Size-controllable synthesis of Fe;O4 nanoparticles through
oxidation—precipitation method as heterogeneous Fenton catalyst
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The particle size of Fe;O4 nanoparticles is controlled using a simple oxidation—precipitation
method without any surfactant. The structure, morphology and physical properties of the
synthesized Fe;O, NPs were characterized using x-ray diffraction, scanning electron microscopy,
transmission electron microscopy, x-ray photoelectron spectroscopy, Brunauer—Emmett—Teller,
and vibrating sample magnetometer. As-prepared magnetite samples exhibited spherical
morphology with average diameters of 30, 70, 250, and 600 nm, respectively. Activity of the
synthesized Fe;O, NPs was evaluated for the Fenton-like reaction, using rhodamine B (RhB) as
a model molecule. The results showed that catalytic activity increases with the reduced particle
size. The significant higher catalytic activity of the fine Fe;0, NPs mainly originated from the
higher specific surface area, due to the increase in exposed active site number and adsorption
capacity. The reusability of 30 nm Fe;O4 NPs was also investigated after three successive runs, in
which the RhB degradation performances showed a slight difference with the first oxidation cycle.
This investigation is of great significance for the promising application of the heterogeneous
Fenton catalyst with enhanced activity in the oxidative degradation of organic pollutants.

I. INTRODUCTION

As one of the important contaminants of water pollu-
tion, the refractory organics have harmful effects on
human beings and environment. Since refractory organic
pollutants are highly hazardous and suspicious carcino-
gens, the stringent water quality regulations are imposed
and wastewater containing these chemicals must be
treated accordingly. Recently, various technologies in-
cluding biological degradation, physical adsorption and
chemical oxidation have been developed to remove the
aqueous pollutants. Among these methods, advanced
oxidation processes, heterogeneous Fenton process with
the capability of exploiting the high reactivity of
hydroxyl radicals (OH) in driving oxidation, emerged
a promising technology for the degradation of re-
fractory organic pollutants."? Various heterogeneous
catalysts including iron minerals,’ zero-valent iron,*
soils,” and carbon materials® have been prepared and
tested for the Fenton-like oxidation of model pollutants
and practical wastewaters to find the new catalytic
materials with high activity and stability. Among these
materials, magnetite (Fe;O4) has received much more
attention due to its low cost, easy separation, environment-
friendly property, strong adsorption capacity, and
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enhanced stability.7’8 Since Fe;0,4 nanoparticles (NPs)
were found to possess intrinsic peroxidase-like activity,”
magnetite has been widely explored for the applications
in the degradation of various refractory organics such
as phenol,'” pentachlorophenol,'" p-nitrophenol,'* 2,4-
dichlorophenol13 and dye pollutants.14 The catalytic
mechanism for the activation of H,O, by Fe;O, NPs
as the heterogeneous Fenton catalyst is shown in
Eqgs. (1)—(6)."""*

=Fe'' + H,0, — =Fe" + HO™ + OH

(1)

=Fe'' + H,0, — =Fe''(H,0,) (2)

=Fe'"'(H,0,) — (=Fe""O,H) + H,0 (3)

(EFGHI'OQH) N EFCU + HOZ/OZ_ (4)

=Fe' + 0,7 — =Fe"" + 0, (5)

=Fe'' + HO, /0, — =Fe' + HO,~ (6)

The unique crystal structure of Fe;O,4 allows the Fe
species to be reversibly oxidized and reduced while
keeping the same structure, which makes the magnetite
to be an excellent catalyst for Fenton-like processes.
However, several reports demonstrated that the H,O,-

activating ability of Fe;O4, NPs was not so strong for the
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removal of refractory organic pollutants from practical
wastewaters.'*'> Furthermore, with a proper control of
crystallinity and structure of the Fe;O, NPs, the func-
tional performance can be strongly improved.

It is well accepted that the particle size of Fe;04 NPs
has a strong effect on their intrinsic properties.'®™'® The
particle size of Fe;O, NPs is generally controlled by
the synthesis method. As far, a wide variety of methods
to synthesize Fe;O4, NPs have been reported, including
hydrothermal method,19 thermal decomposition,20 sol—
gel method,?' and chemical precipitation.22 In practical
industrial application, as well as large scale production,
the chemical precipitation is considered to be the sim-
plest, most efficient, and economic pathway to obtain
magnetic particles. However, there has been few attempts
to achieve size-controlled synthesis of Fe;O, NPs
through a simple and economic pathway. Moreover, little
is known about the effects of particle sizes in Fenton-like
catalytic activity of Fe;O4 NPs.

