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Abstract:

This project aims to assess the possibil-
ity of capture of microplastics from wa-
ter using hydrocyclone technology. The
analysis was based on the data obtained
from the experiment, which was conduc-
ted at AAU Esbjerg. In order to obtain in-
formation about microplastics concentra-
tion in water, dynamic microscopes were
installed in the setup. A dedicated cal-
ibration procedure, consisting of statist-
ical tests and measures, was proposed
to ensure appropriate detection perform-
ance of the sensors. Mean efficiencies
were obtained for specific sets of control
valve settings. The highest observed sep-
aration efficiency achieved 87,76%, which
can be compared with hydrocyclone per-
formance in other industries. The hy-
drocyclone can be used for efficient sep-
aration of microplastics from water. A
control algorithm of hydrocyclone could
be designed in the future, based on per-
formed analysis.
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Chapter 1

Introduction

1.1 Plastic Waste Production

Since the invention of plastic, humanity faced the challenge of its recycling. Due to
its lightweight, low cost or durability, plastic is widely used in many applications such

as packaging, construction or medicine. As plastic is made from polymers, it often
takes hundreds of years to decompose naturally. Therefore, the immense demand for its
production results in generation of vast amount of waste. It is estimated that throughout
100 years of plastic production, 6,3 Gigatons (Gt) of plastic waste has been generated.
Unfortunately, only 9% of it was recycled, while 12% was incinerated and 79% was
collected in land lls or directly disposed to natural environment. If more strict policies
are not to be implemented, by 2050 around 12 Gt of plastic waste are estimated to be
accumulated in the environment or land lIs [1].

One of the places where mismanaged plastic waste can be found are oceans. It is
assumed that as of 2015, 83 Mt of plastic waste is assembled in oceans worldwide and
this amount will increase annually by 8 Mt [2]. This signi cant volume of plastic causes
the extreme phenomenons such as accumulation of oating litter. For example, one
of the largest plastic concentration zones Great Paci c Garbage Patch has the area of
1,6 million km 2, which can be compared to the square area of Mongolia. Moreover,
the accumulation of plastic mass accelerates in this zone, which inevitably in uences
negatively the natural habitat of oceans [3].

1.2 Microplastics

Microplastics are usually de ned as plastic particles smaller than 5 mm [4]. Some mi-
croplastics are manufactured deliberately to be used, for example in cosmetics. Unfor-
tunately, microplastic can also be a product of undesirable degradation of larger plastic
in a marine environment. Waves, currents, heat from sun or even marine life are ex-
amples of factors that allows plastic to degrade into smaller pieces. It should be noted
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that around 60% of microplastics have lower density than water, thus they oat close to
the surface. Due to currents occurring in oceans, microplastics may be accumulated in
areas such as the Great Paci ¢ Garbage Patch, where microplastics contribute to 94% of
all estimated pieces [3].

Due to the small size of microplastic, numerous marine organisms, for example
sh, unintentionally consume plastic while eating or breathing [5]. Accumulation of
microplastic, especially in lower level organisms, for example zooplankton, may negat-
ively affect their growth or survival [6]. Moreover, microplastic, found in small marine
organism, may be transferred to larger animals via the food chain [7]. Furthermore,
microplastic can also be accumulated in humans, as its occurrence was observed in hu-
man faeces [8]. Microplastic not only enters the human body during consumption, but
also while breathing, as even air contains small plastic particles. Although it is evident
that humans are prone to assimilation of microplastics, the contribution of microplastics
to overall chemical intake is rather small [9]. Moreover, the long-time effects of micro-
plastics on human health seem guestionable and more research needs to be conducted
[10].

Nevertheless, it is indisputable that microplastics negatively affect the natural en-
vironment. One of the paths to reduce the volume of microplastics in marine habitat
is more ef cient recycling and management of plastic waste. It is necessary to imple-
ment new policies to prevent unwanted generation of microplastic volume in the future.
However, even if the production of plastic waste is reduced, microplastic will still remain
in the marine environment as it takes a long time to decompose. Therefore, this paper
will be focused on the capture of microplastics from water. The ongoing technological
possibilities of separation of microplastic from water will be presented in Chapter 2.



Chapter 2

State of the Art

2.1 Ongoing Capture Solutions

Due to several factors, the capture of microplastics is a challenging task. Firstly, it
can be demanding to even properly detect microplastics. As mentioned in Chapter 1,
microplastics vary in size. Additionally, microplastics may differ in composition, shape,
or their concentration in water, which further complicates their detection.

