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ABSTRACT

We investigated the effect of particle size during oxidation and the sono-Fenton process in an
open-air system (without air supply) containing microscale zero-valent iron (MZVI) and nano-
scale zero-valent iron (nZVI) on the degradation of 1,4-dioxane (1,4-D) at neutral pH. Time-
dependent concentrations of 1,4-D, H2O2, and ionic Fe were measured as a function of MZVI
and nZVI loading during oxidation and sono-Fenton (without addition of H2O2). The optimal
loading of MZVI and nZVI for 1,4-D degradation were determined to be 0.5 g/L during
both oxidation and sono-Fenton, and 0.2 and 0.1 g/L during both oxidation and
sono-Fenton, respectively. Overall, the optimal loading of MZVI in both the oxidation and
sono-Fenton system showed better 1,4-D degradation efficiency compared with the optimal
loading of nZVI for 6 h: approximately 60.00 and 76.65% removal efficiencies for MZVI oxida-
tion and sono-Fenton, respectively, while approximately 47.13 and 60.98% removal efficiencies
for nZVI oxidation and sono-Fenton, respectively. Consequently, the smaller size of ZVI did
not enhance 1,4-D degradation efficiency during the oxidation and sono-Fenton at neutral pH.

Keywords: Zero-valent iron; Size effect; Oxidation; Sono-Fenton; 1,4-Dioxane degradation

1. Introduction

The 1,4-dioxane (1,4-D) compound is widely used
as a solvent and stabilizer of halogenated com-
pounds for industrial purposes and plastic manufac-
turing [1], and is found in low concentrations in
surfactants and shampoos [2,3]. The 1,4-D compound
is not only classified as a toxic and carcinogenic
pollutant but also contaminates surface water,

groundwater, and soil due to its high water solubil-
ity (4.31� 105mg/L), low octanol-water partition
coefficient (Kow = 10�0.27), and low vapor pressure
(37mmHg at 25˚C) (see Table 1) [2,4]. Because of a
recalcitrant organic associated with the heterocyclic
structure of 1,4-D, the compound presents a public
health threat, due to its accumulation in the water
supply. The US EPA issued a drinking water health
standard for 1,4-D, and Korea also enacts a drinking
water regulation limiting 1,4-D concentrations to
0.05mg/L.
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The physical removal of 1,4-D, through such
means as the use of activated carbon and air strip-
ping, is expensive and difficult, requiring secondary
treatment steps. Thus, many strategies have adopted
the use of the Fenton reaction as an alternative. Con-
ventionally, homogeneous Fenton processes use fer-
rous (Fe2+) salt and H2O2 to produce a nonselective
attacker, �OH radical, to detoxify target pollutants,
but it still requires a secondary process to separate
massive sludge accumulated during the neutralization
step prior to being discharged from water/wastewater
treatment plant [4,5]. In the presence of heterogeneous
iron powder, the reaction proceeds via oxidation by
injection of H2O2 or air sparging, in which zero-valent
iron (ZVI) plays a significant role as an oxidative cata-
lyst to produce H2O2 and �OH radicals [6–8]. These
result in the breaking of cyclic compounds and an
improvement in the biodegradability of the intermedi-
ate compounds [2,4,9,10]. Other researchers have dis-
closed a mechanism of 1,4-D degradation by
treatment with UV/H2O2 and subsequent decomposi-
tion by sonolysis, producing ethylene glycol diformate
(EGD), glyoxal, formaldehyde, and several short-chain
organic acid byproducts [11,12]. Therefore, the devel-
opment of an economical method of pretreatment that
can break the ring structure of 1,4-D is required as
one of the primary goals of 1,4-D treatment in water/
wastewater plants.

Beyond the Fenton reaction in the presence of ZVI
and an H2O2 supply, i.e. advanced oxidation process
[13,14], the oxidation of ZVI in aqueous solution in
the presence of oxygen can generate oxidants and sub-
sequently degrade contaminants because of the spon-
taneous generation of H2O2 in the presence of ZVI
and O2 [5,6,15]. The ZVI oxidation process is currently
suggested to be a potential process for the treatment
of refractory organic pollutants. Therefore, to enhance
the contaminant degradation efficiency of the ZVI oxi-
dation system, many efforts using additives, such as
ligands [16,17] and ultrasound [18–24], which is
expected to increase the active surface area [25–31],
have been made to reduce the iron oxide layer cover-
ing Fe0 because fast oxidation from Fe0 to iron oxides
(Fe2O3/Fe3O4) decreases the degradation efficiency of
target materials.

