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ABSTRACT

The rapid development of nanoscience and nanotechnology, with thousands types of
nanomaterials being produced, will lead to various environmental impacts. Thus,
understanding the behaviors and fate of these nanomaterials is essential. This study focused
on the interaction between polyhydroxy fullerenes (PHF) and ferrihydrite (Fh), a widespread
iron (oxyhydr)oxide nanomineral and geosorbent. Our results showed that PHF were effectively
adsorbed by Fh. The adsorption isotherm fitted the D-R model well, with an adsorption
capacity of 67.1 mg/g. The adsorption mean free energy of 10.72 kJ/mol suggested that PHF
were chemisorbed on Fh. An increase in the solution pH and a decrease of the Fh surface zeta
potential were observed after the adsorption of PHF on Fh; moreover, increasing initial solution
PH led to a reduction of adsorption. The Fourier transform infrared spectra detected a red shift
of C-O stretching from 1075 to 1062 cm™ and a decrease of Fe-O bending, implying the
interaction between PHF oxygenic functional groups and Fh surface hydroxyls. On the other
hand, PHF affected the aggregation and reactivity of Fh by changing its surface physicochem-
ical properties. Aggregation of PHF and Fh with individual particle sizes increasing from 2 nm
to larger than 5 nm was measured by atomic force microscopy. The uniform distribution of C
and Fe suggested that the aggregates of Fh were possibly bridged by PHF. Our results indicated
that the interaction between PHF and Fh could evidently influence the migration of PHF, as well
as the aggregation and reactivity of Fh.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

Industrial-scale production of fullerenes and their derivatives
has reached tons per year (Murayama et al., 2004), and a large

The environmental behaviors and fate of engineered nanopar-
ticles have raised widespread concerns nowadays (Nowack
et al, 2012; Hou et al, 2017). Among these engineered
nanoparticles, fullerenes and their derivatives have gained
great attention due to their potential applications in a variety
of areas, including medicine, hydrogen storage, catalysis,
solar cells, etc. (Kratschmer et al, 1990; Zhang et al.,, 2016)
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increase is expected in the near future. At the same time, most
of these products will eventually end up entering into the
environment as a consequence of both natural processes and
human activities. Polyhydroxy fullerenes (PHF, i.e., fullerenols),
the hydroxylated derivatives of fullerenes, are significantly
more soluble in aqueous environments (ranging from 1 x 1073
to 5x 1072 mol/L), depending on the number of hydroxyl

1001-0742 © 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.



2 JOURNAL OF ENVIRONMENTAL SCIENCES 64 (2018) 1-9

groups, which varies from 12 to 40 (Zhang et al., 2010; Indeglia
et al,, 2014), and are more likely to be applied in the aqueous
phase. In addition, PHF have been recognized as the primary
products of fullerenes in the environment, because many
factors such as photo-oxidation (via sunlight), exposure to
oxidants (e.g., hydroxyl radicals and ozone), and microbes’
action can transform fullerenes into PHF (Qu et al., 2012;
Indeglia et al., 2013). Moreover, a number of recent studies
have shown that PHF could be toxic to some organisms and
human cell lines (Yamawaki and Iwai, 2006; Injac et al., 2013).
For instance, a dose of Cgo(OH),4 at a concentration of 10-
100 pg/mL was demonstrated to induce cytotoxic injury and
inhibit the growth of endothelial cells (Yamawaki and
Iwai, 2006). In consideration of their wide availability, strong
migration ability, and potential toxicity, investigation of the
environmental behaviors and fate of PHF is necessary and
urgent.

Recently, a series of studies has investigated the environ-
mental behaviors of PHF. For instance, Wang et al. (2016)
found that PHF could be accumulated in the vascular cylinder
of wheat roots and could promote root elongation and
chlorophyll synthesis. Heimann et al. (2015) investigated the
reactions of PHF with a wide range of metal salts and observed
the formation of insoluble cross-linked polymers. Fortner
et al. (2012) investigated the interaction of nCe with clay
minerals (e.g., montmorillonite and kaolinite) and a synthetic
layered double hydroxide, and suggested that the interaction
between nCeo and the clay minerals was dominated by
electrostatic forces. Chen et al. (2016) discovered that montmo-
rillonite modified with the branched polymer polyethylenimine
(PEI) had favorable adsorption capacity toward PHF, which
could increase with the loading of PEI. Recently, several studies
also focused on the light-induced reactions of PHF, and light-
induced production of *0, and 03. by PHF was reported (Kong
et al, 2009). On the other hand, considerably fewer studies
concerned the interaction between PHF and soil minerals,
especially mineral nanoparticles.

