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Abstract

Some problems including low treatment capacity, agglomeration and clogging phenomena, and short working life, limit the application
of pre-treatment methods involving zero-valent iron (ZVI). In this article, ZVI was frozen in an amorphous state through a melt-spinning
technique, and the decolorization effect of amorphous ZVI on Acid Orange II solution was investigated under varied conditions of
experimental variables such as reaction temperature, ribbon dosage, and initial pH. Batch experiments suggested that the decolorization
rate was enhanced with the increase of reaction temperature and ribbon dosage, but decreased with increasing initial solution pH.
Kinetic analyses indicated that the decolorization process followed a first order exponential kinetic model, and the surface-normalized
decolorization rate could reach 2.09 L/(m?-min) at room temperature, which was about ten times larger than any previously reported
under similar conditions. Recycling experiments also proved that the ribbons could be reused at least four times without obvious decay
of decolorization rate and efficiency. This study suggests a tremendous application potential for amorphous ZVI in remediation of

groundwater or wastewater contaminated with azo dyes.
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Introduction

Residual dyes from effluents of the textile dyeing and
finishing industry have attracted major environmental at-
tention because of their widespread contamination of water
and soil, owing to their high toxicity and poor degradability
(Zhao et al., 2010; Qu et al., 2008). Within the overall
category of synthetic textile dyestuffs, azo dyes constitute
about half of global production, and during dyeing oper-
ation processes, about 15% end up in wastewaters (Park
and Choi, 2003). Azo dyes usually have complex aromatic
structures that are highly resistant to microorganisms and
recalcitrant to conventional biological wastewater treat-
ment processes (Pagga and Brown, 1986; Shu et al., 1994;
Manu and Chaudhari, 2003), and constitute a significant
burden on the environment. Traditional physical methods
such as flocculation and adsorption simply transfer the pol-
lutants to another phase rather than destroying them (Dutta
etal., 2001); some chemical treatment technologies such as
UV/H,0,, UV/O3, UV/TiO; and the Fenton reaction have
served to remove color and achieve final mineralization
effectively, yet are limited to the laboratory because of their
rigorous operation conditions (Ruppert et al., 1994; Shu
and Huang, 1995; Ozer and Ferry, 2001; Muruganandham
and Swaminathan, 2004; Chen and Zhu, 2007).

* Corresponding author. E-mail: hfzhang@imr.ac.cn

During past decades, zero-valent iron (ZVI) has shown
the greatest promise for the reduction of many common
environmental contaminants (Gillham and O’Hannesin,
1994; Agrawal and Tratnyek, 1996; Roberts et al., 1996;
Orth and Gillham, 1996; Cao et al., 1999; Kao et al., 2001;
Lai et al., 2007), and innovative methods such as nanotech-
nology using nanoscale ZVI (NZVI) particles have been
developed for application in environmental treatment and
remediation (Masciangioli and Zhang, 2003). A few inves-
tigations have reported dye wastewater treatment by ZVI
particles. Efficient decolorization by ZVI particles was
demonstrated for five azo dyes under anaerobic conditions
via cleavage of the azo link cleavage of the dye molecules
(Cao et al., 1999), and an innovative method using NZVI
particles to increase the specific surface area of ZVI has
also been developed for the decolorization of azo dyes
(Masciangioli and Zhang, 2003; Shu et al., 2007; Fan et
al., 2009). The advantages of ZVI particles for dye color
removal include ease in use as a pre-treatment process,
easy recycling of the spent iron powder removal with
magnets as well as low residual iron concentration and

no necessity for further treatment of the dffluents (Chang
et al., 2006). In this study, by virtue of p melt-spinning
technique, crystalline ZVI was successfylly frozen into
the amorphous state in Fe-Si-B amorphous ribbons. In the
ribbons, the amorphous ZVI was expected fo have different
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performance from its crystalline counterpart in the degra-
dation of azo dyes. Using melt-spun Fe-Si-B amorphous
ribbons, a feasibility study of the use of amorphous ZVI for
removing the color and organic constituents of an azo dye
(Acid Orange II) solution was proposed through study of
the effects of experimental variables such as temperature,
ribbon dosage, and initial solution pH. Additionally, the
recycling of the ribbons and reaction kinetics for the
decolorization process were also investigated.

