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ARTICLE INFO ABSTRACT
Keywords: Intense research on magnetite nanoparticles and their synthesis methods stems from being ideal candidates for a
Magnetite nanoparticles variety of technological applications that use their unique magnetic properties. Strict control of the magnetic

Bioinspired synthesis properties of magnetite for its most efficient use can be acquired by controlling particle characteristics such as

;Ez:;sfrt;;:ft:r)gaﬁon size, shape and crystallinity. Bioinspired pathways that follow multistep crystallization routes, combined with
Coprecipitation the use of regulatory additives offer versatile synthesis platforms for the precipitation of tailored magnetite

nanoparticles. However, our ability to control particle characteristics is limited by our understanding of the
crystal formation pathways. Here we show that by using bioinspired coprecipitation and introducing poly-
ethylene glycol (PEG) as an additive, superparamagnetic magnetite particles with enhanced magnetization can
be synthesized. The bioinspired coprecipitation method allows stepwise precipitation of metastable iron oxide
phases prior to magnetite formation via slow titration of a base into a solution of iron precursors. The regulatory
roles of ionic and non-ionic PEG additives on particle characteristics are correlated with their effects on the
multistep particle formation pathway and the kinetics of magnetite crystallization via phase transformation.
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1. Introduction

Magnetite (Fe3O4) is a naturally occurring iron oxide commonly
found in both biological and geological systems. It is the most magnetic
material found naturally on Earth, and led humans to the discovery of
the fascinating world of magnetism already in ancient Greece, from
where the name magnetite derives [1,2]. Modern knowledge on how to
tailor these magnetic properties, even at the nanoscale, forms the basis
for applications in a wide range of fields such as magnetic resonance
imaging, data storage, catalysis and water purification [1,3]. Magnetite
nanoparticles are also biodegradable and considered to be non-toxic,
making them exceptionally interesting for biomedical applications
such as hyperthermia cancer treatment and targeted drug delivery [4].

For most applications of magnetite nanoparticles, excellent control
over composition, morphology, size and size distribution must be
attained since these particle characteristics dictate the function-
determining magnetic properties [5-9]. For example, in hyperthermia
cancer therapy, magnetic effects unique to nanosized objects can be fully
exploited provided that the saturation magnetization is kept at a
maximum. Magnetite nanoparticles smaller than 20-25 nm exhibit
superparamagnetism at room temperature, which allows efficient
heating of the nanoparticles when an alternating field is applied, while
otherwise minimizing interactions between them [10]. This size range is
additionally advantageous to benefit from enhanced permeability and
retention in tumors, and minimized recognition by the immune system
[4]. In terms of shape, non-spherical magnetite particles have demon-
strated enhanced hyperthermic heating [9,11].

As small changes in size and morphology can drastically alter the
magnetic properties of particles, synthesis methods allowing excellent
control are desired. Due to its industrial relevance, diverse synthetic
routes for magnetite production have been developed over the last de-
cades. The common goal of these synthetic approaches is to produce
magnetite particles with fine-tuned size and shape, and narrow size
distribution, using a reproducible process without complex purification
procedures. Among the available methods, so far, thermal decomposi-
tion of iron-containing organometallic compounds, hydrothermal syn-
thesis and polyol-mediated synthesis have proved superior in meeting
the size-related goals [12]. However, these methods require extreme
conditions of temperature and pressure, use organic additives or sol-
vents, and in some cases generate toxic byproducts [13]. On the other
hand, green synthesis routes employing an aqueous environment,
moderate temperatures and nontoxic reagents have not achieved a
comparable level of control over magnetite crystallization, especially in
terms of producing uniform, size-controlled particles. In addition, the
reproducibility of current synthetic methods that are able to manufac-
ture high quality magnetic nanoparticles on a large scale, is still a major
challenge [14]. Therefore, establishing generic sustainable routes to
synthesize magnetite particles with tailored properties is an appealing
task for fundamental scientific interest, and a pressing need for many
technological applications.