As iron (oxyhydr)oxides are ubiquitous in the environment
and contain abundant surface-active groups (e.g., Fe-OH), they
are considered to be an important family of geosorbents that
can significantly affect the environmental behaviors of
various chemicals (e.g., heavy metal cations, oxyanions) (Shi
et al,, 2009; Tang et al., 2010; Mitsunobu et al., 2013). Among
the various types of iron (oxyhydr)oxides, ferrihydrite (Fh),
with very large specific surface area and abundant active
surface groups, has drawn particular interest as a geosorbent
and natural catalyst (Raven et al., 1998; Jambor and Dutrizac,
1998; Wang et al.,, 2013). Fh can be widely found in waters,
sediments, soils, mine wastes, and acid mine drainage
(Jambor and Dutrizac, 1998). An ample amount of literature
(Swedlund and Webster, 1999; Hiemstra et al., 2009) has
suggested that Fh has higher adsorption capacities toward
various cations, anions, and organic species than other
crystallized iron (oxyhydr)oxides. The interaction of Fh with
these species could include ligand exchange, electrostatic
interactions, surface precipitation, etc. (Swedlund and Webster,
1999; Hiemstra et al., 2009; Wang et al., 2013). In addition, its
interactions with environmental constituents could in turn
affect its own reactivity and fate (Schwertmann and Murad,
1983; Das et al., 2011).

The objective of this work is to improve the understanding
of the interaction between PHF and iron (oxyhydr)oxides, and
thus help to predict the environmental behaviors and fate of
PHF. Fh was chosen as a representative iron (oxyhydr)oxide.
The adsorption behaviors of PHF on Fh as influenced by
various factors, as well as the aggregation of the two, were
investigated. Our results showed that Fh could strongly
adsorb PHF through ligand and anion exchange. Moreover,
the loading of PHF had significant influence on the surface
physicochemical properties of Fh, and thus could alter the
aggregation and reactivity of Fh.

1. Materials and methods
1.1. Chemicals

PHF (Ceo(OH),1:6H,0) was purchased from Suzhou Dade
Carbon Nanotechnology Co., Ltd. (Suzhou, China); whereas
NaOH, HNOs, Fe(NOs)3-9H,0, Cd(NOs),-4H,0, NaH,PO,, Na,SO,,
and NaHCO; of analytical grade (purity > 99%) were obtained
from Shanghai Chemical Co., China. All reagents were used as
received. All glassware and plasticware were cleaned by
soaking overnight in diluted HCl solution and washed in
ultra-pure water (p > 18 M/cm) before each experiment.

1.2. Ferrihydrite synthesis

Fh was synthesized according to the process reported by
Schwertmann and Cornell (1991) with slight modification.
Specifically, a solution of Fe(NOs3)3 (1 mol/L, 50 mL) was added
dropwise to a solution of NaOH (6 mol/L, 25 mL) under
vigorous stirring until the pH of the final solution was stabilized
at 7. The resulting suspension was centrifuged at 4000 r/min,
and the precipitate was washed using ultra-pure water
(>18 MQ/cm) and freeze-dried. The final product was ground
to pass a 200-mesh sieve and stored at 4°C.

1.3. Adsorption experiments

Batch adsorption experiments were performed in two different
systems: (Nowack et al., 2012) adsorption of PHF; (Hou et al.,
2017) adsorption of PHF in the presence of different anions. In
system 1, the adsorption kinetic experiment was first carried
out at initial PHF concentration of 100 mg/L, and then the
adsorption isotherm was measured using initial PHF concen-
trations of 10-500 mg/L. In addition, the effects of solution pH
on the adsorption of PHF were further studied at a solution
concentration of 100 mg/L and at pH ranging from 3 to 11. In
system 2, PHF and the competing anions (phosphate, sulfate, or
carbonate) were adsorbed simultaneously on Fh. The initial
concentration of PHF was 50 mg/L (i.e., 0.033 mmol/L), and the
initial concentrations of the anions (phosphate, sulfate, or
carbonate) were set to 0.033, 0.33, or 1.65 mmol/L (ie., the
corresponding molar ratios of anions to PHF were 1, 10, or 50).
The concentrations of anions were within the scope of those in
natural water bodies (Presser and Ohlendorf, 1987; Froelich,
1988). As the experiments were conducted in sealed polypro-
pylene bottles under acidic conditions, the trace amount of
dissolved CO, was ignored.
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All batch experiments were carried out by adding 0.05 g Fh
with 20 mL of solutions containing different concentrations of
PHF in the absence and presence of other anions, to 50 mL
polypropylene bottles which were then vigorously shaken on an
orbital shaker at 150 r/min for 24 hr at 25°C. All experiments
were carried out at pH 5 in 1 mmol/L NaNO; solution unless
otherwise stated. After the reactions reached equilibrium, the
polypropylene bottles were centrifuged at 4000 r/min for
10 min to separate the reaction products. The concentration of
PHF was determined using total organic carbon (TOC) measure-
ments (Shimadzu TOC-VCPH analyzer, Shimadzu Scientific
Instruments, Japan).