Herein, we described the size-controllable synthesis
of Fe;O4 NPs under a simple and efficient oxidation—
precipitation procedure without any surfactant. Using this
method, the concentration, pH and the ratio of Fe?t/Fe ™
could be exactly controlled, which might be responsible
for the formation of different sizes of Fe;0, NPs.?>~*
As we known, rhodamine B (RhB) is one of the most
commonly used xanthenes dyes for the textile industry.
The RhB can well dissolve in water or organic solvent
with many toxic effects such as irritation to the skin, eyes,
and respiratory tracts. Even more serious, RhB was
believed to be carcinogenic, which made it be banned
from using in foods and cosmetics. However, the RhB is
still extensively used in dyeing and staining processes.*®
Therefore, an efficient treatment of effluents containing
RhB is essential before their final discharge into the aquatic
environment. Besides, RhB has been selected as a model
dyeing pollutant in numerous researches on Fenton
reaction.'*?’ In this study, the synthesized Fe3;0,
NPs of various sizes were used as heterogeneous Fenton
catalysts for adsorbing and degrading RhB in the
presence of H,0,. The physical and chemical charac-
terization of Fe;O, was performed and the structural
effects on their Fenton-like catalytic activity were in-
vestigated, which is of great importance for obtaining
a profound understanding of catalytic processes, as well
as for improving the catalytic properties of materials.

Il. EXPERIMENTAL SECTION
A. Synthesis of the Fe;0, NPs

The Fe;04 NPs of various sizes were synthesized by
oxidation—precipitation method. Ferrous sulfate (FeSO,)
was used as iron salts, and sodium nitrate (NaNQO3) was
used as the oxidizing agent. All chemical reagents
were of analytical grade and used as received. In all

experiments, distilled water was used for preparing the
solutions. In a typical procedure for the fabrication of
Fe;O4 NPs with diameters of approximately 600 nm
(denoted as sample d), 3.2 g of NaOH was dissolved in
100 mL distilled water after using N, to lustrate oxygen
in it for 20 min. 100 mL of 0.5 M FeSO, aqueous
solution was added dropwise into the flask under stirring
and N, flow. The solution was subsequently placed into
a 95 °C water bath. Afterward, 50 mL of 0.5 M NaNO;
aqueous solution was added dropwise (10 mL/min) into
the suspension and the reaction was kept for 4 h. Vigorous
stirring and stable N, flow were kept during the entire
experiment. After cooled to room temperature, the formed
Fe;O4 NPs were collected under the assistance of a
magnet and washed five times with distilled water and
absolute ethanol under ultrasonication, and then dried in
a vacuum oven at 100 °C for 12 h.

When NaNO; was increased 3-fold and reaction time
was reduced by half, we added the NaOH aqueous
solution dropwise into the mixed solution of FeSO, and
NaNOj in the above procedures while keeping other
parameters unchanged, 250 nm Fe;O, (denoted as
sample c) NPs were obtained. Similarly, when FeSO,
aqueous solution was added dropwise into the mixed
solution of NaOH and NaNOj in the procedures of
fabrication of 250 nm Fe;04 NPs without changing other
parameters, 70 nm Fe;0,4 NPs (denoted as sample b) were
synthesized. 30 nm Fe;O4, NPs (denoted as sample a)
were obtained similarly with the 70 nm Fe;O4 NPs when
the concentration of reactants was reduced 3-fold. All
the products were stored in desiccator under ambient
temperature for further experiments.