One of the most commonly used methods of measuring microplastic concentration in
water is a visual detection of particles using microscopy. Generally, there is a risk of in-
correct classi cation of other small particles as microplastics, however microscopes may
detect various kinds of microplastics, regardless of their composition [11]. Moreover,
additional classi cation algorithms, for instance machine learning, may be used to im-
prove classi cation of microplastics, detected through microscopy. Other methods of
detection may be used, for example uorescence-based sensors, however some micro-
plastics may not be detected, due to low or no af nity for uorescent dye. It should
be noted that some detection methods require sample collection and laboratory equip-
ment. Of ine sampling methods may generate more precise and sophisticated results,
however detection is more time-consuming, and it may be more bene cial for capture
purposes to observe concentration of particles in real-time.

Currently, numerous technologies of microplastic capture from water are being im-
plemented and developed. A lter-based approach can be used in wastewater treatment
plants (WWTP) to separate microplastics from water, along with other small particles.
Glass, membrane or other lters may be straightforwardly applied in WWTPs for mi-
croplastic separation processes [12]. However, small particles may not be captured in
certain lters and the risk of frequent Iter clogging can be considered as drawbacks in
this technology [13].

Another technological approach of microplastic capture is the use of electrocoagu-
lation. It is a process that removes contaminants from water using anode, cathode and
direct current. More ef cient separation performance was observed with comparison
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to Itration. On the other hand, this process requires additional energy input and thus
economy of this process should be further investigated, along with design of specic
reactor [14].

Additionally, there are also some chemical methods of microplastic capture. Chem-
ical coagulation may simplify separation of particles from water. However, addition of
chemicals to water may not be considered bene cial and observed separation ef ciency
is lower than in aforementioned methods [15].

2.2 Hydrocyclone

In principle, hydrocyclone is a device which separates uids or solids from other uids,
based on density differences in a mixture. Figure 2.1 presents a diagram of hydrocyclone
and its principle. It consists of at least one tangential inlet, through which a mixture of
uids enters the cylinder. Due to its conical shape, it creates a vortex that separates due
to centripetal force. The lighter phase (marked in black) moves towards the centre of the
cylinder, creating a vortex core which exits the cylinder through the over ow outlet. The
heavier phase (marked in gray) is forced towards the wall and exits the hydrocyclone
on the other side, through the under ow outlet. Sometimes, multiple hydrocyclones
are used parallelly to handle large volume of heavier uid. Hydrocyclones perform
separation of phases in various applications, for instance in the oil industry, where they
remove oil from water. There are several key advantages of this separation device, such
as relatively high ef ciency of separation, lack of moving parts and cost-ef ciency [16].

Figure 2.1: Hydrocyclone separation principle [16]

2.3 Problem Formulation

In conclusion, despite challenges related to appropriate measuring of microplastic con-
centration in water, numerous technologies are being implemented or developed to re-
move microplastics from water. Unfortunately, none of them can be considered as op-
timal or perfect option, due to drawbacks associated with lower separation ef ciency,
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Iter clogging, time-consuming or expensive solutions, as well as separation depend-
ency on chemical properties of observed particles.

This project aims to overcome some of these disadvantages by implementation of
hydrocyclone in the process of microplastic capture. In accordance with its principle
described in Section 2.2, the mixture of water and microplastic could enter the hydro-
cyclone through the inlet. After separation in the cylinder, ideally, clean water would
exit the hydrocyclone through the under ow valve and a more concentrated mixture of
microplastic and water would enter hydrocyclone through the over ow valve. It should
be noted that this would occur under the assumption that observed microplastic has
lower density than water. Potentially, hydrocyclone could be used together with already
existing technology of microplastic separation, for example before a dead-end Itration
unit. As hydrocyclone could possibly remove up to 90% of microplastic particles [17],
the problem of frequent replacement of Iters would be signi cantly reduced.

Therefore, the following problem statement was formulated:

Can hydrocyclone be used for ef cient separation of microplastics from water, and how to
determine its separation ef ciency with a dynamic microscope?

