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ABSTRACT

We determined the effectiveness of persulfate (PS) activated by Fe2+ to treat Reactive Black
5 (RB5) dye. The experimental variables of persulfate dosage, Fe2+ dosage, initial dye con-
centration, solution pH, activators, and NaCl were investigated. The complete decolorization
of RB5 by 200mM PS activated by 1mM Fe2+ was 100% within 12 h but the TOC removal
efficiency was only 70% within 24 h. When the PS dosage and Fe2+ dosage increased, the
kobs of RB5 decolorization increased. On the other hand, when the initial RB5 concentration
increased from 0.01 to 0.05mM and concentration of PS was fixed at 400mM, the number
of sulfate radicals did not increase proportionally, so the kobs of the RB5 decolorization
decreased. Lowering the pH from 11 to 5 increased the kinetic rates of destruction of RB5.
At a higher pH, the concentration of Fe2+ could decrease due to the formation of iron oxides
which hinder the further reaction of Fe2+ with PS. Five activators (Fe0, Fe2+, Fe3+, Ag0, and
Ag+) were chosen to study their capability in activating PS oxidation. At the equivalent
mole of activator, the kobs of the treatment of PS activated by Fe0 was the best (2.8609 h−1).
Increasing the NaCl concentration from 17.24mM (1g L−1) to 68.96mM (4 g L−1) decreased
the kinetic removal rates of RB5. The PS oxidation of RB5 was optimized using response
surface methodology. The interactive effects of three factors namely, persulfate dosage (X1),
Fe2+ dosage (X2), and pH (X3) were investigated. The results indicated the optimum condi-
tion to treat 0.01mM RB5 to be 445mM PS and 4.91mM Fe2+ at pH 5.45.

Keywords: Decolorization; Ferrous ion; Persulfate; Reactive Black 5; Response surface meth-
odology (RSM)

1. Introduction

Azo dyes are characterized by presenting one or
more azo bonds (–N=N–) which are widely used in sev-
eral industries, especially textile dyeing mills. Most azo

dyes are complex aromatic structures, which are diffi-
cult to be decayed by natural attenuation processes.
Many organic dyes are hazardous and may affect aqua-
tic life and even the food chain [1,2]. There are many
physical, chemical, and biological methods for dye
removal: chemical coagulation, flocculation, chemical
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oxidation [3], chemical reduction [4], adsorption [5],
photochemical oxidation [6], membrane filtration [7],
and aerobic/anaerobic biological degradation [8]. All of
these methods suffer from one or more limitations, and
none of them are able to remove dyes completely from
wastewater [9]. Moreover, some methods may generate
highly toxic secondary products [10]. Advanced oxida-
tion processes (AOPs) have been developed to oxidize
azo dyes in wastewater. AOPs are based on generating
radicals such as the hydroxyl radical (�OH) or the sul-
fate radical (SO��

4 ) which can destroy a broad range of
organic pollutants quickly and non-selectively [3,11].
Radical species can be formed in homogeneous systems
via electron transfer by transition metal activation of the
oxidants such as hydrogen peroxide (H2O2), persulfate
(PS), peroxymonosulfate (PMS), etc. [12].

Persulfate (PS, S2O
2�
8 ) is a strong oxidizing agent

with a high redox potential (2.05 V) and it has been used
widely in the petroleum industry for the treatment of
hydraulic fluids or as a reaction initiator [13]. PS is non-
selectively reactive, and it is relatively stable at room
temperature [14]. With the activation of UV, heat, or
transition metals (M) such as Fe2+, Fe3+, etc. persulfate
can form more powerful sulfate free radicals (SO��

4 ),
which have a higher redox potential (2.4 V) [15,16].
Among the known oxidants used in wastewater treat-
ment, only �OH radicals have potentials (E = 2.72 V)
close to SO��

4 radicals [17]. The half-cell reaction of sul-
fate free radicals is shown in Eq. (1):

SO��
4 þ e� ! SO2�

4 E0 ¼ 2:4V (1)

The activation by transition metals is the most vari-
able method for the field application of this oxidation
method, because thermal activation would require
heating the treatment system which poses significant
engineering challenges and is not cost effective, and
for UV activation, the wastewater needs to be pumped
out for passage through UV reactor, which also adds
cost and complexity [18]. Many transition metals for
example, Ag+, Ce3+, Co2+, Fe2+, Fe3+, Mn2+, Ni2+, Ru3+,
and V3+ could activate PS to generate SO4 radicals
[19]. Iron has been widely used as a transition metal
because it is relatively inexpensive, non-toxic, and
effective [20]. Moreover, the use of zerovalent iron
(Fe0) instead of iron salts (Fe2+, Fe3+) prevents any
additional anion loading in the wastewater treatment
[21]. Zerovalent iron undergoes oxidation in water to
give Fe2+, then Fe2+ also reacts with water, generating
Fe3+. When Fe3+ reacts with the persulfate anion, two
molecules of sulfate radicals are produced as shown
in Eq. (2):

S2O
2�
8 þ Fe3þ ! Fe2þ þ SO2�

4 þ SO��
4 (2)

It has also been reported to be effective for degrad-
ing some azo dyes contained in synthetic wastewater,
such as Methylene Blue [22,23], Acid Orange 7 [3,24],
Cibacron Brilliant Yellow 3 [10], Sunset Yellow, and
Ponceau 4R [25]. Sulfate radicals can oxidize the azo
bond (–N=N–) in the chromophore of dyes. The
destruction of the azo bond leads to the decolorization
of the dye solution [2]. Beside dyes, salt, especially
NaCl, was used in textile dyeing process. Vishnu et al.
[26] indicated that about 600–700 ton of fabrics was
processed requiring 400–500 ton of salt. This generated
the large quantity of total dissolved solids and chlo-
rides in wastewater. The estimated concentration of
chloride was in the range of 2,000–3,500 mg L−1. This
ion increases the ionic strength of the medium and
thus, may affect the catalytic activity in physicochemi-
cal wastewater treatment [6]. In oxidation of RB5 by
UV/TiO2, addition of NaCl favored partitioning of
RB5 to the TiO2 surface, increasing adsorption of RB5,
then decolorization was thus accelerated [6].

