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ABSTRACT

In this study, effectively reductive decolorization of wastewater with synthesized C.I. Acid
Blue 113 (AB113) was obtained by nanoscale particles of zero-valent iron (NZVI), bimetallic
iron/nickel (nFe/Ni) and iron/zinc (nFe/Zn) which were prepared in the laboratory with
large surface area and reductive potential. The particle size was identified less than 100 nm
by field emission scanning electron microscope (FESEM) that nickel was homogeneously
distributed with iron element by FESEM mapping for nFe/Ni sample. Moreover, the surface
areas of bimetallic nanoparticle samples such as nFe/Ni and nFe/Zn were significantly
increased than that of NZVI. The effects of experimental variables such as nanoparticle
dosage, initial dye concentration, and metal composition on AB113 decolorizing were
investigated. From the results, the synthesized AB113 wastewater of high color and total
organic carbon (TOC) was successfully reductive decolorized using three iron-based
nanoparticle samples. The optimal conditions were obtained the best color removal efficien-
cies in 30 min while an initial dye concentration of 100 mg l−1 and nFe/Ni dosage of
0.2 g l−1. Besides, a modified pseudo-first-order kinetic equation was developed to describe
the color removal efficiency affected by both initial dye concentration and nanoparticle
dosage. The higher nanoparticle dosage, the higher color and TOC removal efficiencies were
obtained within the nanoparticle dosage of 0.2 g l−1. Furthermore, among three iron-based
nanoparticle samples, nFe/Ni preformed the best color and TOC removal as well as
durability.
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1. Introduction

The textile industry export revenue sum con-
tributed 11,820 million US dollars value to the 3.9% of

Taiwan total export revenue in year 2012 [1] that is
one of the most important industrial categories in
Taiwan. There are more than 250 textile dyeing and
processing factories, and these factories employ lots of
labors. Meanwhile, large quantities of effluents with-
out proper treatment processes directly or indirectly*Corresponding author.
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discharged to the nearby water bodies from textile
industries resulting serious damage of the ecological
environment and threat of human health. The high
color and organic concentrations in textile effluents
are usually difficult to be degraded and decolorized
that the serious impact for water environment has
drawn the attention of public and government. There-
fore, Taiwan Environmental Protection Agency
enforced the National Effluent Standard of textile
industry to meet the 550 true color units of American
Dye Manufacturers Institute (ADMI) by year 2003 [2]
that compelled the industries develop more efficient
pretreatment or polishing processes for dealing with
high color effluents. Not only in Taiwan, the textile
industries of elsewhere all faced the higher and higher
pressure from stricter governmental regulations and
public attentions. Therefore, the development of textile
wastewater treatment technologies to especially solve
high color problems has drawn much attention from
research communities and industries in this decade
[3–10].

Azo dyes are the largest category of commercial
dyes used in textile industry. Therefore, many
researches presented successful approaches to degrade
and decolorize azo dye compounds by various novel
technologies [10–13]. The di-azo dye used in this
study, C.I. Acid Blue 113, is applied widely in various
textile dyeing industries to dye wool, silk, and polya-
mide fiber from a neutral or acid bath.

Initially, the application of zero-valent iron (ZVI)
in the environmental field was introduced to the soil
and groundwater remediation by reactive barrel tech-
nology. Further development of nanoscale zero-valent
iron, i.e. NZVI, environmental technology was con-
ducted rapidly due to the dynamical development of
innovative nanotechnology in all scientific areas.

Many literature reported successful applications of
NZVI and bimetallic nanoparticles for remediation
of contaminated soil and groundwater through
dechlorination reaction of chlorinated hydrocarbons.
The target contaminants include trichloroethylene,
chlorophenols, polychlorinated biphenyls (PCBs), and
polycyclic aromatic hydrocarbons (PAH) [14–17] were
reported to be degraded. Inorganic contaminants such
as nitrate, perchlorate, and heavy metals were also
demonstrated to be remedied by NZVI [18–20].

