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a b s t r a c t

Composite ferrate(VI) solution (CFS) with improved stability was successfully prepared in this study. The
stability of Fe(VI) increased from hours for potassium ferrate at pH 9–10 to 16 d for 1 mmol L−1 Fe(VI) in
CFS at 25 ◦C, decomposing 24%. The Fe(VI) was more stable at low concentration (1 mmol L−1) than that
at high concentration (10 mmol L−1). The degradation of the azo dye reactive brilliant red X-3B (X-3B) by
CFS was investigated. The results showed that pH, initial dye concentration and CFS dosage affected the
degradation efficiency. For 0.08 mmol L−1 X-3B simulate wastewater, the optimal pH and CFS dosage were
8.4 and 25 mg L−1 (as K2FeO4), and about 99% X-3B was decolorized after 20 min under this conditions.
ctive brilliant red X-3B
zo dye
xidation

The color decay was considerably faster than the decrease in COD and TOC, which was attributed to the
ease of chromophore destruction. Compared with the decolorization, the removal percentage of COD and
TOC were 42% and 9% after 60 min, respectively. The Fe(VI) and ClO− were contained in CFS, which have
synergetic effect for the degradation of X-3B. Additionally, phthalic acid and muconic acid were identified
as intermediates by GC/MS, which was in accordance with the lowered pH with the reaction time. The
complete mineralization of X-3B cannot be achieved under the oxidation by CFS. And a tentative pathway

ion o

p
o
o
t
a
i
a
t
p
w
(
m
p
s
c
a
3

for the oxidative degradat

. Introduction

Synthetic dyes have been widely used in textile, paper, photo-
raphic and coating industries etc. [1]. In textile industry, it was
stimated that about 10–15% of dyes were lost during the dying
rocess and released as effluents [2]. These compounds are highly
olored and can heavily contaminate water source. With azo group
ound to aromatic rings, azo dyes are an important class of syn-
hetic dyes which constitute threat to environment owing to their
on-biodegradability, toxicity and potential carcinogenic nature
3]. Therefore, chemical degradation of azo dyes has attracted much
ttention in recent years. Different oxidation technologies have
een studied for the degradation of azo dyes in wastewater, such
s H2O2-based oxidation [4,5], catalytic ozonation [6], photocatal-
sis [7,8], ultrasonic irradiation [9], and electrochemical oxidation
10]. However, as far as is known, little has been reported on the
egradation of azo dyes in general by potassium ferrate.
Potassium ferrate has been found to be a powerful oxidant over
wide pH range and many studies have considered its role as

n oxidant in water and wastewater treatment [11]. During the
queous oxidation reaction, Fe(VI) is reduced to a non-toxic by

∗ Corresponding author. Tel.: +86 45186282559; fax: +86 45186282559.
E-mail addresses: xgr@hit.edu.cn, xgr099@yahoo.cn (G.R. Xu).
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f X-3B was postulated.
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roduct, Fe(III), which makes Fe(VI) an environmentally friendly
xidant for water treatment processes [12,13]. The redox potential
f ferrate ranges from +2.20 V to +0.72 V in acidic and basic solu-
ions, thus its redox potential in acidic solution is the strongest of
ll the oxidants used in water and wastewater treatment, includ-
ng ozone and hydrogen peroxide. Many organic contaminants
s phenols and phenolic endocrine-disrupting chemicals [14,15],
hioacetamide [16], sulfur-containing [17] and nitrogen-containing
ollutants [18] can be effectively degraded by ferrate in water and
astewater treatment. In this paper, composite ferrate solution

CFS) with improved stability was prepared by modified chemical
ethod with KOH at 65 ◦C. For eliminating the precipitation and

urification processes needed for solid potassium ferrate synthe-
is, the preparation process for CFS is simple, time saving and low
ost. On this basis, the CFS oxidation technology for degradation of
zo dyes in wastewater was proposed. Active brilliant red X-3B (X-
B), one of the familiar azo dyes, was chosen as a probe molecule

n this work.

