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A powerful oxidation process using sulfate radicals activated by transition metal mediated Oxone process
has been evaluated in depth by monitoring the degradation of a xanthene dye Rhodamine B (RhB) in
aqueous solution. Ferrous ion was chosen as the transition metal due to its potential catalytic effect
and wide availability in dyeing industrial effluent. The effects of parameters including reactant dosing
sequence, Fe(II)/Oxone molar ratio and concentration, solution pH, and inorganic salts on the process
performance have been investigated. Total RhB removal was obtained within 90 min under an optimal
hodamine B
e(II)-mediated Oxone process
ulfate radicals
ransition metals
tepwise addition

Fe(II)/Oxone molar ratio of 1:1. The RhB degradation was found to be a two-stage kinetics, consisting of
a rapid initial decay and followed by a retarded stage. Additionally, experimental results indicated that
the presence of certain anions had either a positive or negative effect on the process. The inhibitory effect
in the presence of SO4

2− was elucidated by a proposed formula using Nernst equation. Furthermore,
dye mineralization in terms of TOC removal indicates that stepwise addition of Fe(II) and Oxone can
significantly improve the process performance by about 20%, and the retention time required can be

g wi
greatly reduced comparin

. Introduction

It is estimated that around 106 tons of commercially different
yes are produced annually world-wide and about 5–10% of the
yestuffs are lost in the industrial effluents [1] with a concentra-
ion varying from the range of 10–10,000 mg L−1 [2]. The complex
tructures and stable properties make most of the dyes resistant
o biological degradation and photodegradation [3,4] and some of
hem are even toxic, carcinogenic and mutagenic [5]. In addition,
olor caused by dye contaminants interferes with penetration of
unlight into waters, retards photosynthesis, inhibits the growth of
quatic biota and interferes with gas solubility in water bodies [6].
s a result, various treatment techniques have been investigated
nd developed to decolorize and/or degrade dye contaminants
7], including electro-oxidation [8], advanced oxidation processes
AOPs) [9], adsorption [10,11], biological degradation and filtration
rocesses [12], and so on.

Advanced oxidation processes (AOPs) are considered to be one
f the most effective methods due to the generation of highly

eactive radicals. AOPs involve the utilization of sole or combined
igh oxidation potential oxidants such as ozone, hydrogen perox-

de, persulfate, ferrate(VI), sometimes coupled with UV radiation
nd/or specific catalysts. Fenton’s process by coupling H2O2 with

∗ Corresponding author. Tel.: +852 2766 6075; fax: +852 2334 6389.
E-mail address: cewchu@polyu.edu.hk (W. Chu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.12.033
th the conventional one-off dosing method.
© 2010 Elsevier B.V. All rights reserved.

a transition metal (Fe2+) is a rapid and inexpensive process [13].
However, the requirement of low pH environment is the major
limitation [14]. On the basis of the Fenton’s process, sulfate rad-
icals (SO4

•−) generated by the combination of oxidants (persulfate
or peroxymonosulfate) with transition metals (Fe2+, Ag+, Co2+)
demonstrate higher standard reduction potential at neutral pH
[14,15]. Anipsitakis and Dionysiou have reported that sulfate rad-
icals are more efficient than hydroxyl radicals at least for the
transformation of 2,4-dichlorophenol, atrazine, and naphthalene
under certain conditions [16]. The SO4

•− generation mechanism
and its interaction with organic compounds were reported by pre-
vious studies [15–18]:

Fe2+ + S2O8
2− → Fe3+ + SO4

•− + SO4
2− (1)

Fe2+ + HSO5
− → Fe3+ + SO4

•− + OH− (2)

SO4
•− + organics → [nSteps] → CO2+H2O + SO4

2− (3)

where the end product SO4
2− is practically inert and is considered

environmental benign. Therefore, persulfate and peroxymonosul-
fate, as an oxidant alternative for the degradation of organic
contaminants, have received considerable attention in recent years.

