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bstract

To investigate the effects of substituent groups on the reductive degradation of azo dyes by zerovalent iron, Orange I, Orange II and Methyl
range were selected as the model azo dyes with different substituent groups. The results showed that Orange I, Orange II and Methyl Orange

ould be effectively reduced by Fe0, and the degradation of Orange I and Orange II could be described by the first-order kinetic model, while the
egradation of Methyl Orange could be described by the zeroth-order kinetic model. The initial degradation rate followed the order as Orange
> Orange II > Methyl Orange under the same experimental conditions owing to the substituent effects. The degradation kinetic constants of Orange
and Orange II increased with the increase in the Fe0 dosage, and with the decrease in the initial pH value and their initial concentration, while that
f Methyl Orange increased with the decrease in the initial pH value, and with the increase in the Fe0 dosage and their initial concentration. The
esults of high-performance liquid chromatography (HPLC)–mass spectra (MS) showed that sulfanilic acid was the same intermediate, while the
econd intermediate was 1-amino-4-naphthol for Orange I, 1-amino-2-naphthol for Orange II, and p-dimethylaminoaniline for Methyl Orange. It
as suggested that the larger conjugated � system of naphthalene rings of Orange I and Orange II for the delocalization of the nonbonding electron

airs of substituents and nitrogen in the azo bond might be favorable for the degradation of Orange I and Orange II, compared with the structure
f Methyl Orange. The higher degradation rate of Orange I might be ascribed to its effective electron delocalization and favorable position effects,
ompared with Orange II. It should be concluded that the reductive degradation of azo dyes by zerovalent iron strongly depends on the effect of
ubstituent groups.

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

Azo dyes are widely used in the textile, paper, plastic, leather,
ood, cosmetic and pharmaceutical industries [1–3]. The efflu-
nts of azo dyes lead to the environmental pollution. The removal
ethods of dyes include physical adsorption, oxidation or reduc-

ion methods, and biological degradation, or the integrative
reatments of various methods. Among them, the reductive
egradation of azo dyes by zerovalent iron (Fe0) has been paid
uch attention in recent years [3–5].

Orange I, Orange II as well as Methyl Orange are common azo

ye pollutants in the environment, which were usually chosen
s the model azo dyes in the literatures [1–12]. In recent years,
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he degradation of Orange II by zerovalent iron has been studied
xtensively [3,5]. For examples, Zhang et al. [5] investigated
he effect of ultrasound on the enhancement of the degradation
f Orange II by Fe0, and they found that the degradation of
range II under the synergic treatment of Fe0 and ultrasound

adiation followed the first-order kinetic model. Mielczarski et
l. [3] focused on the role of iron surface oxidation layers in
he degradation of Orange II and Orange I in weak acidic solu-
ions, and they suggested that iron surface layer composition
nd structure might influence the reduction rate of Orange II
nd Orange I by Fe0. The azo group of dyes is usually conju-
ated with hydroxyl groups or other electron-donating groups,
hich play an important role in the reduction mechanisms [2].

he degradability of various substituted sulfonated azo dyes was

nvestigated, and it was reported that the effect of substituents
n the degradability of azo dyes should depend strongly on the
ifferences between the electron-donating substituent groups

mailto:cefbli@soil.gd.cn
dx.doi.org/10.1016/j.jhazmat.2006.11.019
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nd the electron-withdrawing substituent groups [6]. It was also
eported that the N(CH3)2 group of Methyl Orange might be
he important site of photodegradation attack, while the OH
roup in the naphthol moiety of Orange II may be an obstacle to
ubsequent hydroxylation reactions [8]. Consequently, chemical
tructure and substituent group of azo dyes should significantly
nfluence the degradation pathway and the degradation kinetics.
ven though the degradation of azo dyes by Fe0 has attracted
uch attention, there are few reports about the effects of sub-

tituent groups on the degradation kinetics and mechanisms of
zo dyes by zerovalent iron.

The main objective of this investigation is to study the effects
f different substituent groups on the degradation of azo dyes
y Fe0. Orange I and Methyl Orange were selected as the model
zo dyes with the different substituent groups, and Orange II
as also studied as the isomer of Orange I in the paper. The

ffects of the initial concentration of azo dyes, the initial pH
alue and the Fe0 dosage on the degradation kinetics were also
urther investigated to disclose the effect of substituent groups.
he work may provide a new insight into the degradation of azo
yes by zerovalent iron.

