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ABSTRACT: Two-line ferrihydrite (Fh) is an omnipresent iron
oxyhydroxide nanomineral with high surface reactivity and weak
crystallinity, and its phase transformation in nature has drawn
significant concerns. A number of studies have investigated the effects
of coexisting natural substances (e.g., ions, organic molecules, and clay
minerals) on the phase transformation processes of Fh. This work, for
the first time, studied the effects of coexisting carbon nanomaterials
(CNM) on the phase transformation of Fh, and CNM with different
morphologies, that is, graphene oxide (GO) and fullerol (PHF), were
applied. Characterization results from X-ray diffraction, transmission
electron microscopy, and Mössbauer spectroscopy showed that the
transformed products of Fh are mainly hematite (Hem) with a small
amount of goethite (Gth) in the absence/presence of CNM; however,
the transformation kinetics, morphologies, and Hem/Gth ratio of the
transformed products are distinctly different in each system. In particular, GO decreased the transformation rate of Fh (compared
with the Fh system), whereas PHF not only accelerated the transformation rate but also favored the formation of larger Hem
particles and higher Hem/Gth ratios in the transformed products. We hypothesized that these results could be attributed to the
different behaviors of CNM in affecting the aggregation of Fh as the transformation of Fh into Hem is a solid phase transformation
process (via dehydration), which strongly relies on the aggregation of Fh particles. In this term, the samples of CNM−Fh mixtures
before transformation were characterized. The results obtained from atomic force microscopy and sedimentation experiments
showed that the large lamellar GO could act as a dispersing agent and inhibit the aggregation and contact of Fh particles while the
nanogranular PHF functioned as a “bridge” and enhanced the aggregation of Fh particles. This study revealed that the coexisting
nanoparticles (e.g., PHF and GO) could exert different influences on the transformation of Fh by influencing its aggregation and
dispersion.
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1. INTRODUCTION

Two-line ferrihydrite (hereafter denoted as Fh), a ubiquitous
nanosized (2−4 nm) iron oxyhydroxide with large specific
surface area and high surface reactivity, is an important sink for
both metals and metalloids in the near-surface environment.1−6

Fh is a poorly crystalline and thermodynamically unstable
mineral with a short-range ordering structure7,8 and can easily
transform to other structurally stable iron (oxyhydr)oxide
minerals, [e.g., to hematite (Hem) through aggregation and
dehydration, and to goethite (Gth) through a dissolution and
recrystallization mechanism].1,9−11 As such, the components of
iron (oxyhydr)oxides in the environment and the fate of the
adsorbed chemicals (e.g., metals and metalloids) on the surface
of Fh will be largely affected by the transformation pathways of
Fh, which have been the subject of extensive study in the past
decades.12−14 Previous studies have shown that the trans-
formation of Fh strongly depends on the environmental
conditions (e.g., pH, Eh, temperature, and magnetic

field).9,15−17 For example, neutral pH conditions and high
temperatures appear to favor the transformation of Fh to Hem,
while acidic/alkaline pH and low temperatures always lead to
the transformation of Fh to Gth.15−17

The effects of coexisting substances (e.g., ions, organic
compounds, and mineral particles) on the transformation of Fh
have also been well-studied, and the obtained results showed
that coexisting substances may have quite different interactions
with Fh particles, which accordingly may alter the trans-
formation process of Fh.1,9,18−20 For example, inorganic
cations, oxyanions, neutral small molecules, and natural
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polymers can be adsorbed onto the surface of Fh and generally
will slow down its phase transformation rate by inhibiting the
direct contact of Fh particles and/or reducing its dissolu-
tion.20−24 Lamellar-structured clay minerals (e.g., montmor-
illonite) may separate Fh particles by functioning as “barriers”
or release ions (e.g., Si and Al) under acidic/alkaline pH
conditions to decrease the dissolution of Fh; in both cases, the
phase transformation rate will be reduced as well.19 Therefore,
coexisting substances generally can inhibit the direct contact
and/or reduce the dissolution of Fh particles, slowing down
the transformation rate.1 On the other hand, some other
coexisting substances (e.g., Fe2+, cysteine) that can transfer
electrons to Fh may accelerate the transformation of Fh into
Gth by enhancing its dissolution−recrystallization proc-
ess.25−27 Interestingly, most of the tested coexisting substances
in previous studies are either small dissolved chemicals (e.g.,
ions and molecules) or a large solid phase (e.g., clay mineral
particles), both of which do not have comparable size with Fh
nanoparticles. One would, therefore, wonder whether some
coexisting nanosized substances with different morphologies
and particle sizes may have different effects on the phase
transformation of Fh.
In fact, nanoparticles are ubiquitous in nature.28−30 Among

