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ARTICLE INFO ABSTRACT
Keywords: The control on the shape and size of nanoparticles is fundamental to control their properties. Besides the design
Colloidal inks of selective synthetic protocols, the development of size and shape separation methods paves the way towards
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Solid-liquid separation
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more homogeneous samples with improved properties. In the current paper, we compare the ability of aqueous
solutions of MCly (M = Zr, Hf) to act as colloidal stabilizers for goethite nanoparticles polydisperse in size and
shape. More precisely, the occurrence of goethite particles with shapes deviating from the target acicular is
ascertain and quantified with respect to experimental conditions during the synthesis. The stabilization method is
applied to effectively separate goethite particles into a fine and coarse fraction, which are analysed in depth.
Each fraction is characterized by Scanning Electron Microscopy (SEM), electrophoretic mobility to assess Zeta
potential and UV-Vis spectroscopy to ascertain the stability of the suspensions and of the separated fractions.

1. Introduction exploited in photovoltaic devices, to store energy in batteries and ca-
pacitors, and to fabricate sensors [4,5]. In paints and coatings, nano-

Functional particles find applications in catalysis and photocatalysis, particles are key ingredients to enhance properties like durability,
nanomedicine and cosmetics as well as additives in food, beverages and water-resistance, antimicrobial activity, and UV protection, or to
lubricants [1-3]. In energy related applications, nanoparticles have been impart color to substrates and polymeric matrices [6,7]. A global market
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volume of 12 million tons was reached in 2020 for the application of
inorganic pigments in the field of coatings, paints, printing inks, plastics
and cosmetics [8]. In all these applications, it is of outmost importance
to ensure control over size, shape and colloidal stability of the materials
at hands.

Goethite (a-FeOOH) is an oxyhydroxide material widely used as
photocatalyst [9-12] yellow [13] and anti-corrosion pigment [14],
absorbent of heavy metals [15-19] and phosphates [20]. More recently,
it has been used as anode electrocatalyst in formic acid fuel cells [21].
Finally, goethite is a precursor of acicular magnetite for magnetic
recording media [22-24]. In industry, goethite particles are synthesized
through ton scale batch precipitation processes based on the hydrolysis
of ferrous salts followed by oxidation with air in alkaline environment
[25]. The products typically comprise anisotropic particles with acicular
shape, and variable amount of particles with anisotropic shapes devi-
ating from the rod-like morphology, such as dendrites, intergrowth and
particles with hexagonal frame shape [25]. The presence of such parti-
cles in goethite samples is undesired as they interfere with several ap-
plications of this material [8,25,26]. Therefore, besides the design of
size and shape selective synthetic methods, the development of scalable
approaches to separate and classify nanoparticle solids in the liquid
phase is considered an important step for further product improvement.
Current technologies for particle separation comprise ultracentrifuga-
tion, electrophoresis, filtration, chromatography, and selective precipi-
tation carried out in continuous using microfluidic devices [27]. The key
requirement for any efficient separation is the colloidal stability.

We have recently demonstrated that goethite particles, among other
materials such as ibuprofen and naproxen [28], carbon black based
particles and various metal oxide nanoparticles, can be effectively
dispersed and stabilized in water using aqueous solutions of Zr(IV) salts
[29]. Following our interest for the liquid phase stabilization of func-
tional particles using Zr(IV) hydroxo-complexes as stabilizers, we extend
the methodology to the use of aqueous solutions of Hf(IV) as effective
stabilizers of goethite particles. We apply our stabilization protocol to
separate goethite nanoparticles into a fine and coarse fraction, whereby
the latter displays an enrichment in goethite particles deviating from the
desired acicular shape [29]. The samples are characterized by X-ray
diffraction (XRD) and Scanning Electron Microscopy (SEM), and in
liquid phase by Zeta potential and UV-Vis spectroscopy. Our stabiliza-
tion methodology can be applied to other anisotropic functional mate-
rials that crystallize in anisotropic shapes comprising particles deviating
from the acicular morphology, such as manganese oxy-hydroxide
(MnOOH) and copper oxides (CuO, Cuz0 and Cu403). Furthermore,
the method described herein lays the basis for the deployment of more
involved technologies for the solid-liquid separation of particles.

