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Abstract
Discarded plastic wastes are slowly degrading into smaller parts, namely microplastics, that can be easily 
transported to oceans by water streams. In vast, salty, and sunny environments, they degrade even faster and are 
subject to come back in the water network used for drinking or industrial water in the form of nearly indetectable 
objects: nanoplastics. Once in busy buffers such as wastewaters, nanoplastics will tend to aggregate to form 
tertiary microplastics formed of single or multiple types of plastics and potentially host other materials ranging 
from organics and metals to bacteria and viruses. Their nature, random shape, and various size are at the origin of 
nuclei merging together or with other objects. Two particles at a close distance from each other can either attract 
or repulse themselves depending on their nature and constitution. At very short distances, Van der Waals forces 
are predominant and a measure of them is given by the so-called Hamaker constant. We propose to predict this 
aggregation by estimating the Hamaker’s constant.
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Microplastics (MPs) are plastic particles with a size between 1 µm-5 mm, and they are found worldwide in 
the environment. MPs appear in the atmosphere[1], natural water bodies[2], wastewaters[3], and soil[4]. MPs are 
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categorized into primary and secondary: primary MPs are manufactured to micro size and usually have a 
regular shape, such as spherical. However, the majority of MPs in the environment are secondary, which 
result from the degradation of plastic items into smaller fragments by exposure to ultraviolet (UV) light and 
mechanical wear. Secondary MPs have different, mostly irregular forms, such as fiber, fragment, sponge, etc. 
Photonics-based methods, such as hyperspectral imaging[5,6], have been developed and tested to detect MPs 
in field measurement conditions. In addition to the simple detection, photonics allows for the sorting and 
monitoring of possibly aggregated MPs directly from diluted small-scale wastewater samples through ultra-
high-definition imaging of MPs in the micrometer range[7]. Big-scale oceanic floating microplastics and the 
role of surfactants on wave surface roughness have been investigated using data from NASA Cyclone Global 
Navigation Satellite Systems[8]. Much attention has been paid to MPs interaction and transport with other 
types of materials, such as pharmaceuticals and personal care products[9], aggregation with clay minerals[10], 
interfacial interactions between plastic particles in plastics flotation[11], microbubble MP interactions in 
batch air flow[12].

MPs can further fragment into environmental nanoplastics (NPs), which are any plastic particles having a 
size between 1-1000 nm[13]. In this manuscript, we consider NPs as items with a size smaller than 100 nm, on 
which Van der Waals forces have the strongest influence. In the field of investigation of aggregation of NPs, 
most of the published articles deal with commercial spherical NPs in well-controlled laboratory conditions. 
Furthermore, such investigations typically involve homogenous aggregation, i.e., NPs that present the same 
plastic type. In real aquatic environments, the situation is more complex. There can be NPs presenting 
different plastic types and have irregular shapes and surface roughness that are different from spherical 
shape Latex[14]. In addition, in aquatic environments, there can be other irregular-shaped inorganic and 
organic particles that can interact with the NPs. Organic particles, such as lignin, cellulose, bacteria, viruses 
etc., and inorganic particles, such as clay minerals or metal particles, contribute to the complexity of water, 
and one faces the problem of multi-body interactions. This is the reality regarding both industrial and 
municipal wastewaters, namely complex thermodynamical systems with varying conditions and playing 
with properties of colloids and suspensions.

Different sectors of process industries have to deal with a lot of contaminants, including MPs[15] and NPs, in 
wastewater, e.g., in the water-intensive pulp and paper industry[16], and in the semiconductor industry[17]. 
Wastewater is a complex medium, often making difficult an optical analysis. In industrial wastewaters, there 
can be nano-size contaminants not belonging to NPs but can be metals, semiconductors, or insulators. In 
addition to solid nano-and microparticles and bigger units in wastewater, some materials are dissolved in 
the water and give color to water. For example, lignin gives yellowish/brownish color to the wastewater in 
paper mills. It is a big problem to give a general model to predict heterogeneous aggregation of NPs in 
complex wastewater systems under different conditions such as pH, ionic strength, laminar/turbulent flow, 
heat convection (e.g., condensation water from nuclear plants to natural water bodies) and overall physical 
or chemical conditions of the wastewater. However, there is one interaction that is always present, namely 
van der Waals forces that have importance in the aggregation processes of tiny items, such as NPs. Now 
nanostructures typically have material properties that are different from the same bulk medium. Taking the 
case of a NP originating from a colored macroscopic plastic, one can easily admit that while the size of such 
a NP becomes small enough, this NP will be transparent in clear water. In colored wastewater, such an item 
with a size smaller than the wavelength will certainly be hidden and obscured within and by the probably 
changing color of the medium. The optimum case for observation is that such NPs form an aggregate, big 
enough to be detected. Then it would be possible to study the morphology of the aggregate (potentially a 
fractal) and identify its constituents and properties, also including its color.
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There is a need and demand for in situ and continuous detection of possible NPs in natural water bodies 
and especially in the complex, and therefore problematic, case of wastewaters. The development of 
photonics-based sensor solutions is a plausible alternative to robust standard chemical analysis methods, 
especially for the imaging and characterization of aggregates.