Oxone (2KHSO5·KHSO4·K2SO4), a triple salt compound, is the

source providing peroxymonosulfate (HSO5

−) which is reported to
be a more efficient oxidant than hydrogen peroxide or persulfate
[19]. Therefore, Oxone was chosen as the oxidant source in this
study. To activation the relatively stable Oxone in generation SO4

•−,
Anipsitakis et al. (2004) demonstrated that Co2+ is an efficient tran-

dx.doi.org/10.1016/j.jhazmat.2010.12.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cewchu@polyu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2010.12.033
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Fig. 1. Chemical structure of Rhodamine B.

ition metal to trigger the process at neutral pH. Nevertheless,
obalt (II) has been shown to be toxic and slightly carcinogenic
pon inhalation in mice and might result in environmental concern
hen discharged along with the effluent. Thus, Fe2+ which shows

onsiderable activation of Oxone and commonly exists in printing
nd dyeing industrial effluent was selected as the transition metal
n this work.

Rhodamine B (RhB), a water-soluble xanthene dye and famous
or its good stability as dye laser materials [20], is widely used in
yestuff industries and modern photochemistry, and most impor-
ant it is a suspected carcinogen [21,22]. Therefore, the degradation
f RhB by sulfate radicals generated based on the Fe(II)-mediated
xone process was explored in this study.

In this work, the performance of Fe(II)/Oxone process was evalu-
ted. Effects of some critical parameters, including transition metal
nd oxidant concentration, solution pH, and different electrolytes
n the dye degradation efficiency were investigated. Moreover, the
ineralization behavior of RhB in the Fe(II)/Oxone process was

lso evaluated by monitoring the TOC decrease under the selected
xperimental conditions.

. Materials and methods

.1. Chemicals

The commercially available dye Rhodamine B obtained
rom Sigma Aldrich Inc (C.I. name: Basic violet10; Formula:
28H31N2O3Cl; Formula weight: 479.01) at 90% is used as the
robe without further purification, its chemical structure was

llustrated in Fig. 1. All the other chemicals used in this study,
ncluding Oxone (2KHSO5·KHSO4·K2SO4, 1 M Oxone provides 2 M
SO5

−; Formula weight: 614.7; DuPont product), ferrous sul-
ate (FeSO4·7H2O, 99.0%), sodium sulfate (Na2SO4, 99.0%), sodium
itrate (NaNO3, 99.5%), and sodium chloride (NaCl, 99.5%), are ana-

ytical grade and purchased from Sigma–Aldrich Inc. (USA). All the
olutions were prepared in deionized and distilled water with a
esistivity of 18.2 M� from a Bamstead NANOpure water treatment
ystem (Thermo Fisher Scientific Inc., USA).

.2. Experimental procedures

The degradation experiments were performed at air-
onditioned room temperature (at 23 ± 2 ◦C) in 50 mL batch
eactors. RhB stock solution (1.0 mM) was prepared in deionized
istilled water and specific aliquots of the solution were added
nto the reactors to achieve a predetermined initial concentration.
he Fe(II) and Oxone solutions were freshly prepared before each
xperiment to minimize variations in concentration caused by
recipitation, oxidation of ferrous solution and self-decomposition
f oxidant. In addition, the Fe(II) solution was prepared in degassed
s Materials 186 (2011) 1455–1461

H2SO4 solution at pH 3 to prevent Fe(II) from precipitation and/or
oxidation. The reactions were initiated by pipetting appropriate
amounts of Fe(II) and Oxone into the reactor to achieve the
predefined molar ratios of RhB:Fe(II):Oxone. The initial volume
of the reaction solution was fixed at 50 mL. The pH values were
adjusted with 0.10 M nitric acid and/or 0.10 M sodium hydroxide
whenever required. At predetermined time intervals, the sample
aliquots were withdrawn from the reactor and mixed immediately
with appropriate amounts of methanol (0.5 mL) to quench the
reaction. The solution was then analyzed by High Performance
Liquid Chromatography (HPLC) to quantify the remaining dye. For
TOC measurement, sodium sulfite, an inorganic salt, was chosen
as the quencher to minimize any interference of quenching agent
in TOC analysis. All the experiments were carried out in duplicate
and the data presented in this study have errors less than 3%.

