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ABSTRACT

The effectiveness of nano-size zero-valent iron (NZVI) particles for treatment of Eriochrome
Blue Black R (EBBR), a representative azo dye, under ultrasonic irradiation was determined.
The influence of experimental variables such as, initial solution pH, NZVI dosage, irradiation
time, initial dye, NaCl, and Na2CO3 concentrations on removal efficiency of color were inves-
tigated. It was found that the kinetic rate constant of sonocatalytic destruction of EBBR in
presence of NZVI was significantly enhanced under acidic conditions. The degradation rate
constants of dye increased by increasing of NZVI dose and irradiation time, but decreased
by increasing the initial dye concentration. Although, increasing NaCl concentration from 0.1
to 1% (w/v) improved the kinetic removal rate from 0.16 to 0.29min�1 but, presence of
Na2CO3 had no significant effect on the degradation rate. The UV–vis spectrum showed that
complete decolorization of synthetic solutions contain 100ppm EBBR by 0.3 g/L NZVI at ini-
tial pH solution 3, occurred at 20min ultrasonic irradiation.
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1. Introduction

Azo dyes are synthetic organic dyes contain the
azo chromophoric group (-N=N-). This divalent group
is attached to sp2 hybridized carbon atoms on one
side, to an aromatic or heterocyclic nucleus on the
other; it may be linked to an unsaturated molecule of
the carboxylic, heterocyclic, or aliphatic type. No natu-
ral dyes contain this chromophore. Commercially, the
azo dyes are the largest and most versatile class of
organic dyestuffs. There are more than 10,000 Color
Index generic names assigned to commercial

colorants, approximately 4,500 are in use and over
50% of these belong to the azo class [1]. Azo dyes are
used in large quantities in several industries such as
textile, paper, inks, leather, drug, and food processing.
The effluents from these industries contain dyes and
organic pollutants. Most of these dyes are carcino-
genic, harmful, and reduce the light penetration in
aqueous systems, therefore causing a disturbance in
the natural growth activity of aquatic life. On the
other hand, some of these dyes pass into drinking
water and can cause damage to human life. Therefore,
it is essential to remove these dyes from water or treat
them in such a way to minimize the damage to the
environment. Azo dyes resist aerobic and short-time*Corresponding author.

1944-3994/1944-3986 � 2013 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment
www.deswater.com

doi: 10.1080/19443994.2013.801322

52 (2014) 3403–3410

April



anaerobic treatment [2] and under anaerobic condi-
tions azo dyes are cleaved by micro-organisms, form-
ing potentially carcinogenic aromatic amines such as
alkylated derivatives of aniline, naphthylamine deriva-
tives, and benzidine derivatives [2]. This creates an
urgent demand for the development of multistep
treatment concepts which guarantee not only irrevers-
ible decolorization but also mineralization of azo dyes.

There is, currently a wide range of treatment
technologies for these types of wastewater. Physical
methods (adsorption [3], ion exchange [4], chemical
methods, electrochemical degradation [5,6], ozonation
[7,8], and biological degradation [9,10]) are typical meth-
ods that have own advantages and disadvantages. The
main disadvantages of these methods are incomplete
ion removal, high energy requirements, low efficiency,
and production of toxic sludge or other toxic waste
product that require further disposal or treatment.

In recent years, a great deal of attention has been
paid to develop new treatment strategies for degrada-
tion of dye molecules. Zero-valent iron (ZVI) is a
strong reducing agent and can donate two electrons to
many environmental contaminants hence, ZVI parti-
cles have been studied for the treatment of wastewater
contaminated with chlorinated organic compound
[11,12], heavy metal ions [13,14], nitrate [15,16] and,
dyes [17–19]. To enhance the reduction effect of ZVI
particles, some strategies have been applied such as
coating iron particles with a second catalytic metal
[16], modification with surfactant [20], and reducing
particles size down to nanometer [21]. The kinetic of
reactions with ZVI in batch experiments appears to be
influenced by mass transport of the oxidant to the
metal surface [21]. The large surface area and high sur-
face reactivity of nanoparticles can enhance the kinetic
rate of the reaction. Nano-zero-valent iron (NZVI tech-
nology) represents one of the pseudo-first generations
of nanoscale environmental clean-up technologies.