. Experimental methods

.1. Materials and chemicals

The zerovalent iron (Fe0) powder with the particle size of
00 mesh and 99.9% purity was purchased from Tianjin Ker-
el Chemical Reagent Development Center, Tianjin, China,
ithout any further purification. Its specific surface area mea-

ured by BET analysis was 7.5 m2 g−1. Methyl Orange, Orange
and Orange II were purchased from Aldrich. Other chemicals

ncluding HCl and NaOH were obtained in China with analytical
rade and were used without further purification. The chemical
tructures of the model azo dyes are shown in Fig. 1.

.2. Batch experiments by Fe0

The batch experiments were carried out in a 250 mL flask
nder N2 gas at room temperature. The reaction of azo dyes
ith Fe0 was investigated under different factors, including the

nitial concentration of azo dyes, the initial pH value and the
e0 dosage. The initial pH value in the solution of azo dyes was
djusted by HCl and NaOH. For all experiments, the 200 mL
olution of azo dyes at the desired pH was firstly purged with
2 for 30 min, and then put the Fe0 powder into the reaction

olution under the vigorous stirring. N2 gas was continuously
ubbling to keep the free oxygen state. The samples were taken
t different time intervals and then separated by centrifugation
t 4500 rpm for 30 min to get the supernatant and the sediment
or analysis. If specification, the experiments were done in the
ark.

To investigate the effect of the initial pH value for the degra-

ation of azo dyes with different substituents, the pH value of
.0 4.0, 5.0, 6.0, 7.0 or 7.2 were used in the experiments. To
nvestigate the effect of initial concentration of azo dyes, the
xperiments were carried out in the presence of the initial con-

a
v
F
t

Fig. 1. The chemical structures of Orange I, Orange II and Methyl Orange.

entration at 20, 50, 100, 150, 200 or 300 mg L−1. To investigate
he effect of Fe0 dosage, the experiments were conducted with
he Fe0 dosage of 1, 2, 3, 4 or 5 g L−1 in this paper.

.3. UV-vis absorption spectra, FTIR and HPLC/MS
nalyses

The concentrations of Orange I, Orange II and Methyl Orange
ere quantified by UV–vis spectrophotometry (TU1800-PC,
eijing) and the UV–vis absorption spectra of the aqueous solu-

ions were also recorded. The measurements should be carried
ut as soon as possible after each sampling. Reaction solution
as diluted five times before measurement to record spectra in
ost adsorbance region and the standard curve was modified
ccording to the pH value of diluted reaction solution. The pH
alue was detected by the pH meter (pHS-3, Shanghai, China).
TIR spectra of the Fe0 powder before and after reaction in

he acidic condition for 2 h were recorded as KBr pellets in the
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pectral range 4000–400 cm−1 on a Perkin-Elmer 1725X FT-IR
pectrometer in air at room temperature.

The intermediates of azo dyes reduction by Fe0 were analyzed
y high-performance liquid chromatography (HPLC) using a
aters 600E system, equipped with a Model 486 variable wave-

ength UV detector set at 256 nm and a reverse-phase Waters
pherisorb column 4.6 mm × 250 mm, equipped with a sil-

ca precolumn guard. Acetonitrile and 0.1 mol L−1 ammonium
cetate filtered through a 0.2 �m filter were used as mobile
hases at flow rates of 1 mL min−1. From 0 to 5 min the ratio
f acetonitrile:ammonium acetate was 1:1; from 5 to 10 min the
atio was 2:1. Analyses were evaluated using Millennium Ver-
ion 3.20 software. During the analyses of high-performance
iquid chromatography (HPLC)–mass spectra (MS), the reverse-
hase column was coupled with Finnigan-MAT LCQ mass
pectra via the Finnigan electrospray interface (Finigan MAT,

AT, San Jose, CA, USA) operating in the positive or negative
on modes. The injection volume was 10 �L.

