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ABSTRACT: Iron (hydr)oxide nanoparticles are one of the most abundant classes of
naturally occurring nanoparticles and are widely used engineered nanomaterials. In the
environment these nanoparticles may significantly affect contaminant fate. Using two
goethite materials with different contents of exposed {021} facet and two hematite
materials with predominantly exposed {001} and {100} facets, respectively, we show
that exposed facets, one of the most intrinsic properties of nanocrystals, significantly
affect the efficiency of iron (hydr)oxide nanoparticles in catalyzing acid-promoted
hydrolysis of 4-nitrophenyl phosphate (pNPP, selected as a model organophosphorus
pollutant). Attenuated total reflectance Fourier-transform infrared spectroscopy analysis
and density functional theory calculations indicate that the pNPP hydrolysis reaction on the iron (hydr)oxide surface involves the
inner-sphere complexation between the phosphonate moiety of pNPP and the surface ferric iron (Fe(III)), through ligand exchange
with primarily the singly coordinated surface hydroxyl groups of iron (hydr)oxides. Both the abundance and affinity of these
adsorption sites are facet-dependent. Exposed facets also determine the reaction kinetics of surface-bound pNPP mainly by
regulating the Lewis acidity of the surface Fe(III) atoms. These findings underline the important roles of facets in determining the
reactivity of naturally occurring metal-based nanoparticles toward environmental contaminants and may shed light on the
development of nanomaterial-based remediation strategies.

■ INTRODUCTION
Naturally occurring nanoparticles with various chemical
compositions (e.g., metal oxides, sulfides, and carbonaceous
nanoparticles) ubiquitously exist on the earth’s surface and have
significant impact on the earth as a system.1,2 As one of the most
abundant naturally occurring metal oxide nanoparticles,1

nanosized iron (hydr)oxides play critical roles in various
biogeochemical and environmental processes, owing to their
compositional and structural versatility, and their redox-active
nature.3−6 Additionally, engineered iron oxide nanomaterials are
produced in large quantities and may have significant
implications when released into the environment.7,8 There has
been extensive research on the roles of iron (hydr)oxide
nanoparticles in affecting the fate of environmental contami-
nants, by adsorbing/coprecipitating with organic and inorganic
contaminants9−13 and catalyzing the redox transformation of
contaminants.14−16 In comparison, the effects of iron (hydr)-
oxide nanoparticles on hydrolysis reactions of organic
contaminants (one of themost important abiotic transformation
reactions controlling the environmental fate of organic
contaminants that constantly occur under wide ranges of
environmental conditions) are much less studied.17−20 In
particular, the relationship between the intrinsic properties of
iron (hydr)oxide nanoparticles and their abilities to catalyze
hydrolysis reactions is not fully elucidated.
In the previous studies (mostly conducted using bulk

materials) on metal oxides-catalyzed hydrolysis of organic
contaminants, metal atoms on the surface of metal oxides, such

as ferric iron (Fe(III)) atoms, have been proposed to be the
reactive sites.20−23 For instance, Fang et al.19 recently proposed
that Fe(III) atoms as a Lewis acid can coordinate with ester O
atom in organophosphorus flame retardants, which partially
stabilizes the alkoxide intermediate and promotes the cleavage of
the ester bond, thus enhancing the hydrolysis reaction. Note that
the abundance and activity of surface reactive moieties of metal
oxides can be significantly influenced by their intrinsic
properties (e.g., crystal phases and exposed facets).24−28

However, only a few studies have discussed how the key
physicochemical properties of iron (hydr)oxide nanoparticles
(e.g., mineral phase, crystalline phase, and particle size) can
affect their efficiency in modulating hydrolysis reactions.17,19,21

For instance, it was reported that iron (hydr)oxides of different
mineral phases (e.g., α-Fe2O3, α-FeOOH, and γ-FeOOH)
enhance the hydrolysis of organophosphorus compounds to
different extents, possibly due to the different coordination
environments of Fe(III) atoms within the crystal structures.19,29

To date, the potential effects of exposed facets on the catalytic
efficiencies of iron (hydr)oxide nanoparticles for hydrolysis
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reactions of organic contaminants have not been illustrated. It is
important to note that naturally occurring nanocrystalline iron
(hydr)oxides may be exposed with different facets, depending
on their crystal phases and morphologies,3,25,30,31 and
engineered iron (hydr)oxide nanocrystals are often designed
to possess specific facets for enhanced reactivity/selectivity.31,32