Generally, wastewater treatments by chemical
methods are optimized using a “one at a time strat-
egy” of the treatment parameter, so it is time consum-
ing and may ignore the combined interactions
between parameters [27,28]. As a solution, the statisti-
cal method of response surface methodology (RSM)
has been proposed to include the influence of individ-
ual factors as well as their interactive influences [29].
RSM has been used to optimize wastewater processes
such as the coagulation–flocculation process of leach-
ate treatment [29], the photodecolorization of the sul-
fonated diazo dye Reactive Green 19 [30], the
photoelectrocatalytic oxidation of fulvic acid [27], and
the photoinduced decolorization of toludine blue [31].
However, a few studies were reported to optimize the
decolorization of dyes by PS oxidation.

In this study, Reactive Black 5 (RB5) was investi-
gated because RB5 is commonly found at a higher
concentration than other reactive dyes in dyebath
effluents [6]. Even though the decolorization of RB5
was studied using various oxidants, we lack the infor-
mation of RB5 decolorization by PS/various activators.
To date, there have only been a few attempts to pro-
pose the possible product of the decolorization prod-
ucts of RB5. Furthermore, we used the mathematical
and statistical techniques for analyzing the effects of
independents variables on RB5 oxidation by PS and
investigating its optimal condition. We quantified the
decolorization effectiveness of RB5 in synthetic waste-
water by PS oxidation. We also examined the effects
of the ratio of PS to Fe2+ (activator), initial dye concen-
tration, solution pH, and transition metal, (Fe0, Fe2+,
Fe3+, Ag0, and Ag+) on the decolorization rates of RB5.
Moreover, we determined the effects of NaCl on the
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destruction of RB5 by PS oxidation. Statistics-based
experimental design with RSM was also employed to
investigate the optimization of the decolorization of
RB5 by PS oxidation.

2. Experimental procedures

2.1. Materials

Reactive Black 5 (RB5) was obtained from a textile
dyeing industry in Thailand. The chemical structures
of RB5 is illustrated in Fig. 1. Commercial zerovalent
iron and silver (purity 99%) were purchased from SD
Fine Chem Limited (particle size 100 mesh). Ferrous
chloride ((FeCl2�6H2O), ferric chloride (FeCl3�6H2O),
and silver chloride (AgCl) were obtained from Ajax.
Hydrochloric acid (HCl) was purchased from JT
Baker. Sodium hydroxide (NaOH) was purchased
from Carlo Erba Réactifs-SdS.

2.2. Experimental setup

The stock solution of 0.1 mM of RB5 was prepared
by adding 991.82mg of RB5 to 1 L deionized water
(DI water). Batch experiments were conducted to
examine the efficiency of PS activated by Fe2+ to
decolorize RB5 in an aqueous solution. The initial RB5
concentration was 0.01mM (100 mg L−1). One hundred
milliliters of aqueous RB5 was treated with a ratio of
200mM PS to 1mM Fe2+, 200mM PS, or 1mM Fe2+ in
250-mL Erlenmeyer flasks. The flasks were covered
with Parafilm (American National Can, Chicago, IL)
and agitated on an orbital shaker at 150 rpm at ambi-
ent temperature. The experiment was performed for
48 h. At preselected times, the samples were collected.

2.3. Effects of PS dosage, activator dosage, and initial
concentrations of RB5

The RB5 solutions were treated by four different
concentrations of PS (200, 300, 400, and 500mM) with
1mM Fe2+ as the activator. In addition, the RB5 solu-
tions were treated by 400mM PS with four different
concentrations of Fe2+ (0.5, 1, 4, and 8). In the final
batch, the RB5 solutions were prepared in deionized

water at five initial concentrations of 0.01, 0.02, 0.03,
0.04, and 0.05. One hundred milliliters of dye solution
was poured into a 250-mL Erlenmeyer flask and trea-
ted by 400mM PS and 4mM Fe2+. All flasks were sha-
ken by a rotating shaker at 150 rpm. The experiment
was performed in triplicate and conducted at room
temperature. At preselected times, the samples were
collected.

2.4. Effect of pH, types of activator, and NaCl

We used a pH-stat apparatus (Metrohm Titrino
718S; Brinkman Instruments, Westbury, NY) to control
the pH in the PS-Fe2+-reactive dye matrix. A single
treatment, consisting of 0.01 mM of RB5, 400mM PS,
and 4mM Fe2+ was used in this study. The treatments
were held at pH 5, 7, 9, and 11. An acidic pH was
obtained by adding 0.1 N HNO3, while a basic pH
was obtained by adding 0.2 N NaOH. Changes in the
RB5 concentrations were measured at preselected
times over a 12 h period. The experiment was per-
formed in triplicate and conducted at room tempera-
ture. A batch experiment was performed to investigate
the effects of activator types on the decolorization of
RB5. Five activators (Fe0, Fe2+, Fe3+, Ag0, and Ag+)
were chosen in this study. The initial RB5 concentra-
tion was 0.01 mM (100 mgL−1). One hundred millili-
ters of aqueous RB5 was treated with a ratio of
400mM PS to 4mM of each activator in 250-mL Erlen-
meyer flasks. The 0.01 mM RB5 solutions were treated
with 400mM PS, 4mM Fe2+, and four different con-
centrations of NaCl (17.24mM (1gL−1), 34.48, 51.72,
and 68.96 ). All flasks were shaken by a rotating
shaker at 150 rpm. Both experiments were performed
in triplicate and conducted at room temperature. At
preselected times, the samples were collected.