1 Materials and methods

1.1 Preparation and characterization of Fe-Si-B amor-
phous ribbons

An alloy ingot with nominal composition of Fe;3SigB4
alloy was produced by arc melting a mixture of Fe, Si and
Fe-B alloy under a Ti-gettered Ar atmosphere. The purity
of Fe and Si was higher than 99.9%, and Fe-B alloy with a
purity of 99% was purchased from Liaoyang International
Boron Alloys Co., China. The ingot was then remelted
in a quartz tube by induction melting, followed by roller
spinning to make ZVI frozen into ribbons. The amorphous
ribbons were about 2 mm wide, 30—40 um thick and up to
several meters long.

The structure of the ribbons was examined by X-ray
Diffraction (XRD) with Cu-Ka radiation (D/max-2500PC,
Rigaku Co., Japan), and transmission electron microscopy
(TEM) (Tecnai G2 20, FEI Co., USA) and a scanning
electron microscope (SEM) (S360, Cambridge Instrument,
UK) was used to observe the surface morphology of the
ribbons.

1.2 Decolorization procedures

The ribbons were cut into pieces of 2x10 mm? for subse-
quent decolorization procedures. Acid Orange II powder
(> 99.9 wt.%, purchased from Tianjin Yuhua Co., China)
was dissolved in distilled water to obtain an aqueous
solution. After being cut, the ribbons were cleaned with
distilled water, and then rinsed with ethanol (> 99.9 wt/%)
twice. A 180-mL solution of 100 mg/L dye and amorphous
ribbons were added to a beaker; in all experiments where
ribbon dosage was not a variable, the nominal surface
area of the ribbons was 15,000 mm? to ensure a con-
stant iron surface area concentration of 8.33x%1072 m?/L.
Repeated decolorization experiments were carried out to
investigate the feasibility of recycling the glassy ribbons
in solutions containing 200 mg/L dye and 15,000 mm?
amorphous ribbons. The beaker was placed in a constant
temperature water—bath trough at controlled temperatures,
and mechanical agitation of 200 r/min was applied in the
beaker during the reaction process. About 4 mL solution
was taken from the beaker at intervals, and subjected to
UV-Vis spectrum scanning from 200 to 600 nm using
a UV-Visible spectrophotometer (Model V-550 JAS. Co.,
USA) after being filtered through a 0.45 pm membrane
filter.

The dye concentration of the solution can be calculated
from the ratio of the intensity of the absorbance peak in

the visible region at Ap.y to that of the reference solution
by the following equation:

Ci=Cox )\maxt/)\maxo n

where, Co (mg/L) and C; (mg/L) are the dye concentrations
at time 0 and ¢, and Apax o (a.u.) and Ay ; (a.u.) are the
intensities of the absorbance peak in the visible region of
the solution at time 0 and ¢, respectively.

2 Results and discussion

2.1 Characterization of the ribbon

The XRD pattern and TEM diffraction image of the
ribbons obtained by the melt-spinning technique are pre-
sented in Fig. 1a. The amorphous nature of the ribbon can
be verified by the broad peak in the XRD pattern and the
single dispersive halo in the TEM diffraction image. These
results demonstrate that the structure of the ribbon is a
short-range ordered and long-range disordered structure,
and the ZVI is in an amorphous state.

Figure 1b shows the SEM images of both the free
surface and the surface in contact with the roller during
fabrication of the ribbon. It can be seen that the free surface
is nearly perfectly smooth, and the roll-contact surface is
relatively rough. Based on the SEM image, it is reasonable
to deduce that the area increment relative to the nominal
area due to roughness is not very significant.

Intensity (a.u.)

20 (degree)

EHT =20.00kV Signal A=SE2 WD =15mm

Fig.1 XRD pattern, TEM diffraction image (a) and SEM image (b) of|
the Fe73SigB14 ribbons obtained by melt-spining tecijnique.
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2.2 Effect of decolorization temperature

The UV-Vis spectrum changes as a function of reaction
time at 40°C are illustrated in Fig. 2. The strong ab-
sorbance peak at Ap,x = 484 nm in the visible region
originates from a conjugated structure formed by the azo
bonds, the intensity of which denotes the dye concentration
in the solution (Cao et al., 1999; Nam and Tratnyek, 2000).
The other two bands at 230 and 310 nm in the ultraviolet
region are ascribed to the benzene and naphthalene rings
of the dye, respectively. The bands at A,x become weaker
with time, which reveals the cleavage of the azo bonds and
the decomposition of Acid Orange II in the solution. Along
with the cleavage of the azo bonds, -NH, groups are also
formed, which can be verified by the increasing intensity of
the absorbance peak at 246 nm as shown in Fig. 2 (Zhang
etal., 2011).