B. Characterization

The structure and morphology of the Fe;O, samples
were characterized by x-ray powder diffractometer
(XRD; Rigaku D/max-RB, Tokyo, Japan) with Cu K,
radiation, scanning electron microscopy (SEM; FEI
Nova400, FEI Company, Brno, Czech Republic) and
transmission electron microscopy (TEM; JEOL
JEM-100CXII, Tokyo, Japan). High resolution TEM
images were obtained by using JEOL JEM-2100F
microscope operated at an acceleration voltage of
100 kV. Magnetic characterization of the samples was
performed using a JDAW-2000D vibrating sample
magnetometer (Yingpu Corp., Hangzhou, China) at
room temperature. N, adsorption—desorption isotherms
of the samples were recorded on an ASAP 2020-M
micropore physisorption analyzer (Micromeritics,
Atlanta, Georgia). Specific surface areas were calculated
by the Brunauer—Emmett—Teller (BET) method. The bulk
ratio between Fe' and Fe' in the Fe;0, was determined
by 1,10-phenanthroline spectrophotometric method after
the samples were dissolved in acidic media at 60 °C for
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48 h under a nitrogen atmosphere.s’11 The surface ratio of
Fe'/Fe™ on the Fe;0, surface was analyzed by x-ray
photoelectron spectroscopy (XPS; VG Multilab 2000,
Thermo Fisher Scientific, Waltham, Massachusetts). Curve
fittings were achieved with the XPSPeak 4.1 program
using the Fe 2p binding energies region for the analysis.

C. Sorption experiments

To determine the adsorption performance of the
obtained Fe;O, NPs toward organic pollutant, sorption
isotherm experiment was carried out at room temperature
(25 °C) in the dark. The solid samples were mixed with
aqueous solutions of RhB at different initial concentra-
tions, stirring 12 h to ensure the adsorption equilibrium.
Before analysis, the suspensions were magnetically
separated and the clear water phase was decanted. Then
the equilibrium concentrations of RhB in the aqueous
phase were measured and sorbed concentrations were
calculated according to:

(Ci—Co)V

e )

qe =
Where, 9e (mg/g)’ Ci (mg/L)’ Ce (mg/L)a Ms (g)a and V (L)
are the sorbed RhB concentration, initial concentration,

equilibrium concentration, sorbent dosage, and volume of
the solution, respectively.

D. Fenton-like catalytic activity test

The Fenton-like catalytic activity test was performed
under room temperature (25 °C) in a 250 mL glass
reactor (containing 100 mL of reaction solution) contin-
uously stirred using RhB (Shanghai Zhanyun Chemical
Co., Ltd., Shanghai, China) as reactant and H,O, as
oxidant. The reaction pH value was adjusted to 3.0, the
optimum pH for the typical Fenton process, before the
oxidation.?'* Before reaction, the suspension containing
Fe;04 (1 g/L) and RhB (40 mg/L) was stirred for 2 h to
achieve adsorption equilibrium. The degradation reaction
was initiated when H,0O, (50 mM) was added to
the solution. During all the oxidation reactions, 5 mL
aliquots were withdrawn and clarified quickly by a strong
outer permanent magnet at selected time intervals. The
aqueous phase was sampled for analysis. The solid catalyst
separated from the aqueous phase was rinsed by 5 mL
distilled water for three times. The rinsed liquid was mixed
for analysis. The residual RhB amount is the sum of that in
the aqueous and solid phase. The concentration of RhB
was analyzed by UV-vis spectroscopy (Ultrospec 3300
pro, GE Healthcare Bio-Sciences China Ltd., Shanghai,
China) at a wave length of 554 nm.”® The chemical
oxygen demand (COD) was measured by the dichromate
method. At the end of the catalytic test, the concentration
of iron leaching in the solution was measured by the
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1,10-phenanthroline spectrophotometric method. All ex-
perimental runs were performed in the dark.

lll. RESULTS AND DISCUSSION
A. Characterization of the synthesized Fe;0, NPs

X-ray diffraction (XRD) was carried out to identify the
structures and crystallinity of the synthesized Fe;O4 NPs.
As shown in Fig. 1, all of the obtained products show
peaks at 18.3, 30.1, 35.5, 43.1, 53.5, 57.0, and 62.6°,
which can be indexed to the reflections from crystal
planes (111), (220), (311), (400), (422), (511), and (440)
of the cubic phase of Fe;0, according to the standard
JCPDS data (card no. 01-1111).>' The absence of any
unidentified peaks in Fig. 1 indicates that the synthesized
NPs are pure and crystalline. Additionally, there was a
difference in XRD peak intensity among the XRD
patterns of the four Fe;O, NPs samples. The application
of Scherrer equation to the (311) reflection peak indicated
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FIG. 1. XRD patterns of the synthesized Fe;O, NPs: (a) 30 nm,
(b) 70 nm, (c) 250 nm, and (d) 600 nm.