2.3. Analytical procedures

The HPLC is consisted of a Waters 515 HPLC pump, a Waters
2489 UV/Visible Detector and a Water 717 plus Autosampler. The
chromatographic separations were performed on a Pinnacle DB C18
reversed phase column (250 mm × 4.6 mm with i.d. of 5 �m) from
RESTEK. The mobile phase was composed of 60% acetonitrile and
40% water (V/V). The flow rate was 1 mL min−1 and injection vol-
umes were 10 �L. Retention time for RhB was 6.0 min at the above
conditions. The UV/Visible Detector was set at 553 nm, which was
the maximum absorbance wavelength of RhB solution and deter-
mined by scanning the spectra of the tested samples from 200 nm
to 900 nm using a spectrophotometer Spectronic (R) GenesysTM
with a 1 cm path length spectrometric quartz cell.

For comparison, the decolorization of RhB was also determined
by monitoring decrease in absorbance at the maximum wavelength
(553 nm) using UV–vis spectrophotometer.

TOC was measured by a Shimadzu TOC-5000A analyzer
equipped with an ASI-5000A autosampler to identify the miner-
alization of the organic contaminants. The solution pH level was
determined by a CD510 digital pH meter.

3. Results and discussion

3.1. Dosing sequence of reactants

Initially, control experiments were conducted to determine the
RhB removal solely by ferrous sulfate or Oxone. As the ratio of
Fe(II)/RhB is 10, the [RhB] remained the same throughout the whole
process (90 min), under the same condition, 5% of [RhB] decay
was observed at a ratio of Oxone/RhB of 5. Accordingly, it can be
concluded that the dye degradation by sole ferrous or Oxone is
negligible as shown in Fig. 2.

There are two critical reagents involved in the Fe(II)/Oxone sys-
tem, experiments were therefore performed to verify the effect
of reactant dosing sequence on the dye degradation. Two tests
were conducted, one was by adding ferrous sulfate (as a source
of ferrous ions) into RhB solution and followed by adding Oxone
to initiate the reaction, and the other was by adding Oxone first
then ferrous sulfate. It is interesting to note that Fe(II)-Oxone addi-
tion demonstrates a better and faster dye degradation performance,
even when the two dosages were separated by 30 s apart, as shown
in Fig. 2. The overall RhB removal was 60% and 50% for Fe(II)-Oxone
and Oxone-Fe(II) addition, respectively; indicating that the Fe(II)-

Oxone addition showed a higher dye degradation performance.
This might be attributed to two reasons: although the non catalyst-
mediated decomposition of Oxone is slow, there was still a portion
of Oxone directly react with the dye when the oxidant (Oxone) was
added first (as justified in Fig. 2, the 5% removal). In addition, the



Y.R. Wang, W. Chu / Journal of Hazardous Materials 186 (2011) 1455–1461 1457

9080706050403020100
0.0

0.2

0.4

0.6

0.8

1.0

 Sole Fe(II) addition

 Sole Oxone addition

 Fe(II)-Oxone addition

 Oxone-Fe(II) addition

Reaction time (min)

R
hB

 n
or

m
al

iz
ed

 c
on

ce
nt

ra
tio

n 
(C

/C
0)

F
w
0

R
a
a
m
t
r
l
F
t
p
i
o
d
r
s

3

m
t
t
r
1
r

d
i
d
d
s
c
u
t
[

t
t
a
r
i

1501209060300
0.0

0.2

0.4

0.6

0.8

1.0

RFO=1:1:5    RFO=1:5:5

RFO=1:10:5  RFO=1:20:5

RFO=1:50:5  Control experiment

Reaction time (min)

a

b

R
hB

 n
or

m
al

iz
ed

 c
on

ce
nt

ra
tio

n 
(C

/C
0)