these nanoparticles, carbon nanomaterials (CNM) are
important components, which can be both naturally and
artificially produced from the widely distributed carbon-based
compounds and materials.31−35 The production of engineered
CNM (e.g., carbon nanotube, fullerene, and graphene) is
continuously increasing because of their wide industrial
applications;36,37 some natural processes (e.g., wildfire) can
also produce large amounts of nanosized- or microsized carbon
materials (e.g., biochar, charcoal, and soot).38−40 In the near-
surface environment, CNM will eventually be oxidized by
photo-oxidation and natural oxidants.41 These oxidized CNM
[e.g., graphene oxide (GO) and fullerol (PHF)] generally have
better hydrophilicity and higher mobility in natural environ-
ments;41,42 thus, they have high chances to coexist and interact
with the widespread Fh, affecting its phase transformation
process. Indeed, several previous studies found that these
oxidized CNM with different morphologies showed different
interaction behaviors with Fe (oxyhydr)oxide.42−45 For
instance, Liu et al.42 demonstrated that PHF can evidently
enhance the aggregation of Fh nanoparticles by acting as a
“bridge”; Zhao et al.45 suggested that GO can function as a
dispersing agent and significantly enhance the dispersion of the
coexisting Gth by heteroaggregation. As such, we expect that
CNM with varied sizes and morphologies might exert diverse
effects on the phase transformation of Fh.
This work aims to investigate the effects of the omnipresent

nanoparticles on the transformation of Fh by selecting CNM
(i.e., PHF and GO) as representatives. The transformation
kinetics of Fh, the composition and morphologies of the
products, and the related reaction mechanisms were
investigated. The results of this study may provide novel
information for clarifying the phase transformation behavior of
Fh and shed new light on understanding the diverse effects of
the naturally or artificially produced nanomaterials on natural
minerals.

2. EXPERIMENTAL SECTION
2.1. Materials. GO was prepared by oxidizing graphite

using a modified Hummers’ method,46 and the specific
oxidation process is described in the Supporting Information

(Page S3). High-purity (99%) PHF (C60(OH)21·6H2O) was
obtained from Suzhou Dade Carbon Nanotechnology
Company, Ltd, China. Fe(NO3)3·9H2O, NaOH, ammonium
oxalate, HNO3, and HCl of analytical grade (>99%) were
obtained from Guangzhou Chemical Reagent Factory, China,
and were used without further treatments.

2.2. Synthesis of Fh and the Mixed Samples. Fh was
synthesized according to the method used by Cornell and
Schwertzmann with slight modifications.1 In brief, 1 M
Fe(NO3)3·9H2O and 3 M NaOH were simultaneously titrated
to pH ∼7 under vigorous magnetic stirring.24 Then, the
obtained Fh was centrifuged and subsequently washed with
ultrapure water at 8000 rpm for 10 min (3 times) to remove
impurities. To prepare the CNM−Fh dispersion, different
concentrations of CNM were respectively mixed with fresh Fh
at pH ∼7 and 25 °C to ensure the mass ratio of CNM/Fh = 0,
0.02, or 0.05 (respectively denoted as Fh, 2% GO−Fh, 5%
GO−Fh, 2% PHF−Fh, and 5% PHF−Fh). Then, all of the
mixtures were continuously stirred for 48 h in closed
containers to ensure the well-mixing of CNM and Fh, and
the mixing process did not induce the phase transformation of
Fh.47,48

2.3. Transformation Experiments for Fh and CNM−
Fh. Transformation experiments were conducted in closed 250
mL polypropylene bottles for 30 days at 75 °C.11 The pH of
these systems was checked and adjusted (using minimum
volumes of 0.1 M NaOH and 0.1 M HNO3) every day during
the first 5 days, at 2 day intervals in days 6−9, and then
adjusted every 5 days over the remaining aging time. 25 mL of
the dispersions were respectively collected from the bottles
after 0, 1, 2, 5, 9, 15, and 30 days to study the transformation
kinetics of Fh. The collected samples were centrifuged at 8000
rpm for 10 min to remove the supernatant, and the obtained
samples were freeze-dried and stored in dark at 4 °C for further
solid phase characterization and chemical analysis. Solution pH
was controlled at 7(±0.5) and the temperature was maintained
at 75(±1) °C for the following reasons: (1) pH 7 is
environmentally relevant; and (2) 75 °C enabled the
transformation reaction in a reasonable and controllable length
of time.11,12

