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ABSTRACT

On the nanoscale, iron oxides can be used for multiple applications ranging from medical

treatment to biotechnology. We aimed to utilize the specific properties of these

nanoparticles for new process concepts in flotation. Magnetic nanoparticles (MNP) were

synthesized by alkaline co-precipitation, leading to a primary particle size of 9 nm, and

coated with oleate. The nanomaterial was characterized for its superparamagnetism and

its colloidal stability at different ionic strengths, with and without external magnetic field.

The nanomaterial was used for model experiments on magnetic carrier flotation of

microplastic particles, based on magnetically induced heteroagglomeration. We were

able to demonstrate the magnetically induced aggregation of the nanoparticles which

allows for new flotation strategies. Since the nanomaterial has zero remanent

magnetization, the agglomeration is reversible which facilitates the process control.
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Magnetic carrier flotation based on iron oxide nanoparticles can pave the way to

promising new recycling processes for microplastic wastes.

1. INTRODUCTION

Magnetic iron oxide nanoparticles are among the most versatile colloids and can be used for a
wide range of applications.!?> Their superparamagnetic behavior at room temperature and their
abundance as low cost material make them attractive for multiple areas ranging from medical
processing to wastewater treatment.!-> The nanoparticles can be synthesized via various routes and
their surface properties can be tuned individually with tailored coating techniques.! One of the
most established methods for the synthesis of superparamagnetic iron oxide nanoparticles is the
co-precipitation of iron salts in alkaline environment.* Here, the synthesis conditions allow to
control the magnetization of particles as well as their size in a range from 5 to 20 nm.*> While this
synthesis route is easy to reproduce, other methods such as hydrothermal and solvothermal
synthesis can be employed to have an improved size distribution and shape control over iron oxide
nanoparticles.!267

Even though many routes, synthesis methods and protocols exist for iron oxide nanoparticles,
they are difficult to store and stabilize since they tend to oxidize over time which significantly
affects their magnetic and surface properties.! In order to solve this problem, multiple stabilization
and coating strategies were developed, not only to modify the particle surface for a distinct
application but to preserve the magnetic properties for long periods of processing.® Typically, the
surface of iron oxide nanoparticles can be passivated by metal layers such as gold, which is

chemically more stable than nanoscale iron oxide.! Another commonly used method is to introduce
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a silica coating in order to keep the particles biocompatible and superparamagnetic.'%!° Further
approaches are based on the adsorption of carboxylic acids.®!-12 Here the complexation of surface
iron ions by carboxyl groups can be used to establish functional groups anchored at the surface
layer. Typical examples are oleate and stearate, which bind to the iron oxide surface and form a
bilayer around particles.!314

Surface modifications are not only aimed at maintaining the chemical stability but also the
colloidal stability of nanoparticles in suspensions. It is a nontrivial task to stabilize iron oxide
nanoparticles colloidally while still being able to separate the particles from the fluid phase in a
magnetic field.!>-!® The challenge is to preserve their properties in nanoscale, e.g. the large surface
area, while obtaining particles which are large enough to reduce the redistribution by Brownian
motion during magnetic separation. Without magnetic field, the redistribution by Brownian motion
is desired as it counteracts sedimentation and ensures a homogeneous nanoparticle dispersion over
a long time. Moreover, a further coarsening of the particle size distribution after the completion of
the synthesis process must be inhibited. Aggregation induced by attractive particle-particle
interactions like van der Waals forces can be counteracted by repulsive forces. The electrochemical
double layer which is forming at surfaces can stabilize nanoparticulate systems since identically
charged surfaces repel each other. This electrostatic effect can be supported by steric stabilization
with long-chain molecules adsorbed on the surface, which hinder the short distance interactions
between nanoparticles by entropic effects.!’”"!° In order to magnetically control and separate the
particles, a further contribution is utilized, which is distinct for magnetic materials: the interaction
due to magnetic dipoles.?%?! Here, two magnetic particles orient to the respective pole and
magnetically interact with each other leading to an aggregation.!>2! With increasing aggregation

diameter, the relative contribution of Stokes’ drag compared with the magnetophoretic force
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decreases and Brownian motion becomes negligible.!>?? In contrast to the aggregation during
storage, this magnetically induced aggregation is wanted since it significantly enhances the
separation efficiency.

Indeed, not only the bottom up approach for iron oxide particle synthesis exists. Historically,
iron oxides are mined and processed as ores to produce iron.?*-** Independent of the material type,
particles can reach the size of a few microns or smaller during the multiple steps of ore processing
or recycling.? Classical separation technologies like froth flotation reach their limits for this ultra-
fine particle fraction.2%?” Carrier flotation has the potential of separating very small particles by
using other particles which selectively attach at the valuable particles.?® When magnetic particles
act as carrier material, the formed particle-particle complexes can be separated from the gangue
material in a magnetic field gradient.?®3! Hence, the process can be regarded as
heteroagglomeration which preferably takes place between the magnetic carrier material and the
valuable particles due to their surface properties. The particle-particle complexes further grow in
the magnetic field during the separation phase. By changing the composition of the continuous
phase, the particle interactions are adjusted such that the carrier and valuable particles again
disintegrate and can be separated in a subsequent step.3>33 This approach overcomes a hurdle in
conventional froth flotation devices, where the valuable particles are hydrophobized and attach to
rising air bubbles. The mm-sized bubbles are produced by shear-induced breakup processes.
Because of their low inertia, fine particles follow the streamlines of the flow around the larger
bubble.’* Besides a facilitated control of the residence time in comparison to bubbles, the size ratio
between carrier and target particles can be optimized more easily, increasing the collision
probability.?® Hence, the properties of the carrier particles are essential since they determine the

structure and stability of the formed aggregates.3!-3> Furthermore, the hydrodynamic conditions,
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i.e. the flow field during the mixing of carrier and target particles, significantly impacts the
efficiency of the separation process.3!3236

Our study reveals that magnetic nanoparticles are exceptionally versatile regarding the above-
mentioned features, as they are able to cover multiple size ranges by aggregation which can be
tuned by hydrodynamics and the composition of the surrounding aqueous phase. Here, we
investigate the interaction of oleate coated magnetic nanoparticles (MNP) with poly(methyl
methacrylate) (PMMA) microspheres in the size range of 20-50 um. The PMMA particles serve
as a model system for valuable particles on the fine end of the particle size range typical for
flotation. The synthetic resin as material type furthermore allows to extend our findings to the field
of microplastics flotation which is regarded as a promising approach to tackle the removal of
microplastics contaminations in soil and wastewater.3”-3® Therefore, we first examine how the
magnetic aggregation and electrostatic stabilization can be controlled for an oleate-coated iron
oxide nanoparticle system. The MNP are thoroughly characterized for their physical properties
and their colloidal stability. By their modified surfaces, the nanoparticles bind to PMMA particles
enabling the separation in magnetic fields. We analyze the dynamic sub-processes of attachment
during the heteroagglomeration of MNP and PMMA and the magnetically induced aggregation of
the formed complexes. In parallel, we determine the influence of the hydrodynamic shear on the
individual steps of the magnetic carrier flotation process, i.e. the formation of MNP-PMMA
complexes, the magnetic aggregation and the disintegration in the flow field. Based on these
comprehensive insights, we identify potential routes to increase the performance of magnetic
carrier flotation and to broaden its range of applicability as necessary steps to transfer a smart

concept into a practicable technological process.
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2. EXPERIMENTAL SECTION