Based on those techniques, several studies using
sonication to degrade various contaminants in the
presence of ZVI at a neutral pH have received wide-
spread attention. Of particular interest are those pro-
cesses that include microscale zero-valent iron (MZVI)
[14,18,19,22–24] and nanoscale zero-valent iron (nZVI)
[29–32], which feature combinations of sonochemistry
with the Fenton reaction, i.e. sono-Fenton, that acceler-
ate the generation of H2O2, depending on cavitation

and the oxidants produced by the Fenton reaction
compared to conventional ZVI oxidation processes.

Recently, a few related studies regarding the
Fenton reaction, oxidation with air sparging, and
sono-Fenton have featured a cost evaluation [33–35].
However, a comprehensive study on the effect of ZVI
size during oxidation and sonication has rarely been
described with respect to practical application. Thus,
we present a comparative study on oxidation and son-
ication processing using MZVI and nZVI at a neutral
pH solution with neither the external addition of
H2O2 nor air sparging in which not only the concen-
trations of 1,4-D, H2O2, and ionic Fe have been moni-
tored but also the morphology of ZVI before and after
reaction has been observed.

2. Materials and methods

2.1. Chemicals

Hydrogen peroxide (35%), sulfuric acid, NaOH
(1M), and sodium chloride were purchased from
Junsei. Also, 1,4-D (anhydrous, 99.8%), dichlorometh-
ane (>99.5%), anhydrous sodium sulfate, methanol,
ethanol, sodium borohydride, ferric chloride hexahy-
drate (97%, reagent grade), and 2-bromo-1-chloropro-
pane (95%) were obtained from Sigma–Aldrich and
used without further purification; 2-bromo-1-chloro-
propane was used as an internal standard for gas
chromatograph (GC) analysis. For measurement of
the concentration of H2O2, phthalic acid, ammonium
molybdate, and potassium iodide purchased from
Sigma–Aldrich were used as received. MZVI was
purchased from Acros. Double-distilled water
(deionized [DI] water, >18mX) was used for the
preparation of all experimental solutions.

2.2. Preparation of MZVI and nZVI

MZVI was immersed in 1% sulfuric acid washed
twice with DI water that had been purged with N2

and freeze-dried for 1 day, while nZVI was prepared
by the reduction of Fe3+ in an aqueous 0.05M ferric
chloride hexahydrate solution with 0.25M sodium
borohydride. According to the standard protocol,
200ml borohydride solution was added to a 200-ml
ferric solution under an N2 atmosphere [25,27–29].
After 20min, the floating black nZVI was collected by
centrifugation and was washed with ethanol to pre-
vent corrosion. Moisture in the nZVI was removed by
filtering and drying the sample in a vacuum oven for
1 day. The measured size distributions of disperse
MZVI and nZVI in ethanol solution showed 44± 5 and
1.35 ± 0.40 lm, respectively.

J. Shin et al. / Desalination and Water Treatment 50 (2012) 102–114 103



2.3. Experimental procedures and analytical methods

MZVI loading (0, 0.1, 0.2, 0.5, and 1.0 g/L) and
nZVI loading (0.05, 0.1, 0.2, and 0.5 g/L) were exam-
ined for the kinetics of 1,4-D removal using 250-ml
conical flasks with no lids that contained 100mL of
the initial 100mg/L of 1,4-D in a horizontal shaker
(130 rpm) dynamically to contact air easily for ZVI
oxidation. For the ZVI sonication process, the pre-
pared flasks following the above protocol were put in
an ultrasonic bath sonicator (40 kHz, 185W) where
filled water was displaced periodically to maintain the
temperature of flasks. All experiments were carried
out at room temperature (±2˚C). Both oxidation and
sonication were conducted for 6 h. To quench the �OH
radicals from reacting with 1,4-D, 50 lL of 1M NaOH
and 50 lL of methanol were injected into the sample
vials, which were withdrawn at specific time intervals
during reactions. The samples were immediately fil-
tered through a syringe filter (0.02lm pore size,

25mm diameter, Whatman�, England). Liquid–liquid
extraction by dichloromethane was performed with a
GC (Hewlett–Packard 6890, USA) equipped with a
flame ionization detector (FID) [36]. Prepared samples
(2lL) were directly injected into the GC/FID with an
internal standard. The column (HP-5, phenylmethyl-
siloxane, USA) was held at 40˚C for 4min, increased
to 100˚C at 10˚C/min, held at 100˚C for 2min,
increased to 160˚C at 20˚C/min, and then held at 160˚
C for 5min. As a reference experiment, N2-purged
(5 L/min) runs at each optimal reaction rate for ZVI
loading were conducted under identical conditions.