Efficient particle design from a crystallization reaction requires un-
derstanding the underlying formation mechanisms and optimization of
thermodynamic and kinetic variables to control nucleation, growth and
aggregation/agglomeration stages, accordingly [15]. Supersaturation,
the dimensionless driving force for crystallization, is the most important
variable to regulate the mechanisms and kinetics of crystallization
subprocesses in a precipitation reaction, and can be defined as given in
Eq. (1) for magnetite, where a represents the activity of each ion forming
magnetite, Ksp is the temperature dependent solubility product and v is
the total number of moles of ions in one mole of solute. Consumption of
supersaturation via the nucleation and growth stages of particle for-
mation and the relative rates of these processes dictate particle size, size
distribution and morphology. At the same time, supersaturation is the
main regulator of nucleation and growth kinetics [16].
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The main difficulties for effective control of magnetite synthesis are
two-fold. The low solubility of iron oxide minerals results in highly su-
persaturated, labile solutions so that the task of decoupling nucleation
and growth stages for efficient size control becomes formidable. In
addition, iron oxide and (oxy)hydroxides can precipitate as several
phases that differ in chemical composition and/or lattice structure,
which necessitates designated reaction conditions to dictate precipita-
tion of a target phase, and further narrows the parameter window [17].
Multistep formation pathways inspired by biological magnetite forma-
tion, e.g. in magnetotactic bacteria, offer green synthesis routes, in
which a metastable poorly crystalline phase, such as ferrihydrite or
green rust, can be exploited to achieve a better control over the super-
saturation profile, and molecular additives aid in directing nucleation
and growth of precipitating phases [18-20]. However, despite the
demonstrated potential, successful implementations of bioinspired
magnetite synthesis leading to size and shape-controlled magnetite have
been limited. A recent work by Kuhrts et al. has pioneered application of
a bioinspired, multistep crystallization route for tailored magnetite
synthesis, and demonstrated the significance of understanding the
fundamental crystallization mechanisms to achieve that synthetic ca-
pacity [21].

In this work, magnetite nanoparticles were synthesized by the bio-
inspired coprecipitation of iron(III) chloride and iron(II) sulfate salts. A
base solution was slowly titrated into the reaction solution to initiate a
multistep precipitation reaction, with the aim to control the crystalli-
zation pathway and kinetics via a slow supply of one reactant. Secondly,
polyethylene glycol (PEG) and carboxylated PEG (COOH-PEG) were
used as additives during the synthesis. Although biomineralization
proteins and amino acids have been efficiently used for tailoring parti-
cles in similar systems, additives with reduced complexity and cost are
preferable, providing that they exert a similar level of efficiency in
directing magnetite nucleation and growth [22]. Additionally, PEG is a
biocompatible polymer that is often used to coat the final particles for
biomedical applications. By varying the experimental conditions of
titration rate and additive type and concentration, this study aimed to
understand the correlation between particle characteristics and mag-
netic properties in regards to formation pathways.

2. Materials and methods
2.1. Synthesis of magnetite nanoparticles

Magnetite nanoparticles were synthesized by coprecipitation of iron
(III) chloride hexahydrate (Sigma-Aldrich, 97%) and iron(Il) sulfate
heptahydrate (Sigma-Aldrich, 99.0%) salts with titration of sodium
hydroxide (NaOH). All experiments were carried out in a magnetically
stirred 350 mL double jacketed glass reactor (supplementary informa-
tion, section A, Fig. S1). A water bath was used to control the temper-
ature at 25 °C and the magnetic stirrer was kept at 500 rpm. The reactor
lid had four inlets and a Metrohm Biotrode pH probe was inserted into
one, a titrator tube used for the addition of basic solution was inserted
into another and the two last were used as nitrogen gas (N») inlet and
outlet. The pH probe was controlled by the Tiamo software and recorded
the pH continuously during the syntheses. Deionized water flushed with
Ny, gas for at least two hours was used for the preparation of all solutions
and N gas saturated with water was flushed through the reactor during
the entire syntheses to maintain an inert atmosphere in the reaction
medium.