In order to answer the above problem question, the setup with a hydrocyclone, loc-
ated in the Offshore Laboratory at AAU, will be used. The description of the setup can
be found in Chapter 3. The calibration procedure of used microscopy sensors will be
described in Chapter 4, whereas the assessment of hydrocyclone separation capabilities
will be presented in Chapter 5.



Chapter 3

Setup

This chapter contains description of sensors used for detection of microplastic in the
water. In order to further visualize the equipment used for this project, all versions of
setup are described.

3.1 ViPA Sensor

The sensor that was used in this project to detect microplastics in water is the Visual
Process Analyzer (ViPA), manufactured by Jorin. This dynamic microscope is not lim-
ited to recognition of only solid particles in a mixture, as it can also identify bubbles or
droplets. Its key properties are presented in Table 3.1.

Particle size range 1,2-150mMm
Concentration 0-2500 ppmV
Length of a pixel 0.375
Inlet and outlet ports 1/4”
Flow rate up to 4 I/min
Max operating pressure 120 bar
Frame rate 30 fps
Pixel length conversion factor | 0.375nm/pixel
Pixel area conversion factor | 0.1406mm?/pixel

Table 3.1: ViPA sensor key speci cation [18] [19]

ViPA sensor detects particles through microscopy. The main measuring unit contains
a high speed digital video camera on the one side of a ow cell, and a light source on
the other side. In Figure 3.1, it can be observed that the camera detects particles not in
the whole width of the view cell, but only in the speci c length called Depth of Field
(DoF). Microplastics and other elements, which ow outside DoF, are determined as out
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of focus and are rejected. The example of such phenomenon can be observed in Figure
3.2. Itis evident that location of a particle signi cantly contributes to its focus.

Figure 3.1: Schematic of core components [19]

Figure 3.2: Focus of particles and DoF
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Information obtained through the microscope is transferred to the computer via
bre-optic cable. Then, dedicated ViPA software performs image processing on pictures
with detected particles. Meaningful particle data is then obtained, with 36 parameters
providing information about the detected particle. The most relevant parameters are
described below [18].

3.1.1 Area

In order to obtain information about area of a detected particle, ViPA software counts
the number of pixels inside a particle and then multiplies it by the xed area conversion
factor. The calculated area is in mm?2.

3.1.2 Perimeter

ViPA software counts the number of pixels that are creating the edge of a particle. This
number is then multiplied by the xed length conversion factor, to obtain the perimeter
in mm.

3.1.3 Ferets Min and Max

Feret is de ned by ViPA software as a distance between 2 sides of a particle edge,
calculated at a specic axis. 4 ferets are calculated, and their axis are presented in
Figure 3.3. The shortest and the longest distance are provided via ViPA software as
Feret min and Feret max.

Figure 3.3: Ferets of a particle

3.1.4 Size

The size of a particle is calculated as an average of four ferets.
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3.1.5 Shape Factor

Shape factor provides information on how spherical a particle is. The value of shape
factor is in a range between 0 and 1, and it is calculated based on Equation 3.1. The
particle which is observed as a perfect circle will have a shape factor of 1, whereas
particles which are less spherical will have values closer to 0.

4p Area

Sh fact -
ape factor Perimete?

(3.1)

3.1.6 Estimated Volume

The size of a particle is calculated in a manner that it is assumed to be a diameter of a
spherical particle. Therefore, the estimated volume is calculated using the formula for
the volume of a sphere, which is presented in Figure 3.2.

Volume= S|zép

(3.2)

3.1.7 Concentration

ViPA software provides information about the concentration for each frame with de-

tected particle. In order to calculate the concentration, the volume of passing mixture
is obtained by multiplication of frame area by DoF. Then, the concentration is derived
by dividing the sum of estimated volumes of particles in the frame, by the volume of

passing mixture. Obtained frame concentration is provided in Visible parts per million

(Vppm).

The frame concentration should not be considered as absolute, because particles
which ow outside DoF are not in focus, thus they are disregarded. It should be noted
that in order to properly calculate concentration, the ow rate of uid must be higher
than the frame rate, to ensure that in every frame, the new volume is analysed. However,
this condition is met for all conducted experiments.