The total ionic Fe concentration was measured by
inductively coupled plasma-mass spectroscopy (ICP-
MS, Perkin–Elmer, USA, <0.01mg/L of total Fe ions
detection limit). The concentration of released Fe2+

ions was determined by the capacity of the reaction
between Fe2+ ions and 1,10-phenanthroline to yield Fe

(1,10-phenanthroline)3+, which was detected by spec-
trophotometry (Optizen 3220UV, Mecasys, Korea) at
510 nm [30,31,37]. Furthermore, the H2O2 concentra-
tion was determined using a procedure similar to that
reported in the literature procedure via the I3�

method at 351 nm with UV–vis spectrophotometry
[29]: potassium iodide (33 g), sodium hydroxide (1 g),
and ammonium molybdate tetrahydrate (0.1 g) were
dissolved in DI water to become 500mL in flasks.
Solutions were subsequently mixed with potassium
hydrogen phthalate (10 g) in DI water at the same vol-
ume. By mixing with the appropriate reaction volume
adjusted with DI water, the mixtures were subse-
quently analyzed. A pH meter (model 710, Thermo
Orion, USA) was used to monitor the pH variations
during the reaction. All experiments were performed
in duplicate, and the results are plotted as average
values.

2.4. Characterization of MZVI and nZVI

Morphological characterization of the catalysts was
performed by transmission electron microscopy (TEM;
JEM-2100F, JEOL Ltd., Tokyo, Japan) and scanning
electron microscopy (SEM; S4800, Hitachi, Tokyo,
Japan). Powder X-ray diffraction (PXRD) patterns of
the catalysts were examined by D/MAX-IIIC (3 kW)
with CuKa radiation. N2 sorption/desorption data
were obtained using a gas sorption analyzer (NOVA�

4200 Ver. 7.10, USA) to assess with the Brunauer,
Emmett, and Teller (BET) method.

3. Results and discussion

3.1. Kinetics of 1,4-D degradation under the open-air
system (without air purging)

To examine the degradation kinetics of 1,4-D in
the ZVI oxidation and sonication processes, it was
evaluated with pseudo-first-order and pseudo-second-
order kinetic model to determine which model was
best fitted by the experimental data. The kinetic data
by pseudo-first-order kinetics is based on the follow-
ing equation:

ln
C0

C
¼ k1t

where C is the 1,4-D concentration at a given time
t (min), C0 is the initial 1,4-D concentration (mg/L),
and k1 is the observed pseudo-first-order rate constant
(min�1) [23], while pseudo-second-order kinetics
results in the following kinetic rate expression:

Table 1
Physicochemical properties of 1,4-dioxane

Chemical structure O

O

1

4

2

3

6

5

Chemical formula C4H8O2

Molecular weight 88.11

Water solubility 4.31� 105mg/L

Density 1.02 g/mL

Vapor pressure 4 kPa at 20˚C

Boiling point 101.1˚C at 101.3 kPa
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1

C
� 1

C0

¼ k2t

where k2 is the observed pseudo-second-order rate
constant (L/mgmin) and other parameters are identi-
cal as mentioned above [38].

Fig. 1 and Table 2 show results of the pseudo-
first-order and pseudo-second-order kinetic plots as
functions of ZVI loading for oxidation and sono-Fen-
ton at room temperature, based on Fig. 1. The kinetic
constants obtained by linear regression from the two
kinetic equations are summarized in Table 2. The
correlation coefficients for the pseudo-first order
model and the pseudo-second-order model for MZVI
and nZVI were similar, indicating that it is difficult
to determine which kinetic model was better
matched. However, in sono-Fenton system of MZVI
and nZVI, it is better fitted with the pseudo-second-
order model rather than with the pseudo-first-order
model, following a 1,4-D concentration-dependent
reaction.

