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a b s t r a c t

In order to generate powerful radicals as oxidizing species for the complete decolorization and degra-
dation of azo dye Reactive Black B (RBB) at near neutral pH (pH 6), homogeneous activation of
peroxymonosulfate (Oxone: PMS) by the trace Co2+-catalysts was explored. We not only took advantage
of the high oxidation–reduction potential of produced hydroxyl and sulfite radicals but also an oppor-
tunity to oxidize RBB to less complex compounds with extremely low dosages, especially the ppb level
of the Co2+-catalyst (stoichiometric ratio: [Co2+]0/[RBB]0 = 1.7 × 10−6–1.7 × 10−5; [PMS]0/[RBB]0 = 8–32).
Anion effects and pH effects were also carried out and discussed to simulate an actual application such
as that of a textile waste stream. Both the degradations of RBB and its derivative aromatic fragments
eroxymonosulfate
adicals
ecolorization

were illustrated successfully at UV–visable absorptions of 591 and 310 nm, respectively, and the possible
relationships between them were also proposed and discussed, based on the experimental results. The
RBB degradation in this Co2+/PMS oxidative process successfully formulated a pseudo-first-order kinetic
model at an isothermal condition of 25 ◦C with or without different anions present. The initial rate and rate
constant were calculated under different comparative conditions, and the results indicate that the activity
of both RBB decolorization and its degradation are not obviously dependent on the PMS concentration,

he Co
but rather are related to t

. Introduction

The azo dyes, characterized by having an azo group consisting of
wo nitrogen atoms (–N N–), are the largest class of dyes used in
he textile industry [1]. Inside the azo dyes, there is a wide variety of
yes, namely, acid, reactive, disperse, vat, metal complex, mordant,
irect, basic and sulphur dyes. Among these, reactive azo dyes are
he most frequently used. Therefore, in this work, we have selected
ye Reactive Black B (RBB), one of the most commonly used reactive
yes for textile finishing, to be the target compound for simulation
s a representative dye pollutant of industrial wastewaters.

Nowadays, biological treatment is not a complete solution to the
astewater pollution problem due to biological resistance char-

cteristic of some reactive dyes. Hence, using resources such as
dvanced Oxidation Processes (AOPs), like Fenton, electro-Fenton

nd photo-Fenton processes, could be a good option to treat and
liminate textile dyes [2]. These processes appear to have the capac-
ty to completely decolorize and partially mineralize the textile
ndustry dyes in a short reaction time, as has been indicated by

∗ Corresponding author. Tel.: +886 6 2757575x62643; fax: +886 6 2360464.
E-mail address: ccy7@ccmail.ncku.edu.tw (C.-Y. Chen).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.091
2+ dosage.
© 2009 Elsevier B.V. All rights reserved.

some studies [1,3–5]. AOPs essentially involve the generation of
•OH, a powerful and non-selective oxidant that can be produced
in advance by different combinations of AOPs’ reagents, such as
Fenton’s reagents (i.e. H2O2 and Fe(II,III)), and combinations of O3
(or H2O2) with UV radiation and/or TiO2, among others, for the
destruction of various hazardous pollutants.

Although the long reaction time required (several days to
months) common to biodegradation technologies can be avoided
by the substitution of AOPs, powerful AOPs do not achieve the
necessary mineralization, and certain amount of sludge is always
discharged by some AOPs, especially Fenton processes [6–11], cre-
ating another problem worse than the degradation itself. Moreover,
AOPs such as Fenton-type reactions are limited by low pH condi-
tions (pHi < 4) [2], and although pH can be expanded to the neutral
region in the presence of iron ligands [12,13], additional amounts of
additives are required, and the degradation efficiency is decreased.

Based on the above concerns, another competitive oxidation
method of substitution, cobalt/peroxymonosulfate (Co2+/PMS), was

employed in this study not only to reach a decrement of reagents
but also to avoid any energy consumption (i.e. the UV source or
electric power) in other AOPs at a higher pH (≥7) [14]. The use
of PMS, a type of (bi)sulfite, is due to the fact that it has a higher
oxidizing potential (1.82 V) than H2O2 (1.76 V) and intervenes in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ccy7@ccmail.ncku.edu.tw
dx.doi.org/10.1016/j.jhazmat.2009.05.091
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egradation processes in a more efficient way than does persulfate
S2O8

2−) [15,16]. Moreover, metal-ion catalyses of PMS have been
eported to generate the reactive oxidative radicals HSO5

−•, SO4
−•

nd •OH, involving chain oxidative processes for the mineralization
f organic pollutants [17,18]. Most importantly, the utilization of the
o2+/PMS process in this study to oxidize RBB is due to the proposed
remise that the SO4

−• which is predominantly produced is pow-
rful but is an organics-selective oxidant which is totally different
rom •OH (non organics-selective) [19,20].

