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Abstract: Microalgae represent a promising feedstock for sustainable biomass and energy. The
low cell concentration after cultivation, however, limits the current application fields. Magnetic
microalgae harvesting is a recent approach to overcome the economic limitations of exploiting
this natural resource. Accordingly, different particle types have been applied, mainly synthetically
produced magnetic nanoparticles, though none on an industrial scale. Particle sizes between a
few micrometers and a few nanometers have not been tested. We expected 200–500 nm to be
advantageous for harvesting and as a compromise between the highly available surface and good
separation properties. However, this intermediate magnetite particle size between the micro- and
nano-scale cannot be reached via chemical synthesis. Therefore, we ground natural magnetite ore in a
planetary ball mill and an agitator bead mill producing particles in the targeted size range. Applying
ore particles ground from ~6 µm to 250 nm yields harvesting efficiencies comparable to synthetically
produced nanoparticles (Ø ~ 10 nm), with only half the BET surface. Complete harvesting of saline
microalgae Microchloropsis salina is possible with ground particles at alkaline pH. We demonstrate
the feasibility of a harvesting process with natural, low-cost, easily separable, and readily available
magnetite ore particles as a promising step towards exploiting valuable microalgal products in
life sciences.

Keywords: iron oxide microparticles; iron oxide nanoparticles; iron ore; biomass recovery

1. Introduction

Producing sustainable energy and biomass for food and feed use is a significant chal-
lenge in a world with a growing population and increasing living standards. Diversification
from traditional energy, food, and feed sources is necessary to secure the supply of these
primary resources. Microalgae can contribute here in a sustainable way by binding car-
bon dioxide using solar energy to produce biomass while showing higher photosynthetic
efficiencies (3–8% for microalgae, typically 0.5% for plants); in many cases, they can be
grown in wastewater or seawater, microalgae cultivation does not compete with that of
conventional crops, and the production can be carried out more continuously compared to
plants [1–3]. With their wide range of commercial applications, microalgae have attracted
much attention in recent decades. However, few processes, and only targeting high-value
products, have made it to the industrial scale due to the high costs for downstream process-
ing, especially for harvesting the microalgal biomass [4–6]. The small size of the cells in a
diluted culture medium, a density similar to that of water and a high charge density on the
cell walls stabilize the cellular suspension and increase costs in downstream processing [7,8].
Depending on the process, generally 20–50% but up to 90% of the total costs have to be
spent on the harvesting and dewatering step, which makes most processes for microalgal
products economically infeasible [5,9–12]. The conventional methods currently applied for
microalgae harvesting are flocculation, flotation, and gravity settling for preprocessing, and
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then centrifugation and filtration for thickening [13]. Often, some of these methods are com-
bined to increase efficiency [14]. Gravity settling is a very simple and inexpensive method,
but it is time-consuming and the resulting slurry concentration is still low. Flocculation
and flotation methods are faster and low cost, but flocculants might be toxic to the biomass,
also limiting the recyclability of culture medium [15]. Filtration and centrifugation allow
high recovery efficiencies and very fast separation but are energy-intensive and expensive
in acquisition and maintenance [16].

Another promising approach to overcome the harvesting bottleneck is using magnetic
micro- and nanoparticles for cell separation and dewatering of the biomass. The idea of
a magnetic separation process for biotechnological applications has often been discussed
in the literature, and various potential fields have been identified and established [17,18].
The main advantages are low operating costs, high efficiency, recyclability of the particles,
and simple and fast processing [7]. However, magnetic separation is not yet applied for
biotech purposes on an industrial scale, due, on the one hand, to the lack of devices [17]
(only one cGMP-compliant separator has been developed [19]). On the other hand, no
easily separable particles are available, which show high affinity to the product, and are
available in the necessary amounts at a low price.