. Results and discussion

.1. The degradation of azo dyes by Fe0

A series of experiments were carried out to investigate the
egradation of azo dyes by Fe0 with the initial concentration of
0 mg L−1 and the Fe0 dosage of 5 g L−1 at pH 4.0, as shown
n Fig. 2. The experimental results showed that the degrada-
ion of Orange I was much faster than those of Orange II and

ethyl Orange under the same experimental conditions. The
angmuir–Hinshelwood model (L–H model) (Eq. (1)) is usu-
lly involved in the solid–liquid heterogenerous reaction kinetic,
hich might lead to the first-order kinetic model (Eq. (2)) and

he zeroth-order kinetic model (Eq. (3)) when the value of KC
s much less than 1.
dC

dt
= r = kKC

1 + KC
(1)

ig. 2. The degradation of Orange I, Orange II and Methyl Orange by Fe0 (initial
oncentration of dyes, 50 mg L−1; Fe0 dosage, 2 g L−1; pH 4.0).
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dC

dt
= r = kKC (2)

dC

dt
= r = k (3)

here r is the degradation rate of the organic substrate
mg L−1 min−1), k the degradation kinetic constant (min−1 in
q. (2) or mg L−1 min−1 in Eq. (3)), K the adsorption equilib-

ium constant (L mg−1), C the concentration of the substrate in
he aqueous solution (mg L−1) and t is the reaction time (min).

Generally, for a heterogeneous reaction occurring on the sur-
ace of catalysts, adsorption would be an important step to affect
he degradation kinetics of azo dye during the reaction, since
he catalysts can increase the overall reaction rate by lowering
he activation energy for the rate determining step through the
hemisorption of reactants on the surface of catalysts. However,
he degradation of azo dyes by zerovalent iron is not a catalytic
eaction rather than a reductive reaction, which depends on the
erovalent iron and the other reductants (Fe2+, H2, etc.) derived
rom the corrosion of zerovalent iron in the reaction solution. In
act, it is very difficult to determine the adsorption of azo dyes
n the surface Fe0 because the adsorption and reductive reac-
ion should occur simultaneously. Thus, the first-order kinetic

odel and the zeroth-order kinetic model have to be applied
or describing the degradation kinetics in this investigation, on
he basis of the experimental data. As shown in Fig. 2, the
egradation of Orange I and Orange II could be described by
he first-order kinetic model, while the degradation of Methyl
range seems to follow the zeroth-order kinetic model. The first-
rder kinetic constants were 86.37 × 10−3 min−1 (R = 0.993)
nd 65.20 × 10−3 min−1 (R = 0.996) for Orange I and Orange
I, respectively. In the mean time, the zeroth-order kinetic con-
tant for Methyl Orange was 0.46 mg L−1 min−1 (R = 0.996). To
ompare the experimental results, the initial degradation rates
r0) of Orange I, Orange II and Methyl Orange were calculated
nd those were 4.32, 3.12 and 0.46 mg L−1 min−1, respectively,
ased on Eqs. (2) and (3). Obviously, the initial degradation rate
ollowed the order as Orange I > Orange II > Methyl Orange.

.2. Effect of the initial pH values

The effect of the initial pH value on the degradation of azo
yes by Fe0 is shown in Fig. 3A for Orange I with the initial
oncentration of 100 mg L−1 and the Fe0 dosage of 2 g L−1; in
ig. 3B for Orange II with the initial concentration of 50 mg L−1

nd the Fe0 dosage of 5 g L−1; in Fig. 3C for Methyl Orange
ith the initial concentration of 50 mg L−1 and the Fe0 dosage
f 2 g L−1. The degradation of Orange I and Orange II should
e described as the first-order kinetic model, while the degrada-
ion of Methyl Orange should be described as the zeroth-order
inetic model. The first-order kinetic constants (k1) for Orange
and Orange II and the zeroth-order kinetic constant (k0) for
ethyl Orange are listed in Table 1. The results showed that
he k1 or k0 values all decreased with the increase in the initial
H value. Obviously, the lower pH was favorable for the reduc-
ive degradation of these azo dyes by Fe0. When the initial pH
alue decreased from 6.0 to 4.0, the k1 values for Orange I and
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Fig. 3. The degradation of azo dyes under different initial pH value for Orange
I (A): Fe0 dosage, 2 g L−1; initial concentration, 100 mg L−1; for Orange II (B):
F
F

