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4A-zeolite supported a-Fe, 03 (Fe-4A) was prepared with a hydrothermal-calcination method, and char-
acterized by XRD. Iron oxide in the Fe-4A composite appeared in a-Fe, 03 phase and was highly dispersed
on the surface of 4A zeolite. Fe-4A composite effectively degraded Orange II under acidic and neutral
conditions via sono-Fenton process. 4A-zeolite promoted the production of cavitation bubbles under
ultrasonic treatment, while a-Fe; 03 promoted the homolysis of oxygen molecule producing hydroxyl
radical and high-valent iron-oxo species. Both actions benefited the sono-Fenton reactivity of Fe-4A. Fe-
4A-4 composite with a practical a-Fe, 03 content of 24.9% showed the maximum sono-Fenton reactivity
to Orange II. Dissolved iron ion measurement showed that Fe-4A composite represented a low iron ion
dissolution-level, while the repeatability test of recycled Fe-4A showed that Fe-4A composite has high
reactivity stability and a long life-time under neutral condition in the sono-Fenton reaction.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that propagation of an ultrasonic wave in
an aqueous solution generates a great amount of cavitation bub-
bles. The cavitation bubbles then grow, pulsate, and collapse in
a time range of microsecond, which leads to the formation of a
hot nucleus with temperatures of thousands of degrees and pres-
sure of hundreds of atmospheres [1]. Volatile organic compounds
in the aqueous solution can easily enter the bubble and undergo
direct pyrolysis within the cavitation bubble [2]. The water and
oxygen molecules in the cavitation bubbles get excited and disso-
ciate simultaneously to generate reactive species such as hydrogen
atoms, hydroxyl radicals and superoxide radicals (Eqgs. (1)-(4))
[3-7]:

ultrasonic wave

H,0" P25 He 1 «0OH (1)
Ozultraso_niswavezo. )
0°* + H,0 — 2°0OH (3)
H* + 0, —> HOy* (4)

All in all, water molecules and oxygen molecules dissolved in
the aqueous solution and produce hydroxyl radicals and superoxide
radicals under the action of ultrasonic (Eq. (5)):

H;0 + O, — *OH + HO»* (5)
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Previously, most wastewater treatments with ultrasonication
techniques were aimed at elimination of volatile organic contam-
inants [2,5,7], such as halogenated organics, ethylbenzene and
phenol. The degradation of the organics in the aqueous solution
proceeds by direct pyrolysis in and around the collapsing bubbles
and/or by oxidation by *OH. However, non-volatile organics can
hardly enter the bubble and then be pyrolyzed; hence, the pre-
dominant pathway for their degradation is the *OH oxidation (Eq.
(6)).

Besides reacting with organics, hydroxyl radical tends to recom-
bine to form hydrogen peroxide (Eq. (7)) [4,8,9]. On the other hand,
superoxide radical has a relatively lower activity toward organics
than hydroxyl radical; hence, is more easily disproportionated to
hydrogen peroxide (Eq. (8)) [4,8,9]. There is always H,0, of con-
centrations of hundreds of micromolar presented in the aqueous
solution after ultrasonication [10]. Although hydrogen peroxide
itself also oxidizes organics, it reacts with hydroxyl radical and
superoxide radical rapidly. As a result, sono-chemical degradation
of organics usually has low reaction efficiency and results in an
incomplete degradation:

R +*OH — degradation products (6)
2°OH — H,0, (7)
2HO,* — Hy0, +0, (8)

Fenton reaction can oxidize and degrade the organic pollutants
in high efficiencies; therefore, is frequently used in wastewater
treatment. However, some main disadvantages, such as high-cost
from the consuming of hydrogen peroxide, pH value limitation
and separation of iron ions from the treated aqueous solution,
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hinder the Fenton reaction from being used widely in practical
applications. Many strategies have been adopted to overcome the
above disadvantages, most of which involves heterogeneous Fen-
ton system [11-15]. Iron ions were loaded to ZSM5 zeolite to
make up FeZSM5 [11], or loaded to Nafion membrane to prepare
a Fe-containing membrane [12,13], which show significant Fen-
ton reactivity at neutral. A more meaningful work showed ferric
phthalocyanine loaded to the ion-exchange resin presented quite
good photo-Fenton reactivity in the aqueous solution [14]. The
utilization of heterogeneous Fenton catalysts is promising to cir-
cumvent the pH value limitation and iron ions separation; however,
high-cost from the hydrogen peroxide consuming has not been
overcome.