2.4. Characterization Methods. X-ray diffraction (XRD)
was used to verify the mineral and CNM phases during the 30
day period; the analyses were conducted on a Bruker D8
ADVANCE X-ray diffractometer (Karlsruhe, Germany) using
Cu Kα radiation operating at 40 kV and 40 mA. The patterns
were recorded over a 2θ range of 10−70° at a scan speed of
3°/min.
The relative chemical contents and the oxidation degree of

the three types of CNM were characterized by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific
K-Alpha). The samples for the XPS analysis were prepared by
pressing the sample powders to slice at room temperature. The
analysis of the obtained spectra was conducted using the
Avantage program.49

The zeta potentials of the samples were measured using a
Zetasizer Nano ZS90 instrument. 0.1 g of each sample was
dispersed in ultra-water, and the pH of the suspensions was
adjusted ranging from 4 to 10 using 0.1 M HNO3 and 0.1 M
NaOH solutions.
Atomic force microscopy (AFM) images of the samples

were obtained before aging using a Bruker Multimode AFM
controlled by a Nanoscope V controller using a tapping mode.
The particle sizes of the samples (i.e., Fh, 5% PHF−Fh, and
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5% GO−Fh) were measured by the protrusion height
observation on mica substrates. A drop of highly diluted
aqueous suspension of samples was added on mica plates, and
then, the sample was fully air-dried for AFM characterization
using a tapping mode.48

The transformation kinetics of Fh in the presence of CNM
was further investigated by dissolving the collected samples
with acid/ammonium oxalate (at pH = 3) in the absence of
light for 4 h, according to previous works.50,51 The ratio of
Feo/Fet was used to represent the transformation kinetics of
Fh, where Feo was the oxalate-soluble iron (i.e., the
untransformed Fh) and Fet was the content of total Fe that
was dissolved by 6 M HCl.22,51 The content of Fe was
measured by atomic absorption spectroscopy.

57Fe Mössbauer spectroscopy (MS) was used at room
temperature in the transmission mode operating in constant
acceleration mode using a Silver Double Limited WSS-10
spectrometer. A 57Co in the Rh matrix was used as the
Mössbauer source. The velocity drive transducer was operated
in a triangular waveform mode over energy ranges of ±15 mm/
s. The spectrometer was calibrated using standard α-Fe foil. To
prepare the test, 10 mg of each sample was uniformly placed in
the holder and measured at room temperature (298 K). The
obtained spectra were quantitatively analyzed with the
MossWinn program.52 The spectra were deconvoluted based
on the least square fitting of the Lorentzian line-shaped profile,
and the subspectra attributed to different phases were classified
on the basis of their hyperfine parameters [i.e., isomer (IS),
quadrupole splitting (QS), and magnetic hyperfine field
(BHF)]. The proportion of each phase was determined
according to the area of its corresponding subspectrum.53

Scanning electron microscopy (SEM) images were obtained
using a ZEISS Supra 55 field emission SEM in the high vacuum
mode with a voltage of 30 kV. The morphologies of the
transformed products after aging for 30 days were observed.
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images of the transformed products after
aging for 30 days were obtained by an FEI Talos F200S
instrument operating at 200 kV. The collected samples were
uniformly dispersed in distilled water by ultrasonic treatment.
Then, a drop of the suspension was placed on a holey silicon
nitride film TEM grid and was air-dried for further character-
ization.