TABLE I. Comparison of the structural characteristics of the synthe-
sized Fe;O4 NPs.

d3;;  Average  Sgpr” M, H, Gl Fe'//Fe™
Sample (nm) size (nm) (mz/g) (emu/g) (Oe) (mg/g) ratio®

(a) 21.7 30 42.64 80.9 63 3464 05102
(b) 39.5 70 39.51 82.5 79 2779 049 0.2
(c) 60.8 250 639 842 81 544 053 +02
(d) 80.5 600 286 883 118 349 055 €02

4Sper is the specific surface area evaluated using the BET model.

Pgm is the monolayer adsorption capacity evaluated using the Langmuir
model.

°Bulk ratio between Fe" and Fe' in Fe;0,.
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that the crystal sizes were 21.7, 39.5, 60.8, and 80.5 nm
for the four Fe;O, NPs samples, as listed in Table 1.
The size and morphology of the four Fe;O, NPs
samples were further studied with SEM and TEM.
As can be seen from Fig. 2, the four Fe;04 NPs samples

500 nm

¥ ! .
FIG. 2. SEM and TEM images of the synthesized Fe;O4 NPs:
(a-1, a-2) 30 nm, (b-1, b-2) 70 nm, (c-1, c-2) 250 nm, and (d-1, d-2)
600 nm, and HR-TEM images of 30 nm Fe;O4 NPs (e-1, e-2).

exhibit spherical morphologies with average particle sizes
of approximately 30, 70, 250, and 600 nm, respectively,
which are much larger than the crystal size obtained from
XRD analysis. The main reason is that the Fe;O, NPs
were the results of secondary growth of crystal grain.
The crystal sizes obtained from XRD results represent the
sizes of Fe;O, crystal grains, while the average particle
sizes observed from SEM and TEM show the sizes of
Fe;0,4 NPs. This may be due to the synthesis method of
Fe;0, NPs.*? As reported, the formation of Fe;0, follows
the nucleation-growth mechanism through oxidation—
precipitation method. The nucleation of magnetite par-
ticles occurs when the molar ratio of Fe(OH),/Fe(OH)3
becomes close to 1:2, which is the characteristic value
for the magnetite structure. Then the core of Fe;O,
begins to grow up.32 Therefore, the sizes of the product
were strongly depend on reaction conditions such as reac-
tion time, molar ratio of FeSO,4 and oxidizing agent, and
the concentration of FeSO,, etc. The possible mechanism
of formation of Fe;O,4 can be described as follows™:

Fe’™ 4+ 20H™ — Fe(OH), (8)
2Fe(OH), + NO3;~ + H,O — 2Fe(OH), +NO,~ , (9)
Fe(OH), + 2Fe(OH), — Fe;04 +4H,0 ,  (10)

3Fe(OH), + 2NO,” — Fe304 + 2NO + 2H,0
+20H (11)

15Fe(OH), + 2NO — 5Fe;04 + 2NH3 + 12H,0 . (12)