On the other hand, the applications of ZVI and
NZVI for azo dye wastewater treatment were also
demonstrated by various researchers. The effective
decolorization of five azo dyes by ZVI under anaero-
bic conditions was presented Cao et al. [21], and the
results proposed the decolorization is ensured by the
cleavage of azo link in the dye molecule. Nam and
Tratnyek [22] explored nine azo dyes with a high

observed rate constant of 0.53 min−1 for Orange G by
ZVI followed by anaerobic biological treatment, to
show improvement of biodegradability. Similarly,
Chang et al. presented the efficient decolorization of
an Acid Black 24 azo dye by ZVI under ambient
condition [23]. Furthermore, a study of Acid Black 24
reductive decolorization by using NZVI with higher
surface area and reactivity was demonstrated to spend
only about 6/1,000 dosage of NZVI in comparison
with microscale ZVI [24]. To overcome the release of
nanoparticle problem, Shu et al. presented successful
decolorization of Acid Blue 113 by ion exchange resin
immobilized NZVI [25].

Use of iron-based bimetallic nanoparticles to
replace NZVI can enhance the dechlorination effi-
ciency on soil remediation application. In many
researches, the use of Pd in bimetallic Pd/Fe
nanoparticles was proved to be effective and success-
fully enhanced the catalytical activity toward
mixtures and single PCBs [15,26]. However, the high
cost of Pd makes the technology less feasible to real
application. Therefore, exploiting cheaper metals may
overcome the problem. Barnes et al. reported
effective dechlorination of chlorinated aliphatic
compounds by iron–nickel bimetallic nanoparticles
[27]. For azo dye decolorization, Shu et al. presented
successful decolorization of Reactive Black 5 by
activated carbon supported iron–nickel bimetallic
nanoparticles [1]. The advantages of NZVI nanotech-
nology was shown by several papers to be the
raising of biodegradability. The applications of NZVI
to enhance the efficient bioremediation of PCB-
contaminated marine sediment from Venice lagoon
were reported by Negroni et al. and Zanaroli et al.
to conclude the improvement of biodegradability by
NZVI [28,29].

In this study, the reductive decolorization of azo
dye C.I. Acid Blue 113 (AB113) using NZVI, iron/
nickel (nFe/Ni), and iron/zinc (nFe/Zn) bimetallic
nanoparticles was investigated. Operating parameters
such as iron/nickel (or iron/zinc) composition,
nanoparticle dosage, initial dye concentration, and
durability were investigated. The comparison of three
iron-based nanoparticle samples, i.e. NZVI, nFe/Ni,
and nFe/Zn, was presented on their AB113 degrada-
tion efficiencies and total organic carbon (TOC)
removal efficiencies. The aim of this study was to
present the strong reductive decolorization capability
of iron-based nanoparticles and to verify the optimal
operating parameters to be applied for efficient treat-
ment of Acid Blue 113 dye. Meanwhile, the protec-
tion of zero-valent iron by the second metal element
such as nickel and zinc is also important to be
revealed.
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2. Materials and methods

2.1. Materials and apparatus

The chemical structure of the dye C.I. Acid Blue
113 (C.I. 26,360, C32H21N5Na2O6S2, molecular weight
681.7, characteristic wavelength 566 nm, AB113) is
shown in Fig. 1. The dye was obtained from Sigma-
Aldrich, Inc., with no further purification for use.
Chemicals in reagent grade such as iron chloride
(FeCl3), nickel chloride (NiCl2), zinc chloride, and
sodium borohydride (NaBH4) were all purchased from
Merck & Co., Inc.

Nanoscale zero-valent iron (NZVI), iron/nickel
(nFe/Ni), and iron/zinc bimetallic particles (nFe/Zn)
were prepared by reductive chemical synthesis in lab-
oratory. The iron chloride (FeCl3∙6H2O) solution of
162.2 g l−1 mixed with or without appreciate concen-
tration of nickel chloride (or zinc chloride) binary
solution was gradually dropped into the sodium
borohydride (NaBH4) solution of 30.3 g l−1 in a beaker
with 10,000 rpm high-speed stirring using a homoge-
nizer. The ferric iron (Fe3+) and nickel (or zinc) ions
were reduced to zero-valent iron (Fe0) and nickel (or
zinc) simultaneously and precipitated in nanoscale
followed reaction equation as below (nickel or zinc
ions follow same mechanism to form nickel or zinc
zero-valent precipitation).