2. Experimental part

All chemicals were commercial sources and have been used without
any further purification. ZrCly (99.5 %) and HfCly (99.9 %) were Alfa
Aesar products. NaOH (> 99.0 % purity) was purchased from Carl Roth,
and FeSO4e7H20 (purity > 99.0 %) was a Sigma Aldrich product. Ul-
trapure water with a resistivity of 18.2 MQxcm was deoxygenated by
bubbling nitrogen (Linde, 5.0) and used as solvent for the synthesis of
goethite particles. Synthetic air (Linde) was used for the oxidation step.

2.1. Synthesis of goethite particles

The synthesis of goethite particles was carried out under alkaline
conditions following a protocol described elsewhere [30,31]. In a typical
synthesis, an iron sulfate solution with concentration of 0.06 and
0.225 mol/l, was mixed with a sodium hydroxide solution under con-
stant nitrogen bubbling, resulting in a white precipitate of hexagonal
platelets of Fe(OH),. In the former case, the amount of NaOH was
adjusted to reach a NaOH/Fe(II) ratio of 6 mol/mol, in the latter case the
ratio was kept to 10 mol/mol. Prior to mixing, both solutions were
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deoxygenated by bubbling nitrogen until the oxygen concentration
measured by the immersed oxygen sensor (LnPro6860i/12/420, con-
nected to a multichannel Mettler Toledo transmitter unit, M800) was
zero. In the second step, the suspension was oxidized by bubbling air
with various rates between 150 and 500 mL/min. The end of oxidation
was identified by the steep increase of oxygen concentration in solution,
indicating that Fe(II) was completely converted in Fe(III). After reaction,
the samples were centrifuged, washed thrice with ultrapure water and
dried in oven overnight at 60°C.

2.2. Goethite particles characterization by powder X-ray diffraction
(XRD)

X-ray diffraction pattern were measured in Bragg-Brentano geometry
using a D8 Advance instrument (Bruker AXS GmbH, Germany) equipped
with a Cu Ka radiation. The crystallite size was estimated using the two
most intense reflections (110) and the (111) at 21.2 and 36.6 ° using the
Scherrer equation and a shape factor 0.9. See Figure S1 in the Supporting
Information file.

2.3. Goethite particles characterization by Scanning Electron Microscopy
(SEM)

The analysis was performed using an ULTRA 55 microscope (Carl
Zeiss AG) at a voltage of 10 keV. Dilute suspensions in water were mild
sonicated for several minutes and deposited onto Si/SiO; substrates via
spin coating or drop casting. The freeware processing software ImageJ
(version 1.48r) was used for image analysis and to estimate a repre-
sentative particle size and shape distribution [32]. To estimate the
occurrence of goethite particles with shapes deviating from the acicular
morphology, the particles were manually counted from the corre-
sponding electron micrographs whenever isolated particles could be
visualized. The manual counting was facilitated upon Zr(IV) stabiliza-
tion. See Figure S2 in the Supporting Information file, as example of a
typical SEM analysis.

2.4. Description of the stabilization protocol

The metal chlorides MCl4 (M = Zr or Hf) were solubilized in ultra-
pure water to form a stock solution with typical concentration of 0.04 M.
Goethite particles were dispersed in water upon ultrasonication for at
least 10 min leading to a stock suspension with typical concentration of
10 mg/mL, 0.113 M. The ultrasonication bath was manufactured by
BANDELIN Electronic GmbH & Co, had a nominal power of 215 W and a
frequency of 35 kHz. Aliquots of the goethite stock suspension were
diluted with ultrapure water and suitable volumes of the freshly pre-
pared aqueous solution of M(IV) stabilizers were added to the goethite
suspensions having a concentration of 3.71 mM (0.33 mg/mL). In both
cases, no incubation time was necessary to achieve complete dispersion
of the solid and stable colloid suspensions. For methodological purposes,
the concentration of M(IV) salts was extended to a broad range between
0.0371 mM (for M(IV):Fe = 0.01:1 mol ratio) and 37.1 mM (for M(IV):Fe
= 10:1 mol ratio). The reference sample, comprising only goethite
particles in water, or in KCI solution for the purpose of electrophoretic
measurements, had a pH 6.9, whereas in the presence of the M(IV)
stabilizers the pH of the suspensions dropped to acidic values. The
higher the concentration of the stabilizer, the lower the pH, until a
plateau was reached where the pH did not increase anymore by
increasing the concentration of the M(IV) salt. More specifically, for a
stabilizer concentration of 0.04 mM, a pH of 5.5 was achieved, which
reduces to pH 3 when the concentration of the M(IV) salt increased to
0.4 mM. For M(IV) stabilizer concentrations above the threshold con-
centration of 0.4 mM, the pH of the suspensions was stable at pH 3.
Aliquots of the freshly prepared suspensions were characterized in depth
as described in the following section. Alternatively, the suspensions
were left to stand still overnight. Afterwards, the supernatant was
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carefully separated from the sediment using a pipette. The sediment was
redispersed in the same initial volume of deionized water. The super-
natant and the redispersed sediment were characterized in liquid phase
as described in the following.