In the procedures of fabrication of 600 nm Fe;O4
NPs [Fig. 2(d)], the FeSO, was first added into the
NaOH solution to form a milk white Fe(OH), suspen-
sion. After the addition of NaNOs, the suspension
gradually turned dark green then black in color, which
indicated the formation of Fe;O,. However, when we
increased 3 times of the NaNO; dosage and changed
the order of adding reagents (adding NaOH into the
mixture of FeSO, and NaNO;), the ratio of ferrous to
ferric ions in the metal salt solution was decreased.
Thus, the smaller hydroxide particles would be generated
readily, resulting in the formation of small Fe;04 NPs.*?
On the other hand, the reaction time was shortened from
4 to 2 h, which further made the Fe;O, NPs grow
smaller.”* Thus, the Fe;0, NPs with smaller dimension
[250 nm, Fig. 2(c)] were synthesized using a lower
molar ratio of FeSO, and oxidizing agent and a shorter
growth time. When we further changed the order of
adding reagents (adding FeSO, into the mixture of
NaOH and NaNOs), a black precipitate of Fe;04 NPs
was formed in a very short time after mixing the iron
salt solution with the base solution, which indicated that
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little intermediates were formed prior to the formation of
Fe;04. This observation demonstrates that the reaction
mechanism for the formation of Fe;O, NPs may be
different between the two cases, which may influence
the size of Fe;04 NPs. The formation of Fe;04 NPs in
this case is more likely by the ‘“coprecipitation” re-
action,” which is supposed to be responsible for the
formation of smaller Fe;O4 NPs [70 nm, Fig. 2(b)].
Several papers have reported that the size of the syn-
thesized Fe;O4 NPs increases with the increase of the
initial ferric salt concentration.”>* In the present study,
we have similar results. When the ferric salt concen-
tration was reduced 3-fold, Fe*" was kept at a low
concentration and could be easily oxidized to Fe*". As a
result, more crystal nuclei were generated in the solu-
tion, which led to a small particle size [30 nm, Fig. 2(a)].
Moreover, further characterization of crystallinity by
HR-TEM was conducted on the 30 nm Fe;O4 NPs. The
HR-TEM images shown in Fig. 2(e) demonstrate that
highly crystalline Fe;O4 NPs with lattice fringes were
formed in the synthesis process, which correspond to
(111) plane of Fe;O4 crystal with lattice spacing of
0.485 nm. In general, we are able to prepare satisfying
Fe;O4 NPs with controllable sizes by varying the
experimental conditions through a simple oxidation—
precipitation method with any surfactant.

Magnetic properties of the obtained Fe;O, NPs were
characterized by measuring the applied field dependence
of magnetization (Fig. 3). The values of saturation
magnetization (M) and coercivity (H.) read from the
magnetization curves are tabulated in Table I. As can be
seen, the M, and H. of the obtained Fe;O, NPs decreased
with the decrease of particle sizes, which may be due to the
formation of the magnetically disordered surface as a result
of the large surface-to-volume ratio.>> However, the value
of M, of the 30 nm Fe;O, NPs was still as high as 80.9
emu/g, which are found to be 87% of the value of bulk
Fe;04 (93 emu/g).23 Moreover, room-temperature magnetic

100
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E o ~—— 70 nm
L 40r ——250nm
& 20+ ——600nm
g o
2 90l
J:.u
§ -40 +
60 -
_QO L
100 1 1 1 | n | L |
-6000 -4000 -2000 0 2000 4000 6000

Applied magnetic field (Oe)
FIG. 3. Hysteresis loop of the synthesized Fe;04 NPs.
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response of the 30 nm Fe;O4 NPs was also examined by an
external magnet (Fig. 3 inset). Upon placement of an
external magnet beside the sample, the Fe;04 NPs quickly
concentrated on the side, leaving the solution transparent,
which demonstrated the excellent magnetic response of the
synthesized Fe;O4 NPs to a magnetic field.

Nitrogen adsorption/desorption isotherms of the
obtained Fe;O04 NPs showed in Fig. 4 display type 11
isotherms. The hysteresis area of N, adsorption/
desorption isotherms suggest the occurrence of capil-
lary condensation and the wide distributions of pores
in Fe;O4 NPs. The specific surface areas obtained from
N, adsorption measurements for the corresponding sam-
ples were 42.64, 39.51, 6.39, and 2.86 mzlg, respectively,
as presented in Table 1. Notably, the sample exhibited
a smaller crystal size showed larger specific surface area,
which was also found in other reports.m’18 In addition,
Fe''/Fe" ratios of the obtained Fe;O4 NPs were also
measured in the bulk by chemical analysis, which are
presented in Table I. As can be seen, the Fe'/Fe' ratios
obtained over the synthesized Fe;O, NPs were close to
the theoretical Fe'/Fe' ratio (0.5) for Fe;0, materials.

