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Abstract—To investigate the degradation of high concentration pollutant by Fe/Cu bimetallic system at a high operat-
ing temperature, 10,000 mg/L acid orange 7 (AO7) aqueous solution was treated by Fe/Cu bimetallic system at 80 °C.
First, the effect of the operating temperature (30-80 °C) on the reactivity of Fe/Cu bimetallic particles was investigated
thoroughly. Then, the studies on the effect of theoretical Cu mass loading, Fe/Cu dosage, stirring speed and initial pH
on the reactivity of Fe/Cu bimetallic particles at a high temperature (i.e., 80 °C) were carried out, respectively. The deg-
radation and transformation process of AO7 was studied by using COD, TOC and UV-Vis spectra. The results indi-
cate that high concentration pollutant could be removed effectively by Fe/Cu bimetallic system at a high operating
temperature. And the removal efficiencies of AO7 by Fe/Cu bimetallic system were in accordance with the pseudo-
first-order model. Finally; it was observed that the high temperature could accelerate mass transport rate and overcome
the high activation energy barrier to significantly improve the reactivity of Fe/Cu bimetallic particles. Therefore, the
higher removal efficiency could be obtained by Fe/Cu system at a high operating temperature. Thus, the high operat-
ing temperature played a leading role in the degradation of high concentration pollutant.
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INTRODUCTION

Since the toxic and refractory wastewater from industrial pro-
duction is difficult to treat effectively, industrialization production
has led to rapid deterioration of water quality. In particular, high
concentration wastewater (COD>8,000 mg/L) is usually released
from different industries, such as pharmacy (8000<COD<100,000
mg/L) [1-3], nitra-aromatic explosives (COD=100,000 mg/L) [4,5]
and pesticide manufacturing (COD>10,000mg/L) [6,7]. Before
the biological treatment, the high concentration wastewater was
used to be pretreated by physic-chemical process including elec-
tro-Fenton [8,9], and adsorption [10]. Although these pretreatment
methods could decompose pollutants and improve their biodegrad-
ability, their practical application was usually limited by the high
cost.

Our previous work found that high concentration p-nitrophe-
nol (PNP) in aqueous solution (10,000 mg/L) could be removed
effectively by zero valent iron with ultrasonic irradiation (US-ZVI)
[11]. But the high removal efficiency could only be obtained under
the acidic condition (pH=3.0), and the operating life of ultrasonic
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probe would be decreased dramatically because of the cavitation
erosion that happened under the acidic condition. In addition, the
practical application of US-ZVI was limited by the high energy cost
of ultrasonic irradiation. To broaden the pH range, micron-scale
Fe/Cu bimetallic particles were developed to remove the pollut-
ants under a neutral condition [12]. The results show that the low
concentration PNP (<500 mg/L) could be removed quickly under
the neutral condition, but the high concentration PNP (>500 mg/
L) could not be removed completely in an easy way. The removal
of high concentration pollutants would be limited by the low mass
transport rates of pollutants, intermediates, reactants and corro-
sion products between the solution phase and the Fe/Cu surface.
Besides the ultrasonic irradiation, the high operating temperature
might also accelerate the mass transport rates as the elevated tem-
perature could enhance molecular motion. Furthermore, Ahn et
al. found that a temperature increase could overcome the energy
barrier to improve the reduction of nitrate by zero-valent iron (ZVI)
[13]. Oh et al. also found that the increased solution temperature
may accelerate the reduction of perchlorate by overcoming the high
activation energy barrier [14]. Also, as the improved materials of
Fe’, and the Fe/Cu bimetallic particles have similar physical-chem-
ical characteristics. So the elevated temperature might also play a
role in the significant improvement of the reactivity of Fe/Cu bime-
tallic particles. The temperature of the industrial wastewater is usu-
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ally above 30 °C, and the waste-heating vapor could be used to elevate
the wastewater temperature. Therefore, it could be hypothesized
that Fe/Cu bimetallic system would become a cost-effective treat-
ment technology for the industrial wastewater.

