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ABSTRACT: Hierarchical porous Fe;O, particles with
tunable grain size were synthesized based on a facile poly
(diallyldimethylammonium chloride) (PDDA)-modulated sol-
vothermal method. The products were characterized with
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), X-ray photoelectron spectrosco-
py (XPS), Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), N, adsorption—desorption technique,
vibrating sample magnetometer (VSM), and dynamic light
scattering (DLS). The results show that increasing the PDDA
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dosage decrease the grain size and particle size, which increased the particle porosity and enhanced the surface area from 7.05 to
32.75 m* g~". Possible mechanism can be ascribed to the PDDA function on capping the crystal surface and promoting the
viscosity of reaction medium to mediate the growth and assembly of grain. Furthermore, the arsenic adsorption application of the
as-obtained Fe;O, samples was investigated and the adsorption mechanism was proposed. High magnetic Fe;O, particles with
increased surface area display improved arsenic adsorption performance, superior efficiency in low-level arsenic removal, high
desorption efficiency, and satisfactory magnetic recyclability, which are very promising compared with commercial Fe;O,

particles.
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1. INTRODUCTION

Arsenic, one of the top 20 hazardous substances, greatly
threatens the health of human body, ecological balance, and
industrial development." Thus, the remediation of arsenic
pollution has attracted worldwide attention.”™* So far,
technologies involving oxidation,’ coagu.lation,6 adsorption,%g
ion-exchange,'® and reverse osmosis'' have been developed to
detoxicate arsenic pollution. Among them, adsorption is one of
the most promising technologies for arsenic removal, because
of its easy operation and low-cost production.”"*"* However,
the separation of traditional adsorbent (e.g, filtration,
centrifugation or gravitational sedimentation) is time-consum-
ing and cost-ineffective and therefore limits the practical
application.'* Hence, magnetic adsorbents such as Fe;O,
exhibit unique advantages due to their quick and effective
magnetic separation.ls_17

In parallel, the rapid growth of nanotechnology has attracted
a great deal of interest in environmental application.'®™ In
terms of the application of Fe;O, as an adsorbent, decreasing
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the Fe;O, particle size from micrometers to nanometers would
increase the available adsorptive areas by 100 to 1000
times.”*">® However, as the Fe;O, particle size decreases to
nanometers, its response to an external magnetic field
undesirably decreases, which will not be large enough to
overcome Brownian motion and no eflicient magnetic
separation will occur.?*?*3° To tackle this problem, one
practical strategy is to prepare magnetic hierarchical structures,
which are constructed with building blocks of nanounits. The
hierarchical nanostructures not only exhibit high specific surface
area because of the abundant interparticle spaces or intra-
particle pores, but also possess satisfactory magnetic response
because of their larger size and weaker Brownian motion, which
therefore show great superiority to individual nanometer- and
micrometer-sized materials.> > To date, two conventional
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template methods were reported to synthesize hierarchical
nanoarchitectures, including hard templates such as silica,”
polymer spheres,®® and metal oxides,” as well as soft templates
such as emulsion droplets/micelles*>*" and even gas bubbles.**
These synthetic routes seem to be inconvenient because
complicated template presynthesis or time-consuming pre-
cursor calcination at elevated temperature is needed.”*~*
Moreover, the removal of templates by erosion or calcination
brings adverse effect on the product morphology.*”**
Consequently, it is preferable to develop one-step template-
free methods for the preparation of hierarchical particles with
well-defined morphology.

It is generally believed that the grain acts as the building
block and its oriental assembly constitutes hierarchical particles.
Consequently, it is predictable that the grain property and its
assembly behavior synchronously influence product morphol-
ogy.* ™! To date, the reported advanced template-free
methods have mainly focused on the modulation of grain
assembly by Kirkendall effect,***> Ostwald ripening ef-
fect*>>*57 or self-attachment effect.**>*>° For instance, Yong
et al. reported that the assembly of grain evolved into porous
Fe;O, hollow submicrospheres based on Ostwald ripening
process through one-pot solvothermal method.*® Though the
pattern and mechanism of grain assembly were comprehen-
sively investigated, rare researches were devoted to studying the
effect of grain property on the performance of yielded Fe;O,
hierarchical particles.