1.4. Zeta potential measurement and titration of surface sites

Zeta potential measurements of PHF (50 mg/L), Fh, and
PHF-Fh (Fh after adsorption of 50 mg/L PHF) at different pH
were carried out with a Malvern Zetasizer Nano-ZS (UK) using
a refractive index of 2.2. 0.05 g of Fh or PHF-Fh powder was
added to 20 mL of 1 mmol/L NaNOs; solution. The pH of the
suspensions was adjusted using HNO; and NaOH solutions. A
solution of PHF was tested with the same procedure used for
the suspension samples.

The surface sites of Fh and PHF-Fh were determined using
the in situ Gran plot method, which is commonly used to
determine the total surface site density of oxide minerals in
contact with a solution (Tanget al., 2015). 0.2 g of Fh or PHF-Fh
powder was added to 50 mL of 0.01 mol/L NaCl solution
and measured against a blank control (50 mL of 0.01 mol/L
NacCl solution). The resulting suspensions were stirred on a
magnetic stirring apparatus for 12 hr. Afterwards, the solution
pH was adjusted to 3 (0.1057 mol/L of HCl); and then back-
titrated to 11 (0.1250 mol/L of NaOH). During the hydroxyl
back-titration process, the added NaOH first reacted with the
excess HCl added in the acid titration. After that, the added
hydroxyl began to react with the hydroxyl groups on the
surface of Fh; and the remainder contributed to the increase
in the pH value of the system. The pH measurement was
conducted with a pH-meter (PHS-3C, Shanghai LeiCi, China).

1.5. Characterization

X-ray diffraction (XRD) patterns of Fh were recorded using a
Bruker D8 ADVANCE X-ray diffractometer (Karlsruhe, German),
operating at 40 kV and 40 mA using CuKa radiation. The
patterns were recorded over the 26 range of 10-80° at a scanning
speed of 1°/min. Nitrogen sorption-desorption isotherms at
77 K were determined by means of a NOVA 2200e Surface Area
& Pore Size Analyzer from Quantachrome (Boynton Beach,
Florida, USA), using samples that were previously degassed
under vacuum at 50°C for 16 hr. The relative pressure (P/P)
range of 0.05-0.35 was selected for the calculation of BET surface
areas.

Atomic force microscope (AFM) images of the samples
before and after the adsorption of PHF were captured using a
commercial AFM (Bruker Multimode 8, America) equipped
with a NanoScope V8 controller and ScanAsyst-Air SPM
probes (cantilever spring constant 0.4 N/m). The samples for
AFM imaging were dispersed in water under sonication, then
the supernatants were dropped onto the surface of the fresh

mica substrates and fully dried at room temperature before
the measurement.

Transmission electron microscopy (TEM) was performed
using a FEI Talos F200S (FEI Co., USA) microscope with the
accelerating voltage of 200 kV. Samples for TEM imaging were
prepared by a procedure similar to the samples for AFM
imaging. The suspensions of samples were dropped onto the
surface of a silicon nitride pane for further energy-dispersive
X-ray spectroscopic (EDS) elemental (C, O, and Fe) mapping
performed in scanning TEM mode.

Fourier-transform infrared (FT-IR) spectra of Fh before and
after the adsorption of PHF were obtained using a Bruker
VERTEX 70 spectrometer (Karlsruhe, Germany) and pressed
KBr disks. The disks were prepared by pressing a mixture of
powdered sample (0.9 mg) and KBr (80 mg). All spectra were
recorded in the range of 4000-400 cm™! with a resolution of
4 cm™! and 64 scans.