It is important to break the cyclic ether ring of
1,4-D because the by-products of 1,4-D are organic
acids such as formic, methoxyacetic, acetic, glycolic,
glyoxylic, and oxalic acids which are easily biodegrad-
able [2]. As shown in Fig. 1, the removal of 1,4-D was
rapid during the initial stage but slightly reduced in
all cases, due to iron corrosion of and the inhibition of
Fe0 [24]. Overall, the reaction rates of oxidation and
sonication in the presence of MZVI were higher than
those of nZVI at the equivalent loadings of ZVI at
neutral pH. The removal efficiency (%) was 60.00
± 0.35 and 76.65 ± 0.55% during oxidation and sonica-
tion processes, respectively, at an equivalent MZVI
loading of 0.5 g/L, thereby resulting in an approxi-
mately 16.65% enhancement. In contrast, oxidation in
the presence of nZVI exhibited optimal loading at
0.2 g/L with 47.13 ± 0.24% removal efficiency, while
sonication in the presence of 0.1 g/L nZVI exhibited a
60.98 ± 0.40%, removal efficiency, leading to an
enhancement of approximately 13.85% from oxidation
to sono-Fenton. For the optimal reaction time to meet
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Fig. 1. Time course (C/C0) of 1,4-D degradation by oxidation (a, c) of MZVI and nZVI and sono-Fenton reaction (b, d) of
MZVI and nZVI in an open system, respectively where C and C0 indicate 1,4-D concentration (mg/L) at a given time t
and 0: loadings of MZVI and nZVI were selected to be 0.1/0.2/0.5/1.0 g/L, and 0.05/0.1/0.2/0.5 g/L respectively, initial
1,4-D concentration was 100mg/L, and all control experiments (i.e. N2 purged) at optimal ZVI loading were conducted.
In (b), sono-MZVI 0.0 g/L indicates sonication treatment without ZVI. Values in bar graphs are mean± s.d. of two
independent experiments.
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<0.05mg/L of 1,4-D concentration, reactions were fur-
ther proceeded to reach that regulation satisfactorily:
at 10 and 8h of MZVI, 15 and 10 h of nZVI for oxida-
tion and sono-Fenton, respectively (data not shown).

As a result, the effect of sonication on 1,4-D degra-
dation was slightly greater in the presence of MZVI
than that in the presence of nZVI. As the highest
amount of ZVI was loaded in both processes, the 1,
4-D removal efficiency was reduced. This finding
implies that the removal of 1,4-D in heterogeneous
systems occurs mainly in the bulk solution rather than
adsorption on the surface of ZVI, i.e. the degradation
involves access to 1,4-D in the bulk solution [29]. Tak-
ing the 1,4-D degradation mechanism into account
[2,4,9–11], the reaction equations related to ZVI oxida-
tion and sonication at (near) neutral pH (<7.4) are as
follows:

Fe0 þO2 þ ðHþÞ!Fe2þ þO2�
2 ðH2O2Þ ðR01Þ

Fe0 þH2O2 þ 2Hþ!Fe2þ þ 2H2O ðR02Þ

Fe2þ þH2O2!FeðOHÞ2þ þ �OH ðR03Þ

Fe2þ þH2O2!Fe4þ ðe:g: FeO2þÞ þH2O ðR04Þ

Fe2þ þ 2OH�!FeðOHÞ2 ðR05Þ

4FeðOHÞ2 þO2 þ 2H2O!4FeðOHÞ3 ðR06Þ

Fe0 þ 2Fe3þ!3Fe2þ ðR07Þ

Fe0 þOH�!Fe2þ þOH� þ e� ðR08Þ

Fe0 þHOO�!Fe2þ þHþþO2 þ 3e� ðR09Þ

The attackers degrading 1,4-D were �OH radicals as
well as Fe4+ species at neutral pH [5,6], whose �OH
radicals were generated by reacting Fe2+ and the H2O2

that was spontaneously produced in the presence of
Fe0 and O2. Furthermore, because the pH level during
the reactions under all conditions was maintained at
�6.5 (data not shown), the ZVI catalyst promoted the
ferryl ion (Fe4+) to a pH of >5.0 [6,16,28]. Even though
Fe0 recycled Fe3+ to Fe2+, the OH ions at neutral pH
complexed with Fe3+ ions, leading to the rapid forma-
tion of precipitated Fe(OH)3 (Eq. (R06)). Sonication

