and E. coli cells, both negative, an overall 

surface charge with even higher negativity than the primary ones. 
Consequently, the overall suspension conductivity increases, which is 
directly observable by the overall impedance decrease. Also, the relax
ation frequency of the solutions shifts continuously to higher values. The 
latter can be seen as a way to confirm the bacteria’s presence in the 
suspensions that also contain the plastic particles once, even after a few 
minutes after the addition of the E. coli to the suspension of PVC parti
cles, the estimated relaxation frequency shift is already visible, in this 
case from 4.24 × 105 to 4.67 × 105 Hz. After 24 h and 72 h, the relax
ation frequency shifts to 4.98 × 105 and to 5.31 × 105 Hz, respectively, 
while after 1 month, it is 5.67 × 105 Hz, which indicates, as expected, 
that the reaction of the bacteria with the surface of the PVC particles is 
non-linear. The results allow us to conclude that the EIS based strategy 
assessment can be used to estimate PVC plastic particle concentration in 
the suspension, even in the presence of E. coli cells. Bacterial cells 
presence induces an increasing coat over the particles as time passes, 
without promoting their physical degradation. That coating electrical 
charge evolutes, reducing with it the overall impedance of the suspen
sion; consequently, a collected sample that contains PVC and E. coli, 
which is evaluated by the proposed strategy with a couple of hours of 
difference (or even 24 h), will display, as demonstrated, a relaxation 
frequency shift. That shift, besides confirming E. coli interaction, may 
allow us to estimate the probable concentration of PVC particles.

Nevertheless, the authors performed a final evaluation by FTIR, 
using three of the prepared suspension to confirm the just discussed form 
of interaction between E. coli bacteria cells and PVC particles, i.e., that 
they gradually get attached to the plastic surface creating a coating, 
which final electrical charge along time results from the interplay of the 
initial charges of both the bacteria and the particles (Fig. 7). The 
absorbance spectrum presented in Fig. 7 demonstrates significant 
changes in the chemical profile of the PVC particles upon interaction 
with E. coli. Even at the initial contact (time zero), an increase in 
absorbance is observed compared to the pristine MP, indicating imme
diate modifications on the particle surface. These spectral changes 
intensify after 30 min of exposure, reflecting progressive formation of 
the bacterial coating. Peaks around 3150 cm− 1 correspond to O–H and 
N–H functional groups commonly associated with biomolecules, while 
variations below 1650 cm− 1 suggest chemical alterations linked to 
protein structures and amide bonds [11]. This progressive spectral 
evolution confirms that E. coli cells actively interact with and modify the 
plastic surface over time, supporting the electrical impedance findings 
and illustrating the dynamic nature of the bacterial coating formation.

Fig. 6. Nyquist and Reactance bode plots from EIS data obtained near the jar surface, respectively (a) and (b), of suspensions containing 0.033 g/mL of PVC particles 
batch nr. 1, and an E. coli UCCCB 113 suspension with a concentration of 105 CFU/mL at time 0 and incubated for 30 days.
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3.4. General assessment

Summarizing, the ongoing work clearly demonstrates that the com
bined use of EIS with the submersible device allows us to estimate and 
distinguish between microplastic particle types with varying concen
tration in suspensions, both individually and in mixtures. Besides, 
combining the actual work results with previous reported ones by the 
authors, it is further demonstrated that the determining factor for dis
tinguishing plastic particle types or assessing particle concentrations is 
their electrical surface charge, for which electrical impedance spec
troscopy is an extremely powerful tool. Nevertheless, once plastic par
ticles vary in density and size, which affects their sedimentation 
velocity, improved sensitivity and selectivity regarding the estimation of 
the MPs presence may result from taking, for the same suspension 
sample, measurements both near the surface and the bottom of the 
system/container.

In fact, the frequency dependence of the dielectric permittivity and 
the electric impedance of suspensions by applying an alternating electric 
field, has been studied and reported in literature [12,13]: typically, a 
dipole moment is induced on a charged particle due to the relative 
motion between the particles and their electric double layer, being its 
relaxation frequency related with the size, shape and surface area of the 
dispersed particles, the nature of the dispersed medium, and on the 
particles concentration.

Additionally, the strategy also seems to be capable of confirming the 
presence of microorganisms, through assessing time variation of the 
suspension’s overall impedance.

Regarding the questions placed by the end of the Introduction sec
tion, the authors believe that the reported and discussed work as given 
additional and significant contributes to the subject of microplastics 
detection, once: 1) they evaluated suspensions with varying concen
tration of PVC and with different particles’ average size, and were able 
to distinguish them from previous assessed ones; 2) they used the 
designed strategy and could distinguish suspensions containing mixtures 
of PVC and PE particles of different sizes and concentrations, once the 
interaction between electrical charges of mixed plastic particles in the 
suspensions influence the final measured impedance; 3) the idealized 
strategy confirmed to be capable of confirming the presence of a 
microorganism in the suspensions based on their time assessment, once 
the interaction between electrical charges of plastic particles and the 
bacteria - in this case cells from Escherichia coli - alter the final measured 
impedance along time.

4. Conclusions and future perspectives

In the present work, the previously proposed measuring strategy that 
combines a submersible device with Electrical Impedance Spectroscopy 
was further tested and used to inspect microplastic particles suspen
sions. The evaluation was carried out using PVC and PE particles, each 
one for two different batches (batch 1 and 2). Using this strategy, the 
authors could differentiate between MPs’ suspensions containing the 
same concentration of the different evaluated Polyvinyl Chloride, PVC, 
and Polyethylene, PE, plastic particles, as well as discriminate PVC and 
PE particles’ suspensions with different concentrations, in the interval 
0.001–0.0166 g/mL, both in suspensions containing only a single type of 
plastic or mixtures between them. It was also possible to differentiate 
suspensions containing PVC or PE particles of different particle mean 
size and with similar concentrations. The interaction between PVC 
plastic particles and E. coli cells was also characterized; the results 
confirmed that E. coli UCCCB 113 interacts with PVC particles, creating a 
time-evolving coating.

The experimental results obtained further established that the main 
factor for the differentiation capacity of the strategy developed, between 
microplastic types and concentrations, is the plastic particles’ superficial 
charge. Additionally, an improved estimation sensitivity and selectivity 
may result from merging evaluation data performed both near the sur
face and the bottom of the jars containing the suspension under 
evaluation.

Future work will have to be conducted to enlarge the detection ca
pacity of the overall system. For instance; evaluate suspensions con
taining simultaneously more plastic particles of different types, sizes and 
concentrations, while varying temperature; characterize the influence of 
the addition of different bacteria species (not only E. coli) in different 
concentrations to suspensions containing diverse plastic particles (type, 
size and different concentrations) and assess their interactions (if it 
originates the creation of a coating on the particles surface, or if it 
promotes particles physical degradation); evaluate the influence of the 
presence of other organic compounds.Nevertheless, suspensions con
taining multiple materials/contaminants, carrying each one to the sus
pension a certain number of electrical charges, may limit the strategy 
measuring/differentiating capacity; indeed, the interactions that will 
take place in the suspensions between charges of diverse origins, will 
originate a new charge balance conditioning, in this way, the final 
measured impedance. Despite the results already achieved, that present 
strong evidence about the followed strategy potential for MPs detection, 
there is still a significant path to be pursued until a portable and totally 
reliable sensing device is available commercially.
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