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ARTICLE INFO ABSTRACT

Keywords: Presence of microplastics in waste streams and the environment is a challenge of much recent concern. Bubbles
Bubble size distribution are used for solid-liquid separation in froth flotation and dissolved air flotation (DAF). Bubble-particle in-
Image processing teractions are key for understanding flotation removal efficiency of particulates. Limited studies provide in-situ
g:fi:;‘:gis characterization of particle size distribution, shape and concentration before and after flotation. The use of
Surfactants microbubbles to specifically remove microplastics has not been extensively investigated. This study presents a

batch flotation method to assess the removal of spherical polyethylene (PE) and non-spherical PE, polypropylene
(PP), polyvinyl chloride (PVC), and polymethyl methacrylate (PMMA) microplastic of different densities at
10-600 pm size range with 50-110 um sized microbubbles. In-situ image analysis allowed measuring particle
shape, size and concentration in solution prior to and after flotation as well as capturing particle-bubble in-
teractions at the micro-scale. Besides determining flotation performance for different microplastic sizes, shapes
and types, the effect of surfactant concentration and ionic strength was investigated and discussed in relation to
particle collection efficiency. This study provides important quantitative results on bubble-particle interaction
that allow selective removal of microplastic from solution and presents a straightforward direct in-situ visuali-
zation method for tracking and characterizing micrometer-sized particles in solid-liquid-gas multiphase media.

a few different parent polymers but local composition can vary greatly
[21,24-26].

Major pathways of MPs into the environment comprise accidental
and unintentional discharge, mismanaged waste and waste water
streams [27-29], including waste water treatment plants (WWTPs) [30].
Solids separation processes applied in WWTPs after primary clarification
and activated sludge treatment can achieve 95-99% MP removal [25].
However, a key concern with WWTPs is the potential release of MPs to
the environment through distribution on land via biosolids produced in
activated sludge treatment [30] and release of separated solids [26]
from primary clarification to landfills. MPs contained in wastewater
effluent may have only a small contribution to environmental plastic
[31].In addition, MPs can cause operational issues, performance decline
and equipment damage in WWTPs [28,29].

Flotation of suspended solids with bubbles has been widely used for
water clarification and solids recovery [32,33] including for plastics
recycling (Supplementary Information [SI], Table S1) [34,35]. In a
typical flotation process, suspended particles attach to rising bubbles of

1. Introduction

Microplastics (MPs) are plastic particles between 0.1 ym—5 mm in
diameter [1,2]. MPs are ubiquitously present in the environment,
especially in marine and freshwater systems [3-9]. MPs can have various
negative effects on animals, microorganisms, plants and whole ecosys-
tems through external physical effects or via disruption of internal
physiological processes after ingestions, and as vector of chemical con-
taminants and pathogens [10-15].

MPs in the environment can be classified as primary or secondary
origin [16]. Primary include MPs in personal care products, plastic
pellets, synthetic textiles and breakdown of tires, road markings and
marine coatings [3,17,18]. Secondary MPs are fragments of initially
larger plastics broken down by physical, chemical and/or biological
processes after release into the environment [2,19]. The shape and type
of environmental MPs varies and includes particles, flakes, films and
fibres [20-23]. Globally, the bulk of environmental MP is derived of only
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Nomenclature up Bubble rise velocity
H Fluid dynamic viscosity
u Bubble or particle rise/settling velocity K Inverse Debye length
d Bubble or particle equivalent diameter r Particle radius
p Bubble or particle density & Dielectric constant
I Liquid density € Permittivity of free space
g Gravitational acceleration kp Boltzmann constant
n Fluid dynamic viscosity T Absolute temperature
Re Reynolds number Ny Avogadro’s number
T, Characteristic particle reaction time e Elementary charge
T Characteristic time of fluid solicitation 1 Ionic strength electrolyte of solution
Py Particle density MB Microbubble
d, Particle diameter MP Microplastic
dy Bubble diameter

size 1-4 mm (macrobubbles) and the resulting aggregates and froth can
be removed from the liquid surface [36-38]. Microbubbles (MBs, 1-100
um) compared to macrobubbles can increase flotation performance
significantly [39]. Theoretical studies on MB-particle interaction
including on collection efficiencies, particle/bubble shape, size and
surface properties effect on flotation performance have been carried out
[40-43]. Additionally, experimental MB flotation studies using various
materials (Table S2) [44-49] are also available. However, few studies
investigated using MBs to specifically separate and remove MPs from
water and those which have, did not fully validate and verify both MB
and MP measured diameters with in-situ image analysis [50,51]. Pre-
vious studies on MB-particle interactions have used non-specific analysis
such as turbidity and optical absorbance measurements or time-
consuming gravimetric methods to quantify flotation performance
with minimal in-situ visualization and tracking of MBs and MP particles
(Table S2). Experimental investigation of specific effects of particle
shape and size on particle-bubble interaction have only been studied on
stationary macrobubbles [52-54]. An increased understanding of MP-
MB interaction could aid developing specific MP separation, for
example at different stages of wastewater treatment processes, espe-
cially in WWTPs not designed for the mitigation of MPs.

The aim of this study was to investigate MB flotation of MPs in water
to understand the interaction between MP particle sizes, shapes, number
density and types with rising MBs. Removal of MPs from water using
batch dissolved air flotation (<2 min flotation time), with a narrow size
distribution of MB diameters of 60-115 pm, was investigated for
different surfactant and ionic concentrations. In addition to addressing a
research gap on MP-MB interaction, this manuscript presents a robust,
fast and repeatable batch flotation procedure. An image analysis method
utilizing in-house MATLAB code allowed for in-situ MB and MP visu-
alization, tracking and measuring of MP number density, without need
for prior MP separation, for comparative analysis, including size and
shape distribution before and after flotation.