There are two ways to produce magnetic particles in a size range between a few
nanometers and a few micrometers, which we expect to be advantageous for harvesting.
The bottom-up approach uses the synthesis of particles by the precipitation of iron salts,
where the particles typically grow to a size of 10–30 nm [20–23]. Through agglomeration
and/or sintering of these particles, larger particles up to a few micrometers can be produced
for the interaction [24,25]. These particles show superparamagnetic behavior and, due
to their small size, are highly adhesive to many surfaces [26]. The top-down option is to
grind larger magnetite ore particles. The world’s purest magnetite ore (>98%) is mined
in northern Sweden in huge amounts (25.8 Mt in 2022) [27]. A high iron content of up
to 72.4% makes it very attractive as a raw material for steel production and the electric
industry, as the average global spot price for iron ore products is approx. USD 117 per
ton (end 2022) [27]. However, during processing, the initial natural properties—especially
magnetism—are lost. Within our comprehension of sustainability, we seek to use the
magnetite ore with its natural and valuable characteristics, and grind it to the desired size
to apply it for biotechnological separations. The grinding process is physically limited by
the properties of the grinding device and economically limited by the energy input (the
smaller the final mean diameter, the more expensive). Synthetically produced magnetic
nanoparticles usually show saturation magnetization values in a broad range between
30 and 89 A m2 kg−1 [22,28–36]. The natural magnetite ore microparticles have higher
saturation magnetization (91 A m2 kg−1) and behave remanently [37]; their magnetization
values correspond to the values reported in specialized literature for the magnetism of
magnetite in soils [38,39].

Our approach is to use the natural material magnetite ore to explore the use of parti-
cles larger than synthetically produced nanoparticles, because we expect easier and more
complete separation in the presence of a magnetic field due to the ore’s higher magnetic
moment and size. Furthermore, this middle size between a few µm and a few nm repre-
sents a compromise for nutritional and, in general, other life science applications, such
as the pharmaceutical and cosmetic industry: the acceptance of sizes close to the micro
level is better, because they are easier to identify and separate and do not cross most of
the physiological barriers. Moreover, in this work, we seek to improve the harvesting
efficiency of natural magnetite ore at moderate pH by grinding the ore to submicron size,
characterizing the process and the grinding products, and comparing the results to syn-
thetically produced magnetite nanoparticles. To the best of our knowledge, we are the first
to employ submicron-sized ground particles from iron ore for cell separation. We offer
an explanation for the effect of the solid support surface area and concentration in the
microalgae harvesting process.
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2. Materials and Methods
2.1. Microalgae

The experiments were performed on Microchloropsis salina (SAG 40.85). The microalgae
were cultivated and provided by the Chair of Biochemical Engineering of the Technical
University of Munich. Cultivation took place in open thin-layer cascade photobioreactors
in an artificial seawater (ASW) medium (27 g L−1 NaCl, 6.6 g L−1 MgSO4 · 7 H2O, 1.5 g L−1

CaCl2 · 2 H2O, 1.0 g L−1 KNO3, 0.07 g L−1 KH2PO4, 0.021 g L−1 Na2EDTA · 2 H2O,
0.014 g L−1 FeCl3 · 6 H2O); the ASW medium imitates the natural medium of these algae
species. All chemical agents used were of analytical grade or higher. The interaction studies
were conducted with microalgal cells in the stationary growth phase. The microalgal
concentration after cultivation was between 10 and 25 g L−1. Details on the cultivation
can be found in publications by Schädler et al. [40,41]. Unless indicated otherwise, the
experimental initial microalgae mass concentration was 1.0 g L−1.

2.2. Magnetic Microparticles from Ore (MMO)

The magnetite microparticles from ore (MMO), product name EX009, were provided by
LKAB Minerals GmbH (LKAB: Luossavaara-Kiirunavaara Aktiebolag), Essen, Germany. The
particles are produced from natural iron ore mined in Malmberget, Sweden. They were stored
as a dry powder (as delivered) and suspended in the medium right before usage. The size of
the MMOs is very homogenous (d10 = 4.8 µm, d50 = 5.8 µm, d90 = 6.9 µm) (SI Figure S1). The
determination was carried out using static light scattering (SLS) (Partica LA-950, Horiba
Europe GmbH, Oberursel, Germany). The samples were suspended in deionized water
and sonicated before measurement. The specific surface of the particles was 2.4 m2 g−1 and
calculated from BET isotherms of nitrogen adsorption (Gemini VII, Micromeritics, Aachen,
Germany). The samples were dried before measurement in the device chamber at 70 ◦C
and 0.05 bar. Scanning electron microscopy (SEM) pictures were taken with a Philips/FEI
XL 40 (FEI Company, Hilsboro, OR, USA). Light microscopic pictures were performed
for size, shape, and agglomeration behavior studies with an Axio Observer 7 (Carl Zeiss
AG, Oberkochen, Germany). These particles were used for the milling experiments in the
planetary ball mill as well as for the agitator bead mill.