Therefore, the main objective of this study is to analyze the
easibility of decolorization and degradation of RBB by the use of
o2+/PMS oxidative processes with such extremely low dosages of
o2+ ([Co2+] = 1–10 �g L−1) and PMS (0.08–0.32 mM). Although low
ineralization efficiency is the common drawback of a single use

f sulfite–bisulfite–pyrosulfite systems, this low dosage Co2+/PMS
xidative process is expected to be looked upon as a superior choice
or a good pretreatment to selectively decompose the stubborn
tructures of benzenic and phenolic derivatives first. Achieving
ood mineralization is not the goal of this study, while facilitat-
ng the mineralization for the follow-up treatment of other AOPs
hrough the efficient decomposition of derivative aromatic frag-

ents of RBB using the pretreatment suggested in this Co2+/PMS
rocess is a good consideration and is interesting. Another signif-

cant benefit from this concept is to allow direct practice of the
reatment of RBB, even in alkaline conditions (pH ≥ 7). Furthermore,
he influence of different operational parameters (pH, PMS dosage,
o2+ dosage, and the anion effects) which affect the efficiency of
o2+/PMS processes in RBB oxidation was also investigated.

. Experimental

.1. Materials

Reactive dye-Black B (Fig. 1) was purchased from Aldrich. For
eference, the structure of the reactive dye-Black B is displayed
s the target dye used in all trials. Potassium peroxymonosulfate
PMS: OXONE®, DuPont) was purchased from Aldrich. Cobaltous
ulphate was obtained from Showa. All salts of reagent grade
or anion effect study, including sodium chlride (NaCl), sodium
erchlorate (NaClO4), potassium nitrate (NaNO3), and disodium
ydrogen phosphate dodecahydrate (Na2HPO4), were obtained
rom J.T.Baker, Showa, Riedel-de Haën, and Merck, respectively.
ther chemicals used herein, including sulfuric acid, sodium
ydroxide and the phosphate buffer solution (obtained from Schar-

au), were of reagent grade and were used to adjust pH. All sample
olutions were prepared using deionized water from the Millipore
illi-Q system.

.2. Experimental procedures and analysis

Firstly, it is worth to be noted here that the target concentration

f RBB was selected at 10 ppm in this study in order to simulate the
ctual effluent (and/or leakage) of textile industry; although RBB
ffluents can reach the allowed criteria of discharge (100 ppm) by
hoto/ferrioxalate technology [12], the color-problem of the efflu-
nt is still remained and unsolved. The metal-activation of PMS for

Fig. 1. Chemical structure of dy
Materials 170 (2009) 1110–1118 1111

all RBB degradation reactions was carried out in a batch reactor
(jar-testing reaction) at atmospheric temperature (25 ◦C). RBB reac-
tive solutions (0.01 mM (10 ppm)) were buffered with ∼0.305 mM
phosphate ([KH2PO4] =0.100 mM and [Na2HPO4] = 0.205 mM) at pH
6 and/or adjusted by NaOH(aq) at different reaction pH for the pH
effect study. All reactions were initiated by the simultaneous addi-
tion of the estimated amounts of PMS (0.08–0.32 mM) and Co2+

(1.7 × 10−4 mM–1.7 × 10−3 mM, i.e. 1–10 �g L−1) in a thermostatic
water bath. The volume of all reactive solutions was 1.0 L in each
trial.

As unfavorable halogen ions such as Cl− participate in the reac-
tion, they simultaneously scavenge most of the radicals produced,
thus generating chloride that may further transfer to Cl2(g) as a
result of the combination of two chloride atoms [21,22]. Due to the
study’s requirement to clarify the kinetics of the RBB/PMS oxidation
system, all the reagents, including an acid source for the purpose
of adjusting the pH and a Co(II,III) sources required for activation,
are frequently used in the sulfate form instead of the chloride form
to avoid such unwanted scavengers, with the exception of the NaCl
salt used for the anion effect study. In order to clarify the influence
of anions on RBB removal during Co2+/PMS oxidative processes,
various salts (10 mM), including chloride, perchlorate, nitrate, and
phosphate, were added.