2. Materials & methods
2.1. Materials

Deionized (DI) water from a reverse osmosis system (Purite Integra
HP120GP, Suez Water Technologies & Solutions, Berkshire, UK) was used
for experiments and preparation of stock solutions, all unbuffered. Non-
ionic surfactant polyethylene glycol sorbitan monolaurate (Tween-20),
NaCl, MgCly, Al5(SO4)3-16H20 and AIK(SO4)2-12H,0 were from Merck,
Darmstadt, Germany. Spherical polyethylene (PE) particles of diameters
(10-600 um) and densities (0.960-1.05 g cm~3) were purchased from
Cospheric, Santa Barbara, CA,USA. An electric sander (Bosch Orbital
Sander PSS 250 AE) equipped with different grades of sanding paper
(60-120) was used to generate MP particles from four types of plastic

sheets: high density polyethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC), and polymethyl methacrylate (PMMA) with densities of
0.955, 0.905, 1.380 and 1.180 g cm > respectively (theplasticshop.co.uk,
Coventry, UK). Choice of plastic types for this study was based on envi-
ronmental occurrence (PE and PP, [21,24-26]), to cover a range of
densities and commercial availability of plastic sheets. Procedures for
MP particle zeta potential measurement are provided in SI, Text S1.

2.2. Microbubble (MB) generation

A Nikuni KTM 20 N (Nikuni Co., Kawasaki City, Kanagawa, Japan;
Aeration & Mixing LTD, Sheffield, UK) regenerative turbine pump was
used to produce MB solution. The Nikuni pump was operated at
manufacturer recommended parameters of — 0.03 MPa inlet pressure,
0.3 MPa outlet pressure, liquid flow rate of 16.5 L min "~ and an ambient
air intake of 1.5 L min . The setup is illustrated in Fig. 1a and described
in detail in a previous publication [55]. MB solution was generated in a
continuous loop by drawing DI water from a temperature-controlled
(15-20 °C) water bath. MB solution for flotation experiments was
diverted from the loop via a controllable needle valve.

2.3. Batch flotation

MP suspension was created by adding 0.4-0.5 g L! of spherical or
sanded MP particles to DI water. Tween-20 was added at 12% of its
critical micelle concentration (CMC = 0.06 mM), which was the mini-
mum concentration needed to achieve wetting of MP particles. Batch MP
flotation tests were carried out in a cylindrical flotation column (Height
= 30 cm, Diameter = 4 cm, Volume = 350 ml). First, the initial MP
suspension was decanted into the flotation column, filling up 50% or
75% of its volume. MB solution was then added via the needle inlet valve
at a flowrate of approximately 2.5 L min~! until the flotation column
was 100% filled, creating a well-mixed solution of MP particles and MBs.
Experiments with 50% volume of initial plastic suspension and MB so-
lution each is referred to as 1:1 dilution, while those with 75% initial
plastic suspension volume and 25% MB solution is referred to as 3:1
dilution. After a flotation time of approximately 2 min, after which all
bubbles rose to the surface of the flotation column, the foamy MP/MB
aggregates were skimmed off the surface. The remaining mixture in the
flotation column is referred to as post-flotation sample. The post-
flotation sample was decanted into a container and stored for image
analysis. For each flotation experiment a control experiment was carried
out by following the same procedure as for flotation experiments, but
instead of MB solution, clear DI water was used to fill the remainder of
flotation column. This corresponding solution is referred to as the con-
trol sample and was also stored for image analysis (Fig. 1b).
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Fig. 1. Schematic of (a) microbubble generation loop and flotation column, and (b) viewing slit and image analysis.

2.4. Image capturing and processing for MP and MP/MB interactions

Images were captured by decanting the initial MP suspension, con-
trol or post-flotation sample into a clear PMMA viewing slit (Height =
13.5 cm, Width = 11.5 cm, Depth = 1 cm, thickness of PMMA = 3 mm).
Examples of two initial MP suspensions can be seen in Fig. 2. For each
sample, 100 images were captured with a Thorlabs DCU224C camera
(Thorlabs, United States) with adjustable Navitar 12 x zoom lens (Navi-
tar, United States) at five frames per second. To ensure no skewing of size
distribution by random variance 100 images were taken per measure-
ment. Improvement in accuracy of recorded size distribution beyond
that number was negligible. The camera was mounted on a purpose-
built adjustable support system to ensure that position and distance
from the viewing slit (5-10 cm) could be accurately controlled and
directed at the center of the viewing slit. A backlight system (Night-
searcher Galaxy Pro) at 10 cm distance from viewing slit ensured suffi-
cient contrast. A scale image was taken before each experiment to be
used when converting MP particle diameters from pixel width to ym
(Fig. S1).

