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bstract

Degradation of azo dye Acid Orange 7 (AO7) was investigated using zero-valent iron/granular activated carbon (Fe0/GAC) in the absence
nd presence of ultrasound (US). The AO7 degradation efficiency by Fe0/GAC was dramatically enhanced by ultrasound, ultrasound alone
ad a little effect on the degradation. Effects of Fe0/GAC ratios and initial pH values on AO7 degradation were studied in the US–Fe0/GAC
ystem. The degradation followed the pseudo-first-order kinetics model. The pseudo-first-order rate constant of AO7 degradation by Fe0/GAC was
.74 × 10−3 min−1 while that by US–Fe0/GAC was 3.91 × 10−2 min−1. A significant synergetic effect was observed between US and Fe0/GAC.
ltrasound swept the reactive intermediates or products from Fe0 surface, and thereby the surface of Fe0 was cleaned and reactivated. Granular

ctivated carbon was added as cathode to increase the unit of internal batteries and enhance the current efficiency of the internal electrolysis. The

uitable Fe0/GAC ratio (v/v) for the degradation of AO7 in the presence of ultrasound was 1:1. The degradation was highly dependent on pH, and
decrease of the initial pH values from 12.0 to 4.0 led to the increase of degradation efficiencies. Sulfanilamide was proved as the main residual
egradation product in the solution by the analysis of high-performance liquid chromatograms.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Wastewater from textile processing plants can be highly col-
red and difficult to be decolorized. Over 15% of the textile
yes are lost in wastewater stream during dyeing operation. Dye
ollutants from the textile industry are an important source of
nvironmental contamination. About a half of global produc-
ion of synthetic textile dyes (7 × 105 t per year) are classified
nto azo compounds that have the chromophore of –N N– unit in
heir molecular structure. These azo dyes are known to be largely
on-biodegradable in aerobic conditions and to be reduced to
ore hazardous intermediates in anaerobic conditions [1]. Azo
yes are very difficult to be treated in environmental systems,
ecause that the sulfonic acid groups in their chemicals make
he dyes very water-soluble and polar [2–4]. The removal of
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he recalcitrant was extensively studied by the processes such
s electrocoagulation, photocatalytic oxidation, and ozonation
5–7]. The conventional treatment methods including coagula-
ion, activated carbon adsorption, and biotreatment were also
mployed for the decontamination [8–10]. Nevertheless, these
ethods were insufficient to treat azo dye wastewater with high

oncentration and chroma.
Over the last decade, a great deal of interest was focused on

he degradation of organic compounds and groundwater reme-
iation with the new treatment methods by zero-valent iron
etal (Fe0) [11,12]. The permeable reactive barriers (PRBs)

ontaining Fe0 cuttings has been proved to be a cost-effective
reatment approach for contaminated ground water. The addi-
ion of Fe0 has become a widely used technology in treating
astewaters, including chlorinated aliphatics, chlorinated aro-

atics, nitro aromatics and azo dyes. The destruction of azo

ond N N of azo dyes led to decolorization of dye solutions in
isible region. High decolorization rates were observed in the
eactions of nine azo dyes with granular Fe0 in batch systems by

mailto:jhqu@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2006.10.009
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am and Tratnyek [13]. However, loss of reactivity over time,
ue to the corrosion products or other precipitates on the iron
urface, is a great concern.

Ultrasonic irradiation has been applied in water treatment in
ecent years. The effects of ultrasound (US) result primarily from
coustic cavitations. The formation, growth, and implosive col-
apse of bubbles in liquids not only liberate considerable energy
n a short time but also cause enhanced agitation of the liquid to
peed up the mass transfer. It is thought that ultrasound serves
o sweep reactive intermediates or products from metal surfaces
hereby reactivating and cleaning the surfaces for subsequent
eactions [14,15].

The type and the number of cathodes would influence the
fficiency of the internal electrolysis by Fe0. Granular activated
arbon (GAC) was added as cathode to enhance the current
fficiency of the internal electrolysis. Meanwhile, GAC was
hosen as cathode because of its low cost, high porosity and
ide application in wastewater treatment. van der Zee et al. [16]
sed activated carbon as an immobilized redox mediator for the
eaction of a recalcitrant azo dye during the anaerobic biotrans-
ormation. They indicated that activated carbon had accelerated
he reduction by accepting electrons and transferring the elec-
rons to azo dyes. Ma et al. [17] proposed Fe/Cu system to
mprove the reduction capacity.