2.5. Chemical analysis

The samples were collected by filtration through a
0.45-μm membrane filter. The residual concentration of
RB5 was quantified by a UV/VIS 918 spectrophotome-
ter at 598 nm. The intermediates of RB5 reduction by
PS oxidation were analyzed by 6490 Triple
Quadrupole LC-MS Systems. The column used for

Fig. 1. Molecular structure of RB5.
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LC-MS analysis was Zorbax SB-C18 (2.1 × 150mm).
The flow rate for this procedure was 0.20 mLmin−1

with a repeated injection volume of 5 μL. A mobile
phase of methanol (in H2O mixed with 0.05% formic
acid) was used with the following gradient: 5:95
(MeOH:H2O) for 10min followed by 10:90 for 5min
and 100:0 for the remainder of the run (~30min). The
UV detector was used at 254 nm for RB5 degradation
products. Mass spectra were obtained using an ion—
trap mass spectrometer fitted with an electron spray
interface operated in positive ionization mode with a
spray voltage of 3.5 kV, at a capillary temperature of
200˚C. Mineralization of the RB5 solutions during PS
oxidation was followed by measuring the total organic
carbon (TOC) using TOC analyzer, Tekmar Dohrmann,
Phoenix 8000. The samples were introduced into the
combustion furnace operated at 700˚C on platinum-
based catalyst. The CO2 generated was swept by oxy-
gen through a non-dispersive infrared detector.

2.6. Response surface methodology

RSM was used to investigate the influence of the
PS dosage, activator dosage, and pH on the decolor-
ization of 0.01mM RB5. The central composite design
(CCD) method was chosen to evaluate the combina-
tion effects on three factors namely, the PS dosage
(X1), the activator dosage, (X2), and the pH (X3). The
CCD required an experiment number according to
N ¼ K2 þ 2K þ cp where k is the factor number and cp
is the replicate number of the central point. All factors
were studied in five levels (–α, –1, 0, +1, and +α)
according to a ¼ 2k=4where k is the factor number [32].
This experimental design was performed using five
level values: maximum (+1.68), +1, 0, –1, and mini-
mum (–1.68). The level and code for each factor and
the design for the RSM are shown for the actual val-
ues in Table 1 and for the predicted values in Table 2.

Khuri and Cornell [33] described an empirical
second-order polynomial model for three factors using
RSM by Eq. (3):

Y ¼ b0þ
X

biXiþ
X

bijXiXjþ
X

bijXi2 (3)

where Y is the predicted response (% removal effi-
ciency of RB5 by PS oxidation) and β is the model
coefficient parameter. The removal efficiency was cal-
culated using Eq. (4):

Y ð%Þ ¼ C0 � C

C0
� 100 (4)

where C0 is the initial concentration of RB5 and C is
the concentration of RB5 after treating with PS and
Fe2+ at 4 h. The results were analyzed with statistical
software.

3. Results and discussion

3.1. Decolorization of RB5 by PS oxidation

We determined the efficiencies of using 200mM PS
activated by 1mM Fe2+, 200mM PS alone, or 1mM
Fe2+ to degrade 0.01 mM of RB5 in aqueous solutions.
The initial pH of RB5 solution was 7.78 ± 0.25. The
reductions of RB5 are illustrated in Fig. 2(A). In
Fig. 2(A), the Fe2+ alone had no significant effects on
decolorization of RB5. In treatment of RB5 with PS
alone, the decolorization began to slow down at 6 h,
reached a plateau at 12 h, and remained at this con-
centration until the end of the experiment. The decol-
orization in the treatment of RB5 with PS/Fe2+ started
slowing down at 10 h, reached a plateau at 14 h, and
the RB5 color was completely gone. The decolorization
of RB5 by PS oxidation with and without Fe2+ seemed
to follow a pseudo-first-order kinetic and the degrada-
tion curve was fit with the exponential decay equa-
tion. The pseudo-first-order decolorization rate (kobs)
of RB5 by PS oxidation was calculated using Eq. (5):

�d½RB5�
dt

¼ kobs½RB5� (5)

where [RB5] is the concentration of RB5, t is time, and
the kobs value is 0.2265 h−1 for RB5 treatment by 200
mM PS activated by 1mM Fe2+, whereas kobs value is
0.0218 h−1 for RB5 treatment by 200mM PS alone.
Treating RB5 by PS alone provided less efficiency than
using PS activated by Fe2+. In the PS/Fe2+/RB5 sys-
tem, the possible decolorization reaction could be
expressed by Eqs. (6)–(10):

S2O
2�
8 þ Fe2þ ! Fe3þ þ SO2�

4 þ SO��
4 (6)

Table 1
Level and code of factors for RSM

Factors Codes
Level

−1.682 −1 0 1 1.682

PS (mM) X1 232 300 400 500 568
Fe2+ (mM) X2 0.64 2 4 6 7.36
pH X3 2.64 4 6 8 9.36
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SO��
4 þH2O ! SO2�

4 þ Hþ þ �OH ðhydroxyl radicalÞ
(7)