MP particle number density and size was determined using a bespoke
image analysis algorithm via MATLAB. For both MP and MB analysis,

which was done separately, a previously described and validated image
analysis procedure initially developed for MB analysis [55] was used to
characterize particle and bubble size, shape and number density. Iden-
tification of particles and bubbles was based on the exclusion of image
objects via threshold binarizing by Otsu’s method [56] and minimum
intensity of object. Binarizing the image singles out particles by elimi-
nating background image via inclusion/exclusion decisions based on
pixel darkness. The binarization factor required ranged from 0.4 to 0.6.
Minimum intensity includes/excludes based on object darkness. The
minimum intensity factor required ranged from 50 to 80. For irregular
MP particles, particle diameter was calculated by converting the cross-
sectional area into the equivalent diameter of a sphere with the same
cross-sectional area. Analysis was also carried out to determine the
shape of irregular particles via aspect ratio measurements. A lower size
limit of 10 um for particle identification of was set. Whilst identification
of particles smaller than this is possible with the described methodology,
it was determined that counts below this size are prone to error due to
the faint appearance of such particles at the magnification used. Higher
magnification captured particles smaller than 10 um but reduced the
number of particles recorded in size range of 10-500 um that was the
focus in this work. Measurement of particles smaller than 1 um would

(b)

Fig. 2. Examples of images of initial 0.5 g L™! MP suspensions used for image analysis in MATLAB. (a) spherical PE MP particles 53-63 um. (b) Irregularly shaped

sanded PE MP particles. (Imaging window, w = 10.7 mm, h = 8.6 mm).
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require a different imaging setup, likely microscope analysis.

Overall removal percentage was calculated by comparing particle
counts in the post-flotation sample to that of the control sample. The use
of image analysis to determine MP removal percentage was validated
gravimetrically as described in detail in Text S2. For image analysis of
the attachment of MBs to MP particles in solution, an identical experi-
mental setup was used with a taller PMMA viewing slit Height = 50 cm
(compared to 13.5 cm for other experiments). For these experiments MB
solution was directly added through a bottom inlet at the viewing slit to
a MP suspension to allow observation of particle interaction.

3. Theory

MBs in water can be assumed to behave as solid spherical particles of
the same size and density, given their small size and low rise velocity
[57]. At sufficient distance for unhindered movement both bubble
spheres and particles motion are controlled by buoyancy force, the
density difference between sphere and fluid, and the drag force, due to
form drag and skin friction at the sphere surface. The resulting rise or
settling velocity and flow regime can be described by the Stokes’
equation and the particle/bubble Reynolds number,

_ &p—p)g 1
18u
Re :M 2

where u is the bubble rise or particle settling velocity, d is the bubble/
particle equivalent diameter, p is the bubble/particle density, p; is the
fluid density, g is the gravitational acceleration constant, y is the fluid
dynamic viscosity. MBs, with diameters 10-120 um in 20 °C water, rise
according to Stokes’ equation with bubble Reynolds numbers in the
creeping flow region below 0.95 [55,57].

The key factors determining particle-bubble collection efficiency in
flotation are illustrated in Fig. 3 I-IV [58,59]. The probability of inter-
ception (Fig. 3 I) is the likelihood of individual particles intercepted by
the path of a rising bubble. It is determined by both the size of particles
and bubbles and the number density of bubbles in solution. Modelling of
particle-bubble trajectories considered both particles and bubbles rota-
tion, but concluded that it has no effect on the relative translational
velocity between particles and bubbles [43]. For a given bubble number
density, greater particle and bubble size will result in increased inter-
ception. For a given particle and bubble size, increased bubble number
density will result in increased interception.

Collision efficiency (Fig. 3 II) is the ratio of particles which collide
with an intercepting bubble and is determined by the trajectory of
particles around a rising bubble. The trajectory is determined by

Chemical Engineering Journal 449 (2022) 137866

hydrodynamic and interparticle forces and dictates whether particles
are deflected or collide with rising bubbles. Note, Brownian motion is
only significant for particles below 1 pm [40,43,58]. The inertial
behaviour of a particle within moving fluid can be characterized by the
Stokes’ number [60]. According to the Stokes’ number, when the
characteristic particle reaction time, 7, is less than the characteristic
time of fluid solicitation, 75, due to bubble induced flow, the motion of a
particle in the fluid around bubbles is non-inertial, meaning that parti-
cles follow the fluid streamlines around a bubble if no interparticle
forces are present [61].

o dy
P8 T 2w

where, p, is particle density, d, is particle diameter, y is the fluid dy-
namic viscosity, dp is bubble diameter, uy is bubble rise velocity. Cal-
culations for parameters relevant in this study show non-inertial motion
occurs with particles interacting with rising bubbles, with inertial
behavior only expected when d, > 400 uym. Particle bubble hydrody-
namic calculations can be seen in Table S3. At approach, a particle and
bubble exert a compressive force on the fluid between them. This results
in repulsive hydrodynamic forces on bubble/particle couples causing
deviation from fluid streamlines which can cause deflection of the par-
ticle from the bubble surface. Generally, for large size differences,
flotation efficiency greatly reduces due to deflection of small particles
around fast rising large bubbles or deflection of small bubbles around
fast settling large particles. In addition to hydrodynamic forces, electric
double layers at bubble/particle surfaces typically exercise repulsive
electrostatic forces between the two. The dimensionless inverse Debye
length Kr, which represents the inverse thickness of the electrical double
layer multiplied by particle radius layer is given by,

e.e0kgT
2Nje?l

Kr:r{

where K is the inverse Debye length, r is the particle radius, ¢, is the
dielectric constant, ¢y is the permitivity of free space, kg is the Boltz-
mann constant, T is absolute temperature, N, is the Avogadro’s number,
e is the elementary charge and I is the ionic strength of electrolyte so-
lution [62]. A full table of Kr calculations for conditions relevant to this
study can be seen in Table S4. In addition, attractive van der Waals
forces and long range hydrophobic interaction act between particles and
bubbles [36]. The trajectories and collision efficiency of particles and
MBs has been modelled considering hydrodynamic, electrostatic and
van der Waals forces and plotted for various cases [43]. In summary, for
a given bubble and particle size with the same zeta potential sign,
collision is more likely at low zeta potential and a thin electric double
layer. At these conditions electrostatic forces are small enough or
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Fig. 3. Illustration of particle trajectory relative to a rising bubble and the four phases which determine collection efficiency. I: Likelihood of interception, II:

Collision efficiency, III: Attachment efficiency, IV: Detachment rate.
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operate over a small enough distance such that attractive van der Waals
forces dominate.