Herein, our research aimed to controllably prepare Fe;O,
hierarchical particles via modulating the grain property though
one-pot solvothermal method. To the best of our knowledge,
reports have seldom demonstrated the availability of this
strategy on controlling the morphology and application
performance of hierarchical particles. Poly-
(diallyldimethylammonium chloride) (PDDA), as an environ-
mentally friendly and low cost polyelectrolyte, has been widely
used in the preparation of composites via electrostatic or 7—7x
stack interaction for biosensor and catalysis.*' ~® Although the
potential modulation usage for the synthesis of magnetic
particles has not been investigated. In this research, a facile
PDDA-mediated solvothermal method was proposed to
controllably synthesize Fe;O, hierarchical particles. Increasing
the PDDA dosage declines the grain and particle size, which
leads to the increment of specific area and porosity, eventually
enhancing the adsorption performance. The mechanism for
PDDA-induced grain size tunable strategy was also discussed.
The prepared Fe;0, particles show higher adsorption capacity
than commercial Fe;O, particles and pose great potential in the
low-level arsenic removal, such as the remediation of
groundwater (with arsenic concentration of hundreds of
micrograms per liter®®%).

2. EXPERIMENTAL SECTION

2.1. Materials. Ferric chloride hexahydrate (FeCl;-6H,0),
anhydrous sodium acetate (CH;COONa, NaAc), and ethylene glycol
(EG) were obtained from the Sinopharm Group Chemical Reagent
Co., Ltd.. A 35.0 wt % aqueous solution of high molar mass (M,, 100
000—200 000) PDDA was obtained from Sigma-Aldrich. Na;AsO,:
12H,0 and NaAsO, were used as the sources of As(V) and As(III),
respectively. Commercial Fe;O, with the diameter of 200 nm was
purchased from Beijing Dk Nano technology Co., Ltd.. All reagents
were used without further treatment. Ultrapure water with a resistivity
of 182 MQ cm™!, produced with a Milli-Q apparatus (Millipore), was
used throughout all of the experiments.

2.2. Preparation of Porous Fe3;0,. Porous Fe;O, particles were
synthesized exploiting a facile solvothermal method via morphology-
mediated by PDDA solution. In a typical procedure, 1.35 g of FeCl;-
6H,0 was dissolved in a mixture containing 36 mL of EG and an
appropriate amount of PDDA solution, then 3.6 g of NaAc was added.
After vigorous stirring for 30 min, a transparent solution was obtained
and transferred to a 50 mL Teflon-lined autoclave, which was then
placed in an oven at 200 °C for 6 h, followed by naturally cooling to
room temperature. The black precipitate was collected and ultrasonic
washed by water and ethanol for three times, respectively, through
magnetic separation. The yielded product was vacuum-dried at 60 °C
for 12 h. By modulating the dosage of PDDA solution as 1, 2, 3, 4, S,
and 6 g, the resultant series products were separately named as Fe;0,-i
(i = 1-6). To understand the formation mechanism of Fe;O,, Fe;0,-2
and Fe;0,-4 samples were collected at various reaction time (1.5, 2.5,
4, 5, 6, and 8 h), followed by washing and drying procedures. The
obtained series products were denoted as Fe;0,-2-xh or Fe;0,-4-xh (x
refers to the reaction time).

2.3. Characterization. Scanning electron microscopy (SEM, JSM-
6360) and transmission electron microscopy (TEM, TECNAI G2)
were used to characterize the morphology of the nanoparticles. The X-
ray diffraction (XRD) patterns of the Fe;O, were obtained using
Rigaku D/Max-RB diffractometer with Cu—Ka radiation (4 =0.15406
nm, 35 kV, 40 mA). X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Thermo Fisher Scientific K-
Alpha 1063 using Al Ka X-ray as the excitation source. Fourier 40
transformed infrared spectroscopy (FT-IR, Nicolet IS10) was
employed to analyze the molecular structure of the yielded product
at a resolution of 4 cm™". The size of the pinhole and the integration
time were set as 100 y#m and 30 s, respectively. Magnetic properties of
the product were investigated using a vibrating sample magnetometer
(VSM, EV7, ADE) with an applied field between —7000 and 7000 Oe
at room temperature. Specific surface areas of the yielded products
were measured by adsorption—desorption of ultrapure N, on a
Quantachrome Instruments system via Brunauer—Emmett—Teller
(BET) method. Pore size distribution was determined by N,
desorption isotherm using Barret—Joymer—Halender (BJH) method.
The size of the Fe;O, particles was determined by dynamic light
scattering (DLS) on a Malvern zetasizer instrument (type Nano-ZS,
Malvern Instruments Ltd., Britain) using Fe;O, suspension with the
concentration of 0.01 g L.