O
B
t
o

Table 1
The first-order kinetic constants (k1) for Orange I and Orange II, and the zeroth-
order kinetic constant (k0) for Methyl Orange at different intial pH value

pH 4.0 pH 5.0 pH 6.0 pH 7.2

Orange I
k1 (×10−3 min−1) 86.4 71.4 53.1 39.4
R 0.993 0.998 0.996 0.996

pH 2.0 pH 4.0 pH 5.0 pH 6.0

Orange II
k1 (×10−3 min−1) 119.0 65.2 44.8 35.9
R 0.990 0.996 0.993 0.998

pH 4.0 pH 5.0 pH 6.0 pH 7.0

Methyl Orange
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listed in Table 2. The experimental results showed that the degra-
dation kinetic constants for Orange I and Orange II decreased
with the increase in their initial concentration but the degradation
kinetic constant for Methyl Orange obviously increased with the

Table 2
The first-order kinetic constants (k1) for Orange I and Orange II, and the zeroth-
order kinetic constant (k0) for Methyl Orange with different initial concentration
of azo dyes

50 100 150 200

Orange I (mg L−1)
k1 (×10−3 min−1) 82.6 48.5 33.7 16.2
R 0.996 0.999 0.996 0.995

50 100 200 300

Orange II (mg L−1)
k1 (×10−3 min−1) 65.2 40.4 33.3 29.3
R 0.996 0.998 0.996 0.996

20 50 150 200
e0 dosage, 5 g L−1; initial concentration, 50 mg L−1; for Methyl Orange (C):
e0 dosage, 2 g L−1; initial concentration, 50 mg L−1.

range II could enhance about 1.6 and 1.8 times, respectively.

ecause H+ should be involved in the reductive reaction by Fe0,

he increase in the concentration of H+ would enhance obvi-
usly the reduction of azo dyes [3,6]. And the lower pH should

M

k0 (mg L−1 min−1) 0.46 0.19 0.16 0.12
R 0.996 0.996 0.994 0.997

e helpful to remove the iron surface oxidation layer, and then
nhance the reaction on the surface of iron powder.

.3. Effect of the initial concentrations

The effect of the initial concentration on the degradation
inetic constants is shown in Fig. 4A for Orange I with the Fe0

osage of 2 g L−1 at pH 7.0; in Fig. 4B for Orange II with the
e0 dosage of 5 g L−1 at pH 4.0; in Fig. 4C for Methyl Orange
ith the Fe0 dosage of 2 g L−1 at pH 4.0. For Orange I, the initial

oncentrations of 50, 100, 150 and 200 mg L−1 were selected;
nd for Orange II, the initial concentrations of 50, 100, 200
nd 300 mg L−1 were selected; while for Methyl Orange, ini-
ial concentrations of 20, 50, 150 and 200 mg L−1 were used.
he first-order kinetic constants (k1) for Orange I and Orange II
nd the zeroth-order kinetic constant (k0) for Methyl Orange are
ethyl Orange (mg L−1)
k0 (mg L−1 min−1) 0.28 0.46 1.1 1.1
R 0.994 0.996 0.995 0.992
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Fig. 4. The degradation of azo dyes with different initial concentration for
O
5

i
s
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e
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Fig. 5. The degradation of azo dyes with different dosage of Fe0 for Orange I
( −1

c
5

3

range I (A): Fe0 dosage, 2 g L−1, pH 7.0; for Orange II (B): Fe0 dosage,
g L−1, pH 4.0; for Methyl Orange (C) Fe0 dosage, 2 g L−1, pH 4.0.

ncrease in its initial concentration. At pH 4.0, the kinetic con-

tants of Orange II increased up to about two times when the
nitial concentration decreased from 200 to 50 mg L−1. How-
ver, that of Orange I increased up to about five times when the
nitial concentration decreased from 200 to 50 mg L−1.

i
o

A): initial concentration, 100 mg L , pH 7.0; for Orange II (B): initial con-
entration, 50 mg L−1, pH 4.0; for Methyl Orange (C): initial concentration,
0 mg L−1, pH 4.0.