FeðH2OÞ3þ6 þ 3BH�
4 þ 3H2O ! Fe0

# þ3BðOHÞ3 þ 10:5H2 (1)

After synthesis, the nanoparticles (NZVI, nFe/Ni, and
nFe/Zn) suspended in the reaction solution which
requires further magnetic collection and residual

reagent washing out. The nanoparticles were collected
and washed with deionized water for three times in
order to remove the residual reagent followed solid–
liquid separation. The above method was modified
from a previous study [24]. By solvent exchange with
ethanol and evaporation, dry nanoparticles were
characterized and identified morphology and sizes in
nanoscale (<100 nm) by a JEOL 6330CF field emission
scanning electron microscope (FESEM) shown in
Fig. 2. Meanwhile, the particle size distribution and
BET surface area were obtained within 50–80 nm
using a 90 plus particle size analyzer with particle
sizing software (Brookhaven Instruments Co.) and
specific surface area of 87.87–145.83 m2 g−1 by the
Quantachrome autosorb automated gas sorption sys-
tem, respectively, as shown in Table 1. Although three
nanoparticle samples were formed without pores, pore
size and pore volume can be measured by Quan-
tachrome gas sorption system due to the aggregation
behavior of nanoparticles. Therefore, pore size and
pore volume values are reported in Table 1 as well as
specific surface area for reference to compare with
other nanoparticles.

2.2. Experimental procedure and analysis

The NZVI, nFe/Ni, and nFe/Zn nanoparticle sam-
ples were initially prepared by various concentration
compositions of iron chloride, nickel chloride (or zinc
chloride) binary solution to obtain various nanoscale
iron and nickel (or zinc) loadings. Designated 0.025–
0.2 g l−1 of iron-based nanoparticles was placed in the
one-liter batch reactor. The amount (in mg unit) of
dye AB113 was precisely measured to dissolve into

N=N N=N NH

NaO3S SO3Na

Fig. 1. The chemical structure of the C.I. Acid Blue 113 azo dye.

Table 1
Properties of three iron-based nanoparticle samples

Specific surface area (m2 g−1) Pore size (Å) Pore volume (cm3 g−1)

NZVI 87.87 12.82 0.026
nFe/Ni 108.38 13.15 0.036
nFe/Zn 145.83 12.97 0.047
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one liter of DI water, obtaining a concentration of
mg l−1 unit. The AB113 dye solution was poured into
the reactor, taking into consideration the time, loading
of iron-based nanoparticles, initial dye concentration,
nickel (or zinc) composition on iron, and durability of
nanoparticles at mixing rate of 150 rpm. The reaction
runs were performed at ambient temperature of
25 ± 1˚C and unadjusted solution pH of 5.8 ± 0.1 in all
cases not investigating effects of temperature and pH.

At defined time intervals, the dye concentration in
water samples were withdrawn and measured by a
Hitachi U-2000 spectrophotometer with single wave-
length absorbance (566 nm) duplicated. The TOC was
determined by an IO Analytical 1030W TOC analyzer.
The standard color detection procedure developed by
the American Dye Manufacturers Institute (ADMI)
was employed to evaluate the color intensity of AB113
dye solution. The color intensity was calculated by
applying the Adams–Nickerson color difference for-
mula, which substituted transmittance data obtained
into 30 wavelengths from 400 to 700 nm in every
10-nm interval, following method 2120E of the Stan-
dard Methods. The pH and oxidation reduction poten-
tial (ORP) were monitored by a Eutech PH5500 dual
channel pH/ion meter with specific probes. The iron
nickel and zinc concentrations were measured by a
Shimadzu AA-6200 Atomic Absorption Spectropho-
tometer. Several sets of calibration curves were pre-
pared under various pH conditions (i.e. pH 2,3,6,9,
and 11) to reflect the variation of characteristic wave-
length and absorbance. And these calibration curves
were used to measure the AB113 concentrations under
various pH conditions to avoid expected error. In
order to test the durability of various iron-based
nanoparticles after designed, decolorization experi-
ment was separated from reaction solution by
magnetic collection and washed three times by DI
water. Then, the recovered iron-based nanoparticles
were then applied to a new set of decolorization
experiment. The performance of the recovered iron-
based nanoparticles was used to evaluate the durabil-
ity of NZVI, nFe/Ni, and nFe/Zn nanoparticles.