2.3. Magnetic Nanoparticles from Ore (MNO)—Preparation in a Planetary Ball Mill

For grinding in the planetary ball mill (PM100, Retsch GmbH, Haan, Germany; grind-
ing jar and 1 mm beads made from yttrium-stabilized zirconium oxide), we chose a bead-to-
ore volume ratio of 2:1 (resulting in a mass ratio of 12:1) and the addition of 25 to 30 mL of
the liquid phase to obtain an engine oil-like consistency as suggested by the manufacturer.
As the liquid phase, we used deionized water, ethanol, isopropanol, and 75 mM sodium
phosphate buffer (pH 7.08), respectively. The grinding phases were interrupted every
10 min to cool the jar. After grinding, the beads were separated from the MNOs using a
sieve, and the material was dried at 60 ◦C (Heraeus UT-6, Thermo Scientific GmbH, Darm-
stadt, Germany) until weight constancy. The phosphate ground particles were washed three
times with deionized water before drying. The resulting particles were analyzed as the
MMOs for particle size using SLS, for size and shape using SEM, for size and agglomeration
behavior using light microscopy, and for the surface area using a BET device.

2.4. Magnetic Nanoparticles from Ore (MNO)—Preparation in an Agitator Bead Mill

MMOs were also ground in an agitator ball mill LabStar Zeta at the Netzsch application
laboratory in Selb, Germany. The grinding chamber and beads (0.2–0.3 mm in diameter)
were made from yttrium-stabilized zirconium oxide. The grinding chamber was filled
with 1.68 kg beads, resulting in a chamber filling ratio of 85%. The initial dry mass ratio
of particle suspension was 33 (w/w)%. With an increased milling time, the suspensions
were diluted to a 25 (w/w)% dry mass ratio due to an increased viscosity. The agitator
shaft was operated at 3200 rpm, corresponding to an agitator tip speed of 12.25 m s−1. The
magnetite suspension was ground for a total of 390 min in a recirculation operation with a



Magnetochemistry 2023, 9, 149 4 of 14

total net grinding energy input of 7.3 kWh. The product throughput was set to 60 kg h−1

suspension, and the product temperature was kept below 30 ◦C. After grinding, the beads
were separated, and the particles were characterized for their size using SLS, for their size
and shape using SEM, for size and agglomeration behavior using light microscopy, for
the surface area using a BET device, and for the Zeta potential (ZetaSizer XS, Malvern
Panalytical GmbH, Kassel, Germany).

2.5. Magnetic Nanoparticle (MNP) Synthesis

Magnetic nanoparticles were synthesized according to the co-precipitation method [22];
detailed synthesis and characterization were described previously [28]. Ferric chloride
and ferrous chloride are precipitated in alkaline conditions at 27 ◦C and under a nitrogen
atmosphere. The black precipitate is washed with degassed deionized water by magnetic
decantation until the conductivity is lower than 200 µS cm−1. The particles grow to a size
of ~10 nm but agglomerate to >100 nm and show superparamagnetic behavior with a
saturation magnetization of 60 A m2 kg−1. The particles were stored in degassed deionized
water under a nitrogen atmosphere at 4 ◦C until use.

2.6. Biomass Quantification

The gravimetric quantification of MMOs, MNOs and microalgae (dry weight, DW) was
conducted in 2 mL tubes (Eppendorf, Hamburg, Germany) in 3 to 6 sample replicates. The
samples were washed with deionized water three times and dried for at least 24 h at 60 ◦C in
an oven (Heraeus UT-6, Thermo Scientific GmbH, Darmstadt, Germany). To determine the
cell concentration, the optical density (OD) at 750 nm was measured spectrophotometrically
and correlated to the gravimetric quantification of algae. The DW/OD750 ratio found for
M. salina was 0.204.