Most improvements on the Fenton reaction involve the intro-
duction of light or electric energy, which forms photo-Fenton
and/or electro-Fenton reaction. Recently, sono-Fenton reaction
combined with the ultrasonic began to appear. The iron ions in
the homogeneous solution [16], or the iron oxide powders in
the aqueous dispersion [17] were found to accelerate the rate of
organics elimination under ultrasonic. Several recent literatures
reported that heterogeneous Fenton systems under ultrasonication
showed high degradation rates to organic chloride, phenol and dyes
[18-21].

Several studies were even carried out without H,0, addition.
Pétrier reported that Fe2* added into the solution enhanced the COD
decrement of bisphenol A from ca. 45-80% under ultrasonic [10].
Ai also carried several studies on Fe@Fe, 03, which degraded nearly
all of the rhodamine B and 40% of the pentachlorophenol in 60 min
under ultrasonic [22,23]. Hydrogen peroxide in those studies was
generated in situ via sono-chemical reactions of water and oxygen
molecules. Sono-Fenton reaction is thus regarded as a potential
method with ideal kinetics and alleviates the high-cost from the
hydrogen peroxide consuming.

Although a detailed mechanism is still under discussion, het-
erogeneous materials, especially porous materials such as zeolite
[24], have been confirmed significantly promoting the appear-
ance of cavitation bubbles under the ultrasonic. The presence of
heterogeneous materials induces trapped vapor gas nuclei in the
crevices and pores, leading to more cavitation bubble formation
[25,26]. The sono-Fenton reactivity of hematite/SBA-15 nanocom-
posite was thus found higher than that of unsupported iron oxides
[27].

Therefore, a-Fe;03 was loaded to 4A zeolite (Fe-4A) with a
hydrothermal-calcination method in this work. The as-prepared
Fe-4A catalyst effectively degraded an azo-dye Orange II under
neutral condition via sono-Fenton process, which shows poten-
tial advantages of Fe-4A composite in sono-Fenton applications
without H,0, addition.

2. Materials and methods
2.1. Materials

Fe(NO3)3-6H,0, Na,CO3, NH4Fe(SO4),-12H,0, NH4SCN, 1,10-
phenanthroline and HCl were of AR and purchased from Sinopharm
Chemical Reagent. Orange II was of GR and obtained from Acros
Organics. Doubly distilled water was used throughout the work.
Zeolite 4A was supplied by Shanghai Tianlian Fine Chemicals.

2.2. Fe-4A composite preparation

Fe-4A composite was prepared according to the literature proce-
dure [28]. Arequired amount of Fe(NO3)3-6H,0 was dissolved into
100 mL water. Then Na,CO3 was slowly added into the Fe(NOs3);
aqueous solution under vigorous stirring (solution I). The amount

Table 1

Iron oxide contents of Fe-4A composites.
Samples Fe-4A-0.5  Fe-4A-1 Fe-4A-3  Fe-4A-4  Fe-4A-5
Practical iron oxide 9.2 13.1 238 24.9 28.1
content? (%)
Theoretical iron 103 18.6 40.7 47.8 53.3

oxide content® (%)

2 Determined with ferric thiocyanate chromometry.
b Calculated from the quantity of Fe(NOs)3-6H,0 used during the preparation.

of NayCO3 added was quantified as [Na*]/[Fe3*]=1:1. Meanwhile,
2.0 g 4A zeolite was dispersed into 100 mL water to form solution II.
Solution I was then added dropwise into the solution II. The mixed
dispersion was continuously stirred for 3 h and then transferred
into a Teflon-lined stainless autoclave. The mixture was autoclaved
at 120°C for 24h. The solid residues were centrifuged, washed
with water several times, dried at 100°C for 12 h, and then cal-
cined at 350°C or 500°C for 24 h. The final obtained powder was
Fe-4A composite. Pure iron oxide powder was also prepared with
the same procedure as given above but without 4A zeolite and used
as control.

A series of different Fe-4A composites were prepared varying
the amount of Fe,03 used and these samples were labeled as Fe-
4A-z according to the mass ratio of Fe(NO3)3-6H,0 to 4A zeolite
in the preparation procedure (e.g., the composite was labeled as
Fe-4A-1 in the case of Fe(NO3)3-6H,0 mass added was 2.0 g).