2.5. Ultraviolet-visible spectroscopy (UV-Vis)

The extinction of the goethite suspensions were measured using a
Varian Cary 100 Scan UV-Visible double-beam spectrophotometer in the
wavelength range of 270-800 nm. The optical path was 1 cm. UV-Vis
spectroscopy in transmission mode was used to assess the colloidal
stability over time. Spectra were acquired every 5 min over a period of
24 h, and 72 h, respectively, for the freshly prepared suspension and for
the supernatant after solid-liquid separation, without removing the
cuvette from the sample compartment.

2.6. Zeta potential measurements

Electrophoretic mobility were measured by Laser Doppler Electro-
phoresis using a Zetasizer Nano ZS90 instrument (Malvern Instruments,
Malvern, UK) equipped with a 633 nm laser. Zeta potential was calcu-
lated using the Henry equation:

U, = 2etf(xa)/3n (€8]

where Uy is the electrophoretic mobility, { = Zeta potential, ¢ the
dielectric constant and 1 is the viscosity of the solvent. f(xa) is the Henry
function with k! being the Debye length and a referring to the particles
size. For experimental conditions investigated in the current work where
ka >> 1, the electrophoretic mobility of a particle does not depend on its
shape and the particle does not rotate in the applied field [33,34].
Therefore, no corrections were applied to take into account the anisot-
ropy of the particles and the {-potential was calculated from the mobility
measurements using the Smoluchowski model. The electrophoretic
mobility increased upon stabilization with aqueous solutions of M(IV)
salts with respect to non-stabilized samples, and by increasing the
concentration of the salts until a plateau was reached where the mobility
was independent of the Zr(IV) or Hf(IV) concentration. The stabilized
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goethite suspensions were diluted 1:20 (vol: vol) with a water solution of
KCl (0.01 M) as background electrolyte prior to measurements.

3. Results and discussion
3.1. Synthesis of goethite particles

Goethite particles are synthesized at industrial scale by precipitation
of ferrous salts under alkaline environment followed by air oxidation.
Typically, FeSO, is used as starting salt which is obtained by dissolution
of iron scraps in sulphuric acid [25]. Moreover, FeSO4 is an abundant
source of iron, as it is a by- product in the production of TiOy nano-
particles through the sulphate process involving the mineral Ilmenite
[35,36]. The solution is then mixed with NaOH in water, and the ob-
tained slurry undergoes oxidation to Fe(IIl) using air as oxidizing agent
[25].

At laboratory scale, the mixing step between the Fe(II) and the NaOH
solutions can be easily carried out under anaerobic conditions, leading
to the formation of hexagonal discs of Fe(OH) [25,30]. Subsequently,
different aeration flow rates enable the tuning of particle size distribu-
tions [30,31]. The Scanning Electron Microscopy (SEM) analysis of a
typical goethite sample shows the presence of mainly acicular particles
often bundled in large agglomerates with sizes of several micron
(Fig. 1a). Additionally, particles deviating from the acicular morphology
such as dendrites, intergrowth, and hollow/hexagonal frames are easily
identified in SEM micrographs (Fig. 1b)-d)), as well as in Transmission
Electron Microscopy (TEM) images (Fig. 1f) and g)). These objects result
from the complex formation mechanism of goethite nanoparticles. A
widely observed deviation of goethite particle shapes from acicular
morphology are hollow particles with a hexagonal frame (Fig. 1b), c)
and g)). We have shown that this particle morphology arises from the
epitaxial growth of goethite on the edges of Fe(OH), hexagons formed in
the first synthesis step under anaerobic conditions. After the dissolution
of Fe(OH); a hollow goethite particle is formed [30]. Additional parti-
cles deviating from acicular shape are observed via SEM analysis. Den-
drites are particles with lateral branches that develop from the c- axis of
acicular goethite with an angle of ca. 117 ° due to the formation of twins
between the (020) and the (021) planes [25]. An example of goethite

Fig. 1. Electron microscopy characterization of a typical goethite sample obtained by precipitation of Fe(SO4)-7H,0 with NaOH in water followed by oxidation with
oxygen. Scanning Electron Microscopy (SEM) images in Figure a)-d). a) Overview of the sample; b) and c) close-up image on hollowed particles; d) close-up on
intergrowths (on the left) and a dendrite particle (on the right); e) schematic of the shape composition of the sample. Transmission Electron Microscopy (TEM) images
in Figure f) and g). f) Intergrowth; g) hexagonal frames and intergrowths. The scale bar in TEM images is 50 nm.