2.4. Batch Adsorption Experiment. Solutions containing
different concentrations of As(V) or As(III) were prepared and
adjusted to pH S + 0.2 using HClL. Then, 5 mg of the adsorbent
sample was added to 10 mL arsenic aqueous solution under stirring.
After a specified time, the solid and liquid were magnetic separated
and the initial and residual concentrations of arsenic were measured by
inductively coupled plasma-optical emission spectroscopy (ICP-OES)
(Optima S300DV). The adsorption isotherm was obtained by varying
the initial arsenic concentrations and stirring for 4 h at 25 °C
(concentration range: 0.1—17 mg L™ for As(IIT) and 0.1-7.5 mg L™!
for As(V), respectively). For comparison, commercial Fe;O, with the
diameter of 200 nm synthesized by coprecipitation was also exploited.
The equilibrium adsorption capacity (g.) (mg g~') for arsenic was
calculated according to the following equation

.= m (1)

where ¢, and ¢, (mg L") are the initial and equilibrium arsenic
aqueous concentrations, respectively; V is the volume (mL) of arsenic
aqueous solution; m is the mass (mg) of adsorbents used in the
experiment.

To test the low-level arsenic removal feasibility of adsorbents, initial
arsenic solution with As(V) concentration in the range of 50—1400 ug
L™ and As(I1I) in the range of 50—600 ug L™! were prepared. Other
adsorption experiment procedures were the same as above.

The adsorption kinetics was investigated with the initial As(V)
concentration of 3.5 mg L™ and As(III) concentration of 3 mg L™" at
pH = 5.0 + 0.2 and adsorbents dose = 0.5 g¢ L™". The solution was
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allowed to react with the adsorbent for a fixed period (between 10 and
240 min).

The regeneration of the absorbent was conducted by using 0.1 M
NaOH solution as eluent with adsorbents dose = 1 g L™" at 25 °C.
Briefly, the absorbent was first ultrasonificated in NaOH solution for
30 min and then shaken for 2 h, followed by magnetic separation and
washing by water three times. Then the adsorbent was applied into
recycle adsorption study. The recycle adsorption experimental
procedure and detection method are in accordance with the first
adsorption experiment, including the mixing of the adsorbent with
arsenic solution under stirring for 4 h, the solid and liquid separation
by external magnetism, and the determination of the residual arsenic
solution by ICP-OES (Optima S300DV).

All the experimental data were the average of triplicate
determinations with relative errors under 5%.

3. RESULTS AND DISCUSSION

3.1. Morphology, Structure, and Property of Fe;O,.
The SEM images and size distribution of the Fe;O4-i (i = 1—6)
particles are presented in Figure 1. As seen, Figure 1A—F shows

Figure 1. SEM images and the corresponding hierarchical particle size
distribution of (A) Fe;0,-1, (B) Fe;0,-2, (C) Fe;0,-3, (D) Fe;0,-4,
(E) Fe;04-S, and (F) Fe;0,4-6 at initial PDDA dosage varying from 1
to 6 g

that the size of monodispersed hierarchical particles monoto-
nously decreases from (A) 420 nm to (F) 100 nm, as increasing
the PDDA dosage from 1 to 6 g Correspondingly, the
morphology of hierarchical particles gradually becomes coarse
and porous, with the increase of PDDA dosage. As can be
confirmed by TEM images in Figure S1 in the Supporting
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Information, increasing the PDDA dosage concurrently
decreases hierarchical particle size and increases porosity.
HRTEM images were also conducted to give further insight
into the grain assembly, as shown in Figure 2. Taking Fe;O,-4
as an example, the particle shows pineal-like morphology with
fringe spacing of 0.48 nm, corresponding to the (111) lattice
planes of Fe;O, The result indicates the possible oriented
assembly of grain along (111) plane, which is the crystallo-
graphic plane with the highest energy and preferential for
oriented attachment.®' The structures and grain size of Fe;O,
were further measured by XRD, as shown in Figure 3. All the
diffraction peaks at 18.32 + 0.03, 30.10 + 0.05, 35.48 + 0.03,
43.10 + 0.02, 53.40 + 0.04, 57.02 + 0.05, and 62.58 + 0.08°
can be indexed to the indices (111), (220), (311), (400),
(422), (511), and (440) of Fe;0,. According to the Scherrer
formula, the grain size gradually decreased from 34.4 nm
(Fe;04-2) to 13.4 nm (Fe;0,-6) with the increase of PDDA
dosage (as listed in Table 1), which indicates the feasibility of
the PDDA-induced grain size tunable strategy. Briefly speaking,
the SEM, TEM, and XRD results show that PDDA modulated
solvothermal method successfully modulate products morphol-
ogy, particle size, grain size, and facilitate the oriented grain
assembly.