Sonochemistry arises from acoustic cavitations: the
formation, growth, and implosive collapse of bubbles

in a liquid due to irradiation with high intensity
sound or ultrasound radiations. The collapses of bub-
bles produce locally high pressure and temperature
peaks, which results in a number of pyrolytic reac-
tions [22]. Ultrasonication of azobenzene and related
azo dyes is said to lead to production of high toxic
nitrosoaromatics [23]. Therefore, it is of outstanding
interest to find a combination with another treatment
to enhance dye degradation and avoiding toxic degra-
dation products. The scope of the present study is
treating EBBR in aqueous solution using NZVI parti-
cles. The synergetic effect of ultrasonic radiation on
the removal efficiency of EBBR in presence of NZVI
particles was investigated. NZVI particles were syn-
thesized by wet reduction method and were character-
ized using electron scanning microscopy (SEM) and
X-ray diffraction (XRD) methods.

2. Experimental procedures

2.1. Materials

Eriochrome Blue Black R (EBBR) was purchased
from Fluka. Ferrous sulfate (FeSO4.7H2O), sodium
borohydride (NaBH4, 96%), hydrochloric acid (HCl),
and Sodium hydroxide (NaOH) were purchased from
Merck (Darmstadt, Germany). The chemical structure
of dye is illustrated in Table 1. Double distilled water
was used to prepare all solutions. Stock solutions of
0.01M azo dye was prepared and other working solu-
tions were obtained by successive dilution of stock
solutions.

2.2. Preparation of NZVI

The NZVI particles were synthesized by the well-
known wet reduction method [24]. Reagents were pre-
pared using deoxygenated double-distilled water with
N2 gas for 30min. About 50ml 0.4M sodium borohy-
dride solution (0.8075 g NaBH4) was dropped into the
100ml 0.1M FeSO4.7H2O (2.8111 g FeSO4.7H2O) under

Table 1
The characteristics of Eriochrome Blue Black R (EBBR)

Azo dye Formula MW kmax Solubility in water

Eriochrome Blue Black R C20H13N2O5Na 416.4 530 nm 20mg/mL

Chemical structure pKa(solfunic group)= 1
pKa2 = 7.4
pKa3 = 13.8
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vigorous mixing for 20min on a shaker. Ferrous ion
was reduced to elemental iron by borohydride accord-
ing to the following equation:

Fe2þðaqÞ þ 2BH�
4 þ 6H2O ! Fe0ðsÞ þ 7H2ðgÞ

þ 2BðOHÞ3ðaqÞ ð1Þ

The solution was centrifuged at 3,400 rpm for
5min and washed three times with 10ml of deoxygen-
ated double-distilled water to remove the residual
reagents. The wet paste was suspended in 10�4 M
deoxygenated hydrochloric acid. The size and shape
of the NZVI particles were determined using a SEM.

2.3. Batch decolorization experiments

Batch experiments were conducted to evaluate the
effect of the initial pH, irradiation time, NZVI dose,
and initial dye concentration on the destruction effi-
ciency of dye by NZVI particles. The pH of dye solu-
tions (100ppm) was adjusted to the desired levels
from 2.5 to 8.5 using HCl (0.5M) and NaOH (0.5M).
The dye solution was bubbled with air for 10min
before experiments. About 50ml of dye solution was
transferred into a beaker and placed in an ultrasonic
apparatus (Elmasonic E 60 H, 37 kHz 400W, continu-
ous wave mode, Germany). Various amounts of NZVI
suspension were added to the beaker to yield final
iron concentrations of 0.1, 0.2, 0.3, and 0.4 g/L. At
preselected time intervals, samples were withdrawn
and centrifuged at 3,500 rpm for 5min, and the super-
natant was analyzed using UV–vis spectrophotometer
(AvaSpec-2048, Avantes, the Netherlands). Following
the absorbance between 200 and 700nm provided
qualitative information related to the degradation of
azo bond and aromaticity of the dye during sonolysis.
In addition, decolorization efficiency was followed
quantitatively by measuring the decreases in absor-
bance of dye chromophore at kmax 530 nm. Each exper-
iment was performed four times and the standard
deviation of the experiments was calculated.