(In fact, facet-dependent adsorption by hematite,11,33 goe-
thite,34,35 and lepidocrocite36 has been reported before.) As a
critical nanocrystal property determining the coordination of
surface metal atoms and consequently, the density of reactive
surface moieties,25,37 exposed facets likely can determine the
efficiencies of iron (hydr)oxides in catalyzing hydrolysis
reactions.
The objective of this study was to understand the facet-

dependent effects of iron (hydr)oxide nanoparticles in
mediating the hydrolysis of organophosphate compounds. We
obtained two goethite (α-FeOOH) nanomaterials with different
contents of exposed {021} facets and two hematite (α-Fe2O3)
nanomaterials with predominantly exposed {001} and {100}
facets, respectively, to represent two of the most abundant iron
(hydr)oxides.3 We chose the acid-promoted hydrolysis reaction
of 4-nitrophenyl phosphate (pNPP), a model organophosphate
compound, as the model reaction, in which process pNPP is
hydrolyzed into 4-nitrophenol (4-NP) and orthophosphate ion
(Scheme 1).17,38 The reaction kinetics data were analyzed using

the Langmuir−Hinshelwood model to dissect the roles of
exposed facets in controlling adsorption affinity for pNPP and
surface catalytic activities of the nanoparticles. The interaction
mode between pNPP and iron (hydr)oxide surfaces was
determined with attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR) analysis and density func-
tional theory (DFT) calculations. The correlation between the
facet-dependent catalytic efficiency and the abundance and type
of surface hydroxyl (OH) groups as well as the Lewis acidity of
the surface Fe(III) atoms was analyzed. The environmental
implications and the potential effects of dynamic environmental
factors (e.g., natural organic matter) are discussed.

■ MATERIALS AND METHODS
Materials. The two goethite (denoted as Goe_L021 and

Goe_H021) nanoparticles were synthesized according to
previously reported methods.39,40 The hematite nanoparticles
(denoted as Hem_001 and Hem_100) were synthesized with
hydrothermal methods.11,41 Details of the synthesis procedures
as well as the information on the chemicals used are provided in
the Supporting Information (SI).
Characterization of Iron (Hydr)oxide Nanocrystals.

The phase structures of the materials were characterized by X-
ray diffraction (XRD) using an Ultima IV X-ray diffractometer
(Rigaku, Tokyo, Japan) with CuKα radiation and 2θ scan rate of
8° min−1. The shape, morphology, and particle sizes were
determined with scanning electron microscopy (SEM, JSM-

7800F, JEOL, Japan) and transmission electron microscopy
(TEM, JEM-2800, JEOL, Japan). The geometric models of
different materials were reconstructed using the WinXMorph
software (see SI for detailed information). Brunauer−Emmett−
Teller (BET) specific surface area (SABET) of the nanoparticles
was measured by nitrogen adsorption on a Micromeritics
ASAP2460 instrument (Micromeritics, Norcross, U.S.A.). The
densities of different types of surface OH groups [i.e., singly
(−FeOH), doubly (−Fe2OH) and triply (−Fe3OH) coordi-
nated OH groups] of the iron (hydr)oxide nanocrystals were
estimated (see SI for detailed procedures). The acid−base
properties of the nanoparticles were recorded with FTIR
spectroscopy after pyridine adsorption (pyridine−FTIR) using
a Thermo Nicolet 380 FTIR spectrometer (Thermo Fisher,
Massachusetts, U.S.A.). The amount and strength of acidic sites
were determined by temperature-programmed desorption of
ammonia (NH3-TPD) performed using a TP-5080 instrument
(Xianquan, Tianjin, China) with a thermal conductivity
detector. The pNPP adsorption mode onto the materials at
pH 6.0 was investigated by ATR-FTIR measurements using a
Thermo-Nicolet Nexus 6700 FTIR spectrometer (Thermo
Fisher, Massachusetts, U.S.A.).9 Detailed procedures for
pyridine-FTIR, NH3-TPD, and ATR-FTIR experiments are
provided in the SI. The ζ potential of the materials in aqueous
suspension was measured with a particle size analyzer (Litesizer
500, Anton Paar, Austria).