3. RESULTS AND DISCUSSION
3.1. Characterization of CNM, Fh, and Fh−CNM

before Transformation. In the XRD patterns (Figure
S1A), the characteristic (001) reflection of GO (2θ = 11°)
were noticeable,54 while only a broad reflection of PHF was
observed at 2θ range of 20−35°, identifying its weak crystalline
structure.55 ,56 XPS results showed that the CNM contained a
large percentage of oxygen (31.3% for GO and 28.8% for
PHF) (Figure S1B), suggesting the high oxidation ratio of the
CNM. The XRD patterns of Fh and CNM−Fh samples before
aging were collected (Figure S2). Two broad reflections at 2θ
= 35 and 63° for Fh indicated that the obtained sample was
two-line Fh.48,57 The small amount of coexisting CNM (no
more than 5%) did not influence the XRD reflections of Fh,
suggesting that the crystal structure of Fh was conserved in the
CNM−Fh mixture before the aging experiments.
The zeta potential of Fh and CNM was determined (Figure

1). The pHzpc of Fh was ∼8, and the zeta potentials of the
CNM were all below −30 mV at pH = 7, in agreement with

previous studies.42,58 At the pH of our experiments (pH = 7),
Fh was positively charged while the CNM was negatively
charged, suggesting strong electrostatic interactions between
Fh and CNM. In addition to electrostatic interaction, Liu et
al.42 suggested that chemical bonds could form between Fh
and PHF through the dehydroxylation of PHF and
deprotonation of Fh. GO with abundant hydroxyl groups
(e.g., −OH) may interact with Fh through similar mechanisms.
The strong interaction between Fh and CNM could affect the
aggregation and dispersion of Fh (as proved by the following
sedimentation and AFM experiments), which may further
influence the phase transformation process of Fh.
The sedimentation of Fh and Fh−CNM samples were tested

to examine the effect of CNM on the aggregation/dispersion of
Fh (Figure S3). The suspended particles settled in both the Fh
and Fh−PHF systems after 10 min, with the former system
showing slightly larger sediment volume, which suggested that
PHF could accelerate the sedimentation of Fh. While in the
Fh−GO system, no obvious sedimentation of the particles was
observed after 10 min, and a large volume of sample was
retained in the suspension even after 30 d. Thus, the presence
of GO can significantly enhance the dispersion (i.e., inhibit the
aggregation) of Fh particles. Zhao et al.45 also found that GO
could enhance the dispersion of Gth particles, due to the
excellent dispersibility of GO in water, which then led to slow
sedimentation of the GO−Gth mixture. We believe GO has a
similar effect on Fh particles in the Fh−GO system. As such,
although CNM may have strong interactions with Fh, they
show quite different effects on the aggregation/dispersion of
Fh particles.
The AFM results further supported the above hypothesis.

The micrometer-sized GO sheet showed a thickness of ∼0.5
nm, with some wrinkles on the sheet (Figure S1C). The
granular PHF and Fh showed a single particle size of ∼1.5 and
2−3 nm, respectively (Figures S1D and 2A). As for the GO−
Fh mixture (Figure 2B), Fh aggregates, with an average size of
∼15 nm, were mostly dispersed on the edges of GO, with a
small amount located on the planar surface of GO. The
abundance of highly reactive groups on the edge of GO should
have strong interactions with Fh, enabling the association of
GO with Fh particles at these sites. For the mixture of PHF−
Fh (Figure 2C), the sizes of the aggregates were over 100 nm,
indicating the aggregation of PHF and Fh particles was
significant. The AFM results by Xu et al.48 and Liu et al.42 also
found that PHF can enhance the aggregation of Fh. These

Figure 1. Zeta potentials of CNM and Fh under different pH
conditions. Fh is positively charged at pH = 7, while the CNM are all
highly negatively charged, suggesting that Fh can interact with Fh by
electrostatic attraction.
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AFM results, in combination with the above sedimentation
results, indicated that the large lamellar GO could disperse Fh
particles, while PHF could enhance the aggregation of Fh.
Taken together, the above characterization results demon-

strated that CNM has relatively strong interactions with Fh
particles, due to their oppositely charged surfaces and highly
reactive surface groups. In addition, because of their different
surface morphologies, GO could disperse Fh, while PHF
accelerated the aggregation of Fh. Accordingly, these CNM
might have quite different effects on the transformation of Fh.
3.2. Transformation Process and the Products of Fh.