Nowadays, the negative effect of wastewater containing various
dyes on the ecological environment has brought widespread con-
cerns [15-18]. And the dye wastewater was mainly from two aspects:
(a) printing and dye wastewater with a lower COD concentration
(<4,000 mg/L) from textile plants [19], (b) dye wastewater with a
higher COD concentration (>8,000 mg/L) from dye manufactur-
ing. Although there are many studies about the treatment of print-
ing and dye wastewater [20,21], a study on the degradation of high
concentration dye wastewater from dye manufacturing industry
has not been performed yet.

In this study, we used acid orange 7 (AO7) as a model pollutant
to investigate the reactivity of Fe/Cu bimetallic particle at a high
temperature. The optimization of the process parameters, such as
operating temperature, theoretical Cu mass loading, Fe/Cu dosage,
stirring speed and initial pH, was carried out by batch experiments.
At the same high operating temperature, the reactivity of Fe/Cu
and ZVI was compared by identifying the variation of UV-Vis (190-
650 nm), TOC and COD of high concentration AO7 aqueous solu-
tion during 60 min treatment process. Our objective was to deter-
mine the effectiveness of Fe/Cu bimetallic system, when it was used
to treat high concentration dye wastewater at high temperature.

EXPERIMENTAL

1. Reagents

Zero valent iron (ZVI) powders, Na,SO, (analytical reagent) and
AQO7 (98%) purchased from Chengdu Kelong Chemical Reagent
Factory were used in the experiment. The zero valent iron pow-
ders have mean particle size of approximately 120 pm, and per-
centage of iron content approximately 97%. The impurities in iron
material can play the role of catalysts to increase the formation of
iron corrosion products that contribute to the sequestration and
elimination of organic contaminants [22,23]. Other chemicals used
in the experiment were of analytical grade. Deionized water was
used throughout the whole experiment process.
2. Preparation of Fe/Cu Bimetallic Particle

The Fe/Cu bimetallic particles were prepared through the Fe-
Cu displacement reaction in aqueous solution, and the main prepa-
ration process was the same as that in our previous work [12]. In
this study, the main prepared conditions with theoretical Cu mass
loading (TMLy,), temperature, mixing speed and Cu™* concentra-
tion (CuSO,) of planting solution were 0.41 g Cu/g Fe, 40°C, 250
rpm and 3 g/L, respectively.
3. Batch Experiments

The removal of the high concentration pollutant by Fe/Cu bime-
tallic particles was investigated by batch experiments. AO7 was used
as a model pollutant; the AO7 stock solution (10,000 mg/L) was
prepared with Na,SO, (50 mmol/L) that was used as an electrolyte.
Also, the AO7 aqueous solution was not buffered, and its initial
pH (3.0-10.0) was adjusted by adding diluted sulfuric acid (10%)
or sodium hydroxide solutions (20%). In addition, the Fe/Cu bime-
tallic system was mainly comprised of a 500 mL flat bottom beaker,
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a mechanical stirrer and a heating bath. The flat bottom beaker
with slurry was immersed into the heating bath, and the slurry was
mixed by a mechanical stirrer. In addition, a metal ring in the heat-
ing bath can fix the beaker to avoid the shaking from the mechan-
ical stirrer. In each batch experiment, 300 mL AO7 aqueous solution
(10,000 mg/L) and the desired dosage of Fe/Cu bimetallic particles
(5, 10, 15, 20, 25, 30, 35 and 40 g/L) were added in a 500 mL flat
bottom beaker, and the slurry was mixed by a mechanical stirrer
(0, 100, 200, 300 and 400 rpm). The whole experiment was per-
formed at a desired temperature (30, 40, 55, 70, 75 and 80 °C) by
water bath heating.