.4. Effect of Fe0 dosage
The effect of the Fe0 dosage on the reduction kinetic constants
s shown in Fig. 5A for Orange I in the initial concentration
f 100 mg L−1 at pH 7.0; in Fig. 5B for Orange II in the
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Table 3
The first-order kinetic constants (k1) for Orange I and Orange II, and the zeroth-
order kinetic constant (k0) for Methyl Orange with different Fe0 dosage (g L−1)

1 2 3 4 5

Fe0 dosage (g L−1) for Orange I
k1 (×10−3 min−1) 32.3 48.5 59.8 67.9 103
R 0.992 0.999 0.996 0.992 0.990

1 2 4 5

Fe0 dosage (g L−1) for Orange II
k1 (×10−3 min−1) 24.3 44.1 50.2 65.2
R 0.994 0.999 0.999 0.996

1 2 3 4 5

Fe0 dosage (g L−1) for Methyl Orange
k0 (mg L−1 min−1) 0.20 0.46 0.49 0.52 0.73
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R 0.999 0.996 0.994 0.996 0.996

nitial concentration of 50 mg L−1 at pH 4.0; in Fig. 5C for
ethyl Orange I in the initial concentration of 50 mg L−1 at

H 4.0. The first-order kinetic constants (k1) for Orange I and
range II and the zeroth-order kinetic constant (k0) for Methyl
range with different Fe0 dosage are listed in Table 3. The

esults showed the degradation kinetic constants for Orange
, Orange II and Methyl Orange obviously increased with the
ncrease in the Fe0 dosage. When the Fe0 dosage increased
rom 1 to 5 g L−1, the first-order kinetic constants of Orange
and Orange II increased about 3.2 and 2.6 times, respec-

ively, while the zeroth-order kinetic constant of Methyl Orange
ncreased about 3.6 times. The higher Fe0 dosage should favor
he degradation of Orange I, Orange II and Methyl Orange by
e0.

.5. Discussion on the effect of substituent groups

On the basis of the experimental results above, the degra-
ation of azo dyes should strongly depend on the chemical
tructure and substituent groups. It is well known that amines

NH2, NHR and NR2) and hydroxyl group are very
trongly active ortho and para directors with nonbonding
lectrons [13]. Generally, these electron-donating substituent
roups inductively take electron density from the ring while
iving electron density back by resonance, and they inter-
ct with the ring through their 2p orbital overlaping with the
p orbital of a ring carbon [13]. Amines ( NH2, NHR and
NR2) and hydroxyl group in azo dye may result in differ-
nt properties and degradation mechanisms when these groups
re connected with phenol or naphthols. Thus, the effects of
hemical structures and substituent groups on the degrada-
ion of azo dyes have attracted much attention in the field of
hotodegradation, chemical oxidation and anaerobic biodegra-

ation process for the removal of azo dyes in recent years
8,10,14–16].

To disclose the effect of substituent groups, reductive mech-
nisms should be discussed. As shown in Fig. 1, Orange I

a
i
a
o
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nd Orange II contain a hydroxyl group conjugated with azo-
inkage and usually exist an equilibrium mixture of two tautomic
orms (azo or hydrazone) in the aqueous solution [1,2]. It was
eported that the hydrazone form should be favorable at equi-
ibrium in aqueous medium when the hydroxyl group should
e positioned in a naphthol ortho to the azo bond of azo dyes
such as, Orange I). Thus, for Orange II, the intramolecular
ydrogen bonding could be formed in the solution [17–19].
ifferent from Orange I and Orange II, Methyl Orange is
erived from the p-dimethylaminoaniline group linked with azo
ond. Firstly, the larger conjugated � system of naphthalene
ing (conjugated energy: 255 kJ mol−1) is more favorable than
he smaller conjugated � system of benzene ring (conjugated
nergy: 152 kJ mol−1) through resonance for the delocaliza-
ion of the nonbonding electron pairs of substituent groups and
itrogen in the azo bond. Secondly, the naphthol in the chemi-
al structures of Orange I and Orange II may have a stronger
nfluence on the azo bond than the p-dimethylaminoaniline
roup when the powerful electron withdrawing sulfonate group
xists in the monoazo dyes. Consequently, the N N cleav-
ge of Orange I and Orange II may be comparatively easier
han that of Methyl Orange. Based on the previous literatures
3–5,12,19,20], the suggested degradation pathways of Orange
, Orange II and Methyl Orange through the cleavage of the
zo bond by the reductive processes are shown in Fig. 6. The
PLC–MS analyses of the main intermediates of azo dyes are