For the synthesis, an aqueous solution of iron precursors was pre-
pared in a 200 mL volumetric flask and the total concentration of iron
ions was 9 mM. The molar ratio between Fe" and Fe?" ions was 2:1,
corresponding to the stoichiometric ratio in the magnetite structure. In
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experiments where polyethylene glycol (PEG, M, = 4600, Sigma-
Aldrich) or O-(2-carboxyethyl) polyethylene glycol (COOH-PEG, M,
= 5000, Sigma-Aldrich) were used as additives during synthesis, an
aqueous polymer solution was prepared and filtered with a 0.20 pm
syringe filter, diluted to desired concentrations of 1:20, 1:50 and 1:80
additive: total iron concentration and added to the precursor solution.
Next, 4.8 mL of 1 M NaOH solution was slowly titrated into the system,
controlled by a Metrohm Titrando 902 titrator. A small vial containing
sodium hydroxide pellets was attached to the ventilation inlet of the
titration burette to prevent carbon dioxide intrusion. The titration rate
was set at 0.12 mL min 2, resulting in a 40 min titration time and an
increase in relative concentration between hydroxyl ions and total iron
concentration, R, by 0.0667 min~! until reaching the stoichiometric
value of R = 2.667. Preliminary experiments were performed with
varying titration rate and total iron concentrations to determine the
experimental values used in this work that induces a multi-step forma-
tion mechanism with magnetite as the final product (supplementary
information, section B, Table S1). A minimum of two parallels were
performed for each experimental condition. After the base titration was
completed, the reactions were allowed to proceed for 15 min to ensure
completion, as indicated by stabilization of the pH. The reaction solution
was then divided into four Eppendorf tubes and the precipitate was
collected via magnetic decantation and washed two times with 25 mL
nitrogen flushed DI water. In some experiments, the particles were
subsequently coated with PEG. This was done by adding 5 mL of a 50
wt/v % PEG solution to each Eppendorf tube. Peptization was done by
ultrasonication for 2 min and the particles were collected by centri-
fuging at 4000 rpm. An additional washing step with nitrogen flushed DI
water was followed to remove excess PEG. The final products were dried
overnight in a vacuum desiccator and stored at 4 °C.

2.2. Micro-Raman spectroscopy

p-Raman spectroscopy was performed using a Renishaw InVia Reflex
Spectrometer System for Raman spectral analysis with a 100 mW 532
nm VIS excitation laser. It was equipped with a thermoelectrically
cooled CCD detector and 2400 grooves/mm diffraction grating. The
instrument was controlled by Renishaw’s WiRE software and the soft-
ware’s option to filter cosmic rays based on extra background accumu-
lations was applied. For the analysis, 0.1% laser power, 30-s exposure
time and 4 accumulations were used through a 100x lens. The analysis
conditions were optimized to achieve a high signal-to-noise ratio
without inducing the oxidation of magnetite samples into maghemite or
hematite. Details of the optimization studies are given in supplementary
information, section C (Fig. S2). Samples were prepared by taking 1 mL
aliquots of the solution from the reactor at determined time points,
collecting the solid precipitate via centrifugation and distributing them
onto a small area of a microscope slide.

2.3. X-ray powder diffraction

For X-ray powder diffraction (XRD), a Bruker AXS GmbH D8 Focus
powder diffraction system with Cu K-a radiation was used. Dried powder
samples were scanned for 26 ranging from 10° to 80° using a 1.0 mm slit.
The spectra were obtained with 0.0243 step size and 0.8 s measurement
time at each step. Analyses of the obtained diffraction patterns and
calculations of quantitative information were performed in the Bruker
Topas software. The Pawley method with the fundamental parameters
approach was used for estimating the lattice parameters and crystallite
sizes. The background was approximated by 7th order Chebyshev
polynomials. The details of Pawley fitting and the fitted spectra are
given in supplementary information, section D (Fig. S3).

2.4. Vibrational sample magnetometer

Magnetic hysteresis loops were measured using a PMC MicroMag
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3900 Series vibrating sample magnetometer (VSM) at room tempera-
ture. Maximal field strength was 1 T, with a step size of 0.01 T and
averaging time at each step was 0.2 s. The vibrating frequency was 83
Hz. Paramagnetic and diamagnetic contributions from the background
and sample holder were compensated for by slope corrections based on
the assumption that the curve should be flat above 0.75 T. Dried samples
were used, and 13 + 0.5 mg of dried powder was added to a gelatin
capsule which served as sample holder. The Langevin function was fitted
using non-linear least-squares. The detailed description of Langevin
fitting is given in supplementary information, section E (Fig. S4).

2.5. Transmission electron microscopy

Transmission electron microscopy (TEM) was performed using a
JEOL JEM 2100 microscope fitted with a LaB6 cathode at an acceler-
ating voltage of 200 kV. Samples were prepared by drop-casting 3 pL of
solutions directly from the reaction media onto carbon-coated 300 mesh
copper grids at determined time points. Average particle diameter and
standard deviation were calculated by counting 350-500 particles per
sample by using ImageJ. Diffraction patterns were analyzed using Diff-
Tools in Digital Micrograph software (version 2.32, Gatan).