. Materials and methods
.1. Materials and reagents

Composite ferrate solution was prepared by the modified
hemical oxidation method: Fe(NO3)3·9H2O reacted with ClO− in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xgr@hit.edu.cn
mailto:xgr099@yahoo.cn
dx.doi.org/10.1016/j.jhazmat.2008.04.090
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Fig. 1. Stability of Fe(VI) in CFS with different initial Fe(VI) concentrations
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.3 mol L−1 KOH media at 65 ◦C, after 60 min, CFS with higher Fe(VI)
oncentration and improved stability was obtained. The CFS was
iluted, then filtered by funnel (G4) and stored in polyethylene plas-
ic bottle at 4 ◦C. Solid phase potassium ferrate was prepared and
he purity of the product was determined by chromite method and
ound to be 93%.

The dye of reactive brilliant red X-3B was purchased from the
ighth dye chemical factory of Tianjin, China, and used directly
ithout further purification. All other chemicals were of reagent

rade, and used as received.

.2. Decomposition of Fe(VI) in CFS

Taking 100 mL CFS samples with different initial Fe(VI) con-
entrations, as 1 mmol L−1, 5 mmol L−1 and 10 mmol L−1, into glass
essels, and stored at 25 ◦C in a water bath. The decomposition
f Fe(VI) was monitored by determining the Fe(VI) concentration
t intervals of 24 h. As a comparison, similar decomposition tests
ere carried out in which solid potassium ferrate was dissolved

n distill water to produce ferrate concentration of 0.29 mmol L−1,
nd the pH values (pH 9, 10) of ferrate solutions were controlled
ith borate–potassium chloride–sodium hydroxide buffer solu-

ion, which have been reported to be the stable pH ranges for ferrate
on [19].

.3. Degradation of X-3B by CFS

In each experiment, 100 mL dye solution with the concentration
f 0.08 mmol L−1 was used. The oxidation tests were carried out by
apid mixing of the two chemical solutions (X-3B and CFS), and
hen adjusted the pH value by H2SO4 quickly. In the oxidation tests,
amples were taken periodically up to 60 min. At each sampling
ime, sodium sulfite solution was added immediately to the sample
hen it was taken to stop any further reaction (except for COD
easurement). The samples were then filtered by 0.45 �m pore size

ylon membrane filter before analysis. All the experiments were
arried out at room temperature (23 ± 2 ◦C).

.4. Analytical methods

In this study, the concentration of Fe(VI) in CFS was determined
y monitoring the absorbance at 510 nm [20] using a 752 spec-
rophotometer (China), and calculated according to the calibration
urve. X-3B concentration was determined by its absorbance at
40 nm [21] and calculated according to the calibration curves. The

nterference from Fe(VI) was removed as following: after adding
odium sulfite the residual Fe(VI) will be reduced to Fe(III), and
ome Fe(III) will be removed by 0.45 �m filter as Fe(OH)3. The resid-
al Fe(III) in the solution also has absorbance at 540 nm, which has

een measured for the blank test and subtracted by the absorbance
f X-3B. The pH values of solutions were recorded by pH ana-

yzer (PHS-3C, China). The COD were determined at 620 nm after
h reaction in the COD reactor (HACH, America). The TOC was
easured with TOC-VCPN total organic carbon analyzer (Shimazu,

o
p
t
[
c

t 25 ◦C: (a) pH 12.6 + CFS = 1 mmol L−1; (b) pH 13.3 + CFS = 5 mmol L−1; (c) pH
3.6 + CFS = 10 mmol L−1; and compared with K2FeO4 solution at (d) pH 9 and (e)
H 10 with initial Fe(VI) concentration of 0.29 mmol L−1.

apan). The samples of reaction for 1 min, 5 min, 15 min, 30 min
nd 60 min were combined to detect the intermediates of X-3B by
C/MS (6890GC/5973MSD) (Agilent, America) after esterification
nd extraction. In this work, the mixed degradation products were
sterified with methanol at 60 ◦C for 2 h in presence of concentrated
ulfuric acid and extracted with MTBE. GC analysis was equipped
ith a DB-5 column (30 m × 0.25 mm × 0.25 �m) and interfaced
irectly to the MS. The GC column was operated for 4 min at a tem-
erature of 50 ◦C, which was then increased to 250 ◦C at the rate
f 10 ◦C min−1, and then it was increased to 280 ◦C at the rate of
5 ◦C min−1, the final temperature was 300 ◦C and kept for 5 min.