COD was determined by the open reflux method
[25]. Percentage COD remaining was calculated by the
following equation:

% COD remaining ¼ ðfinal COD/initial CODÞ � 100

ð2Þ

3. Results and discussion

3.1. Characterization of NZVI

The NZVI particles were characterized by SEM
and XRD. Fig. 1(A) shows SEM image of synthesized

NZVI particles (SEM, KYKY-EM3200, China). As you
can seen the synthesized NZVI particles are almost
spherical with diameters lower than 100 nm. Some of
these spherical nanoparticles aggregated together to
form rod structures due to magnetic interaction and
the natural tendency to remain in a more thermody-
namically stable state. The X-ray diffraction pattern of
NZVI is shown in Fig. 1(B). X-ray powder diffraction
of NZVI particles have been obtained by a D8
Advanced Bruker diffractometer. The spectrum shows
a major diffraction intensity peak at 2h= 47˚. The char-
acteristic diffraction peaks of iron oxides or hydrox-
ides were not detected. This indicated that the iron
present in the sample is mainly in zero-valent state,
and all zero-valent iron is in single-phase a-Fe0.

3.2. Sonolysis

The typical UV–vis spectrum of EBBR was shown in
Fig. 2(a). Absorbance band at 274nm (attributed to
p ! p� transition in aromatic ring) represents aromatic
character of the dye. The band at 530nm (attributed to
n ! p� transitions of N=N, C=N, C=O chromophore
groups) is responsible for the color of the dye solution
and is thus used to monitor the rate of decolorization of
the dye. Therefore, decreases in absorbance at 274 and
530nm correspond to loss of aromaticity and cleavage
of azo bond of the dye during degradation [26]. NZVI
assisted sonochemical degradation was carried out and
the results are shown in Fig. 2(d) after 6min of reaction.
In contrast, the absorption peaks in the presence of
NZVI without ultrasonic irradiation (on a shaker,
Fig. 2(c)) and under ultrasonic irradiation in the absence
of NZVI (Fig. 2(b)) were little changed and almost
unchanged, respectively. The results indicate that the
combination of NZVI and ultrasound irradiation
(Fig. 2(d)) have synergetic effect on degradation of dye.

The removal efficiency respect to time of exposure
to ultrasound irradiation was investigated. The results
show clearly that the degradation efficiency of dye
increases with an increase in irradiation time and
more than 96% of degradation was achieved in
20min. The degradation of dye on NZVI surface is
attributed to the reduction of O2 on Fe0 lead to in situ
production of H2O2 and Fe2+ that is responsible for
the �OH radical induced oxidation occurring on metal-
lic iron surface (reaction 3, 4) [27].

Fe0 þO2 þ 2Hþ ! Fe2þ þH2O2 ð3Þ

Fe2þ þH2O2 ! Fe3þ þHO� þHO� ð4Þ

The enhancement in the �OH radical formation rate
can increase the efficiency of the degradation. In this

S.S. Khaloo and S. Fattahi / Desalination and Water Treatment 52 (2014) 3403–3410 3405



respect, ultrasound irradiation may enhance the gen-
eration of oxidative species in water by the hemolytic
cleavage of water molecules by pyrolitic reactions,
which may be presented as follows:

H2O ! HO� þH� ð5Þ

2HO� þ 2H� ! H2O2 þH2 ð6Þ

The �OH radical and H2O2 are strong oxidizing
agents, which are responsible for the degradation of
organic substances [28].

3.3. Influence of initial pH on the sonocatalytic degradation
of EBBR

The effect of initial pH on the sonochemical
decomposition of dye was investigated in the range
2.5–8.5. It is obvious that the kmax of EBBR change
(from 520 to 610 nm) with increasing of medium pH
from 2.5 to 8.5. Then the degradation percent of color
at different pH was determined according to the
reduction of absorbance band at corresponding kmax

to each pH. The results (Fig. 3) indicate that the cata-
lytic activity of NZVI combined ultrasound radiation
increases with the decrease of initial pH from 8.5 to
2.5. More detailed information about the effect of solu-
tion pH is demonstrated by studying the kinetics of
the degradation reaction. The inset of Fig. 3 shows the
pseudo-first-order kinetic model fit for the degrada-
tion of EBBR under various initial pH conditions

Fig. 1. (A) SEM image and (B) X-ray diffraction patterns of the synthesized NZVI particles.