2.6. Thermal analyses

Thermogravimetric analysis (TGA) was performed using a NETZSCH
TG 209F1 Libra thermal analyzer. For TGA, dry powder samples were
heated from room temperature to 650 °C with a temperature ramp of
10 "Cl min~! under a nitrogen atmosphere with a flow rate of 40 mL
min~".

3. Results
3.1. Magnetite formation pathway

The formation pathway of magnetite nanoparticles was followed by
in-situ measurements of solution pH during the reaction and ex-situ
characterization of solid precipitates at predetermined time points. In
all experiments, despite the continuous addition of a strong base, the pH
remained nearly constant until approximately 3 mL of the base solution
was added, corresponding to R = 1.667 (Fig. 1a). This remarked the
nucleation and growth of a first precipitate, involving rapid consump-
tion of hydroxide ions. Observations on the pH profile were accompa-
nied by visual changes in solution turbidity and color, verifying
precipitation (Fig. S5). Subsequently, the pH increased abruptly, indi-
cating that the added base was no longer entirely consumed by precip-
itation. However, the curves quickly flattened and formed a second
plateau with a moderate pH increase. This indicated the emergence of a
new phase with a different stoichiometry. After this step, another period
with a rapid increase in pH was observed. When all the base solution was
added, the pH increase terminated immediately. Analyses of samples
collected at the end of experiments by p-Raman and XRD verified
magnetite as the final product (Fig. 1 b,c). When PEG or COOH-PEG
were used as additives at different concentrations, the typical shape of
the pH curves remained similar, indicating no fundamental changes in
the crystallization pathway. However, the second plateau appeared at
higher pH values, demonstrating that formation of the second phase,
leading to magnetite, was delayed, an effect previously observed when
polypeptides were used as additives in coprecipitation reactions [23].

The multi-step crystallization pathway indicated by the pH curves
has previously been documented, and the titration rate of the base was
shown to dictate the reaction progression and emergence of different
iron (hydr)oxide phases [1,18,19,24]. To associate the evolution of the
pH curves with the progression of the precipitation reaction, samples
were collected during the first and second plateaus of the additive-free
synthesis (Fig. 2a-c). During the formation of magnetite, either syn-
thetically via coprecipitation or biologically in magnetotactic bacteria,
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Fig. 2. (a) TEM image and corresponding SAED pattern (inset) of the precipitate collected at the first plateau at R = 1.334, (b) time-resolved Raman spectra of
samples collected at indicated R values, and (c) XRD spectrum of the precipitate collected at the first plateau during the additive-free reaction, (d) time-resolved
Raman spectra of samples collected at indicated R values in the presence of 1:80 PEG concentration. The peaks corresponding to different phases are marked
with (F) for ferrihydrite, (G) for goethite, (S) for schwertmannite, and (M) for magnetite.

amorphous ferrihydrite has been suggested to form as a precursor phase
[1,25]. TEM images and the corresponding SAED pattern displayed the
amorphous nature of the precipitate collected during the first plateau
(Fig. 2a). The Raman spectrum corresponding to ferrihydrite varies
slightly depending on its exact structure, however, it typically produces
a characteristic strong peak at 710 cm ™!, medium peaks at 550 cm ! and

350 cm ™! and a broad weak peak at 1380-1400 cm ! [26,27]. This
corresponded well with the observed spectra (Fig. 2b). On the other
hand, the peaks at just above 400 cm™! and below 1000 cm ™! are not
typically observed for ferrihydrite but could correspond to akaganeite or
schwertmannite [28,29]. Due to otherwise partly overlapping peaks,
these phases might be difficult to distinguish from ferrihydrite. XRD
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spectrum of the sample collected at the first plateau showed broad,
poorly-defined peaks that could correspond to both ferrihydrite and
schwertmannite, while excluding akaganeite (Fig. 2c) [30].