. Results and discussion

.1. Fe(VI) stability in CFS

It is well known that ferrate is unstable in aqueous solution, and
ill quickly reduce to Fe(III) or insoluble end-product, (Fe[OH]3).
ut in this study, the stability of Fe(VI) in CFS have been greatly

mproved, as shown in Fig. 1. It was clear that the stability of Fe(VI)
n CFS was more stable than that prepared with potassium ferrate
olid at pH 9 and pH 10. The decomposition rate of 1 mmol L−1

e(VI) in the CFS was 4% after being stored for 1 d and 24% for 16 d
t 25 ◦C. While for the 0.29 mmol L−1 potassium ferrate solution,
bout 93% (pH 9) and 83% (pH 10) were decomposed after 1 d. The
e(VI) in CFS was highly initial ferrate concentration dependent,
or the initial Fe(VI) concentrations of 1 mmol L−1, 5 mmol L−1 and
0 mmol L−1 the decomposition rates after 16 d were 24%, 34% and
4%, respectively.

The ferrate has a high redox potential that leads to rapid redox
eactions with water to produce oxygen and Fe(III) (Eq. (1)). It
akes the ferrate solution unstable.

K2FeO4 + 10H2O → 4Fe(OH)3 + 8KOH + 3O2↑ (1)

While in CFS, hypochlorite existed which has higher redox
otential (0.841 V) in strong alkaline solution and can oxidize Fe(III)
o Fe(VI) (Eq. (2)). Consequently, it retarded the ferrate decompo-
ition rate and enhanced its stability. On the other hand, under the
ffect of light and heat, ClO− can decompose into Cl− and active

xygen ([O]) (Eq. (3)), the active oxygen also has higher oxidation
otential. It is found that active oxygen also is produced during
he degradation of Fe(VI), seen as Eqs. (4)–(8) [22]. Therefore, the
O] produced from ClO− in CFS inhibits the reaction of Eq. (5), and
onsequently it promotes the stability of Fe(VI). If there were no
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ig. 2. Effect of pH on the decolorization of X-3B by CFS with dosage of 25 mg L−1

2FeO4, and with initial X-3B concentration of 0.08 mmol L−1.

lO− in Fe(VI) solution, just as pure potassium ferrate solution, only
he decomposition reaction of Fe(VI) (as Eq. (1)) occurred, and the
e(VI) degraded quickly. So the Fe(VI) in CFS could persist much
onger as indicated in Fig. 1.

Fe(OH)3 + 3ClO− + 4OH− → 2FeO4
2− + 3Cl− + 5H2O (2)

lO− = Cl− + [O] (3)

eO4
2− + FeO4

2− → [FeO4FeO4]4− (4)

FeO4FeO4]4− → 2FeO2
− + O2− + 3[O] (5)

2− + H2O → 2OH− (6)

eO2
− + H2O → Fe(O)(OH) + OH− (7)

[O] → O2 (8)

.2. Effect of pH on the decolorization of X-3B by CFS

The pH had a great effect on the decolorization of X-3B by CFS,
nd the results were shown in Fig. 2. It was clear that the optimal
H range for the decolorization was pH 8.4–10.6. The decoloriza-
ion efficiency of X-3B could reach 99% after 60 min, but the reaction
ate at pH 8.4 was faster than that at pH 10.6. The decolorization of
-3B at this pH range maybe explained by the higher redox poten-
ial and more stability of Fe(VI). The decolorization efficiency of
-3B was gradually lower when pH overpassed 10.6 owing to the

elatively low redox potential of ferrate and hypochlorite contained
n CFS. When pH lowered to 8.4, the degradation of X-3B reduced.
he minor decolorization efficiency of X-3B was obtained at pH
.7, as 71%. Although the redox potential of ferrate and hypochlo-
ite increase with pH decrease, the rate of ferrate decomposition is

o
l
w
t
o

ig. 4. The initial rate (a) and the oxidant load (b) as functions of CFS dosage and initial X
oncentration (�C) per minute; the oxidant load was expressed by the amount of X-3B d
ig. 3. Effect of CFS dosage (as K2FeO4) on the decolorization of X-3B at pH 8.5 with
nitial X-3B concentration of 0.08 mmol L−1.