Attachment efficiency (Fig. 3 III) is the proportion of colliding par-
ticles which attach to the bubble after collision occurs. There can be two
types of particle-bubble attachment. The first is when a three-phase
wetting perimeter is formed at the bubble and particle surface. At crit-
ical separation distance, the fluid film between bubble and particle is
spontaneously ruptured. This type of attachment is driven by the hy-
drophobic force that correlates to the contact angle formed between
particle and bubble, which is effected by both liquid surface tension and
particle surface properties [52]. The second type of attachment, con-
tactless flotation, occurs when attractive interparticle forces between a
particle and bubble negate repulsive interparticle and hydrodynamic
forces acting on the particle such as form drag, surface drag and negative
buoyancy [58]. There is little mention of entrainment in major reviews
and mathematical modelling of dissolved air flotation [36,40,43].
Research has shown that entrainment plays a small role in flotation
performance for dissolved air/MB flotation, and removal is predomi-
nantly based on attachment between particle flocs and MBs [46].

Detachment rate (Fig. 3 IV) is the proportion of particles which
detach after initial attachment. Detachment is affected by gravitation,
inertia and turbulent conditions. Detachment can also be caused by
subsequent collision with other bubbles or particles. For MB-MP ag-
gregates, detachment is much less likely than for larger particles and
bubbles [58]. Inertial and gravitational effects are proportional to par-
ticle volume and therefore have a greatly reduced effect on small par-
ticles [52]. Additionally, the rise and settling velocities are much smaller
for micro sized particles and bubbles which result in greatly reduced
turbulent forces and detachment.

4. Results and discussion
4.1. Characterization of microbubbles

Examples of bubble size distribution and cumulative frequency ob-
tained from 100 images of a single experimental run are shown in Fig. 4.
MBs used for flotation experiments were within 59-113 um in diameter
(90% frequency, measured in triplicate with 100 images per measure-
ment), with mean bubble diameter varying from 72 to 87 um. Air vol-
ume concentration in the MB solution, determined via change in
solution volume with and without bubbles, was 5.25 ml of air per 1 L of
air. Therefore, at 1:1 dilution and 3:1 dilution, air volume concentration
is 2.65 ml L'! and 1.31 ml L. Bubble number density in MB solution,
ranged from 15,000-20,000 bubbles mL~!. Therefore, at 1:1 dilution
and 3:1 dilution, bubble number density in the flotation column was
approximately 7500-10,000 bubbles mL™! and 3750-5000 bubbles

Mean Diameter

72.8+11.1um
0.8 -

0.4 -

0.2 A

Normalised Bubble Count

45 55 65 75 85 95 105 115

Bubble Diameter (um)

(a)
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mL ! respectively. Bubble hydrodynamics are discussed elsewhere [55].
A previous study utilizing laser diffraction measured nanobubbles of
diameters 0.05-0.4 um produced by regenerative turbine pump [63]. In
this study the presence of nanobubbles was not investigated as such
bubbles would have negligible impact on flotation performance due to
extremely low rise velocities and buoyancy.

4.2. Imaging of microbubble attachment to spherical PE microplastic
particles

Image analysis was carried out to capture MB-MP particle attach-
ment using spherical PE particles to determine whether attachment
occurs predominantly via formation of a three-phase wetting perimeter
or via contactless flotation. Fig. 5 a-d shows typical examples of rising
bubble-particle aggregates. Almost all bubble-particle aggregates
formed a three-phase wetting perimeter with a clear contact angle
(Fig. 5 a-c). Fig. 5d shows a rising aggregate exhibiting little or no
contact angle. Therefore, for spherical PE particles both contact and
contactless flotation occurs, while the latter is less frequent (based on
non-quantitative manual image analysis). The predominance of contact
flotation is due to the hydrophobicity of PE causing attractive hydro-
phobic forces between particles and bubbles including film rupture be-
tween the particle-bubble surfaces. Images also confirmed no
deformation of the bubbles typical for MBs which behave similarly to
solid spheres in solution [57]. MB-MP collision also occurred without
sustained attachment Fig. 5 e-h. Here, the bubble made brief contact
with the particle and then continued to rise, while inducing a spin to the
particle. These examples illustrate the potential of the employed in-situ
image and video analysis for straightforward micrometer scale particle-
bubble interactions visualization.

4.3. Effect of particle density and surfactant on removal by flotation

Particle density can have a significant effect on collision efficiency
and attachment via changes in buoyancy and relative velocity towards
bubbles. Flotation tests with spherical PE particles, with added surfac-
tant (Tween 20) and different density were performed (Table 1).
Increasing particle density from 0.96 to 1.05 g cm™° decreased removal
from 85% to 66%. This was expected since increased particle settling
and relative velocity (Table 1) between MPs and MBs leads to decreased
interaction time and increased repulsive hydrodynamic forces and
deflection between bubbles and particles.