2.1. Synthesis of MNP
A 1.8 M NaOH solution (1000 mL) was prepared with degassed deionized (dd) water and stirred
(400 rpm) at 25 °C in a stirring tank reactor under nitrogen atmosphere. Iron chloride solutions,
86.4 g of FeCl3(H,0)4 and 35 g of FeCl,(H,0), were dissolved in 200 mL of dd-water each. The
mixture of iron chlorides was then dosed to the sodium hydroxide drop wise. The reaction
temperature was held constant for 30 minutes. The black suspension was stored under nitrogen
further on and was washed several times, due to the high sodium chloride and hydroxide
concentration directly after the reaction, until a conductivity below 200 uS cm! was reached.
2.2. Oleate coating
20 mL of 60 g L! sodium oleate solution were prepared with deionized water. The solution was
heated to 60 °C to support solvation of the sodium oleate and stirred at 1000 rpm. 500 mL of a
5 gL'l MNP-slurry was prepared with deionized water and filled into the synthesis reactor
containing the oleate solution. The solution was stirred and heated at 60 °C for | hour. The coated
particles were washed two times with deionized water.
2.3. PMMA particles
The fluorescent, polydisperse PMMA spheres with a size range between 20 and 50 pm are
commercially available from microParticles GmbH (Germany) and possess a hydrophobic and
slightly negatively charged surface (zeta potential around -10 mV).3° Their size range is well
detectable by optical methods such as laser diffraction and optical microscopy. The concentration
of the original PMMA particle suspension was 250 g Ll; PMMA density is 1.19 g cm™.

2.4. Characterization
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Dynamic light scattering (DLS) measurements and zeta potential measurements were conducted
with a Delsa Nano C Particle Analyzer (Beckman Coulter, Germany). Sodium hydroxide (0.1 M)
and hydrochloric acid (0.1 M) were used as titrants. Particle suspensions with a concentration of 2
g L-! were used for the experiments.

The particle dimensions were assessed by transmission electron microscopy (TEM) using a
JEOL1400PLUS (JEOL GmbH, Germany). For the TEM measurements the colloidal samples
were diluted in degassed and deionized water, ultrasonicated to disperse any agglomerates and
precipitated on carbon coated copper grids (Quantifoil Micro Tools GmbH, Germany). The
pictures were manually processed in ImageJ. For each sample, a minimum of four pictures was
considered and at least 30 particles per picture were measured in random order.

For analysis of the solid state, the particles were lyophilized with an ALPHA 1-2LDplus (Martin
Christ Gefriertrocknungsanlagen GmbH, Germany). Freeze-dried particles were analyzed
gravimetrically with a simultaneous thermal analysis system (STA 449C Jupiter, Netzsch
Gerdtebau GmbH, Germany). The weight loss and the heat transfer of the solid samples were
recorded at a heating rate of 10 K min™! (323 - 823 K) under nitrogen atmosphere. The gas phase
was analyzed by a mass spectrometry system (QMS 403 Aeolos, Netzsch Gerdtebau GmbH,
Germany). The following mass signals (amu) were recorded to identify decomposition fragments:
18 (H,0) and 44 amu (CO,).

Crystal structure and phase purity of the lyophilized samples were examined with powder X-ray
diffraction (XRD). The measurements were performed with a Stadi-P diffractometer (STOE & Cie
GmbH, Germany), equipped with a molybdenum source [Ge (111) monochromator, MoKa,

radiation (L= 0.7093 A)] and a Mythen 1K detector (DECTRIS Ltd., Switzerland) in transmission
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geometry. Data was collected in the range from 2° to 50° (20). The software package STOE
WinXPOW (STOE & Cie GmbH, Germany) was used for indexing and refinement purposes.

The magnetic properties of the precipitates were characterized with a superconducting quantum
interference device (SQUID) magnetometer MPMS (Quantum Design Inc., USA) at a temperature
of 300 K. The magnetic field was varied between —50 and +50 kOe (-3979 and 3979 kA m!).

The Fourier-transform infrared spectra (FTIR) were measured using an ALPHA 1I (Bruker
Optics, Germany) FTIR spectrometer and the matching Platinum attenuated total reflection (ATR)
module. Sixty-four scans per sample and measurement were performed. Raman spectroscopy was
conducted with a 488 nm laser at low laser power (0.4 mW). The baseline of IR and Raman spectra
was subtracted via the concave rubber band method in the software OPUS.

For the sedimentation analysis and the magnetic sedimentation experiments a LUMiReader
(LUM GmbH, Germany) with a cuvette holder containing either a permanent magnet (400 mT at
surface) or a reference cuvette holder was used. Cuvettes (10x10x45 mm) were filled with 3 mL
of 2 g L'! nanoparticle suspension. The absorbance measurements with 870 nm, 630 nm and 410
nm lasers were conducted at 6, 10.5 and 16 mm distance to the magnet. A profile was measured
every second and 200 profiles were considered for the determination of the sedimentation velocity.
Magnetic flux density and gradient of the field averaged through the probe height amounted to 66
mT, and 0.14 T m’!, respectively. A schematic illustration of the set-up is shown in Figure S1.

For optical centrifugation (OC), a LUMiSizer (LUM GmbH, Germany) was used. Here, the
transmission at 870 nm of different centrifugation profiles from 750 to 4000 rpm were recorded
and used for size distribution measurements. The density of magnetite (5.2 g cm™!) was used for
the analysis of transmission profiles.

2.5. Sample preparation for heteroagglomeration
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Heteroagglomeration of the above-described MNP with micron-sized PMMA particles served
as model system for magnetic carrier flotation. The PMMA particles were labeled with fluorescent
dye (rhodamine B). This specific property allows to easily detect possible particle loss during
particle size measurements (see below) and can be utilized in future work for particle tracking and
determining recovery ratios. Prior to the experiments, both particle suspensions were stirred for 15
min at 80 rpm with an overhead stirrer, sonicated in an ultrasound bath for 10 min to break up
weak aggregates and again continuously stirred during sampling.