Hydrolysis Experiments of pNPP. The pNPP hydrolysis
experiments were performed both in aqueous solution and in
iron (hydr)oxide suspensions at pH 5.0−9.0 (the range was
chosen to represent environmentally relevant pH conditions)
and 25 ± 0.1 °C. Over time, the concentrations of pNPP and 4-
NP were determined from the absorbance at 310 and 400 nm,
respectively, using a UV−vis spectrophotometer (Agilent Cary
300, U.S.A.). The mass balance for the reactions was 91−99%
(Figures S1 and S2). Detailed procedures are provided in SI.

DFT Calculation. To gain molecular-level information on
the stable adsorption configurations of pNPP on different facets
of goethite and hematite, DFT calculations were performed
using the Vienna ab initio simulation package (VASP). The
possible inner-sphere complex structures (i.e., monodentate vs
bidentate configuration via the phosphonate or nitro group)
were optimized for potential energy without any constraints, and
the adsorption energy (ΔEads) for each configuration and the
density of adsorption sites on different facets were obtained.
Detailed procedures are provided in SI.

Analysis of Reaction Kinetics Data. The pNPP hydrolysis
kinetics data were fitted with the pseudo-first-order model:

= − ×C
C

k tln
0

obs
(1)

where C (mg L−1) is the pNPP concentration at reaction time t
(h), C0 (mg L−1) is the initial pNPP concentration, and kobs
(h−1) is the apparent pseudo-first-order rate constant.
The Langmuir−Hinshelwood model, which has been widely

used to describe heterogeneous catalytic reactions,42−44 was
used to obtain the adsorption coefficient of pNPP on iron
(hydr)oxides, KL (L mg−1), and the reaction rate constant of
adsorbed pNPP, kr (mg L−1 h−1), in iron (hydr)oxide
nanoparticles-mediated reactions:

=
× ×
+ ×

r
k K C

K C10
r L 0

L 0 (2)

Scheme 1. Acid-Promoted Hydrolysis Reaction of 4-
Nitrophenyl Phosphate (pNPP)
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= +
× ×r k k K C

1 1 1

0 r r L 0 (3)

where r0 (mg L−1 h−1) is the reaction rate at concentrationC0 (r0
= kobs × C0).

■ RESULTS AND DISCUSSION
Characteristics of Iron (Hydr)oxide Nanoparticles. The

key physicochemical properties of the four iron (hydr)oxide
nanoparticles are summarized in Table 1. The XRD spectra
(Figure S3) confirm that the iron (hydr)oxide nanoparticles
were goethite (JCPDS No. 29−0713) and hematite (JCPDS
No. 21−1272), respectively, with pure crystalline phases and
high crystallinity. The morphology of Goe_L021 was bamboo-
strip-like nanoneedles with an average length of 400−500 nm,
and that of Goe_H021 was nanorods of 65−75 nm long
(Figures 1a,b and S4a,b and Table 1). Typically, goethite crystals
are needle-shaped and elongated along the crystallographic c-
axis, terminating in {110} facets on the elongated faces, and are
capped by {021} facets at the ends.40 The representative high-
resolution TEM (HRTEM) images (upper right insets of
Figures 1a,b) of the two materials clearly reveal lattice fringes
with 0.418 nm spacing, which can be indexed to the (110) plane,
and the corresponding fast Fourier transform (FFT) patterns
(lower right insets of Figures 1a,b) display (110), (111), and
(001) lattice spots along the [−110] zone axis, further
confirming that the nanoneedles/nanorods were crystalline
and grew along the [001] axis. According to the reconstructed
geometric model and the measured sizes, the exposed surface of
Goe_L021 was composed of approximately 98.5% {110} facets
and 1.5% {021} facets, whereas that of Goe_H021 was
composed of 82.3% {110} facets and a much higher percentage
of the {021} facets (17.7%).
The two hematite nanoparticles exhibited different morphol-