Changes to surface properties of MP particles are important for
collection efficiency as it can alter hydrophobicity and electrostatic
forces [64]. Increasing surfactant concentration from 0.12 to 0.36 CMC
decreased removal of PE spheres (0.995 g cm™2) by 26% and 17% for the

e o ©o
B (1] 0
L I 1

Cumulative Frequency
e
L]

[=]

60 80 100 120
Bubble Diameter (um)

(b)

F-
o

Fig. 4. (a) Bubble size distribution of bubbles (bin size: + 5 um) used for flotation experiments with mean bubble diameter + 1 standard deviation displayed and (b)

normalized cumulative frequency of bubble sizes used for flotation experiments.
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Fig. 5. (a-d) Images of microbubble-spherical PE microparticle aggregates rising in solution, (e-f) bubble particle collision with subsequent attaching and detaching
of spherical PE MP particle of diameter 79 ym. Images were captured at 15 frames per second.

)
114 pm

(d)

Table 1

Effect of particle density and CMC Tween-20 surfactant on the removal of spherical PE MP. *Relative velocity calculated to that of a 75 um diameter air bubble rising
according to Stokes law in 20 °C water. Measured size distribution for each range is provided in Fig. $2. Approximate bubble density 7500-10,000 bubbles mL ! and
3750-5000 at 1:1 dilution and 3:1 dilution, respectively.

Size range of particles (um) MP Dosing (g LY Dilution Ratio CMC Tween 20 MP Particle Density Relative Velocity* (m s Removal %
(g em™)
1135+ 75 0.5 31 0.18 0.960 2.55 x 1073 84.7
113.5+ 7.5 0.5 3:1 0.18 0.995 2.79 x 1072 80.6
1135+ 7.5 0.5 31 0.18 1.050 3.18 x 1072 65.7
1135+ 75 0.5 31 0.12 0.995 2.79 x 1073 90.3
113.5+ 7.5 0.5 31 0.36 0.995 2.79 x 1072 73.2
75.6 = 4.5 0.5 1:1 0.12 0.995 2.80 x 1072 89.7
75.6 £ 4.5 0.5 1:1 0.36 0.995 2.80 x 1072 63.7
8000 1
g 0.8
« 6000 g
c =
3 o
3 £ 06 1
2 4000 o
] >
v s 0.4 -
© =
& 2000 - g
5 0.2 A
I i
0 ot l' 0 f - T T T T T T T T
15 35 55 75 95 115 135 155 175 195 0 20 40 60 80 100 120 140 160 180 200
Particle Diameter (um) Particle Diameter (um)

B Initial Sample Control W Post-Flotation Post-Flotation

Initial Sample Control

(a) (b)

Fig. 6. (a) Spherical PE MP size distribution (bin size = + 5 um) and (b) normalised cumulative frequency of particle size in initial sample, control sample and post-
flotation sample at 1:1 dilution (approximate bubble density 7500-10,000 bubbles mL™1).
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106-125 pm and 63-75 pm size ranges, respectively. Higher surfactant
concentration increases the wettability of the MP particles, while
reducing hydrophobicity [52]. This results in a decrease of attractive
hydrophobic forces between particles and bubbles and an increase in the
critical separation at which film rupture occurs (Section 3). Particles are
therefore less likely to attach at the water—air interface of MB surfaces
and attachment efficiency is decreased.

4.4. Effect of particle size on flotation

To investigate particle size-distribution changes by flotation and
differences in removal at different particle sizes, tests were carried with
a wide-size range of spherical PE samples (10-200 pm; 995 kg m~;
standard normal distribution). Fig. 6 shows size distribution analysis
based on particle count (Fig. 6a) as well as a normalized cumulative
frequency plots (Fig. 6b) for the initial (undiluted sample), the control
(diluted sample) and post-flotation samples. The size distribution of the
control and the initial sample was similar, indicating that the transfer
and dilution of sample solution during experimentation does not lead to
a significant change in particle size distribution (Fig. 6b). The decreased
particle count seen in the control sample compared to the initial sample
(Fig. 6a) is due to dilution. The initial and control samples consisted of
particles with 90% of particle diameters in the range 30-160 um. The
post-flotation sample consisted of particles with 90% of particle di-
ameters in the range 25-110 um. Flotation therefore resulted in a shift of
size distribution towards smaller diameters with almost complete
removal of particles > 110 uym. Little removal was observed for particles
< 70 um and appeared to be negligible but was difficult to assess due few
particles below < 60 um present in the initial samples. Fig. 6 shows no
confidence intervals but comparative measurements of four separately
prepared initial samples showed a mean particle count error of 17% in
each bin for a size range of 40-170 um (Fig. S3). Particles outside this
range, exhibited greater % error due to low mean particle counts.

To understand the effect of particle size and extent of MB solution
addition on MP removal, triplicate experiments were conducted at 1:1
and 3:1 dilution at five narrower MP size ranges of 59.1 + 5.3, 75.6 +
4.5,113.5 +7.5,163.5 + 10.2 and 551.8 + 19.4 um (Fig. 7). Measured
size distribution for each range is provided in Fig. S3. Dosing of the
initial samples was kept consistent at 0.4-0.5 g LL. This resulted in
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constant plastic volume per volume of MP suspension of approximately
0.5 ml L'}, giving a solid to air volume ratio of approximately 1:10 for
1:1 dilution flotation and solid to air volume ratio of approximately 1:5
for 3:1 dilution flotation, whilst particle concentration decreased with
increasing particle size (Table S5). The maximum initial solution par-
ticle concentration was 3726 particles mL 1 for particles 59.1 + 5.3 um,
which is well below MB number density of the used MB solution.