M. Distaso and S. Banerjee

dendrites isolated under our experimental conditions is shown in Fig. 1d
(right). Finally, several goethite rods are often aligned along the c-axis
and stacked along the a- and b- axis, leading to domains of intergrowths
(Fig. 1d left, and 1 f)) [25]. It has been shown in the literature that
intergrowth are intermediates in the crystallization of goethite acicular
particles by oriented attachment [31,37].

The occurrence of dendrite formation for goethite has been reported
as well by other authors upon use of cetyltrimethylammonium bromide
(CTAB) and gum arabic (GA) as organic ligand modulators [38]. Qasim
et al. have demonstrated that goethite intergrowths are efficient pho-
tocatalysts for water oxidation [39].

The formation of dendrites is a widespread phenomenon in geolog-
ical deposits and minerals [40,41], urban environment [42], and human
artifacts [43]. Dendrites form during the electrodeposition of copper
oxide films (Cuy0, CuO and Cu403) [44], and the formation of MnOOH
dendritic nanorods under hydrothermal conditions [45,46]. The occur-
rence of dendrites in functional materials is not always detrimental. For
example, Tian et al. have demonstrated that hierarchical dendrite-like
structures of iron layered double hydroxide are effective in the
removal of arsenic from waste water [47]. However, for goethite par-
ticles the occurrence of dendrites is particularly undesired as they hinder
the applicability of goethite particles as precursor of maghemite and
magnetite in magnetic recording devices [26].

Herein for the specific case of goethite particles, we show that the
number of particles deviating from acicular morphology highly depends
on the experimental conditions used for the synthesis of goethite
nanoparticles. Besides the mixing intensity between FeSO4 and NaOH
solutions, the absolute concentrations of Fe(II) and NaOH and the
NaOH/Fe(II) molar ratio, the aeration rate are crucial experimental
parameters. In general, higher concentration of Fe(Il) favours the for-
mation of larger particles, both in length and width.

To understand the impact of the aeration rate on the occurrence of
anisotropic shapes deviating from the acicular morphology, the initial
concentration of FeSO4 was kept constant at 0.06 M, and the NaOH/Fe
(II) molar ratio was fixed to 6 to control the pH and enable the solely
formation of goethite phase upon aeration. Then, the aeration rate was
increased from 150 mL/min to 500 mL/min. An in-depth analysis of the
SEM images of the as-obtained goethite particles allows to quantify the
occurrence of the different particle shapes.

Fig. 2 shows that by increasing the aeration rate, the percentage of
particles with shapes deviating from acicular morphology increases too.
Herein, the intergrowths are considered within the class of dendrites,
following the electron microscopy characterization of Rosler et al [26].
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Fig. 2. Statistical evaluation of SEM micrographs to estimate the number of
goethite particles deviating from acicular shape as function of the aeration rate
during the synthesis. The total number of particles evaluated for each sample
was: 257 (150 mL/min); 484 (mL/min); 315 (300 mL/min); 387 (400 mL/min)
and 400 (500 mL/min). The experimental conditions for the synthesis
comprised: [FeSO4] = 0.06 M; [NaOH]/[Fe(ID)] = 6; T = 35 °C [30].
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To the best of our knowledge, this is the first time that the occurrence of
dendrites, intergrowth and particles with hexagonal shapes is quantified
as function of the experimental parameters. Fig. 3 shows that in the
aeration rate interval considered in the current work, the size of the
particles is broadly distributed independent of their shapes. In partic-
ular, the mean lengths of the acicular goethite particles, the lateral
branch of the dendrites and the length of the rods included in the
intergrowth are very similar (Fig. 3a). Considering the hexagonal
frames, they were approximated to full particles in order to measure the
corresponding Ferets diameter (Experimental part). The size distribu-
tions of the hexagonal frames through the various samples show median
size xs50,0 around 35 nm, with broad spans (x5 and xo5,) of the cumu-
lative distribution, independent of the aeration rate (Fig. 3b). The
crystallinity of the samples was assessed by applying the Scherrer
equation (shape factor 0.9) to the reflection (110) and (111) at around
21.2 and 36.6 26°, respectively, of the powder diffraction pattern
(Figure S1 and S2 in Supporting Information).

