Development of microplastic remediation techniques from marine sediments
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Introduction

Microplastic pollution of the aquatic environment has raised worldwide concerns over the past two decades.
This is reflected in the number of scientific publications on the sources, occurrence and particularly the
impact of microplastics [1]-[3]. Most commonly defined as plastic particles between 1 um and 5 mm,
microplastics pose a threat to the marine environment and potentially the public health. Various adverse
effects such as the blockage of feeding appendages, oxidative stress and a reduction of growth rate have
been found in many different marine species. Next to that, drinking water and ordinary human food products
such as table salt and tea bags have been shown to contain significant amounts of microplastics [4]-[7].
While the direct and indirect risks associated with human consumption of microplastics are only marginally
understood, it is clear that the continuous accumulation of microplastics in the marine environment is
detrimental on a global scale. Despite this, there is hardly any work reported on the technological
remediation of these persistent marine pollutants. As most microplastics accumulate in marine sediments
[8]-[10], the development of cleaning/separation techniques that are able to isolate microplastics from these
sediments seems imperative. To that end, a fundamental analysis of the characteristics, sinking behaviour
and surface properties of typical microplastics is essential, as many separation techniques are based on these
properties. In this work, proven separation technologies are evaluated against their predicted ability to
isolate microplastics from marine sediments. Ultimately, an optimal design is proposed as the first
microplastics remediation technique of marine sediments. Further improvements to this novel installation
are currently ongoing on a laboratory scale.

Materials and methods

The first part of this work provides new fundamental insight into the characteristics and sinking behaviour
of typical microplastics. For these analyses, microplastics were used originating from municipal plastic
waste comprising six different polymer types. Each microplastic particle was characterized by mass, density
and shape. As particle shape is a complex parameter to quantify, various dimensionless shape descriptors
were used for this purpose. Important to note is that both spheres, fibers and films were included in the
experimental design. Subsequent sinking rate measurements were then evaluated against 11 shape-
dependent drag models. Next to that, the effect of biofouling is investigated. Biofouling is expected to
change the density of the microplastic particle as well as its polarity. To quantify the polarity of the
microplastics’ surfaces, contact angle measurements were performed. This because a water contact angle
smaller than 90° indicates a hydrophilic surface, while a water contact angle greater than 90° indicates a
hydrophobic surface.

To evaluate proven separation technologies, (some of) the most important separation factors for the
microplastics/sediment mixture are determined, namely density, shape and polarity. Note that particle size
is not considered to be an important separation factor as their respective size ranges significantly overlap.
From the theoretical evaluation, centrifugal sedimentation and (froth) flotation are considered to be the
most promising for dealing with this solid-liquid mixture. Centrifugal sedimentation was further examined
by simulating the grade efficiency curves corresponding to a decanter centrifuge with conventional
dimensions. To account for the distinctive shapes of typical microplastics, the shape-dependent drag model
that best fitted our data in the previous part was incorporated in these calculations. With respect to (froth)
flotation, a series of explorative experiments were performed including dissolved air flotation (DAF),
mechanical flotation and a pneumatic flotation column.

Results

From the first part of this work, it was found that particle shape is a particularly important parameter
influencing the sinking behaviour of typical microplastics. For instance, terminal sinking velocities were
shown to deviate up to 7 times from the reference law for spheres when evaluating film shaped particles.
Therefore, identifying appropriate shape descriptor(s) to quantify the distinctive shapes of microplastics is
concluded to be essential in order to make sensible predictions about their flow behaviour. Here, it is found
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that the drag model by Dioguardi et al. [11] most accurately predicts the sinking behaviour of typical
microplastic particles with an average error of 13,20 %. The corresponding shape-dependent drag model
uses sphericity and circularity to quantify particle shape. With respect to biofouling, it is derived that
floating film shaped particles are more likely to sink as a direct result of density modification caused by
biofouling compared to floating spherical particles. Furthermore, the polarity of the plastic surfaces appears
to alter from (near) hydrophobic to strong hydrophilic as a result of biofouling. The latter reduces the
potential of polarity as a separation factor in microplastic/sediment mixtures as sediment particles are
known to be predominantly hydrophilic [12], [13].

From the grade efficiency curves of the decanter centrifuge (Figure 1), it may be concluded that separation
solely by centrifugal sedimentation is not sufficient for the remediation of sediment mixtures polluted with
microplastics. The main reason for this appears to be the significant overlap in size of the particles to be
separated when considering the strong correlation between the particle diameter and the grade efficiency.
However, low-density microplastics that would intrinsically float in seawater (prior to biofouling) are
predicted to be completely separated from the sediment particles. This is partially due to the expectation
that the turbulent regime inside the decanter would readily detach the biofilm layers from the microplastics’
surfaces. Consequently, particle density is shown to be a useful separation factor, unlike particle size.

Centrifuge grade efficiency as a function of particle diameter
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Figure 1. Overview of the theoretical grade efficiency curves associated with a conventional decanter
centrifuge operating at optimal conditions. The simulations take into account the best-fitted drag model as
developed by Dioguardi et al. [11]. An estimated average value is taken for the corresponding shape factors
for the sediment and microplastic particles independently. Three curves are presented: (1) the grade
efficiency of sediment particles (red dots), (2) the grade efficiency of microplastics with an average density
of 1400 kg.m (black short dashes), and (3) the grade efficiency of microplastics with an average density
of 1100 kg.m™ (blue long dashes).

The explorative (froth) flotation experiments revealed that strongly turbid flow regimes are unfavourable
for the separation performance, that clogging of the air spargers by sediment particles is a critical
impediment and that the air bubble size is a particularly important parameter. However, across all
experiments polarity proved to be an effective separation factor for the microplastics/sediment mixture. By
optimizing the froth flotation technique, we achieved an excellent separation performance when dealing
with sediment mixtures with a sand particle size between 63 pum and 2 mm and a microplastic concentration
of 1000 particles/kg sediment. For sediment mixtures with a sand particle size smaller than 63 um, the
sediment entrainment in the concentrate stream increased from approximately 0,1 m% to 5 m%. The
microplastic recovery rate, however, remained nearly constant at 95 %.
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