Fig. 2. UV–vis spectrum of 100 ppm EBBR at pH 3 and
different conditions: (a) mother solution, (b) after 6min
sonication in absence of NZVI, (c) after 6min shaked in
presence of 0.3 g/l NZVI, (d) after 6min sonication in
present of 0.3 g/l NZVI.

Fig. 3. Effect of initial pH on degradation of 100 ppm
EBBR,in presence of 0.3 g/l NZVI. Inset: the logarithm of
the dye concentration vs. time at various pH.
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(error bars haven’t been shown in Fig. 3 but the statis-
tical results have been summarized in Table 2). Table 2
summarizes the statistical results for comparison of
pseudo-first-order rate constants and their correspond-
ing regression values at different pH. The F-test
showed that precision of measurements is equal,
hence, Spooled values were calculated and then texp
was obtained and compared with the theoretical t
value with six degrees of freedom and 0.05 p-value of
one-way t-table. Statistical analysis showed that there
are significant differences between k values obtained
at different pH. On the other hand, it is obvious that
the pseudo-first-order model fits well with the experi-
mental data. The experimental results reveal that the
kinetic of decolorization of EBBR (100 ppm) was very
fast in acidic solution (pH 2.5–3.5), but relatively slow
in neutral or basic solutions. Similar results was
observed and reported while treating other chemicals
with NZVI, such as methyl orange and chlorinated
ethanes [29,30]. The low pH may remove the passive
layers from the NZVI core, rendering them free to
react to generate hydroxyl radicals effectively. On the
other hands at high pH, the ferrous and ferric ions
dissolved from the surface of NZVI according to the
Eqs. (3) and (4) are able to collide with hydroxyl ions
in the alkaline solution to produce oxides and hydrox-
ides of Fe(III) or Fe(II). These compounds precipitate
on the NZVI surface and occupy the reactive sites,
hindering the reaction. According to the pKa values of
EBBR it is obvious that in the pH range studied the
dye apparent as an anion, then at neutral and alkaline
pH the color removal might be attributed to the
adsorption of deprotonated dye ions onto the iron
oxide formed on the NZVI particles [31]. It is specu-
lated that at acidic medium, the decolorization was
accomplished by ZVI reduction of dye molecules (Eqs.
(3) and (4)). At neutral and alkaline medium
decolorization might be attributed to the adsorption of

the dye molecules onto the iron oxide formed on the
NZVI particles:

Fe0 þ 2H2O ! FeðOOHÞ þ 3

2
H2O ð7Þ

FeðOOHÞ þD2� ! FeðOOHÞD� ð8Þ

where Fe(OOH) represent ferrioxyhydroxide and D2-

is the deprotonated dye ions at neutral pH.

3.4. Influence of NZVI concentration on the sonocatalytic
degradation of EBBR

The effect of NZVI dosage on the degradation of
EBBR is demonstrated in Fig. 4 (error bars haven’t
been shown in Fig. 4 but the statistical results have

Table 2
Statistical results for comparison of pseudo-first-order rate constants at various initial pH levels (Ftab(0.05),3,3 = 9.28 and one
way ttab(0.05),6 = 1.94)

No. pH k, min�1a Fexp
b Spooled

c texp. r2

1 2.5 0.141 ± 0.0062 – – – 0.9723

2 3.5 0.132 ± 0.0068 0.58 0.0070 2.02 0.9624

3 4.5 0.115 ± 0.0057 1.42 0.0072 3.11 0.9658

4 5.5 0.100 ± 0.0056 1.04 0.0065 3.24 0.9660

5 6.5 0.0887 ± .0,051 1.20 0.0062 2.57 0.9600

6 7.5 0.0701 ± 0.0034 2.25 0.0050 5.21 0.9519

7 8.5 0.0598 ± 0.0028 1.47 0.0036 4.07 0.9490

aAverage of slope± standard deviation.
bFexp1, 2, Fexp2, 3, Fexp3, 4, Fexp4, 5, Fexp5, 6, Fexp6, 7 have been calculated, respectively.
cSpooled 1,2, Spooled 2,3, Spooled 3,4, Spooled 4,5, Spooled 5,6, Spooled 6,7 have been calculated, respectively.