ogies: Hem_001 consisted of nanoplates whereas Hem_100 of
nanorods, both with uniform size distribution (Figures 1c,d and
S4c,d). The HRTEM image and the corresponding FFT pattern
of Hem_001 (insets of Figure 1c) show lattice spacing of 0.25
nm with an interfacial angle of 60°, corresponding to the (110),
(−120), and (−210) lattice planes of the hematite phase. Thus,
the top and bottom surfaces of the nanoplates can be indexed to
{001} facets, and the side faces of the nanoplates can be ascribed
to {102} facets.11,37,41 Therefore, the hematite nanoplates were
enclosed by two basal {001} facets and 12 side {102} facets, and
the {001} and {102} facets comprised about 77.2% and 22.8%,
respectively, of the exposed surface of Hem_001. In the
HRTEM image of Hem_100 nanorod (upper right inset of
Figure 1d), the two lattice spacings measured in the top surface
are 0.44 and 0.25 nm with an interfacial angle of 90°,
corresponding to the (003) and (110) planes, respectively.
The corresponding FFT pattern (lower right inset of Figure 1d)
displays (110), (113), and (003) lattice spots along the [1−10]
axis, indicating that the side facets of the nanorods can be
assigned to the {100} facets, though the terminal facets of the
nanorods could not be determined in this study. On the basis of
the reconstructed geometric model (Figure 1d) and the
measured sizes, the proportion of the {100} facets was estimated
to be 93.4% for Hem_100.
Exposed Facets Determine Overall Catalytic Efficiency

of Iron (Hydr)oxide Nanoparticles by Controlling Both
Adsorption Affinities and Catalytic Activities. The effects
of the iron (hydr)oxide nanoparticles on pNPP hydrolysis
kinetics were examined at different pH values, and under all the T
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Figure 1. Transmission electron microscopy (TEM) images of Goe_L021 (a), Goe_H021 (b), Hem_001 (c), and Hem_100 (d). Insets in the TEM
images include the geometric models, high-resolution TEM (HRTEM) images, and fast Fourier transform (FFT) patterns of the HRTEM images of
different-faceted goethite and hematite nanocrystals.

Figure 2. Catalytic pNPP hydrolysis performance of the goethite (a−e) and hematite (f−h) nanoparticles at different pH values. Initial pNPP
concentration: 6.0 mg L−1.
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conditions tested facet-dependent catalytic efficiency was
consistently observed (Figure 2). Over pH 5.0−9.0,
Goe_H021 exhibited higher catalytic activity than Goe_L021
in promoting pNPP hydrolysis. For instance, at pH 6.0,
approximately 55% of pNPP was hydrolyzed after 72 h in the
presence of Goe_L021, whereas pNPP degradation was 85% in
the presence of Goe_H021 (Figure 2b). The hydrolysis kinetics
followed the pseudo-first-order model, and the apparent rate
constant (kobs) and surface area-normalized kobs (Table S1) were
used to confirm the facet-dependent catalytic efficiencies. The
Goe_H021 material exhibited higher kobs values than the
corresponding Goe_L021 material, and this difference in kobs
remained (p = 1.2 × 10−8∼ 7.3 × 10−8; one-way ANOVA) after
normalization to surface area. Similarly, over pH 5.0−7.0,
Hem_100 exhibited higher kobs values than Hem_001, and the
difference in kobs remained after normalization to surface area.
(As with goethite, pNPP hydrolysis in the presence of the
hematite materials was also slower at higher pH, with the
kinetics becoming very slow at pH higher than 7.0. Thus, the
hydrolysis tests were not performed at pH 8.0 and 9.0.)
To initiate the surface-catalyzed hydrolysis reaction, pNPP

molecules must first adsorb to the surface of iron (hydr)oxide
nanoparticles. Thus, the overall facet-dependent catalytic
efficiency may be related to the different surface affinities of
the different exposed facets toward pNPP. To dissect the relative
contributions of adsorption affinity (as indicated by the
adsorption coefficient of pNPP on the surface of iron
(hydr)oxides, KL) and intrinsic surface reactivity (indicated by
the reaction kinetics constant of adsorbed pNPP, kr) to the
overall facet-dependent catalytic efficiencies of the iron
(hydr)oixde nanoparticles, Langmuir−Hinshelwood modeling
of the iron (hydr)oxide-mediated hydrolysis kinetics was carried
out using kinetics data involving different initial concentrations
of pNPP (Figure S5 and Tables S2 and S3). The variations of the
initial reaction rate (r0; see eq 2 for definition) with initial pNPP
concentration (C0) are shown in Figure S6. The model
parameters KL and kr (Table 2) calculated based on the linear