The absorption of RBB is maximum at �max = 591 nm, and
the color removal relating to its decomposition was determined
using a UV–visible spectrophotometer. UV–visible spectra of all
other species including derivative aromatic fragments were also
obtained using a Hewlett–Packard 8453 diode array spectropho-
tometer (Agilent). All UV–visible spectra of the RBB oxidation were
evaluated spectrophotometrically at � = 190–1100 nm by subtract-
ing a background value of the single mixture of Co2+/PMS from total
absorption automatically, and all RBB samples in the oxidation pro-
cesses were analyzed immediately after sampling so as to prevent
further reactions. Furthermore, almost no Co(II,III) ion residuals
were found using the atomic absorption analysis during the degra-
dation of RBB in all of the oxidation processes due to the use of
extremely small amounts of [Co2+]0.

3. Results and discussion

3.1. Effect of pH

The pH of the solution controls the production rate of the radi-
cals (SO4

−• and •OH) and the concentration of Co2+. Therefore, pH
is an important parameter for this Co2+/PMS process. The effect of
pH on the decolorization of RBB by the Co2+/PMS oxidative pro-
cess is shown in Fig. 2. In the acidic range, the decolorization rate
increases sharply as the solution pH increases from 3.5 to 5 in the
Co2+/PMS process; on the contrary, it decreases sharply as the pH
of the solution increases from 6 to 8.4. Fig. 2b illustrates how as
the percentage of decolorization overlapped at different pH within

a 30 min period, the color removal increased from 3% to 25% at pH
3.5 and from 88% to 100% at pH 5. However, the largest variation
occurred at pH 4, from 26% to 93%. When the reaction pH was higher
than 5, the color removal decreased further, especially in alkaline
conditions, from 99% to 85% at pH 6, 88% to 71% at pH 7, and 40% to

e-Reactive Black B (RBB).
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the ideal dosage of Co2+ for actual application is preferably 10 ppb,
rather than 5 ppb, in order to ensure a sufficient amount of regen-
erated Co2+ (Eqs. (16)–(17)) to continuously activate 100 ppm PMS
completely via the chain oxidative pathways suggested in Sec-
ig. 2. Effect of pH on the RBB removal (a) and the corresponding percent-
ge of RBB decolorization (b) by Co2+/PMS processes. Experimental conditions:
RBB]0 = 0.01 mM (10 ppm); [Co2+]0 = 1.7 × 10−3 mM (10 ppb); [PMS]0 = 0.16 mM
100 ppm); reaction pH 6.0 (adjusted by NaOH(aq)); reaction temperature = 25 ◦C.

5% at pH 8.4, respectively. Hence, the optimum pH was proposed
o be about 5–6 for the RBB solution tested. In these processes, the
ecrease in decolorization at pH above 6 is probably due to the less
eactivity of the Co2+ hydroxo complex (formed during the higher
H reaction) with PMS; and especially the proposed evidence that
O4

−• (and/or SO3
−•) is rather stable in the acidic process (pH ≤ 5)

14,23]. At a low pH, the removal rate is limited due to the H+ ion
cavenging effects of the radicals •OH and SO4

−•. (Eq. (1)–(2)) [24].

OH + H+ + e− → H2O (1)

O4
−• + H+ + e− → HSO4

−• (2)

.2. Effect of Co2+ and PMS dosage

In order to determine the optimum initial PMS concentration, a
et of experiments on RBB degradation was carried out within the
0 min Co2+/PMS treatments of RBB at varying initial PMS concen-
rations presented in Fig. 3. The PMS concentrations were studied

n the range of 0.08–0.32 mM (i.e. 50–200 ppm), and were progres-
ively increased while maintaining the selected concentration of
o2+ constant at an extremely low value of 1.7 × 10−4 mM (1 ppb).
ll experiments were carried out for 60 min at an adjusted pH of 6.

t is evident from Fig. 3 that the optimum PMS dosage was found
Fig. 3. Effect of PMS dosage on the removal of RBB by Co2+/PMS processes. Exper-
imental conditions: [RBB]0 = 0.01 mM (10 ppm); [Co2+]0 = 1.7 × 10−4 mM (1 ppb);
reaction pH 6.0 (adjusted by NaOH(aq)); reaction temperature = 25 ◦C.

to be 0.16 mM (100 ppm) due to the fact that the RBB removal effi-
ciency did not increase significantly even when the concentration
of PMS was doubled (i.e. 0.32 mM (200 ppm)).