On the other hand, the surface area and pore size distribution
of as-synthesized Fe;O4i (i = 2, 4, 5, 6) were determined by
nitrogen adsorption—desorption measurements, as shown in
Figure 4. Fe;0,-6 (Figure 4D) synthesized with the highest
PDDA dosage possesses surface area and pore volume of 32.75
m?® g~' and 0.12 cm® g7, respectively, both of which are higher
than that of the Fe;0,-5 (31.16 cm® ¢! and 0.117 cm® g7,
Figure 4C), Fe;0,-4 (19.13 m* g”' and 0.07 cm® g™/, Figure
4B) and Fe;0,-2 (7.05 m* ¢! and 0.015 cm® g™, Figure 4A).
All the samples pose pore size in the range of 7—12 nm. The
results above can be ascribed to the fact that smaller grain
assembly possesses more channels, leading to the increased
surface area and pore amount. Hence, increasing the PDDA
dosage yields Fe;O, hierarchical particles composing of smaller
grain, which exhibit higher surface area and porosity.

The magnetic property of Fe;O, hierarchical particles was
evaluated by examining the magnetic hysteresis loops at room
temperature, as shown in Figure S2 in the Supporting
Information. The M; for the Fe;O,-i (i = 2—6) is in the
range of 50—80 emu g~!, which is comparable with many
reported high magnetic particles.*!

Briefly speaking, hierarchical porous Fe;O, particles with
high magnetism were synthesized by facile PDDA-modulated
solvothermal method, which is achieved in one-pot solution
reaction and avoids the time/energy consuming precursor
calcination process. Furthermore, PDDA-induced grain size
tunable strategy has been proved to be an efficient way to
enhance the surface area and porosity of particles.

3.2. Mechanism for the Formation of Fe;0, Hier-
archical Particles Mediated by PDDA. The morphology
and structure of the products with initial PDDA dosage of 4 g
at various reaction time were examined by TEM, FT-IR and
XRD to preliminarily understand the morphology and structure
evolution of Fe;O, hierarchical particles, as shown in Figure S.

TEM results give insight into the morphology evolution of
mesoporous Fe;O,. As shown in Figure SA—F), three typical
stages were observed for the formation of Fe;O,, namely, the
formation of spindle precursor with length of 5S—10 nm (0—1.5
h), the formation and assembly of grain to sphere particles
(1.5-4 h), and the oriented assembly/Ostwald ripening
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Figure 2. HRTEM images (A—C) of Fe;O,-4; B and C represent the magnification of the red area in A.
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Figure 3. XRD patterns of Fe;O, particles obtained at different PDDA
dosage: (a) 2 g, (b) 3 g (c) 4g (d) S g (e) 6 g with other

experimental parameters keeping constant.

process of preformed sphere into porous particles (4—8 h). The
XRD patterns (Figure SG) of Fe;0,-4 at 1.5h depict a strong
peak at 7.55° along with a broad weak one at 25° probably
originated from (001) and (013) planes of an iron oxide acetate
hydroxide hydrate with a formula of Fe,O(CH;COO)(OH);-
H,0 according to JCPDS.® Then XRD patterns of the samples
obtained at the time from 2.5 to 4 h show gradually enhanced
peaks at 30.00, 35.48, 43.14, 53.44, 57.04, and 62.58°, marked
by the indices (220), (311), (400), (422), (511), and (440) of
Fe;0, phases. When the reaction time was 6—8 h, the produced
aggregates were pure Fe;O,. The FT-IR spectra (Figure SH) of
Fe;0,-1.5h and Fe;O4-2.5h show reduced absorption peaks at
1578 and 1445 cm™' due to the asymmetric and symmetric
stretching of COO™ group, band at 1090 cm™ owing to C—O
stretching of the COO™ group, band at 887 cm™ due to the
OH bending.” The spectra of the samples within 4—8 h show
broad strong band at 591 cm™ due to the Fe—O lattice mode
of Fe;0,.>* Except for the anticipated typical peak for iron