3. Results and discussion

3.1. Characteristics of three iron-based nanoparticle samples

The morphology images (50,000× times enlarge-
ment) of NZVI before and after reductive decoloriza-
tion reaction are shown in Fig. 2(a) and (b). The shape
of NZVI particles is observed as spherical shape, and
the aggregation of particles is formed as a chained-
bead shape. After reductive decolorization reaction,
the NZVI nanoparticles deform their spherical shape

and aggregate more seriously. And the morphology
images of nFe/Ni and nFe/Zn bimetallic nanoparticles
are shown in Fig. 2(c) and (d), respectively. The sizes
of nFe/Ni and nFe/Zn particles are smaller but the
aggregation situations are worse than that of NZVI.
In this way, the particle sizes of NZVI, nFe/Ni, and
nFe/Zn can be observed to be less than 100 nm from
the FESEM images. Furthermore, the iron and nickel
(or zinc) amounts in the reaction solution were mea-
sured by microwave digestion of NZVI, nFe/Ni, and
nFe/Zn nanoparticle samples and analyzed by a
Shimadzu AA-6200 Atomic Absorption Spectroscopy.
The recovery rates of Fe, Ni, and Zn were determined
as 97.5, 90.8, and 91.4%, respectively. From Table 1,
the specific surface area of nFe/Zn is the largest of the
three types of nanoparticles. In contrast, NZVI is with
the smallest specific surface area. From the FESEM–
EDS mapping (Fig. 3(a)–(d) for C, O, Fe, and Ni) of
nFe/Ni nanoparticle sample, the images present
the nickel element on iron particles is uniformly
distributed. Similar observation from EDS mapping
can be obtained for nFe/Zn (data not shown).

3.2. Decolorization and TOC removal by three iron-based
nanoparticle samples

The reaction mechanism of a NZVI reductive
degradation system can be explained as follows. In
aqueous solution, NZVI produces electrons and fer-
rous ions by dissolution of NZVI surface. And the dis-
sociated electrons react rapidly with the certain
organic compounds (i.e. AB113 in this case) resulting
degradation and decolorization. By adding 0.2 g l−1 of
three iron nanoparticle samples, i.e. NZVI, nFe/Ni
(with 50% Ni), and nFe/Zn (with 50% Ni), the AB113
concentration removal efficiencies vs. time are shown
in Fig. 4(a). From the figure, AB113 removal efficien-
cies increase very rapidly and sharply during the first
few minutes then remain almost unchanged for rest of
reaction time. The AB113 removal efficiencies for three
iron-based nanoparticle samples sharply rise to
80.3–95.6% during the first 2 min, promptly increasing
to about 96% at 10 min; only less than 3% residual fol-
lowing to 30 min are found in all cases. The removal
efficiencies change merely from 10 to 30 min that
implies the reductive degradation of AB113 profi-
ciently during initial 10 min, afterward nearly changes
for AB113 removal.