Fig. 4. Effect of NZVI concentration on degradation of
100 ppm EBBR at pH=3. Inset: the logarithm of the dye
concentration vs. time at various NZVI dosages.
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been summarized in Table 3). The degradation effi-
ciency increased by increasing NZVI dose and when
NZVI was> 0.3 g/L, almost complete decolorization
was achieved after 20min irradiation. The inset in
Fig. 4 shows a logarithmic plot of the EBBR concentra-
tion (-Ln[EBBR]) vs. time. The reasonable values of
the correlation coefficients (r2) affirm that the degrada-
tion of EBBR by NZVI in presence of ultrasonic radia-
tion follows pseudo-first-order kinetics (Table 3).
Statistical analysis showed that there are significant
differences between k values obtained at different con-
centration of NZVI from 0 to 0.3 g/L. At higher con-
centration of NZVI, k value tended to level off
(texp5,6 < ttab in table 3). The rate constant increases lin-
early with NZVI concentration from 0 to 0.3 g/L (k=
(0.43 ± 0.01) [NZVI] + (0.0040 ± 0.0003), r2 = 0.9857, fig-
ure not shown). Thus, the degradation rate constant
would increase by 0.43 ± 0.01min�1 per increase of
1 g/L of NZVI concentration. The accelerated reaction
rate can be attributed to increase production of �OH
radicals with increase NZVI dose leading to enhance
degradation rate. On the other hand, further increase
in NZVI concentration (>0.3 g/L) did not result in
increase in the rate of degradation. This phenomenon
may be due to the aggregation of nano-sized zero-
valent iron particles at high amount, which causes the
decrease in the surface active site of NZVI and disturb
the transmission of ultrasound in water medium [32].

3.5. Influence of the initial dye, NaCl, and Na2CO3

concentration

The effect of the dye concentration on its sono-
chemical decomposition in presence of 0.3 g/L NZVI
was examined. The color removal in various initial
dye concentration (50, 100, 200 and 300ppm) and the
pseudo-first-order kinetic plot of degradation at differ-
ent concentrations of EBBR was shown in Fig. 5 and
the corresponding inset, respectively. The results

indicate that the removal efficiency of color decreased
by increasing dye concentration and a significant
decrease in the decolorization rate resulted at high
concentration. It is presumably due to saturation of
ZVI-reactive surface sites [26] in one side and agglom-
eration of dye molecules at high concentration in the
other [1].

An additional batch experiments were conducted
to study the effect of NaCl and Na2CO3 concentration
on decolorization of EBBR. The pseudo-first-order
kinetic rate constants of degradation of 100ppm EBBR
by 0.3 g/L NZVI under ultrasonic irradiation at pH
2.5 with 0.1, 0.5, and 1% (w/v) of NaCl were 0.16,
0.22, and 0.29min�1, respectively. The results show
that increasing 1% w/v NaCl concentration enhances
the removal kinetic rate of EBBR by 0.15min�1

Table 3
Statistical results for comparison of pseudo-first-order rate constants at various NZVI concentrations, (Ftab(0.05),3,3 = 9.28
and one way ttab(0.05),6 = 1.94)

No. [NZVI], g/l k, min�1a Fexp
b Spooled

c texp. r2

1 0.0 0.0079 ± 0.0006 – – – 0.9897

2 0.05 0.025 ± 0.0012 4.00 0.0011 21.99 0.9657

3 0.1 0.038 ± 0.0019 2.51 0.0018 9.98 0.9486

4 0.2 0.097 ± 0.0046 5.86 0.0041 20.45 0.9630

5 0.3 0.13 ± 0.0070 2.31 0.0068 6.80 0.9751

6 0.4 0.14 ± 0.0065 0.86 0.0078 1.80 0.9682

aAverage of slope± standard deviation.
bFexp1, 2, Fexp2, 3, Fexp3, 4, Fexp4, 5, Fexp5, 6 have been calculated, respectively.
cSpooled 1,2, Spooled 2,3bSpooled 3,4 Spooled 4,5 Spooled 5,6 have been calculated, respectively.