SO��
4 þ RB5 ! SO2�

4 þ RB5 intermediate (8)

�OHþ RB5 ! OH� þ RB5 intermediate (9)

SO��
4 þ �OH þ RB5 intermediate

! SO2�
4 þ CO2 þ H2O þ other inorganics (10)

Sulfate radicals might dominate the reaction of the
decolorization of RB5 although other oxidizing species
could exist in the system [34]. Mineralization of 0.01
mM RB5 solution during PS oxidation (Eq. (10)) was
followed by measuring TOC content of the samples.
Fig. 2(B) shows the decrease of TOC vs. time for
decolorization of RB5 by PS oxidation. The Fe2+ alone
had no significant effects on mineralization of RB5.
We found a few mineralization on RB5 treated by PS
alone. The major mineralization was obtained with PS
oxidation activated by Fe2+. Although the RB5 decolor-
ization with the PS/Fe2+ occurred quickly within 8 h,
the reduction of TOC was more slowly than the RB5
decolorization. At 12 h, the color of RB5 was com-
pletely gone (100% decolorization) while TOC reduc-
tion had still proceeded until 24 h. The TOC removal

efficiency was only 70%. If the oxidation was com-
pleted, the final products should be CO2, H2O, SO2�

4 ,
and NO�

3 . However, this indicated that there were
some organic intermediates remaining in the treat-
ment. Some researchers observed similar results for
the oxidation process of dye; the organic materials
were not completely mineralized because stable
intermediates were formed, for example, acetic acid
[35,36].

In addition, the rate of TOC removals was posi-
tively related to the PS concentration in the range of
1–4mM. The excessive PS would complete with sul-
fate radicals through reaction in Eq. (11) [19,34]:

SO��
4 þ S2O

2�
8 ! S2O

2�
8 þ 2SO2�

4 (11)

The UV spectra of wastewater containing RB5
before and after treating with 200mM PS activated by
1mM Fe2+ are shown in Fig. 3. It seems that the main
spectrum of light absorption of RB5 before the treat-
ment was located at 598 nm and the second spectrum
was located at 328 nm. The peak at 328 nm was
assigned to its aromatic rings while the peak at 598
nm was assigned to the conjugated structure formed
by the azo bond of RB5 [37,38]. As the chemical oxida-
tion proceeded, the absorption peak at 598 and 328 nm
decreased dramatically and disappeared within 24 h,

Table 2
The experimental design for RSM and % removal efficiency

Trial #

Factor level Actual values % RB5 decolorization

X1 X2 X3 X1 X2 X3 Experimental Predicted

1 −1 −1 −1 300 2 4 50.23 45.97
2 −1 −1 +1 300 2 8 56.25 53.53
3 −1 +1 −1 300 6 4 60.25 65.65
4 −1 +1 +1 300 6 8 50.12 53.05
5 +1 −1 −1 500 2 4 60.21 59.57
6 +1 −1 +1 500 2 8 68.25 65.13
7 +1 +1 −1 500 6 4 85.42 90.45
8 +1 +1 +1 500 6 8 69.24 75.85
9 −1.682 0 0 232 4 6 43.25 45.40
10 0 −1.682 0 400 0.64 6 40.23 48.25
11 0 0 −1.682 400 4 2.64 78.52 77.19
12 +1.682 0 0 568 4 6 80.14 75.97
13 0 +1.682 0 400 7.36 6 83.24 73.79
14 0 0 +1.682 400 4 9.36 71.42 71.27
15 0 0 0 400 4 6 97.26 91.73
16 0 0 0 400 4 6 87.25 91.73
17 0 0 0 400 4 6 91.24 91.73
18 0 0 0 400 4 6 93.25 91.73
19 0 0 0 400 4 6 93.14 91.73
20 0 0 0 400 4 6 85.26 91.73
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which indicated that the chromophore was completely
destroyed. Loukanov et al. [38] reported that the oxi-
dation processes of RB5 occurred not only in the azo
group, but also there was destroying the aromatic
structure. The intermediates, naphthionic acid, 1-
amino-2-naphtol, 2-naphtol, and 1,2-naphthoquinone
were found in photolysis of RB5 [39]. The azo dyes
contain one or more azo groups –N=N–, as the chro-
mophore, which is the basic functional group for visi-
ble color in dyes. The molecular structure of RB5 has
two azo groups. In the chemical structure of RB5,
1-sulfonic, 2-(benzenesulfonyl) ethanol connects to an
azo bond (Fig. 1). Initially, the sulfate radicals/hydro-
xyl radicals oxidized the azo group and opened the
–N=N–. The decolorization of RB5 proceeded via

reductive cleavage of azo bonds resulting in the for-
mation of amines and naphthalene. To confirm the
reductive cleavage of azo bonds, a sample at 4 h was
examined by LC-MS analysis. The mass spectra
(Fig. 4) indicated that 2,7,8-triaminonaphthalen-1-ol or

4-(ethylsulfonyl) benzenamine, with an m/z ratio of
189, might possibly result from the –N=N– cleavage in
the molecular structure as one of the decolorization
products of RB5 decolorization by PS. Our results con-
firmed that the disappearances of RB5 occurred when
the chromophores had broken down. Yu et al. [6]
observed similar results for the decolorization of RB5
in a UV/TiO2 system. During the decolorization,
hydroxyl radicals (OH�) generating in the system
attacked the azo bond and then –N=N– linkages were
destroyed. Kritikos et al. [40] also showed that the
products of the photocatalytic decolorization of RB5
were aromatic rings and short-chain aliphatic oxygen-
ated hydrocarbons.