In this study, degradation of Acid Orange 7 (AO7) by
e0/GAC in the absence and presence of ultrasound was inves-

igated. Effects of Fe0/GAC ratios and initial pH values were
tudied in the process of US–Fe0/GAC in detail. AO7 was cho-
en as a model of the hydrosoluble phenylazonaphthol dyes due
o its wide application and resistance to biological degradation.

. Materials and methods

.1. Materials

Acid Orange 7 and sulfanilamide were purchased from Bei-
ing Chemical Reagents Company and used without further
urification. Other chemicals used in the experiment were of
nalytical grade. Deionized water was used throughout the
hole experiment process.
Iron chippings was obtained from Hangzhou Jiali Metal

o., Ltd. (China). The particle size ranged from 1.25 to 2 mm
10–16 mesh). Granular activated carbon was obtained from
ujian Ningde Xinsen Chemical Industry Co., Ltd. (China). The
article size was 1.25–2.5 mm (8–16 mesh). In order to avoid
he influence of GAC adsorption, GAC particles were added
nto 1000 mg l−1 AO7 solution and stirred in a rotary shaker for
re-adsorption, and then, the solution containing activated car-
on particles was ultrasonically treated. The pretreatment was
epeated several times till GAC had no adsorbability.

.2. Experiments
The degradation of AO7 by Fe0/GAC in the presence of ultra-
ound was carried out in an ultrasonic cleaning bath (KQ-100)
t fixed frequency of 40 kHz and an output power of 100 W.
he tank dimensions were 300 mm × 150 mm × 100 mm with

a
u
e
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iquid holding capacity of 4.0 l. A 250 ml conical flask with a
lane bottom of thin glass was selected as the container in order
o minimize sonic absorption and to ensure good heat exchange
ith the water bath. The conical flask containing 100 ml of AO7

olution was fixed at a constant position, and the surface of the
olution in the conical flask was 5 mm under the water surface in
he tank. The pH of the solution was adjusted with diluted NaOH
r HCl solution using an Orion model 720Aplus Benchtop pH
eter (Thermo Orion Co., USA). Thermostating was conducted

sing coolant passed through �6 copper coils suspending in the
ath connected with a thermostat, and the temperature of the bath
as kept at about 22 ◦C. GAC and iron particles were churned
p to mix them completely, and then added into the solution. At
ifferent time intervals, 0.8 ml of suspension was drawn out with
syringe. The sample was diluted to 20 ml and filtrated through
0.45 �m filter immediately. The initial concentration of AO7
as 1000 mg l−1. Throughout the whole process, pH was not

eadjusted and no buffer solution was added.

.3. Analysis

UV–vis spectra of the samples, from 190 to 600 nm, were
ecorded by a U-3010 UV–vis spectrophotometer (Hitachi Co.,
apan) equipped with quartz cuvettes of 1 cm light path. The con-
entration of AO7 was achieved by measuring the absorbance
f the diluted (typically 1:25 in water) samples at 484 nm, corre-
ponding to the maximum absorption wavelength of AO7. Prior
o the measurement, a calibration curve was obtained using stan-
ard AO7 solutions at 484 nm according to the Lambert–Beer’s
aw. The curve showed a good linear relationship between the
bsorbance intensity and the concentration of AO7 in the range
f 0–1000 mg l−1. The residual concentrations of dye in solu-
ion were calculated by the Lambert–Beer’s law. Total organic
arbon (TOC) concentration was measured with a Multi N/C
000 (Analytik jena Co., Germany) total organic carbon ana-
yzer. The morphologies of the iron chippings were characterized
y a HITACHI S-3000N scanning electron microscope (SEM).
nergy dispersive spectra were obtained simultaneously.

AO7 and its degradation products were analyzed by a high-
erformance liquid chromatography (HPLC) (Model-Organizer,
itachi Co., Japan), with a DAD detector and the detec-

ion wavelength was fixed at 254 nm. An Allsphere ODS-2
u column (Alltech, USA), 250 mm × 46 mm, was used, and
he column temperature was 40 ◦C. An acetonitrile/ammonium
cetate (25/75) mixture solution was used as the eluent and
as pumped at a rate of 1.0 ml min−1. The concentration of

mmonium acetate solution was 0.025 mol l−1.