B. Adsorption isotherm

According to previous studies, the adsorption perfor-
mance of the catalysts has a strong effect on their
catalytic activity.*® Thus, the adsorption isotherms were
carried out to investigate the contaminant sorption on the
obtained Fe;0,4 NPs (Fig. 5). RhB aqueous solutions with
different initial concentrations varying from 5 mg/L to
400 mg/L. were used for the adsorption experiment.
The experimental isotherm data were fitted to the
equations of Langmuir and Freundlich by applying linear
regression analysis. On the basis of the statistic analysis,
the isotherms can be well described with the Langmuir
model which assumed that the single adsorbate binds to
a single site on the adsorbent and that all surface sites on
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00 |
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= —+— 70 nm

2 BT —<—250 nm

S —=— 600 nm

B 100 -
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FIG. 4. Nitrogen adsorption/desorption isotherms for the synthesized
FC304 NPs.
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the adsorbents have the same affinity for the adsorbate
and no interactions between the adsorbates. The linear
form of the Langmuir equation is given by:

K, Ce
= 13
% 1 +K,Ce ’ ( )

where ¢, (mg g ') is the monolayer adsorption
capacity, and K, (L mg™") is the Langmuir constant.
The fitted Langmuir equations are g, = 34.64 X
0.029C./(1 + 0.029C.) (R* = 0.9962), g. = 27.79 x
0.033C./(1 + 0.033C.) (R* = 0.9849), gq. = 5.44 x
0.027C/(1 + 0.027C,) (R* = 0.9908) and g, = 3.49 x
0.032C/(1 + 0.032C,) (R* = 0.9898) for the 30, 70,
250, and 600 nm Fe;04 NPs, respectively. Good corre-
lations imply that the adsorption of RhB on the catalysts
is monolayer adsorption. The adsorption capacities of
RhB onto the obtained Fe;O4 NPs are listed in Table 1.
It is obviously shown that the adsorption capacity of
Fe;04 NPs increased with decreasing particle size or
increasing specific surface area. As the average particle
size decreased to 30 nm, the specific surface area and
adsorption capacity reached as high as 42.64 m%*/g and
34.64 mg/g, respectively, which are almost fifteen and ten
times higher than that for the 600 nm Fe;O,4 samples.

C. The catalytic activity of the synthesized
Fe304 NPs

The catalytical degradation efficiencies of RhB by
different sizes of Fe3O4 NPs were shown in Fig. 6(a).
The ability of H,O, for the elimination of RhB without
any heterogeneous catalyst was also evaluated. As shown
in Fig. 6(a), the RhB conversion is almost negligible
in the presence of H,O, only, which may be due to the
low oxidation potential of H,O, compared with ‘OH.?
When the catalyst was added to the RhB solution,
a significant RhB reduction was achieved. The RhB
conversion rates of 30, 70, 250, and 600 nm Fe;O, NPs

35
30 -
25+
i
20 >
% /*/' e 30nm
w 15} P 4 70 nm
= <« 250 nm
10 = 600 nm
S 4___4___4_-—-4—— — -
4" d —
0 "}é 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
C, (mg/L)

FIG. 5. Isothermal adsorption of RhB on the synthesized Fe;O04 NPs
([adsorbent] = 1 g/L; T = 25 °C).
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were 96.3, 94.3, 73.5, and 49.0% after 300 min,
respectively. Many reports have indicated that ‘OH
could be generated by the reaction between H,O, and
Fe;0,4 leading to the degradation of RhB, which has
been described in Egs. (1)-(6). The degradation of RhB
in the Fe3;04/H,0, system follows the pseudo-first-
order kinetics, as given below:

—In(C,/Co) =kt (14)

where Cy, and C, are the concentrations of RhB at
the beginning and time ¢, respectively, and k is the
apparent rate constant (min~'). The representative
plots of —In(Cy/Cy) versus ¢ are presented in Fig. 6(b)
and good correlation coefficients (R2 ~ 0.99) are obtained

1.0
0.8
—— 06
= I 30
Co —— 55U nm
(o} L
0.4 '—*—?0 nim
—— 250 nm
02+
2 | —=— 600 nm
0oL without Fe,0O,
(a) 0 50 100 150 200 250 300
3t ® 30nm
- 4 70 nm
o 2k < 250 nm
C— = 300 nm
=1
U i 1 i s " 1 i 1 " L i
0 50 100 150 200 250 300
(b) ¢ (min)

FIG. 6. RhB removal efficiency (a) and pseudo-first-order rate (b) of
the synthesized Fe;O, NPs of different sizes (Co = 40 mg/L,
[catalyst] = 1 g/L, [H,O,] = 50 mM, T = 25 °C, pH = 3).