composite (Fe,O(CH;COO)(OH);-H,0 or Fe;0,), the peak
at 1125 cm™" was ascribed to the C—N symmetric stretching
vibration of PDDA. The PDDA also exhibits weak CH,
bending vibrations (around 1474, 1326, and 960 cm™'), C—
H asymmetric, and C—H symmetric stretching frequencies
(2918 and 2867 cm™').”%”" Thus, both the XRD and FT-IR
indicate the gradual formation of Fe;O, phase at the expense of
preformed Fe,O(CH;COO)(OH);-H,0 phase.

Briefly speaking, typical three stages were observed for the
formation of Fe;0,, namely, the formation of spindle precursor
with length of 5—10 nm (mainly composed of Fe,O-
(CH,COO0)(OH);:H,0 at 0—1.5 h), the formation and
assembly of grain to sphere Fe;O, particles (1.5—4 h), and
the oriented assembly/Ostwald ripening process of preformed
sphere into porous Fe;O, particles (4—8 h), which are in
agreement with the reported literatures.**>"*%%%72 FT.IR
analysis indicates that the hierarchical particles exhibit the
vibration of PDDA which suggests the existence of PDDA on
the particle surface and therefore the potential capping function
of PDDA.

Furthermore, to reveal the effect of PDDA dosage on the
morphology evolution, the amount was decreased from 4 to 2 g
with otherwise the same conditions above, as shown in Figure
S3 in the Supporting Information. The grains collected at 2.5, 4,
5, 6, and 8 h for the synthesis adopting 4 g of PDDA increase
from 20.1 to 23.6 nm, indicating grain size increase by 3.5 nm;
while the increment of grain size for the synthesis with 2 g of
PDDA is 9.3 nm (increase from 21.5 to 30.8 nm). The results
reflect that the increase in grain size was depressed as increasing
the PDDA dosage, which might be partially ascribed to the
capping effect of PDDA. On the other hand, it is discovered
that the viscosity of the reaction medium was enhanced with
the increase in PDDA dosage, as shown in Table 1. It is well-
accepted that the increment of viscosity results in the promoted
mass transfer resistance, which is not conductive to crystal
growth, thus leading to the decreased grain size. 373

Table 1. Viscosity of Reaction Medium, Particle Size, Grain Size, Magnetic Properties, And Absorption Performance of Fe;O -i

(i = 2—6) with different initial PDDA dosage

PDDA dosage  viscosity of reaction medium particle size

samples (2) (Pa s) (nm)

Fe,0,2 2 0.062 + 0.002 350 £ 15
Fe,0,3 3 0.082 + 0.004 215 + 12
Fe;0,-4 4 0.106 + 0.005 19§ + 10
Fe;0,-5 S 0.127 + 0.004 185 + 10
Fe,0,-6 6 0.145 + 0.006 95 + 10

grain size magnetic property (emu qm (As(V)) q. (As(IID))
(nm) g‘lg (mg g™") (mg g™")
344 £ 0.8 7442 + 193 1.93 1.57
28.1 + 0.6 72.11 + 4.1§ 2.31 1.99
202 + 0.5 57.96 + 3.47 4.07 3.29
144 + 0.3 53.96 + 2.86 6.35 6.06
133 £ 0.5 49.21 + 3.13 7.23 6.77
12452 dx.doi.org/10.1021/am403533v | ACS Appl. Mater. Interfaces 2013, 5, 12449—12459
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Figure 4. Nitrogen adsorption—desorption isotherms and pore-size distribution curves (the corresponding insert) of (A) as-obtained Fe;0,-2, (B)

Fe;0,-4, (C) Fe;04-S, and (D) Fe;0,-6, respectively.