2.6. Optical microscopy

Via microscopic video recordings, the small-scale dynamical processes were captured during
the model carrier flotation experiments. To adjust the particle density for optical microscopy, the
MNP slurry was diluted with deionized water to a concentration of 1.5 g L-!. A volume of 300 pL
of this diluted suspension was filled in a cuvette with 1 mm optical path length, 9.5 mm inner
width and 43.5 mm inner height. Afterwards, 80 uL. of PMMA suspension, diluted to a
concentration of 5.5 g L'!, were cautiously pipetted on top of the MNP suspension in the cuvette.
The interaction of both particle systems was recorded by a CMOS camera (IDT NX4-S1 CMOS-
Polaris II, 1024 pix x 1024 pix, Imaging Solutions GmbH, Germany) at a framerate of 30 Hz. The
camera is connected to a long range microscope (TSO, Germany) with 50x magnification yielding
aresolution of 2144.48 pix/mm. To shift the field of view, the setup is mounted on a programmable
high-precision linear translation stage (LIMES 60-70-HiDS, OWIS GmbH, Germany).

2.7. Laser diffraction

Laser diffraction measurements where performed in an optical cuvette with 20 mm optical path

length and 50 mm inner width and height, respectively, placed in a HELOS laser diffraction sensor

(measurement range 0.9...175 pm, Sympatec GmbH, Germany). To keep the particles suspended
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during measurement, a square glass blade impeller (size 12 mm x 12 mm) was inserted and
agitated by a Eurostar 20 digital stirrer (IKA-Werke GmbH, Germany). It was placed 5 mm from
one lateral side of the cuvette to keep the optical path for the laser beam free. The cuvette was
fixed on a 27 mm wide cuvette holder with an end stop. For measurements with magnetic field, a
snugly fit magnet holder was slid over the cuvette holder until it arrested at the front rim of the
cuvette holder. Both holders were made from 4 mm PMMA plates. Two ring magnets (NdFeB, N
42, height 6 mm, outer diameter 40 mm, inner diameter 23 mm) were attached to the magnet
holder around a circular cutout of same inner diameter to let the laser beam pass. The setup is
sketched in the Supporting Information (Figure S2), together with the calculated magnetic field
along the optical beam axis within the cuvette (Figure S3). Laser diffraction requires particle
concentrations in a certain range for a strong and reliable signal.*® For measurements in liquid
dispersion, an optical concentration in the range of 15% to 25% is recommended, where the optical
concentration is the fraction of incident light that is attenuated due to absorbance by particles.
Hence, for characterizing the dynamics of MNP-PMMA-heteroagglomeration, first the PMMA
system was measured as baseline at an optical concentration of 15% (corresponding to 0.125 g L-
' PMMA particles in 40 mL). Then, 100 pl of MNP (5 g L!) were added yielding an optical
concentration of 25% and a final MNP concentration of 0.0125 g L-!. The resulting particle size
distributions during the formation of the MNP-PMMA complexes were taken at different time
steps under continuous stirring.

Since a variety of measurement methods was employed for accessing the properties and
processes of the MNP-PMMA system, Table 1 summarizes the respective methods and the
obtained information for a compact overview. To validate sensitive parameters, two independent

measurement approaches were used.
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Table 1. Overview on employed measurement methods and resulting information.

Dynamic light scattering (DLS)

Particle size distribution of synthesized
MNP

Optical centrifugation (OC)

Particle size distribution of synthesized
MNP

Zeta potential measurements

Electrochemical
MNP

surface properties of

Transmission electron microscopy (TEM)

Primary particle size of MNP

Thermogravimetric analysis with mass

spectrometry

Adsorption state of oleate on MNP surface

Powder X-ray diffraction (XRD)

Crystal structure and phase purity of MNP

Superconducting quantum interference

device (SQUID)

Magnetic properties of MNP

Attenuated total reflection infrared (ATR-
IR) spectroscopy

Composition of coated and uncoated MNP

Raman spectroscopy

Composition of coated and uncoated MNP

Sedimentation analysis

Sedimentation velocity of MNP with and

without an applied magnetic field

Optical microscopy

Hydrodynamic processes during MNP-

PMMA heteroagglomeration

Laser diffraction

Particle size distribution during MNP-

PMMA heteroagglomeration

3. RESULTS AND DISCUSSION

3.1. Material and colloidal properties of synthesized iron oxide nanoparticle

system
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Superparamagnetic iron oxide nanoparticles were synthesized with an alkaline co-

precipitation as described earlier.* The nanoparticles have a primary particle diameter of

around 9 nm (Figures 1a, b). Similar results can be observed with TEM and Scherrer

analysis of reflection broadening in XRD, which also yields a diameter of 9 nm. The

signals in the diffractogram correspond to the reflections (Figure 1c): <1 1 1> at 5.4° <2

20>at13.7°, <31 1>at 16.1°, <4 0 0> at 19.4°, <4 2 2> at 23.8°, <6 1 1> at 25.3° and

<4 4 0> at 25.6°. These reflections are consistent with the standard XRD data for the

cubic phase Fe;0,4 (JCPDS no. 89-4319) with a face-centered cubic (fcc) structure.*' The

particles demonstrate a high saturation magnetization of 79 A m2 kg-' and no remanence

magnetization (Figure 1d). The particles are superparamagnetic and can be

approximated with a Langevin function (Figure 1d). The particles possess a high

magnetization of over 40 A m2 kg™' in fields below 53 kA m™!, which corresponds to the

magnetic field in the magnetophoretic separation experiments.
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Figure 1. TEM image of synthesized iron oxide nanoparticles (a). Descriptive particle

diameter statistic derived from 4 TEM images with a minimal count of 30 particles per

picture (b). Powder diffractogram of nanoparticles obtained with a MoKa source (c).

Hysteresis curve of the magnetization of iron oxide nanoparticles from -4000 to 4000 to

0 kA m™' at 300 K obtained with a SQUID magnetometer and fitted with a Langevin

function (d).
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The synthesized nanoparticles mostly consist of magnetite, even though a slight

oxidation can be observed with Raman spectroscopy (Figure 2a).5*' The bands at 666,

coNOULL A~ WN =

1 540 and 352 cm! refer to the Raman active modes A4y, Eg and Tg, respectively. While

14 these modes indicate magnetite as the main fraction of the synthesized nanoparticles,

18 the shoulder at 730 cm™ indicates the existence of maghemite as well. Hence, the

21 nanoparticles used consist of a nonstoichiometric iron oxide in the transition between

25 magnetite and maghemite.®

28 The IR spectrum also shows the presence of the T4, band corresponding to spinel

ordered iron oxide vibrations at 550 cm™'!, which confirms the presence of magnetite.

35 Furthermore, only O-H stretch and bend vibrations can be observed at 3200 and 1600

cm!, respectively (Figure 2b). The spectrum indicates a pure and clean particle surface

42 without any contaminations.2
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Figure 2. Raman spectrum (a) and ATR-IR spectrum of synthesized and dried iron oxide

nanoparticles (b).