Table 2
The observed kinetic constants of MZVI and nZVI for oxidation and sono-Fenton

ZVI loading (g/L) Pseudo-first-order Pseudo-second-order

k1 (min�1) R2
1

k2 (L/mgmin) R2
2

Oxidation (MZVI) 0.1 0.0012 0.941 1.2009 0.935

0.2 0.0012 0.935 1.2465 0.960

0.5 0.0030 0.980 4.5320 0.980

1.0 0.0024 0.990 3.0764 0.992

Sono-Fenton (MZVI) 0 0.0016 0.968 1.8918 0.984

0.1 0.0020 0.712 2.6812 0.800

0.2 0.0046 0.955 9.5521 0.993

0.5 0.0053 0.928 12.4320 0.991

1.0 0.0044 0.879 9.3891 0.978

Oxidation (nZVI) 0.05 0.0010 0.988 1.0392 0.986

0.1 0.0013 0.992 1.4528 0.981

0.2 0.0018 0.910 2.2079 0.951

0.5 0.0018 0.890 2.2263 0.934

Sono-Fenton (nZVI) 0.05 0.0015 0.953 1.7503 0.971

0.1 0.0028 0.835 4.2971 0.921

0.2 0.0029 0.9243 4.268 0.973

0.5 0.0026 0.949 3.593 0.983
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may be used to improve target organics degradation
at neutral pH despite the introduction of an additional
energy cost. In addition to the above equations, soni-
cation in the presence of ZVI (sono-Fenton) at neutral
pH involves more complex equations [29,30]:

Hþ þO�
2 !HOO� ðR10Þ

HOO� þO�
2 þHþ!H2O2 þO2 ðR11Þ

HOO� þ �OH!H2OþO2 ðR12Þ

O�
2 þ �OH!OH� þO2 ðR13Þ

H2O2 þ �OH!H2OþHOO� ðR14Þ

H2O2 þH�! �OHþH2O ðR15Þ

H2O2!2 �OH ðR16Þ

2 �OH!H2O2 ðR17Þ

H2O! �OHþ �H ðR18Þ

FeðOOHÞ2þ!Fe2þ þHOO� ðR19Þ

The above equations show that more diverse free radi-
cals are produced, and the additional �OH and HOO�

radicals might be accelerated by H2O2 sonolysis (Eqs.
(R14)–(R16)). Moreover, the process of sonication not
only produces H2O2 from H2O (Eqs. (R11) and (R17))
but also generates �OH radicals from H2O (Eq. (R18)).

To further investigate the inhibition effect of the
highest ZVI loading, we attempted to remove 1,4-D
with ultrasound irradiation alone: sonolysis conducted
without ZVI for 1,4-D removal yielded a rate of
0.16� 10�2 1/min (Fig. 1(b) and Table 2), which is
similar to the results obtained by other authors [24].
The concentration of Fe2+ ions released from Fe0 that
reacted with �OH radicals accelerated with increasing
Fe0 loadings. Therefore, Fe0 may compete with 1,4-D
in the �OH radical reaction, which is a mechanism
that is similar to that suggested for the initiation step
of the sono-Fenton process [24,39,40]. However, in this
experiment, the competition did not occur signifi-
cantly, and the acceleration step was not present
either.

From 1,4-D degradation data, it can be concluded
that the smaller size of ZVI does not play a decisive

role in the enhancement of 1,4-D degradation at neu-
tral pH. Thus, to date, studies of the bulk solution
and ZVI characteristics should be examined. Control
experiments for all cases were performed during N2

purging to verify the degradation of 1,4-D (Fig. 1).
Slight 1,4-D degradation under all conditions was
observed. This degradation can be related to the
reduced release of Fe ions into the solution, thereby
significantly reducing the production of �OH radicals
and Fe4+ species [30]. This finding indicates not only
that the ionic Fe concentration is an important factor
for oxidation and sonication processes in the presence
of ZVI but that Fe corrosion is required for the release
of Fe ions into the bulk solution [35]. Interestingly,
1,4-D adsorption onto ZVI surfaces and the direct
cleavage of 1,4-D in the ZVI during both oxidation
and sonication processes did not occur (Fig. 1). This
reason is associated with the limitless water solubility
and recalcitrant molecular structure of 1,4-D as
described in the Introduction; these results are differ-
ent from those reported for dye removal by the ZVI/
air technique [34].