The ORP of a solution is a measure of the oxidiz-
ing or reduction power of the solution. In an oxidizing
environment with presence of an oxidizing reagent, a
higher ORP with positive value will exist. On the
other hand, a lower ORP presents a more reducing
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environment. During this reduction process, the ORP
values were detected dropping from 370 mV to lowest
points of −421, −232, and −391 mV shortly at 15, 15,
and 6 min of reaction time for NZVI, nFe/Ni, and
nFe/Zn, respectively, as shown in Fig. 4(b). The solu-
tion ORP values then increased sharply up to −129 to
91 mV till 30 min. This indicates the reductive condi-
tion for effective AB113 removal within the first
10 min. Moreover, the pH variation was also detected
during reduction decolorization (Fig. 4(c)), it was first
raising sharply from 5.8 to 8.1 during 2 min, then
decreasing gradually to 6.2 with time, as soon as the
NZVI particles contacted dye solution with initial
concentration of 100 mg l−1. Similar pH changes for

nFe/Ni and nFe/Zn bimetallic nanoparticles were
observed in designed experimental runs.

Since the reductive reaction by NZVI is not strong
enough to break organic bonding, the removal of TOC
is mainly by adsorption on to NZVI surface. In a
previous study reported that the effective color
removal of Orange II resulted from the substantial azo
link cleavage to form some intermediate products
such as sulfanilic acid and 1-amino-2-naphthol [30].
Similarly, it is highly possible that the azo link cleav-
age of AB113 by the NZVI particles produce some
smaller molecular fragments such as sulfanilic acid
and aromatic amines resulting TOC measurement.
From Fig. 4(d), the TOC removal efficiency is rather

Fig. 2. The morphology images (50,000× times enlargement) of NZVI (a) before, (b) after reaction, (c) nFe/Ni, and
(d) nFe/Zn.
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poor for NZVI case, only 33.4% TOC removal was
observed at 4 min of reaction time and then dropped
gradually to 14.5% in 10 min, later remained small
change to 11.7% at 30 min of reaction time. The reason
of this observation is that the TOC concentration
remained in the solution can be adsorbed through the
NZVI particles at the beginning of reaction. Later
about 10–15 min, the decrease of TOC removal effi-
ciency is due to the dissolution of iron into the aque-
ous solution and loss adsorbed organic compounds
into aqueous simultaneously. It is interesting to
observe that the TOC removal efficiencies for nFe/Ni
and nFe/Zn are more effective than that of NZVI.
From same figure, the TOC removal efficiencies reach
59.5 and 65.2% for nFe/Ni and nFe/Zn, respectively.

It is fairly good TOC removal in comparison with
even oxidation technologies. Under the same condi-
tion, it is 96% of the AB113 removal efficiency indicat-
ing that TOC reduction is indeed more difficult than
color removal. Furthermore, no TOC desorption was
presented in these nFe/Ni and nFe/Zn cases. It
ensured that the nickel (or zinc) coexist on the iron
nanoparticles can prevent dissolution of iron into
aqueous solution. On the other hand, the higher
specific surface area of nFe/Ni (or nFe/Zn) makes the
adsorption more efficient to remove more TOC
contribution organic compounds.

Meanwhile, ADMI color index was observed dra-
matically decreasing from 30,294 to less than 636 for
nFe/Ni case. Similar decolorization behavior was also

Fig. 3. The FESEM–EDS mapping of elements for nFe/Ni nanoparticles, (a) C, (b) O, (c) Fe, and (d) Ni.
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obtained for nFe/Zn. However, for NZVI case, due to
the dissolution of ferrous ions and further oxidized to
ferric ions remained ADMI at about 2,200 level at the
end of reaction (data no shown).

For the dye color removal condition, a first-order
reaction is generally assumed with respect to dye
concentration. It converts into the pseudo-first-order
reaction ignoring NZVI particle concentration effect as
Eq. (2).