Correspondingly, the effect of the initial Co2+ concentration on
the treatment efficiency of RBB was also investigated by trying
different concentrations of Co2+ at the optimum PMS concen-
tration previously determined to be 0.16 mM (100 ppm) at pH
6.0 (Fig. 4). The selected Co2+ concentration was in the range of
1.7 × 10−4–1.7 × 10−3 mM (i.e. 1–10 ppb). Similarly, the optimum
cobalt concentration was found to be 8.5 × 10−4 mM (5 ppb) due
to the fact that the RBB removals did not increase significantly even
when the concentration of Co2+ was doubled (i.e. 10 ppb).

It is interesting to mention here that although both the PMS-
oxidant and the Co2+-catalyst have an optimum concentration.
Based on the use of an extremely low dosage of the Co2+-catalyst,
Fig. 4. Effect of Co2+-catalyst dosage on the removal of RBB by Co2+/PMS processes.
Experimental conditions: [RBB]0 = 0.01 mM (10 ppm); [PMS]0 = 0.16 mM (100 ppm);
reaction pH 6.0 (adjusted by NaOH(aq)); reaction temperature = 25 ◦C.
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ig. 5. Comparative plot of Initial rate and kobs of RBB removal related to
arious dosages of Co2+-catalyst and PMS oxidant. Experimental conditions:
RBB]0 = 0.01 mM (10 ppm); reaction pH 6.0 (adjusted by NaOH(aq)); reaction tem-
erature = 25 ◦C. Initial rate calculation was defined within 5 min.

ion 3.6. Furthermore, the dark step of Co2+ regeneration via PMS
as also been suggested by Anipsitakis and Dionysiou (2004) and
anivannan and Maruthamuthu (1987) [17,18]. Initial rate and rate

onstant (kobs) indicate the comparative study of overall removal
fficiencies obtained within 60 min treatments of RBB via Co2+/PMS
xidative processes at varying initial PMS dosages or Co2+ con-
entrations which are summarized in Fig. 5 and Table 1. When a
omparison of curve � with curve � is made in Fig. 5, it can be seen
hat both the initial rate and the kobs increased with increasing
nitial Co2+ concentrations, though they did not increase signif-
cantly when [Co2+] was greater than 8.5 × 10−4 mM (5 ppb). In
0
omparison, the performance at varying initial PMS dosages was
ifferent from that at varying initial Co2+ dosages, as can be seen

n curves © and � of Fig. 5, which show that both the initial rate
nd the kobs declined after an overdose of [PMS]0 = 0.32 mM (i.e.

able 1
inetic rate constants of Co(II)-activated PMS oxidation of 0.1 mM RBB in NaOH-controlled

art (1)

un [Co(II)] (10−4 mM)a [PMS] (mM)b Initial rate (mM min−1)c

1.7(1 ppb) 0.16 1.15 × 10−2

8.5(5 ppb) 0.16 1.71 × 10−2

17(10 ppb) 0.16 1.73 × 10−2

1.7(1 ppb) 0.08 8.37 × 10−3

1.7(1 ppb) 0.16 1.15 × 10−2

1.7(1 ppb) 0.24 1.29 × 10−2

1.7(1 ppb) 0.32 1.25 × 10−2

art (2)
un Aniong Initial rate (mM min−1) c RBB

3 Blank (non anion add) 1.73 × 10−2 85
7 PO4

3− 1.36 × 10−2 67
8 NO3

− 1.70 × 10−2 84
9 ClO4

− 1.76 × 10−2 87
10 Cl− 1.57 × 10−2 77

a 1.7 × 10−4 mM 	 1 ppb; 8.5 × 10−4 mM 	 5 ppb; 17 × 10−4 mM 	 10 ppb.
b 0.08 mM 	 50 ppm; 0.16 mM 	 100 ppm; 0.24 mM 	 150 ppm; 0.32 mM 	 200 ppm.
c The initial rate was expressed by the decreased RBB concentration (�C) per minute (w
d Ri indicates the initial rate at first 5 min.
e kobs(observed rate constant): The pseudo-first order kinetics constant for the oxidatio
f Half-life time of RBB in Co/PMS oxidation process.
g [Co(II)]0 = 17 × 10−4 mM 	 10 ppb; [PMS]0 = 0.16 mM 	 100 ppm.
Materials 170 (2009) 1110–1118 1113

200 ppm). The above results as shown in Table 1 also indicate that
the removal efficiencies of RBB within the select concentrations of
reagents are not obviously dependent on the PMS concentration,
but rather are related to the Co2+ dosage in a Co2+/PMS process due
to the extremely small [Co2+] variation of ppb level.