The results show that the coherence length was also very similar in
between the samples, and independent of the aeration rate between
150 mL/min and 500 mL/min (Fig. 3b). Therefore, the aeration rate
between 150 and 500 mL/min leads to crystalline goethite particles
broadly distributed in size and shapes. The change in particle shape with
aeration rate can be related to the increased oxygen mass transfer to the
liquid phase at increasing air flow rates. This leads to a faster formation
of Fe(III) species generated by oxidation of Fe(II) and in turns to a faster
growth with reduced shape selectivity [30,31].

3.2. Water chemistry of Zr(IV) and Hf(IV) ions

Before moving to the first step of our study, involving the transfer of
solid goethite particles in water, it is worth to trace a short overview of
the water chemistry of Zr(IV) and Hf(IV) [29]. As Lewis acids, zirconium
and hafnium salts readily undergo hydrolysis according to the following
chemical equilibrium (Eq. (3)):

mM** +2rH,0 e My,(OH) ™7+ 1 1H,0" 3)

where M = Zr, Hf. The chemistry of these two elements is very similar
[48]. When M = Zr, the hydroxo complexes formed in Eq. (3) can be
either mononuclear (m = 1) or polynuclear (m > 2) according to the pH
and the initial salt concentration [48]. Polynuclear complexes of Zr(IV)
form below pH 2 by olation of OH groups [48,49]. The binuclear com-
plex of Zr(IV), was reported for the first time in 1966 [50], and the
tetramer species [Zr4(OH)8(OH2)16]8+ was obtained by evaporation of
aqueous solution of ZrCl,y with acetate as counterion [51]. Zr(OH)g4, Zr
(OH)$, and Zr(OH)%+ have been predicted to be the most abundant
species in pH intervals between 3 and 2.75, between 2.75 and 2.0, and
between 2.0 and 1.0, respectively [52]. Concerning Hf(IV), Rai et al.
reported that Hf(OH)3 complexes are present at pH < 2, whereas Hf
(OH)s is the most abundant species between pH 4 and 8, and Hf(OH)%'
are present at pH above 8 [53]. Polynuclear complexes of Hf(IV) are also
well known in the literature, with m = 9 [54], 11 [55] and 18 (Eq. (3))
[56]. Polynuclear complexes of both Zr(IV) and Hf(IV) have been iso-
lated as prenucleation clusters and identified as intermediates in the
hydrothermal synthesis of ZrO, and HfO,, respectively [57]. The
threshold between mononuclear and polynuclear complexes for both
metals is 104 M, and pH above 0 [58]. It is important to mention here
that the mean bond distance of Hf—O both in mononuclear complexes,
and in the tetramers (m = 4, Eq. (3)) is shorter than the corresponding
values for Zr—O species [58], leading, for example, to smaller unit cells
for the polynuclear complexes of Hf(IV) with m = 17 (Eq. (3)) [57]. In
aqueous solution, the hydrated Zr(IV) and Hf(IV) ions are
eight-coordinated in square antiprismatic geometry, with mean Zr-O
and Hf-O bond distances of 2.187 and 2.160 A, respectively [58]. In the
tetramer complex, the mean values of the Zr—O bond is 2.140 1°\, and
Hf-0 is 2.110 A. The ionic radius of Hf(IV) is smaller than the ionic
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Fig. 3. Assessment and comparison of the goethite particles descriptors as function of the aeration rates. a) Mean length and standard deviation of the acicular
particles compared with the branch of dendrites and length of intergrowths; b) median size of the hexagonal frames and coherence length for the (110) and (111)

reflections, estimated through the Scherrer equation (shape factor 0.9).

radius of Zr(IV), due to relativistic effects and to the larger effective
nuclear charge due to smaller shielding [58].