Cdye ¼ Cdye0 � e�kt (2)

where k denotes the observed first-order reaction rate
constant (min−1), t the reaction time (min), Cdye0 the
initial concentration (mg l−1) of AB113, and Cdye is the
concentration (mg l−1) of AB113 at time t. The removal
efficiency hardly reaches 100% completion due to the
limited transfer between water and NZVI particle
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Fig. 4. (a) AB113 removal efficiency, (b) ORP, (c) pH, and (d) TOC vs. time for AB113 reductive decolorization by NZVI,
nFe/Ni, and nFe/Zn nanoparticles. (The conditions were initial AB113 concentration of 100 mg l−1, nanoparticle dosage
of 0.2 g l−1, nickel or zinc composition of 50%, and reaction time during 60 min.)
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interphase so that the residual dye concentration can
be expressed by an emprical rate equation proposed
in our previous study [24] as Eq. (3).

Cdye ¼ Cultimate þ ðCdye0 � CultimateÞ � a� e�kt (3)

where Cultimate is the ultimate residual dye concentra-
tion (mg l−1) for certain NZVI dose (g l−1), α denotes
the variation coefficient of removed dye concentration
for each test, and k denotes empirical rate constant
(min−1). The constants of Cultimate, α, and k were
obtained by nonlinear regression from Fig. 4(a) result-
ing Cultimate of 4.013 mg l−1, k of 1.144 min−1 with ini-
tial dye concentration of 100 mg l−1. Nam and
Trantyek [22] found an observed color removal rate
constant of 0.530 and 0.023 min−1 for 60 μM of Crocein
Orange G and 300 μM of Naphthol Blue Black G,
respectively, by adding 200 g l−1 microscale iron.
Though the former rate constant was about one half of
magnitude comparing with our results, the iron dose
demands much differentially that 0.2 g l−1 of NZVI,
nFe/Ni, and nFe/Zn performed better than the above
200 g l−1 of microscale iron. By adding 66.6 g l−1

microscale iron, Mu et al. [30] reported the color
removal rate constants of Orange II were 0.017–
0.022 min−1 for 0.14–0.71 mM. Thus, timely higher
color removal and rate constants can be obtained due
to the superior surface area of NZVI, nFe/Ni, and
nFe/Zn demanding much less dose than that of
microscale iron.

On the other hand, during the reaction, the iron
concentrations left in solution with time can be reason-
ably monitored when 0.2 g l−1 of NZVI, Fe/Ni, and
Fe/Zn nanoparticle samples with 100 mg l−1 of initial
AB113 concentration. Indeed, the remaining highest
iron concentration was 4.4 mg l−1 and then precipi-
tated back to the surface of NZVI, Fe/Ni, and Fe/Zn
down to 0 mg l−1 for longer reaction time. The highest
Ni and Zn concentrations during the reaction were
measured as 4.43 and 1.89 mg l−1, respectively. The
nickel concentration can be decreased down to
0.51 mg l−1 at the end of reaction.

3.3. Effect NZVI dosage

As shown in previous studies, the dissolution of
ferrous ions and electrons to react with organic mole-
cules on the iron surface and reduction by ZVI in the
aqueous phase has been proven to be a fairly fast
process [23]. The performance of NZVI follows a
mechanism similar to iron dissolution, with the recap-
ture of free ferrous on the NZVI surface to avoid total
iron release. The NZVI sample was chosen for dosage

study to represent three iron-based nanoparticle sam-
ples. Fig. 5 shows the effect of reaction time on the
degradation of AB113 dye with the addition of 0.025–
0.2 g l−1 of NZVI for initial dye concentration of
100 mg l−1. Within the first two minutes, the removal of
AB113 concentration was about 7.3–90.4%, increasing
sharply up to 93–96% in 4 min for higher dosage from
0.15 to 0.2 g l−1. For highest dosage of 0.2 g l−1, the
AB113 dye concentration quickly dropped down to
2.7 mg l−1 and achieved 97.4% removal efficiency dur-
ing 10 min with the initial concentration of 100 mg l−1.
Moreover, no significant change was found until
30 min. This scenario implies that the reductive
degradation of AB113 occurs initially within the first
10 min. Afterward, the AB113 concentration removal
rarely changes. From the results, pH increased sharply
from 6.3 to 8.1 in two minutes and then kept almost
unchanged (data not showed). The explanation of pH
change in two minutes is according to the mechanism
of NZVI dissolution into ferrous ions; spontaneously,
the hydroxyl ions are released into the solution and
cause the increase of pH. The reductive decolorization
of AB113 by NZVI is dominated by the dissolution of
ferrous ions and electrons. And the reductive decol-
orization reaction is happened on the surface of NZVI.
Therefore, the higher NZVI dosage provides the more
specific surface area and reactive sites to enhance the
reductive reaction of AB113 and resulting decoloriza-
tion of AB113. Similar observation also reported by Shu
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et al. [24]. Meanwhile, the dosage effects of nFe/Ni and
nFe/Zn are similar to the NZVI case.