9080706050403020100
0.0

0.2

0.4

0.6

0.8

1.0

1.2 RFO=1:1:10   RFO=1:5:10

RFO=1:10:10 RFO=1:20:10

RFO=1:50:10 Control experiment

Reaction time (min)

R
hB

 n
or

m
al

iz
ed

 c
on

ce
nt

ra
tio

n 
(C

/C
0)
ig. 2. Effect of reactants adding order on RhB degradation. Experimental conditions
ere 0.02 mM [RhB]0, 0.20 mM [Fe(II)]0, and 0.10 mM [Oxone]0 (which provides

.2 mM peroxymonosulfate ions) without pH adjustment.

hB used in this experiment was a commercial dye coming with
bout 10% of impurity, the added Oxone (in the form of HSO5

−) may
lso react with these impurities. The existence of sulfate radicals as
ajor oxidizing species in Fe(II)-mediated activation of Oxone sys-

em has been verified previously [18]. It is likely that these two
easons might result in a lower generation of sulfate radicals in the
ater Fe(II)/Oxone process upon the addition of Fe(II). In the case of
e(II)-Oxone addition, once the oxidant was dosed into the reac-
or, large amounts of SO4

•− were instantaneously generated in the
resence of the previous added catalyst (Fe(II)). Because sulfate rad-

cals are more selective for oxidation via electron transfer than that
f hydroxyl radicals [23], it can be speculated that the higher degra-
ation efficiency was likely due to the preferred selective oxidation
eaction between sulfate radical and RhB. Fe(II)-Oxone addition
equence was therefore adopted in the remaining study.

.2. Effect of Fe(II): Oxone ratio on RhB degradation

In the Fe(II)/Oxone system, Fe(II) was used as the transition
etal for the activation of Oxone to generate the radicals. Thus,

he generation of SO4
•− can be affected by the molar ratio and/or

he concentration of Fe(II) and Oxone. Optimum Fe(II)/Oxone molar
atio was identified by varying Fe(II)/Oxone ratios ranging from
:10 to 10:1 with constant [Oxone] at 0.10 mM and 0.20 mM,
espectively.

Dye degradation at different Fe(II)/Oxone molar ratios was
epicted in Fig. 3, where two different types of reaction were

dentified. When the Fe(II)/Oxone ≤1, the RhB showed a rapid
egradation in the first 5 min and then followed by a much slower
ecay, i.e. a two-stage reaction consisting of a rapid degradation
tage followed by a retarded slow reaction. Additionally, the rate
onstants of both stages increased as Fe(II)/Oxone ratio increased
ntil 1:1 was reached. The removal efficiency increased from 23.7%
o 63.3% for Fig. 3(a) and from 31.6% to 100% for Fig. 3(b) with
Oxone] at 0.10 and 0.20 mM, respectively.

However, as the ratio Fe(II)/Oxone >1, the dye concentration in

he solution dropped sharply within the first few minutes and then
he curves leveled off, suggesting the reaction was completed right
fter the reaction was started. This observation is very useful for
eal application, especially if the space available for a large reactor
s limited.
Fig. 3. Effect of different ratios of RhB:Fe(II):Oxone (RFO) on dye degradation. Con-
ditions were (a) 0.02 mM [RhB]0 and 0.10 mM [Oxone]0; (b) 0.02 mM [RhB]0 and
0.20 mM [Oxone]0.

To optimize the process, the decay curves were further analyzed
as shown in Fig. 4, where the dye decay at a specific reaction time is
apparently a function of the Fe(II)/Oxone ratio. In general, the closer
the ratio to 1, the better the degradation efficiency of the system.
Moreover, the higher the Oxone concentration, the faster the decay
rate as well as the higher the performance for the fixed catalyst
and oxidant molar ratio. In this study, 100% dye degradation was
observed within 90 min when the ratio of Fe(II)/Oxone was 1 and
the Oxone was fixed at 0.20 mM.