2. Results and discussion
2.1. Characterization of Fh

The synthesized Fh showed two broad characteristic peaks at
26 of ~34° and ~61° (Appendix A Fig. S1), confirming the
formation of two-line Fh particles (Schwertmann and Cornell,
1991). BET analysis for the synthesized Fh indicated that it had
a large specific surface area (309 m%g), consistent with the
results reported by Schwertmann and Cornell (1991).

2.2. Adsorption kinetics and isotherm of PHF on Fh

Adsorption of PHF (100 mg/L) on Fh reached equilibrium after
24 hr (Appendix A Fig. S2), and therefore 24 hr was chosen as
the equilibrium time for all the following adsorption experi-
ments. The adsorption kinetic data were fitted to different
adsorption models, including the pseudo first-order reaction
model, the pseudo second-order reaction model, and the
Elovich kinetic model (Appendix A Table S1). The pseudo
second-order model gave the best fit, suggesting that the
overall rate of adsorption is determined by the rate of the
direct adsorption/desorption process, but not the intraparticle
diffusion process (Plazinski et al., 2009).

The adsorption isotherm (Fig. 1a) showed a rapid increase
of PHF uptake on Fh at low PHF concentrations, followed by a
weak increase of adsorption at elevated PHF concentrations.
The adsorption isotherm was fitted with Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich (D-R) models to help
understand the mechanism of the interaction between PHF
and Fh. Generally, the Langmuir model assumes monolayer
adsorption, which often occurs at a finite number of definite
localized sites (Ma et al.,, 2016). The Freundlich model is an
empirical model that can be applied to multilayer adsorption on
heterogeneous surfaces (Foo and Hameed, 2010). The latter two
models are primarily focused on the thermodynamic properties
of the adsorption process. The Temkin model assumes that the
adsorption heat decreases linearly with the adsorbate coverage
(Foo and Hameed, 2010). The D-R model, nevertheless, is usually
used to distinguish between physical and chemical adsorption,
according to the mean free energy per molecule of adsorbate
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Fig. 1 - Adsorption isotherm for polyhydroxy fullerenes (PHF) on ferrihydrite (Fh) (a); the final solution pH as a function of

equilibrium concentration (b).

(Foo and Hameed, 2010). The Temkin and D-R models fitted the
experimental isotherm better, as indicated by the R?> values
(Appendix A Table S2). According to the fitted data from the D-R
model, the maximum adsorption amount of PHF was calculated
tobe 67.1 mg/gand the mean free energy of PHF adsorption was
10.72 kJ/mol. As described in previous research, the adsorption
should be considered a chemical interaction when the mean
free energy is greater than 8 kj/mol (Onyango et al., 2004; Foo
and Hameed, 2010).

After the adsorption of PHF, the equilibrium solution pH
increased rapidly (Fig. 1b), indicating the release of hydroxyl
ions into the solution. The increase in solution pH is
commonly observed in the adsorption of oxyanions (e.g.,
phosphate, arsenate) by metal (oxyhydr)oxides, and a ligand
exchange process is often proposed for the adsorption
mechanism, i.e., an exchange of the surface hydroxyl groups
on metal (oxyhydr)oxides by oxyanions. Likewise, PHF might
act similar to oxyanions and be adsorbed on Fh through a
ligand exchange process. Indeed, previous investigations
suggested that PHF existed as anionic forms in nature through
the deprotonation of the surface hydroxyls (Zhang et al., 2010;
Qu et al,, 2012).
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2.3. Effects of initial solution pH on the adsorption of PHF on Fh

PHF could be adsorbed on Fh over the pH range from 3 to
11 (Fig. 2a) and the adsorption amount of PHF decreased
gradually with increasing pH. As the zeta potential of PHF was
less than —15 mV over the entire pH range of our experiments
(Fig. 3a), at pH greater than pHp,. (8.5), specific interactions
(e.g., chemical adsorption), which can overcome the electro-
static repulsion, should exist between PHF and Fh; whereas at
pH lower than 8.5, the adsorption of PHF on Fh can be
attributed to electrostatic attractions, ligand exchange, and
hydrogen-bond interactions (Antelo et al., 2005; Das et al,,
2013). The decreased adsorption of PHF with increasing pH
could be due to the change of Fh surface charge and the
competitive effect of the hydroxyl anions. On one hand, as the
surface charge of Fh reversed from positive (pH < 8.5) to
negative (pH >8.5) with increasing pH, the electrostatic
interactions between PHF and Fh would become weaker. On
the other hand, the hydroxyl anions, with high concentration
at higher pH, could compete with PHF for the active binding
sites on Fh, which should also have an adverse effect on the
removal of PHF from solution (Otte et al., 2013; Liu et al., 2016).
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Fig. 2 - Effects of initial solution pH on PHF adsorption onto Fh (a); effects of competing anions on PHF adsorption onto Fh (b).
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Fig. 3 - Zeta potential of PHF, Fh and PHF-Fh (a); Gran plots of Fh and PHF-Fh (b).