2.7. Harvesting Experiments

The harvesting experiments were conducted as follows: the microalgae and particle
suspensions were prepared in the desired concentrations for the final concentrations of
the experiment, e.g., 10 mL of 2 g L−1 algae and 10 mL of 2 g L−1 magnetite in ASW,
to obtain 20 mL of 1 g L−1 algae and magnetite. The suspensions were poured together,
mixed, and incubated for 5 min at room temperature in an orbital shaker. The samples
were then magnetically separated using strong neodymium hand magnets for another
5 min. Aliquots of the supernatant were measured spectrophotometrically. The following
equation calculated the algae separation efficiency (or harvesting efficiency):

Harvesting efficiency[%] =
OD0 − OD1

OD0
∗ 100

where OD0 corresponds to the absorbance at 750 nm before binding and OD1 after binding.
All experiments were performed as technical duplicates. Additional information on the
harvesting experimental setup can be found in previously presented research [37].

3. Results and Discussion
3.1. Preparation of and Harvesting with MNOs

For the grinding of the magnetite ore, two types of mills were chosen. First, we present
the planetary ball mill (PM 100, Retsch GmbH), which is a device for lab-scale experiments
in research such as mechanochemistry, ultrafine colloidal grinding on a nanometer scale,
and mixing and homogenizing soft, hard, brittle, or fibrous material. The device we used
allows only batchwise processing with a maximum jar volume of 220 mL [42]. Second, we
present an agitator bead mill (LabStar Zeta, Netzsch Feinmahltechnik GmbH, Selb, Ger-
many). The laboratory mill LabStar can be operated with different grinding systems. The
Zeta grinding system is designed for continuous grinding processes in recirculation mode
operation. It enables the grinding of the magnetite ore down to particle sizes in the nanome-
ter range with narrow particle size distributions. The Zeta grinding system is available
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with a grinding chamber volume from 0.08 L to 400 L in different material configurations,
and the upscaling of the results achieved on the laboratory scale is possible [43].

3.1.1. Planetary Ball Mill

In a planetary ball mill (PM 100, Retsch GmbH), the grinding jar is arranged eccentri-
cally on the sun wheel of the mill. The rotation direction of the sun wheel is opposite to that
of the grinding jar, so the grinding balls in the jar are subjected to superimposed rotational
movement, the Coriolis force [42]. The difference in speeds between balls and jar induces
frictional and impact forces, which release high dynamic energies for the size reduction of
the sample. The magnetite ore was ground with 1 mm zirconia beads in different solvents
(deionized water, phosphate buffer, ethanol, isopropanol) from the native size of 6 µm for
90 min until no further change in size was observed (SI Figure S2).

At the beginning of the grinding process, the two aqueous media seemed to allow
faster magnetite grinding, but over time, the particles suspended in organic solvents became
smaller. This can be explained by the wetting abilities of the solvents. The newly created
surface needs to be stabilized in the suspension during grinding. If not, the “daughter
particles” will reagglomerate to minimize the surface energy. The liquid phase wets the new
surface areas and separates the particles. The lower the surface tension of the solvent is, the
better it will wet the surface and therefore stabilize the grinding process. The predominant
frictional forces applied to the particles in a planetary ball mill lead to the abrasion of the
material surface (Figure 1). Furthermore, the surface of the particles is intensely stressed
during the process leading to mechanochemical modifications such as the accumulation
of hydroxides on the surface [44,45]. This hydroxide-rich surface is more porous, further
increasing the BET surface [46]. Therefore, the final BET surface is much bigger when an
aqueous solvent is used for the particles’ grinding process (SI Figure S3).
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Figure 1. SEM picture of MNOs ground in the planetary ball mill while suspended in ethanol (a) and
water (b). Pictures of the particles after a 90 min grinding process.

Furthermore, we observed considerable effects with particles that were ground in
phosphate buffer. It is known that phosphate strongly interacts with surfaces, often stabi-
lizing suspensions [47], and a magnetic field can influence the precipitation of phosphate
salts [48]. After our grinding trials, these particles react to very weak magnetic fields in the
microscope (Figure 2). We have not seen similar behavior with other particles in this work
(SI Figure S4), and we only observed it with one of our microscope objectives (100× magni-
fication). Additionally, we could not measure a magnetic field with our magnetometer, so
we assumed a weak magnetic field below the detection limit acting on the particles. In the
literature, a magnetic effect of phosphate is described, which may increase the magnetic
moment of the particles while stabilizing the particles in the suspension, thus allowing an
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orientation along magnetic field lines (Figure 2) [48–50]. However, the influence of this
effect on the following microalgae separation process is negligible.
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The ground particles were used for adhesion studies when incubated with the microal-
gal cells. The ground particles increased the harvesting values for all pHs compared to the
native magnetite ore (Figure 3).
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Figure 3. Harvesting efficiency with planetary ball mill ground MNOs. Particles were ground for
90 min with a bead-to-ore volume ratio of 2:1. Harvesting of 1 g L−1 algae with 1 g L−1 particles in
ASW at room temperature, 5 min incubation time on an orbital shaker and 5 min separation time
with a neodymium magnet.