In the Fe(II)-mediated Oxone process, sulfate radical was gen-
erated through the decomposition of Oxone catalyzed by the Fe(II)
via Eq. (2). Compared with Fenton’s reaction which has a reaction
rate constant around k = 53–76 M−1 s−1 [24], Eq. (2) has a much
higher reaction rate constant of k = 3.0 × 104 M−1 s−1 [18], indicat-

ing a faster generation of sulfate free radicals once Oxone is in
contact with Fe(II). Large amounts of SO4

•− were responsible for
the rapid dye degradation in the first few minutes. The ferric ions
generated in Eq. (2) would serve as an electron acceptor and fur-
ther decompose extra Oxone to generate peroxysulfate radicals,
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the instability of ferrous ions at the pH level higher than 4.0 led
to the formation of ferrous/ferric hydroxide complexes (i.e. iron
precipitation), which have a lower catalytic activity and thus have
a negative impact on the sulfate radical generation. As shown in
Fig. 5, the rapid first-stage kinetics no longer exists at extremely
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Fig. 4. Degradation performance as a function of Fe(II)/Oxone molar ratio.

hich are a weaker oxidant than the sulfate radicals via the Eq. (4)
xpressed as follow:

e3+ + HSO5
− → Fe2+ + SO5

•− + H+ (4)

Ferrous ions regenerated through Eq. (4) will further react with
xone. However, compared with the Fe(II)/Oxone system, previ-
us study showed that the coupling of Fe(III) with Oxone showed
much lower rate in degrading organics [16]. This also confirms
ith the slower second-stage reactions in Fig. 3 as Fe(II)/Oxone ≤1.

his observation indicates that Fe(II) ions are consumed much more
apidly than they are re-produced. On the other hand, excessive
e(II) in Fe(II)/Oxone system can act as a sulfate-radical scav-
nger through Eq. (5) which has a far higher rate constant of
= 3.0 × 108 M−1 s−1 than that of Eq. (2).

e2+ + SO4
•− → Fe3+ + SO4

2− (5)

Therefore, unlimited increase of Fe(II) in the process is not rec-
mmended. In this study, it can be concluded that when the molar
atio Fe(II)/Oxone ≤1, the rapid first-stage is mainly due to the rapid
ulfate radical generation that reacts with dye molecule; while the
lower second-stage is likely hindered by the combination of lower
ulfate radicals in the solution, the weaker peroxysulfate radicals
roduced by Fe(III)/Oxone and slow reactivation of Fe(II) catalyst.
hB was degraded mainly through the oxidizing radicals generated
ia Eqs. (2) and (4) under this condition. Whereas, in the presence
f an excessive amount of Fe(II), especially when the molar ratio
e(II)/Oxone is higher than 2 (from Fig. 3), a sudden drop of the
RhB] and a lowered overall RhB decay was observed. The former
s due to the rapid sulfate radicals’ generation by the excessive fer-
ous ions, while the latter is due to the futile-consumption of SO4

•−

y excess Fe(II) as indicated in Eq. (5).

.3. Effect of pH level on RhB degradation

The effects of initial solution pH on RhB degradation were

xplored in an extensive pH range from 2.67 to 10.22 at its opti-
um Fe(II)/Oxone ratio of 1:1 and the results were illustrated in

igs. 5 and 6, where RhB degrading performance directly depended
n the initial solution pH. Optimal dye removal efficiency was
bserved at an initial pH around 3.5, above or below this pH level,
 pH=5.70 pH=7.50 pH=10.22

Fig. 5. Effect of initial solution pH after adding Oxone. Experimental conditions were
set at 0.02 mM [RhB]0 with RFO molar ratio of 1:10:10.

the process performance reduced. Due to the presence of acidic
bisulfate in Oxone, the solution pH would drop sharply after adding
Oxone to the process. The pH variation before and after Oxone addi-
tion was monitored and depicted in the inset of Fig. 6, where Oxone
addition resulted in a solution pH of 3.51 if no pH adjustment.