Through nonlinear curve fitting, it is deduced that the
degradation process fits very well with first order exponen-
tial decay kinetics as proposed by Cao et al. (1999) and
Nam and Tratnyek (2000) as follows:

C,/Cy = exp (ki) 2)

where, k (min~!) is the observed rate constant, and ¢ (min)
is the reaction time.

230 ——Omin

Absorbance (a.u.)

Wavelength (nm)

Fig. 2 UV-Vis spectrum change as a function of reaction time. Initial
Acid Orange II concentration 100 mg/L; ribbon dosage 0.0833 m?/L;
initial pH 6; temperature 40°C.

Experiments were carried out in the temperature range
of 25-50°C to study the effect of temperature on the de-
colorization of Acid Orange II, and the decolorization rate
constants could be obtained by nonlinear regression. The
values along with surface-area-normalized rate constants
are listed in Table 1.

Based on the obtained kinetic rate constants at different
temperatures, the activation energy (E,, kJ/mol) of the
decolorization process of Acid Orange II by amorphous
ZVI can be obtained according to the Arrhenius equation:

Ink = —E,/RT +1nA 3)

It is calculated that £, is 27.9 kJ/mol for the decolorization
process of Acid Orange II by the amorphous ZVI over the
temperature range of 25-50°C (Zhang et al., 2011). The
temperature effect is important in providing some insight
into the reaction mechanism (Liou et al., 2005; Fan et
al., 2009). For ordinary thermal reactions, the activation
energy is usually between 60 and 250 kJ/mol (Chen and
Zhu, 2007); for the reaction of NZVI decolorizing azo
dyes, the activation energy is 35.9 kJ/mol (Fan et al., 2009).
Our results imply that the decolorization of Acid Orange II
by amorphous ZVI requires a relatively low energy, which
may also help us to understand the reason why amorphous
ZVT has a much larger surface-normalized decolorization
rate (ksa) than crystalline ZVI as aforementioned.

2.3 Effect of the ribbon dosage

It is well known that the degradation reaction of organic
compounds using ZVI occurs on the surface of iron metal,
and it is the same for azo dyes (Weber, 1996). When
effective collision between dye molecules and ribbons
takes place, amorphous ZVTI in the ribbons loses electrons
while the dye molecule accepts electrons, combines with
H* and turns into a transitional product. Thus, surface area
should affect the degradation reaction. In this experiment,
the decolorization of Acid Orange II with different ribbon
dosages, 0.0833, 0.0556, and 0.0278 mz/L, was studied.
Figure 3a shows the reaction curves under different ribbon
dosages. By nonlinear regression, the decolorization rate
constants were obtained as presented in Table 1. Through
linear regression, it is clear that, with increasing ribbon

Table 1 Results of nonlinear regression of experimental data

Co Recycle Temperature Ribbon Initial k ksa R?
(mg/L) time °0) dosage (m?/L) pH (min~!) (L/(m?-min))

200 1 40 0.0833 6 0.252 3.03 0.99673
200 2 40 0.0833 6 0.249 2.99 0.99871
200 3 40 0.0833 6 0.281 3.37 0.99977
200 4 40 0.0833 6 0.295 3.54 0.99999
100 1 25 0.0833 6 0.174 2.09 0.99976
100 1 30 0.0833 6 0.205 2.46 0.99819
100 1 40 0.0833 6 0.299 3.59 0.99970
100 1 50 0.0833 6 0412 4.95 0.99989
100 1 40 0.0556 6 0.201 3.60 090007
100 1 40 0.0278 6 0.087 3.13 0.99979
100 1 25 0.0833 3 0.443 5.32 0.99913
100 1 25 0.0833 1 0.214 2.57 0.99999
100 1 25 0.0833 11 4 - -

4 Degradation process does not fit with first order exponential decay kinetics at this initial pH value (pH = 11), so the values

surface-normalized decolorization rate (ks ) and R? make no sense.