. Results and discussion

.1. Synergetic effect between Fe0/GAC and ultrasound

The degradation of AO7 was carried out at three approaches

s follows: (1) using the single US, (2) using Fe0/GAC and (3)
sing US–Fe0/GAC. As illustrated in Fig. 1, the degradation
fficiency of AO7 was enhanced significantly by ultrasound.
fter 40 min reaction in the US–Fe0/GAC system, the removal
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ig. 1. Pseudo-first-order degradation of AO7 by US–Fe0/GAC. C0 =
000 mg l−1, pH 4.0, [Fe0]0 = 12.0 g, [GAC]0 = 2.3 g (Fe0 and GAC have the
ame volume).

f color and TOC was amounted to 80% and 57%, respectively.
hile the removal efficiency of color and TOC by Fe0/GAC
ere 34% and 28%, respectively. There was no concentration

oss of AO7 occurring in the single ultrasound process.
The removal of color and TOC increased with the prolonged

eaction time. The reaction was well followed by the pseudo-
rst-order model.

The correlation between ln C/C0 and the reaction time was
inear. The kinetic expression can be presented as follows:

n
C

C0
= −k1t (1)

here C is the AO7 concentration at instant t, C0 is the ini-
ial AO7 concentration, k1 (min−1) is the pseudo-first-order
ate constant and t is the time of reaction. The pseudo-first-
rder rate constants for the degradation of AO7 by Fe0/GAC
nd US–Fe0/GAC were 8.74 × 10−3 min−1 (R = 0.9220) and
.91 × 10−2 min−1 (R = 0.9920), respectively. The reaction rate
as increased by 3.5 times in the presence of ultrasound com-
ared with that of absence of ultrasound. The degradation
fficiency of AO7 by US–Fe0/GAC was much higher than the
um of the individual effects of Fe0/GAC and US, which might
ue to a synergistic effect.

The same trend for TOC removal was obtained (Fig. 2). The
seudo-first-order rate constants for TOC removal by Fe0/GAC
nd US–Fe0/GAC were 6.79 × 10−3 min−1 (R = 0.8646) and
.02 × 10−2 min−1 (R = 0.9530), respectively. The TOC remove
ate was increased by 2.0 times in the presence of ultrasound
ompared with that of the absence of ultrasound.

The process of Fe0/GAC was greatly enhanced by ultrasound.
he reason may be that the transient cavitations, which were

esulted from turbulent flow conditions within the reaction sys-
em, enhanced the overall mass transport in the presence of
ltrasonic irradiation. In the process of the degradation, AO7

olecules transferred from the bulk solution to the vicinity of

he Fe0 surface, and then were reduced by the reductive species.
he degradation products of AO7 and the hydrolysates of iron
xides/hydroxides covered on the Fe0 surface, which inhibited

y
m
F
i

ig. 2. Pseudo-first-order removal of TOC by US–Fe0/GAC. TOC0 =
40 mg l−1, pH 4.0, [Fe0]0 = 12.0 g, [GAC]0 = 2.3 g.

he contact between Fe0 and the azo dye, and thereby the activity
f the Fe0 surface was decreased and the further decoloriza-
ion rate of AO7 was decreased accordingly. The decolorization
inetics of azo dyes by Fe0 was limited by mass transfer of the
ubstrates to the Fe0 surface [13,18]. In the presence of ultra-
ound, acoustic cavitations led to the cleaning of iron chippings,
nd accordingly more reactant surface area was formed for
urther surface reactions. Therefore, the US–Fe0/GAC system
ntegrated utilized the actions of the physical effects associated
ith the continuous ultrasonic cleaning and activation of the
e0 surface. Most of the sediments were separated and trans-
erred into the bulk solution, the AO7 molecules continued to
ransfer to the vicinity of Fe0 surface and the subsequent degra-
ation continued. In addition, the enhancement of mass transfer
esulting from the turbulent effects of cavitations was integrated
19].