3.2.1. XRD Characterization Results. The XRD patterns of the
collected samples during the aging process were obtained, and
the characteristic reflections of both Hem and Gth were
determined, in all of the systems (Figure 3). In the Fh system,
both Hem and Gth formed simultaneously during the

transformation reaction, with Hem being the major product.
In a similar study, Das et al.15 investigated the effect of pH and
temperature on the transformation of Fh, and they also found a
high Hem/Gth ratio for the samples collected from the system
with neutral pH and high temperature (e.g., 100 °C). We also
noticed that the intensity of the characteristic reflections of
Hem and Gth emerged within the first 5 days, and then
remained relatively constant with continuous aging, which
suggested that most of the Fh should have transformed within
the 5 day window under this aging condition (pH = 7, 75 °C).
In the GO−Fh systems, XRD characterization recorded

much stronger characteristic reflections belonging to Hem than
to Gth (Figure 3A). In addition, the intensities of the
characteristic reflections of both Hem and Gth were clearly
weakened in comparison with the Fh system, and this
phenomenon was more obvious with the increase of GO
content. For example, after the first day’s reaction, the
characteristic reflections of Hem, which were noticeable in
the Fh system and in the 2% GO−Fh system, became
undetectable in the 5% GO−Fh system. These results suggest
that the transformation process of Fh was evidently inhibited
by GO.
In the PHF−Fh systems, Hem is also the main transformed

products. Interestingly, PHF evidently accelerated the trans-
formation rate, particularly at high PHF content (Figure 3B).
As compared with those in the Fh system, much stronger
reflections of Hem in combination with weak reflections of Gth
could be detected after the first day in the presence of PHF.
Moreover, with increasing the content of PHF, the trans-
formation rate of Fh became much faster. The reflections of
Hem and Gth in the 5% PHF−Fh system retained nearly
unchanged after 2 days, suggesting a very quick transformation
process of Fh (mostly within 2 days). It was also noticeable
that the Gth reflection intensity in the 5% PHF−Fh was
weaker than that in the Fh system, suggesting an inhibited
effect of PHF on Fh transformation to Gth.
The XRD characterization results above showed well that

different CNM can have quite obvious and unique effects on
the transformation of Fh. Previous studies also showed that the

Figure 2. AFM height images of samples before aging (A) Fh, (B) 5% GO−Fh, and (C) 5% PHF−Fh. GO dispersed Fh, while PHF accelerated Fh
aggregation.

Figure 3. XRD patterns of the products during the transformation of
Fh in the presence of varying mass ratios of CNM−Fh: the effects of
(A) GO and (B) PHF on the transformation of Fh: the transformed
products were mainly Hem with a small amount of Gth. GO inhibited
the transformation of Fh, while PHF accelerated the transformation
process.
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transformation rate and the transformed products of Fh were
closely related to the coexisting substances.1 For instance, clay
minerals inhibited the transformation of Fh and favored the
formation of Hem; reducing agents [e.g., Fe(II)] evidently
accelerated the transformation of Fh to Gth.19,26

3.2.2. Transformation Kinetics Analysis. To quantify the
transformation kinetics of Fh in the systems with or without
CNM, the untransformed Fh in the system was determined
using the acid/ammonium oxalate dissolution method.1,22,51

The obtained dissolution kinetics (Figure 4A) showed that

most of the Fh (nearly 83%) were transformed within 5 days in
the Fh system while approximately 15 days were needed to
reach a similar extent of Fh transformation in the 5% GO−Fh
system, and only 2 days were required in the 5% PHF−Fh
system. In addition, the effects of CNM became more evident
at higher CNM−Fh ratio. Das et al.59 studied the effects of
arsenate on the transformation rate of Fh at pH = 10, and they
found that the transformation rate decreased as As/Fe
increased. Hence, the type and abundance of a coexisting
substance are both important factors affecting the trans-
formation of Fh.
The percentages of remaining Fh in the systems were fitted

with the first-order kinetics model (1)59

A A et
kt

0[ ] = [ ] −
(1)

where k is a rate constant, t is the reaction time, [A]t is the
amount of remaining Fh at time t, and [A]0 is the initial
amount of Fh before aging. This model fits the kinetic data
well (R2 > 99%). The rate constant of Fh in the control system

was determined to be 0.4/day (Figure 4B), comparable with
the value reported by Das et al.15 [0.329 (±0.096)/day under
the condition of pH = 7 and 75 °C], which was calculated from
the integrated intensities of the XRD characteristic reflections
of Hem and Gth. In the PHF−Fh system with 5% PHF−Fh,
the rate constant reached a value of 2.0/day, nearly five times
faster than that observed in the Fh system. As for the GO−Fh
system with 5% GO−Fh, the rate constant decreased to 0.1/
day, only about one-fourth of the value obtained for the Fh
system. The transformation kinetics determined here are
consistent with the above results obtained by XRD character-
ization, and together they demonstrate that the coexisting
CNM can influence the transformation of Fh (i.e., inhibition
by GO and acceleration by PHF).