2.3. Characterization of Fe-4A composite

XRD measurements were carried out with a Rigaku D/Max
2550 VB/PC apparatus at room temperature using Cu Ka radia-
tion (A=0.154056nm) and a graphite monochromator, operated
at40kV and 100 mA. The amount of iron oxide was measured with
a ferric thiocyanate colorimetric determination [29]. 0.1 g of Fe-4A
composite was refluxed in 20mL 5.0 M HCI solution at 80°C for
4 h. After centrifuging, the supernatant solution was mixed with
0.2 M ammonium thiocyanate in equal volumes, and diluted to an
appropriate concentration for measuring. The absorbance of the
solution was measured at 480 nm using a UV/vis spectrophotome-
ter (Unico 4802) and the iron oxide content was calculated from
the absorbance. The results are shown in Table 1.

2.4. Sono-Fenton reactivity measurement

All experiments were conducted in a cylindrical quartz tube
(100 mL). In a typical procedure, desired concentration (10 mg/L
or 20 mg/L) of Orange II was mixed with Fe-4A composite and the
dispersion was stirred for 30 min. The dosage of Fe-4A was fixed
at 0.5 g/L. The reaction tube was then placed into an ultrasonator
(KQ2200 ultrasonic bath, operated at 40 kHz in a power of 100 W,
Kunshan Ultrasonic Instruments). Reaction was timed as soon as
the ultrasonator was turned on. H,0, was not added throughout
this work. At given reaction time intervals, 4.0 mL samples were
taken out and centrifuged. The residual concentration of Orange
Il was then determined from the absorbance of the supernatant
solution at 484 nm.

2.5. Dissolved iron ion detection

Dissolved iron ion in the aqueous solution was measured using
1,10-phenanthroline as a complexing agent [30]. The absorbance of
ferrous phenanthroline at 510 nm was used to calculate the concen-
tration of dissolved iron in the solution after sono-Fenton reaction.
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Fig. 1. XRD patterns of as-prepared iron oxide and various Fe-4A composites. (a)
Fe-4A-0.5, (b) Fe-4A-1, (c) Fe-4A-3, (d) Fe-4A-4, (e) Fe-4A-5, and (f) iron oxide.

2.6. Relative hydroxyl radical concentration detection

Hydroxyl radicals were measured by UV-vis spectroscopy in
combination with the salicylic acid trapping method based on the
principle of aromatic hydroxylation [31]. In a typical procedure,
a salicylic acid (1.0 mM) aqueous solution was mixed with desired
catalyst (in this case 0.5 g/L Fe-4A composite) in a reaction tube and
stirred for 30 min. The reaction tube was then placed into the ultra-
sonator. After 20 min of ultrasonication, 4.0 mL samples were taken
out and centrifuged. The absorbance of the supernatant solution at
510 nm was monitored to determine the concentration of hydroxyl
adducts of salicylic acid, from which the relative hydroxyl radical
concentration was calculated.

3. Results and discussion
3.1. Characterization of Fe-4A composite

Fig. 1 shows the XRD patterns of Fe-4A composites with dif-
ferent iron oxide contents and as-prepared iron oxide powder.
The diffraction peaks of iron oxide powder are in agreement with
the characteristic signals of a-Fe,03 crystal: 24.12° (01 2), 33.14°
(104), 35.64° (110), 40.86° (113), 49.46° (024), 54.06° (116),
57.58°(118),62.44°(214),64.00° (300), which undoubtedly indi-
cated that iron oxide as-prepared was a-Fe;03. As to Fe-4As, the
diffraction peak at 260=26.62° should ascribe to 4A zeolite, while
two weak broad-peaks around 20=35° and 63° correspond to
the characteristic signal of a-Fe,03. The diffractions of (104) and
(11 0)lattice planes make up the peak around 35°, while the diffrac-
tions of (214) and (3 00) lattice planes make up the peak around
63°. Iron oxide in the Fe-4A composite exists in a-Fe; 03 phase and
is highly dispersed on the surface of 4A zeolite with a small grain
size. With the increase of a-Fe, 03 content in the Fe-4A composite,
the peak intensity belonging to the 4A zeolite was greatly lowered.
Besides the mass decrease of 4A zeolite in the composite, the shield
effect from the a-Fe, O3 clusters highly dispersed on the surface of
4A zeolite to the diffraction signals of 4A zeolite should be the most
possible reason.