We propose here a method based on Lifshitz theory to estimate the affinity between two nanoplastics and 
therefore their possible aggregation. The concept is illustrated in Figure 1.

The possibility of heterogeneous interaction of nanoparticles that have different material properties can be 
predicted from their macroscopic properties using a concept based on their complex permittivity. This 
intrinsic material property can be used for the prediction of both homogenous and heterogeneous 
aggregation of both regular- and irregular-shaped nanoparticles, including NPs. The crucial tool in the 
prediction of nanoparticle aggregation is the so-called Hamaker’s constant, which can be estimated from 
measured spectral data of macroscopic materials through calculations based on the Lifshitz theory[18]. Let us 
consider two planar materials 1 and 2 surrounded in a medium 3 (wastewater in our case). In the Lifshitz 
theory, the Hamaker constant A132 quantifying the interaction between materials 1 and 2 can be calculated 
with the aid of the angular frequency-dependent relative complex permittivity (a complex number) 
characterizing the materials in a unique manner if the wavelength range of observation is large enough. The 
calculation is based on an expression of the relative permittivity that is given at a purely imaginary angular 
frequency variable of the electromagnetic field as follows[18]:

Where h is the Planck’s constant, i is the imaginary unit, and ξ is the so-called Matsubara frequency and it is 
related to the absolute temperature of the system. The real-valued permittivity εj , with the index 
representing the three materials j = 1, 2, 3, at imaginary frequency can be obtained from the following 
integral[18]:

In Eq. (2), the imaginary part of the complex permittivity, ℑ{εj (↑τ)} is usually obtained by measurements
with different devices depending on the spectral range of investigation. For spectral information ranging
from visible to infrared, an ellipsometer can be used to measure the complex refractive index, N(ω) = n (ω)
+ ik(ω) of a medium, which in turn can be used to get the imaginary permittivity ℑ{εj (ω)} = 2n(ω) k(ω).
Since it always holds for bulk media that ℑ{εj (ω)} > 0, then left hand-side of Eq. (2) is always positive. The
inherent problem raised by Eq. (2) is the need for data in the whole semi-infinite frequency axis for an exact
determination of A132. Unfortunately, such data are not available for plastics or water. Therefore, models
such as the oscillator model have been exploited to predict the complex relative permittivity of materials,
such as that of pure water[19]. For rigorous use of Eq. (1) to predict the strength of heterogeneous or
homogeneous aggregation of the particles, knowledge of the complex permittivity of materials 1 and 2 is
also required. This is an issue in the case of wastewater. As we have already mentioned, dissolved organic
materials in water contribute to the complex permittivity of the host medium, i.e., the wastewater, which
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Figure 1. Illustration of the concept: From known/measured spectral data acquired from macroplastics and environments, we extract the 
Hamaker’s constant to predict the aggregation of nanoplastics.

may vary with time depending on the dissolved constituents. Furthermore, the amount of different spectral 
devices and their compatibility needed makes the determination of the complex permittivity of a broad 
extended spectral range currently nearly impossible. Recent progress in terahertz (THz) technology has 
improved our knowledge of spectral properties of plastics in the THz-gap[20], which helps in extending the 
spectral information for the calculation of Hamaker’s constant of polymers in aquatic environments, and 
hence improved information also on the strength of aggregation processes.  Fortunately, one can relax the 
complexity of wastewater and contaminants and predict qualitatively aggregation processes using the 
integrand of Eq. (1), namely