Fig. 5. Effect of the initial dye concentration on
degradation of EBBR. Inset: the logarithm of the dye
concentration vs. time. Experimental conditions: pH=3;
NZVI = 0.3 g/L.
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(k= 0.15[NaCl] + 0.144, r2 = 0.999). Previous researches
reveal that the addition of chloride increases the deg-
radation rate during NZVI treatment of contaminated
water [27,33]. This behavior may be attributed to this
fact that chloride salts are known as corrosion pro-
moter [33]. Corrosion the surface of NZVI leads to
generate the reactive oxygen species such as �OH radi-
cals, which further destruct the azo dye molecules. On
the other hand, the addition of salt increases ionic
strength of the aqueous phase, which induce an occur-
rence commonly called the salting-out effect. This phe-
nomenon pushes organic pollutants toward the
bubble–bulk solution interface and, therefore, leads to
a higher degradation rate [34].

Wastewater is in contact with air and atmospheric
CO2 could dissolve in water easily then, inorganic
anions of carbonates occur naturally in wastewater.
Carbonate ions could affect the degradation process in
different ways (1) scavenging of hydroxyl radicals by
carbonate ions reduces the degradation rate of the
dye. (2) the presence of ions in solution increases ionic
strength of the aqueous phase, which induces salting
out effect. (3) presence of inorganic anions lead to
decreased electrostatic repulsion between two ionic
dye, hence increasing the degree of aggregation of
dye which affects their attack by hydroxyl radicals
[35]. Different concentrations of Na2CO3 from 0.1 to
1mM were used to study the influence of carbonate
ions on the degradation of EBBR. The results show
that the presence of carbonate ions has no significant
effect on degradation rate of the dye. Since, the exper-
iments were performed in acidic condition most of
carbonate ions were presented as H2CO3. This neutral
molecule did not show any effect, not retardant not
accelerator, on degradation of EBBR.

3.6. Mineralization of EBBR

As discussed previously, decrease the absorption
band at around 530 nm (in experimental condition,
pH=3) is used to follow the rate of decolorization of
the dye while decreases in absorbance band at 274 nm
indicate the degradation of the aromatic segment of
the dye [26]. A decrease in the intensities of the band
at 530 and 274nm suggest that both the chromophore
and the aromatic part of the dye were breaking down.
Chemical oxygen demand (COD) test is used to mea-
sure the amount of organic compounds in water.
Decreasing COD is evidence for the oxidation of
organic compounds and decrease in the carbon con-
tent in the sample, hence indicative of the extent of
mineralization. Fig 6 shows the extent of degradation
of EBBR by measuring the decrease in COD values

due to the treatment of dye solution by NZVI in pres-
ence of ultrasonic waves. The results indicate that
sonochemical decomposition resulted in 14% minerali-
zation of the dye in 25min; while NZVI assisted sono-
chemical degradation was more efficient leading to
89%, mineralization of the dye over the same time.

4. Conclusion

In this study nano-size zero-valent iron particles
have been synthesized through a liquid-phase reduc-
tion method and used for decolorization of EBBR dye
in combination of ultrasonic irradiation. The results
indicate that ultrasonic irradiation can accelerate the
reduction of organic dye molecules with NZVI parti-
cles. Batch experiments have been used to obtain the
best parameters for getting maximum removal of
color. The degradation of EBBR in aqueous solutions
with NZVI under ultrasonic irradiation followed the
pseudo-first-order reaction kinetics. The removal per-
cent of color was found to be decreased with increase
in initial pH and increase with decrease in the initial
concentration of the solution. Decolorization kinetic
rate constants obtained by pseudo-first-order rate
equation increased 0.46min�1 per increase of 1 g/L of
NZVI concentration and 0.15min�1 per increase of 1%
w/v of NaCl.
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Fig. 6. Effect of sonication time on% COD remaining.
Experimental conditions: EBBR, 100 ppm, pH=3, NZVI,
and 0.3 g/L.
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