We first investigated the effect of different operating tempera-
ture (30, 40, 55, 70, 75 and 80 °C) by batch experiments. Next, under
the optimal temperature condition (80 °C), the other effect factors,
including theoretical Cu mass loading (0, 0.05, 0.11, 0.24, 041, 0.62,
0.89, 1.26 and 1.81 g Cu/g Fe), Fe/Cu dosage (5, 10, 15, 20, 25, 30,
35 and 40 g/L), stirring speed (0, 100, 200, 300 and 400 rpm) and
initial pH (3.0, 5.0, 7.0, 9.0 and 10.0), were investigated thoroughly
by batch experiments. Samples were taken from the reactive bea-
ker at different time points (5, 10, 20, 30, 40, 50, 60 min) by with-
drawing 2 mL sample solution. The residual AO7 concentration,
COD, TOC and UV-Vis spectra of the effluent were measured,
respectively. Finally, under the same optimal conditions (initial pH=
7.0, stirring speed at 400 rpm, TML,=041 g Cu/g Fe, [AO7],=
10,000 mg/L, [Na,SO,]=50 mmol/L, [Fe/Cu]=35g/L, [Fe’]=35g/L),
the reactivity of Fe/Cu and ZVI was compared according to the
variation of UV-Vis (190-650 nm), TOC and COD of high concen-
tration AO7 aqueous solution during 60 min treatment process.

4. Analytical Methods

The concentration of AO7 was measured by determining its ab-
sorbance at 4 max (483 nm) in a cuvette with 1 cm cell length and
calculating its weight/volume concentration based on a standard
curve [24]. The UV-Vis absorption spectra of the samples were car-
ried out in 10 mm quartz cuvettes, and the UV-Vis spectra were
recorded from 190 to 650 nm using deionized water as blank. Before
the UV-Vis analysis, the samples were diluted by 200 times due to
the ultra-high concentration of AO7. COD and TOC of the sam-
ples were measured by COD analyzer (Lianhua, China) and TOC
analyzer (Shimadzu, Japan), respectively. To avoid the interference
of Fe*'/Fe’" in the samples, these metal ions were removed through
adding 20% NaOH solution and filtration (using an aqueous PES
needle type filter with a pore size of 0.45 um).

5. Kinetics Analysis

The removal efficiency of the high concentration AO7 by a Fe/

Cu batch system was treated by a pseudo-first-order equation:

dc_

a Kk

obsC (1)
where C is the concentration of AO7 in aqueous solution (mg/
L), k,,, is the measured rate constant (min ) and t is the treatment

time (min). The k,,, were calculated by linear regression method.
RESULTS AND DISCUSSION

1. Effect of Operating Temperature
It has been reported that a temperature increase could overcome
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Fig. 1. Effect of temperature on the removal of AO7 by Fe/Cu bimetallic system (volume of AO7 aqueous solution was 300 mL, initial pH
was 7.0, stirring speed was 400 rpm, theoretical Cu mass loading was 0.89 g Cu/g Fe, [AO7],=10,000 mg/L, [Na,SO,]=50 mmol/L,

[Fe/Cu]=35 g/L).

the high activation energy barrier to improve the reactivity of zero-
valent iron (ZVI) significantly [14]. Besides the chemical reaction
process, the physical process was also influenced by increasing tem-
perature. In other words, the effect of temperature on reactivity of
heterogeneous reactions mainly results from a chemical reaction at
the surface or diffusion of a reactant [25]. Furthermore, both the
chemical reaction and diffusion might become a controlled reac-
tion. It was also reported that diffusion-controlled reactions in solu-
tion have relatively low activation energy (~8-21 kJ/mol), while the
chemical-controlled reactions have higher activation energy (>29
kJ/mol) [26].

Batch experiments on the effect of operating temperature were
carried out to evaluate the activation energy for the removal of AO7
by Fe/Cu bimetallic system. An Arrhenius equation was used to
describe the relationship between rate constants (k) and tempera-
ture [25,26]:

E
=——%+InA

Ink ;, RT

@
where k,, is the measured first-order rate constant, E, is the acti-
vation energy; R is the ideal gas constant, A is a frequency factor
and T is the operating temperature. In addition, a plot of Ink,, ver-
sus 1/T would result in a linear relationship with the slope equal to
~E/R [25].