After the first plateau, the pH increased abruptly. Increasing pH in
the reaction medium changes the stability of different iron (hydr)oxides,
and the reactivity of ferrous ions increases dramatically [31,32].
Consequently, the emergence of new phases and transformation of
metastable phases are induced, involving the consumption of hydroxide
ions as indicated by the formation of a second plateau in the pH curves.
To track the reaction progression, additional intermediate samples were
taken at the beginning, middle, and end of the second plateau for
p-Raman analyses (Fig. 2b). The precipitate collected at the very
beginning of the second plateau (R = 2.084), where the pH was between
6 and 7, displayed the characteristic ferrihydrite peak at 710 cm ™.
Additionally, a shoulder at 670 cm™! was observed, indicating that some
magnetite had already been formed. When 4.125 mL of the base was
added, corresponding to R = 2.292, the characteristic magnetite peak
was more intense than the ferrihydrite peak, demonstrating that
magnetite formed at the expense of ferrihydrite. Furthermore, the
presence of weak peaks at 390 cm™! and 300 cm™! indicated small
amounts of goethite. At the end of the plateau (R = 2.500), magnetite
was the dominating product and the goethite peaks were almost
completely lost, showing goethite to be a transient phase with a short
lifetime in solution. Preliminary experiments showed that the goethite
intermediate had a longer lifetime in solution and a significant presence
in the final product when the base titration rate was reduced to one-third
(Table S1).

In order to elucidate the effects of PEG additives on the reaction
pathway, time-resolved Raman analyses were conducted on samples
collected during a reaction with 1:80 PEG concentration (Fig. 2d).
Similar to the additive-free synthesis, the sample collected at the first
plateau (R = 1.334) showed ferrihydrite associated peaks. The reaction
pathway followed with limited appearance of goethite (R = 2.292) and
magnetite formation during the second plateau, yet with a delay in its
formation. In contrast to the additive-free case, the magnetite associated
peaks were not manifested before the end of the second plateau was
reached (R = 2.500).
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samples [33]. The slight deviation from zero remanence and coercivity
can be explained by the presence of particles above 20 to 25 nm that are
sufficiently large to be thermally blocked at room temperature. The
estimated values for Mg, Mg and B, are given in Table 1.

The measured saturation magnetization for particles from additive-
free synthesis, 57.2 Am? kg~! was within expectations for pure
magnetite nanoparticles in the superparamagnetic size range [6,2.3,34].
When PEG or COOH-PEG were used as additives during the synthesis,
saturation magnetization, relative remanence and coercivity was higher
for all samples. The change in magnitude showed an inverse relation to
the additive concentration for PEG and the presence of COOH-PEG
resulted in a lower increase. Here, it is important to note that satura-
tion magnetization is normalized by volume or weight and is determined
by the material, independent of size for a bulk sample. Since the
magnetization of magnetite is a result of its crystalline structure, it may
be decreased by e.g., presence of defects or impurities. Additionally, for
nanoparticles, the magnetic dead layer on and close to the surface be-
comes significant, resulting in size-dependent saturation magnetization
[5,35]. Consequently, it is more precise to view the effect of the PEG
additives as limiting the decrease in magnetization, rather than resulting
in an increase. In order to put the magnitude of the magnetization
changes in context, the size-dependent magnetization values of
magnetite nanoparticles reported by Li et al. are used. Li et al. reported
that the magnetization increased by 11%, from 54.7 to 60.9 Am? kg,
when magnetite particle size was increased from 9.6 to 19.6 nm [6]. In
this work, the magnetization was increased by up to 15% in the presence
of PEG additives, demonstrating a significant effect. Conversely, parti-
cles coated with PEG post-synthesis showed reduced saturation
magnetization, lower remanence and coercivity compared to particles
from additive-free synthesis due to the non-magnetic dead weight of
PEG, where its presence is confirmed by p-Raman, XRD, and TGA spectra

Table 1

The saturation magnetization (Mg), remanent magnetization (Mg), coercivity
(B.), and magnetic moment () per particle obtained by the VSM results and the
Langevin fit.

Mg (Am? Mg (Am? B, p(@ao
kg™ ) (mT) Am?)
3.2. Particle properties no PEG 57.20 1.20 0.59 3.3
w/ 1:80 PEG 65.80 2.20 1.13 2.9
3.2.1. Magnetic properties w/ 1:50 PEG 64.30 2.50 1.29 2.9
Magnetization curves of particles synthesized with and without ad- W/ 1:20 PEG 63.20 210 113 28
_Mas ! ‘P > Synthest w/ 1:50 COOH- 60.50 2.50 1.28 2.9
ditives, and with PEG coating are given in Fig. 3. The very low rema- PEG
nence and coercivity as well as close-fitting of experimental data with w/ PEG coating 47.80 0.70 0.46 3.4
the Langevin function confirmed superparamagnetic behavior for all
6ol —— NopeEc (@) 60/ —— 1:80 PEG (b)
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Fig. 3. Magnetization curves obtained by VSM analysis at room temperature of dried particles synthesized at indicated experimental conditions; (a) shows
magnetization curves obtained for bare particles, and particles with highest and lowest magnetization values for easy comparison, (b) shows concentration

dependence of magnetization of particles precipitated with additives.
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(Fig. 1 and Fig. S6) [34,36].