This real-valued function f defines the sign of the Hamaker’s constant, which in turn indicates either 
attractive or repulsive van der Waals forces between nanoparticles, nano-and microparticles, but also bigger 
objects. It is evident from Eq. (1) and (3) that if materials 1 and 3 are of the same type, the sign of the 
Hamaker’s constant is always positive, and it means homogenous attraction of such alike nanoparticles, 
hence including similar NPs having regular or irregular morphology. Furthermore, if ε1 (iξ) and ε2 (iξ) > ε3 (
iξ), or ε1 (iξ) and ε2 (iξ) < ε3 (iξ), the integrand is a positive function and different material type nanoparticles 
will experience heterogeneous aggregation, including NPs of different material types. Although there are 
differences in plastics, they still belong to insulators and have some common material properties. Hence 
aggregation between different plastic types, e.g., PET and PS, is probable and demonstrated in plastics 
flotation for microbeads[11]. In the case that this special-type imaginary argument permittivity function of 
water is between such functions of materials 1 and 2, repulsive van der Walls forces are in action and hence 
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yield negative Hamaker’s constant. An interesting case is an air bubble since one can approximate that for 
an air bubble, say it would be medium 1, and it holds approximately that ε1 (iξ) = 1. This means that in the 
case of interaction of NPs with such air bubbles in the intervening water, the van der Waals forces would be 
repulsive[21]. However, hydrophobic plastics can capture moving objects, such as air bubbles, as was 
demonstrated for PET MP in[7].

If one knew the full spectral data of all possible nano- or microparticles that can appear in water, it would be 
possible to predict the relative strengths of heterogeneous aggregation of systems, such as viruses and NPs, 
solid lignin and NPs, heavy metals and NPs, etc. In the case of heavy metals that are nanoparticles, their 
complex permittivity depends on the size of the particle, and this has been studied in the tuning of the 
Hamaker’s constant by the radius of metal nanosphere[22], and meaning that the strength of heterogeneous 
aggregation in the case of NPs and heavy metal nanospheres depends on the radius of the metallic 
nanosphere. Irregular metallic nanostructures would obey different, so far, unknown morphology-
dependent complex permittivity, but once the inequalities for permittivity given above are valid, they will 
qualitatively aggregate with NPs. Similar arguments about the permittivity also hold for semiconductor 
quantum dots (QDs) and their aggregation with NPs, and organic materials[23].

From the above discussion, one can clearly see the need for effective spectroscopy tools in order to measure 
the broadest spectrum of an analyte and actually of a particle in water. Despite many research works, this 
remains a challenge for in-situ measurement since a combination of microscopy, spectroscopy and 
chemometrics would be needed to assess the data related to the spectral response of an aggregate. This 
requires then sampling and careful preparation as already demonstrated in the chemistry in the case of 
colloids[23].

In this paper, we emphasize the possibility of predicting the trend of heterogeneous aggregation of different 
types of plastic NPs, and that the method holds to irregular-shaped NPs. Such a heterogeneous aggregate 
structure would have an effect both on the transportation of NP aggregates in aquatic environments and 
improved optical detection of an aggregate instead of the complexity of trying to image or identify a single 
NP. However, aggregates of different nanoplastic types but with similar and overlapping fingerprints over 
the studied spectral range may lead to misidentification. Aging of NPs may change their complex 
permittivity that depends on the temperature of the wastewater. Hence, calculations based on Eqs. (1) and 
(2) would always require spectral measurements at temperatures corresponding to the temperature of the 
wastewater, and preferably conducting with aged plastic samples in spectral measurements. Qualitatively 
NPs tend to aggregate when van der Waals forces come into play, and this is already important information 
regarding future sensor developments to monitor wastewater quality. Dissolved organic materials 
contribute to the imaginary permittivity, especially in the infrared, but in wastewaters, the change is not 
expected to be dramatic in the whole semi-infinite frequency range in respect of the intrinsic complex 
permittivity of pure water. Aging of plastics may cause changes in the position and height of spectral 
features, but one is not expecting drastic variations.

The methods currently developed for the in-line or off-line detection of micro-plastics in wastewaters or, 
more generally, in industrial water allow for knowing what type of plastics is present and the chemical 
analysis of the matrix, i.e., the water itself, provides an understanding of the environment. Combined with 
the theory we developed in this article, one is then able to give a better ground on the exploitation of 
hyperspectral measurement, often lacking resolution, or high-resolution imaging, lacking spectral 
information. Such knowledge is of utmost importance in the quality control of rejected waters that are 
submitted to more and more strict regulations[24]. Nanoplastics and aggregates of nanoplastics are now 
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becoming the new challenge in this field and they must be understood before being detected and removed.
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