Activation energy for the removal of AO7 was determined in
Fe/Cu bimetallic system when its operating temperatures were var-
ied from 30-80 °C. The k,,, were obtained by data fitting with the
pseudo-first-order model as expressed in Eq. (1). Fig. 1(a) shows a
plot of In(C/Cy) vs. time for the removal of AO7 by Fe/Cu bime-
tallic system at different operating temperatures (30-80 °C). It is
clear that the removal of AO?7 fit with the pseudo-first-order model,
and their correlation coefficients (R”) were all above 0.85. A plot of
ks versus temperature is shown in Fig. 1(b). It is clear that k,, in-
creased gradually from 0.0060 to 0.0097 min~" when the operat-
ing temperature increased from 30 to 70 °C, whereas k,, increased
quickly from 0.0097 to 0.0555 min' when the temperature fur-
ther increased from 70 to 80 °C. So, the removal efficiency of AO7
was accelerated remarkably when the operating temperature was
above 70 °C. It could be hypothesized that the high concentration
AQO7 (10,000 mg/L) has high activation energy of diffusion-con-
trolled or chemical-controlled reactions, which could only be over-
come when the operating temperature was above 70 °C.

Fig. 1(c) gives the Arrhenius plots of k,, versus 1000/T for the
removal of AO7 by Fe/Cu bimetallic system. Since the slope of the
plots was assigned as a ratio of the activation energy (E,) to the
ideal gas constant (R), two E, of the AO7 removal by Fe/Cu bime-
tallic system were calculated at different temperature range: (a) E,=
9.3 kJ/mol (30-70 °C), (b) E,=175.6 k]J/mol (70-80 °C). From 30 to
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70°C, ky, of the removal of AO7 only increased from 0.0060 to
0.0097 min"". Only a little improvement of the AO7 removal rate
was obtained by elevated temperature when the operating tempera-
ture was below 70 °C. Therefore, the E, (175.6 kJ/mol) obtained
between 70 and 80 °C was the real activation energy, which was
much higher than the sum (~37 kJ/mol) of typical minimum acti-
vation energy for chemical-controlled (~29 kJ/mol) and diffusion-
controlled (~8k]J/mol) reactions [26]. The high activation energy
mainly resulted from the high concentration of AO7 (10,000 mg/
L), which would dramatically increase the activation energy of dif-
fusion-controlled and chemical-controlled reactions.

2. Effect of Theoretical Cu Mass Loading

It has been reported that the reactivity of granular iron is affected
by the copper loading and surface coverage [27]. Meanwhile, in
our previous work, it was also found that the reactivity of Fe/Cu
bimetallic particles was influenced remarkably by the theoretical
Cu mass loading when it was used to treat the lower concentra-
tion PNP (500 mg/L) [12]. However, the effect of theoretical Cu
mass loading has not been investigated in the case when the high
concentration AO7 (10,000 mg/L) was treated by the Fe/Cu bime-
tallic system.

Fig. 2(a) shows the logarithmic plots of residual concentration
of AO7 in aqueous solution versus the reaction time, and a good
linear fitting was observed in each batch experiment. The results
suggest that the removal efficiencies of AO7 by using Fe/Cu bime-
tallic particles with different theoretical Cu mass loadings (0-1.81 g
Cu/g Fe) were all described by the pseudo-first-order model, and
their R* were all above 0.85. Furthermore, k., of these batch experi-
ments were obtained by calculating the linear regression slope, and
a plot of k,, versus theoretical Cu mass loadings is shown in Fig.
2(b). It is clear that k,, increases from 0.0085 to 0.0924 min " with
the theoretical Cu mass loading increasing from 0 to 0.41 g Cu/g
Fe; then it begins to decrease with the further increase of theoreti-
cal Cu mass loading. As a result, the optimal theoretical Cu mass
loading was 0.41 g Cu/g Fe. The similar variation of k,,, was found
in our previous work when the low concentration PNP (500 mg/
L) was treated by Fe/Cu bimetallic system. However, the obtained
optimal theoretical Cu mass loading (0.89 g Cu/g Fe) in our previ-
ous work was two-times higher than that (0.41 g Cu/g Fe) obtained

n-(aL & " 000k, 00085 R*~0.94
% i . i .
- : E § ¢ 5 3 ¥
-1k \ 3 * 8 X 0
\?\\ : *
= 2l > 3 - N
o 2 ¥
=
SN * ?
£ -3 e 005k, =0.0372 K'=0.85 s
y A g
A 011k, =0.0590 R'=0.93 3
4y 024k, 00855 R'=0.92 > 0.89k, =0.0552 R*=0.96
& 041k,=00924 =097 © 1.26k, =0.0419 K'=0.86
SFa 0.62k,-0.0790 R=0.94 < 181k, =0.0155 R'=0.96
1 i 1 1 1 1 1 1