hown in Fig. 7. The results in Fig. 7A shows that sulfanilic acid
as the same intermediate derived from the reduction degrada-

ion of Orange I, Orange II and Methyl Orange because the same
bvious negative peak with m/z ratio of 172 was detected, which
s consistent with for sulfanilic acid [M−H]−. The positive
on with m/z ratio of 157 in Fig. 7B was ascribed to amino-
aphthoquinones [21], which might be in the equilibria state
ith amino-naphthols. Based on the chemical structure, the sec-
nd intermediate was 1-amino-4-naphthol for Orange I, while
hat was 1-amino-2-naphthol for Orange II. The positive ion
eak with m/z ratio of 137 for Methyl Orange in Fig. 7C was
ssigned to p-dimethylaminoanilinium, which might be due to
he second intermediate (p-dimethylaminoaniline) for Methyl
range.
Generally, the L–H model was usually used for describing

he surface reaction and could be simplified into the first-order
inetic model when only a small number of reactive surface
ites were occupied and the concentrations of the reactants were
ow. When the reactive surface sites were saturated or played the

inor role in the reaction, the reaction might follow the zeroth-
rder kinetic model [20]. As shown in Fig. 1, the pKa value of
ethyl Orange (pKa = 3.7) is much lower than those of Orange
(pKa = 8.2) and Orange II (pKa = 11.4). In the experiments,

specially in the pH beyond 4.0, the sulfonate group of Methyl
range might exist mainly with the anionic form, while the sul-

onate groups of Orange I and Orange II might exist mainly
ith the sulfonic acid form which might be favorable for the
dsorption onto the surface hydroxyls of iron-oxides or hydrox-
des of the Fe0 powder. There were several reports about the
dsorption of azo dyes onto the surface hydroxyls of metal-
xides or hydroxides, and it was suggested that the adsorption
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Fig. 7. The mass spectra for the intermediates including sulfanilic acid for three
kinds of dyes (A), amino quinones for Orange I and Orange II (B) and p-
d
5

ig. 6. The suggested degradation pathway of Orange I (A), Orange II (B) and
ethyl Orange (C) by Fe0.

ight have some influences on the degradation of azo dyes by
atalytic oxidation or reduction, leading to the first-order kinetic
ehavior of the degradation of azo dyes and higher degrada-
ion rates, which was coincidence with the experimental results.
s for Methyl Orange, its adsorption might play minor role in

he reductive process, then resulting in the zeroth-order kinetic
ehavior.

The UV–vis absorption spectra of the diluted reaction solu-
ions of Orange I, Orange II and Methyl Orange by Fe0 were
ecorded, as shown in Fig. 8. For Orange I, the strong absorbance

and at 477 nm was ascribed to the n–�* transition of the azo
ond, and other bands at 238, 266 and 289 nm and the shoulder
t 331 nm were attributable to the �–�* transition related to aro-
atic rings [2,20]. After 10 min treatment by Fe0, the UV–vis

a
t
a
f

imethylaminoanilinium (C) for Methyl Orange (initial concentration of dyes,
0 mg L−1; Fe0 dosage, 2 g L−1, pH 4.0).

bsorption spectra of reaction solutions showed the decrease of

he bands at 477 and 289 nm and the disappearance of the band
t 266 nm, which suggested the degradation of Orange I and the
ormation of very unstable intermediates. With the ongoing of
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Fig. 8. The UV–vis absorption spectra for Orange I (A), Orange II (B) and
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with azo dyes, the band at 1023 cm attributed to lepidocrocite
increased obviously. The board band at 898 cm−1 might be
ascribed to akaganeite (�-FeOOH) and polymeric Fe(OH)2 [24].
It is suggested that the coating of iron oxides or hydroxides might
ethyl Orange (C) (initial concentration of azo dyes, 50 mg L−1, pH 4.0; Fe0

osage, 5 g L−1).

he experiment, the UV–vis absorption spectra showed the grad-
al disappearance of the band at 477 nm and the appearance of

ands at 246, 251 and 340 nm, which indicated the produce of 1-
mino-4-naphthol as the major intermediate of the degradation
f Orange I [20].