plot of 1/r0 versus 1/C0 (Figure S7) show that pNPP adsorption
affinity to the iron (hydr)oxide nanoparticles was indeed facet-
dependent: at both pH values (6.0 and 7.0) the KL value of
Goe_H021 was 1.6 times that of Goe_L021, and Hem_100
exhibited higher KL than Hem_001 at pH 6.0 (Table 2).
The intrinsic surface catalytic activity of the iron (hydr)oxide

nanoparticles in pNPP hydrolysis, as indicated by the kr values,
were also facet-dependent: the kr values associated with
Goe_H021 were 2.3−2.5 times the respective value for
Goe_L021 (Table 2), and the kr value of Hem_100 was 2.0
times higher than that of Hem_001. Thus, the Langmuir−
Hinshelwood modeling analysis showed that exposed facets not
only influenced the adsorption affinities of the iron (hydr)oxide

nanoparticles toward pNPP, but also dictated the intrinsic
catalytic activity toward adsorbed pNPP.

Exposed Facets Control Adsorption Affinity by
Affecting Abundance of Singly Coordinated Surface
Hydroxyl Groups. Adsorption of pNPP mainly occurred
through coordination between the ferric iron atoms and the
ester group of pNPP, and the extent of this process was facet-
dependent. The ATR-FTIR spectrum of pNPP in aqueous
solution (Figure S8) features the characteristic bands of the P−
O bonds of pNPP in the wavenumber range of 900−1200
cm−1,9,45 and that of the −NO2 group at 1348 cm−1

(corresponding to the νs(−NO2) mode).46 The ATR-FTIR
spectra of pNPP adsorbed on the iron (hydr)oxide materials
(Figure 3) show that the intensities of the bands increased over
time, indicating increasing pNPP adsorption.45 Interestingly, a
band at 985−992 cm−1 was observed in the ATR-FTIR spectra
of the goethite materials (Figures 3a,b), which is attributed to
the P−O−Fe bond of inner-sphere complexes.47−49 Moreover,
some of the IR bands shifted to higher or lower wavenumbers
over time, also suggesting the formation of inner-sphere
complexes on goethite via the phosphonate group.9,50,51

Specifically, the IR band corresponding to the ν(P−O) vibration
mode shifted from 1056 to 1046 cm−1, whereas that
corresponding to the νs(PO2

−) mode shifted from 1146 to
1160 cm−1.47,48,52 By contrast, the bands at 1246 cm−1

(corresponding to the δ(P−OH) mode)47 and 1348 cm−1

(the characteristic band of −NO2) did not shift over time,
indicating negligible outer-sphere compelxation.9,12,53 Similarly,
in the ATR-FTIR spectra of the hematite materials (Figures
3c,d) the IR bands centered at 987 to 1011 cm−1 were observed,
which are attributed to the νa(P−O−Fe) mode,49,54 and the
positions of some characteristic bands also shifted, suggesting
the formation of inner-sphere complexes.53,55 It is noted that the
bands corresponding to the ν(PO) mode (at 1113 cm−1 for
the goethite materials or 1114 cm−1 for the hematite
materials56) did not shift over time, indicating that surface
Fe(III) atoms did not coordinate with the double bonded
oxygen atom in the phosphate center. This result suggests that
under the experimental conditions of the present study,
adsorption of pNPP (mainly in the deprotonated forms of
pNPP− and pNPP2−; Figure S9) on the surface of iron
(hydr)oxides occurred primarily by inner-sphere complexation,
via the Lewis acid−base interaction, wherein Fe(III) atoms
served as the Lewis acids and the phosphonate moiety of pNPP
as Lewis bases. This was in line with the reaction pathway
proposed for the goethite-catalyzed hydrolysis of organo-
phosphate flame retardants.19 The DFT calculation results
also showed that pNPP formed complexes with surface Fe(III)
atoms of iron (hydr)oxides via the phosphonate group, rather
than the nitro group (see the optimized configurations in
Figures S10 and S11), as indicated by the more negative ΔEads
values (Table S4).
Note that for pNPP to bind to Fe(III) atoms the surface OH

groups attached to the Fe(III) atoms had to be displaced first.
Since the singly coordinated OH groups (−FeOH) are more
easily displaceable compared with the doubly and triply
coordinated ones (−Fe2OH and −Fe3OH), the Fe(III) atoms
coordinated with these OH groups were most likely the
predominant Lewis acid sites on iron (hydr)oxides. This is
consistent with previous observations that adsorption affinity of
orthophosphate ion and dissolved organic matter to iron
(hydr)oxides correlates well with the amount of
−FeOH.34,39,41,57,58 The density of −FeOH appeared to be