3.3. Determination of Hem/Gth Ratio in the Final
Products by Mo ̈ssbauer Spectra. The results above
indicated that Fh almost completely transformed into Hem/
Gth after 30 days in all of the systems. Here, MS was employed
to further quantify the relative content of Hem and Gth in the
final products (Figure 5), with the purpose of further
investigating the different effects of various CNM on the
transformation of Fh. The obtained product from the Fh
system was fitted to two sextets (Figure 5A), and the relevant
parameters were obtained (Table 1). The values of IS, QS, and
BHF of the two sextets were respectively consistent with the
parameters of Hem (IS = 0.37 mm/s, QS = −0.20 mm/s, and
BHF = 51 T) and Gth (IS = 0.37 mm/s, QS = −0.26 mm/s,
and BHF = 37 T), suggesting the formation of Hem and Gth in
the products, in agreement with previous studies.1,60 The
relative areas of the fitted spectra arising from Hem and Gth in
the 57Fe MS spectra were also determined to obtain an
estimate of the relative abundance of Hem and Gth in the
sample (Table 1). The calculated relative area belonging to
Hem and Gth was 63.2 and 36.8, respectively, indicating that
the relative ratio of Hem/Gth was ∼1.7 (=63.2/36.8) and that
Hem was the main mineral phase in the transformed product.
This finding was consistent with our XRD analyses (above),
which also indicated that Hem was the main product after
transformation.
For the system containing CNM, each spectrum was also

fitted with two sextets (Figure 5B,C). Then, the relative areas
belonging to Hem and Gth were obtained (Table 1), which
showed that the presence of 5% GO had no obvious effect on
the relative content of Hem and Gth (Hem/Gth = 63.7/36.3),
as compared with the pure Fh system (1.8 vs 1.7). As for the
sample obtained from the 5% PHF−Fh system, the relative
content of Hem and Gth (Hem/Gth = 78.9/21.1) was much
higher than that in the pure Fh system (3.7 vs 1.7), indicating

Figure 4. (A) Feo/Fet (a measure of the transformation of Fh) vs
time. Feo: the concentration of Fe dissolved in ammonium oxalate;
Fet: the concentration of Fe dissolved in HCl (6 M). (B) Rate of the
transformation of the samples. PHF evidently accelerated Fh
transformation, whereas GO inhibited the transformation of Fh.

Figure 5. 57Fe Mössbauer spectra of the transformed products recorded at room temperature. (A) Product of Fh, (B) product of 5% GO−Fh, and
(C) product of 5% PHF−Fh. Red line: Hem, blue line: Gth. The content of Gth was lower in the 5% PHF−Fh system, in comparison with those in
the other two systems.
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that PHF could promote the transformation of Fh to Hem
over Gth. The MS result is consistent with our XRD results
(Figure 3B), which also indicated that the final product in the
5% PHF−Fh system had weaker characteristic Gth reflections.
The formation of Hem promoted by PHF may be caused by
the enhanced aggregation of Fh particles by PHF, as Hem was
formed through the aggregation and dehydration pathway,
while Gth may be formed preferentially through the
dissolution−recrystallization pathway.2,61

3.4. Microscopic Analysis of the Aged Products. SEM
and TEM were used to observe the sizes and morphologies of
the transformed products after being aged for 30 days. The
average particle sizes (As) of the products were obtained by
measuring 50 particles by SEM (Figure S4), which clearly
showed that PHF caused the formation of larger product
particles (compared with that in the Fh system), whereas GO
showed no obvious effect on the particle size of the
transformed product. The TEM images of the aged products
in the pure Fh system showed some rhombic particles with a
length of 30−40 nm and a width of 20−30 nm (Figure 6A),
which were comparable to the As value of the product (38 nm)
in the pure Fh system observed by SEM (Figure S4A). Fast
Fourier transformation of the HRTEM images showed that the
plane distances of the rhombic particles in the aged product of
Fh were 2.2 and 2.7 Å, which were in accordance with the