.2. Effect of Fe0/GAC ratio

Chemical reduction with metallic iron in aqueous solutions
s an electrochemical corrosion process. When the cast iron was
mmerged in aqueous solution, many internal batteries formed
etween the iron grains and the carbon particles. Anodic metal in
e0–H2O systems provided electrons for the reduction of AO7.
ranular activated carbons were acted as cathodes to increase

he unit of internal batteries and enhance the current efficiency
f the internal electrolysis. The number of cathodes would affect
he degradation. Fig. 3 illustrated the TOC removal of AO7 in
he US–Fe0/GAC system at different Fe0/GAC ratios (v/v). The
esults showed that the removal efficiency of TOC was the high-
st with Fe0/GAC ratio of 1:1 (v/v). Because granular iron and
AC had similar particle size, the same volume means nearly the

ame particle number. Consequently, they had almost the same
node and cathode number in the internal electrolysis reaction.
he less GAC cathode could not exert the best internal electrol-

sis efficiency while the more GAC cathode might inhabit much
ore space and cumbered the reaction. The ratio of 1:1 (v/v) for
e0/GAC was selected in the following studies under otherwise

dentical experimental conditions. Song et al. [20] obtained the
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The raw surface of the iron chippings was clean and had
many layers overlapping like scales. This coarse surface could
augment reaction area and be favor of accreting sediments. Fe0 in
Fe0–H2O systems might potentially function as both a reactant
ig. 3. TOC removal in the AO7 degradation with different Fe0/GAC ratio (v/v).
OC0 = 340 mg l−1, pH 4.0, [Fe0]0 = 12.0 g.

ame result that the optimum ratio was 1:1 in treating wastew-
ter from dye-stuff production by internal electrolysis without
ltrasound.

.3. Effect of initial pH

The actual dye wastewater has a wide range of initial pH
alues, and the solution pH is an important parameter affect-
ng the kinetics in the reduction process by Fe0 [21]. Different
pproaches are involved for the reaction of zero-valent iron
n solutions with different pH values, which are presented as
ollowing equations:

e0 + 2H2O → Fe2+ + H2 + 2OH− (2)

e0 + 2H+ → Fe2+ + H2 (3)

According to Nernst Equation, the reduction potential for
e2+/Fe increases with an increase of the H+ concentration and
hus the initial pH values may affect the performance of the
egradation of AO7. A series of AO7 solution with different
nitial pH values were treated in the US–Fe0/GAC system. Fig. 4
llustrated the TOC removal at 40 min reaction at different initial

ig. 4. TOC removal in the AO7 degradation with different pH. TOC0 =
40 mg l−1, [Fe0]0 = 12.0 g, [GAC]0 = 2.3 g.

F
t

aterials 144 (2007) 180–186 183

H values. The removal of TOC decreased with an increase of
he initial pH values from 4.0 to 12.0. Similar removal rates
ere achieved at pH 2.0 and 4.0. The result was consistent with

hat from Cao et al. [11] in reductive degradation of azo dye by
ero-valent iron in the absence of ultrasound.

The degradation of azo dyes using Fe0 occurs on the sur-
ace of metal iron [11]. When effective collision between dye
olecules and elemental iron happens, elemental iron, as an

lectron donor, loses electrons. Meanwhile, the dye molecule,
s an electron acceptor, gets electrons, and combines with H+

nd turns into transitional products and finally terminal products.
s a consequence, pH would strongly affect the degradation of
O7 and the removal of TOC. However, the TOC removal had
o significant increase with the decrease of pH from 4.0 to 2.0,
specially beyond 20 min treatment.

.4. Analysis of the iron surface

The surface morphologies of the iron chippings before and
fter treatment were characterized by scanning electron micro-
cope. Energy dispersive spectra (EDS) were also obtained
Fig. 5).
ig. 5. Energy dispersive spectra of the iron surface before (A) and after (B)
reatment.
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nd a catalyst during the reduction of contaminants [22]. The sur-
ace of iron and its defects could provide catalytic reaction sites.
ome flock sediments were accreted on the interfaces or into
racks of the iron after reaction. Ultrasound could enhance the
eparation of the flock sediments from the interfaces or cracks,
nd the sonicated samples were visibly cleaner than nonsoni-
ated samples. Activation of the metal surface was a basic step in
rganometallic chemistry [23]. The activated surface was essen-
ial for the reductive degradation of AO7. It could be seen that
he sonicated samples were visibly cleaned due to the continuous
ltrasonic cleaning [24]. Ultrasound had effectively removed the
eakly absorbed ferrous hydroxide species, and thus the activity
f zero-valent iron was increased.