0 10 20

30 40 50 60

Time (min)

B. Lai et al.

in this study [12]. This phenomenon could be explained in an as-
sumption that the high temperature not only accelerated the mass
transport rate, but also overcame the high activation energy bar-
rier to improve the reactivity of Fe/Cu bimetallic particles.

3. Effect of Fe/Cu Dosage

At room temperature, degradation of the pollutants was usually
influenced seriously by the dosage of Fe” or Fe/Cu bimetallic parti-
cles [28,29]. In addition, the increase of the dosage of Fe” or Fe/Cu
bimetallic particles could lead to the increase of the reactive sites
for the degradation of the pollutants, which could increase the re-
moval efficiencies of the pollutants [30]. At a high temperature
(80°C), the removal efficiency of AO7 (10,000 mg/L) might also
be seriously affected by the dosage of Fe/Cu bimetallic particles.

Fig. 3(a) shows that the removal efficiencies of AO7 by using
Fe/Cu bimetallic particles with different dosage of Fe/Cu bimetallic
particles (10-40 g/L) were all described by the pseudo-first-order
model, and their R* were all above 0.90. However, it was not de-
scribed by the pseudo-first-order model (R’=0.74) when small dos-
age of Fe/Cu bimetallic particles (5 g/L) was used to treat AO7 aque-
ous solution. The small dosage of Fe/Cu bimetallic particles could
only support a few active sites which led to the low removal effi-
ciency of AQ7. Furthermore, k,, of these batch experiments were
obtained by calculating the linear regression slope, and a plot of
ks versus the dosage of Fe/Cu is shown in Fig. 3(b). It is clear that
k. increases from 0.0133 to 0.0992 min~" with the increase of Fe/
Cu dosage from 10 to 40 g/L. Fig. 3(c) also shows that the removal
efficiency of AO7 could reach to 98% after 40 min treatment when
the Fe/Cu dosage was above 35 g/L, then the removal efficiency
did not increase obviously as the Fe/Cu dosage further increased.
As a result, the optimal dosage of Fe/Cu bimetallic particles was
35g/L.

When these results are compared with our previous work, both
of the optimal Fe/Cu dosages were 35 g/L, although the initial con-
centration of the pollutant (10,000 mg/L) in this study was 20 times
higher than that (500 mg/L) in the previous work [12]. The opti-
mal Fe/Cu dosage was not significantly influenced by the increase
of the pollutant concentration, which mainly resulted from the im-
provement of high operating temperature. It can be explained by
the theory that the high temperature could accelerate mass trans-
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Fig. 2. Effect of theoretical Cu mass loading on the removal of AO7 by Fe/Cu bimetallic system at 80 °C (volume of AO7 aqueous solution
was 300 mL, initial pH was 7.0, stirring speed was 400 rpm, [AO7],=10,000 mg/L, [Na,SO,]=50 mmol/L, [Fe/Cu]=35 g/L).
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port rate and overcome the energy barrier, which could maintain
the number and reactivity of active sites.
4. Effect of Stirring Speed

Mixing intensity of reaction solution would affect the mass trans-
port rates of reactants, intermediates, degradation products and
corrosion productions between the solution phase and the cata-
lytic surface [31,32]. So the degradation of the pollutants was usu-
ally improved by increasing stirring speed. However, the effect of
stirring speed on the degradation of high concentration pollutant

(10,000 mg/L) at high operating temperature (80 °C) was not inves-
tigated.