Especially at acidic pH values, the interaction was much higher, caused by the higher
available surface and also due to the advantageous situation for attractive electrostatic
forces because of the opposite net surface charge between magnetite and the algal cells, as
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can be deduced from the Zeta potential values (Figure 4). This observation is in good accor-
dance with previous reports, which found high adsorption values in the acidic range [7,51],
and in contrast to the behavior of larger particles, where we saw no harvesting enhancement
at acidic pHs [37].
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Generally, we do not observe large differences in the harvesting efficiency for the
different particles, but this is not very surprising because the size differences are also
minor (they are all in the same dimension range). We are convinced that the most relevant
factor for harvesting at low pHs is the size of the available surface. At pH 8, we found
higher harvesting efficiencies for the samples ground in an aqueous system compared to
organic solvents. Here, two effects were overlapping: the mechanochemical accumulation
of hydroxides on the surface leading to a porous and therefore higher surface [44,45], and
the abrasion of nanoparticles from the surface, which are then stabilized in the highly
saline cultivation medium of M. salina (Figure 1). This offered a higher available surface
for interacting with algal cells. At pH 10, the supersaturation of calcium, magnesium,
phosphate and hydroxide ions causes precipitation of positively charged medium salts,
mainly calcium phosphate and magnesium hydroxide. This leads to flocculation due to
charge neutralization and superimposes the expected electrostatic repulsion based on the
Zeta potential of magnetite and cells [37,52,53].

3.1.2. Agitator Bead Mill

Besides the planetary ball mill, we used an agitator bead mill as an alternative grinding
device. In an agitator bead mill, impact forces are responsible for the dominant energy input
for grinding and lead to a narrower particle size distribution compared to the planetary
ball mill. This results in a higher (bulk) density and an easier separation due to a higher
magnetic response because of the higher mass. In addition, with this device, continuous
processing and scale-up to practically any process size are possible.

In an agitator bead mill (LabStar Zeta, Netzsch Feinmahltechnik GmbH), the sample
suspension is circulated between a grinding chamber and a storage vessel. In the grinding
chamber, the grinding beads are accelerated by an agitator, and impact forces between the
beads and bead-wall contact mainly grind the sample particles. This continuous processing
allows temperature control and monitoring of the product properties during the process
without stopping it and without additional product loss. Therefore, during the process,
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time-dependent characterization of the particle size, related BET surface and harvesting
efficiency is possible.

With an increased grinding time, the particles becoming smaller and the surface
area increases. Moreover, the freshly created surface adsorbs water from the suspension,
increasing the viscosity and further influencing the grinding behavior. Therefore, after
30 min and 90min, 500 mL of water was added to the suspension and a dilution from
33 (w/w)% to 25 (w/w)% of the magnetite suspension was achieved. After 390 min, a
particle size of d50 = 254 nm (obtained from SLS measurements) was obtained (Figure 5a).
SEM pictures of the particles demonstrate a homogenous particle size distribution and
corroborate the expected size range; however, due to the drying process prior to SEM
imaging, the samples agglomerate strongly; this effect hampers the handling as well as
obtaining good contrast in the SEM images (Figure 5b). Further crushing of the particles
with a consequent size reduction would be expected for longer grinding times as the
curves have not reached a plateau. The necessary specific energy input to further grind the
particles would, however, increase the smaller the particles become, as the collision event
between particles and grinding beads becomes less frequent. Nonetheless, the particle size
reached is already much smaller than with the planetary ball mill.
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For the harvesting efficiencies, we found increasing values for the higher available
surface and increasing pH (Figure 6). Again, the high harvesting efficiency at alkaline pH
is due to the precipitation of medium components leading to flocculation. More interesting
is what happens at slightly alkaline pH values: the increase in harvesting efficiency at pH 8
is much steeper than the other values. This is contradictory, as the magnetite surface starts
being negatively charged at this pH, and the algae are clearly negatively charged (Figure 4).
We think there is a sweet spot between the particle size and pH, where neither the particle
charge nor flocculation plays the dominant role. We also observed this discrepancy in the
harvesting efficiency in our planetary ball mill trials at pH 8, and the difference between
organic and aqueous solvent milling. Therefore, the previously described hydroxide
forming when grinding in aqueous media might also cause the difference in the harvesting
efficiency [44,45]. At pH 9 and higher, the beginning precipitation of calcium phosphate
and magnesium hydroxide increases the harvesting efficiency by flocculation [37].
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3.2. Magnetic Micro- vs. Nanoparticles