3.2. Effects of PS dosage and activator dosage

We determined the efficiency of using 200, 300,
400, and 500mM of PS with a fixed concentration of
Fe2+ (1 mM) to treat 0.01mM RB5. The decolorization
of RB5 by different PS dosages is illustrated in
Fig. 5(A). When the PS dosage increased from 200 to
400mM, the kobs value of the RB5 decolorization
increased. The kobs values of the RB5 decolorization by
200, 300, 400, and 500mM of PS were 0.2343, 0.2687,
0.5686, and 0.5777 h−1, respectively. The removal effi-
ciencies of RB5 by 200, 300, 400, and 500mM of PS
with 1mM Fe2+ at 4 h were 67 ± 0.02%, 79 ± 0.05%, 94
± 0.01%, and 94 ± 0.05%, respectively. However, a fur-
ther increase in the PS dosage resulted in a slight
increase in the kobs. The same trend was found for the
decolorization of the azo dye Orange G by PS with
the ferrous ion [37]. Liang et al. [41] indicated that the
influence of persulfate on the oxidation of BTEX under
a fixed Fe2+ concentration was less significant. The
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plot of kobs vs. the concentration of PS is presented in
Fig. 5(B). It seemed that the kobs and PS were not sig-
nificantly related by either a linear or a non-linear
relationship. The suitable condition in this experiment
was the use of 400mM of PS; therefore, in the subse-
quent experiment, 400mM PS was used to study the
effects of the activator dosage.

The oxidation of RB5 by 400mM with different
Fe2+ concentrations is shown in Fig. 5(C). The decolor-
ization of RB5 increased as the activator dosage
increased. The kobs values of the RB5 decolorization by
400mM of PS activated with 0.5, 1, 4, and 8mM Fe2+

were 0.1019, 0.5745, 1.1846, and 2.0296 h−1, respec-
tively. The removal efficiencies of RB5 by 400mM of

Fig. 4. Mass spectrum of intermediates of RB5 treated by PS/Fe2+ at 4 h.
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PS activated with 0.5, 1, 4, and 8mM Fe2+ at 4 h were
46 ± 0.08%, 77 ± 0.01%, 96 ± 0.09%, and 98 ± 0.01%,
respectively. Higher decolorization efficiencies were
achieved with higher initial Fe2+ concentrations which
were chiefly attributed to the increased generation of
SO��

4 [42]. Similar results have been reported in other
studies [37,43]. The comparison of the kobs values may
be inaccurate due to a possible non-linear relationship
between the kobs and the Fe2+ loading. The plot of the
kobs vs. the concentration of Fe2+ is presented in
Fig. 5(D). The increase in the concentration of Fe2+

enhanced the generation of sulfate radicals and hence,
the kobs value increased. The non-linear relationship
between the Fe2+ dosage and Fe2+ is given by
Kobs ¼ 0:43½Fe2þ�0:74 with R2 = 0.9782. A similar trend in
the kinetic model had been observed for the reduction
of Alizarin Red S by ammonium persulfate using Fe0

as the catalyst [21].
On the other hand, overloading of the activator

may hinder the decolorization efficiency of RB5. Fe2+

could also act as a scavenger of SO��
4 , effectively

quenching the oxidation reaction in Eq. (12) [42]:

Fe2þ þ SO��
4 ! Fe3þ þ SO2�

4 (12)

Moreover, the excess of SO��
4 generated by Fe2+ may

be consumed by some reactions other than with RB5.
The possible reactions are shown in Eqs. (13)–(18) [37]:

SO��
4 þ SO��

4 ! 2SO2�
4 (13)

SO��
4 þH2O ! HSO�

4 þ �OH (14)

SO��
4 þ �OH ! HSO�

4 þ 1=2 O2 (15)

�OHþ �OH ! H2O2 (16)

SO��
4 þH2O2 ! SO2�

4 þHþ þ HO2� (17)

SO��
4 þHO�

2 ! SO2�
4 þHþ þ O2 (18)

3.3. Effects of initial concentration of RB5

The effect of the initial concentration of RB5 on the
decolorization by PS was investigated. The initial con-
centrations of RB between 0.01 and 0.05mM were
treated by 400mM PS activated by 4mM Fe2+. The
effect of initial concentration of RB5 is shown in
Fig. 6(A). The higher initial concentration of RB5, the
lower decolorization efficiency. The kobs values of the

RB5 decolorization at initial concentrations of 0.01,
0.02, 0.03, 0.04, and 0.05mM by 400mM of PS acti-
vated with 4mM Fe2+ were 0.482, 0.2339, 0.1296,
0.0918, and 0.0817 h−1, respectively. The removal effi-
ciencies of 0.01, 0.02, 0.03, 0.04, and 0.05mM RB5 by
400mM of PS activated with 4mM Fe2+ at 4 h were
82 ± 0.08%, 60 ± 0.04%, 43 ± 0.02%, 38 ± 0.02%, and 28 ±
0.02%, respectively. The relationship between kobs and
the initial concentration of RB5 is shown in Fig. 6(B).
The relationship is non-linear and the best fit was
achieved with an exponential function with
R2 = 0.9918: Kobs ¼ 0:665e�50:46½RB5� where [RB5] is the
initial concentration of RB5. A similar trend in the
kinetic model had been observed for the reduction of
Alizarin Red S by ammonium persulfate using Fe0 as
the catalyst [21]. In fact, as the RB5 concentration
increased, the number of sulfate radicals did not
increase proportionally.
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Fig. 6. The decolorization of RB5 at different initial concen-
trations by 400mM PS and 4mM Fe2+ (A) and the plot of
kobs vs. the initial concentrations of RB5 (B).
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3.4. Effect of pH