F
f
a
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As shown in Fig. 8B, there was a strong absorbance band at
83 nm due to the n–�* transition of the azo bond of Orange
I, and other bands at 308 and 228 nm, and a doublet at 261
nd 254 nm were attributed to the �–�* transition related to
romatic rings of Orange II [1,3,22]. After 10 min reaction,
he bands at 483, 308 and 228 nm decreased, and the dou-
let at 261 and 254 nm disappeared, but the band at 250 nm
ppeared, which also suggested the degradation of Orange II
nd the formation of very unstable intermediates. Obviously, the
and at 250 nm increased gradually from 10 to 80 min, and then
ecreased beyond 80 min, which indicated the formation and
egradation of 1-amino-2-naphthol as the major intermediate
uring the degradation of Orange II [3].

As shown in Fig. 8C, for Methyl Orange, the strong
bsorbance band at 464 nm is assigned to the azo band under the
trong influence of the electron-donating dimethylamino group,
nd the band at 270 nm is ascribed to the �–�* transition related
o aromatic rings [23]. After 10 min reaction, the band at 464 nm
ecreased, and the band at 270 nm disappeared, but the band
t 247 nm appeared. Comparison with the band at 280 nm for
niline, the electron-donating dimethylamino group at the para
osition of aniline might lead to the blue shift and then the band
ttributed to p-dimethylaminoaniline might be below 280 nm.
hus, the band at 247 nm of the reaction solution increased grad-
ally, which might be attributable to p-dimethylaminoaniline.

The FTIR results are shown in Fig. 9 for the original Fe0

owder, the Fe0 powder after 2 h reaction of Orange I, Orange
I and Methyl Orange. The band at 1641 cm−1 was attributable
o the adsorbed water, the weak broad band at 910 cm−1 was
scribed to polymeric Fe(OH)2 and the weak bands at 1034
nd 751 cm−1 was attributable to the �-OH and �-OH bending
ibrations of a small amount of lepidocrocite (�-FeOOH) on
he surface of the original Fe0 powder [24]. After 2 h reaction

−1
ig. 9. FTIR of the original Fe0 powder (A) and the Fe0 powder after 2 h reaction
or Orange I (B), Orange II (C) and Methyl Orange (D) (initial concentration of
zo dyes, 50 mg L−1, pH 4.0; Fe0 dosage, 5 g L−1).
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e formed on the surface of iron powder during the degradation
f azo dyes by Fe0.

The bands of 1447, 1498, 1551, 1598 and 1623 cm−1 were
ssigned to C C aromatic skeleton vibrations, while the bands at
403 and 1318 cm−1 were ascribed to the O H bending vibra-
ions and deformation [7,9,25]. After 2 h reaction, there was
ot the intense band at 1514 cm−1 attributed to the N N
ond vibrations or to aromatic ring vibrations, or to the bending
ibration mode �(N H) of the hydrazone form, which suggested
hat the azo bonds of Orange I, Orange II and Methyl Orange
ere completely degraded by Fe0 in the experiments. The strong
ands at 1104, 1156 and 1207 cm−1 were assigned to the sym-
etric and asymmetric stretching of sulfonate anions ( SO3

−)
f benzene ring [26–28], which might be ascribed to sulfanilic
cid, indicating that the strong adsorption of sulfanilic acid was
ormed on the colloid coating of iron-oxides or hydroxides on
he surface of Fe0.

. Conclusion

Orange I, Orange II and Methyl Orange could be effec-
ively reduced by Fe0, and the initial degradation rate followed
he order as Orange I > Orange II > Methyl Orange under the
ame experimental conditions. The degradation of Orange I and
range II could be described by the first-order kinetic model,
hile the degradation of Methyl Orange could be described by

he zeroth-order kinetic model. The degradation kinetic con-
tants of Orange I, Orange II and Methyl Orange increased
ith the increase in the Fe0 dosage and with the decrease in

he pH value. Sulfanilic acid was the same intermediate, while
he second intermediate was 1-amino-4-naphthol for Orange I,
-amino-2-naphthol for Orange II and p-dimethylaminoaniline
or Methyl Orange. It should be concluded that the reductive
egradation by zerovalent iron strongly depends on the effect of
ubstituent groups.
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