The decrease of dye removal efficiency at lower pH range is most
likely attributed to the formation of (Fe(II)(H2O))2+ at low pH lev-
els [25], which results in a decrease of free [Fe(II)] in the solution.
On the other hand, dye removal performance also dropped rapidly
when the initial solution pH increased to higher pH level (from pH
3.51 to 10.22). This can be rationalized by two mechanisms. First,
111098765432
Initial pH after adding Oxone

Fig. 6. Degradation performance as a function of initial solution pH after adding
Oxone. Experimental conditions were set at 0.02 mM [RhB]0 with RFO molar ratio
of 1:10:10.
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ig. 7. Effect of inorganic salts: NaCl, NaNO3, Na2SO4. Experimental conditions were
et at 0.02 mM [RhB]0 with RFO molar ratio of 1:10:10 without pH adjustment.

igh pH level of 10.22, indicating a deficiency of catalyst. Second,
elf-dissociation of Oxone at a raised pH level was reported and
as observed mainly through non-radical pathways [18,26], which
ould impair the oxidizing capacity of Oxone towards the probe

ontaminant. Consequently, an optimal solution pH of 3.5 was rec-
mmended for the RhB removal. This is convenient for wastewater
reatment because no pH adjustment is required.

.4. Effect of various inorganic salts

Large amounts of additives and mordants, including inorganic
alts, have been utilized in the dyeing process, which resulted in
complex wastewater and imposed a significant influence on its

reatment. The performances of degrading RhB by using three dif-
erent inorganic salts (Na2SO4, NaNO3, and NaCl at 0.05 M) were
valuated by comparing with control (without electrolyte), and the
esults were shown in Fig. 7. It can be noted that the NaCl, Na2SO4,
nd NaNO3 show improved, retarded, and null effects on the dye’s
egradation with about 91%, 43%, and 71% RhB removal in 5 min,
espectively.

In-depth analysis of Na2SO4 and NaCl on the dye removal were
herefore conducted to elucidate the role of SO4

2− and Cl− in the
e(II)/Oxone process by varying the [Na2SO4] and [NaCl] from 0.0
o 0.1 M. For the SO4

2−, as shown in Fig. 8, both the first- and
econd-stage RhB decay rates were decreased with the increment
f [Na2SO4]. One possible explanation is that the decomposition
f Oxone is likely inhibited by the high-ionic strength (IS) of the
olution. As reported by Kolthoff and Miller, the persulfate decom-
osition rate in a 0.1 M of HClO4 solution decreased with the

ncrease of IS [27], while Huang et al. found that the higher the
S, the slower MTBE degraded by persulfate [28]. However, it is
nteresting to note that 0.05 M NaNO3 (giving an IS of 0.05 M) has
higher IS than that of 0.01 M Na2SO4 (with an IS of 0.03 M), but

he latter demonstrates much higher rate inhibition than the for-
er. Thus, the use of IS alone to justify the retardation effect is

ot enough. Assuming the reactions involving the consumption of

ulfate free radicals (Eq. (3)) can be simplified into

O4
•− + e− → SO4

2− (6)
Fig. 8. Effect of ionic strength: Na2SO4. Experimental conditions were set at 0.02 mM
[RhB]0 with RFO molar ratio of 1:10:10 without pH adjustment. Na2SO4 was added
in different amount.

the corresponding Nernst equation of Eq. (6) then can be formulated
as (Logic)

E(SO4
•−) = E�

(SO4
•−/SO2−

4
)
+ RT

zF
ln

[SO4
•−]

[SO4
2−]