Thus, based on the discussion above, a possible mechanism
was proposed to elucidate the PDDA-induced grain size tunable
strategy for the controllable synthesis of porous Fe;O,
hierarchical particles. As shown in Scheme 1, a mixture
composed of FeCl;, EG, NaAc, and PDDA was first obtained
and the viscosity of mixture was greatly enhanced by PDDA.
Spindle particles were then obtained with PDDA as capping
agents, which improved the particle dispersibility. As time goes
on, hierarchical Fe;0, particles were eventually produced, and
meanwhile PDDA function on capping effect and increasing
viscosity declines particle and grain size, facilitates oriented
assembly, thus synchronously enhancing surface area and
porosity. Briefly speaking, a PDDA-modulated solvothermal
method can controllably prepare porous Fe;O, hierarchical
particles.

3.3. Arsenic Adsorption Performance of Fe;0,. As
discussed above, as-obtained Fe;O, samples exhibit high
specific area, high porosity, and excellent magnetic property,
all of which are generally regarded as desirable properties of
adsorbent for the pollutants removal. Before arsenic adsorption,
the dispersibility of aqueous Fe;O, samples was evaluated by
determining the particle size via DLS. As shown in Figure S4 in
the Supporting Information, the size of Fe;O, shows a
monotonous decrease from 520 nm (A) to 180 nm (F) with
PDDA dosage from 1 to 6 g. Considering the possible plus bias
for DLS compared with TEM/SEM,”*” the results indicate
good dispersibility for Fe;O, suspension. Then, the adsorption
capacity of Fe;O4i (i = 2—6) for As(V) and As(III) was
evaluated using the equilibrium adsorption isotherm by varying

12453

the initial As(V) and As(III) concentrations. As shown in
Figure 6A and C, the adsorption capacity of As(V) and As(III)
monotonously increased from 1.93 and 1.57 mg g~ for Fe;0,-
2 to 7.23 and 6.77 mg g ' for Fe;0,-6, indicating that the
morphology mediated by PDDA greatly facilitates the
absorption performance of particles. Fe;0,-S and Fe;0,-6 in
our research exhibit higher adsorption capacity than commer-
cial Fe;0, particles (1.35 mg g~ for As(V) and 0.76 mg g~* for
As(111)) and some other reported metal oxide spheres, as listed
in Table 2.7 Moreover, in terms of the low contaminated
drinking water (with hundreds of microgram per liter),%® the
prepared Fe;O, exhibits excellent removal efficiency. Exploiting
Fe;0,-5 as adsorbent, arsenic solution with initial As(V)
concentration <800 ug L™ or initial As(III) concentration
<300 pug L' can be detoxicated to drinking water standard of
USA (with arsenic concentration less than 10 ug L") (see
Figure SS in the Supporting Information), indicating the
potential application in the low-level arsenic removal.

Two equations, Langmuir and Freundlich isotherms models,
were used to analyze the experimental data and the
mathematical expressions are depicted in eq 2 and 3,
respectively

C, 1 C,
— = 4 —
9, 49K g, (2)
1 Liogc. + log K
(o) = —log ¢ (0]

gqe n g Ce g Kg (3)
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Figure 5. (A—F) TEM, (G) XRD, and (H) FT-IR spectra of Fe;0,-4-xh samples (x = 1.5, 2.5, 4, S, 6, 8).

where g, and K; are Langmuir constants and represent the
maximum adsorption capacity of adsorbents (mg g~') and the
energy of adsorption, respectively. Kp and n are Freundlich
constants related to adsorption capacity and adsorption
intensity, respectively.

For the Langmuir isotherm model, the values of g, and K|,
can be calculated from the slope and intercept of plots of c./q.
versus c,. For the Freundlich isotherm model, the values of n
and K can be obtained by a plot of log g, against log c,. The
adsorption of As(V) onto Fe;O, fits the Langmuir isotherm
model (Figure 6B), which interprets the adsorption process as a
monolayer adsorption on a homogeneous surface. In contrast,
the adsorption of As(Ill) onto Fe,;O, fits well with the
Freundlich isotherm model (Figure 6D), indicating that the
adsorption process is a multilayer adsorption on a homoge-
neous surface. The parameters of the Langmuir and Freundlich
models were calculated and listed in Table S1 in the Supporting
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Information. The two different adsorption isotherm models
may be attributed to the different surface charge effects of
As(V) and As(III) species under the environment of pH 5.”
For As(V), there exists an electrostatic attraction between
positively charged Fe;O, samples and negatively charged As(V)
species and the adsorbed As(V) species have a repulsive effect
on As(V) species in the solution. However, As(IIl) exists
predominantly as noncharged H;AsO;’ The interaction
between Fe;O, samples and noncharged As(III) species is
little so that the adsorption of As(III) should continue to
increase with the increase of As(III) concentration.”” Moreover,
smaller 1/n implies stronger adsorption intensity.z’1 Thus, the
decrease of 1/n from Fe;O,-2 to Fe;0,-6 indicate that the
adsorption process gradually becomes easier.