The synthesized nanoparticles display an amphoteric character leading to a positive

surface charge at low pH and a negative surface charge at high pH. This behavior can be

observed with zeta potential measurements from pH 3 to pH 10 (Figure 3a). The zeta

potential of MNP ranges from 40 mV at pH 3 to -37 mV at pH 10 with an isoelectric point

around pH 6.5. While a colloidal stabilization can be obtained at high and low pH values,

the particles show a distinct agglomeration at neutral pH.*3 The formed agglomerates of

our bare MNP at neutral pH are in the range of 300 to 600 nm (Figure 3b). This reversible

agglomeration behavior can be beneficial during the magnetic separation step but
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reduces the active surface area for their attachment to valuable particles.** Therefore, the

nanoparticles need to be stabilized for an efficient magnetic carrier flotation process.

coNOULL A~ WN =
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26 Figure 3. Zeta potential of synthesized iron oxide bare nanoparticles from pH 3 to 10 (a)

and hydrodynamic diameter of the nanoparticles at pH 7 obtained with DLS (b).

34 A convenient way to stabilize iron oxide nanoparticles is the use of surfactants which

37 bind to the nanoparticle surface. Here oleate is a very promising candidate, which

41 coordinates to the surface via carboxy groups and forms a stabilizing bilayer around the

44 nanoparticles.'® The amount of oleate bound to iron oxide nanoparticles can be verified

48 by simultaneous thermal analysis. For our MNP system, up to 19% of the stabilized colloid

51 consists of oleate, which is completely degraded in two steps at 250 to 320 and at 360 to

55 450 °C (Figure 4, black curve). The inflection points for the second and the first layer at

60 ACS Paragon Plus Environment
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280 and 395 °C, respectively, are in good agreement with literature.”-13.14:43.45-48 The large

amount of degrading material is the main indicator for the existence of a bilayer in addition

to the two decomposition steps, which are also related to the formation of a bilayer.13.14

Here a mass loss of 3% for the outer and 16% for the inner layer can be observed. CO,

can be verified as main degeneration product which is detected by a mass spetrometer

with a mass to charge (m/z) ratio of 44. Furthermore, water (m/z = 18) can be detected

as other decomposition product of oleic acid as well as residual water adsorbed to the

nanoparticles. The process is exothermic at both steps as can be observed from

differential scanning calorimetry (DSC, blue curve). The zeta potential of the

nanoparticles stabilized with an oleate bilayer is negative and indicates a stable colloid

from pH 4 to 10 (Figure 4b).84° The particles possess a zeta potential of -20 mV at pH 4,

which decreases with increasing pH to around -45 mV at pH 7. Increasing pH further, the

zeta potential becomes slightly less negative, reaching a value around -40 mV at pH 10.
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Figure 4. Simultaneous thermal analysis of freeze-dried oleate coated iron oxide

nanoparticles (differential scanning calorimetry and thermogravimetry coupled with mass

spectrometry) from 30 °C to 500 °C under nitrogen conditions (a). 18 H,O (red) and 44

CO, (green) correspond to the red y-axis where the current is the indicator for the amount

of detected m/z signals. Endothermic reactions are indicated with a positive algebraic sign

in the DSC heat flow and exothermic reactions are indicated with a negative heat flow.

Zeta potential of oleate coated nanoparticles from pH 4 to 10 (b).

The thermogravimetric data is supported by spectroscopic analysis of the oleate coated

nanoparticles. The Raman spectrum shows a small peak at 670 cm™! which corresponds

to the A,y mode of magnetite/maghemite (Figure 5a). Furthermore, a very prominent peak

can be observed at 1600 cm™! corresponding to the stretch vibration of the carboxy group
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and a smaller peak can be observed at 1400 cm™' corresponding to the deformation

vibrations of C-H.#5:50 The ATR-IR spectroscopy investigation of the dried particles yields

a similar spectrum. Here, the symmetric and asymmetric C-H stretch vibrations can be

observed at 2800 and 2900 cm™' (Figure 5b)."® The stretching vibrations of the carboxy

group at 1600 cm-' and 1400 cm-' are visible as well as the scissoring vibration of C-H at

1450 cm-1.6-843.4546.50.51 |n the ATR-IR spectrum, the iron oxide vibration (T4,) can be

observed at 550 cm1.42

coo T
(a) (b) .
3 £
& &
2 2
= £ v, COO-
C-H v C-H Vas Cog_C-H
A1g ALA J\{\'\
2000 1800 1600 1400 1200 1000 800 600 400 200 3000 2500 2000 1500 1000 500
Raman shift (cm™) Wave number (cm™)

Figure 5. Raman spectroscopy of oleate coated iron oxide nanoparticles (a) and ATR-IR

spectroscopy of oleate coated iron oxide nanoparticles (b).

The sterically and electrostatically stabilized oleate coated nanoparticles demonstrate

a significantly lower hydrodynamic diameter of around 70 nm compared to the non-
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stabilized nanoparticles with a hydrodynamic diameter of 400 nm (Figure 6b vs. Figure

3b). The diameter determined by optical centrifugation is similar to the hydrodynamic

diameter determined by DLS, but slightly smaller around 50 nm together with a narrower

size distribution. The discrepancy can be explained by the different size characteristic

originating from Stokes’ law and from dynamic light scattering.52 Furthermore,

uncertainties in using the density of magnetite (5.2 g mL™") for the oleate coated

nanoparticles in the optical centrifuge add to the deviation of particle sizes obtained from

both methods. The agreement of the oleate coated MNP size regarding its order of

magnitude for DLS and optical centrifugation allows us to conclude that the MNP are

stably dispersed in the form of small aggregates. Due to the deposition on the TEM grids,

the individual aggregates cannot be distinguished on the electron microscopy images in

Figure 6a. Regarding the primary particles, the shape and the appearance is similar for

bare (Figure 1a) and coated MNP. Since TEM shows that the aggregates consist of

primary particles in the range of a few nanometers, the synthesized MNP will provide a

high specific surface area for the attachment to the PMMA particles.
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Figure 6. TEM image of oleate stabilized nanoparticles (a). Dynamic light scattering and

optical centrifuge measurements of oleate coated nanoparticles (2 g L") at pH 7 (b).