To study the effect of pH, a pH-stat was used to
control the pH of an aqueous solution of RB5. The
RB5 solutions were treated by 400mM PS and 4mM
Fe2+ at four different pH levels (5, 7, 9, and 11). The
decolorization of RB5 by 400mM and 4mM Fe2+ at
different pH levels is shown in Fig. 7(A). The decolor-
ization of RB5 decreased when the pH increased. The
kobs values of the RB5 decolorization by 400mM of PS
and 4mM Fe2+ at pH levels of 5, 7, 9, and 11 were
0.499, 1.1075, 1.6486, and 2.5472 h−1, respectively. The
removal efficiencies of RB5 by 400mM of PS and 4
mM Fe2+ at pH levels of 5, 7, 9, and 11 at 4 h were 99
± 0.01%, 96 ± 0.04%, 94 ± 0.08%, and 75 ± 0.17%, respec-
tively. With the increase of pH from 5 to 10, the decol-
orization of RB5 by PS decreased, which indicated
that an acidic pH is more favorable to the reaction of
PS with regard to the oxidation of RB5. At a higher
pH, the concentration of Fe2+ could decrease due to
the formation of Fe2+ complexes which hinder the fur-
ther reaction of Fe2+ with PS. The iron oxides formed
in the treatment system, such as, FeOH2+, Fe2(OH)2

4+,
Fe(OH)2

+, Fe(OH)3, and Fe(OH)4
+ have low efficiency

in the activation of persulfate to produce the sulfate
radicals [34]. In addition, at high pH (e.g. pH > 8.5),
the substantial concentration of PS present in the solu-
tion may scavenge the �OH formed upon reaction of
the former with hydroxyl anions that are favored in
alkaline solution as shown in Eq. (19) [23]. This might
result in the rapid decay of sulfate radicals.

SO��
4 þ OH� ! SO2�

4 þ �OH (19)

Another possible way was for the carbon dioxide
formed from the RB5 mineralization in Eq. (10) to lead
to the formation of bicarbonate (HCO�

3 ) and carbonate
(CO2�

3 ) ions under alkaline conditions which might
inhibit the RB5 decolorization [34,44]. Zuo and
Katsumura [45] indicated that at a high pH, SO��

4 could
react with HCO�

3 and CO2�
3 as Eqs. (20) and (21) result-

ing in sulfate radicals in the system being consumed.

SO��
4 þHCO�

3 ! SO2�
4 þHCO�

3 at pH 8:4 (20)

SO��
4 þ CO2�

3 ! SO2�
4 þ CO��

3 at pH[ 8:4 (21)

Yang et al. [3] also reported that carbonate could acti-
vate peroxymonosulfate to generate SO��

4 which rap-
idly reacted with OH– to produce OH�, even at a low
concentration, and it could quench OH� and inhibit
the decolorization of the azo dye Acid Orange 7.

The plot of the kobs vs. the concentration of Fe2+ is
presented in Fig. 7(B). The relationship shown is non-
linear and the best fit was by an exponential function
with R2 = 0.9876—namely, Kobs ¼ 8:871e�0:2477½pH� Simi-
lar trends have been observed for the reduction of
Methylene Blue [23] and Orange G [37].

3.5. Types of activator

Five activators (Fe0, Fe2+, Fe3+, Ag0, and Ag+) were
chosen to study their capability in activating PS oxida-
tion. The decolorization of 0.01 mM RB5 treated by
400mM PS with 4mM of the five different activators
is presented in Fig. 8. The kobs values of the RB5
decolorization by 400mM of PS and 4mM of Fe0,
Fe2+, Fe3+, Ag0, and Ag+ were 2.8609, 1.2772, 1.1846,
0.5639, and 0.2499 h−1, respectively. The removal effi-
ciency at 2 h of RB5 treated by 400mM of PS and 4
mM of Fe0, Fe2+, Fe3+, Ag0, and Ag+ was 100%,
94 ± 0.02%, 91 ± 0.07%, 55 ± 0.04%, and 37 ± 0.06%,
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Fig. 7. The decolorization of RB5 at different pHs by 400mM
PS and 4mM Fe2+ (A) and the plot of kobs vs. pHs (B).
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respectively. At the equivalent mole of activator, the
kobs of the treatment by PS activated by Fe0 produced
the best kinetic rate. Fe0 might serve as a slow-releas-
ing source of dissolved Fe2+, which would activate PS
to produce SO��

4 as described in Eqs. (22) and (23)
[42], while PS activated by Fe2+ may be limited by the
SO��

4 scavenging due to excessive iron according to
Eqs. (23) and (24) [46]:

Fe0 þ S2O
2�
8 ! Fe2þ 2SO2�

4 (22)

Fe2þ þ S2O
2�
8 ! Fe3þ þ SO��

4 þ SO2�
4 (23)

Fe2
þ þ SO��

4 ! Fe3þ þ SO2�
4 (24)

Another possible process would involve the Fe0

being able to activate PS by involving a direct electron
transfer from Fe0 or surface bound Fe2+ (i.e. Fe2+

adsorbed to the iron surface or to structural Fe2+ in
the form of an iron oxide) [42].