The kinetics of adsorption is one of the most important
characteristics that define the adsorption efficiency, as shown in
Figure 7. The adsorption of As(V) or As(III) is rapid at first
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Scheme 1. Scheme of the Formation of Hierarchical Fe;O, Particles Mediated by PDDA
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Figure 6. Adsorption isotherms of (A) As(V) and (C) As(III) onto (a) Fe;0,4-2, (b) Fe;0,-3, (c) Fe;0,-4, (d) Fe;0,-5, and (e) Fe;0,-6 samples
with the initial PDDA dosage of 2 g, 3 g, 4 g, S g and 6 g, respectively. (B) Linearized Langmuir isotherm for As(V) adsorption and (D) linearized
Freundlich isotherm for As(III) adsorption by (a) Fe;0,-2, (b) Fe;0,-3, (c) Fe;0,-4, (d) Fe;0,-S, and (e) Fe;0,-6 samples (T = 25 °C; adsorbent

doses = 0.5 g L% pH = 5 + 0.2).

and then slows considerably. The rapid adsorption at first is
ascribed to the process of arsenic adsorption on the exterior
surface of the Fe;O, particles. The slower adsorption rate

followed might be partially due to the higher diffusion

resistance as the arsenic begins to enter and move into the
interior of the Fe,O, particles via the nanopores.”” Moreover,
Fe;0,-S exhibits the highest removal efficiency of 90.7% As(V)
and 88.3% As(IIl), which are higher than Fe;0,4 (57.3%
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Table 2. Comparison of the Adsorption Capacity of Arsenic
on Fe;0, with Reported Inorganic Oxide

As(V) and 37.5% As(Ill)) and Fe;0,-3 (28.6% As(V) and
19.2% As(II)). The better removal performances could be
attributed to PDDA-induced high porous structure and

c a;e:g:;'a%or Ca;fg(t’;’a}or increased surface area of the prepared Fe;O, particles. All the
As(V) As(1I1) above adsorption kinetic experimental data can be best fitted
=1 =1
adsorbent sample pH (mg g™) (mg g™) ref into a pseudo-second-order rate kinetic model, which is
Fe;0,-5 5 6.35 6.06 this presented as follows
work
Fe,0,-6 5 7.23 6.77 this t 1 + 1,
work q - k q 2 q
Commercial Fe;O0, $ 1.35 0.76 this t e € )
k
srous aFe.O . sal P where g, and g, are the amount of As(III) and As(V) adsorbed
P DN ) . at equilibrium and at time t, respectively; k, is the rate constant
porous y- Fe,O3 4 4.75 . —1
; o of the pseudo-second-order model of adsorption (g mg
follow-like porous 4 4.65 .1 .
Fe,0, min~"). The values of k, and g, can be obtained by a plot of
chestnutlike Fe;O, 4 6.07 3 (t) / (%) against £.
hierarchical The conditions of As(V) and As(IIl) ions on the
nanstructure . nanospheres were then characterized by XPS, as shown in
cubic kae.l frames 715 a6 Figure 8. Fe;O, with arsenic adsorbed was collected by
dogggnut'hke 4 47 magnetic separation after the adsorption process (the initial
. ) 76 arsenic concentration (As(V) and As(III): S mg L™"). As shown
multilayer spherical 4 0.5 . .
CuO in the full-range XPS spectra (Figure 8A), the appearance of As
Commercial a- 4 046 47 species and the increase of O intensity after arsenic adsorption
Fe,0, e both validate the arsenic adsorption on the Fe;O, surface. XPS
Co(f;(f)f(l)efda; Fe;0,  4.8-80 1.08 1.56 of Fe2p of all samples (Figure 8B) show the binding energies of
m.nl CuO . 4 6 Fe2p'/? at 724.4 eV and Fe2 32 at 710.5 eV, which are closed
commercia U . 47,73 . .
nanoparticles to that of Fe;O, reported. XPS of As3d (Figure 8C) in
commercial TIO, 4 411 7 Fe;0, adsorbed As(V) shows a peak located at 45.1 eV,
attributing to As(V)—O bonding, and that of As3d in Fe;O,
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Figure 7. (A, C) Adsorption rate of As(V) and As(IIl) by Fe;0,-3 (1), Fe;0,-4 (2), and Fe;0,-5 (3), samples. (B, D) Pseudo-second-order kinetic
plots for the adsorption of As(V) and As(III). (T = 25 °C; adsorbent doses = 0.5 g L™'; pH = § + 0.2).
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Figure 9. (A) Separation/redispersion property of Fe;O,-5 under external magnetic field (EM); (B) arsenic removal efficiency of Fe;0,-S particles