Having synthesized and characterized a nanoscale superparamagnetic particle system,

which is colloidally stable, we aim to tune the particle properties in order to manipulate

the system’s behavior in external magnetic fields. This can be achieved by additives in

the surrounding aqueous phase. A very simple way to weaken electrostatic interactions

is to add salt. Therefore, we used sodium chloride for a first test of a common additive to

investigate the effect on the MNP agglomerate size, and on the sedimentation with and

without magnetic field. While the oleate coated particles demonstrate a very stable

cumulant diameter of around 200 nm at sodium chloride concentrations ranging from 0 to

100 mM, higher salt concentrations directly lead to an aggregation of nanoparticles and
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therefore to an increase of the cumulant hydrodynamic diameter of the aggregates up to

3 um. This behavior can be observed both with DLS and sedimentation analysis (Figures

7, S4 and S5). The increase in salt concentration results in a significant increase in

sedimentation velocity (Figures S6-S12). The highest sedimentation velocity is obtained

at 1 M sodium chloride concentration, but even at 100 mM ionic strength, an effect on the

sedimentation of nanoparticle aggregates is evident. The destabilizing effect of sodium

chloride on the nanoparticle system due to the compression of the electrochemical double

layer can be estimated in accordance to the DLVO (Derjaguin-Landau-Verwey-Overbeek)

theory (Figure S13)."" These calculations excellently describe the switch from stably

dispersed to agglomerating MNP around 100 mM NaCl.

In a magnetic field, the salt effect is enhanced by magnetic aggregation, so that high

sedimentation velocities of around 1200 ym s*' can be observed at 100 mM NaCl. The

DLS and optical sedimentation experiments, as well as the DLVO calculations indicate

that the stability limit of the MNP dispersion is around 100 mM NaCl. As the measurement

results are rather sensitive under these conditions, the additional attractive force from

magnetic dipole interaction causes agglomeration and, consequently, fast sedimentation
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at 100 mM NaCl. Furthermore, the gravitational sedimentation concurs with

magnetophoresis which adds to the high velocities observed in the experiments with

magnet. The velocity even increases with higher salt concentrations to 1750 um s' at 5

M salt. These observations of increasing sedimentation velocity in an external magnetic

field are in good agreement with literature.53:54 Since the sedimentation velocity does not

only change with the salt concentration, but also is significantly enhanced by the

externally applied magnetic field (~53 kA m'), we attempt to quantify the underlying

mechanisms by further calculations (Sl). Such a magnetic field leads to magnetic coupling

parameters A which are larger than unity for aggregated iron oxide nanoparticles with a

diameter of more than 25 nm (Figure S14).2'%5 Hence, the external magnetic field used

in these experiments will induce magnetic aggregation.5® Furthermore, the magnetic

Grashof number for the particle concentration and the applied magnetic field is around 85

(Sl) and indicates magnetophoresis-induced convection for the system investigated.20-21
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diameter is the Z-average diameter. Mean sedimentation velocity of oleate coated

26 nanoparticles (2 g L") incubated with different sodium chloride concentrations at pH 7,

with and without external magnetic field (b). Standard deviations derive from experiments

33 in triplicates.

40 3.2. Microprocesses during heteroagglomeration

43 After analyzing the surface properties of the MNP as carrier material, we now shed light

47 on the processes occurring on the microscale during their agglomeration with PMMA

50 particles, first without magnetic field. In carrier flotation, mixing leads to collision of carrier

54 and microplastic particles due to their relative velocity in the flow field, and finally to
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attachment if attractive interactions prevail. For optical observation, we utilize the relative

velocity between the PMMA microspheres and the MNP during sedimentation in a thin

cuvette (1 mm optical path). The PMMA particles were deposited on top of the MNP

suspension via a pipette and the camera field of view moves from the top to the bottom

of the cuvette with a speed of 150 ym s-' which is approximately adjusted to their

sedimentation, i.e. it corresponds to the Stokes settling velocity of a 38 um sphere with a

density of 1.19 g cm™. Large PMMA spheres settle faster than the camera movement

while small PMMA spheres (and small MNP aggregates) settle slower and therefore

appear in the corresponding video V1_Sedimentation.avi in the Sl with an upward motion.

Due to continuity, the sedimentation of the PMMA spheres additionally induces an

upstream of liquid as seen at the end of V1_Sedimentation.avi when the movement of the

field of view has stopped. The movement of the field of view allows to track single PMMA

spheres for a longer time so that attachment events of MNP can be captured. First, we

illustrate the accumulation of MNP at the PMMA surface in Figure 8. Then, we focus on

exemplary attachment events in Figure 9.
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The surface of the freshly added PMMA spheres in the top part of the cuvette is still

mostly bare (Figure 8a, coverage ~1%). An example for a mostly bare PMMA sphere is

marked by a dotted circle in Figure 8a. To provide a rough estimate for the coverage, the

ratio [%] of the branched area enclosed by the outline of the attached MNP agglomerates

to the projected area of the PMMA spheres is calculated for the respective images (all

visible MNP-PMMA complexes manually processed in ImagedJ). However, it should be

noted that these values rather serve to illustrate the ongoing attachment process than to

give statistically sound measurement data due to the low number of PMMA spheres in

the field of view (which is needed for the optical measurement) and the stochastic collision

process. With proceeding sedimentation time, the PMMA spheres are increasingly

covered with MNP. Moderate coverage can be observed in the middle of the cuvette

(Figure 8b, coverage ~15%), at the bottom strongly covered PMMA spheres settle into

the sediment layer (Figure 8c, coverage ~120%). A moderately covered PMMA sphere is

highlighted by a dashed circle in Figure 8b. The solid circle in Figure 8c labels a PMMA

sphere with coverage > 100 %. This value indicates that the area enclosed by the

attached nanoparticles is larger than the projected area of the PMMA sphere. The main
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part of the MNP is not visible in the microscopic images (owing to the nanoscale size)

and only contributes as a grey haze in the continuous phase. The presence of some

agglomerates in the micron range (e.g. pointed out by the arrow in Figure 8b) allows to

visualize the attachment of MNP to the PMMA spheres as described in the following.

Figure 8. Increasing surface coverage during settling of PMMA microspheres through

diluted MNP dispersion without magnetic field att = 18.80 s (a), t = 66.00 s (b) and t =

146.20 s (c). Marks are referred to in the text. The process is also shown in the Supporting

Information (Video V1_Sedimentation.avi).

An attachment event typically consists of three steps which are illustrated in Figure 9a-c

for the interaction of an approx. 2 pm MNP aggregate (marked by an arrow) with a 42 pm

PMMA sphere. Both particles first approach because of their different sedimentation
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velocities as can be seen in Figures 9a, b (step 1). After the particle contact, attractive

particle-particle interactions lead to the attachment of the MNP on the PMMA surface

(step 2). Even though the PMMA surface is slightly negatively charged (resulting in weak

electrostatic repulsion of the negatively charged MNP coated surface), attractive van der

Waals forces and hydrophobic interaction between the carbon chain of the anionic

surfactant and the PMMA surface prevail.5 The formed PMMA-MNP complex then further

settles in the suspension (Figure 9c). In this case, the attached MNP aggregate does not

influence the sedimentation notably because of its small size compared to the PMMA

sphere.