3.3. Effect of anions

This study also examined the effect of anions such as Cl−, ClO4
−,

NO3
−, and PO4

3−, for which, due to the salts are usually found in
textile waste streams, on the decolorization of RBB. In the absence of
salt, the fast RBB decolorization was 94% at 10 min in the Co2+/PMS
oxidative process. In the presence of salt, shown in Fig. 6a, the RBB
decolorization was 93% with 10 mM Cl− addition, 97% with 10 mM
ClO4

− addition, 96% with 10 mM NO3
− addition, and 84% with

10 mM PO4
3− addition at 10 min, respectively. Though the addition

of 10 mM PO4
3− to the RBB dye solution caused a ∼10% decrease in

the decolorization percentage at 10 min, addition of these various
kind of salts did not affect the removal rate significantly in a reaction
time greater than 30 min, in which case there was almost complete
bleaching. The positive effects of ClO4

− and NO3
−, especially ClO4

−,
may be due to the fact that active oxygen can be produced during the
degradation of perchlorate [25], thus promoting the RBB removal
efficiency. Contrarily, the small decrease in RBB removal efficiency
at 10 min (∼1%) in the presence of Cl− was due to the scavenging
effect of the chloride ion (Eqs. (3)–(4)) [26].

Cl− + HO• → HOCl−• (3)

HOCl•− + H+ → Cl• + H2O (4)

It was interesting to discover that ∼10% of RBB removal efficiency
decreased at the same reaction time of 10 min in the presence of
PO4

3−. This may be also due to the fact that phosphate was believed
to be a hydroxyl radical scavenger [27], indicating a more negative
anion effect occurred in the case of this PO4

3− species rather than
Fig. 6b is fitted by a pseudo-first-order model (R2 = 0.91–0.99),
using the exponential regression analysis presented in Table 1,
formulated from the original plot of the normalized remaining
concentration ([RBB]/[RBB]0) vs. reaction time (t) (Fig. 6a). All

solutions (pH 6) (Part 1) and/or in anion-effected solutions (pH 6) (Part 2) at 25 ◦C.

RBB decay of Ri (%)d t1/2 (min)f kobs (min−1)e R2 of kobs

57 3.95 0.17 0.99
85 0.94 0.36 0.89
85 0.86 0.37 0.91

41 6.24 0.10 0.98
57 3.95 0.17 0.99
64 2.65 0.20 0.99
62 3.74 0.19 0.99

decay of Ri (%)d t1/2 (min)f kobs (min−1) e R2 of kobs

0.86 0.37 0.91
2.59 0.22 0.96
2.08 0.36 0.99
2.11 0.39 0.99
2.23 0.31 0.99

ithin first 5 min).

n of RBB by Co/PMS.
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Fig. 6. Influences of various anions (10 mM) include chloride, perchlorate, nitrate,
and phosphate on RBB removal during Co2+/PMS oxidative processes (a); and
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longer period of contact or conjunction with other treatments of
inetic plot of kobs related to various ion effect (b). Experimental conditions:
RBB]0 = 0.01 mM (10 ppm); [Co2+]0 = 1.7 × 10−3 mM (10 ppb); [PMS]0 = 0.16 mM
100 ppm); reaction pH 6.0 (adjusted by NaOH(aq)); reaction temperature = 25 ◦C.

xperiment data used in Fig. 6b were selected within 10–15 min
n order to have good correspondence with the comparison above.
onsequently, the pseudo-first-order rate constants (kobs) of RBB
egradation were found to be 0.37 min−1 (R2 = 0.91) with no
nion addition, 0.31 min−1 (R2 = 0.99) with 10 mM Cl− addition,
.39 min−1 (R2 = 0.99) with 10 mM ClO4

− addition, 0.36 min−1

R2 = 0.99) with 10 mM NO3
− addition, and 0.22 min−1 (R2 = 0.96)

ith 10 mM PO4
− addition, respectively.