3.2. Measurement of ionic Fe and H2O2 generation

As shown in Fig. 2, the concentration of ionic Fe
released during the oxidation process was lower than
that released during the sono-Fenton process. Ionic Fe
was initially released rapidly under all conditions; the
concentration was gradually reduced during the oxi-
dation process but showed different behavior in the
sono-Fenton system, possibly meaning that the iron
oxide formation of ZVI appeared initially within 1 h
[30]. The ionic Fe concentrations for MZVI and nZVI
oxidation were maintained at <0.5 and <0.2mg/L and
almost reached a quasi-equilibrium state at �0.3 and
0.01mg/L, respectively. At increased MZVI loading,
the concentration of released ionic Fe showed an
increasing trend during both the oxidation and
sono-Fenton reaction. However, low loading of nZVI
during the oxidation process produced a higher
concentration of released ionic Fe, and, during the
sono-Fenton reaction, significantly increased the
concentration of ionic Fe released (the highest concen-
tration among all conditions: �4mg/L), which quickly
decreased to an equilibrium state, <1mg/L at 0.5 g/L
loading of nZVI [31]; this finding resulted in the oxi-
dation or, presumably, the precipitation of ionic Fe on
the surface of ZVI at neutral pH [31]. Interestingly, a
MZVI loading of 1.0 g/L in the sono-Fenton process
reduced the solution pH from 7.0 to 5.5 (data not
shown). Decrease of pH was associated with produc-
tion of acidic by-products and reduction of OH ions
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by Fe(OH)3 deposition onto the MZVI surface [2]. A
further increase in MZVI loading would not be
expected to increase the 1,4-D removal efficiency.

These processes affected the ZVI surface morphol-
ogy, which will be discussed in Section 3.3. Taking
the 1,4-D degradation efficiency into consideration,
approximately 1mg/L of released ionic Fe would be
the best concentration (Fig. 2(b)), and steadily main-
taining the ionic Fe concentration during reaction is
important. Furthermore, in the control experiment (N2

purged), the concentration of released ionic Fe was
below the detection limit of 0.01mg/L. This finding
indicates that the inhibition of ZVI corrosion in the
absence of oxygen may block the dissolution of Fe2+

ions into solution [30]. In addition, the concentration
of Fe2+ ions was similar to the concentration of total
Fe ions, which implies that most of the ionic Fe pres-
ent as Fe2+ ion was initially released and subsequently
oxidized to Fe3+ and transformed into Fe(OH)3 precip-
itate as the reaction proceeded. This finding is in line
with the fact that the concentration of released ionic
Fe measured by ICP-MS was similar to the Fe2+ con-
centration measured by UV–vis spectrophotometry.

However, although the ionic Fe concentration that
was released is shown to have been the highest in

Fig. 2(d), the H2O2 concentration should also be con-
sidered. Fig. 3 shows that the concentration of H2O2

fluctuated during all of the reactions. The burst of
H2O2 generation at the start of the reaction enhanced
the 1,4-D degradation efficiency, but the efficiency
decreased progressively as H2O2 was eliminated
through reaction with �OH radicals (R14). For the oxi-
dation process, the levels of H2O2 generation in both
MZVI and nZVI were similar, although MZVI pro-
duced less compared to nZVI. In contrast, the nZVI
sono-Fenton process is more sensitive to variations in
the H2O2 concentration than in the MZVI process.
Within 3 h of reaction, the H2O2 concentration in
0.5 g/L MZVI and 0.1 g/L nZVI was approximately 50
and >60mM, respectively, but as time elapsed, the
H2O2 concentration was significantly reduced to �10
and �20mM, respectively. The reason for decrease in
1,4-D degradation efficiency at the highest loading of
0.5 g/L nZVI in sono-Fenton process might be related
to decrease in H2O2 generation, which is due to con-
sumption of Fe0 sites competitively [4], indicating that
size of ZVI is not decisive during 1,4-D degradation
efficiency. Therefore, it is plausible that the low
removal efficiency of 1,4-D in the nZVI sono-Fenton
process compared to that of the MZVI sono-Fenton
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process was significantly affected by the concentration
of released ionic Fe.