2.4. Effects of co-existing oxyanions on the adsorption of PHF
on Fh

The mobility of PHF in the environment could be influenced by
co-existing anions in natural aqueous systems. The obtained
results demonstrated that at molar ratios of up to 50, carbonate
had a negligible effect on the adsorption of PHF (Fig. 2b).
Although phosphate and sulfate also had minor influences on
PHF adsorption at low concentration (i.e., at molar ratio of 1),
they could drastically influence the adsorption of PHF on Fh as
their concentration increased (at molar ratio from 10 to 50). The
removal rate of PHF decreased to 50% in the presence of
phosphate at a molar ratio of 10, and to 18% at molar ratio of 50.
Only 40% of PHF was adsorbed in the presence of sulfate at
molar ratios of 10 and 50. The competitive abilities of the

co-existing anions could be attributed to the anion valence and
their affinity to the binding surface sites (Su and Puls, 2001).

These results indicated that PHF could strongly interact with
Fh; and the co-existing anions with comparable concentration
had negligible effects on their adsorption. Only when the
concentrations of phosphate and sulfate were greater than
10 mg/L could they significantly inhibit the adsorption of PHF.
Still, the results of this work further implied that PHF might also
compete with other groundwater pollutants.

2.5. The surface zeta potential and site density of Fh
The surface zeta potential of Fh (Fig. 3a) decreased after the

adsorption of PHF. At the same time, the pHp,. of Fh shifted
from 8.5 to 8.0. During the adsorption process, the incoming

Hight (nm)
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200 400 600 800 O
Scan distance (nm)

200 400 600 800
Scan distance (nm)

Fig. 4 - Atomic force microscopy (AFM) images of PHF (a), Fh (b), and PHF-Fh (c); the height images (underside) of the corresponding

sections in AFM images.
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PHF resulted in a more negative surface charge. Similar
behavior was observed in the adsorption of oxyanions on
iron (oxyhydr)oxides (Hiemstra and Riemsdijk, 1996). The
surface site density of Fh was calculated using an in situ Gran
plot (Fig. 3b), and the obtained value was 2.78 sites/nm?, in
line with literature results (Hiemstra et al., 2009) ranging from
2.5 to 9 sites/nm?. Thus, Fh after the adsorption of PHF had a
stronger buffering ability toward the hydroxyl in the solution,
and its surface site density increased to 3.01 sites/nm?.

L 4
.

100 nm

The adsorbed PHF not only changed the surface electro-
static properties but also increased the number of proton
active surface sites of Fh. Thus, one might expect that the
adsorbed PHF could further affect the reactivity of Fh, e.g., its
interactions with other environmental chemicals. Our prelimi-
nary study further verified this speculation. The adsorption
capacity of Fh toward Cd(Il) (120 mg/L) increased by 167% and
629% after 20 and 50 mg/L of PHF loading, respectively (Appendix
A Fig. S3). Thus, PHF in the environment could change the

Fig. 5 - Transmission electron microscopy (TEM) images of Fh (a) and PHF-Fh (b); scanning TEM image of PHF-Fh (c) and the
corresponding energy-dispersive X-ray spectroscopic (EDS) mappings showing Fe (d), C (e), and O (f) distributions in the

selected area.
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surface physicochemical properties of iron (oxyhydr)oxides
(e.g., Fh), which might further affect the immobilization of
environmental contaminants such as heavy-metal cations.

