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h i g h l i g h t s

� Methyl orange was treated by the ferrous-catalyzed sodium persulfate and ozone (O3/Fe
2þ/PS) process.

� A rotating packed bed was used to intensify the O3/Fe2þ/PS process.
� The O3/Fe2þ/PS process showed better degradation effect than the O3/Fe2þ process.
� The intermediates of methyl orange degradation were identified.
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a b s t r a c t

This work investigated the degradation of methyl orange by ozone in the presence of ferrous and per-
sulfate ions (O3=Fe

2þ=S2O
2�
8 ) in a rotating packed bed. The effects of various operating parameters such

as initial pH, rotational speed, gaseliquid ratio, ozone inlet concentration and reaction temperature on
the degradation rate of methyl orange were studied with an aim to optimize the operation conditions.
Results reveal that the degradation rate increased with an increase in rotational speed, gaseliquid ratio
and ozone inlet concentration, and reached a maximum at 25 �C and initial pH 4. Contrast experiments
involving ozone and ferrous ions (O3/Fe2þ)were also carried out, and the results show approximately 10%
higher degradation rate and COD removal in the O3=Fe

2þ=S2O
2�
8 process than in the O3/Fe2þ process.

Additionally, the intermediates of the degradation process were analyzed to ascertain the degradation
products.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The huge demand for dyestuffs has led to a considerable in-
crease in the use of synthetic complex organic dyes in textile in-
dustries. Consequently, these industries discharge large volumes of

dye effluents which constitute a significant category of environ-
mental pollutants (Torrades and García-Monta~no, 2014). Azo dyes,
which contain at least one azo group (-N]N-) attached to
substituted benzene or naphthalene rings, are the commonly used
commercial dyes in the textile industries (Gutowska et al., 2007).
However, these dyes with complex aromatic structures are re-
fractory in nature and resistant to the degradative environmental
activities (Saroj et al., 2014), and their presence in the environment
is a threat to human and aquatic organisms. In fact, they not only
cause aesthetic problems in water but also are toxic and possibly
carcinogenic (Wu et al., 2008). Thus, they must be eliminated from
industrial effluents prior to discharge into the environment.
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Ozonation, which is a form of advanced oxidation processes
(AOPs), is an efficient means of treating wastewater containing
refractory organics and is regarded as one of the promising alter-
natives for solving the problem of dye wastewater pollution (Wang
et al., 2007). Ozone can degrade many kinds of organic compounds
in aqueous solutions owing to its ability to decompose and generate
large amounts of the powerful oxidant, hydroxyl radicals (HO$)
with the oxidation potential E0 ¼ 2.7 V. Consequently, it has been
extensively applied in the treatment of organic wastewater in
recent years (Turhan et al., 2012), and extra efforts such as the
application of homogenous catalysts to effectively enhance its
performance have been made (Li et al., 2004). These catalysts can
promote the oxidation ability of ozone and thereby increase the
degradation rate of the organics. The widely used catalysts include
transition metals and metal ions, with ferrous ion being the most
preferred due to its nontoxic nature.

Persulfate anion (S2O8
2�) whose standard oxidation potential

(E0 ¼ 2.01 V) is comparable to that of ozone (E0 ¼ 2.08 V) (Qian
et al., 2015), is also a strong oxidant that has been used in the
chemical oxidation of organics inwastewater (Yan et al., 2015; Deng
and Ezyske, 2011). It can act either directly on the organics or
indirectly through the generation of sulfate radicals (SO�

4 �,
E0 ¼ 2.6 V) and hydroxyl radicals (HO$, E0 ¼ 2.7 V) (Wang et al.,
2014; Zhong et al., 2015). However, fast reaction rates cannot be
achieved when persulfate is used alone in treating refractory pol-
lutants, as is evidenced by the low total organic carbon removal
efficiency of 39% reported by Shabiimam and Dikshit (2012). Yang
et al. (2011) also reported low efficiencies when persulfate is used
alone. This could be attributed to the slow decomposition rate of
persulfate anion into sulfate radicals. However, persulfate systems
exhibit high efficiency in heated solutions. For instance, ibuprofen
can be completely degraded in thermally activated persulfate so-
lutions at neutral pH (Ghauch et al., 2012a), and complete decol-
orization of methylene blue can also be achieved in thermally
activated sodium persulfate solutions in a short time (Ghauch et al.,
2012b). Nonetheless, these processes are energy-intensive. Conse-
quently, micrometric Fe0 particles were introduced into the per-
sulfate systems to activate persulfate through the release of Fe2þ

and nascent iron oxides during the corrosion process (Ghauch et al.,
2013). The mechanism of the activation of persulfate by Fe2þ is as
follows (Ayoub and Ghauch, 2014; Ji et al., 2014):