In conclusion, even though the reactions are heter-
ogeneous (surface-mediated) in the ZVI system, the
degradation reaction was predominant in the bulk
solution, indicating the released ionic Fe and H2O2

coexisted, which have a crucial combination in pro-
ducing oxidant attackers, �OH free radicals and Fe4+

species; for the removal of 1,4-D, the optimal ionic Fe
and H2O2 concentrations are approximately 1mg/L
and 10–20mM in MZVI sono-Fenton system, respec-
tively. To enhance the degradation efficiency, the most
important factor for the two parameters is sustainabil-
ity during reactions. Thus, ZVI was continuously oxi-
dized and released ionic Fe as well as new Fe0

surfaces to react with O2 and thus produce H2O2 until
reaction termination [35]. Taking the optimization of
two parameters into consideration in this system,
therefore, it is useful to plan as a suitable model.

3.3. Morphological observation of ZVI

The surface morphology of both fresh MZVI and
as-prepared nZVI before and after reaction is shown
in Figs. 4 and 5. The plate-like stacked structures

present in the micrometer-sized crystals of MZVI were
examined; the area indicated by the dotted circle in
Fig. 2(c) was observed in typical MZVI surfaces [23]
(Fig. 4(a)–(c)). On the other hand, the diameters of
nanowire-like nZVI ranged between 20 and 100nm
(Fig. 4(d) and (e)). The high-magnification TEM
images show a shell with a thickness of �5 nm (the
amorphous region), and the cubic Fe(0) structure was
confirmed by selected-area electron diffraction
(SAED), which was within the range of the previously
reported values (1–25 nm) (Fig. 4(f) and inset) [27,28].
It is suggested that the nanowires formed via the self-
assembly of nuclei through borohydride reduction
[27–29,32].

After oxidation, MZVI and nZVI showed slightly
altered morphologies. MZVI was reduced to plates,
though a stacking structure can still be discerned
(Fig. 5(a) and (b)), while nZVI particles were
transformed into disconnected chains and a few
short-chained particles (Fig. 5(e) and (f)). Sono-Fenton
treatment had an effect on the morphologies of MZVI
and nZVI. Fig. 5(c) and (d) show that the surface mor-
phology of MZVI remained unchanged after sono-Fen-
ton treatment, except for a loosely stacked, plate-like
structure and a partially transformed, needle-like
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structure in the micrometer-sized crystal plates (Fig. 5
(c)), which resulted in an increased surface area,
which retains different surface pitting effects caused
by shock waves on the surface of iron [18,22].
Although the oxidative catalyst activity of MZVI
could be slightly reduced, the interesting morphology
shown in Fig. 5(d) promoted the retention of catalytic
activity during longer reactions and ultimately func-
tioned to regenerate the catalyst, which is supported
by PXRD patterns (see Section 3.4). It should be noted
that the needle-like structure of MZVI was present
within only a small subset of samples, and MZVI
structures mostly retained their original morphology
after the sono-Fenton reaction. In contrast, after the
sono-Fenton process, the nanowire-like structures of
nZVI broke into spherical particles with diameters

ranging from 18 to 80 nm (Fig. 5(g) and (h)). Some
particles were greater than 100 nm in size, due to their
magnetic properties. These results are consistent with
increased BET surface areas of the catalysts after reac-
tions. After the oxidation and sono-Fenton reactions,
the BET surface area values of MZVI and nZVI
increased from 0.68 to 1.77 to 2.77m2/g and from
25.01 to 34.38 to 63.33m2/g, respectively. Ultrasonic
treatment of the nanoparticles not only produced uni-
form spherical structures but also cleaned the ZVI sur-
face [18,23]. The sono-Fenton process facilitated the
breakdown of ZVI into loosely disconnected or ran-
domly aggregated structures with much rougher sur-
faces, probably due to the formation of iron oxide on
the surfaces. Thus, we can assume that iron oxide is
formed from free Fe ions on the surface of ZVI. This

Fig. 4. SEM images at low magnification (a) and high magnification (b, c) of fresh MZVI. SEM image (d) and TEM
images (e) at low magnification of as-prepared nZVI. TEM image (f) at high magnification with as-prepared nZVI. The
inset of (f) is the selected area electron diffraction pattern (SAED) of as-prepared nZVI.
Note: dotted circle in (c) indicates dense MZVI particles.
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postulation is supported by the result of Ai et al. [31],
who concluded that free Fe ions nucleate and grow
into iron oxide (c-Fe2O3/Fe3O4) layers on the surface
of ZVI.