ccelerated at the same time. It will cause part of Fe(VI) to reduce
o Fe(III) before it reacts with X-3B, and leads the decolorization of
-3B to decrease. On the other hand, the triazine ring contained in
-3B structure has strong function of electron withdrawing, which
auses the adjacent benzene ring to lack electron. It will lead the
ormula structure to be attracted by electron and take nucleophilic
ubstitution reaction. While the almost total ClO− exists as HClO
hen pH lowers to 6, which reduces the chance of hypochlorous

ttacking the formula structure of the azo dye and reduces the
egradation of X-3B.

It was possible that the maximal X-3B decolorization at pH 8.4
ight also reflect the importance of X-3B adsorbance on to insolu-

le Fe(III) species, given that Fe(III) had a minimum solubility at pH
.4. However, it was believed that this was not an important effect
ince Fe(III) solubility did not vary substantially within the 7–10 pH
ange.

.3. Effect of CFS dosage on the decolorization of X-3B

The dosage of CFS was found to be the most important factor
o achieve better degradation of X-3B. Different CFS dosages (as
2FeO4) were employed under same conditions, and the results
ere shown in Fig. 3. It was clear that the decolorization efficiency

f X-3B increased with the CFS dosage, and the optimal CFS dosage
as 25 mg L−1 K2FeO4. Under this condition, 99% X-3B was decol-
rized after 20 min. The decolorization efficiency of X-3B changed

ittle with the reaction time after 20 min, and about 90% of X-3B
as degraded at first 5 min. The initial rate increased slightly with

he CFS dosage (Fig. 4a(i)), which could be explained that increase
f CFS dosage would promote the collision frequency between oxi-

-3B concentration at pH 8.5. The initial rate was expressed by the decreased X-3B
egraded by unit CFS, calculated as K2FeO4.
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well known that higher OH− ions concentration will be produced
during the oxidation and degradation of K2FeO4, which will lead
the pH value to increase. The pH value increased quickly from 8.28
to 9.75 when the reaction time prolonged from 0 min to 15 min in
K2FeO4 reaction system (Fig. 8), which approved it. On the other
ig. 5. Effect of dye initial concentration on the decolorization of X-3B by 25 mg L−1

FS at pH 8.5.

ants and X-3B, and then increase the reaction rate. The amount of
egraded X-3B (�C) between the two near CFS dosages decreased
ith the CFS dosage (Fig. 3), and also did the oxidant load (the

mount of X-3B degraded by unit CFS, calculated as K2FeO4)
Fig. 4b(i)). The unequal �C and decreased oxidant load were
aused by (1) the rapid decomposition rate of Fe(VI) with the initial
e(VI) concentration increase; (2) the reaction between Fe(VI) and
he oxidation products of X-3B; and (3) the overdose of CFS. The

aximum oxidant load (the maximum amount of X-3B degraded
y unit CFS, calculated as K2FeO4) of 5.7 �mol X-3B/1 mg K2FeO4
as found at 10 mg L−1 K2FeO4 of CFS.

.4. Effect of initial dye concentration on the decolorization of
-3B

Fig. 5 showed the effect of dye initial concentration on the
ecolorization of X-3B by CFS. The results displayed that the decol-
rization efficiency decreased from 100% to 79% when the initial
-3B concentration increased from 0.04 mmol L−1 to 0.17 mmol L−1.
ut the initial rate (Fig. 4a(ii)) and oxidant load (Fig. 4b(ii))

ncreased with that. The effect of initial dye concentration on the
nitial rate was greater than that of CFS dosage. It indicated that
ncrease of initial dye concentration not only could promote the col-
ision frequency between the oxidants and X-3B, but also reduced
he side reaction which was different from increasing oxidant con-
entration. The maximum oxidant load was 5.2 �mol X-3B/1 mg
2FeO4 found at 0.17 mmol L−1 X-3B initial concentration, which
as close to 5.7 �mol X-3B/1 mg K2FeO4 gotten from above.