.4. UV–vis spectra vicissitude of the RBB oxidization

To try to find out the possible interactions or to study the
elationship between the decolorization and the decomposition
f RBB, UV–visible absorption spectra of 0.1 mM RBB were prac-
iced in this Co2+/PMS oxidative process using a UV photo-diode
rray analyser (Fig. 7). All absorption spectra of RBB vicissitude
uring the Co2+/PMS oxidative processes were accurately obtained
rom subtracting a background value of the single mixture of
o2+/PMS from total absorption immediately with the UV anal-
ser (� = 190–1100 nm), thus also preventing further reactions. It
an be seen in Fig. 7 that there are two main characteristic absorp-
Materials 170 (2009) 1110–1118

tion bands of RBB vicissitude before and during treatment. One is
in UV region (310 nm), and another is in the visible region (591 nm),
and no absorbance was present as � > 760 nm (i.e. infrared waves
range). The UV band is characteristic of two adjacent rings, whereas
the visible band is due to the long conjugated � system linked by
two azo groups [28]. When comparing Fig. 7a–b with Fig. 3, it can
be seen that not only the decolorization (591 nm) but also the infor-
mation regarding aromatic fragment degradation (310 nm) can be
determined. It is obvious both in Fig. 7a and b that the decline rate
of the absorption peak in the visible region (591 nm) is much faster
than that in the UV band region (310 nm), indicating bleaching of
RBB (i.e. RBB degradation) is much easier than the decomposition
of its aromatic fragment (i.e. intermediates degradation).

Both the decolorization rate (591 nm) and the degradation
rate of the aromatic fragment (310 nm) increase efficiently as the
Co2+-catalyst dosage is increased from 1.7 × 10−4 mM (1 ppb) to
1.7 × 10−3 mM (10 ppb) in this phosphate buffered Co2+/PMS pro-
cess (pH 6). This observation is similar to that of NaOH(aq)-adjusted
processes as described in Figs. 4 and 5. When comparing Fig. 7a
with Fig. 7b, it can be seen that the time consumption of com-
plete decolorization can be greatly improved in the shrinkage from
“>60 min” to “< 15 min” with a 1.7 × 10−3 mM (10 ppb) Co2+-catalyst
addition. Corresponding to Fig. 7a–b, Fig. 7c shows an absolute
transparency of the reaction solution similar to clear water at least
through 60 min, but it took only 15 min, as can be seen in Fig. 7d.
This is due to the fact that the visible region (300–760 nm) is fortu-
itously the same as the development region of a camera, involving
the chromophoric wavelength = 591 nm of the developed dye-RBB.

3.5. Bleaching and aromatic fragment degradation

In order to get a clear comparison between bleaching rates
(591 nm) and the degradation of the aromatic fragment (310 nm),
the absorbance of 0.01 mM RBB solution at 591 nm and 310 nm, as a
function of time, was also measured in the Co2+/PMS oxidative pro-
cess. Fig. 8a–b shows a kinetic illustration intercepted from the 3D
profile of phosphate-buffered RBB/Co2+/PMS oxidative processes
(Fig. 7a–b) at 591 nm and 310 nm, simultaneously. In comparison,
the result of 591 nm in Fig. 8b (i.e. phosphate-buffered process)
displays a much superior bleaching efficiency than that of the
NaOH(aq)-adjusted process with a 10 mM PO4

3− addition (curve b
in Fig. 6) but is very close to that of curve a in Fig. 6 (i.e. NaOH(aq)-
adjusted process with no anions addition). This indicates that no
significant “ion effect” occurred, and no worse RBB decolorization
resulted in the presence of 0.305 mM PO4

3− as a buffered process.
However, the performance became worse in that an “ion effect”
occurred if the amount of anion species (i.e. PO4

3−) was increased
to a certain concentration of 10 mM, such as a 33-flod overdose (i.e.
curve b in Fig. 6).

The produced radicals (SO4
−• and •OH) would rather first attack

azo groups and open the N N bonds, destroying the long conju-
gated � systems, and consequently causing decolorization. Owing
to the fact that N N bonds are much easier to destroy than aro-
matic ring structures, the elimination of adjacent ring structures
takes a longer time as can be seen and is totally be supported
from Fig. 8. In addition, it is worth mentioning that no growth
and/or accumulation of aromatic ring structures (i.e. 310 nm) can
be observed, indicating that this expected Co2+/PMS process has a
powerful oxidative ability for not only a complete decolorization
but also a continuous destruction of aromatic intermediates. Even
a total aromatic decomposition may be achieved if there is a much
AOPs in this optimum situation.
Similar to the suggested two-stage hypothesis, the Fenton reac-