A different size ratio of PMMA sphere to MNP aggregate is depicted in the lower row,

Figure 9d-h, which shows a cluster of 16 um MNP and 28 ym PMMA. If both particles are

in a similar size range, the freshly formed PMMA-MNP cluster reorients in the flow field.

This reorientation affects the attachment of further MNP afterwards, since the bare side

of the PMMA sphere again is facing the incident flow.
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Figure 9. Attachment of a 2 ym small MNP aggregate (a-c, indicated by the arrow) to a

42 ym PMMA sphere. Pictures obtained after t = 131.50 s (a), t = 131.73 s (b) and t =

133.33 s (c). Reorientation of a freshly formed MNP-PMMA (16 um/28 um) cluster in the

flow field during sedimentation (d-h). Pictures are taken after t = 135.00 s (d), t = 135.50

s(e),t=135.83 (f),t =136.67 s (g) and t = 138.33 s (h).

3.3. Aggregation and separation in a magnetic field
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During magnetic carrier flotation, large clusters of carrier and microplastic particles are

formed by magnetic induced aggregation which can be directed to the desired location in

the container and separated.2°3' After the magnetic field is removed, the large clusters

disaggregate again so that most of the carrier particles can be recovered. Figure 10

visualizes these dynamic processes for the MNP-PMMA system by superposing the

microscope images with the calculated velocity vector field from the particle movement.

In Figure 10a, the PMMA microspheres already are well covered with MNP by premixing

both systems before the experiment. The particles settle in the gravitational field (velocity

vectors at MNP-PMMA complexes point downwards, parallel to the direction of gravity)

and the camera view stays fixed. The velocity vectors are determined by dividing the

image in finite interrogation windows and computing the spatial shift of grey values

between two consecutive images via cross-correlation (software DaVis, LaVision GmbH,

Germany).

When a small magnet (NdFeB N 42, diameter 4 mm, height 6 mm) is approached to the

outer wall of the cuvette 5 mm above the field of view, the downwards velocity of the

particles is reversed and they move into the direction of the magnet, i.e. the velocity
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vectors point upwards in Figure 10b. However, the movement differs between the

individual MNP-PMMA complexes. Their upwards drift depends on the size of the PMMA

sphere, the coverage with MNP, and the interaction with the glass wall of the cuvette.

Small PMMA spheres (~28 pm) with a large amount of attached MNP are strongly

attracted by the magnet (long red arrows) while large PMMA spheres with a relatively low

amount of MNP only move slowly in the upwards direction (short blue arrows). Large

clusters of MNP and PMMA microspheres are formed in the magnetic field. Frequently,

branches of MNP aggregates connect several PMMA microspheres (e.g. bottom center

in Figure 10b). When the magnet is taken off in Figure 10c, the particles again switch to

sedimentation (velocity vectors point downwards again). Simultaneously, the huge

amount of MNP which accumulated by magnet-induced aggregation detaches and is

redispersed by the flow. An example for a PMMA sphere covered by MNP is marked by

a circle in Figure 10b which disintegrates in Figure 10c to a weakly covered PMMA sphere

(upper circle) and fragments of the formerly large MNP aggregates (lower circle). The

reorientation of formed MNP-PMMA clusters in the flow field occurs within a few seconds.
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Figure 10. Particle movement during magnetic carrier flotation model experiments. (a)

Sedimentation of PMMA spheres covered with MNP. The white arrow points out the

direction of gravity. (b) Reversal of sedimentation velocity by applying a magnet in the top

part of the cuvette. The white arrow points out the magnetic field gradient in vertical (2)

direction (c) Removal of magnet: the formed larger agglomerates disaggregate; marked

by circles in (b,c) for an exemplary MNP-PMMA agglomerate. The process is also shown

in the Supporting Information (Video V2_Reversal.avi).

The process illustrated in Figure 10 is quantified in Figure 11 by the averaged vertical

velocity component v; of the calculated vector field. In the beginning, the vertical velocity

is negative due to the sedimentation of the initial MNP-PMMA complexes. After the

magnet is applied at approx. 5 s, the vertical velocity crosses zero and takes slightly

positive values caused by the movement of the aggregates towards the magnet. Much
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stronger flow reversal is observed if a larger magnet is used (see Supporting Information,

Video V3_Magnet_dial.avi for a NdFeB N 42 magnet with diameter 10 mm, height

10 mm). However, the extremely bulky MNP-PMMA clusters appearing in that case

obstruct the optical observation by covering the whole field of view. If the aim of the

process is only to separate the solid from the liquid phase, the magnet should rather be

placed on the bottom of the cuvette so that sedimentation and magnetophoresis act in

the same direction and the solid collects quickly at the bottom. However, to separate one

particle type from others, magnetophoresis of the MNP-particle complexes should be

directed antiparallel to gravity (as shown in Figure 10 and 11) so that other particle

materials without attached MNP settle down.

Removing the magnet at around 105 s leads to very high negative velocities, because

the MNP-PMMA clusters before significantly increased in size and effective density due

to the magnet-induced aggregation of MNP. The strong variation of the averaged vertical

velocity is caused by clusters of different sizes crossing the field of view. A huge mm-

sized cluster generates the negative peak at 124 s. With proceeding disintegration of the
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clusters, the sedimentation again slows down, i.e. the averaged vertical velocity becomes

less negative.

coNOULL A~ WN =

11 In general, the velocity curve comprises the velocity vectors of the entire field of view in

14 Figure 10. Hence, also remaining weakly covered PMMA spheres, which still sediment

18 under an applied magnet, contribute to the average vertical velocity. Possible backflow of

21 the surrounding liquid around the moving PMMA spheres due to continuity also

25 contributes to the average vertical velocity. However, the general sequence depicted in

28 Figure 11, i.e. sedimentation — reversal of movement — sedimentation is reproduced as

can be seen from comparing with video V2_Reversal.avi in the Sl.
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Figure 11. Average vertical velocity component of the vector field (Figure 10) during the

movement of MNP-PMMA complexes under the influence of gravitational and external

magnetic field (applied permanent magnet from 5 to 105 s) over time.

3.4. Evolution of particle size distribution during heteroagglomeration

The optical microscopy measurements provide detailed insights of exemplary sub-

processes during magnetic carrier flotation. Additionally, measuring the particle size

distribution by laser diffraction gives information on the properties of the whole ensemble.

In line with the microscopy measurements, we first characterize the formation of MNP-

PMMA complexes without the influence of an external magnetic field. In contrast to the

thin microscope cuvettes where the particle movement resulted from sedimentation, the

system now is stirred at a defined speed to approach the situation in a technological

process.