TABLE II. Selected reaction results and catalyst stability for the RhB
degradation (Cy = 40 mg/L, [catalyst] = 1 g/L, [H,O,] = 50 mM,
T =25°C, pH = 3).

Sample  k (min~')  Xgus® (%)  Xcop® (%)  Fe leaching® (mg/L)
(a)—ld 0.0113 96.3 79.5 0.17
(b) 0.0095 94.3 71.6 0.22
(c) 0.0046 73.5 55.8 0.19
(d) 0.0032 49.0 31.6 0.26
(a)—Zd 0.0106 95.3 77.2 0.19
(a)-3° 0.0096 93.8 70.5 0.23

“Xrpg is the RhB conversion after 300 min of reaction.

®Xcop is the COD abatement after 300 min of reaction.

°Fe leaching is the total iron content in the solution at the end of the
reaction.

d(a)-1, (a)-2 and (a)-3 are the catalysts used for one, two and three
successive tests.
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in our system. As evident in Fig. 6 and Table II, it is
obvious that the 30 nm Fe;O4 NPs exhibited superior
catalytic activity in the Fe;04/H,0, process compared
with the other sizes of Fe;O,4. The results in Fig. 6, Table I,
and Table II then indicated that a greater specific surface
area or adsorption capacity was beneficial to the hetero-
geneous Fenton-like reaction, leading to a high degrada-
tion degree of RhB. Figure 7 shows the evolution of the
apparent rate constant with the specific surface area. It can
be obviously seen that the catalytic activity of Fe3;04 NPs
increased with increasing specific surface area. The results
indicated that the Fenton-like process in Fe;04/H,0,
system was a surface reaction since a larger specific
surface area provided more active sites, which lead to
more efficient contact with the substrate. Higher content
of surface ‘'OH could be produced over high specific
surface area Fe;O4, NPs, enhancing the catalytic oxida-
tion of RhB. On the other hand, the Fe;O4 NPs with
smaller particle size could adsorb more RhB molecules
on the surface (Table I), which were easily attacked by
the generated ‘OH, resulting in higher removal effi-
ciency. Similar situations have also been observed in
several works that it is the adsorption property of
heterogeneous catalyst caused the improvement in the
rate of substrate degradation.”®® It is well accepted that
the Fenton-like oxidation by Fe;O4 NPs is controlled by
surface mechanism reaction and adsorption of H,O, or
RhB on the surface of magnetite can affect the whole
degradation reaction rate.'' Compared with the 200 or
600 nm Fe;04 NPs, there are more active sites (such as
Fe'! and Fe'™) exposed on the surface of 30 nm Fe;Oy4
NPs, resulting in more active radicals generated accord-
ing to Egs. (1)-(4). Meanwhile, more RhB molecules
were adsorbed on the surface of 30 nm Fe;O, NPs.
Thus, the reaction between active radicals and RhB on
the surface of 30 nm Fe;O4 NPs was accelerated rapidly.

0.014
0.012+
| ® 30 nm
0.010-
| @
< 0.008 70 nm
= 0.006 -
e 250 nm
0.004 -
| @
0.002 - 600 nm
0.000 ' : ! ' ' '
0 10 20 30 40 50

Specific surface area (m’/g)

FIG. 7. The relationship between the constant rate and specific
surface area of the Fe;O04 NPs of different sizes.
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Therefore, the significant higher catalytic activity of the
fine Fe;O, NPs mainly originated from the higher
specific surface area, as demonstrated by Fig. 7, due
to the increase in exposed active site number and
adsorption capacity.