3.2.2. Composition, size and morphology

The particle characteristics of the final precipitates were investigated
to explain the enhanced magnetic properties of magnetite nanoparticles
synthesized in the presence of PEG additives. As previously mentioned,
all experiments regardless of additive presence resulted in magnetite
formation as confirmed by XRD and p-Raman analyses, and no signifi-
cant variations in phase composition were observed between experi-
mental sets (Fig. 1).

TEM images were used to determine the particle size and size dis-
tribution of magnetite nanoparticles and to investigate their
morphology (Fig. 4). The data showed some variation in particle size
with additive presence, where the size distributions were broader and
shifted towards larger particles for the samples synthesized with addi-
tives. This was also reflected in the percentage of particles above 22.0
nm, an approximate limit for superparamagnetism at room temperature
for magnetite nanoparticles (Table 2), which is typically between 20 and
25 nm [1,10], and correlating with the increased coercivity and rema-
nent magnetization. Thus, the shift in particle size to higher values was
evaluated as a possible reason for the increased saturation magnetiza-
tion. However, the differences in particle size were small and within the
standard deviations. In addition, when COOH-PEG was used as an ad-
ditive, neither particle size nor the percentage of particles above 22.0
nm was increased. Nonetheless, the remanence, coercivity and satura-
tion magnetization were higher compared to additive-free synthesis,
indicating that the particle size alone was not sufficient to explain the
magnetic results.

Table 2

Pawley fitting of the XRD spectra of final samples showed values
close to 1.0 for the goodness of fit (GOF) and estimated lattice param-
eters close to the expected for magnetite, 8.39 A, which indicated highly
crystalline particles (Table 2 and Table S2) [1]. The crystallite sizes
estimated by the Pawley method showed higher values for particles
synthesized with additives and correlated with increasing saturation
magnetization. Since it is only the crystalline part of a particle that will
contribute to the magnetic response, a significantly decreased dead layer
thickness can result in larger crystallite size, despite the solid particle
size being unchanged, and result in higher saturation magnetization.
TEM images also reflected subtle differences in morphology, where
faceted particles were observed more commonly in the presence of ad-
ditives. In addition to the improved crystallinity, faceting of magnetite
nanoparticles in the presence of PEG additives can also result in smaller
particles being ferrimagnetic at room temperature and consequently
have increased remanence and coercivity due to increasing magneto-
static anisotropy energy [6].

The magnetic sizes were estimated based on the fitting of the Lan-
gevin function and summarized in Table 2. In contrast to crystallite and
TEM sizes, a slight decrease is observed in the presence of PEG additives.
However, the fundamental assumption of Langevin fitting is that the
particles are superparamagnetic. The size estimation is based on how
fast the magnetization is increased, i.e., the alignment of magnetic
moments, which determines the shape of the curve [5]. The magnetic
moments in particles above the superparamagnetic size are blocked, and
consequently require a stronger applied field to align with it. This de-
viation from superparamagnetic behavior results in smaller estimated
particle sizes despite the particles being larger. Consequently, the

Average particle diameter, dp,r; (nm), and crystallite size of particle populations obtained by different characterization methods.

TEM size dpare (nm)

TEM size dpare > 22 nm (%)

Pawley fit crystallite size (nm) Langevin fit dpare (nm)

no additive 11.3 £3.9 1.7
w/ 1:80 PEG 14.2 +£5.2 7.1
w/ 1:50 PEG 149 +£5.2 9.6
w/ 1:20 PEG 128 £ 5.4 7.3
w/ 1:50 COOH-PEG 11.2 + 4.3 1.2

9.6 11.0
10.4 10.5
10.1 10.5
10.1 10.4
10.4 10.5




A.B. Kristiansen et al.

increased amount of ferrimagnetic particles observed by TEM for the
particles synthesized in the presence of PEG additives explains the trend.

4. Discussion

Our results demonstrated that the PEG additives affected particle size
and size distribution, crystallinity, and morphology of the magnetite
nanoparticles, which were reflected in their magnetic properties. Since
the listed particle characteristics are determined during the nucleation
and growth stages of particle formation, the regulatory roles of PEG
additives on these steps must be understood to advance our synthetic
design capabilities.

