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Magnetically induced aggregation of iron oxide 

nanoparticles for carrier flotation strategies





Magnetic iron oxide nanoparticles are among the most versatile colloids and can be used for a 

wide range of applications.1,2 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.1,3 The nanoparticles can be synthesized via various routes and 

their surface properties can be tuned individually with tailored coating techniques.1 One of the 

most established methods for the synthesis of superparamagnetic iron oxide nanoparticles is the 

co-precipitation of iron salts in alkaline environment.4 Here, the synthesis conditions allow to 

control the magnetization of particles as well as their size in a range from 5 to 20 nm.4,5 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.1,2,6,7 

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.1 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.8 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.1 Another commonly used method is to introduce 



a silica coating in order to keep the particles biocompatible and superparamagnetic.1,9,10 Further 

approaches are based on the adsorption of carboxylic acids.8,11,12 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.6,13,14

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.15,16 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.20,21 Here, two magnetic particles orient to the respective pole and 

magnetically interact with each other leading to an aggregation.12,21 With increasing aggregation 



decreases and Brownian motion becomes negligible.12,22 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.23,24 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.25 Classical separation technologies like froth flotation reach their limits for this ultra-

fine particle fraction.26,27 Carrier flotation has the potential of separating very small particles by 

using other particles which selectively attach at the valuable particles.28 When magnetic particles 

act as carrier material, the formed particle-particle complexes can be separated from the gangue 

material in a magnetic field gradient.  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.32,33 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.34 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.28 Hence, the properties of the carrier particles are essential since they determine the 

structure and stability of the formed aggregates.31,35 Furthermore, the hydrodynamic conditions, 



i.e. the flow field during the mixing of carrier and target particles, significantly impacts the 

efficiency of the separation process.31,32,36

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 

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.37,38 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.



2.1. Synthesis of MNP

A 1.8 M NaOH solution (1000 mL) was prepared with degassed deionized (dd) water and stirred 

86.4 g of FeCl3(H2O)6 and 35 g of FeCl2(H2O)4 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 

-1 was reached.

2.2. Oleate coating

20 mL of 60 g L-1 sodium oleate solution were prepared with deionized water. The solution was 

5 g L-1 MNP-slurry was prepared with deionized water and filled into the synthesis reactor 

particles were washed two times with deionized water. 

2.3. PMMA particles

commercially available from microParticles GmbH (Germany) and possess a hydrophobic and 

slightly negatively charged surface (zeta potential around -10 mV).39 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 L-1; PMMA density is 1.19 g cm-

2.4. Characterization



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-1 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 

recorded at a heating rate of 10 K min  (323 - 823 K) under nitrogen atmosphere. The gas phase 

Germany). The following mass signals (amu) were recorded to identify decomposition fragments: 

18 (H2O) and 44 amu (CO2).

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, 1 

radiation 



 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  and +50 kOe (-3979 and 3979 kA m-1).

The Fourier-transform infrared spectra (FTIR) were measured using an ALPHA II (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-1 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-1, 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-1) was used for 

the analysis of transmission profiles.

2.5. Sample preparation for heteroagglomeration



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-1

of this diluted suspension was filled in a cuvette with 1 mm optical path length, 9.5 mm inner 

concentration of 5.5 g L-1, 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-

a resolution 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 



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.40 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-

1 -1) were added yielding an optical 

concentration of 25% and a final MNP concentration of 0.0125 g L-1. 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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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.59 That means, if the carrier flotation tests are successful for 



this model system, this method will be promising for other types of plastic material
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