In dye treatment, previous research has shown that
Fe0 itself can successfully transform many dyes, such
as Orange I, Orange II, Crocein Orange G, Sunset Yel-
low FCF [47], and diazo dye CI Acid Black 24 [48],
Acid Orange 2 [49], Reactive Red 2 [50], and Reactive
Black 5 [51]. In dye decolorization, the azo bond
(N=N) of the chromophore or chromogen of the dye is
broken by an electron provided by Fe0, and the color
disappears. Feng et al. [50] used the GC/MS technique
to investigate the degradation products of Reactive
Red 2 by Fe0. Their results confirmed that the azo
linkage of Reactive Red 2 was reduced to a hydroge-
nated azo structure without the destruction of the

benzene or naphthalene rings. However, the disadvan-
tage of using Fe0 as a activator is that Fe0 may gener-
ate the excessive Fe2+ in the system leading to
produce a lot of iron oxides after treatment.

It was found that adding Fe2+ or Fe3+ without PS
did not show any decolorization of RB5. However,
Fe2+ or Fe3+ ions could significantly accelerate the oxi-
dation of RB5 in the presence of PS. Compared with
the Fe species, the Ag species (Ag0 and Ag+) were less
effective as activators for the RB decolorization by PS.
However, Anipsitakis and Dionysiou [19] reported
that Ag+ was the most efficient metal ion for the acti-
vation of PS under UV light among nine tested transi-
tion metals, but Ag+ was not sufficient to activate PS
in the dark.

3.6. Effects of NaCl

In the dyeing process, NaCl is commonly added to
obtain a specific gravity which depends on the type of
dye; consequently, a large amount of NaCl is released
in the wastewater from textile dyeing mills. We deter-
mined the efficiency of using 400mM of PS with 4
mM Fe2+ to treat 0.01 mM RB5 with various concentra-
tions of NaCl: 17.24mM (1g L−1), 34.48, 51.72, and
68.96. The effect of NaCl on the decolorization of RB5
by PS is shown in Fig. 9. The higher the concentration
of NaCl, the lower the kobs of the RB5 decolorization
by PS. The kobs values of the RB decolorization by PS
under 17.24mM (1g L−1), 34.48, 51.72, and 68.96 NaCl
were 0.3132, 0.2360, 0.2129, and 0.1972 h−1, respec-
tively, while the kobs value of the control treatment
(without NaCl) was 1.1846 h−1. The removal efficien-
cies at 4 h of treatment with NaCl were between 45
and 57% while the removal efficiency of the control
increased to 93%. The same trend was found with the
decolorization of the azo dye Orange G (OG) by PS
with the ferrous ion [37]. Chloride may increase the
ionic strength of the medium and thus, may affect the
catalytic activity in physicochemical wastewater treat-
ment [6]. In the presence of Cl–, SO��

4 can react with
Cl– as shown in Eq. (25), which would lead to a
decrease in the amount of SO��

4 in the treatment
system [52]:

SO��
4 þ Cl� ! SO2�

4 þ Cl� (25)

Liang et al. [53] reported that when the concentra-
tion of chloride exceeded 0.2M, the TCE degradation
by PS was inhibited due to a possible sink of sulfate
radicals. In addition, if the chloride ions are present at
an elevated concentration, the forward reaction of
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Fig. 8. The decolorization of RB5 by 400mM PS and 4mM
of Fe0, Fe2+, Fe3+, Ag0, and Ag+.
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Eq. (23) would be important compared with the
reverse reaction and would result in a greater degree
of scavenging of SO��

4 . It was found that several
anions may scavenge sulfate radicals and inhibit the
reaction. Xu and Li [37] indicated that the anions
could inhibit the reaction rate of OG decolorization
and their inhibiting effects could be ranked from low
to high in the order of NO�

3 < Cl– <H2PO
��
4 < HCO�

3 .
Prior to the application of PS, the wastewater should
be screened for the presence of SO��

4 scavengers to
evaluate the removal efficiency of the treatment.

3.7. Analysis of RSM

The relationship between the three factors (PS dos-
age, activator dosage, and pH) and the decolorization

efficiency of 0.01mM RB5 was analyzed using RSM.
The predicted response (Y) was assessed as a function
of the PS dosage (X1), the activator dosage (X2), and
the pH (X3). Table 3 shows the statistical analysis of
the model (ANOVA) for response surface quadratic
model for RB5 removal by PS. The model F value is
15.21 and the value of “Prob > F” of the model is
0.0001. This implies that the inclusion of the three
variables produced a statistically significant result,
“Prob > F” is less than the 0.05 test level for signifi-
cance used. The lack of fit (LOF) F-value is 3.32 and
the value of “Prob > F” of LOF is 0.1070. The LOF of
the model implied the variation of data around the fit-
ted model. There is only a 10.70% chance that a “LOF
F-value” this large could occur due to noise. The value
of “Prob > F” of LOF higher than 0.05 shows that the
F-statistic was insignificant, implying significant
model correlation between the variable and process
response [54]. The R2 value gives the proportion of the
total variation in the response predicted by the model
indicating the ratio of the sum of squares due to the
regression to the total sum of squares [29]. The R2

value in this study was 0.9319 for the RB5 decoloriza-
tion by PS while the adjusted R2 was 0.8707. The R2

value should be at least 0.80 for a good fit of a model
[55]. A high R2 value (close to 1) is desirable and rea-
sonable agreement with the adjusted R2 is necessary
[56]. The predicted R2 was 0.587 and the adequate
precision was 10.248. The adequate precision measures
signal to noise ratio. A ratio greater than 4 is
desirable. Our ratio indicates the adequate signal, so
the model can be used to navigate the design space.
The relationship between the response and the three
factors is expressed by the Eq. (26).
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Fig. 9. The decolorization of RB5 in different NaCl concen-
trations by 400mM PS and 4mM of Fe2+.