tion stage (Fe2+/H2O2) and Fenton-like reaction stage (Fe3+/H2O2)
in Fenton processes [1], the observations in Fig. 8 support that the
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Fig. 7. UV–vis absorption spectra of RBB and its derivatives during degradation with 1.7 × 10−4 mM (1 ppb) Co2+-catalyst (a) or with 1.7 × 10−3 mM (10 ppb) Co2+-catalyst (b);
and the photos of RBB decolorization correspond to reaction time with 1.7 × 10−4 mM (1 ppb) Co2+-catalyst (c) or with 1.7 × 10−3 mM (10 ppb) Co2+-catalyst (d) in this buffered
Co2+/PMS process as comparative study. Experimental conditions: [RBB]0 = 0.01 mM (10 ppm); [PMS]0 = 0.16 mM (100 ppm); reaction was buffered at pH 6.0 by 0.305 mM
PO4

3−; reaction temperature = 25 ◦C.
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Fig. 8. Comparison between the decolorization at 591 nm (i.e. RBB removal) and aro-
matic fragment degradation at 310 nm from the 0.01 mM RBB solution during the
b
(
[
P

C
t
t
t
i
d
C

C

d
•

(
s
r

uffered Co2+/PMS oxidative process. Experimental conditions: [RBB]0 = 0.01 mM
10 ppm); [PMS]0 = 0.16 mM (100 ppm); [Co2+]0 = 1.7 × 10−4 mM (1 ppb) (a) and
Co2+]0 = 1.7 × 10−3 mM (10 ppb) (b); reaction was buffered at pH 6.0 by 0.305 mM
O4

3−; reaction temperature = 25 ◦C.

o2+/PMS process could theoretically be divided into two stages,
oo. This is especially evident in Fig. 8b, which shows that both
he plots of 591 nm and 310 nm indicate a high declination rate in
he first 10–15 min, followed by a slower variation. The points of
nflexion might indicate the separation between the following two
ifferent reaction stages, the Co2+-activated reaction stage and the
o3+-activated reaction stage, sequentially:

Co2+ + HSO5
− or HSO4

−

→ Co3+ + (HO− + SO4
−• or SO3

−•) or (HO• + SO4
2− or SO3

2−)

(5)

o3+ + HSO5
− or HSO4

− → Co2+ + SO5
−• or SO4

−• + H+ (6)

In the first stage, the azo bonds of RBB decomposed very quickly
−• −•
ue to the high reactivity with powerful radicals (SO4 or SO3 or

OH) produced from the reaction between Co2+ ions and PMS (Eq.
5)), resulting in a sharp decline of wavelength color (591 nm) as
hown in Fig. 8b. The Co3+ ions generated from Eq. (5) can react with
esidual PMS (i.e. HSO5

− or HSO4
−) to produce additional SO4

−•
Materials 170 (2009) 1110–1118

radicals (or SO5
−•) and also to regenerate Co2+ ions, performed

as the second reaction stage (Eq. (6)). Although the regenerated
reagent (i.e. Co2+) from Eq. (6) could further react with the remain-
ing PMS solution to continue dye degradation, the oxidation rate
of this second stage was slower than the first stage due to slow
transformation of Co3+ to Co2+.

However the tendency of absorbance decline rate and the inflex-
ion is not obvious in Fig. 8a; this is probably due to the fact that
the participation of the initial Co2+ concentration was relatively
and significantly lower than that applied in Fig. 8b, leading to an
insufficient amount of the Co(II,III)-catalyst (Eqs. (5), (16)–(17)) to
continuously activate the 100 ppm PMS efficiently via the chain
oxidative pathways suggested in Section 3.6. The above result has a
good correspondence with Section 3.2 that the ideal dosage of Co2+

for actual application is 10 ppb.

3.6. Possible chain oxidative pathways of RBB

The metal-ions (i.e. Co(II,III)) used throughout this work do not
absorb the UV radiation in the visible region (300–760 nm), as is the
case when coabsorbance occurred with PMS only at wavelengths
below 300 nm. Hence, the main absorbing species is the RBB (see
Fig. 7).