3.4. Effect of initial dye concentration

Fig. 6(a)–(c) summarizes the effect of the initial dye
concentration on AB113 degradation efficiency by three
iron-based nanoparticle samples. In Fig. 6(a), by using

NZVI, the maximum removal efficiency (Rmax) declined
from 99.5 to 93.4% when initial dye concentration
increased from 100 to 800 mg l−1. However, NZVI pre-
sented a very good reductive degradation capability on
AB113 even with extremely high concentration of
800 mg l−1. This set of experiments ensures that the
NZVI is an excellent nanoparticle material for decol-
orization of azo dyes. Furthermore, the initial rate (r0)
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used to evaluate the effect of the initial dye concentra-
tion increased from 49.1 to 81.4 and 263.0 mg l−1 min−1,
with initial AB113 concentration increasing from 100 to
200 and 800 mg l−1, respectively.

By calculation from the results, the unit NZVI-
AB113 removal capacity (URC) is the function of the
initial AB113 concentration (100–800 mg l−1). Over the
course of 30 min, the URCs were 487.44, 946.71,

1878.61, and 3500.07 mg AB113 per g NZVI with ini-
tial dye concentrations of 100, 200, 400, and 800 mg l−1

by addition of 0.2 g l−1 of NZVI. However, the higher
initial concentrations of AB113 obtained the lower dye
degradation efficiencies, which provided higher URC
at the same NZVI dosage. Thus, it can be concluded
that the higher initial AB113 concentration gives the
higher URC.
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From Fig. 6(b), nanoparticle sample of nFe/Ni
shows more sensitive effect on initial dye concentra-
tion. For the highest AB113 concentration of
800 mg l−1, the removal efficiency reaches only 87.9%.
On the other hand, the nFe/Zn presents best capabil-
ity of decolorizing AB113. In 6 min of reaction time,
the removal efficiencies achieve higher than 90% for
100–800 mg l−1 AB113 concentrations.

The effect of AB113 initial concentration is observed
that the highest concentration of 800 mg l−1 presents
decline of removal efficiency and also initial rate. The
reason of this observation is that the higher concentra-
tion of AB113 molecules competing for limited NZVI
reactive sites, thus, reduces the removal efficiency and
initial rate than that of the lower concentration.

3.5. Effect of iron/nickel and iron/zinc compositions

The effect of the iron/nickel composition on AB113
degradation shown in Fig. 7(a) indicates that AB113
degradation initial rate increases with the decrease of
the nickel composition on nFe/Ni. For nickel composi-
tion from 5 to 20%, the lowest nickel composition of
5% presents the highest decolorization initial rate.
However, for higher nickel composition of 10–20%
performs stable color removal without dissolution of
iron into aqueous solution. Increasing the composition
of Ni to 20% can ensure the highest AB113 removal

efficiency till the end of reaction at 30 min. In this
case, nFe/Ni with 20%Ni provided substantially more
active surface sites and resulting in more nanoscale
iron–nickel bimetallic surface collision with more azo
dye molecules to enhance AB113 degradation activity.

From the experimental data, the initial AB113
degradation rates of 76.4, 66.9, and 60.0 mg l−1 min−1

were obtained by the nFe/Ni nickel compositions of 5,
10, and 20% for first 2 min, respectively. Moreover, the
final degradation efficiency of AB113 was influenced
by nFe/Ni composition. The presence of Ni on nFe/Ni
nanoparticles is able to protect nanoscale iron particles
from oxidation reaction by dissolved oxygen. And
existence of nanoscale iron particles is able to provide
high reductive degradation ability. From results, the
nFe/Ni with 10–20%Ni compositions performed fairly
good AB113 degradation efficiencies of 94.6–97%.