3.4. PXRD studies

The PXRD patterns for both fresh MZVI and
as-prepared nZVI included sharp intensity peaks at
�2h= 45˚ and 65˚, which corresponded to the

Fig. 5. SEM images at low magnification (a, c) and high magnification (b, d) of MZVI after oxidation and sono-Fenton
reaction. SEM images at low magnification (e, f) of nZVI after oxidation, SEM image (g) and TEM image (h) of nZVI after
sono-Fenton reaction.
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body-centered cubic Fe lattice (Fig. 6(a)), which was
analogous to the SAED of inset of Fig. 4(f). Although
bulk nZVI powder featured iron oxide on its particle
surfaces, no XRD patterns could be discerned because
the iron oxide was amorphous and too small (below
5nm), to be detected [27,28]. After the oxidation pro-
cess, bulk MZVI powder was oxidized, producing an
Fe0 peak intensity, while nZVI was almost converted
to iron oxide (Fe3O4), resulting in a loss in oxidation
catalytic activity (Fig. 6(b)).

However, Fig. 6(c) shows that the MZVI in large
part retained the standard Fe0 peak, even after 5 h of
sono-Fenton processing. In addition, the sharp stan-
dard Fe0 peak in nZVI almost disappeared and was
replaced by the distinct c-Fe2O3/Fe3O4 pattern as the
transformation of ZVI proceeded. Although we cannot
rule out the coexistence of minor Fe0 in nZVI after
oxidation and sono-Fenton processes, nZVI did not
improve the kinetic profile of 1,4-D relative to its
treatment with MZVI. The conserved Fe0 in MZVI
after the sono-Fenton reaction implies that the poten-
tial for recycling and reusing ZVI catalysts is unlim-
ited [41].

3.5. Environmental implications

ZVI oxidation and sono-Fenton processing for the
degradation of pollutant organics is effective without the
need to externally supply H2O2 at neutral pH because it
can reduce the complex steps typically required to dis-
charge pollutants after treatment, resulting in cost reduc-
tion from a practical applications perspective.
Unfortunately the increased surface area of nZVI did not
enhance 1,4-D degradation at neutral pH significantly.
This low degradation of 1,4-D was due to fast oxidation
of nZVI itself. To be used effectively as an oxidation cata-
lyst, ZVI was continuously oxidized and exposed to an
Fe0 surface to produce H2O2. Therefore, MZVI resulted
in higher 1,4-D degradation efficiency during both the
oxidation and sono-Fenton process. In addition, the con-
centration of released ionic Fe was regulated (<3mg/L),
and it was determined that the H2O2 concentration
should be low to prevent any toxic effect. As a result, in
the case of nZVI, previous studies regarding the use of
ligands, such as oxalate, nitrilotriacetic acid (NTA), and
ethylenediaminetetracetic acid (EDTA), were referenced
to limit iron precipitation [16,17,42].
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4. Conclusions

In summary, the optimal loading concentrations of
ZVI for 1,4-D degradation in oxidation and sono-Fen-
ton systems were same 0.5 g/L for an MZVI system,
while 0.2 and 0.1 g/L for an nZVI system at a neutral
pH.

In the MZVI sono-Fenton reaction, the optimal
ionic Fe and H2O2 concentrations were �1mg/L and
10–20mM, respectively, where the sustainability of
both concentrations during reaction was important for
1,4-D degradation efficiency, thereby resulting in the
modulation of the �OH radical and Fe4+ species con-
centration at neutral pH. To use ZVI efficiently as an
oxidation catalyst, ZVI was continuously oxidized,
and subsequently released ionic Fe was exposed to
Fe0 surfaces to generate H2O2. Therefore, smaller ZVI
particles were not suitable (herein MZVI, 0.68m2/g;
nZVI, 25.01m2/g); this discrepancy suggests that the
optimal ZVI particle size should be determined by
further study. Thus, it is anticipated that the present
results can provide information regarding the size
effect of ZVI-based oxidation technology at a neutral
pH for recalcitrant organic compounds in water/
wastewater treatment. Studies are currently underway
regarding the mixing of different-sized ZVI particles
in an air-purging system or magnetic field [43] to
enhance the degrading efficiency of non-biodegrad-
able organic compounds.
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