.5. Synergetic effect of Fe(VI) and ClO−

The Fe(VI) and ClO− are both strong oxidants and contained in
FS. The degradation of X-3B by K2FeO4 and NaClO were performed
o compare with CFS, and the results were shown in Figs. 6 and 7.
he dosage of K2FeO4 and NaClO were consistent with that con-
ained in CFS, as 25 mg L−1 and 20 mg L−1, respectively.

Fig. 6 clearly showed that CFS reaction system had the best
ecolorization efficiency, and K2FeO4 was better than NaClO. The
ecolorization efficiencies for CFS, K2FeO4 and NaClO were 91%,
4% and 47% (after 5 min), and 98%, 80% and 66% (after 20 min),
espectively. K2FeO4 and NaClO did not have synergetic effect for

ecolorization. It may be due to that both K2FeO4 and NaClO
ould break azo bond quickly, and the competition reaction existed
etween them. It caused a portion of oxidant to react with oxi-
ation products of X-3B or degrade by itself, which lowered the
ecolorization efficiency.

F
d

ig. 6. The decolorization efficiencies of X-3B oxidized by CFS, K2FeO4 and NaClO.
onditions: pH 8.5; CX-3B 0.08 mmol L−1; CFS 25 mg L−1; K2FeO4 25 mg L−1; NaClO
0 mg L−1.

The COD removal percentage by CFS, K2FeO4 and NaClO were
isplayed in Fig. 7, and the initial COD was 25.4 mg L−1. The results

ndicated that the COD removal percentage by K2FeO4 and NaClO
ere 20% and 16% (after 60 min), respectively. The low COD removal
ercentage by NaClO is in accordance with literature reported [23].
bout 42% COD could be effectively removed by CFS, which was
reater than that of K2FeO4 plus NaClO. Therefore, K2FeO4 and
aClO had synergetic effect for COD removal.

Except for the oxidants of Fe(VI) and NaClO in CFS, Fe(V) and
e(IV) could be generated during the oxidation by decomposition
f Fe(VI) [24,25]. Both Fe(V) and Fe(IV) have been reported as highly
eactive oxidation states due to the partial free-radical character of
e(V) (FeV O ↔ FeIV O•), and they can also degrade X-3B.

.6. pH change with reaction time

The pH values of solutions oxidized by CFS, K2FeO4 and NaClO
ere determined and the results were shown in Fig. 8. Fig. 8 indi-

ated that for CFS reaction system the pH value increased slowly at
he first 5 min from 9.00 to 9.16, then it decreased with the reac-
ion time prolonged. The pH value decreased to 8.30 at 60 min. It is
ig. 7. The COD removal percentage of X-3B oxidized by CFS, K2FeO4 and NaClO. Con-
itions: pH 8.5; COD 25.4 mg L−1; CFS 25 mg L−1; K2FeO4 25 mg L−1; NaClO 20 mg L−1.
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ig. 8. pH change with reaction time in CFS, K2FeO4 and NaClO reaction systems.
onditions: CFS 25 mg L−1; K2FeO4 25 mg L−1; NaClO 20 mg L−1; CX-3B 0.08 mmol L−1.

and, some organic acids were generated during the degradation
f X-3B. These acid substances would neutralize OH− ions and
ower the pH value of the solution. The pH value decreased in CFS
eaction system after 5 min and in K2FeO4 reaction system after
5 min. It indicated that the contribution of organic acids to the
H value was greater than that of OH− produced by Fe(VI). While
or NaClO reaction system, there were only organic acids produced
nd the pH value decreased from the beginning of the reaction
ime.