Fig. 2 presents the XRD patterns of Fe-4A-4 prepared under var-
ious conditions. The diffraction peaks at 26=19.82°, 20.88° and
26.62° ascribe to the characteristic signals of 4A zeolite. With the
increase of hydrothermal and calcinations temperatures, the peaks
around 35° and 63° were obviously increased, which means that
hydrothermal and calcination favored the improvement of crys-
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Fig. 2. The XRD patterns of Fe-4A-4 composite prepared with different procedures:
(a) thermalized at 100°C and calcined at 350°C, (b) thermalized at 120°C and cal-
cined at 350°C, and (c) thermalized at 120°C and calcined at 500 °C.

tallinity of a-Fe;03. Meanwhile, the diffraction peaks according to
the 4A zeolite were simultaneously improved. It is most probably
that the growth of a-Fe,03 grain lowered its dispersibility on the
surface of 4A zeolite during the hydrothermal and calcination pro-
cess; and therefore, its shield effect on the X-ray diffraction of 4A
zeolite was lowered, resulting in a significant increase of diffraction
signals of 4A zeolite.

3.2. Sono-Fenton degradation of Orange Il with Fe-4A composites

Fig.3 gives the sono-Fenton degradation of Orange Il with Fe-4A-
4s prepared with various procedures. Surely, the adsorption of the
Orange Il on the surface of Fe-4A-4 composite was not significantly
changed with the increase of the hydrothermal temperature, but
significantly decreased with the increase of the calcination tem-
perature and was also dependant on the pH value of the media.
Refer to the XRD data from Fig. 2, it can be concluded that the
adsorption of Orange Il on the composite was achieved through an
interaction between the sulfonate group and a-Fe,;03 cluster. At
a higher calcinations temperature, the a-Fe, O3 cluster at the sur-
face of Fe-4A-4 grows significantly, which lowered the total surface
area of a-Fe, 03 clusters and thus greatly lessened the active sites
for Orange II adsorption. Therefore, the adsorption of Orange II at
the surface of composite was decreased from 26% to ca. 4%, as the
calcinations temperature was raised from 350 to 500°C. The iso-
electric point of a-Fe;03 in the aqueous solution was reported at
ca. pH 6.8 [32,33], which means the surface of a-Fe;03 should be
positively charged under acidic condition (pH 2.7) but nearly neu-
tral at pH 6.8. As a result, the adsorption of Orange Il was greatly
enhanced from pH 6.8 to pH 2.7 via an enhanced static interaction of
positive charged surface of a-Fe; 03 and negative charged sulfonate
group of Orange II. In addition, the complexing of the lone-pair elec-
trons on the azo-bond and the electron-lack sites on the surface of
composite may also have facilitated the adsorption of Orange II.

Fe-4A-4 exhibited good sono-Fenton reactivity for the degrada-
tion of Orange II under acidic and neutral conditions. At pH 6.8,
the degradation ratios of Orange Il with the Fe-4A-4 composites
calcined at 350°C were around 80-85%, while that with Fe-4A-
4 composite calcined at 500°C was quite decreased to a value of
43.7%. The sono-Fenton degradation of Orange Il with Fe-4A-4 was
lowered at pH 2.7. The degradation ratio of Orange Il with Fe-4A-4
calcined at 350°C was 76.2% and 35.1% for the composites pre-
pared hydrothermally at 100 °C and 120 °C, respectively, while that
with Fe-4A-4 calcined at 500 °C was only 10.5%. Samples calcined
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Fig. 3. Adsorption and sono-Fenton degradation of Orange Il (10 mg/L) with Fe-4A-4s (0.5 g/L) prepared with different procedures: (a) thermalized at 100 °C and calcined at
350°C, (b) thermalized at 120°C and calcined at 350°C, and (c) thermalized at 120°C and calcined at 500°C.

at 350°C exhibited much higher reactivity than that calcined at
500°C, which was most probably due to their larger surface area
and better Orange Il adsorption.