We compared the interaction behavior of different-sized particles: native magnetite
ore EX009 (MMO; d50 = 6 µm), agitator bead mill ground EX009 ore (MNO; d50 = 255 nm),
and synthesized magnetite nanoparticles (MNP; d50 = 13 nm, agglomerated d50 = 120 nm)
(Table 1). Particles obtained from planetary ball mill grinding trials have not been con-
sidered for these experiments because of the inhomogeneity in particle size distribution,
BET surface, and low availability due to the small batch size. To gain better insights into
the relevance of both effects, the available surface area and the total concentrations in the
suspension, which we expect to both have a substantial impact on the harvesting efficiency,
we compared four situations: in the first series of experiments, we kept the available surface
constant and compared two different concentrations of the three particle size charges. In
the second series, we used a constant particle mass for the interaction experiments with the
microalgae with different types of particles again for two different concentrations.

Table 1. Harvesting efficiencies for different available surfaces and concentrations in artificial sea-
water at different pH values. Results are graphically illustrated for completeness in the Supporting
Information (SI Figure S5).

Particle Size Specific BET
Surface

Used
Concentration

Used
Surface Harvesting Efficiency in % at

d50 (nm) (m2 g−1) (g L−1) (m2 L−1) pH 4 pH 6 pH 8 pH 10 pH 11

MNP 13–120 80 0.031 2.5 5.57 6.03 22.44 74.45 99.77
MNO 254 46 0.054 2.5 7.91 1.52 25.78 83.37 99.92

MMO EX009 5829 2.5 1 2.5 0 0 11.99 65.52 97.47

MNP 13–120 80 0.31 25 26.88 24.83 67.72 96.90 99.75
MNO 254 46 0.54 25 15.95 16.34 56.29 96.92 99.98

MMO EX009 5829 2.5 10 25 10.15 9.99 36.64 86.30 99.87

MNP 13–120 80 0.1 8 9.77 13.91 47.79 90.71 99.61
MNO 254 46 0.1 4.6 6.84 8.77 42.72 89.33 99.67

MMO EX009 5829 2.5 0.1 0.25 6.13 3.75 10.98 79.95 99.47

MNP 13–120 80 1 80 14.75 21.05 55.95 96.29 99.50
MNO 254 46 1 46 7.72 15.38 45.03 94.29 99.28

MMO EX009 5829 2.5 1 2.5 0 0 11.99 65.52 97.47

A low available surface results in similar harvesting values for all particles. The
combination with alkaline flocculation at high pH leads to the previously seen complete
harvesting, independent of the type of particles. It is noticeable that although the available
surface is the same, the smaller the particles are, the higher the interaction at lower pH.
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In this context, different effects need to be considered: agglomeration of the particles due
to size effects (stronger agglomeration the smaller the particles), agglomeration due to
remanence (not for MNPs), accessibility of the surface for the cells (particle on cells or cells
on particle). For the ores, the accessibility of the surface is reduced because single cells
block more binding spots on the magnetite in relation to the size of the cells.