The effect of varying particle concentration was tested with particles
of mean diameter 75.6 + 4.5 um at 0.1 and 0.5 g L' dosing and particles
of mean diameter 163.5 + 10.2 um at 0.5 and 2.0 g L' MP dosing
(Table S6). For both particle sizes, variation in MP dosing did not result
in significant deviation in removal %. With the mean removal % at both
dosing conditions for both particle size ranges remaining within 4% or
one standard deviation.

The largest particles with size 551.8 + 19.4 um were readily visible
by naked-eye and complete removal was verified by visual observation.
Removal increased with increasing particle size resulting in full removal
at and above 163.5 £ 10.2 pym for both 1:1 and 3:1 dilution. At increased
addition of MB solution, removal is increased through increasing
interception due to the presence of more bubbles per volume. Higher
bubble number density also provides better removal performance at
smaller particle sizes, partially compensating for decreasing collision
efficiency with decreasing particle size. However, for both dilution ra-
tios, removal performance decreased markedly for the 59.1 + 5.3 ym
size range, which is at the lower end of the diameter range (59-113 pm)
of the MBs used (Fig. 4).

Extrapolating the overall trend in removal towards smaller particle
sizes would show negligible removal for particle diameter < bubble
diameter, resulting in an s-shaped removal curve across particle size.
Removal increases rapidly at particle diameter ~ bubble diameter with a
left-shifted steeper and earlier increase for higher addition of MB solu-
tion but similar endpoints for high and low addition of MB solution. This
concurs with previous work showing that the optimum bubble diameter
for flotation is similar or slightly smaller than the target particle diam-
eter [41,43,65]. A study with particle sizes of 10-50 pym (flocs) and
10-50 um-sized bubbles showed similar removal trends as observed
here, including a rapid increase in removal efficiency with increasing
particle size, followed by levelling off as particle size further increased
[65].

90 4
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60 4
50 4

I
I

Removal %

1l

40 -
30 -
20 -
59,1+5.3 75.6+4.5

113.5+ 7.5

163.5+ 10.2 551.8+19.4

Particle Diameter (um)

75% MP : 25% MB

W 50% MP : 50% MB

Fig. 7. Removal % of spherical PE MP particles at 3:1 and 1:1 dilution. Error bars represent the standard deviation of triplicate measurements. Particle size given as
the mean recorded particle diameter + 1 standard deviation of the recorded particle diameters. Approximate bubble density 7500-10,000 bubbles mL~* and

3750-5000 at 1:1 dilution and 3:1 dilution, respectively.
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Changes observed in removal with increasing particle size and
different MB dilutions can be explained by the different bubble-particle
interactions outlined in Fig. 3. Increasing particle size results in
increased interception due to the larger projection area of particles and
increased collision efficiency due to decreased deflection of the particle
around rising bubbles [43]. Attachment efficiency and detachment rate
is less affected as gravitational and inertial forces remain small for
neutrally buoyant particles in the given size range [58]. This results in a
net increase in removal at increasing particle size. Note that due to the
near neutral buoyancy of the MP particles used, larger particle size does
not greatly increase settling velocity, while for particles with much
higher density than water, collision efficiency would decrease due to
higher settling velocity resulting in deflection of bubbles [43].

4.5. Flotation of non-spherical microplastics

To study bubble interactions with non-spherical MP particles with
rough surfaces and to investigate differences between different types of
plastic, flotation experiments were conducted with irregular shaped PE,
PP, PVC and PMMA particles with densities of 0.955, 0.905, 1.380 and
1.180 g cm 2 respectively, obtained from sanding (see Methods section).
Fig. 8 shows aspect ratios and size distribution in control and post-
flotation samples. Aspect ratio distribution of all four plastic types is
provided in Fig. S4 showing that most particles fell within an aspect
ratio of 1-2 (>70%) and 2-3 (>15%). Note, while Fig. 8 shows occur-
rence of aspect ratios beyond 4 these were negligible for total particle
count. Prior to flotation, all four plastic types had similar aspect ratios
and size distributions. In comparison to the commercial spherical PE
particles used (Figs. S2 and S3), all four control samples of sanded
plastic particles exhibited a skewed size distribution towards smaller
sizes, with a large portion of particles < 50 ym. This was more pro-
nounced for PVC and PMMA which had 56% and 62% of particles < 50
um, respectively. PE and PP on the other hand had 36% and 39% of
particles < 50 um, respectively.

Fig. 8 (a, c, e, g) illustrates that for a given particle size, flotation
preferentially removed particles with higher aspect ratio. Size-related
removal performance for the four different types of plastic was similar
as indicated by similar size distributions after flotation (Fig. 8 b, d, f, h).
Total particle removal percentage for PE, PP, PVC and PMMA was 83%,
79%, 66% and 83% respectively, indicating that PVC with the highest
density of 1.38 g cm > and a high proportion (56%) of particles < 50 um
was the most difficult to remove. Interestingly PMMA, which also has a
density higher than water and a high proportion of particles < 50 um,
achieved similarly high removal % to both PE and PP. This could
partially be due to the lower magnitude zeta potential of PMMA over all
pH compared to PE, PP and PVC which had similar zeta potentials
(Fig. S5). This may subject PMMA particles to lower electrostatic
repulsive forces when interacting with MBs and could counteract
increased hydrodynamic repulsion due to higher relative velocities.
Importance of zeta potential is further discussed in the next section. Pre-
flotation size distribution of PE showed a slightly higher percentage (52
%) of particles above 60 um compared to PP, PVC and PMMA which had
24-44 % of particles above 60 pm. This may have caused the highest
removal of PE, despite its density not being the lowest as almost all
particles above 60 um were seen to be removed for all four plastics.