Fig. 4(a) shows that the removal efficiencies of AO7 by using
Fe/Cu bimetallic system with different stirring speed (0-400 rpm)
were all described by the pseudo-first-order model, and their R’
were all above 0.96. Furthermore, k,, of these batch experiments
were obtained by calculating the linear regression slope, and a plot
of k, versus the stirring speed is shown in Fig. 4(b). It can be seen
that k,, increases from 0.0087 to 0.0924 min™" with stirring speed
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increasing from 0 to 400 rpm. The k,;, obtained at the high stirring
speed (400 rpm) was ten times higher than that obtained without
mixing (0 rpm). In addition, ky, only increased a little (0.0046 min™)
when the stirring speed increased from 300 to 400 rpm. Meanwhile,
AQ7 removal efficiency reached 98% at a stirring speed of 300 rpm,
and it did not obviously show any further increase when the stirring
speed increased to 400 rpm. Therefore, the optimal stirring speed
was 300-400 rpm when the high concentration AO7 was treated
at high operating temperature (80 °C). Although the high concen-
tration AO7 (10,000 mg/L) was treated in this study, its optimal
stirring speed was similar to that obtained in our previous work
(treatment of 500 mg/L pollutant) [12]. The results suggest that high
operating temperature plays a leading role in the removal of high
concentration pollutant.

5. Effect of Initial pH

Reduction of the pollutants by ZVI mainly resulted from atomic
hydrogen (¢H) generated by the corrosion reaction of Fe at the acidic
and anaerobic conditions [33,34]. To broaden the range of solu-
tion pH, Cu was added into the ZVI system to form Fe/Cu bime-
tallic system [35,36]. Furthermore, the high potential difference
(0.777 V) between Cu and Fe can accelerate the corrosion rate of
Fe” [35]. In other words, since the corrosion reaction of Fe° could
be catalyzed by Cu, it could also be performed even under neutral
and basic conditions. Our previous work proved that the Fe/Cu
bimetallic particles had a high reaction rate even at neutral condi-
tion (pH=6.7) when 500 mg/L PNP was treated at room tempera-
ture [12]. However, the effect of initial pH on the degradation of
high concentration pollutant (10,000 mg/L) at a high operating tem-
perature (80 °C) was not investigated yet.

Fig. 5(a) shows that the removal efficiencies of AO7 by using
Fe/Cu bimetallic particles with different initial pH (3.0-9.0) were
all described by the pseudo-first-order model and their R* were all
above 0.92. However, it was not described by the pseudo-first-order
model (R°=0.37) when the AO7 aqueous solution was treated at
pH of 10.0. Furthermore, the k, of these batch experiments were
obtained by calculating the linear regression slope; a plot of k,, ver-
sus the initial pH is shown in Fig. 5(b). It is clear that k,, decreased
from 0.1537 to 0.0544 min~" with increasing initial pH from 3.0 to
9.0. Although the k,,, decreased to 0.0544 min ' when the initial
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pH increased to 9.0, approximately 97% removal efficiency of AO7
was still obtained after 60 min treatment. Furthermore, only approx-
imately 22% removal efficiency of AO7 was obtained after 60 min
treatment when the initial pH increased to 10.0. This phenomenon
might be explained in two aspects: (a) at high pH (10.0), the cor-
rosion products of Fe” could be quickly transformed into Fe(OH),
or Fe(OH); and immediately deposited on the surface of Fe/Cu
bimetallic particles, covering the active site of Fe/Cu bimetallic par-
ticles and inhibiting the corrosion reaction, (b) the corrosion reac-
tion between Fe” and H' could be inhibited completely under the
high pH condition. In addition, the corrosion of Fe’ could con-
sume the H" in the solution, so the solution pH would increase to
neutral condition.

At room temperature, despite it was the lower concentration
PNP (500 mg/L) aqueous solution that was treated by Fe/Cu bime-
tallic particles, its removal efficiency decreased rapidly when the
initial pH was above 6.7 [12]. However, at high operating tempera-
ture (80 °C), even if it was the high concentration AO7 (10,000 mg/
L) that was treated by Fe/Cu bimetallic system, its removal efficiency
could still maintain at approximate 97% even if its initial pH in-
creased to 9.0. The results also indicate that the high operating
temperature played an important role in the removal of high con-
centration pollutant. Bransfield et al. also considered that the increase
of the temperature, as well as the addition of Cu, serves accelerat-
ing the corrosion reaction of Fe’ and increasing the concentration
of atomic hydrogen [37].