From Fig. 7(b), the TOC removal reached
maximum 39.7% removal at 6 min, then, decreased
gradually down to 17.3% at 30-min reaction time for
nFe/Ni with 5% nickel composition. On the other
hand, nFe/Ni with 10–20% nickel composition can
present maximum TOC removal of 52.6–53.1% and
remain almost unchanged during reaction time of
30 min. The results showed that nFe/Ni bimetallic
nanoparticles with higher nickel composition per-
formed better TOC removal capability. On the other
hand, for nFe/Zn bimetallic nanoparticles, the
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degradation of AB113 (Fig. 7(c)) showed no difference
for 5–20% of zinc composition. However, the results in
Fig. 7(d) also showed that nFe/Zn bimetallic
nanoparticles with higher zinc composition performed
better TOC removal capability.

3.6. The durability test

The NZVI, nFe/Ni, and nFe/Zn nanoparticle sam-
ples were used repeatedly to treat the AB113 solution.
Fig. 8(a) shows the system performance over 3 cycles.
Results indicate that the AB113 removal efficiency
decays from 97.7% of first use down to 0% at third
cycle for NZVI. The nFe/Ni sample shows the best
durability of AB113 removal. The final AB113 removal
efficiencies decrease from 100, 83.5, to 57.4% for first,
second, and third use, respectively. The nFe/Zn
nanoparticle sample performs final AB113 removal
efficiencies from 100, 87.8, to 25.9% for first, second,
and third use, respectively. The results show that
bimetallic nanoparticle samples enhance better durabil-
ity than that of NZVI. The reason for decay in reduc-
tive degradation ability is due to the oxidation of
NZVI, nFe/Ni, and nFe/Zn bimetallic nanoparticle
samples; therefore, the oxidation of nanoparticle sam-
ples inhibits the dissolution of iron and electrons into
dye solution. The evidence can be observed in
Fig. 8(b), as ORP changes during three reuse cycles.
For fresh-used nanoparticle samples, the ORP can
decrease down to −527, −425, and −464 mV for NZVI,
nFe/Ni, and nFe/Zn, respectively. However, when
used for the second cycle, the ORP were raised to
about −136, −320, and −70 mV for NZVI, nFe/Ni, and
nFe/Zn, respectively. For third cycle, only nFe/Ni
sample remains in negative ORP status of −261 mV.
The results show the loss of reductive reactivity of
nFe/Ni is limited and presents best AB113 degradation
durability after three decolorization cycles.

4. Conclusions

We have shown that reductive degradation of Acid
Blue 113 (AB113) di-azo dye in aqueous solution can
be achieved in less than 10 min by adding nanoscale
zero-valent iron (NZVI), nanoscale iron/nickel
bimetallic particles (nFe/Ni), and nanoscale iron/zinc
bimetallic particles (nFe/Zn), under ambient condi-
tions without pH control. After 30 min, more than
96.4–97.9% AB113 concentration and 92.9–99.2% ADMI
removal were reached with NZVI (or nFe/Ni and
nFe/Zn) dosage of 0.2 g l−1 and initial AB113 concen-
tration of 100 mg l−1. In our batch test, the AB113
removal efficiency was dominated by the NZVI dosage

as well as the initial dye concentration. Furthermore,
the degradation efficiency increased with increased
NZVI load. The nFe/Ni bimetallic nanoparticles
presented best AB113 removal efficiency and reuse
durability. Accordingly, the results of this study on the
effects of NZVI, nFe/Ni, and nFe/Zn nanoparticles
dosage, initial dye concentration can be used to opti-
mize the operating parameters of AB113 degradation
and provide industries with useful information about
this alternative wastewater technology.
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