in different cycling numbers.

adsorbed As(III) shows fitted peak located at 43.9 eV,
corresponding to As(IIT)-O, respectively.'*”®™®" The results
confirmed no major differences in the valence state of the Fe
and As species in arsenic adsorption. Ols XPS spectrum
(Figure 8D) can be deconvoluted into peaks located at 530.0,
531.5, and 533.0 eV, which are attributed to oxygen in the
lattice (e.g, Fe—O or As—O), oxygen atoms in the surface
hydroxyl groups (H—O), and oxygen in the outermost layer of
H,0 or CO, adsorbed.'"*””*>"* The high peak intensity of
H—O species of Fe;O, confirms the existence of many hydroxyl
groups on the surface of Fe;O, spheres, which plays a vital
important role in the arsenic removal.'"* Moreover, after arsenic
adsorption, the shift of the O 1s binding energy to low energy,
the proportion decrease of the H—O (531.5 €V) and the
proportion increase of O in the lattice (530.0 eV) suggest that
the adsorption mechanism was mainly ascribed to the
substitution of Fe—OH groups by arsenic species.
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Moreover, the quick magnetic separation, high desorption
efficiency, and satisfactory recyclability of Fe;O, have been
investigated, as shown in Figure 9. Taking Fe;O,-5 as an
example, the Fe;O, suspension possesses merits of not only
quick magnetic separation (within S s) but also unaffected
redispersion property (the size of Fe;O,-S measured via DLS
before and after magnetic separation are in the range of 240—
260 nm), which would greatly facilitate the application of Fe;O,
particles in low-cost and high eflicient water remediation. After
the recovery by magnetic separation, the Fe;O, adsorbed
arsenic compounds could be treated by untrasonification and
then stirring in aqueous NaOH solution at pH 13 for 2 h,
where upon they could be reused. It was found that the
desorption efficiency was higher than 80% (86% for As(V) and
92% for As(III)), and the removal efficiency remained 85%
after five cycles, which indicates the feasibility of regenerating
the Fe;0, adsorbent.
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4. CONCLUSION

A facile PDDA-modulated solvothermal method was proposed
to synthesize porous hierarchical Fe;O, particles with tunable
grain size. As the PDDA dosage increases, grain size and
particle size decrease, which yielded Fe;O, hierarchical particles
with enhanced surface area (from 7.0S to 32.75 cm® g™') and
promoted porosity (from 0.01S to 0.12 cm® g~'). Possible
mechanism for PDDA-induced grain size tunable strategy can
be ascribed to capping effect and high reaction medium
viscosity which mediate the growth and assembly of grain. Due
to the enhancement of surface area and high magnetism
property, the prepared Fe;O, display improved arsenic
adsorption performance, superior efficiency in low-level arsenic
removal, high desorption efficiency and satisfactory magnetic
recyclability, which are very promising compared with
commercial Fe;O, particles. The porous Fe;O, particles also
process promising applications in other research field such as
bioseparation, targeted drug delivery, and catalysis. Moreover,
as generally believed that building blocks assemble into
hierarchical materials, this methodology, modulating the
property of building blocks, is facile and potentially general
for controllably synthesizing hierarchical materials with high
application performance.
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