(7)

where, E(SO4
•−/SO2−

4
) is the half-reaction reduction potential,

E�
(SO4

•−/SO2−
4

)
represents the standard half-reaction reduction

potential, R is the universal gas constant 8.314472 J K−1 mol−1,
T is the absolute temperature, F is the Faraday constant
9.6485 × 104 C mol−1, z is the number of electrons transferred in the
half-reaction. According to the Eq. (7), it can be seen that the redox
potential of SO4

•−/SO4
2− can be affected by the concentration of

SO4
2−. Higher the [SO4

2−], lower the E(SO4
•−/SO2−

4
), which directly

lower the performance of dye oxidation. Assuming a complete gen-
eration of SO4

•− can be achieved through Eq. (2) in the first-stage,
it can be calculated that E(SO4

•−/SO2−
4

) will be reduced by 0.1363 V

when [SO4
2−] increased from 0.010 M to 0.10 M under the tested

conditions. This was consistent with the reported redox potential
of sulfate radicals, which varies from 2.5 to 3.1 V depending on the
reaction conditions [29].

Fig. 9 illustrates the effect of [NaCl] in the Fe(II)/Oxone system. It
can be noted that the first-stage degradation rate was accelerated
as [Cl−] increased. It is interesting to note that the chloride ion can
still improve the dye degradation even in the absence of Fe(II), as
shown in Fig. 10, where more than 93% of dye was degraded within
50 min at a high [Cl−]. As expected, the degradation rates of RhB
by Cl−/Oxone/Fe(II) were about 200–3.5 times faster than that of
Cl−/Oxone as [Cl−] increased from 0.001 to 0.1 M.

It was known that chloride ions can be oxidized by sulfate radi-
cals to form chlorine radicals via Eq. (8) [30], which may resulte
in a series of secondary oxidants as indicated in Eqs. (9)–(13).
In addition, Cl− can be oxidized thermodynamically by HSO5

−

(1.75–1.8 V) to form chlorine (Cl2/2Cl−, 1.36 V) and hypochlorous

acid (HOCl/Cl , 1.48 V) as also verified by others [31,32]. These
secondary oxidants are likely to contribute and improve the dye’s
decay by offering parallel decay pathways, which may involve the
reactions of chlorine radicals (Eq. (16)) and free available chlorine
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ig. 9. Effect of ionic strength: NaCl. Experimental conditions were set at 0.02 mM
RhB]0 with RFO molar ratio of 1:10:10 without pH adjustment. NaCl was added in
ifferent amount.

pecies (Eq. (17)).

O4
•− + Cl− → SO4

2− + Cl• (8)

l• + Cl− → Cl2•− (9)

l2•− + Cl2•− → Cl2 + 2Cl− (10)

l• + Cl• → Cl2 (11)

l2(aq) + H2O → HOCl + H+ + Cl− (12)

OCl → −OCl + H+ (13)

SO5
− + Cl− → SO4

2− + HOCl− (14)
SO5
− + 2Cl− + H+ → SO4

2− + Cl2 + H2O (15)

• + Cl2•− → R–Cl + Cl− (16)

–H + HOCl → R–Cl + H2O (17)
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Fig. 11. TOC removal as a function of reaction time. Experimental conditions:
[RhB]0 = 0.10 mM; Without pH adjustment. (a) RFO = 1:10:10; (b) RFO = 1:50:50; (c)
RFO = 1:50:50, stepwise addition of Fe(II) and Oxone; (d) RFO = 1:10:50, stepwise
addition of Oxone.

It was reported that para-selective oxychlorination of aromatic
compounds is favored by the combination of Oxone with chloride
[33]. Thus, the faster degradation of RhB by the Fe(II)/Oxone/Cl−

process may be partly attributed to the favorable chlorination on
the aromatic ring of RhB through Eqs. (8)–(17). However, for the
Oxone/Cl− process, the degradation of RhB is mainly through the
non-radical reactions, i.e. Eqs. (13)–(17), which results in a slower
reaction rate.