Table 2. Fitted Langmuir−Hinshelwood Model Parameters
of pNPP Hydrolysis Mediated by the Iron (Hydr)oxide
Nanoparticles

exp. no. material pH KL (L mg−1) kr (mg L−1 h−1) R2

1a Goe_L021 6.0 0.56 1.01 × 10−1 0.995
1b Goe_H021 6.0 0.91 2.54 × 10−1 0.982
2a Goe_L021 7.0 0.36 5.37 × 10−2 0.978
2b Goe_H021 7.0 0.59 1.24 × 10−1 0.961
3a Hem_001 6.0 0.17 1.09 × 10−2 0.988
3b Hem_100 6.0 0.20 2.17 × 10−2 0.994
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facet-dependent for both goethite and hematite (Figure S12 and
Tables 1 and S5).36,41,59 The density of −FeOH groups on the
surface of Goe_H021 (0.61 mmol g−1) was considerably higher

than that of Goe_L021 (0.29 mmol g−1). Similarly, Hem_100
contained 2.5 times as much surface −FeOH groups as did
Hem_001. This is consistent with the higher KL of Goe_H021

Figure 3. ATR-FTIR spectra of pNPP adsorbed on Goe_L021 (a), Goe_H021 (b), Hem_001 (c), and Hem_100 (d) at pH 6.0 (following the
directions given by the arrows, the spectra for goethite correspond to the following times after pNPP addition: 3, 9, 18, 30, 45, 90, and 180 min, and the
spectra for hematite correspond to the following times after pNPP addition: 3, 6, 12, 21, 39, and 90 min).

Figure 4. Pyridine-FTIR spectra of goethite (a) and hematite (b) nanoparticles andNH3-TPD profiles (c) of hematite nanoparticles. The letters L and
B in plots a and b represent Lewis acid sites and Brønsted acid sites on the nanoparticles, respectively (The bands at 1448−1452, 1597, and 1608 cm−1

are commonly assigned to Lewis acid sites, and the band at 1492 cm−1 is typically attributed to both Lewis and Brønsted acid sites; the band
corresponding to Brønsted acid sites at 1545 cm−1 is negligible).
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than Goe_L021, and the higherKL of Hem_100 than Hem_001
(Table 2). The differences in surface charge between the two
goethite materials and the two hematite materials likely were not
an important factor responsible for the facet-dependent
adsorption affinity. For example, at any given pH the ζ potential
values of Hem_001 and Hem_100 were similar (Figure S13).
The DFT calculation results further revealed that besides

dictating the density of adsorption sites, exposed facets also
affect adsorption energy. The calculated ΔEads of pNPP on the
{021} facet of goethite is −3.59 eV, greater than that on the
{110} facet (−3.08 eV). The higher adsorption potential and
adsorption site density of the {021} facet (8.8 nm−2, as opposed
to 3.0 sites nm−2 of the {110} facet; Table S4) renders it more
favorable for pNPP adsorption. This is consistent with the larger
KL of Goe_H021 (Table 2). Intriguingly, adsorption energy on
the {100} facet is lower than that on the {102} facet (−1.11 vs
−1.74 eV), seemingly contradictory to the higher KL of
Hem_100 than Hem_001. This can be explained by taking
into account the difference in the density of adsorption sites
between the two materials. The {102} facet, even though having
a greater adsorption potential, only accounted for 22.8% of the
surface of Hem_001 (note that the {001} facet, accounting for
77.2% of the surface, does not possess −FeOH groups, the
favorable binding sites), while the surface of Hem_100
consisted almost entirely of the {100} facet. Since the {102}
and {100} facets have comparable density of adsorption sites
(5.5 vs 6.5 sites nm−2; Table S4), Hem_100 possessed
considerably greater amount of adsorption sites than
Hem_001. In fact, the estimated total concentration of available
adsorption sites of Hem_001 was 1.02 × 1017 L−1 in this study,
much smaller than the concentration of pNPP molecules (9.63
× 1018 L−1) in the system. Thus, even though Hem_001
possessed adsorption sites of higher affinity, it was outcompeted
by Hem_100 due to its less abundance in binding sites.
Accordingly, a lower KL was observed for Hem_001 than for
Hem_100.
Exposed Facets Determine Intrinsic Surface Catalytic