(113) and (104) planes of Hem, respectively.62,63 In addition,
rod-like particles with a length of 50−60 nm (Figure 6A) were
also observed in the product, and the typical plane distances of
4.2 Å can be assigned to the (110) plane of Gth.64,65 These
TEM results further supported the above XRD results,
confirming the formation of both Hem and Gth in the aged
products.
With respect to the aged products from the GO−Fh system,

quite a similar particle size (As = 40 nm) and morphology as
those from the pure Fh system were observed (Figures 6B and
S4B), suggesting that GO showed no evident impact on the
size and morphology of the product. Interestingly, the aged
products from the PHF−Fh system showed a larger particle
size (As = 54 nm) and less regular morphology (rhombic-like
and round-like particles with rough surfaces), as compared
with the samples from the other two systems (Figures 6C,D
and S4C). Cornell.22 indicated that the coexisting sugars could
serve as templates and facilitate the aggregation of Fh at pH
10−12, which favored the formation of Hem and also changed
the morphology of the final Hem particle (from a prismatic
structure to distorted platelets). Herein, the larger particle size
and irregular morphology of the products may be attributed to
the fast aggregation and transformation of Fh in the presence
of PHF, as shown by the characterization results above
(Figures 2−4).
The SEM and TEM results showed that GO did not

influence the particle size or morphology of the transformed
products after 30 days, while PHF both increased the particle
size and altered the morphology of the transformed products.
These results, in combination with the above XRD and MS
results, demonstrated that PHF affected the transformation of
Fh more significantly than GO did in terms of both the
transformation rate and the particle size and morphology of the
products.

3.5. Possible Mechanisms of Fh Transformation with
or without CNM. As is well known, the formation of Hem
always involves a solid phase transformation process, while the
formation of Gth generally needs a dissolution−recrystalliza-
tion pathway.1,9 Because Hem is the main transformed product
in the tested systems, dissolution of Fh in these systems should
not be significant. In addition, XPS results in this study showed
that the type and contents (31.3% for GO and 28.8% for PHF)
of surface functional groups (C−OH) on PHF and GO are
quite similar, so that they will not have much different effects
on the dissolution of Fh (as the formation of strong C−O−Fe
chemical bonds should be the main reason causing the
dissolution of Fh). As such, the different effects of these CNM
on the phase transformation of Fh should be mainly caused by
influencing its aggregation or dispersion, rather than
influencing the dissolution of Fh (schematic diagram in Figure
7). Actually, a number of previous studies showed that the

Table 1. Room Temperature Mössbauer Fitting Parameters of Different Samples (IS: Isomer Shift, QS: Quadrupole Splitting,
and BHF: Internal Hyperfine Splitting). GO Has No Obvious Influence on the Product Type, While PHF Favors the
Transformation of Fh to Hem

sample signal IS (mm/s) QS (mm/s) BHF (T) relative area (%) affiliation

Fh-30 sextet 0.37 −0.18 50.3 63.2 hematite
sextet 0.37 −0.26 37.4 36.8 goethite

5% GO−Fh-30 sextet 0.37 −0.17 50.1 63.7 hematite
sextet 0.36 −0.26 37.2 36.3 goethite

5% PHF−Fh-30 sextet 0.37 −0.21 50.0 78.9 hematite
sextet 0.41 −0.21 36.8 21.1 goethite

Figure 6. TEM images of the transformed products: (A) Fh-30, Hem
are rhombic particles and Gth are acicular-shape particles; (B) 5%
GO−Fh-30, GO shows no evident effect on the morphology and size
of the transformation product; (C) 5% PHF−Fh-30, Hem particles
are larger than the other systems; and (D) enlarged area of C.
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coexisting small substances (e.g., ions and organic matter) can
inhibit the aggregation and/or direct contact of Fh particles by
covering the surface active sites of Fh, whereas the clay
minerals usually disperse Fh particles by acting as “barriers”. In
both cases, the transformation process of Fh will be
inhibited.12,24,66 In this sense, the evidently different effects
of the CNM on the dispersion and aggregation of Fh should
also lead to the various transformation processes and rates of
Fh transformation.
In the control system, as the Fh nanoparticles possess high

surface energy, they tend to aggregate to minimize interfacial
energy.1 Besides, Weatherill et al.67 indicated that as the
solution pH approaches the pHzpc of Fh (pH ∼8), the
repulsive electrostatic interactions would gradually decrease
while the importance of van der Waals forces increases. As
such, Fh nanoparticles could aggregate at pH = 7. Moreover,
the high reaction temperature (75 °C) favored the dehydration
of Fh. Here, the formation of Hem was favored under this
aging condition as the transformation of Fh into Hem is a solid
phase transformation process (via aggregation and dehydra-
tion). On the other hand, a small amount of Gth was observed
in the product, which should be caused by the dissolution and
recrystallization of Fh.68,69