The volume-weighted particle size distribution was measured at different times up to t

= 18 min for a stirring speed of 600 rpm within the laser diffraction cuvette. The particle

size distribution curves are shown in the Supporting Information (Figure S15). Here, we
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summarize the main trends in the size distribution curves without magnetic field by using

Xgo3- The value xgp3 is the particle size at which 90% of the particle volume in the

measurement range is smaller, and thus characterizes the coarse part of the size

distribution. The increasing coverage of the PMMA spheres with MNP in the mixing flow

of the stirrer appears as a slight shift to larger particle sizes with time, as xgp3 = 50.3 ym

att =0 min and xgp3 = 65.7 yum at t = 18 min. To exclude that the effect is caused by the

sole aggregation of PMMA particles, the experiment is repeated without MNP. No clear

increase in particle size is observed in that case (xgo3 = 49.1 ym att = 0 min and Xxgg 3 =

49.6 ym at t = 18 min, also see Figure S16). This shows that the above-described

observation is indeed the characteristics of the MNP-PMMA heteroagglomeration. The

continuously coarsening size distribution suggests that abrasion of attached

nanoparticles by collision of their host micron-sized particles as observed by Dong et al.%’

is not dominant for this MNP-PMMA system.

To analyze the magnet-induced agglomeration of MNP with PMMA microspheres, the

time-dependent particle size distribution was monitored for the setup with inserted magnet

holder at different stirring speeds. The minimum stirring speed (500 rpm) is set such that
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particle sedimentation is counteracted. The maximum stirring speed (800 rpm) is

determined by the formation of air bubbles within the vortex at the stirrer blade.

During the mixing process with applied magnet, the particles agglomerate but at the

same time migrate in the magnetic field gradient towards the walls of the cuvette and

accumulate at the glass near the ring magnets. Hence, only a slight increase in particle

size can be observed in Figure 12a from 0 to 18 min (for 600 rpm Xgp3 = 49.8 ym at t =

0 min and xgp 3 = 59.2 ym at t = 18 min). After 18 min, the magnet holder is removed. The

resulting release of large MNP-PMMA clusters leads to a pronounced shift to larger

particle sizes at 19 min (for 600 rpm xgp 3 = 123.6 pm). This is visible by the lower values

of the cumulative function Q3 for large x. In the density function gz at t = 19 min, the peak

around 40 um decreases and higher values are reached for large particle sizes (x > 60

Mm). Subsequently, the formed large aggregates are partly redispersed and the coarse

particle fraction is reduced again from 21 to 33 min (for 600 rpm Xgp3 = 102.0 ym at t =

21 min and Xgp 3 = 95.9 ym at t = 33 min).

The process of agglomeration and redispersion strongly depends on the stirring speed.

With increasing stirring speed from 600 rpm (Figure 12a) to 800 rpm (Figure 12b), a larger
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shear force acts on the weakly bound agglomerates so that only smaller agglomerates

are formed and they are dispersed again more efficiently. Therefore, at 800 rom and t =

19 min, Q3 is not much reduced for large x, and the distribution curves before and after

the removal of the magnet differ only slightly. The stirring intensity likewise can be

adapted to the different process steps. Our results on the dependence of the aggregate

size on the stirring speed suggest that larger MNP-PMMA clusters form by magnet-

induced aggregation under moderate stirring, while the redispersion of the carrier material

is more effective under intense stirring.
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Figure 12. Particle size distributions (volume-weighted cumulative function Q3 and density

function q3) of the PMMA + MNP suspension when applying a magnetic field and

removing the magnets again. Cumulative distribution is illustrated by full and differential
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distributions by hatched lines. The suspensions are stirred at different stirring speeds: (a)

600 rpm and (b) 800 rpm.

Figure 13 illustrates the coarse particle size xg03 as a function of the stirring speed.

Three curves are included in this graph for three characteristic times: first, at the end of

the magnetization at t = 18 min (black curve “Magnet on”); second, immediately after the

removal of the magnet holder att = 19 min (red curve “Magnet off”); and third, att = 33 min

(blue curve “Redispersion”), when a large part of the formed aggregates has been

redispersed. Each measurement point is determined as an average value from three

independent heteroagglomeration experiments, along with the standard deviations as

error bars.

The approximately constant values for xg 3 at the end of the magnetization (black curve)

probably are caused by the migration of the MNP-covered PMMA particles out of the

measurement beam towards the ring magnets. The aggregation mainly takes place in the

regions near the cuvette wall where the magnetic field gradients are high (Figure S3).

Thus, the stirring speed has no huge influence on xgg 3 at this stage. With removal of the

ACS Paragon Plus Environment

40

Page 40 of 62



Page 41 of 62 ACS Applied Materials & Interfaces

magnet (red curve), the formed large aggregates are released into the fluid volume and

hence can be detected in the measurement beam. This leads to a jump to high xg¢ 3 values

coNOULL A~ WN =

11 from the black to the red curve. The large aggregates then disintegrate with time in the

14 shear flow of the stirrer (blue curve). Both the curve after the removal of the magnet and

18 at the end of the measurement show a distinct decrease at higher stirring speed on

21 account of the higher shear in the flow field. The plateau in the beginning (< 600 rpm)

25 indicates a balance between the effects of enhanced collision and enhanced redispersion

28 with more intense stirring. For stirring rates > 600 rpm, the redispersion effect dominates.

At the highest stirring rates, the difference between the curves before and after the

35 removal of the magnet vanishes. This suggests that the accumulation of aggregates at

the walls of the cuvette is almost completely suppressed at 800 rpm.
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Figure 13. Dependence of MNP-PMMA aggregate size on stirring speed at characteristic

stages of magnetically induced aggregation and redispersion by the shear forces.

4. Discussion

The measurements presented in the previous sections successfully reproduce central

aspects of magnetic carrier flotation. Nevertheless, the experimental constraints

introduce certain limitations which we discuss in the following. Thereafter, we transfer our

findings to the technological process.

An important restriction is that the experimental conditions had to be adapted to the

individual measurement methods. The first difference concerns the employed particle

concentration and ratio of MNP to PMMA. To provide the best optical observability, a

higher particle concentration was used in the thin optical cuvette for microscopy

compared to the particle concentration in the thick stirred cuvette for the laser diffraction

measurements. Hence, a noticeable coverage of PMMA spheres with MNP is achieved

in the microscopy experiments even in the shorter duration and weaker mixing of the

particle sedimentation from the top to the bottom of the cuvette. Furthermore, different
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permanent magnet types and positions were chosen as dictated by the specific device

setups. For the sedimentation analysis in the LUMiReader, the magnet had to be fitted in

the cuvette holder. For the laser diffraction measurements two ring magnets were chosen

which were suitable for the larger cuvette size and assured an axisymmetric configuration

with respect to the laser beam axis. An exact and reproducible positioning of the magnet

for the 500 um sized field of view in the microscopy measurement was difficult especially

in the horizontal direction. Hence, the microscopic observations of magnet-induced

agglomeration rather serve as proof-of-concept due to these uncertainties. Nevertheless,

particularly the combination of different methods allowed for comprehensive insights into

the underlying physics which can serve as a knowledge base for future technological

applications as specified hereafter.