f rate constant((k);
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0.8 A Dosage 0.0278 m*L
Regression curve 025+
0.6
< £ 0201 R =0.9938
0.4 g
= 0.15f
0.2
0.10 -
0.0
PR (NS SR U ST T ST S ST ST T T 0 0 n 1 n 1 n 1 n 1 n 1 L 1 L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 ’ %).02 0.03 004 005 006 0.07 0.08 0.09

Time (min)

Ribbon dosage (m*L)

Fig. 3 Effect of ribbon dosage on the decolorization of Acid Orange II (a) and linear regression of decolorization rate constant (k) versus ribbon dosage
(b). Initial Acid Orange II concentration 100 mg/L; initial pH 6; temperature 40°C.

dosage, the decolorization rate of Acid Orange II is in-
creased. The reaction constant is linearly correlated with
relative ribbon dosage as Fig. 3b shows and the reaction
rate constant k equals 3.84 ribbon dosage according to our
results.

2.4 Effect of initial pH

Solution pH has been considered as one of the important
factors in ZVI-contaminant systems, therefore the effect of
initial solution pH on the decolorization of Acid Orange 11
was studied, and the results are shown in Fig. 4. At acidic
and circum-neutral initial pH, Acid Orange II solutions
were almost completely decolorized within 30 min. As
the initial pH increased to the alkaline pH range, the final
decolorization efficiency decreased to a very low level in
the same reaction time, and our results illustrated that the
decolorization processes followed different kinetics. By
nonlinear regression, it can be seen that the decoloriza-
tion process under acidic and circum-neutral initial pH
followed a first order kinetic model while the process under
alkaline conditions followed a different model. Moreover,
the decolorization mechanism was probably different.
Compared with the UV-Vis spectra of Acid Orange II as
a function of reaction time for acidic and circum-neutral

A 0.001 mol/L HCI1
—— Regression curves

No acid or alkali addition
= 0.001 mol/L NaOH
e 0.1 mol/L HCI

initial pH, in the UV-Vis spectra of Acid Orange II for
alkaline pH, all peaks weaken synchronously as a function
of reaction time, and no peaks at new positions appear
as the inset of Fig. 4b shows. When the solution pH
is in the alkaline pH range, the oxide surface becomes
negatively charged. The ribbon surface could easily be
covered by corrosion products under alkaline conditions,
which may prevent sufficient collisions between ribbons
and dye molecules, leading to a decay of the decolorization
rate. It is reasonable to deduce that this process may be a
physical adsorption dominant process, during which Acid
Orange II cannot be degraded, and the addition of NaOH
plays a key role in inhibiting the process.

In addition, as shown in Table 1, although HCI addition
drives the decolorization process, the decolorization rate
constant did not increase monotonically with HCl addition.
The acid-driven effect can be ascribed to the fact that
at lower pH, the surface of ribbons is positively charged
(Li et al., 2006), and the dye molecules with a sulfonate
group were negatively charged, which is favorable for the
adsorption of dye onto the ribbon surface. But on the
other hand, if too much acid was added, excessive H*
would adsorb on the surface of the ribbons, gain electrons
from the ribbons to form H, bubbles, occupy the reactive

m  Residual normalized by C,
¢ Adsorption normalized by C,
—— Regression curve

1op 2 b =

’ 1.0p <
o by _
L] 0.8 [ i z ‘ S
I 200 300 400 500 ” 60| D“
- 0.6 0.6 Wavelength (nm) 40.6 ‘_l‘
O ° Z
J S 1 s
0.4 S S
0.4- R2=0.9766 104 E
02F  \ e 0.2+ 40.2 fc’

0.0t * ———* 0.0F 40.0
1 1 1 1 1 1 n 1 n 1 n 1 " 1 n 1 n 1
0 5 10 15 20 25 30 0 10 20 30 40 50 60
Time (min) Time (min)

Fig. 4 Effect of acid and alkali addition (a) and 0.001 mol/L NaOH addition (b) on the decolorization of Acid Orange II. Inset: UV-Yis spectrum change

as a function of reaction time. Initial Acid Orange II concentration 100 mg/L; ribbon dosage 0.0833 m2/L; temperature 25°C.
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sites, and finally slow the decolorization rate. This result
suggests that weak acidic and circum-neutral initial pH
favor dye decolorization, while too strongly acidic initial
pH may induce side effects to the decolorization process.