6. UV-Vis Spectrum

To further confirm the degradation of AO7 by Fe/Cu bimetal-
lic system at high operating temperature, the influent and effluent
of Fe/Cu bimetallic system at the optimal conditions (initial pH
was 7.0, stirring speed was 400 rpm, theoretical Cu mass loading
was 0.41 g Cu/g Fe, operating temperature was 80 °C, [AO7],=10,000
mg/L, [Na,SO,]=50 mmol/L, [Fe/Cu]=35g/L) were analyzed by
UV-Vis spectrum. Meanwhile, to investigate the improvement of
Fe/Cu bimetallic particles, the ZVI control experiment with the
same running conditions was set up, and its influent and effluent
were also measured by UV-Vis spectrum.

Fig. 6(a) shows the typical UV-Vis spectra obtained during the
degradation of AO7 in aqueous solution by Fe/Cu bimetallic parti-
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Fig. 5. Effect of initial pH on the removal of AO7 at 80 °C (volume of AO7 aqueous solution was 300 mL, stirring speed was 400 rpm, theo-
retical Cu mass loading was 0.41 g Cu/g Fe, [AO7],=10,000 mg/L, [Na,SO,]=50 mmol/L, [Fe/Cu]=35 g/L).
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Fig. 6. The variation of UV-vis spectra of AO7 aqueous solution during the treatment process by using (a) structure of AO7, (b) Fe/Cu bime-
tallic system or (c) Fe’ system at 80 °C (volume of AO7 aqueous solution was 300 mL, initial pH was 7.0, stirring speed was 400 rpm,
theoretical Cu mass loading was 0.41 g Cu/g Fe, [AO7],=10,000 mg/L, [Na,SO,]=50 mmol/L, [Fe/Cu]=35 g/L, [Fe’]|=35 g/L).

cles under the optimal conditions. The spectrum obtained prior to
the degradation process (0 min) is characterized by a peak (485 nm)
in the visible region, corresponding to the azo-linkage [38]. Mean-
while, the peaks in the ultraviolet region (310 and 228 nm) corre-
spond to the 7-7* transitions in the naphthalene ring and benzoic
ring of AO7 [39]. From Fig. 6(a), the intensity of the peaks at 228,
310 and 485 nm all decreased significantly with the increase of the
treatment time. Meanwhile, a new peak at 247 nm was generated
and its intensity increased quickly with the increase of the treat-
ment time. The results indicate that at high operating temperature
(80°C), the high concentration AO7 (10,000 mg/L) could be de-
graded by Fe/Cu bimetallic system and generated some new inter-
mediates. In particular, azo group could be broken quickly by Fe/
Cu process, and then AO7 was broken into a naphthalene ring and
a benzoic ring. Furthermore, the benzoic ring of these intermedi-
ates could be opened and some small molecule products could be
generated (e.g., organic acid). Finally, these products might be fur-
ther mineralized into CO, and H,O. Fig. 6(b) shows that the inten-
sity of all peaks only decreased a little after 60 min ZVI treatment.
The results suggest that the Fe/Cu bimetallic system has much stron-
ger treatment capacity for the degradation of AO7 than ZVI do. In
other words, Cu deposited on the surface of Fe’ could enhance the
reactivity of Fe” significantly.
7. Degradation and Transformation of AO7

To investigate the degradation and transformation of AO7, the
COD and TOC of the effluent of Fe/Cu bimetallic system and ZVI
were measured during the 60 min treatment process. The high con-
centration AO7 (10,000 mg/L) aqueous solution was treated by Fe/
Cu bimetallic system and ZVI, respectively. Fig. 7 shows the plots
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Fig. 7. COD and TOC removal of AO7 aqueous solution by using
Fe/Cu bimetallic or Fe’ system at 80 °C (volume of AO7 aque-
ous solution was 300 mL, initial pH was 7.0, stirring speed
was 400 rpm, theoretical Cu mass loading was 0.41 g Cu/g
Fe, [AO7],=10,000 mg/L, [Na,SO,]=50 mmol/L, [Fe/Cu]=
35 g/L, [Fe"]=35 g/L).

of COD and TOC removal efficiencies versus treatment time.