A detailed EDS analysis was presented in Fig. 5. The major
lements on the iron chippings such as Fe, C, O, N, and Si were
xamined. The content of iron element decreased while that of
arbon element increased after the treatment. Meanwhile, a large
mount of oxygen and nitrogen element appeared on the iron
urface. This indicated that some of the organics, which may
e resulted from the reductive degradation of AO7, were still
dsorbed on the iron surface in spite of the influence of the
ltrasound.

.5. Analysis of the degradation products

HPLC chromatograms recorded the AO7 degradations at 0,
0 and 40 min were presented in Fig. 6. The figure of initial AO7
olution showed three chromatogram peaks with retention time
tR) at 2.0, 2.8 and 7.7 min, respectively. After 10 min treatment
y US–Fe0/GAC, the peaks at tR 2.8 and 7.7 min reduced, while
he peak at tR 2.0 min raised quickly. After 40 min degradation,
nly the peak at tR 2.0 min was remained.

The UV absorbance curves (200–300 nm) of AO7 and the
nal products with tR at 2.0 and 2.8 min were presented in Fig. 7.
he substance that with tR 7.7 min was the same as that of AO7

Fig. 7(A)). The strongest peak at tR 7.7 min disappeared after

eduction, which implied the total destruction of AO7. The other
wo peaks exhibited close intensity and they might be ascribed
o the products resulted from the self-decomposition of AO7.
ulfanilamide and 1-amino-2-naphtol were the most probable

ig. 6. HPLC chromatograms of the degradation of AO7 at (1) 0 min, (2) 10 min,
nd (3) 40 min.
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ig. 7. UV absorbance curves (200–300 nm) of AO7 (A) and the final products
ith tR at 2.0 min (B) and 2.8 min (C) obtained from HPLC.

roducts from metal iron reduction of AO7 [13,25]. The peak
t tR 2.0 min became the strongest one after reduction, which
ad the same UV spectrum and retention time as that of sul-
anilamide in Fig. 7(B). This indicated that reductive cleavage
f the azo group was the dominated stage in the process. Sul-
anilamide had a high solubility and was very stable in acidic
olution in the presence of metallic iron. The peak at tR 2.8 min
lmost disappeared, which had the UV–vis spectrum showed in
ig. 7(C), but it could not be ascertained as 1-amino-2-naphtol
ue to its auto-oxidation [26].

The reduction of AO7 by zero-valent iron was regarded as a
wo-steps reaction [1,11]. The first step was reversible and the
econd step led to the cleavage of the azo conjugation between
he aromatic rings. In the first step, the transitional compound
Ar-NH-NH-Ar′) resulting from incomplete reduction of AO7,
umulated in the solution. Due to the increasing amount of
eductive species, the reaction was driven toward the complete
eduction cleavage of azo bond. The unstable transitional com-

ound reduced into two degradation products (sulfanilamide and
-amino-2-naphtol) at last. The proposed pathway for the reduc-
ion of AO7 by US–Fe0/GAC was presented in Scheme 1. When
he internal electrolysis reaction stopped, the chemical balance
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Scheme 1. Major degradation pathw

as broken due to the loss of reductive species and some of the
nstable transitional compounds returned into AO7. So the color
f the solution partially reverted to its original orange color in
he experiment [11]. The TOC removal mainly resulted from the
edimentation of iron ions [27], and a very small quantity of was
ue to the mineralization by the ultrasonication [28].

. Conclusions

The degradation of azo dye AO7 by Fe0/GAC system in
he absence and presence of ultrasonic irradiation was stud-
ed. The decolorization rate and TOC removal using Fe0/GAC
ere much higher in the presence of ultrasonic irradiation than

hose in the absence of ultrasound. A synergetic effect was found
etween US and Fe0/GAC. The highest degradation efficiency
as obtained when the Fe0/GAC ratio was set at 1:1 (v/v).
he degradation performance was strongly pH dependent and
decrease of the initial pH values resulted in the increase of

egradation efficiencies from pH 4.0 to 12.0. The optimum pH
alue was found to be 4.0 for the reductive degradation of AO7
n the examined pH values. Azo groups were reduced into hydro-
enated azo bond and even amino groups and the TOC removal
as achieved by the sedimentation. It is feasible to couple ultra-

onic irradiation with Fe0/GAC system for the degradation of
zo dyes, both for decolorization and mineralization of the dye.
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