The pH curves demonstrated a two-step formation pathway, and
characterization of the precipitation products displayed initial forma-
tion of ferrihydrite (Eq. (2)) followed by precipitation of magnetite (Eq.
(3)) in correlation with two plateaus corresponding to significant base
consumption (Fig. 5). Although the shape of pH curves was similar in all
experiments, the second plateau was observed at higher pH values in the
presence of additives. The shift in pH was observed in the wake of a
delay in the formation of magnetite. Similar results were previously
reported by Lenders et al. when polypeptides were used as additives in
bioinspired coprecipitation and explained by retardation of magnetite
nucleation due to stabilization of ferrihydrite and reduced activity of
ferrous ions [23]. However, nucleation of magnetite at higher pH typi-
cally resulted in smaller particles and correspondingly decreased
magnetization, in contrast to our results [37,38]. The decrease in size
was attributed to higher nucleation rates evoked by the increased su-
persaturation with respect to magnetite at the nucleation stage, and a
decrease in surface tension with increasing surface charge density at
higher pH [23,39].

Fe**(aq) +3 OH™ (aq)—Fe(OH); (s) @

2 Fe(OH);(s) + Fe*" (aq) +2 OH (aq)—Fe;0, (s) +4H,0 3)

On the other hand, depending on the exact synthesis routes, type of
additives, and their concentration, the presence of additives was re-
ported to result in improved crystallinity with reduced defects and
larger, more faceted particles similar to our results [13,40-42]. Such
outcomes were consistently observed in systems with multistep crys-
tallization pathways, where the additives stabilized the intermediate
phases either via ionotropic effects, complexation, selective adsorption,
steric hindrance or templating [43-45]. Our results clearly exhibited a

Base titration

pH~2-3

Ferrihydrite
|

Base titration

Base titration

Magnetite (+ goethite)

L ee——— >+

Base titration
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multistep crystallization pathway, in which the intermediate ferrihy-
drite phase was stabilized by the presence of PEG, delaying magnetite
formation. There is consensus in the literature that magnetite emerges
via heterogeneous nucleation in multistep pathways, using the precursor
amorphous phase as a substrate [15,36]. From a classical crystallization
point of view, stabilization of the precursor phase, i.e., increase of its
lifetime, results from the delay in the formation of more stable phases,
which thermodynamically drives the phase transformation. Additives
can impede crystallization kinetics by (i) sequestering free ions in the
solution, (ii) limiting the availability of the precursor surface for het-
erogeneous nucleation of the stable phases, and (iii) affecting the
dissolution rate of the precursor phase. Eq. (3) shows the significance of
ferrous ions in magnetite formation via ferrihydrite transformation.
Therefore, we investigated possible complexation between PEG addi-
tives and ferrous ions via spectroscopic methods (supplementary infor-
mation, section H). Analyses via both Fourier transform infrared (FTIR)
spectroscopy and UV-vis spectroscopy indicated little interaction be-
tween PEG and iron ions in solution (Fig. S7). As a result, we eliminated
ion complexation as a possible cause of delay for magnetite formation.

The supersaturation profile during the phase transformation is
determined both by the formation rate of crystalline phase, i.e.
magnetite, and the dissolution rate of ferrihydrite [46]. Stabilization of
the ferrihydrite by PEG additives may result from reduced accessibility
of the ferrihydrite surface for heterogeneous magnetite nucleation. This,
together with slow release of magnetite forming ions via ferrihydrite
dissolution that is induced by phase transformation, maintains the su-
persaturation in the reaction medium [47]. The resulting supersatura-
tion profile favors magnetite growth, rather than uncontrolled
nucleation events, leading to increased particle size; and slow growth
kinetics and growth mechanisms leading to faceting [48,49]. Similar
results on magnetite nanoparticles have been reported when lysine, an
amino acid, was used as an additive, attributed to stabilization and slow
dissolution of initially formed nuclei or particles [13].