.7. Carbon mineralization

The reduction of TOC was monitored to evaluate the mineraliza-
ion of the X-3B, as shown in Fig. 9. The initial TOC was 8.84 mg L−1,
OD was 25.4 mg L−1. Fig. 9 showed that the removal percentage of
OC and COD were 4% and 24% after 10 min, and 9% and 42% after
0 min, respectively. However, the efficiency of decolorization was
5% (after 10 min) and 100% (after 60 min) (Fig. 3). It was indicated
hat color decay was considerably faster than the reduction of TOC

nd COD, which attributed to the ease of chromophore destruction.
he data suggested that the mineralization percentage of X-3B by
FS was low and the mineralization was slow. It needs much longer
ontact for the conversion of TOC to CO2.

g
w
a
o
o

able 1
ain intermediates of X-3B identified by GC/MS

o. Compounds

Phthalic acid, 4-methoxyphenyl phenyl ester

Naphthalene, 1-isocyanato-

Dimethyl phthalate

2,4-Hexadienedioic acid, dimethyl ester

Azobenzene
ig. 9. TOC and COD removal percentage with time. Conditions: pH 8.5; COD
5.4 mg L−1; TOC 8.84 mg L−1; CFS 25 mg L−1.

.8. Intermediates analysis by GC/MS

The samples of X-3B oxidized for 1 min, 5 min, 15 min, 30 min
nd 60 min were combined to determine the intermediates by
C–MS after esterification, and the results were presented in
able 1. It could be presumed that naphthalene, 1-isocyanato-,
zobenzene, phthalic acid, muconic acid, phenol and hydroquinone
ere main oxidation products. The organic acids as phthalic acid

nd muconic acid lowered the pH value of reaction solution, which
as in accordance with Fig. 8.

On the basis of GC/MS analysis and previous work reported in
he literatures [26,27], degradation pathway of X-3B oxidized by
FS was presumed and presented in Fig. 10. The first step was the
reaking down of azo bond, C N bonds between the azo group
nd benzene or naphthalene ring and C N bonds between amido
nd naphthalene or triazine ring. Aniline-like and phenol-like com-
ounds were formed during this step. Triazene was degraded with
he Cl− production, and the naphthalene ring transformed to naph-
halene, 1-isocyanato- and phthalic acid. At the same time, sulfonic

roups began to be cut off from the naphthalene rings, accompanied
ith the formation of sulfate ions. Since aromatic ring structures

nd triazene are more difficult to be destructed, the elimination
f these ring structures needs a longer time. For the azobenzene
bserved by the GC/MS, the azo dye-like molecules were released

Formula Structural formula

C21H16O5

C11H7NO

C10H10O4

C8H10O4

C12O10N2
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Fig. 10. Degradation pat

rom the breaking of the C N single bond between the amido
nd naphthalene. It was transformed to azobenzene, then the C N
ond or N N bond cleaved to yield aniline or substituted ben-
ene. The aniline and substituted benzene were further oxidized
o yield muconic acid. The muconic acid would be further oxidized
o produce carbon dioxide and water.

. Conclusions

Composite ferrate solution with improved stability was suc-
essfully prepared in this study. The stability of Fe(VI) increased
rom 83% decomposition after 1 d for 0.29 mmol L−1 pure fer-
ate potassium solution at pH 10 to 24% decomposition after
6 d for 1 mmol L−1 Fe(VI) in CFS. The CFS is a strong oxi-
ant and can degrade azo dye X-3B efficiently, because almost
otal decolorization was obtained. The degradation efficiency was
trongly dependent on pH value, and the optimal pH range
as pH 8.4–10.6. Initial dye concentration and CFS dosage also

ffected the degradation efficiency. The maximum oxidant load was
.2–5.7 �mol X-3B/1 mg K2FeO4. The Fe(VI) and ClO− contained in

FS had synergetic effect for the degradation of X-3B. The Fe(VI)
ppeared more effective in comparison with ClO−. Organic acids
uch as phthalic acid identified by GC/MS lowered the pH value in
he reaction solution. The TOC and COD removal percentage were
% and 42%, respectively. It indicated that the complete mineral-
of X-3B oxidized by CFS.

zation of X-3B could not be achieved under the oxidation by CFS.
ased on the products identified and theoretical analysis, possible
egradation pathway of X-3B was presumed. Under oxidative con-
itions, N N cleavage and C N cleavage were possible initial steps

n the degradation of X-3B.
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