The curves of Fe/Cu bimetallic system show that COD and TOC
removal efficiencies were 28.8% and 29.1%, respectively. After 40
min treatment, the removal efficiencies did not further increase
with the increase of the treatment time. The results indicate that
AQ7 has been completely decomposed and transformed into inter-
mediates after 40 min treatment under the optimal conditions. Mean-
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while, after 40 min treatment by Fe/Cu bimetallic system, the ob-
tained UV-Vis spectrum of the effluent also shows that the inten-
sity of three main peaks has decreased to the lowest value. Thus,
the results from UV-Vis spectra also proved that AO7 has been
completely decomposed and transformed into intermediates after
40 min treatment. Additionally, the removal of COD and TOC was
mainly attributed to the oxidation of Fenton-like reaction, the reduc-
tion of Fe’ and the adsorption of corrosion production (Fe**/Fe™)
[40,41]. The higher COD and TOC removal efficiencies also sug-
gest that some of the intermediates might be mineralized into CO,
and H,O.

The curves of ZVI control experiment show that COD and TOC
removal efficiencies were 13.5% and 14.1%, respectively, after 60
min treatment (Fig. 7). During the 60 min treatment process by
ZV1, the variation of COD and TOC removal efficiencies was simi-
lar to that of UV-Vis spectra. The results suggest that only a part of
AQ7 could be decomposed and transformed into the intermedi-
ates. The degradation and transformation of AO7 by Fe/Cu bime-
tallic system was much higher than that obtained by the ZVT system.
The Cu deposited on the surface of Fe’ can enhance the pollutants
degradation capacity of ZV1I significantly, which was proved in our
previous work and other studies [37].

During the treatment process of the high concentration AO7
(10,000 mg/L) by Fe/Cu bimetallic system at high operating tem-
perature (80 °C), the COD and TOC removal efficiencies (28.8%
and 29.1%) obtained were higher than those obtained in our pre-
vious work (21.2% and 22.8%) at room temperature. Meanwhile,
COD and TOC removal efficiencies (13.5% and 14.1%) obtained
by the ZVI system at 80 °C were higher than those obtained by ZVI
control experiments in our previous work (~8.8%) at room tem-
perature. Therefore, the results indicate that the high operating tem-
perature plays a leading role in the removal of the high concentra-
tion pollutant.

CONCLUSIONS

The effect of operating temperature on the reactivity of Fe/Cu
bimetallic system for high concentration pollutants has been inves-
tigated thoroughly. At high operating temperature (80 °C), other
key operating parameters were also investigated, including theoret-
ical Cu mass loading, Fe/Cu dosage, stirring speed and initial pH
on the reactivity of Fe/Cu bimetallic particles. Since high concen-
tration AO7 (10,000 mg/L) has a high activation energy (175.6 kJ/
mol), the degradation of AO7 by Fe/Cu bimetallic particles could
only be performed under the high temperature condition (ie., 80 °C).
Also, the high temperature could accelerate mass transport rate and
overcome the high activation energy barrier to improve the reac-
tivity of Fe/Cu bimetallic particles significantly. Furthermore, the
optimal operating parameters (operating temperature was 80 °C,
stirring speed was 400 rpm, theoretical Cu mass loading was 041 g
Cu/g Fe, initial pH=7.0, [Fe/Cu]=35 g/L) were obtained by the batch
experiments. Under the optimal conditions, even the high concen-
tration AO7 (10,000 mg/L) that was treated by Fe/Cu bimetallic
system, the COD and TOC removal efficiencies (28.8% and 29.1%)
were higher than those obtained in our previous work (21.2% and
22.8%) at room temperature. Therefore, the results indicate that
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the high operating temperature plays a leading role in the degra-
dation of high concentration pollutant. Finally, if the waste-heating
vapor could be used to elevate the operating temperature of Fe/Cu
bimetallic system, this system would be a much better cost-effec-
tive process for the treatment of the high concentration industrial
wastewater, compared with other methods used so far.
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