According to the results from XPS and zeta potential
characterization, GO could well disperse in solution because of
its abundant surface functional groups (e.g., −OH) and highly
negative charge at pH = 7. Actually, a previous study showed
that GO could function as a dispersing agent to disperse
positively charged nanoparticles (e.g., Gth).45 In this study, the
negatively charged GO could interact with Fh particles through
electrostatic attraction and chemical bonding in the mixing
process before aging. Simultaneously, by acting as a dispersing
agent, GO can also disperse the Fh nanoparticles and inhibit
the direct contact and attachment of the Fh nanoparticles by
functioning as a “barrier” because of its large (relative to Fh
nanoparticles) lamellar shape. As the transformation of Fh to

Hem is an aggregation, rearrangement, and dehydration
process, the direct contact of Fh particles is the essential
prerequisite. Therefore, the transformation of Fh to Hem is
evidently slowed down in the GO−Fh system. Similar
dispersing and separating effects of Fh particles were also
observed in the systems with clay mineral lamella, which also
slowed down the transformation rate of Fh.
In the PHF−Fh system, the negatively charged PHF could

interact with positively charged Fh and neutralize its surface
charges, which favors the formation of large PHF−Fh
aggregates. More importantly, as PHF possesses a comparable
particle size (∼1.5 nm) with Fh and have rigid round shapes, it
acts as a “bridge” to enhance the direct contact of Fh
particles,42 which subsequently can accelerate the trans-
formation of Fh to Hem and also lead to the formation of
larger sized Hem particles. This is quite different from the
situations in the systems with small coexisting substances (e.g.,
ions and molecules). For example, although the coexisting
sugar can help in enhancing the aggregation of Fh particles
under alkaline conditions, it will also cover a large part of the
Fh surface, which would subsequently inhibit the direct contact
between Fh particles and further reduce the transformation
rate of Fh.22 Additionally, the relatively faster formation of
Hem may lead to a higher ratio of Hem/Gth, as compared
with the situations in the Fh and GO−Fh systems.
We also noticed that because of the large difference in the

particle sizes of the two components in the GO−Fh system, Fh
aggregates could only partly contact with GO during the
transformation process (above AFM and SEM results), which
suggests that the rest of the large part of the aggregates will not
be as affected by GO during the transformation process. This
should explain the similarity of the transformation products
(e.g., Hem/Gth ratio, the particle size, and the morphologies)
in the Fh system and the GO−Fh system. While in the PHF−
Fh system, these two components can contact closely because
of their comparable particle size and strong interactions, and

Figure 7. Schematic drawing of the transformation processes of Fh to Hem/Gth in different systems. (A) Transformation process in the Fh system,
(B) transformation process in the GO−Fh system, and (C) transformation process in the PHF−Fh system.
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subsequently, a change in the particle size and morphology of
the transformed products (compared with the Fh system)
occurs.

4. CONCLUSIONS AND IMPLICATIONS
This study, for the first time, investigated the effects of CNM
on the phase transformation of Fh. Although the tested CNM
contained similar elemental composition and surface groups,
they showed significantly different effects on the trans-
formation process. Of particular interest is the effect of PHF,
which not only accelerated the transformation rate of Fh but
also changed the Hem/Gth ratio, as well as the particle size
and morphology of the final products. The results of this study
showed that the coexisting nanoparticles can significantly affect
the transformation process of Fh mainly by changing the
aggregation and contact of Fh particles. In this sense, we
believe that the ubiquitously present nanoparticles in the
environment, which may differ in chemical composition,
surface groups, particle size, morphology, and so forth, will
have more diverse effects on the transformation process of Fh.
It is worth noting that the environmental conditions (e.g., pH,
temperature, and coexisting substances) can also affect the
interaction between Fh and the coexisting nanoparticles, which
may further affect the phase transformation of Fh. More
detailed studies involving the effects of nanoparticles on the
transformation of Fh under different environmental conditions
are needed in the future.
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