3.2 Setup

3.2.1 Calibration Setup

The setup presented in Figure 3.4 was used for calibration of 2 ViPA sensors. In the cal-
ibration loop ows a mixture of demineralized water and calibration particles provided

by manufacturer BS-Partikel. One of the characteristics of these patrticles, is that they
are narrowly distributed in size, which can be observed in Figures 3.5 and 3.6, where
probability density functions (PDF) and cumulative distribution functions are presented
(CDF). Based on this information from the manufacturer, sensors were calibrated with



3.2. Setup 11

Figure 3.4: Diagram of the calibration setup

particles with mean diameter of 40,3 mm and further calibration was validated by ad-
dition of particles with larger diameter of 79,4 nm to the same loop. This procedure is
described in depth in Chapter 4.

The calibration setup also consists of the centrifugal pump, which provides constant
ow of mixture in the loop. Additionally, the setup was equipped with the separator
funnel, to reduce the problem of particles sticking together.

Figure 3.5: PDF and CDF of BS-Partikel particles, mean diameter: 40,3mm
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Figure 3.6: PDF and CDF of BS-Partikel particles, mean diameter: 79,4nm

3.2.2 Main Experiment Setup

Figure 3.7: Diagram of the main experiment setup

For the main experiment, during which assessment of the hydrocyclone separation
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Figure 3.8: Picture of the experiment setup

capability was conducted, the other setup was constructed. Its diagram is presented in
Figure 3.7. In order to further visualise the setup, its picture was taken and presented
in Figure 3.8.

The setup loop can be divided into 5 parts:

e i-inlet part,

u - under ow part,

0 - over ow part,

us - under ow sidestream part,
* 0S- over ow sidestream part.

Indexes of all elements indicate where in the setup the component is located.

The uid which ows in this a setup is a mixture of water and a microbeads. These
plastic particles differ from BS-Partikel as they are less spherical, and they vary more in
size. Red microbeads are visible inside bottles in Figure 3.9. In total, 50g of microbeads
were added to the setup. 4 bottles with microbeads size in a range between 53 and 63
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Figure 3.9: Plastic microbeads

nmm, and 1 bottle with size in a range between 75 and 90 mm were used. The centrifugal
pump (CP) ensures the circulation of the mixture in the system.

Due to their design, ViPA sensors perform on-line analysis. Therefore, dedicated
sidestreams were introduced in the setup. Sensor ViPA-1 measures particles in the
inlet sidestream, whereas sensor ViPA-2 measures particles in the under ow sidestream.
Hence, information about concentration can be obtained before and after separation in
the hydrocyclone (HC), and consequently ef ciency of the process may be calculated. It
should be mentioned that in this setup, sidestreams are connected with the main stream
via t-junction. There is a risk that sampling in the sidestream may not re ect the true
process concentration occurring in the main stream [20].

In order to operate the system and manipulate individual ow rates, control valves
V were installed in the system. Additionally, pressure sensors P and ow meters Q were
implemented in the setup, in order to provide more information about the process. The
separated mixture returns to the tank, where it is amalgamated again using the mixer.
The activity of mixing aims to prevent additional separation of microbeads from water
inside the tank.

The design of the main experiment, along with the description of operating condi-
tions, are described in Chapter 5.



Chapter 4

Calibration

The purpose of calibration procedure is to ensure that microscopy sensors applied in the
setup may reliably detect particles and their sizes. In this chapter, the approach behind
calibration procedure will be described. Moreover, the validation of calibration settings
was performed, and it will be presented as well.

4.1 Calibration Parameters

Each of the microscopes, described in Chapter 3, consists of 2 selectable parameters,
which are in uencing capability of detecting particles and their sizes in the system.

4.1.1 Edge Strength

The edge strength of a detected particle may be de ned as the rate of change in grey
scale from the background at its edges. Thus, the sharper an object seems to be on
a picture, the higher edge strength it possesses. Alternatively, if a particle appears
blurry in the picture, it may suggest a lower edge strength value (ESV). The method
behind detecting the edge of a particle is not provided by the manufacturer of the sensor,
however it is assumed that some version of a Sobel lter is applied. The microscope's
software allows for the user to select a minimum value of ESV. All particles with lower
ESV than selected are disregarded. The possible range of ESV to select is from 0 to 10.

4.1.2 Threshold Value

The threshold value (TV) is the second selectable parameter, and it indicates how dark
a particle needs to be with respect to the xed background in order to classify it as a
detected object. The higher the TV is, the darker a particle needs to be in order to detect
it. Alternatively, if a selected value of TV is lower, whiter particles are also recognized.
The possible range of TV to select is from 0 to 255.

15
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