In general, the dissolved iron ions in the heterogeneous Fenton
reaction would react with H,O,, which makes great contribution to
increase the total reaction rate. Acidic condition thus favors the het-
erogeneous Fenton reaction as more iron ions would be dissolved
into the aqueous solution under acidic condition [34]. However,
Fig. 3 shows that heterogeneous sono-Fenton had higher activity
under neutral condition. Therefore, the sono-Fenton reaction here
is more than the simple cumulation of ultrasonic process and het-
erogeneous Fenton reaction. Fe-4A composites seem to catalyze
the sono-chemical process in the aqueous solution, in which more
reactive oxide species were produced to degrade the Orange II.

3.3. The effect of loaded content of «-Fe,03 on sono-Fenton
reactivity of Fe-4As

Fig. 4 shows the adsorption and sono-Fenton degradation of
Orange II by Fe-4As with different a-Fe;03 loaded contents. Pure
a-Fe,03 shows the strongest adsorption of the Orange II, which
confirmed the adsorption of Orange Il on the surface of Fe-4A com-
posite relied on its interaction with a-Fe;03. The loaded amount
of a-Fe,03 greatly affected the sono-Fenton reactivity of Fe-4A
composites. The 80 min sono-Fenton degradation ratio of Orange
Il with Fe-4A-0.5, Fe-4A-1, Fe-4A-3 and Fe-4A-4 were 35.5%, 44.5%,
74.5% and 87.1%, respectively. However, with Fe-4A-5, the degra-
dation ratio was lowered to 66.6%. The catalysis of «-Fe;03 here
was closely related to its interaction to the sono-chemical process,
in which reactive species such as hydroxyl radical was generated.
Therefore, the degradation rate of Orange Il was mainly determined
by the species and concentrations of these reactive oxide species in
the sono-Fenton reaction, while these reactive oxide species relied
on the amount of surface Fe3* species and the cleavage rates of
water and oxygen species in the hot nucleus of cavitation bubbles.
Therefore, the interface between a-Fe, 03 clusters and the aqueous
solution became very important. At the lower loaded amount of «-

Fe,03, the interfacial Fe3* species was increased with the increase
of loaded amount of a-Fe, 03, which catalyzed more effectively the
sono-chemical degradation of Orange II. However, further increase
the loaded amount of a-Fe, 03 did not increase the interfacial Fe3*
species, in stead, the Fe,03 clusters grew and obviously reduce
the practical amount of the interfacial Fe3* species resulting in
a decreased sono-Fenton reactivity. Fig. 2 shows that an obvious
characteristic a-Fe;03 XRD signals appears in the XRD pattern of
Fe-4A-5, which suggested the appearance of a-Fe, O3 crystallites of
larger size. Further, adsorption data in Fig. 4 also shows the interac-
tion of Orange Il with a-Fe; 03 grains on the Fe-4A-5 is significantly
lowered than that on Fe-4A-4. Therefore, the sono-Fenton degrada-
tion reactivity of Fe-4A-5 to Orange Il was weakened. The Fe-4A-4,
with a practical a-Fe,03 content of 24.9%, shows the maximum
sono-Fenton degradation reactivity to Orange II.

Pure a-Fe,03 (control) gave a sono-Fenton degradation ratio
of 80.6% to Orange II in 80 min, which is quite similar with that
of Fe-4A-4. However, the practical a-Fe;O3 contents in Fe-4As
range from 9.2% to 28.1%, and hence much lower than in the pure
a-Fe; 03. Therefore, the loading of a-Fe, 03 on the 4A-zeolite doubt-
less improves the sono-Fenton reactivity of a-Fe,05.

3.4. Sono-Fenton reaction mechanism of Fe-4A catalyst

Fig. 5 presents the degradation of Orange II with various kind
of catalysts under ultrasonic. Ultrasonication only in the absence
of any catalyst showed little degradation to Orange II. Although
ultrasonication was believed to produce reactive oxide species in
the aqueous solution and thus degrade the organics, its kinetics
is much slow and did not give obvious degradation to Orange IL
Fe-4A-4 only without ultrasonic did not cause the degradation of
Orange II. As also shown in Fig. 3, the adsorption of Orange Il on Fe-
4As is very weak under neutral condition. There was 18.7% of the
Orange Il degraded under ultrasonic in the presence of FeZ*, while
18.9% of the Orange II degraded under ultrasonic in the presence
of Fe3* in 80 min. The pores in 4A zeolite are very small and of a
size of 0.4 nm; thus, 4A zeolite is usually used as a drying agent for
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Fig. 4. Adsorption and sono-Fenton degradation of Orange Il (20 mg/L) by Fe-4As (0.5 g/L) with various a-Fe, 03 loaded contents: (a) Fe-4A-0.5, (b) Fe-4A-1, (c) Fe-4A-3, (d)