In another series of experiments, we kept the mass of the added particles constant.
The trend for the harvesting efficiency over pH is the same for all particles. However,
the difference in the particle’s harvesting efficiency is more considerable when the mass
is kept constant compared to a constant surface: here, the effect of the surface is clearly
recognizable. Furthermore, the effect of total concentration in the system is even stronger
and would lead to even better harvesting efficiency with the nanoparticles [7]. Synthesized
MNPs show the highest harvesting efficiencies but ground MNOs yield comparable results
with particle diameters of ~250 nm and half of the BET surface measured. Many papers
describe cell interaction with nanoparticles for microalgae harvesting [7,51,54,55]. How-
ever, most researchers focus on the synthesized particles, which only grow to 10–30 nm
and agglomerate in an applied medium such as culture medium up to 150–200 nm and
bigger [56,57]. The remanence is practically zero, so the superparamagnetic behavior allows
very good handling in magnetic fields [22]. The interaction with surfaces as cell walls is
very good as the available surface is very high. However, it is also observed that unspecific
binding of different molecules occurs. This leaves a research gap for the 200–1000 nm
scale, which is very interesting for applications as these particles show the same harvesting
efficiency but easier identification and separation due to higher mass and magnetization.
This potentially allows broader acceptance for life science applications, such as the food,
cosmetic and pharmaceutical industries.

Magnetic microparticles derived from iron ore are minerally the same material as
magnetite but are produced by mining iron ore bodies in Malmberget, Sweden. This
material is used as crude material for steel production and is therefore available in huge
amounts and at a very low cost. Several physical properties, however, differ from the
nanoparticles’ properties. The particle size varies between 5 µm and 150 µm (median
diameter d50) as supplied by the manufacturer. We further ground the material to a particle
size d50 of ~250 nm. All those particles—ores and further processed magnetite—show
remanence and agglomeration behavior but can be deagglomerated more easily compared
to the synthesized nanoparticles. The higher saturation magnetization values of the natural
material compared to synthesized magnetic nanoparticles [22,30,37–39] potentially allow
additional applications where a higher magnetic response is essential for the separation
process. Interaction behavior with foreign surfaces and molecules is comparable to the
nanoparticle surface but lower in intensity, as less surface is available. Moreover, the
geometry of the ore particle’s surface is suspected of lowering the interaction degree
between cells and the inorganic surface, as binding patterns cannot be comprehensive. Still,
the harvesting efficiency of algal cells with the natural magnetite is comparable to the one
of synthetically produced nanoparticles as the cell concentration after cultivation is usually
low < 1 g L−1, and the effect of the specific surface is not crucial in this concentration
range. Especially at high pH, the flocculation of cells and particles is the driving effect for
harvesting. In addition to the precipitation of calcium and magnesium salts leading to the
flocculation of the cells and enhancement of particle–cell adhesion, the role of extracellular
polymeric substances (EPS) needs to be mentioned. As previously reported, some algal
strains produce high amounts of EPS, which also increase the flocculation ability of the
cells [58,59], and thus might influence the interaction with the magnetic particles. For
M. salina, the influence of its EPS is not yet clear. The presented process for harvesting
microalgae with magnetic micro- and nanoparticles derived from magnetite ore is not only
applicable for the purpose presented in this work but also potentially for cell separation
in general.

As a glance into the future, some critical bottlenecks still make magnetic microalgae
harvesting challenging. For efficient separation and dewatering, a suitable separator needs
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to be developed, which can concentrate and dewater the algae-particle slurry to a high
degree. Furthermore, most of the valuable algal substances are produced intracellular, so
cell disruption and product release represent another challenge. However, at least as a new
option for the particle problem, microparticles from iron ore show significant advances for
such applications, as they are a natural material, readily available in a scalable amount,
easier to detect, separate and recycle, and are therefore expected to be the more sustainable
way to realize an industrial harvesting process of microalgal cultures.

4. Conclusions

In this study, we investigate magnetic micro- and nanoparticles derived from natural
magnetite ore to harvest microalgae and compare the results with synthesized magnetite
nanoparticles. At pH values between 5 to 8, the influence of the size and available surface
area affects the harvesting efficiency of saline microalgae M. salina. At higher pH values
(pH > 9), the alkaline flocculation exceeds the surface influence and complete separation of
the cells becomes possible. MNOs offer the same high harvesting efficiency as synthetic
MNPs, and MNOs are a natural material with high availability and low cost and are
therefore an excellent alternative for magnetic harvesting of microalgae. This allows the
design of a process for the economic and sustainable separation of cells from complex
media such as microalgae.
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