Fe2þ þ S2O
2�
8 /Fe3þ þ SO�

4 ,þ SO2�
4 (1)

SO�
4 $þ H2O/HO$þ HSO�

4 (2)

SO�
4 $þ OH�/HO$þ SO2�

4 (3)

Moreover, it has been reported that combined use of persulfate
and ozone yields higher removal efficiencies for COD, color, and
NH3eN compared with the sole application of either ozone or
persulfate (Abu Amr et al., 2013). This study therefore employed
both persulfate activated by Fe2þ and ozone in an attempt to
enhance the degradation of methyl orange. Also, due to the rapid
consumption of ozone in the ozonation processes, the rate of
gaseliquid mass transfer is the limiting step (Beltr�an et al., 1997).
Therefore, a reactor with good gaseliquid mass transfer perfor-
mance is highly necessary.

A rotating packed bed (RPB) is an efficient gaseliquid contactor
that was first proposed by Ramshaw and Mallinson (1981). A
simulated high gravity environment is created by centrifugal force
generated by rotation of a rotor in the RPB. Liquid flowing through
the porous packing in the rotor is split intomicro- or nano-droplets,
threads and thin films, and there is also a huge and violently

renewed gaseliquid interface. Therefore, RPB can significantly
intensify mass transfer and mixing processes, and has been widely
used in many applications such as ozonation (Zeng et al., 2012),
absorption (Chiang et al., 2012), stripping (Gudena et al., 2012),
distillation (Chu et al., 2013), etc.

This work employed O3/Fe2þ/sodium persulfate (PS) and O3/
Fe2þ processes separately in an RPB to investigate the degradation
of methyl orange. The effects of different operating parameters on
the degradation rate of methyl orange were investigated in an
attempt to optimize the operating conditions and to establish the
suitable oxidation approach.

2. Experimental

2.1. Experimental procedure

2.1.1. O3/Fe
2þ/PS e RPB

Methyl orange (A.P., Sinopharm Chemical Reagent Co. Ltd.,
China) was dissolved in deionized water to obtain methyl orange
solution (200 mg L�1). The pH of the solution was adjusted to a
certain value using H2SO4 (98%, Beijing Chemical Works, China) or
NaOH (A.P., Beijing ChemicalWorks, China). Both sodium persulfate
(A.P.) and FeSO4$7H2O (A.P.) were purchased from Sinopharm
Chemical Reagent Co. Ltd., China while KI (A.P.) was obtained from
Beijing Chemical Works, China.

Fig. 1 shows a schematic diagram of the experimental setup. The
RPB consists mainly of a stationary casing and a packed rotor. The
rotor has an inner diameter of 40mm, an outer diameter of 120mm
and an axial length of 15 mm. The diameter of the stationary casing
is 170 mm. Stainless steel wire mesh (Beijing Hongyahong Mesh
Sale Center, Beijing, China) was used as the packing material.

Ozone was produced from pure oxygen using an ozone gener-
ator (Tonglin High-Tech Technology Co. Ltd., Beijing, China), and the
ozone-containing gas was introduced into the RPB via the gas inlet
and flowed inwards in the rotor. The methyl orange solution was
divided into two portions: one was with the addition of Fe2þ while
the other was with PS. Both were pumped into the RPB via two
liquid inlets respectively at the same liquid flow rate (total liquid
flow rate of 15 L h�1) and flowed concurrently outwards in the
rotor, and the two liquid streams mixed and formed Fe2þ/PS -
containing methyl orange solution. The gas and the liquid streams
contacted countercurrently in the RPB (the contact time was less
than 1 s), leading to absorption of O3 into the liquid stream and
subsequent degradation of methyl orange by O3/Fe2þ/PS. The gas
and liquid streams then exited the RPB via the gas outlet and liquid
outlet respectively. The gas stream was further introduced into a
solution of KI (10 g L�1) to absorb the effluent O3 while the liquid
stream was sampled for analysis.

The experimental parameters, except the one under investiga-
tion, were set as follows: temperature ¼ 25 �C, inlet ozone
concentration ¼ 40 mg L�1, Fe2þ concentration ¼ 1.0 mM, PS
concentration ¼ 2.0 mM, initial methyl orange
concentration ¼ 200 mg L�1, liquid flow rate ¼ 15 L h�1, gas flow
rate ¼ 300 L h�1, rotational speed ¼ 1000 rpm.

2.1.2. O3/Fe
2þ - RPB

The O3/Fe2þ - RPB experiments were performed in the sameway
as the O3/Fe2þ/PS - RPB experiments but without the addition of PS
in the methyl orange solution.

2.2. Analyses

UVeVis optical spectra of the samples were recorded from 190
to 1100 nm using a UV5200 PC UVeVis spectrophotometer (Shi-
madzu, Japan) and the concentration of methyl orange was
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