In response to the result stated in above section, RBB is shown
not to be completely decomposed in a 1 ppb Co2+-catalytic solution,
but in a 10 ppb Co2+-catalytic solution, a much longer contact time
(>60 min) is needed. It can be concluded that during the first 10 min
(i.e. the first stage; Eq. (5)), the PMS acts as the dominant oxidant in
solution (see Fig. 8b). Besides the circulating Co2+ regenerated as a
second reaction stage (Eq. (6)), the formation of peroxides (ROO•) in
this stage also contributes in an important pathway to the decom-
position (or partial mineralization) of RBB [29,30]. Consequently,
based on this work and a related literature review [12,17,31], the
possible chain oxidative pathways for the degradation of RBB with
Co2+ and PMS can be simply generalized and suggested below to
describe the oxidation of RBB (Eqs. (7)–(14)):

RBB + Co2+ → [RBB· · ·Co2+] (7)

The hydrolysis equilibrium [32,33] of HSO5
− is also reported to

take place in neutral conditions [34] as represented by Eq. (8) as
follows:

HSO5
− + H2O ↔ H2O2 + HSO4

− (8)

[RBB· · ·Co2+] + HSO5
− or HSO4

−

→→ RBB+• + Co2+ + (HO− + SO4
−• or SO3

−•) (9)

As an organics-selective-oxidant that differs from •OH, SO4
−•

would prefer to attack aromatic compounds first, thus benefiting
the decomposition of both RBB and its derivative aromatic frag-
ments:

RBB+• + HSO5
− or HSO4

−

→ [organics (HR)] + (HO− + SO4
−• or SO3

−•) (10)

Co2+ + HSO5
− or HSO4

−

→ Co3+ + (HO− + SO4
−• or SO3

−•) or (HO
• + SO4

2− or SO3
2−)
(11)

RBB+• + Co2+ or Co3+ → organics + Co2+ or Co3+ (12)

Organics + HO• + SO4
• or SO3

• → [radical intermediates(R•)] (13)
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The metal-catalyzed autoxidation of the (bi)sulfite anion, stud-
ed for decades, is also proposed to be an oxygen-consuming chain
eaction [35–37], including:

• + (HSO5
− or HSO4

−)/O2 → organics → CO2 + H2O (14)

The possible side reactions and the Co2+ (i.e. divalent metals)
egeneration [12,17,31] are suggested below, thereby progressing
he efficient activation of PMS and degradation of RBB continuously
ven with an extremely low dosage of [Co2+]0 = 1–10 �g L−1:

HSO5
− or HSO4

− + ( SO4
−• or SO3

−• or HO•)

→ SO5
−• or SO4

−• + (SO2−
4 or SO2−

3 or HO−) + H+ (15)

o3+ + HSO5
− or HSO4

− → Co2+ + SO5
−• or SO4

−• + H+ (16)

• + O2 → ROO•Co3+
−→oxygenated products → Co2+ + •OH (17)

The dissolved O2 may play an active role leading to the peroxy-
adicals, ROO• (R = H, alkyl, aryl) [38,39], and ROO• will serve as
hain propagators and will oxidize organic materials either by
ydrogen abstraction or by an electron transfer process [40,41].
hereby, there is even a definite opportunity for it to further collide
ith another radical intermediate (R• or ROO•) to yield a macro-
olecule [18]:

OO• or R• + (ROO• or R•) → macromolecular organics (18)

. Conclusions

The decolorization and degradation of RBB were successfully
erformed using sulfate and hydroxyl radicals generated by the
onjunction of peroxymonosulfate with an extremely low dosage
f cobalt catalyst (Co2+/PMS) in neutral pH conditions. Only a
olar ratio of [PMS]0/[RBB]0 = 8–32 and a minimum dosage of

Co2+]0 = 1–10 ppb were utilized. The experimental results showed
hat the use of this Co2+/PMS oxidative process without any photo-
romotion is very beneficial to not only the complete decolorization
f RBB but also to the degradation efficiency of its derivative aro-
atic fragments. Fortunately, this expected low dosage Co2+/PMS

xidative process can be seen as a superior choice as a good
retreatment to selectively decompose the stubborn structure of
enzenic and phenolic derivatives first although a low mineral-

zation efficiency is the common drawback of a single use of the
ulfite–bisulfite–pyrosulfite systems. Consequently, facilitating the
ineralization for the follow-up treatment of other AOPs through

his Co2+/PMS oxidative process is expected as can be seen in the
esults of this work. The anion effects were further carried out suc-
essfully not only to simulate a textile waste stream but also to
rove the high oxidative ability of this Co2+/PMS process even in a
hosphate-buffered solution, where, in spite of the negative effect,

t can be totally overcome.
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