Beyond minor differences in total removal, all four plastic types
provide a similar flotation performance with almost 100% removal rates
at particle sizes above 70 um and average removal rates of 65-84 %
between 20 and 70 um (Fig. S6). For the size range of 50-60 um, removal
ranged from 83 to 90%, which was markedly different than removal of
similar-sized spherical MP particles (52 % at 59.1 + 5.3 ym) and same
MB dilution (Fig. 8). The increased removal for non-spherical irregularly
shaped MP indicates that such particles attach more readily with rising
MBs than spherical particles with an equivalent cross section.

Preferential removal of irregularly shaped MP can be partially
explained by the greater likelihood of interception for elongated
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particles with bubbles. Irregularly shaped particles have a higher surface
area to volume ratio compared to spherical particles which increases
surface drag force and slows particle movement. This effect has previ-
ously been shown to reduce deflection and increase collision efficiency
of rough and to a greater extent irregular shaped glass particles
(100-200 pm) travelling towards static bubbles (1.6 mm) [54]. In
addition, previous research showed that attachment efficiency is
increased for irregular glass particles (75-90 um) sliding along the
surface of a bubble (1.56 mm) by an order of magnitude compared to
spherical particles. This is due to protruding edges on the rough irreg-
ular particles effectively reducing separation between particle and
bubble surface and more easily triggering film rupture and the formation
of a three phase wetting perimeter [66-68]. Results of this study indicate
that the previously shown increase in collision and attachment effi-
ciency leading to higher removal of rough and irregular shaped particles
by mm sized bubbles, are also applicable to MP particles and
micrometer-sized bubbles.

4.6. Effect of salt addition on MB flotation

Electrostatic forces are important for MB and MP interaction as
repulsive or attractive forces play a role in particle-bubble trajectory and
therefore collision efficiency. Zeta potential is a measure of the magni-
tude of electrostatic force due to particle/bubble surface charge. The
zeta potential of 75.6 + 4.5 pm spherical PE particles were —2 mV at pH
3and —78 mV at pH 7.5 (Fig. S6). The typical zeta potential of MBs in DI
water is approximately —35 mV in DI water and decreasing with
increasing ionic strength (-5 mV at 102 (mol LY MgCly)[43,46].
Increasing salt concentration from 1 mM to 50 mM (KCl was used, see
Text S1), reduced the zeta potential of PE MP particles from —90 mV to
—52 mV at pH ~ 7.5 (Fig. S6). A similar decrease of 40-50% was also
observed for other pH tested. The reduction of zeta potential for both MP
particles and MBs is due a compression of the Debye layer, that reduces
the distance over which surface charge exerts its force (Debye screening)
[62]. Both MP particles and MBs have negative zeta potentials and
mutual repulsive electrostatic forces decrease their collision efficiency.
Increasing the ionic strength of solution by salt addition should lead to a
decrease in repulsive electrostatic forces.

To evaluate the effect of electrostatic forces on MP removal, flotation
experiments at different ionic strength using NaCl, MgCl,, Al5(SO4)3 and
AIK(SO4)2 with spherical PE particles (59.1 + 5.3 um) were conducted
(Fig. 9). For all salts, removal increased from a baseline removal of 15%
with DI water to a maximum of approximately 60-65%. NaCl and MgCl,
addition resulted in a similar increase in removal with increasing ionic
strength, indicating little difference between adding monovalent or bi-
valent salts. Al3(SO4)3 addition resulted in ~ 60 % removal at a much
lower ionic strength of 2.4 x 10*mol L! Aly(SO4)3 compared to ~ 60 %
removal at 1.7 x 10”2 mol L! NaCl and 3.1 x 102 mol L MgCl,. In
comparison, both NaCl and MgCly, at similar ionic strengths, reach a
removal percentage of approximately 15-20 %. An additional test was
done with AIK(SO4), to see if it also resulted in enhanced removal
compared to NaCl and MgCl,. Results showed a removal of 57% with
AIK(SO4), at 1.9 x10°3 mol L, whereas NaCl and MgCl, showed 40-45
% removal at similar ionic strengths. This indicated that alum salts in
general perform better at increasing removal. The increased effective-
ness of alum salts is not unexpected as these are promoters of floccula-
tion processes [36,69,70]. Investigations have previously shown
enhanced adsorption of AI** jons compared to other ions onto kaolinite
surfaces has been previously observed and attributed to high electro-
negativity and weak pairing ability with chloride ions [71].