While it is difficult to assign the exact nature of the Zr- and Hf-
hydroxo complexes formed in water, we have demonstrated the effec-
tiveness of Zr(IV) aqueous solution to act as stabilizers of both organic
and inorganic species comprising carboxylic and OH groups [28,29].
Accordingly, various nonsteroidal anti-inflammatory drugs (Ibuprofen,
Indomethacin, Naproxen and Mefenamic acid) could be effectively sta-
bilized in nanoparticulate form by exploiting the reactivity of the Zr(IV)
complexes with the carboxylic acid groups [28]. Moreover, Zr(IV)
hydroxo-complexes effectively stabilize a broad range of metal oxide
nanoparticles such as TiOy, CeO,, SnO,, V205, and goethite, enabling
their liquid phase characterization [29]. In particular, for goethite
nanoparticles it has been demonstrated that the mechanism of stabili-
zation implies a direct interaction of the Zr(IV) complexes with the
surface stoichiometric OH groups, leading to a strong adsorption (AH = -
70 + 25 kJ/mol) of the Zr(IV) salts onto the surface of goethite. Such
interaction induces excellent colloidal stability and enables the in-depth
liquid phase analysis of the goethite particles. Considering the similar
chemistry between Zr(IV) and Hf(IV), it was interesting for us to first
explore whether our stabilization method could work also with Hf(IV),
and afterwards to compare the effectiveness of the two salts in the liquid
phase separation of a size- and shape- polydisperse goethite sample.

3.3. Dispersion of goethite nanoparticles in aqueous solution of M(IV)
complexes (M = Zr, Hf)

In the presence of an aqueous solutions of Zr(IV) or Hf(IV), goethite
nanoparticle powders are easily dispersed resulting in stable colloid
suspensions. Fig. 4 shows the UV-Vis spectra of goethite particles in
water with and without stabilizers, whereby the extinction of goethite
particles dispersed in water is remarkably reduced in the presence of
water solutions of ZrCly or HfCl. As the concentration of goethite par-
ticles is constant, the reduction of the extinction at longer wavelengths
can be correlated with the reduction of the size of the agglomerates of
rods that are present in the suspensions. In fact, according to theory, for
wavelengths longer than 550 nm the extinction of goethite is dominated
by scattering and the larger the size of the particles or agglomerates, the
larger the extinction, i.e. the scattering, respectively [59-61]. Therefore,
the decrease of the extinction observed in the stabilized suspensions,
suggests that the stabilization implies a disentanglement of primary
particles leading to a reduction of the size of the agglomerates in sus-
pension and consequently, of the scattering at longer wavelengths
(Fig. 4, cf. solid blue-, green and red lines, for the reference, the Zr(IV)
and the Hf(IV) stabilizers, respectively).

1.0+ Ref. (t=0h)
- - -Ref. (t=16h)
Fe:Zr=1:4(t=0h)
208+ - --FeZr=14(t=16h)
c Fe:Hf =1:4 (t=0h)
.g - - -Fe:Hf=1:4 (t=16 h)
g 0.6
=
w \
E‘ 044",
B \
pd N
0.2 1 N
0.0 : B
400 500 600 700 800

Wavelength / nm

Fig. 4. Optical properties of non-stabilized and M(IV) stabilized goethite NPs
suspensions with concentration of 3.714 mM (0.33 mg/mL). The suspensions
were diluted (1-15) to reach a maximum of extinction below 1 a.u. at all
wavelength. The concentration of M(IV) salts in the diluted suspensions was
0.001 M. The spectra were normalized to the extinction of the reference sample
at time 0.

The stability of the suspensions with MCl4 (M = Zr, Hf) molar con-
centration of 0.001 M was followed over time via UV-Vis spectroscopy at
25 °C and compared with a non-stabilized sample of goethite particles
dispersed in water upon ultrasonication. Fig. 4 shows that the extinction
of the reference suspension is reduced by more than 80 % at 450 nm and
by more than 90 % at 800 nm after 16 h, whereas the M(IV) stabilized
suspension shows, after the same time, a reduction of the extinction of
only about 10 % at 450 nm (Fig. 4, cf. dashed blue, green and red lines,
for the reference, the Zr(IV) and the Hf(IV) stabilizers, respectively). The
aqueous solution of Hf(IV) seems to be more effective stabilizers than
the corresponding Zr(IV) solutions, although both salts show similar
stabilization ability for goethite. Additionally, these results suggest that
there is a fraction of the particles that sediments during the first 16 h,
leaving in the liquid phase a much more stable fraction of particles.
While it is expected that larger particles would sediment, it was inter-
esting to shed light on the sedimentation behavior of goethite particles
with anisotropic shape, in particular with respect to those deviating
from the acicular morphology (Figs. 1-3).