Activity by Regulating Lewis Acidity of Fe(III).On the basis
of the ATR-FTIR spectroscopic analysis and DFT calculations,
the phosphonate moiety of pNPP was bonded to surface Fe(III)
atoms via Lewis acid−base interaction. As proposed previ-
ously,19 this would weaken the ester bond to the phosphorus
center, in that, the electrons were drawn toward Fe(III) atoms,
thereby promoting the cleavage of the leaving group.
Accordingly, the reactivity of surface-bound pNPP was likely
dependent on the content and acidity of the Fe(III) atoms, both
could be facet-dependent (it has been argued that the reactivity
of Fe(III) atoms may depend on the specific positions of Fe(III)
with the specific oxide complex19,29). The acid properties of the
iron (hydr)oxide nanoparticles were investigated using pyridine-
FTIR and NH3-TPD. The pyridine-FTIR spectra (Figures 4a,b)
indicate that all the iron (hydr)oxide nanoparticles contained a
large number of Lewis acid sites in addition to a negligible
amount of Brønsted acid sites.60−62 The amounts of Lewis acid
sites estimated for these materials (Table 1) were consistent
with their catalytic activities, in that Goe_H021 possessed a
greater amount of Lewis acid sites than Goe_L021 and exhibited
a higher kr value, and Hem_100 with more abundant Lewis acid
sites had a higher kr value than Hem_001. This observation was
further corroborated by NH3-TPD determination of the amount
and strength of the acidic sites of the iron (hydr)oxide
nanoparticles, using the hematite materials as an example
(goethite is easily decomposed at the high temperature entailed

in the NH3-TPD test).63 Generally, the NH3-TPD profiles of the
materials (Figure 4c) are divided into two sections covering
100−300 and 300−800 °C, respectively, corresponding to NH3
desorbed from the relatively weak and strong acidic sites.24,64

[Considering that the amount of Brønsted acid sites on the
surfaces of the hematite materials was negligible (Figure 4b), the
intensity profiles in NH3-TPDwhich typically quantifies the
total densities of Lewis and Brønsted acid sites65essentially
represent the concentrations of the Lewis acid sites.] In general,
Hem_100 possessed higher densities of Lewis acid sites,
especially those with stronger acidity, than Hem_001,
corroborating its higher catalytic activity (i.e., kr value).

Environmental Implications. Hydrolysis is not only an
important pathway for the environmental transformation of
organophosphorus contaminants, but also serves as a source of
inorganic phosphate ions, which are available to plants and
microorganisms as a nutrient. Due to the large abundance of iron
(hydr)oxide nanoparticles on the earth’s surface, their
interaction with organophosphorus contaminants is expected
to play an important role in the anthropogenic phosphorus cycle.
The findings of the present study underscore the significant
effects of the exposed facets, one of the most intrinsic properties
of nanocrystals on the catalytic efficiencies of iron (hydr)oxide
nanoparticles in hydrolytic transformation of environmentally
relevant contaminants. The fact that exposed facets are essential
parameters controlling both adsorption affinity and surface
reactivity of iron (hydr)oxides has broader implications for
understanding the effects of these nanoparticles on other types
of reactions of contaminants. Findings of this study may also
guide the design of novel catalytic nanoparticles for environ-
mental pollution control via facet engineering. Note that in
natural environment exposed facets of nanocrystals may evolve
under the influences of environmental factors such as natural
organic matter.66,67 Further studies should be conducted to
understand the effects of exposed facets (as well as other
essential nanocrystal properties, such as atomic defects) on
nanocrystal-mediated contaminant transformation in response
to dynamic environmental stress.
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