Furthermore, we also examined the contribution of
homogeneous Fenton reaction catalyzed by dissolved iron
to the whole degradation process. Hence, a special exper-
iment was conducted after the degradation experiment.
The solid catalysts were removed from the reaction
solution by a Millipore filter (pore size 0.22 pm), then
RhB and H,0, were added to the filtrate. The operation of
homogeneous Fenton reaction catalyzed by dissolved iron
was similar to that of heterogeneous reaction mentioned in
Sec. II. The results showed in Fig. S1 in the supplemen-
tary data revealed that the RhB conversion through
homogeneous Fenton reaction was below 10% after
300 min. Thus, it indicated that the effect of dissolved
iron on the degradation process is limited, which further
demonstrated that the whole degradation process of RhB
was a surface Fenton-like reaction. Moreover, the dis-
solved iron concentration was also measured after the
reaction (Table II). The Fe leaching did not exceed
0.3 mg/L of each sample, which were negligible.

D. Reusability and stability of the synthesized
F6304 NPs

To investigate the reusability of the synthesized Fe;O,
NPs as heterogeneous catalysts, the recycling catalysis
experiments of the 30 nm Fe;O04 NPs were carried out
and the catalytic activity was examined in each cycle.
After each recycling, the catalyst was treated by magnetic
separation, dried and reused. As shown in Fig. 8 and
Table II, only a small decrease in the RhB conversion
and COD removal were observed after three successive
cycles, with no significant reduction as a whole. XPS was

ad
e

(2]

M
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0 50 100 150 200 250 300
f (min)

—e— [st run
02F —=—2ndrun
—+—3rd run

0.0F I L I L 1
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t (min)

FIG. 8. Effect of recycling the catalyst on the removal of RhB. Inset: fitted
by pseudo-first-order rate law (Cp = 40 mg/L, [30 nm Fe;0,4] = 1 g/L,
[H,0,] = 50 mM, T = 25 °C, pH = 3).
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FIG. 9. XPS spectrum of Fe on 30 nm Fe;O, NPs surface before and
after degradation of RhB (Fe 2p line).

used to quantify the changes of surface Fe"/Fe' ratio.
The details of the Fe 2p peaks of the 30 nm Fe;O,4 before
and after use during the RhB degradation are presented in
Fig. 9. The peaks located at about 710.9 and 724.1 eV
represented the binding energies of Fe 2p3,, and Fe 2p;,,
respectively, and the binding energies of 709.9 and
711.2 eV indicated the presence of Fe' and Fe',
consistent with the literature data for magnetite.'*>’
With the help of peak shape parameters, the Fe 2p,,,
peak for Fe;O, was deconvoluted into Fe'' and Fe™
component, which is found to be 37.2 and 62.8% of the
total iron surface atoms, respectively. For the sample
after RhB degradation, the Fe'' is found to be 27.5% and
Fe' 72.5%. 1t is obvious that parts of the Fe' in the
outermost layer of Fe;0, are oxidized into Fe'" during
Fenton oxidation reaction, which may lead to the slight
decrease in the removal efficiency of RhB between the
three successive cycles. However, the RhB conversion
and COD removal still remained high (Table II), which
indicated that satisfying catalytic activity was main-
tained after three runs even if the Fe;0,4 was observed to
slightly dissolve at each cycle (the Fe leaching was
0.17-0.26 mg/L at the end of each test, Table II).
In addition, TEM images (Fig. S2) and XRD patterns
(Fig. S3) of the Fe;O4 NPs after reaction in the supple-
mentary data showed that the morphology, dimension,
and structure of the Fe;04 NPs remained unchanged, and
no clear agglomeration was observed. These results
indicate that the synthesized Fe;O, NPs were stable and
exhibited excellent reusability in the catalysis process.

IV. CONCLUSIONS

Fe;04 NPs, which exhibit spherical morphology
with different particle sizes (30, 70, 250, and 600 nm),
have been successfully fabricated by a simple oxida-
tion—precipitation method without any surfactant. The
synthesized Fe;O04 NPs are well-crystallized, as well

as uniform and well-distributed. The Fenton-like cata-
lytic activities of these Fe;O, NPs vary substantially in
the order 30 nm > 70 nm > 250 nm > 600 nm. The
significant higher catalytic activity of the fine Fe3;0,
NPs mainly originated from the higher specific surface
area, due to the increase in exposed active site number
and adsorption capacity. Stability studies evidenced
satisfying stability of the synthesized Fe;O4 NPs, with
limited loss in catalytic activity. This investigation is of
particular significance for profound understanding and
practical application of heterogeneous Fenton catalysts
for the oxidative degradation of organic compounds.
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