2.5 Recycling of the ribbons

To assess the feasibility of recycling the glassy ribbons,
repeated decolorization experiments were done one after
another with fresh solutions and the ribbons used in the
previous cycle, and the results are shown in Fig. 5. It can be
seen that after 30 min, the intensity of the absorbance peak
at hmax Was nearly zero, and the decolorization efficiency
decays little until the fourth cycle, which means the ribbons
can be reused conveniently without any treatment. It is
worthwhile to note that the decolorization rate constants
(k) of the third and fourth cycles are 0.281 and 0.295 min~!
respectively, which are larger than those of the first and
second cycles, as Table 1 presents. This phenomenon may
be attributed to the increment of the surface area because of
the desquamation of the ribbon during the decolorization
process.

2.6 Decolorization reaction mechanism analysis

The decolorization effect of the ribbons is attributed to the
ZVI1 being frozen in an amorphous state in the ribbons
(Nam and Tratnyek, 2000; Saxe et al., 2006; Hou et
al., 2007; Zhang et al., 2010). During the decolorization
process, amorphous ZVI in the glassy ribbons with high
activity can be released into the solution gradually, and
directly reacts with dye molecules by the reaction of
Fe-2e~ = Fe?", leading to the decolorization of the dye
solution. Moreover, the reaction between ZVI and H,O
or H*can generate abundant atomic [H], and this kind of
[H] has high reactivity, which induces the cleavage of azo
bonds (-N=N-), thus destroying the chromophore groups
of the azo dye (Sohn et al., 2006; Zhang et al., 2010).
Thus appropriate HCI1 addition can drive the decolorization
process because of the generation of more atomic [H] and
the adsorption effect as aforementioned.

—— Unprocessed solution
—— lIstcycle
—— 2nd cycle
—— 3rd cycle
. —— 4th cycle
=
&
8
=)
<
E
2
<
......... | S S S S S S S S N S S S ST S S S SO S AN S SO S S S S S S
200 300 400 500 600

Wavelength (nm)

Fig.5 UV-Vis spectra of Acid Orange II solutions reacting with amor-
phous ribbons for four 30 min cycles. Initial Acid Orange II concentration
200 mg/L; ribbon dosage 0.0833 m2/L; initial pH 6; temperature 40°C.
During every cycle, the solution concentration was 200 mg/L, and ribbons
were the ribbons used during the previous cycle without any treatment.

Nam and Tratnyek (2000) also proposed the parameter,
surface-normalized decolorization rate (ks ), which equals
to k divided by ribbon dosage, as the decolorization ability
indicator of different materials. kspo was considered to
reflect the decolorization ability more essentially than k,
because the parameter ksp eliminates the effect of the
surface area of decolorization materials. Compared with
the results reported by Nam and Tratnyek (2000) that
ksa was approximately 0.268 L/(m?-min) where ZVI in a
micron scale was employed to decolorize Acid Orange 11
under similar conditions, the amorphous ZVI in the present
study reduces the azo dyes much faster than micro-ZVI
does, and kg can reach 2.09 L/(m?-min), which is one
order of magnitude larger than that of crystalline ZVI.

The temperature effect study on the decolorization of
Acid Orange II by the amorphous ZVI reveals that this
reaction requires a relatively lower energy than ordinary
thermal reactions and the reaction of crystalline ZVI in de-
colorizing azo dyes, which means that this reaction occurs
more easily under similar reaction conditions. Fe;gSigB 4
amorphous ribbons may play a role as a better catalyst
for the reaction, and provide more reactive sites than
crystalline ZVI owing to the thermodynamically higher
energy state of the non-equilibrium structure.

3 Conclusions

In summary, this work provides a potential technique
for the pre-treatment of difficultly degradable azo dye
wastewater. Based on the discussion above, it can be
concluded that the decolorization process of aqueous Acid
Orange II solution by amorphous ZVI (Fe-Si-B amorphous
ribbons) can be described by a first order kinetic model,
and the surface-normalized decolorization rate can reach a
value about ten times larger than any previously reported.
Recycling experiments proved that the ribbons could be
reused at least four times without obvious decay of the
decolorization rate and efficiency. Increase in temperature
was found to greatly accelerate the decolorization, and an
appropriate dosage of amorphous ribbons and initial pH
were important for the decolorization of Acid Orange II.
Generally, a greater ribbon dosage could yield greater re-
action rate and decolorization efficiency, while too strongly
acidic initial pH caused side effects to the decolorization
process, although weakly acidic and circum-neutral initial
pH favored dye decolorization.
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