2.6. The particle size and surface morphology of Fh

The PHF protrusions (Fig. 4) measured by AFM were amorphous
aggregates, with a few spots on the mica plate. The average
height of the protrusions was determined to be 1.8 nm, nearly
the diameter of an individual PHF molecule. Being distinct from
the PHF protrusions, the images of Fh and PHF-Fh were clearly
observed as scattered spots in various examined views.
Individual Fh particles were observed as spherical nanoparti-
cles with the height of 1.8 nm and some small aggregates no
taller than 5 nm. On the other hand, the PHF-Fh particles were
higher than 5nm and some aggregates were 50 nm high.
Although adsorbed PHF could increase the particle size of Fh
to some extent, the individual particle size of PHF-Fh was larger
than the sum of the individual particle sizes of Fh and PHF,
indicating aggregation of Fh due to the PHF loading, and the
various sizes of aggregates also implied different degrees of
aggregation.

Both the Fh and PHF-Fh were present as aggregates of
nanoparticles smaller than 10 nm, as revealed by TEM imaging
(Fig. 5). The spatial distributions of C, Fe, and O in the PHF-Fh
aggregates detected by EDS mapping demonstrated that PHF
and Fh were distributed rather evenly. Thus, we propose that
PHF molecules act as bridges to link the adjacent Fh particles,
causing significant aggregation of Fh particles. This phenome-
non can also be explained by the decrease in the electrostatic
repulsive forces between Fh particles due to the decrease of
surface charge, as revealed by zeta potential measurements.
The aggregation could significantly affect a variety of reactions

of Fh, such as redox reactions, dissolution, and mineral
transformation (Baalousha, 2009).

2.7. FT-IR characterization results

The FT-IR spectra of PHF, Fh, and Fh after the adsorption
of different concentrations of PHF were collected, and the spectra
of Fh samples before and after the adsorption were normalized
for further analysis (Fig. 6). The assignments of the observed
FT-IR bands were summarized (Appendix A Table S3). The PHF
spectrum displayed relatively sharp bands at 1075 cm™* for G-O
stretching, at 1372 cm™' for C-O-H asymmetry bend, at
1600 cm™ for C=C stretching, and a shoulder peak at
1430 cm™ for C-C vibration (Xing et al, 2004; Kokubo et al.,
2011; Vaughan et al, 2012). The spectrum of Fh showed
adsorption bands at 1493 and 1365 cm™?, which were assigned
to Fe-O and Fe-O-H bending modes, respectively (Towe and
Bradley, 1967; Vaughan et al., 2012). With increasing amounts of
adsorbed PHF, the bands of Fe-O (related to Fh) diminished,
whereas the intensity of the shoulder band at 1430 cm™?, due to
C-C vibrations of PHF, gradually increased. In addition, a red
shift of the C-O stretching band from 1075 cm™" to 1062 cm™
was observed after the adsorption. The red shift of C-O
stretching and the decrease of Fe-O bending, in combination
with the observed hydroxyl release during the batch adsorption
experiment, revealed that the oxygen groups of PHF reacted
with the surface sites of Fh, probably through a ligand exchange
mechanism (Vermeer et al, 1998). In addition, the vibration
band of nitrate at 1384 cm ™! indicated that nitrate could also be
adsorbed on Fh; and its adsorption amount decreased (i.e.,
absorption intensity decreased) as the loading amount of PHF
increased. In this case, anion exchange with nitrate might also
contribute to the adsorption of PHF on Fh. Hence, PHF in

16001372
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Fig. 6 - FTIR (Fourier-transform infrared) spectra of Fh (I), Fh after adsorbing PHF (100 mg/L (II), 200 mg/L (III), and 400 mg/L (IV)),
and PHF (V). Panel b is the enlarged image of the square area as shown in panel a.
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solution functioned similarly to oxyanions (e.g., phosphate) and
they could be immobilized through ligand exchange with the
surface hydroxyl groups of Fh and through anion exchange with
the surface adsorbed anions on Fh (e.g., nitrate).

3. Conclusions

The present study provided fundamental data for gaining insight
into the interactions between PHF and Fh. PHF were effectively
adsorbed by Fh, and the equilibrium solution pH increased
rapidly after the adsorption. As the initial solution pH increased
from 3 to 11, the adsorption of PHF decreased significantly. Our
results further indicated that PHF were adsorbed on Fh through
the combined contribution of ligand exchange and anion
exchange. In addition, the adsorbed PHF could trigger the
aggregation of the Fh nanoparticles, as observed by AFM and
TEM, by changing their surface physicochemical properties.
Further investigation will be needed to elucidate the interaction
between PHF and Fh over the longer term (e.g., the effects of PHF
on the transformation of Fh to more crystalized minerals; and
the release of PHF during the transformation of Fh).
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