XRD and p-Raman characterization of final particles did not show
PEG presence, and both TGA analysis (Fig. S6) and zeta potential mea-
surements (Fig. S8) showed similar results for magnetite particles
formed with and without PEG additives. This indicated that the additive
molecules were not adsorbed on or incorporated into the magnetite
particles, but were mainly associated with the precursor phase. The
achieved increase in saturation magnetization by PEG additive is
therefore attributed to the stabilization of the ferrihydrite precursor

phase, resulting in a controlled level of supersaturation and
pH~7 Base titration
O -':'
Nl o:.
) sele
® oo
L

Base titration

Fe* St e et
5] Feﬂv s -d .
A % Se%
PEG
C ° : oe®
o B
° Qe o

Ferrihydrite stabilized by
PEG

Magnetite (+ goethite)

Magnetite with
enhanced saturation
magnetization

Fig. 5. Schematic representation of the multistep reaction pathway for magnetite formation (black hexagons) via ferrihydrite intermediate (brown spheres) and
short-lived goethite (red needles) in the absence and presence of PEG additive (purple strings). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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consequently larger, faceted particles. At the same time, PEG did not
stabilize the ferrihydrite to an extent, where nucleation of magnetite is
delayed to significantly higher pH resulting in smaller particles [23,37],
or inhibited completely [13,50].

The regulating effects of protein or amino acid additives on
magnetite formation have been mostly attributed to their size, charge
and hydrophobicity [23]. The PEG additives used in this work are at
comparable molecular weight and both hydrophilic, yet differ in their
functional groups. The PEG additive carries no net charge, whereas
COOH-PEG contains a carboxyl group with a pKa value of 4-5 (Fig. S9).
When the particles synthesized in the presence of PEG and COOH-PEG at
equal concentration are compared, it becomes evident that the stabili-
zation of ferrihydrite was not driven by the ionotropic effects of the
additive. Here, it should be noted that in the pH range of ferrihydrite
formation (pH ~ 2-3), both additives would have a neutral charge. Yet,
COOH-PEG would bear a negatively charged carboxyl group in the pH
zone where phase transformation is initiated. Thus, surface adsorption,
steric hindrance or templating should be considered to explain the sta-
bilization of the intermediate phase and delayed magnetite formation
[42]. As shown in Table 1, the saturation magnetization of particles
showed an inverse relationship with the PEG concentration, however,
neither the particle size nor the faceting could explain this behavior
alone. A possible explanation could be stabilization of small amounts of
non-magnetic goethite in the presence of additives in a concentration-
dependent manner. The preliminary experiments with slower base
titration showed that the goethite content increases when the pH in the
reaction medium was below 7 for longer periods of time (Table S1). The
phase transformation of both ferrihydrite and goethite to magnetite is
known to be catalyzed by ferrous ions and is initiated around pH 7 with a
rate increasing with increasing pH [51,52]. Although the presence of
goethite was not detected in final samples by the XRD and p-Raman
analysis, TEM images showed presence of needle-like particles, a typical
morphology for goethite (Fig. S10) [44]. Thus, it is proposed that
goethite content in the final precipitate could be increased with additive
concentration via its stabilization, leading to a decrease in saturation
magnetization, together with variations in particle size distribution and
morphology. This would also explain why the COOH-PEG, which sta-
bilizes goethite more efficiently than PEG due to its ionic nature at pH
above 5, enhanced the saturation magnetization to a lesser extent. Due
to falling below the detection limit of XRD and p-Raman analyses,
quantitative determination of goethite amount was not possible.

5. Conclusion

Bioinspired coprecipitation method offers a versatile synthesis plat-
form for magnetite nanoparticles. Yet, in order to fully exploit the po-
tential for production of tailored particles via this green method, the
correlation between the particle characteristics and the formation
pathway should be established.

Our results showed that properties of magnetite nanoparticles can be
manipulated by the use of PEG additives during the multistep precipi-
tation pathway, resulting in enhanced saturation magnetization. PEG
additives were chosen due to their biocompatibility and to examine the
interaction mode of these low-complexity molecules with the precipi-
tating phases. The effects of additives on the particle characteristics
were associated with their ability to stabilize the intermediate iron hy-
droxide phases, and affect the kinetics of phase transformation re-
actions. We have shown that ionotropic effects were not the dominating
contributor to the stabilization, however, additional experiments with a
wider range of PEG concentration and varying chain lengths are needed
to explore the structural characteristics of PEG additives responsible for
directing magnetite formation.

The high complexity of iron (hydr)oxide precipitation system makes
it notoriously difficult to fine-tune final products in solution synthesis,
where precipitation of multiple phases and phase transformations are
probable. However, with the insight provided by systematic studies on

Powder Technology 415 (2023) 118145

crystallization pathways and kinetics, bioinspired multistep precipita-
tion methods can be implemented with greater control and offer green
alternatives for production of tailored magnetite nanoparticles.
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