Results indicated that all salts were able to effectively reduce Debye
length of both MBs and MP particles, decreasing the separation distance
over which repulsive electrostatic forces act and increasing collision
efficiency by increasing importance of short-distance attractive van der
Waals and long distance attractive hydrophobic forces. Modelling for
neutrally buoyant particles showed that an increase in dimensionless
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inverse Debye length Kr from 102 to 10, leads to an increase in collision
efficiency by a factor of 6 from approximately 0.04 to 0.25 [43]. In
comparison, Fig. 9 shows an increase in removal by a factor of 4 from
15% to 60%. Ionic strength indicates that the dimensionless inverse
Debye length kr, for particles of radius r = 30 um, increases from ~ 480
to 15,000 for the alum salts and from ~ 1,400 to 50,000 for NaCl and
MgCl,. Exact values for each salt can be seen in Table S4. In addition to
an increase in the collision efficiency, a decrease in the repulsive elec-
trostatic forces acting between particles and bubbles could lead to a
greater chance of attractive interparticle forces capturing particles via
contactless flotation which would be perceived as an increased attach-
ment efficiency. Another factor considered was the effect of salinity on
the behavior of MBs in solution. The presence of 38 g kg™! of salt in
seawater has been shown to cause a 1%, 3%, and 8% increase in water
surface tension, density and dynamic viscosity, respectively [72]. Cal-
culations using Equation (2), show that MBs would have rise velocities
4.6% lower in seawater than in saltwater. Theoretically this could result
in increased collision efficiencies as there would be smaller repulsive
hydrodynamic forces between rising MBs and particles. Investigations
however showed that these changes in water properties did not have a
major impact on the designs needed for industrial DAF treatment of sea
water [72]. It is therefore unlikely that the salt additions, with maximum
dose of 10 g L'! of salt, had any significant effect on flotation perfor-
mance. Additionally, MB size distribution was purposely kept consistent
throughout all experiments by using only DI water in the MB generator.
Therefore, changes in removal % is only due to the presence of salt ions
in the MP suspension and its effect on MP and MB surface properties
previously discussed. Additional testing with irregular sanded PE, PP,
PVC and PMMA was done with 0.17 mol L'! NaCl. A key conclusion was
that the already increased removal % of rough irregular MP in RO water
limits the improvement in removal % when salt is added. Detailed dis-
cussion and figures related to these results can be found in supporting
information (Text $3, Table S7, Fig. S7).

4.7. Applicability of experimental method and image analysis

The approach described in this manuscript for performing and
assessing removal % of MP particles consisted of four key aspects, MB
generation via regenerative turbine pump, batch flotation in a flotation
column, in-situ image capture of MP particles and analysis of images
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with in-house MATLAB code. In a previous publication, the merits of MB
generation via regenerative turbine pump and in-situ image analysis of
MB populations are discussed and detailed investigations of MB char-
acteristics are carried out [55]. Assessment of microbubble flotation
performance of particulates and particulate presence in solution can be
done in a variety of ways (Tables S1 & S2). In-situ methods include
measurement of solution turbidity change, absorbance measurements,
and laser particle analysis [44,45,47,51]. These methods either do not
allow for detailed measurements of particle size distributions or would
typically require verification of measured particle sizes by additional
image analysis. Other methods rely on recovery of solid particulates and
measurement via either gravimetric methods or microscopic analysis
[73-75], both of which are time consuming and as shown through
validation of our method in supporting information (Text S2), physical
separation of solids from solution results in loss of particulates unrelated
to flotation performance. The experimental setup used for in-situ image
capturing in our work has been shown to allow quickly repeatable
measurement of both MB and MP particulate sizes and concentrations,
and even allowed for capture of MB-MP interaction, all without the need
for major changes in experimental setup. The use of in-house MATLAB
code allows for easy tailoring of image analysis to accurately charac-
terise MBs and different particulate types.

The batch flotation and in-situ image analysis methodology pre-
sented was designed to optimise accurate quantification of MP removal
from water. As a result, conditions were different in certain aspects to
those present in real world DAF applications. For example, the presence
of large quantities of other contaminants and solid particles in waste-
water treatment was not replicated. The use of a batch operated flotation
column differs from the continuously operated flotation tanks present in
industry, in which internal geometry has a significant effect on flotation
performance [76]. Additionally, not all parameters which will affect
removal rate in real world applications were varied. Whilst this work has
already investigated the effects of MB characteristics, MP particle
characteristics, salinity and surfactant concentration, studies have
shown that other parameters such as influent viscosity, temperature, pH,
surface tension, solid content, and organic matter will all have an effect
on the MB characteristics as well as flotation performance [77-79].
Further work on analyzing MP removal in lab scale continuous flotation
tanks with a greater range of solution types, including industrial waste
streams, and further variation and measurement of parameters would
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aid in further understanding of real-world removal of MP particles. The
work may also focus on visualizing collisional interaction of particles
and bubbles.

5. Conclusions

An in-situ batch tracking and analysis method for determining
microbubble (MB) and microplastic (MP) concentration, size and shape
distribution via image capturing in a viewing slit was developed. The
method allows real time monitoring of particle-bubble interaction at the
micro scale and straightforward comparison of MP particle concentra-
tion before and after flotation. Tests at different liquid phase surfactant
concentrations, MP size distributions and density with both spherical PE
and non-spherical PE, PP, PVC and PMMA particles showed that dif-
ferences in removal efficiency could be rationalized by theoretical
knowledge. MP behaviour and removal efficiency is comparable to MB
flotation of non-plastic particles. Non-spherical MP with varied aspect
ratios (1-3; >90%) show that flotation preferentially removed particles
with higher aspect ratio due to greater likelihood of bubble interception
for elongated particles. Differences in removal efficiency, specifically for
PMMA, was attributed to lower zeta potential leading to decreased
electrostatic repulsion of bubbles and particles and increased attach-
ment efficiency. Increased removal due to decreased zeta potential,
could be also shown at increased ionic strength of the aqueous phase.
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