The positive effect by increasing [Cl−] in the Fe(II)/Oxone sys-
tem on RhB degradation may not be suitable for the treatment of
other types of wastewater, because some chlorinated by-products
formed during the chlorination process may be difficult to be fur-
ther oxidized or become more toxic. A careful evaluation on each
type of wastewater is recommended.

3.5. Mineralization of RhB

Mineralization of RhB in the Fe(II)/Oxone process was assessed
by measuring the decrease in TOC with an initial RhB concentration
of 0.10 mM or 33.6 mg L−1 TOC as calculated stoichiometrically by
Eq. (18).

C28H31ClN2O3 + 73KHSO5 → 28CO2 + 14H2O + Cl− + 2NO3
−

+ 3H+ + 73KHSO4 (18)

The removal of RhB under the molar ratio of RhB:Fe(II):Oxone
(RFO) at 1:10:10 was found to be efficient as discussed previously.
Under these circumstances, however, it was found inefficient for
TOC removal, where only 30% TOC was removed, as shown in Fig. 11.
This result is reasonable considering the ratio of RFO at 1:10:10 is
far less than the required stoichiometric dosage for complete min-
eralization as indicated in Eq. (18). Thus, the tailing of TOC curve
is likely attributed to the depletion of Oxone. This can be justi-
fied by increasing the RFO ratio to 1:50:50, and that the abatement
of TOC was most efficient in the early stage of the reaction and
significantly slowed down afterward. This is likely due to the inef-

ficient side reactions of ferrous and Oxone as discussed before. To
minimize the involvement of side reactions, it’s possible to modify
the conventional process into a stepwise dosing approach. For the
same RFO ratio at 1:50:50, the oxidant and catalyst were evenly
distributed into 5 dosages at 1 h apart. As shown in Fig. 11 (curve
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), the total TOC removal further increased to 75%, which is 20%
igher than that of one-off dosing process. In addition, it should be
oted that the stepwise addition is 4 times faster to achieve the
ame level of TOC removal (i.e. 55%) than that of one-off dosing.
his is critical for a treatment plant design, since a much smaller
eactor can be used for a specific performance.

The role of Fe(II) in the stepwise approach was investigated as
ell. It was carried out by initiating the reaction at a RFO ratio

:10:10, then the additional Oxone was dosed into the reactor
n stepwise until the final RFO reached 1:10:50, as shown as the
urve d in Fig. 11. Compared with the curve c (RFO = 1:50:50), TOC
emoval of the curve d reduced to 44%, which was much smaller
han that of the curve c (75%). This suggests that the slow regen-
ration of ferrous ions can not support the fast oxidation reactions
n time. It is necessary to maintain Fe(II) level during the stepwise
rocess to ensure effective and rapid mineralization.

. Conclusions

The degradation of RhB was investigated using SO4
•− generated

y the coupling of Oxone and ferrous ions as oxidant and tran-
ition metal, respectively. Experimental results showed that the
erformance of dye degradation was dramatically influenced by
perating parameters, such as the molar ratio and the concentra-
ion of Fe(II) and Oxone, initial solution pH, and inorganic salts.
ptimum molar ratio of Fe(II)/Oxone was identified to be 1:1. Fur-

hermore, the results indicated the higher the Oxone concentration,
he faster the decay rate as well as the higher the performance. Opti-

um dye removal efficiency was observed at an initial solution pH
f 3.51 within the investigated pH range of 2.67–10.22. The overall
ye degradation can be described as a two-stage reaction consist-

ng of a rapid degradation stage followed by a retarded reaction
tage under the optimum conditions. In addition, the presence of
ertain anions had a significant effect on the Fe(II)/Oxone process.
t was found that SO4

2− demonstrated adverse effect in the pro-
ess, whereas the existence of Cl− facilitated the transformation
f RhB. The mineralization of RhB is feasible and the performance
an be greatly improved by using stepwise Fe(II) and Oxone dosing
pproach.
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