Therefore, a solid-liquid separation step was carried out to separate
the supernatant from the particles that sediment after 16 h, and each
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fraction was characterized in depth. For these experiments goethite
nanorods with mean length and width size of (375 + 125) nm and (35

+ 10) nm, respectively, were used. These particles were synthesized
using a FeSO4 concentration of 0.225 M, a NaOH/Fe(Il) ratio of 10 and
an aeration rate of 500 mL/min [31]. For such sample, the assessment of
the shape distribution showed the presence of around 60 % acicular
particles and 40 % of other shapes (Fig. 3c).

Goethite suspensions with MCly (M = Zr, Hf) concentrations between
0.0371 mM and 33 mM were left to sediment by gravity at room tem-
perature for 16 h. Afterwards, the supernatant was pipetted and the
sediment was re-dispersed in the same water volume. The supernatant,
the re-dispersed sediment in water and the as-prepared stabilized sus-
pensions were analyzed by UV-Vis spectroscopy and the electrophoretic
mobility was measured to assess the Zeta potential.

UV-Vis spectroscopy of the fractionated samples showed that the
sediments possess also stronger extinction, i.e. scattering (vide supra) at
wavelengths longer than 550 nm for both stabilizers (Fig. 5a and b).

The Zeta potential was measured for the full sample, separated su-
pernatant and re-dispersed sediment for both stabilizers (Fig. 6). For the
Zr(IV)-stabilized suspension, the high Zeta potential measured for the
separated supernatant and full sample indicates a very high colloidal
stability. The Zeta potential measurements of the re-dispersed sediments
show that the values are remarkably smaller than the corresponding full
sample and removed supernatant, respectively. These differences are
more pronounced for Zr(IV) concentrations lower than 0.75 mM
(Fig. 6a). We have attributed this behavior to the incomplete coverage of
the surface for the larger particles in the sediment. A pure dilution effect
of the total Zr(IV) content in the redispersed sediment, could be
excluded for lower concentrations because, as mentioned above, the
interaction of Zr(IV) with the surface of goethite particles is very strong
with a AHugs = -70 kJ/mol measured by Isothermal Titration Calorim-
etry, ITC [28]. Though, a dilution effect could be responsible for the
slightly lower values of the Zeta potential on the plateau, once the
surface of the sedimented particles is also completely covered. This is
understandable considering that along the [001] direction, anisotropic
goethite nanoparticles, independent of their specific shape, comprise
exposed OH stoichiometric groups that are available for the interaction
with Zr(IV) or Hf(IV) hydroxo-complexes [26,28,61]. Therefore, the
larger the particles, the higher the number of OH groups available and
the higher the concentration of Zr(IV) required to achieve a complete
coverage of the goethite particles in the coarse fraction.

Moving to the aqueous solution of Hf(IV) complexes, the mean
apparent Zeta potential of the sediment redispersed in water shows
values very similar to those measured for the full suspension and for the
supernatant, respectively (Fig. 6b). This result suggests that a lower
concentration of HfCly is required to reach Zeta potential values at the
plateau for ZrCly, indicating that Hf(IV) is a better stabilizer than Zr(IV)
at the same molar concentration. In fact, at the same Zr(IV)
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concentration, the Hf(IV) hydroxo- complexes provide a better stabili-
zation also for the sediment. The ZrCls threshold concentration is
around 0.75 mM, whereas for the HfCly, the threshold concentration to
achieve stable Zeta potential values is much lower at around 0.2 mM.

A possible explanation is provided by our previous discussion about
the chemistry of Zr(IV) and Hf(IV) ions. These two elements have a very
similar chemistry, however, the Hf(IV) hydroxo-complexes, either as
mononuclear or polynuclear species, are smaller than the corresponding
Zr(IV) complexes [58]. Herein, it is proposed that the smaller size of Hf
(IV) complexes enable a more effective adsorption onto the surface of
goethite particles. Additionally, their smaller size leads to a higher
charge density, which is also a parameter that can affect the colloidal
stabilization. While aqueous solutions of the MCl, salts can be used
indifferently for the stabilization of suspensions, for the purpose of
solid-liquid separation and in light of a possible large scale application,
the use of Zr(IV) species at lower concentration should be preferred
based on its relative abundancy. Additionally, hafnium is classified as a
critical raw material by the European Community [62]. Therefore, the
subsequent statistical analysis was carried out on the sediment separated
from the Zr(IV) stabilized suspension, also considering the less effective
colloidal stabilization of the sediment for Zr(IV) concentration lower
than 0.75 mM. Accordingly, the supernatant and the sediment for the
goethite sample stabilized with 0.75 mM Zr(IV) aqueous solutions were
analyzed by SEM and the occurrence of acicular particles, and of par-
ticles deviating from the acicular morphology was assessed by manual
counting the particles from the corresponding electron micrographs.
The results show that the re-dispersed sediment is enriched in particles
deviating from the acicular shape (Fig. 6¢). In particular, it was observed
that goethite particles with other morphologies were around 30 % in the
supernatant and increased to 45 % in the sediment. These data indicates
that the sediment is enriched with particles deviating from the acicular
shape (Fig. 6¢). After separation, the stability of the supernatant was
monitored for additional 70 h by UV-Vis spectroscopy, showing an
excellent stability (Fig. 6d).