Table 3
ANOVA for response surface quadratic model for RB5 removal by PS

Source of variation Sum of squares Degree of freedom Mean squares F value p-value prob > F

Model 5652.35 9 628.04 15.21 0.0001
X1 1205.36 1 1205.36 29.20 0.0003
X2 767.68 1 767.68 18.60 0.0015
X3 42.84 1 42.84 1.04 0.3323
X1X2 62.22 1 62.22 1.51 0.2477
X1X3 2.03 1 2.03 0.049 0.8290
X2X3 203.72 1 203.72 4.94 0.0506
X2

1 1707.20 1 1707.20 41.36 <0.0001
X2

2 1702.76 1 1702.76 41.25 <0.0001
X2

3 551.84 1 551.84 13.37 0.0044
Residual 412.79 10 41.28
Lack of fit 317.22 5 63.44 3.32 0.1070
Pure error 95.57 5 19.11
Cor. total 6065.14 19

Note: R2 = 0.9319; Adjusted R2 = 0.8707; Predicted R2 = 0.5781; Adequate precision = 10.248.
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Y ¼ �243:75þ 0:93X1 þ 27:52X2 þ 23:76X3 þ 0:014X1X2

� 0:0025X1X3 � 1:26X2X3 � 0:0011X2
1 � 2:72X2

2

� 1:55X2
3 ð26Þ

The predicted values calculated from the model
and the experimental values are shown in Table 2.
Fig. 10 shows the relationship between the predicted
values and experimental values. The plot indicated an
adequate agreement between real data and the ones
obtained from the model. The experimental values are
the measured response data for a particular run and
the predicted values evaluated from the model and
generated using approximating functions [57]. A diag-
nostic plot of the predicted vs. experimental values
helps to determine whether the model is satisfactory
[29]. Our result with R2 = 0.9317 indicates an adequate
agreement between the real data and the data
obtained from the model.

The response surfaces for the RB5 decolorization effi-
ciency are shown in Fig. 11. Each plot represents the effect
of two variables in this study. The effects of the persulfate
dosage and Fe2+ dosage, the persulfate dosage and pH,
and the Fe2+ and pH are shown in Fig. 11(A)–(C),
respectively. The shapes of all contour plots indicate the
nature and extent of the interaction. Prominent interac-
tions are shown by the elliptical nature of the contour
plots, while less prominent or negligible interactions will
be shown by the circular nature of the contour plots [27].
Our response plots and contour plots show clear peaks,
indicating that the optimum conditions for maximum
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Fig. 10. The experimental data vs. predicted data plot for
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_values of the responses are attributed to the persulfate
dosage, the Fe2+ dosage, and the pH, respectively. In
Fig. 11(A), the optimal condition between PS dosage and
Fe2+ dosage is obtained at 440mM PS and 4.78mM Fe2+.
The best condition between PS dosage and pH is 435mM
at pH 5.55 (Fig. 11(B)). The suitable condition between
Fe2+ dosage and pH in Fig. 11(C) is 4.92mM Fe2+ at pH
5.81. The overall optimum removal from the model was
obtained at 445mM PS and 4.91mM Fe2+ at pH 5.45. The
constraints of using these optimized values are that the
concentration of RB5 must be less than 0.01mM and the
RB5 must not be contaminated by other chemicals for
example, other dyes, salts, and heavy metals. In addition,
the treatment must be done under room temperature.
The experiments using the optimum condition were per-
formed to confirm the model adequacy for determining
the efficiency of RB5 removal. The results showed that
the average RB5 removal efficiency at 4 h was 90.42% in
the experiments while it was 96.08% in the model
prediction. These results indicated that the RB5 removal
efficiencies for all response parameters obtained from the
experiments and the model predictions were in close
agreement. The good agreement between the predicted
and experimental results verified the validity of the
model and reflected the existence of an optimal point
[27].

4. Conclusion

The results of this study indicated that RB5 dye
can be effectively degraded by persulfate oxidation
using Fe2+ as the activator. It was found that the reac-
tion of the RB5 decolorization by PS followed a
pseudo-first-order kinetic model. The complete decol-
orization of RB5 by 200mM PS activated by 1mM
Fe2+ was 100% within 12 h but the TOC removal effi-
ciency was only 70% within 24 h. The decolorization
of RB5 proceeded via reductive cleavage of azo bonds
resulting in the formation of amines or naphthalenes.
The mass spectra indicated that 2,7,8-triaminonaphtha-
len-1-ol or 4-(ethylsulfonyl) benzenamine with an m/z
ratio of 189 that might result from N=N cleavage in
the molecular structure was one of the degradation
products of the RB5 decolorization by PS. When the
PS dosage and Fe2+ dosage increased, the kobs of the
RB5 decolorization increased. When the RB5 concen-
tration increased, the number of sulfate radicals did
not increase proportionally, so the kobs of the RB5
decolorization decreased. Lowering the pH from 11 to
5 increased the kinetic rates of destruction of RB5. Five
activators (Fe0, Fe2+, Fe3+, Ag0, and Ag+) were chosen
to study their capability as activators in PS oxidation.
At the equivalent mole of activator, the kobs of the

treatment of PS activated by Fe0 was the best (2.8609
h−1). Increasing the NaCl concentration from 17.24
mM (1g L−1) to 68.96mM (4 g L−1) decreased the
kinetic removal rates of RB5. The RSM approach
allowed the estimation of the influence of the three
variables (persulfate dosage, Fe2+ dosage, and pH) on
the RB5 decolorization by PS. The optimum removal
from the model was obtained at 445mM PS and 4.91
mM Fe2+ at pH 5.45. RSM is a good tool for determin-
ing the optimum conditions of PS treatment with a
statistically reliable analysis.
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