4.1. Optimization of process conditions

The reorientation of formed MNP-PMMA clusters in the flow field occurs within a few

seconds. This can be used to estimate if reorientation is effective in a large-scale reactor

depending on the time scale and the structures of the flow field, what impacts the further

attachment of MNP carrier material. Laboratory experiments on the migration velocity of
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the MNP-PMMA clusters depending on the MNP coverage might be applied to optimize

the required MNP ratio and the conditioning time, i.e. the duration of premixing the MNP

carrier material with the particles to be separated. This is especially important in order to

control the magnet-induced aggregation as well as the magnetophoresis-induced

convection which are strongly dependent on the particle concentration.??

4.2. Aggregate structure

The branched shape of the MNP-PMMA clusters which grow during magnet-induced

aggregation is advantageous in several respects of the technological process. First,

through controlled aggregation of the MNP, different scales from nano to micro can be

covered allowing to adjust the carrier size to the size of the target particle system. Second,

the aggregate structure provides a bridging effect between different MNP-PMMA clusters,

so that remaining weakly covered PMMA are integrated in larger clusters and

subsequently undergo magnetic separation. Third, the small primary particle size of the

MNP involves a high surface-to-volume ratio, i.e. a large available area to attach to the

PMMA particles. In our experiments, a few coarse agglomerates were present which were

used to visualize the MNP-PMMA attachment via optical microscopy. The investigation
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of the colloidal properties of the MNP however showed that the main part of the carrier

material is stably dispersed and only is subject to heteroagglomeration with the PMMA

microspheres and magnet-induced aggregation.

4.3. Additives

The potential to modify the surface properties of the MNP system, and hence the

particle-particle interactions, is demonstrated by the measurements with salt addition. For

the removal of contaminants from sea water, the studied salt-related effects naturally

have to be considered. In view of general carrier flotation processes, a pre-agglomeration

step with such an easily available and cheap additive offers a further means to control the

carrier particle size and to facilitate the magnetic separation of the bound particles. After

the separation, a flushing step with low ionic strength solution can be employed to support

redispersion of the carrier material.

4.4. Hydrodynamic shear

The stirring intensity likewise can be adapted to the different process steps. Our results

on the dependence of the aggregate size on the stirring speed suggest that larger MNP-

ACS Paragon Plus Environment

45



coNOULL A~ WN =

ACS Applied Materials & Interfaces

PMMA clusters form by magnet-induced aggregation under moderate stirring, while the

redispersion of the carrier material is more effective under intense stirring.

4.5, Selectivity

Strictly speaking, our current experiments on the MNP-PMMA material system rather

fall into the category of magnetic separation than magnetic carrier flotation. For the latter,

the carrier material selectively binds to target grains in a mixture of particle materials.58

However, our findings are likewise applicable here since they treat a subset of this larger

problem. For example, considering the removal of microplastic material from sand, the

oleate coated magnetic carrier material can be expected to attach to the hydrophobic

microplastic particles and to leave aside the hydrophilic silica surface. Additional proof-

of-concept experiments in the Sl (Figure S17c-d) show the separation of PMMA particles

by MNP from fine quartz particles in tap water. The water purification is visualized in

Figure S17a, b. Due to their higher relative density with respect to water, fine size range and

moderate hydrophobicity, the PMMA microspheres are an example of a more challenging system

for separation by flotation techniques.’® That means, if the carrier flotation tests are successful for
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this model system, this method will be promising for other types of plastic material such as

polystyrene (Figure S18).

5. CONCLUSIONS

We used oleate stabilized magnetic nanoparticles for model experiments on carrier

flotation of microplastic (PMMA) particles. We showed that the MNP can be magnetically

aggregated and demonstrate magnetophoresis-induced convection in external magnetic

fields. The magnetic aggregation of the MNP is dependent on the ionic strength of the

suspension. Heteroagglomeration of MNP and PMMA was achieved by their relative

velocity in a flow field causing collision and attachment of MNP on the PMMA surface.

The formed MNP-PMMA complexes could be further aggregated and collected with the

help of permanent magnets. Our results on the influence of the stirring speed on the size

of the formed aggregates may contribute to the hydrodynamic optimization of future

separation reactors.

In the field of water purification, magnetic iron oxide nanoparticles up to now were

mainly used as adsorbents due to their high specific surface area, e.g. for heavy metal
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ions.%% First approaches to remove microplastic material by magnetic micro- or

nanoparticles only were described very recently. The employed magnetic particle

systems focused on rather specific functionality8'62 or on the applicability to a broad

spectrum of environmental sample materials including common microplastic types like

polystyrene or polyethylene.?3.64 We deepen the important findings from literature,®1-%4 by

a defined variation of electrolyte background, insights into the dynamic microprocesses

for a simple MNP material, and interactions with the hydrodynamic conditions not

considered in the previous studies.

Our observations suggest that the MNP aggregate structure has significant influence

on the separation process. It is known that the aggregate structure is affected by the

shape of the MNP,%5 the composition and hydrodynamics in the surrounding aqueous

phase.®® In turn, the agglomerate structure influences the selectivity of the separation

process. Highly branched shapes might lead to a facilitated network formation, but to a

reduced selectivity towards the target material due to the higher probability of inclusions

of unwanted substances. An appealing aspect for future work is to optimize this tradeoff

through the aggregation kinetics. The composition of the aqueous phase changes the
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particle surface properties, the particle-particle interactions and hence the aggregation

kinetics. From the hydrodynamic point of view, the interplay of particle attachment and

detachment affects the developing aggregate form and possible inclusions. Along with

the structure of the magnetic field, several control parameters are available to shape the

aggregates for better performance of the overall process.
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microspheres through diluted MNP dispersion. The width of the field of view is 0.48 mm.

The video playback speed is in real-time. (file type, AVI)

V2_Reversal.avi: Sedimentation movement of MNP-PMMA clusters is reversed by

applying a small magnet (NdFeB N 42 magnet with diameter 4 mm, height 6 mm) above

the field of view, and magnet-induced aggregation occurs. After the magnet is removed

at the end of the video, the formed larger agglomerates disaggregate and sedimentation

resumes. The width of the field of view is 0.48 mm. The video playback speed is in real-
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V3_Magnet_dia1.avi: Bulky MNP-PMMA clusters appearing when a larger magnet

(NdFeB N 42 magnet with diameter 10 mm, height 10 mm) is applied above the field of

view. The width of the field of view is 0.48 mm. The video playback speed is in real-

time.
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ATR FTIR, attenuated total reflection Fourier transformation infrared; DLS, dynamic light
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nanoparticles; OC, optical centrifuge; PMMA, poly(methyl methacrylate); SQUID

superconducting quantum interference device; TEM, transmission electron microscopy;
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