Taken together, the results show that the goethite particles that
sediment under gravity after 16 h have higher scattering in the visible
and a lower Zeta potential than the particles remaining in suspensions
for lower Zr(IV) (Figs. 5 and 6a). This fraction is enriched in goethite
particles with non-acicular shape (Fig. 6b). On the other side, the par-
ticles that remain in the supernatant, have lower scattering in the visible
and higher Zeta potential (Fig. 6¢). Therefore, the colloidal stabilization
of goethite particles using aqueous solutions of Zr(IV) complexes has
enabled a separation between the fine and coarse fraction of a size and
shape polydispersed goethite sample. The aqueous solutions of HfCl, are
more effective stabilizers than the corresponding solution of ZrCls. To
the best of our knowledge, this is the first time that the separation of
goethite particles with shapes deviating from acicular morphology is
attempted.
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Fig. 5. UV-Vis spectra of the full suspensions, removed supernatants and re-dispersed sediments after 16 h at room temperature for aqueous solutions of: a) ZrCl4 and
b) HfCl4. Rods with mean length and width size of (375 + 125) nm, and (35 + 10) nm, respectively were used.
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Fig. 6. a) Zeta potential of the full suspensions, removed supernatants and redispersed sediments after 16 h at room temperature for different ZrCl,4 concentrations
compared with a non-stabilized goethite sample taken as reference. b) Zeta potential of the full suspensions, removed supernatants and redispersed sediments after
16 h at room temperature for different HfCl, concentrations compared with a non-stabilized goethite sample taken as reference. All suspensions, including the
reference, were diluted with a 0.01 M KCl solution to ensure the same bulk ionic strength throughout the samples. c) Statistical evaluation of SEM micrographs to
estimate the number of goethite particles deviating from acicular shape in a stabilized goethite sample ([ZrCl4] = 0.75 mM) upon solid-liquid separation. The total
number of particles evaluated for each sample was: 1005 for the supernatant and 463 for the sediment. d) Extinction at the specified time in the spectral range
between 550 nm and 800 nm after the separation of the coarse fraction. [FeSO4] = 0.225 M; [NaOH]/[Fe(I)] = 10; aeration rate = 500 mL/min; T = 35 °C [31]. e)

Schematic of the solid-liquid separation approach.
4. Conclusions

In the current paper, we have compared the ability of aqueous so-
lutions of MCly (M = Zr, Hf) to act as stabilizers for size and shape
polydisperse samples of goethite nanoparticles. More precisely, we have
exploited the ability of M(IV) hydroxo-complexes to separate goethite
particles into fine and coarse fractions. While both Zr(IV) and Hf(IV)
aqueous solutions act as effective stabilizers of goethite particles, using
the cheaper and more abundant Zr(IV) salt, the supernatant has been
demonstrated to be stable in solution for more than 70 h, proving a
remarkable long-term colloidal stability. The sediment has shown an
enrichment of anisotropic particles with shapes deviating from the
acicular morphology. The resulting supernatant fraction presents
improved material properties, such as reduced scattering in the visible
due to the absence of aggregates, and increased colloidal stability
indicated by the higher Zeta potential, and stable extinction values for
more than 70 h. The method proposed herein is an effective strategy to
analyze in depth complex nanoparticulate products comprising broad
size and shape distribution through a combination of solid- and liquid
phase analytical techniques. In particular, the sedimentation by gravity
may serve as a straightforward tool to low-cost, and energy-efficient
separation of particles in a suspension based on their size and density.

The approach developed in the current work can be applied to the size
and shape separation of other material systems comprising OH groups
and shapes deviating from the acicular shape, such as dendritic MnOOH
and copper oxides (Cu0, CuO, CuyOg3). The longtime stability of the
supernatant after separation of the coarse fraction enables the use of the
corresponding nanoparticulate suspension as printable inks.
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