Fe-4A-4; (e) Fe-4A-5, and (f) Fe,0s.

solvent drying to remove water. The tunnels and pores in 4A zeolite
are incapable of Orange Il adsorption. After 80 min ultrasonication,
only 4.8% of the Orange Il was debased with 4A zeolite, which means
the sono-chemical reaction in the presence of 4A zeolite was also
limited for Orange Il degradation. The 4A zeolite supported a-Fe, O3
achieved the effective sono-Fenton degradation of Orange II—gave
an Orange Il degradation ratio of 92.5% in 80 min.

Fe-4A presented a much higher sono-Fenton reactivity than
Fe2* and Fe3*, which means the sono-Fenton reaction in the
presence of Fe-4A would not be the simple assembly of sono-
chemical process during which reactive species were produced and
Fenton-reforming of reactive species by which active oxide species
for organics degradation were formed; otherwise Fe** and Fe3*
should have exhibited higher reactivity than Fe-4As, as the opti-
mal pH value for homogeneous Fenton reaction is around 3.0 [35].
Therefore, a synergistic reaction should have taken place in the
sono-Fenton process on the surface of a-Fe;03 in case of Fe-4A,
in which the sono-chemical generation of reactive species and the
Fenton reaction of iron species were both enhanced.

Hydroxyl radicals were measured by UV-vis spectroscopy in
combination with the salicylic acid trapping method as shown in
Table 2 [31]. Salicylic acid is frequently used in photocatalysis, Fen-
ton reaction and ultrasonic studies and as a sensitive assay for *OH
radical. Surely, the production of the hydroxyl radical was greatly
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Fig. 5. Sono-Fenton degradation rate of Orange II (20 mg/L) with various kinds of
catalysts (0.5 g/L) at pH 6.8 in 80 min, in the case of iron ion homogeneous solution,
[Fe?*] =[Fe?*]=1.6 mM, and the pH value was adjusted to ca. 2.7 to avoid the possible
precipitation.

enhanced in the presence of Fe-4A-4 under ultrasonic. In addition,
4A zeolite also promotes the generation of hydroxyl radical, which
should be ascribed to the cavitation bubbling strengthening by the
porous structure of 4A zeolite.

An oversimplified mechanism of sono-Fenton reaction with Fe-
4A is thus proposed as follows: under sonication, highly dispersed
a-Fe; 03 on the surface of 4A zeolite and 4A zeolite itself favors the
generation of cavitation bubbles, whose pulsation and collapse pro-
duces reactive species such as hydrogen atoms, hydroxyl radicals
and superoxide radicals. As reported in the literatures [25,26,36],
the heterogeneous materials, especially porous materials, greatly
promote the sono-chemical process; therefore, Fe-4As produce
more reactive species under ultrasonic than homogeneous solu-
tion, i.e.,in the presence of Fe%* and/or Fe3*. Contrary to the classical
sono-chemical process, the reactive species mostly produced on the
surface of a-Fe; 03 or in the pores of 4A zeolite, carried out an in
situ heterogeneous Fenton reaction at the surface of a-Fe, 03 before
they dissociated from the surface of Fe-4A composite.

In normal Fenton reaction, ferrous species are obtained via the
reaction of ferric species with hydrogen peroxide [37]. However,
the surface ferrous species in the heterogeneous sono-Fenton reac-
tion here mainly produced via the reaction of surface ferric species
with in situ surface generated hydrogen atom and superoxide rad-
ical (Egs. (13) and (14)). The surface ferrous species then reacted
with oxygen molecule to form a surface ferrous peroxide species,
which is more under neutral condition than under acidic condition.
As we know, the oxidation rate of the ferrous species in aque-
ous solution by O, is proportional to the square concentration of
hydroxyl anion [38]. The ferrous peroxide species, with a weak-
ened O-0 bond, favors the homolysis to produce oxygen radicals
under ultrasonic, and further hydroxyl radical and ferryl (oxido-
iron(IV), FeV=0) species (another possible pathway is ferryl species
is formed via a two-electron transfer [39] before O-O bond cleav-
age). Alternatively, the surface ferrous species react with hydrogen

Table 2
Absorbance of the hydroxyl adducts of salicylic acid at 510 nm and corresponding
relative *OH concentrations after 20 min of ultrasonic with various kinds of catalysts,
pH6.8.

Ultrasonic Ultrasonic in the presence of
only
Fe?*  Fe¥* 4A zeolite  Fe-4A-4
Absorbance 0.003 0.038 0.043 0.011 0.152
Relative *OH 2.0% 25.0% 28.3% 7.2% 100%

concentration

In the cases of iron ions, [Fe%*]=[Fe3*]=1.6 mM, and the pH value was adjusted to
ca.2.7.
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peroxide to produce hydroxyl radical [28]. Hydroxyl radical and
ferryl species then react with Orange Il and oxide it:

ultrasonic radiation:;%l?:eintensiﬁed cavitation

bubble at the surface (CBgy,f) 9)
Ha 005 2™ H g5 + *OH,qs (10)
*Hags +02 — HO2® 445 (11)
0, Bsufa0e (12)
=Fe3*-OH + *H,q4s — =Fe?* +H,0 (13)
=Fe3*-OH + *HO,.4s — =Fe?t + H,0 + 0, (14)
=Fe?* + 0, —» =Fe?*(0,) (15)

o

=Fe?(0,) CBaurfy, = l|3e2_+0 YO, —re*=0 +20H (16)
=Fe?* + H,0, — =Fe3t-OH + *OH (17)
*OH + Orangell — degradation products (18)

=Fe**=0 + Orangell - =Fe>*-OH + degradation products (19)

3.5. Dissolved iron ion measurement and repeatability test of the
Fe-4A composite

Because of the complex of the electron-rich intermediates, a
main drawback of iron oxide in the heterogeneous Fenton reaction
is the dissolving of iron ions and the subsequent catalyst ineffec-
tiveness. Fig. 6 shows that the iron ion dissolution in sono-Fenton
reaction was serious under acidic condition. Dissolved iron ion con-
centration reached 4.6 and 3.5 mg/L at pH 2.0 and 3.0, respectively.
With the increase of pH value, the amount of dissolved iron ions
rapidly decreased. The dissolved iron ion concentration was less
than 0.40 mg/L at a pH value equals or higher than 4.0. It seems
Fe-4A has a quite long life-time in sono-Fenton reaction at neutral.

Fig. 7 presents the sono-Fenton reactivity of Fe-4A-4 after recy-
cled for several times. The reactivity of Fe-4A-4 composite was
almost unchanged after recycled 7-times. The degradation percent-
ages of Orange Il were kept at 87.0 +5.0% in all 7 cycles. Surely, since
the reaction was carried out under neutral, the dissolution of the
iron ion was limited to a very low level. Thus, Fe-4A-4 compos-
ite showed high reactivity stability and a long life-time. Besides,
as the sono-Fenton reaction mainly proceeds on the surface of a-
Fe, 03 cluster, the reaction rate relies more on the surface area but
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Fig. 7. Sono-Fenton degradation of Orange Il with the Fe-4A-4 (0.5 g/L) of different
recycled times. Reaction time 80 min, [Orange II] 20 mg/L, pH 6.8.

not the mass of a-Fe, 03, which may also play a role in stabilizing
the reactivity of Fe-4A-4.

4. Conclusions

Fe-4A was prepared with a hydrothermal-calcination method,
which effectively degraded Orange Il under acidic and neutral con-
ditions via sono-Fenton process. Iron oxide in the Fe-4A composite
is highly dispersed on the surface of 4A zeolite in a-Fe;03 phase.
Fe-4A composite promotes the sono-Fenton reaction by producing
more cavitation bubbles under ultrasonic and catalytic homolyz-
ing oxygen molecule to produce hydroxyl radical and high-valent
iron-oxo species. The catalysis of Fe-4A composite in sono-Fenton
reaction is dependant on the surface area of a-Fe,03. Fe-4A-4
composite, with a practical a-Fe,03 content of 24.9%, shows the
maximum sono-Fenton reactivity to Orange Il. Fe-4A composite
showed a low iron ion dissolution-level, high reactivity stability
and a long life-time under neutral condition in the sono-Fenton
reaction.
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